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1. Summary

In Riga, the decision in Tallinn to replace the Rel-6 interleaver with a contention free (CF) interleaver was upheld and a CF interleaver selection plan was put into place [1]. In total, seven detailed proposals ([4]-[10]) were submitted for selection (including those submitted late), such as ARP [4], QPP [5], IBP[9], etc.. While CF interleavers like ARP and QPP have a number of implementation advantages over the Rel 6 interleaver, this document focuses on establishing equivalent or better performance as Rel 6. In line with the CF interleaver selection plan [1], simulation results are reported for CF interleavers proposed by Motorola [4] (ARP and QPP) for the 42 agreed information block sizes in R1-063617.  (The information in this document was provided to the reflector by the 4th Jan 2007 deadline. )
Both ARP and QPP designs are shown to have equivalent or better performance than Rel 6, in several cases by a substantial margin when Rel 6 floors at lower FER (see Figure 1).
Appendix A provides cross-simulation results of the interleaver proposals from Ericsson, France Telecom, and Qualcomm. Note that on 5th January, France Telecom withdrew their proposal [11]. 
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Figure 1. Performance of the ARP and QPP interleavers in [4] compared with Rel-6 turbo interleaver. Information block size Kinfo greater than 1000 bits are shown.
2. Simulation Conditions
Table 1 lists the simulation conditions. For ease of comparison to Rel 6, tailbiting is not used in these simulations. All the simulation assume a nominal code rate of 1/3, i.e., given an information block of Kinfo bits, a codeword of length 3Kinfo+12 bits is generated (with Rel-6 tail termination). Thus the actual code rate is Kinfo /(3Kinfo+12), slightly lower than 1/3.
Since interleaver sizes K may be different from the information block sizes Kinfo, traditional code shortening is applied when needed. In specific, if an interleaver of size Kinfo is not available, then the interleaver with the next higher size K is used. Before encoding, K- Kinfo zeros are prepended to the information block. After encoding the systematic and the two parity bits corresponding to the padding positions are removed before transmitting over the channel. The 12 tail bits are always kept as defined in Rel 6. 
For test sizes Kinfo that are larger than 5114 bits (i.e., not supported by Rel-6 interleaver), code block segmentation is applied to find the Rel-6 baseline performance.  

Table 1. Simulation condition.

	Baseline Code
	Rel. 6 Turbo Code 

	Code Rate
	Kinfo / (3 Kinfo +12) , Kinfo is the information block size

	Number of iterations
	8

	Decoding algorithm
	Max-Log-MAP 

	Modulation
	QPSK

	Channel
	Static AWGN


3. Performance Results

Figures 1 and 2 show the performance comparison of the ARP and QPP interleavers with the Rel 6 turbo internal interleaver. The figures plot the Eb/N0 (dB) required to achieve four different FERs as a function of the information block size for the 42 test cases.  The same results are also tabulated in Table 1 and Table 2 for numerical comparison, where the highlighted entries (in Red) indicate Rel-6 turbo interleaver is worse by 0.1 dB or more (SNR difference Δ > 0.1 dB). No cases were found where Rel-6 turbo interleaver is better by 0.1 dB or more (SNR difference Δ < -0.1 dB).
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Figure 2.
Performance of the ARP and QPP interleavers in [4] compared with Rel-6 turbo interleaver. Information block size Kinfo less than 1000 bits are shown. 
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Figure 3.
Performance of the ARP and QPP interleavers in [4] compared with Rel-6 turbo interleaver. Information block size Kinfo greater than 1000 bits are shown. 

Table 1. At FER = 10-3 and 10-4, Eb/N0 (dB) of Rel-6 turbo interleaver, ΔARP=Eb/N0 (dB)(Rel-6) - Eb/N0 (dB)(ARP), ΔQPP=Eb/N0 (dB)(Rel-6) - Eb/N0 (dB)(QPP). SNR differences Δ greater than 0.1 dB are highlighted.
	
