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1 Introduction
This document describes IBP interleaver generating rule to support data length ranging from 40 to 8192 bits. This document also describes the shortening and puncturing algorithm. Our proposal features:
· Less interleaver parameters comparing to the QPP and ARP

· More flexible and simple network
· Less network latency 
· Support high radix decoder

· Implementation friendly shortening algorithm
2 IBP interleaver

The IBP interleaver rules 
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 of length KBLOCK can be decoupled into a product of B and L, where B is the parallelism degree and L is the block length. If the information block K is not the same as the supported KBLOCK, section 2.1 provides a simple rule to find the corresponding KBLOCK; the associated 
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 will be applied as the interleaver. Section 2.2 describes the IBP interleaver rules. Section 2.3 describes the IBP sequence generating algorithm for IBP interleaver rules. Section 2.4 provides the double prime interleaver parameters for the IBP interleaver rules. Section 2.5 provides shortening position assigning algorithms for the length K which is not the same as KBLOCK. Some notations are defined as below.
Notations:
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: the minimum integer number larger or equal to x, e.g. 
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: the largest integer smaller or equal to x, e.g. 
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 : bit-wise exclusive-OR operation, e.g. 
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<<: bit left shift operation, e.g. 5<<2=”101”<<2=”10100”=20.

2.1 Parallelism degree and block length searching method
The block length L is determined by the data length K. Table 1 provides the parallelism degree B corresponding to each data length K. Both values K and B determine the block the initial value
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. Then the calculated block length L is the minimum value larger or equal to 
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Take K=3541 as an example. According to Table 1, the parallelism degree B is 32. The initial value is
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. The value 111 and 113 are odd and the value 112 is the multiple of 7. These values do not satisfy the constraint and therefore the block length L=114 is chosen for K=3541.

Table 1: Parallelism degree corresponding to various data length K and the supported number of interleavers.
	K
	B
	Number

	40≤K≤200
	1
	69

	201≤K≤320
	2
	26

	321≤K≤960
	8
	34

	961≤K≤2560
	16
	43

	2561≤K≤6400
	32
	50

	6401≤K≤8192
	64
	28


2.2 Interleaver description
The interleaver description 
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 is shown as in eqn (1), where 0≤i<KBLOCK. I[] is the IBP sequence and the IBP period P is calculated in the section 2.3. 
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 is the double prime interleaver and the parameters are listed in the Table 3.
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2.3 Inter-block permutation sequence generating algorithm
The inter-block permutation sequences are generated by three stages. The first stage generates a basic sequence. The second stage prunes the basic sequence.  The third stage shifts the pruned sequence. 
The basic sequences corresponding to all parallelism degrees are shown in Table 2. These basic sequences can be generated by shift register and the corresponding storage can be reduced. The initial valve are set to IBASIC[0]=0 and IBASIC[1]=1 for B=1, 2, 8, 16 and IBASIC[0]=1 for B=32 and 64. The rest numbers are generated by eqn. (3), where PolyIBP(B) is shown in Table 2. Eqn (3) can be implemented by a shift register.
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The second stage prunes the basic sequence to generate a pruned sequence IPRUNE[]. At first this stage determines the IBP period P for the corresponding block length L. If B=1, 2, 4 and 8, P= Pmax. If B=16, 32, 64, the IBP period P is the largest number smaller or equal to Pmax and satisfies
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, where 1≤i≤4. Then the stage prunes the basic sequence entries with ordinal larger or equal to the IBP period P. We have the pruned sequence 
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The third stage shifts the pruned sequence as eqn. (4) for B=8, 16, 32 and 64.
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Table 2: Basic sequences and the corresponding generator polynomials.