	
	FER = 1e-3
	FER = 1e-4

	index
	K_info
	Eb/N0 (dB) (Rel6)
	ΔARP (dB)
	ΔQPP (dB)
	Eb/N0 (dB) (Rel6)
	ΔARP (dB)
	ΔQPP (dB)

	1
	40
	3.6324
	0.0404
	0.0756
	4.4645
	0.2780
	0.2214

	2
	52
	3.3926
	-0.0639
	0.0186
	4.1580
	-0.0170
	0.1109

	3
	67
	3.0898
	0.0717
	0.0087
	3.7867
	0.2270
	0.0261

	4
	87
	2.8671
	0.1368
	0.0757
	3.4698
	0.2320
	0.1672

	5
	99
	2.7906
	0.1318
	0.0929
	3.3742
	0.2140
	0.1872

	6
	113
	2.5960
	0.0351
	0.0556
	3.1467
	0.1426
	0.1450

	7
	129
	2.4888
	0.0635
	0.0475
	3.1198
	0.3051
	0.1836

	8
	146
	2.4561
	0.0637
	0.1051
	3.0425
	0.2053
	0.2467

	9
	167
	2.2689
	0.0612
	0.0270
	2.7510
	0.1571
	0.0734

	10
	190
	2.1512
	0.0149
	-0.0253
	2.5955
	0.1105
	0.0576

	11
	216
	2.0487
	0.0200
	-0.0019
	2.4099
	0.0667
	0.0344

	12
	246
	1.9798
	0.0099
	0.0407
	2.3138
	0.0425
	0.0631

	13
	280
	1.8887
	0.0380
	-0.0029
	2.2219
	0.0667
	-0.0229

	14
	319
	1.7989
	-0.0043
	0.0121
	2.0849
	-0.0400
	0.0020

	15
	363
	1.7611
	0.0276
	0.0354
	2.0241
	0.0450
	0.0346

	16
	384
	1.7090
	-0.0019
	0.0252
	2.0146
	0.0553
	0.0765

	17
	414
	1.6636
	0.0044
	0.0216
	1.9371
	0.0607
	0.0518

	18
	471
	1.6021
	0.0253
	0.0050
	1.8521
	0.0391
	-0.0361

	19
	536
	1.5260
	-0.0064
	0.0120
	1.8076
	0.0701
	0.0713

	20
	611
	1.4796
	0.0075
	0.0045
	1.7332
	0.0443
	0.0146

	21
	695
	1.4285
	0.0234
	0.0096
	1.6409
	0.0180
	0.0246

	22
	792
	1.3612
	-0.0058
	0.0104
	1.5666
	-0.0085
	0.0397

	23
	902
	1.3023
	-0.0291
	-0.0110
	1.4834
	-0.0628
	-0.0259

	24
	1027
	1.2679
	0.0145
	-0.0177
	1.4545
	0.0391
	-0.0409

	25
	1169
	1.2137
	0.0133
	-0.0134
	1.4153
	0.0586
	-0.0723

	26
	1331
	1.1741
	0.0013
	0.0111
	1.3603
	0.0282
	0.0329

	27
	1536
	1.1448
	0.0164
	0.0104
	1.3057
	0.0557
	0.0460

	28
	1725
	1.0988
	0.0000
	-0.0032
	1.2373
	0.0221
	0.0244

	29
	1965
	1.0755
	0.0157
	-0.0206
	1.2183
	0.0544
	0.0000

	30
	2237
	1.0507
	0.0258
	-0.0309
	1.2223
	0.1002
	0.0168

	31
	2304
	1.0399
	0.0090
	0.0201
	1.1777
	0.0556
	0.0552

	32
	2547
	1.0210
	0.0173
	0.0267
	1.2204
	0.1146
	0.1185

	33
	2900
	0.9789
	0.0053
	0.0048
	1.1446
	0.0680
	0.0653

	34
	3302
	0.9508
	0.0053
	0.0031
	1.1273
	0.0963
	0.0937

	35
	3760
	0.9292
	-0.0022
	-0.0008
	1.0950
	0.0762
	0.0732

	36
	4096
	0.9208
	0.0018
	0.0090
	1.0758
	0.0862
	0.0885

	37
	4281
	0.9039
	-0.0059
	-0.0241
	0.9975
	0.0161
	-0.0074

	38
	4874
	0.8950
	0.0061
	-0.0323
	0.9917
	0.0306
	-0.0274

	39
	5550
	1.0293
	0.1664
	0.1688
	1.2000
	0.2626
	0.2699

	40
	6144
	0.9998
	0.1547
	0.1564
	1.1163
	0.1982
	0.1915

	41
	7195
	0.9689
	0.1368
	0.1196
	1.1038
	0.2105
	0.1520

	42
	8192
	0.9494
	0.1345
	0.1399
	1.2109
	0.3404
	0.3400


Table 2. At FER=10-2, Eb/N0 (dB) of Rel-6 turbo interleaver, ΔARP=Eb/N0 (dB)(Rel-6) - Eb/N0 (dB)(ARP), ΔQPP=Eb/N0 (dB)(Rel-6) - Eb/N0 (dB)(QPP). SNR differences Δ greater than 0.1 dB are highlighted.
	