	B
	PMAX
	IBASIC[]
	Polynomial

	1
	1
	{0*}
	No

	2
	2
	{0*,1*}
	No

	8
	8
	{0*,1*,2,4,3,6,7,5}
	PolyIBP(8)=11:
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	16
	16
	{0*,1*,2,4,8,3,6,12,11,5,10,7,14,15,13,9}
	PolyIBP(16)=19:
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	32
	31
	{1*,2,4,8,16,5,10,20,13,26,17,7,14,28,29,31,27,19,3,6,12,24,21,15,30,25,23,11,22,9,18}
	PolyIBP(32)=37:
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	64
	63
	{1*,2,4,8,16,32,3,6,12,24,48,35,5,10,20,40,19,38,15,30,60,59,53,41,17,34,7,14,28,56,51,37,9,18,36,11,22,44,27,54,47,29,58,55,45,25,50,39,13,26,52,43,21,42,23,46,31,62,63,61,57,49,33}
	PolyIBP(64)=67:
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*Assigned initial values for IBASIC[] corresponding to each parallelism degree
2.4 Double prime interleaver
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is the double prime permutation, where 0≤j<L. The permutation individually permutes even and odd parts. Table 1 shows the corresponding parameters of 69 kinds of interleavers and the total number of parameters is 138 (207). Note that the number in the parenthesis includes the corresponding interleaver length.

Table 3: Double prime interleaver parameters.

	L
	p
	s
	L
	p
	s
	L
	p
	s

	40
	7
	3
	44
	5
	13
	46
	17
	8

	48
	17
	12
	50
	11
	5
	52
	3
	12

	54
	5
	13
	58
	16
	11
	60
	23
	11

	62
	26
	9
	64
	5
	18
	66
	25
	12

	68
	25
	12
	72
	25
	18
	74
	31
	15

	76
	29
	14
	78
	23
	11
	80
	29
	14

	82
	36
	14
	86
	10
	17
	88
	7
	25

	90
	31
	19
	92
	29
	37
	94
	6
	14

	96
	43
	21
	100
	9
	24
	102
	23
	11

	104
	47
	23
	106*
	44*
	22*
	108*
	19*
	27*

	110*
	39*
	27*
	114
	34
	27
	116
	51
	25

	118*
	52*
	29*
	120
	37
	30
	122
	36
	29

	124*
	45*
	29*
	128
	17
	24
	130
	8
	36

	132*
	29*
	16*
	134*
	6*
	32*
	136
	13
	21

	138
	62
	34
	142
	29
	36
	144*
	11*
	29*

	146
	47
	34
	148
	51
	35
	150
	13
	31

	152
	27
	36
	156*
	23*
	49*
	158
	51
	37

	160
	47
	39
	162
	44
	62
	164
	13
	31

	166
	34
	40
	170
	38
	61
	172
	51
	39

	174
	53
	42
	176
	31
	42
	178
	21
	34

	180
	37
	45
	184
	51
	25
	186
	38
	45

	188
	25
	39
	190
	37
	43
	192
	43
	69

	194
	8
	45
	198
	31
	48
	200
	41
	50


*Modified number to the previous versions
2.5 Shortening position assigning algorithm
Shortening and puncturing algorithm is characterized as two stages. The first stage calculates the shortening width
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The first stage determines the shortening width. There are 
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 shortening positions to be shortened. The maximum number of shortened positions for all blocks is
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The second stage determines the shortening positions. The first 
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3 Decoder flexibility

3.1 Network flexibility
The network-oriented interleaver fits butterfly network and prevents potential routing issue for the turbo decoder. In general QPP, ARP, PIL interleaver requires crossbar switch or Benez network. The crossbar switch introduces large latency between processors and memory bank and the complexity is high. The network can not be implemented as a pipeline structure and the decoder throughput will be limited by the network. The Benez network requires less latency and can be implemented by the pipeline structure. However it requires a complex controller to resolve the network configuration on-fly. The butterfly network does not require an extra controller to configure the network. The network configuration is simper. The simple network configuration also simplified the realization by other networks such as crossbar switch and Benez network. Therefore our proposal provides more flexibility in network routing. 
3.2 Number of processors

The proposed IBP interleaver supports low complexity decoding architecture from 1, 2, 4, 8,…,2B. The inter-block permutation supports 1, 2, 4, … B parallelism degree. The proposed double prime interleaver further supports degree 2 parallelism. Due to the inter-block permutation support low complexity network and memory addressing resolving is trivial, the decoder requires less implementation complexity for parallelism degree 1, 2, 4, …, 2B.

The proposed IBP interleaver also supports any parallelism degree is the factor of each KBLOCK. The IBP interleaver applies double prime interleaver as a block interleaver. The prime number is a relative prime to the half length of the block size and therefore double prime interleaver is a maximal-conventional free interleaver. The inter-block permutation also supports contention-free property and therefore the proposal can support the number of processors is the factor of each KBLOCK.
3.3 Shortening flexibility
The proposed shortening algorithm facilitates turbo decoder design. Our algorithm promises that all processors process the operation for the shortened position almost at the same time. This provides regularity to decoder implementation.
3.4 Flexibility in supporting high-radix decoder
High radix APP decoder simplifies turbo decoder complexity in both gate counts and network complexity. High radix APP decoder can process multiple information bits at each clock. The more information bits can be processed in one clock, the fewer APP decoders is required. The less number of APP decoders also implies a simplified routing network. Take a radix-4 APP decoder as an example [6]. One radix-4 decoder requires only 75% complexity comparing to two radix-2 APP decoder. If parallelism degree 32 is required, a 32x32 network can be replaced by two 16x16 networks. The complexity decreases. Furthermore the APP decoder initial memory access window portion decreases and wasted time is less.
Double prime interleaver is the block interleaver for our proposal. Odd number and even number are permuted separately. Consecutive two bits can be fetched and processed in each clock without collision. Therefore high radix APP decoder can be applied.
4 Performance

This section provides performance comparison for code rate 1/3 with tail-padding encoding and tail-biting encoding. The codeword lengths are 3K+12 bits for tail-padding encoding and 3K bits for tail-biting encoding. The selected information block lengths are the same as R1-063617 [2]. Max Log-MAP algorithm with 8 iterations is applied for this simulation. Block error rate 0.1, 0.01, 0.001 and 0.0001 are compared. 
4.1 Tail-padding encoding
This subsection evaluates the error rate performance of tail-padding encoding for both IBPTC and Rel-6 turbo coding. Figure 1 and 2 show block error rate performance of various information sizes ranging form 40-8192 bits. Table 4 provides required Eb/N0 for each block length defined in R1-063617. The performance results show that IBPTC outperforms or has similar performance to the Rel’6 turbo coding except for data length 1169. 
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Figure 1: Required Eb/N0 of various information block sizes ranging from 40 to 1000 bits.
[image: image43.jpg]Tail Padding (3K+12)
Rel'6 Turbo Coding
—&— BLER=0.1

1000 2000 3000 4000 5000 600070008000
Information block size K




Figure 2: Required Eb/N0 of various information block sizes ranging from 1000 to 8192 bits.

Table. 4: Block error rate performance comparison.

	Info Block Size
	IBPTC BLER= 10%
	Rel-6      BLER= 10%
	IBPTC BLER= 1%
	Rel-6     BLER= 1%
	IBPTC BLER= 0.1%
	Rel-6      BLER= 0.1%
	IBPTC BLER= 0.01%
	Rel-6      BLER= 0.01%