	
	FER = 0.1
	FER = 1e-2

	index
	K_info
	Eb/N0 (dB) (Rel6)
	ΔARP (dB)
	ΔQPP (dB)
	Eb/N0(dB) (Rel6)
	ΔARP (dB)
	ΔQPP (dB)

	1
	40
	1.6690
	-0.0168
	0.0308
	2.8046
	0.0516
	0.0802

	2
	52
	1.6145
	0.1182
	0.0854
	2.6599
	-0.0207
	-0.0256

	3
	67
	1.5691
	0.0931
	0.1272
	2.4340
	0.0837
	0.0039

	4
	87
	1.4515
	0.1485
	0.0864
	2.2497
	0.0933
	0.0678

	5
	99
	1.4082
	0.0081
	0.0337
	2.1597
	0.0189
	0.0263

	6
	113
	1.3603
	0.0832
	0.0107
	2.0974
	0.0706
	0.0586

	7
	129
	1.2975
	0.0437
	0.0046
	1.9687
	0.0706
	0.0248

	8
	146
	1.3133
	0.0463
	0.0638
	1.9618
	0.0506
	0.1136

	9
	167
	1.2365
	0.0578
	0.0029
	1.8372
	0.0325
	-0.0311

	10
	190
	1.2183
	0.0431
	0.0273
	1.7549
	0.0045
	0.0248

	11
	216
	1.1555
	0.0469
	0.0020
	1.6543
	-0.0150
	0.0179

	12
	246
	1.0991
	0.0011
	-0.0100
	1.6132
	0.0199
	0.0345

	13
	280
	1.0461
	-0.0173
	-0.0522
	1.5425
	0.0065
	-0.0325

	14
	319
	1.0601
	-0.0027
	-0.0015
	1.5129
	0.0206
	0.0488

	15
	363
	1.0342
	0.0365
	0.0587
	1.4458
	0.0101
	0.0139

	16
	384
	0.9667
	-0.0436
	-0.0301
	1.3953
	-0.0088
	-0.0037

	17
	414
	1.0344
	0.0469
	0.0702
	1.3765
	0.0000
	0.0240

	18
	471
	0.9628
	-0.0048
	0.0168
	1.3106
	-0.0197
	0.0019

	19
	536
	0.9323
	-0.0220
	-0.0167
	1.2786
	0.0226
	0.0031

	20
	611
	0.8846
	-0.0282
	-0.0293
	1.2467
	0.0071
	-0.0032

	21
	695
	0.8993
	0.0092
	0.0154
	1.2101
	0.0213
	0.0152

	22
	792
	0.8585
	0.0121
	-0.0101
	1.1549
	0.0035
	0.0082

	23
	902
	0.8213
	-0.0174
	-0.0083
	1.0941
	-0.0255
	-0.0148

	24
	1027
	0.8252
	0.0068
	0.0116
	1.0813
	0.0205
	0.0028

	25
	1169
	0.7948
	-0.0150
	-0.0095
	1.0330
	-0.0090
	-0.0116

	26
	1331
	0.7885
	0.0028
	0.0007
	1.0160
	0.0025
	0.0179

	27
	1536
	0.7891
	0.0165
	0.0088
	0.9992
	0.0234
	0.0167

	28
	1725
	0.7614
	-0.0126
	-0.0073
	0.9468
	-0.0102
	-0.0175

	29
	1965
	0.7540
	-0.0065
	-0.0218
	0.9212
	-0.0094
	-0.0342

	30
	2237
	0.7461
	0.0038
	-0.0298
	0.8951
	-0.0097
	-0.0600

	31
	2304
	0.7513
	0.0142
	-0.0031
	0.9053
	0.0038
	-0.0055

	32
	2547
	0.7427
	0.0103
	0.0128
	0.8785
	-0.0090
	-0.0061

	33
	2900
	0.7364
	0.0052
	0.0134
	0.8576
	-0.0111
	-0.0076

	34
	3302
	0.7282
	0.0180
	0.0237
	0.8395
	-0.0057
	-0.0050

	35
	3760
	0.7140
	0.0110
	0.0185
	0.8216
	-0.0094
	-0.0064

	36
	4096
	0.6857
	-0.0063
	0.0087
	0.8201
	-0.0018
	0.0088

	37
	4281
	0.7167
	0.0292
	0.0183
	0.8103
	-0.0041
	-0.0179

	38
	4874
	0.7015
	0.0152
	-0.0093
	0.7982
	-0.0061
	-0.0324

	39
	5550
	0.7741
	0.0954
	0.0964
	0.9139
	0.1354
	0.1305

	40
	6144
	0.7654
	0.0824
	0.0928
	0.8924
	0.1218
	0.1258

	41
	7195
	0.7532
	0.0945
	0.0873
	0.8695
	0.1115
	0.0988

	42
	8192
	0.7280
	0.0736
	0.0774
	0.8507
	0.1051
	0.1094


References

[1]. R1-063564, “Proposed way forward on turbo interleaver,” 3GPP TSG RAN WG1 #47, Riga, Latvia, 06 – 10 November 2006.

[2]. R1-063061, Motorola, “A Contention-free Interleaver design for LTE Turbo Codes,” 3GPP TSG RAN WG1 #47, Riga, Latvia, 06 – 10 November 2006.

[3]. R1-063137, Ericsson, “Quadratic Permutation Polynomial Interleavers for LTE Turbo Coding,” 3GPP TSG RAN WG1 #47, Riga, Latvia, 06 – 10 November 2006.

[4]. Motorola, “Contention-free interleaver designs for LTE turbo codes,” 3GPP TSG RAN WG1 Reflector, Nov. 30, 2006. 