	40
	1.62389
	1.68945
	2.75319
	2.83294
	3.53555
	3.65773
	4.24353
	4.44182

	52
	1.53833
	1.56485
	2.52097
	2.60559
	3.25865
	3.41663
	3.86236
	4.16091

	67
	1.47501
	1.53541
	2.29489
	2.42787
	2.96584
	3.05187
	3.50824
	3.74147

	87
	1.42444
	1.43937
	2.20597
	2.2309
	2.77293
	2.87087
	3.27759
	3.47626

	99
	1.401404
	1.38776
	2.122993
	2.1143
	2.638162
	2.73088
	3.127265
	3.32061

	113
	1.348584
	1.34143
	2.016803
	2.06539
	2.536969
	2.5987
	2.972112
	3.13649

	129
	1.28109
	1.32379
	1.94236
	1.97767
	2.4092
	2.53804
	2.85996
	3.09287

	146
	1.26297
	1.26901
	1.87042
	1.9248
	2.30844
	2.39852
	2.69437
	3.0658

	167
	1.22281
	1.18453
	1.83426
	1.81691
	2.24402
	2.25018
	2.64885
	2.66351

	190
	1.18526
	1.18072
	1.74627
	1.72454
	2.14146
	2.14668
	2.51363
	2.50969

	216
	1.192248
	1.14429
	1.691824
	1.69892
	2.129608
	2.05622
	2.508154
	2.423

	246
	1.077644
	1.11914
	1.603626
	1.60045
	1.952105
	1.97288
	2.251212
	2.37765

	280
	1.1232
	1.12356
	1.55564
	1.55683
	1.9144
	1.90172
	2.23315
	2.22668

	319
	1.05874
	1.06553
	1.48295
	1.48203
	1.79333
	1.7983
	2.09141
	2.09192

	363
	1.04891
	0.99972
	1.44828
	1.42344
	1.76194
	1.75893
	2.07268
	2.03691

	384
	1.01439
	1.01465
	1.43371
	1.42185
	1.73956
	1.7198
	2.01863
	1.98059

	414
	0.99757
	0.97915
	1.3609
	1.37345
	1.66923
	1.66607
	1.90406
	1.91519

	471
	0.96832
	0.97604
	1.34517
	1.34269
	1.58806
	1.59915
	1.84571
	1.85748

	536
	0.92122
	0.96063
	1.28196
	1.27499
	1.54266
	1.55645
	1.78196
	1.79556

	611
	0.91699
	0.92905
	1.23291
	1.25474
	1.4853
	1.48074
	1.68828
	1.7531

	695
	0.89943
	0.916
	1.18742
	1.19582
	1.42486
	1.4243
	1.6297
	1.62643

	792
	0.87443
	0.86806
	1.17191
	1.1726
	1.38176
	1.36846
	1.5765
	1.57739

	902
	0.85352
	0.87772
	1.12152
	1.1353
	1.32543
	1.3248
	1.48574
	1.4964

	1027
	0.84827
	0.81773
	1.09076
	1.08191
	1.27046
	1.25974
	1.42024
	1.45481

	1169
	0.821607
	0.83765
	1.048638
	1.05852
	1.222193
	1.23217
	1.423175
	1.39194

	1331
	0.79283
	0.79219
	1.00617
	1.02628
	1.18892
	1.1875
	1.32138
	1.34713

	1536
	0.79269
	0.79946
	0.99441
	0.99508
	1.15146
	1.16126
	1.28188
	1.31877

	1725
	0.772071
	0.77642
	0.969110
	0.97971
	1.108622
	1.10287
	1.238271
	1.26695

	1965
	0.773315
	0.75721
	0.941891
	0.94906
	1.068429
	1.08574
	1.179586
	1.19809

	2237
	0.75137
	0.75901
	0.92908
	0.8998
	1.05556
	1.06476
	1.15995
	1.19559

	2304
	0.739163
	0.75379
	0.911467
	0.91123
	1.024307
	1.05065
	1.127943
	1.18166

	2547
	0.73991
	0.75276
	0.89444
	0.89493
	0.9988
	1.02273
	1.11185
	1.1847

	2900
	0.72891
	0.73557
	0.88478
	0.88691
	0.99271
	0.99111
	1.09821
	1.09611

	3302
	0.714
	0.69991
	0.86589
	0.87623
	0.9788
	0.98242
	1.0778
	1.08615

	3760
	0.703909
	0.70383
	0.839244
	0.85406
	0.927151
	0.94796
	1.031814
	1.06943

	4096
	0.6931
	0.70312
	0.83052
	0.83076
	0.9206
	0.93489
	0.99731
	1.07702

	4281
	0.702124
	0.69764
	0.827904
	0.83087
	0.904446
	0.90953
	0.981706
	0.999

	4874
	0.67948
	0.6867
	0.80055
	0.80837
	0.88756
	0.89709
	0.97976
	0.99318

	5550
	0.68542
	X
	0.7874
	X
	0.87525
	X
	0.94303
	X

	6144
	0.6759
	X
	0.77877
	X
	0.8473
	X
	0.92303
	X

	7195
	0.65985
	X
	0.75405
	X
	0.83534
	X
	0.89216
	X

	8192
	0.65956
	X
	0.74469
	X
	0.81743
	X
	0.86581
	X


4.2 Tail-biting encoding

This subsection evaluates the error rate performance of tail-biting encoding for both IBPTC and Rel-6 turbo coding. Figure 3 and 4 show block error rate performance of various information sizes ranging form 40-8192 bits. Table 5 provides required Eb/N0 for each block length defined in R1-063617. The performance results show that IBPTC outperforms or has similar performance to the Rel’6 turbo coding.
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Figure 3: Required Eb/N0 of various information block sizes ranging from 40 t0 1000 bits.
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Figure 4: Required Eb/N0 of various information block sizes ranging from 1000 to 8192 bits.

Table. 5: Block error rate performance comparison.
	Info Block Size
	IBPTC BLER= 10%
	Rel-6      BLER= 10%
	IBPTC BLER= 1%
	Rel-6     BLER= 1%
	IBPTC BLER= 0.1%
	Rel-6      BLER= 0.1%
	IBPTC BLER= 0.01%
	Rel-6      BLER= 0.01%

	40
	1.63493
	1.69887
	2.66124
	2.74839
	3.43246
	3.49979
	4.03936
	4.19885

	52
	1.53258
	1.61497
	2.51964
	2.50101
	3.16195
	3.27807
	3.71751
	3.96029

	67
	1.45315
	1.48493
	2.31565
	2.38495
	2.92779
	3.01984
	3.39727
	3.65741

	87
	1.41671
	1.46027
	2.16184
	2.2114
	2.71363
	2.78785
	3.18406
	3.35272

	99
	1.35454
	1.43776
	2.07408
	2.11617
	2.59642
	2.69259
	3.05035
	3.25486

	113
	1.34858
	1.34572
	2.0168
	2.05424
	2.53697
	2.57959
	2.97211
	3.08578

	129
	1.28715
	1.29418
	1.90956
	1.98093
	2.39592
	2.47241
	2.78908
	2.98384

	146
	1.25209
	1.28178
	1.84564
	1.89786
	2.28486
	2.4005
	2.64681
	2.98266

	167
	1.20931
	1.193
	1.81797
	1.80074
	2.21231
	2.21903
	2.60659
	2.59004

	190
	1.1645
	1.17886
	1.71869
	1.72752
	2.1115
	2.14079
	2.47806
	2.48331

	216
	1.186664
	1.09925
	1.699409
	1.64637
	2.102406
	2.03574
	2.469141
	2.38462

	246
	1.105853
	1.0939
	1.592978
	1.59822
	1.928721
	1.96754
	2.233774
	2.29287

	280
	1.08131
	X*
	1.54435
	X*
	1.8797
	X*
	2.18969
	X*

	319
	1.06986
	1.05384
	1.47049
	1.47546
	1.79486
	1.79764
	2.0606
	2.07389

	363
	1.01323
	0.99372
	1.43015
	1.43954
	1.72739
	1.72106
	1.99494
	2.00489

	384
	0.989
	1.01569
	1.39921
	1.39361
	1.70229
	1.69758
	1.98554
	1.98962

	414
	1.00779
	0.9968
	1.40738
	1.37082
	1.63375
	1.66083
	1.89217
	1.9327

	471
	1
	0.95761
	1.31304
	1.3208
	1.59476
	1.5937
	1.84509
	1.85683

	536
	0.92358
	0.94777
	1.27428
	1.277
	1.53448
	1.53176
	1.76273
	1.79317

	611
	0.93185
	0.91854
	1.25529
	1.24718
	1.46163
	1.47946
	1.68484
	1.73979

	695
	0.91802
	0.91622
	1.19924
	1.19118
	1.41187
	1.3982
	1.62078
	1.60914

	792
	0.89471
	0.88673
	1.17523
	1.15609
	1.37725
	1.37073
	1.57628
	1.56952

	902
	0.84313
	0.85784
	1.14
	1.10637
	1.31427
	1.30474
	1.49551
	1.49499

	1027
	0.8543
	0.85658
	1.08217
	1.08388
	1.26702
	1.27386
	1.44738
	1.4436

	1169
	0.821610
	X*
	1.04864
	X*
	1.25462
	X*
	1.42318
	X*

	1331
	0.79661
	0.79302
	1.03199
	1.03666
	1.18953
	1.18796
	1.31047
	1.34144

	1536
	0.79751
	0.78652
	0.98777
	0.99346
	1.16141
	1.14995
	1.2777
	1.29728

	1725
	0.775923
	0.78418
	0.951686
	0.97695
	1.108532
	1.10078
	1.236047
	1.25268

	1965
	0.760771
	0.76642
	0.933759
	0.94934
	1.068424
	1.0828
	1.178337
	1.19905

	2237
	0.76448
	0.75309
	0.92749
	0.92437
	1.05494
	1.06635
	1.15556
	1.22553

	2304
	0.74327
	0.76087
	0.91026
	0.90632
	1.04143
	1.0569
	1.16264
	1.18746

	2547
	0.73669
	0.73883
	0.89549
	0.89916
	0.99979
	1.02742
	1.10126
	1.17545

	2900
	0.74313
	0.72197
	0.8838
	0.88311
	0.99456
	0.99144
	1.09637
	1.09705

	3302
	0.72498
	0.71438
	0.86692
	0.86869
	0.97547
	0.98109
	1.0769
	1.0872

	3760
	0.69608
	0.70346
	0.8411
	0.86265
	0.95939
	0.96602
	1.00533
	1.07376

	4096
	0.69601
	0.69271
	0.83112
	0.82394
	0.93265
	0.92688
	0.9975
	1.02855

	4281
	0.69085
	0.69783
	0.84107
	0.84205
	0.90654
	0.92223
	0.99789
	0.99872