[5]. Ericsson, “Quadratic permutation polynomial interleaver designs for LTE turbo coding,” 3GPP TSG RAN WG1 Reflector, Nov. 30, 2006.
[6]. Qualcomm Europe, “QPP parameters for evaluation,” 3GPP TSG RAN WG1 Reflector, Nov. 30 2006.
[7]. Broadcom, “An ARP base 4 hardware saving, flexible granularity and flexible parallelism ARP interleaver suitable for all possible block sizes in 3GPP LTE turbo codes,” 3GPP TSG RAN WG1 Reflector, Nov. 30, 2006.
[8]. France Telecom/Orange, “Parameters of the QC interleavers for LTE,” rev. 2, 3GPP TSG RAN WG1 Reflector, Dec. 1, 2006.
[9]. ITRI, “IBP interleavers for turbo coding and shortening position assigning algorithms v2,” 3GPP TSG RAN WG1 Reflector, Dec. 7, 2006.
[10]. Mitsubishi Electric Corp., “A Contention-free interleaver for turbo codes - Revision 02,” rev. 4, 3GPP TSG RAN WG1 Reflector, Dec. 5, 2006.
[11]. Christian Gallard, France Telecom., Email to the 3GPP RAN1 reflector, 5th Jan 2007.
Appendix A. Cross Simulation Results
Cross simulation was performed to compare the performance of Motorola’s ARP and QPP turbo interleaver designs with proposals from Ericsson, Qualcomm, and France Telecom. The full set from Ericsson was simulated, while other proposals including Motorola’s contain only 42 interleavers designed for the comparison set.

To exclude the impact of processing outside the turbo code, the performance of the interleavers are shown without zero-padding before encoding or puncturing after encoding. Thus a code rate of K /(3K+12) is simulated for each case, where K is the interleaver size. This is proper because the LTE turbo code is expected to cover information block sizes equal to K as well. The same simulation condition listed in Table 1 was used. 

The simulation results are shown below in Figure 4 through Figure 11 with Eb/N0 (dB) vs K (bits). Target FER of 10-1, 10-2, 10-3, and 10-4 are examined. The results show that Ericsson’s proposal has performance similar to Motorola’s ARP and QPP designs. 
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Figure 4.
Comparison of turbo interleaver proposals at FER = 0.1 for interleaver sizes K<=1000 bits.
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Figure 5.
Comparison of turbo interleaver proposals at FER = 0.1 for interleaver sizes K>1000 bits.
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Figure 6.
Comparison of turbo interleaver proposals at FER = 10-2 for interleaver sizes K<=1000 bits.
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Figure 7.
Comparison of turbo interleaver proposals at FER = 10-2 for interleaver sizes K>1000 bits.
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Figure 8.
Comparison of turbo interleaver proposals at FER = 10-3 for interleaver sizes K<=1000 bits.
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Figure 9.
Comparison of turbo interleaver proposals at FER = 10-3 for interleaver sizes K>1000 bits.
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Figure 10.
Comparison of turbo interleaver proposals at FER = 10-4 for interleaver sizes K<=1000 bits.
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Figure 11.
Comparison of turbo interleaver proposals at FER = 10-4 for interleaver sizes K>1000 bits.
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