	4874
	0.69231
	0.68815
	0.79914
	0.79951
	0.89606
	0.89721
	0.99254
	0.99569

	5550
	0.68497
	X
	0.79289
	X
	0.88672
	X
	0.96424
	X

	6144
	0.68194
	X
	0.78928
	X
	0.88147
	X
	0.94931
	X

	7195
	0.663030
	X
	0.758020
	X
	0.825311
	X
	0.882224
	X

	8192
	0.652786
	X
	0.746906
	X
	0.815202
	X
	0.865528
	X


*unencodable
5 Conclusions

Interleaver rules are described in this contribution. Interleaver parameters searching method is demonstrated. Shortening position assigning algorithm is demonstrated. The supported number of processors is also described at last.
Our proposal is highly implementation friendly. The interleaver mainly features low complexity routing network for even 32x32 routing switching. The network configuration is trivial. The complexity and latency could be eliminated to the least. Supporting high-radix decoder architecture further reduces turbo decoder implementation complexity. The interleaver parameters are less. The interleaving rule is simple.
Simulation results also show that the proposal outperforms or has similar performance to Rel-6 turbo coding at also most places.
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Appendix A Cross Verification
ITRI’s IBP, Ericsson’s QPP [4], Motorola’s ARP [3], Broadcom’s ARP [5] and Rel-6 turbo coding are compared for these 42 information blocks [2]. Shortening and puncturing is applied to fit the interleaver length and the dummy bits are padded after the information bits except for ITRI’ IBP. In order to save the simulation time, all proposals are compared for tail-padding encoding and the code rate is K/(3K+12). Max Log-MAP with 8 iterations is applied for these simulations.
Figs. 5-8 shows simulation results with Eb/N0 vs K (bits). Block error rate 10-1, 10-2, 10-3, and 10-4 are examined. The results show that ITRI’ IBP, Ericsson’s QPP, Motorola’ARP performs similarly.
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Figure 5: Required Eb/N0 for block error rate 0.1.
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Figure 6: Required Eb/N0 for block error rate 0.01.
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Figure 7: Required Eb/N0 for block error rate 0.001.
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Figure 8: Required Eb/N0 for block error rate 0.0001.









PAGE  
8

_1223367059.unknown

_1226308767.unknown

_1226317466.unknown

_1226342134.unknown

_1226428031.unknown

_1226428133.unknown

_1226428173.unknown

_1226342234.unknown

_1226317545.unknown

_1226317577.unknown

_1226317507.unknown

_1226317313.unknown

_1226317432.unknown

_1226308921.unknown

_1226308893.unknown

_1226305194.unknown

_1226305679.unknown

_1226305915.unknown

_1226308758.unknown

_1226305634.unknown

_1226258584.unknown

_1226302286.unknown

_1226303590.unknown

_1226304989.unknown

_1226303481.unknown

_1226301431.unknown

_1224252557.unknown

_1223364643.unknown

_1223364676.unknown

_1223366598.unknown

_1223366646.unknown

_1223366669.unknown

_1223366634.unknown

_1223364749.unknown

_1223323451.unknown

_1223364451.unknown

