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Introduction

In this document, we compare four classes of interleavers that have been proposed as candidate for 3GPP standardisation as code-embedded interleavers for turbo codes. They have been proposed by HNS, NTT DoCoMo, Motorola, and Samsung. 

As is known, the procedure for the choice of interleaver sizes agreed upon in the previous meeting was aimed at selecting 25 sizes for free distance computation, and within them, 5 sizes to be simulated.  The turbo code is the 8-state PCCC that is presently the working assumption for BER=10-3 - 10-6.

The description of the analyzed interleavers is out of the scope of this document, and can be found in the documents issued by the proposing companies. 

The free distance computation 

All proposed interleavers have some degrees of freedom in the characteristic parameters that need to be optimised according to the turbo code structure and to the interleaver size. Since it is at all impractical (too much time-consuming) to optimise the interleaver with respect to the simulated bit (or frame) error probability, a good choice is to use a fast algorithm to estimate the code free distance and to optimise the interleaver with respect to this very important parameter, which, by the way, is the crucial one in determining the error floor of the code [1]-[3]. 

We have designed two algorithms to estimate the free distance:

· The first one is very fast, and generates the most likely error events to obtain an upper bound to the free distance. It could be used for a first optimisation in order to reduce the interleavers, for a given size, to only a few to be further optimised.

· The second, instead, permits the computation of the true free distance up to values around 22-24, and can be used for the final, refined optimisation.

We have used the two algorithms to generate the results presented in Table 1. They refer to the sizes from 445 up to 4044, for time reasons. In the table, numbers written in bold italic mean that the free distance was to large to be exactly evaluated, so the number can only be considered an upper bound to the free distance, although usually quite tight. In the other cases (roman numbers), the first number in the triplets is the true free distance of the code, whereas the second is the number of near neighbours (code words with weight equal to the free distance), and the third is the total number of information bit in errors corresponding to the error events at free distance.

In Document TSGR1#4(99)417, Samsung also reported their estimate of the free distances [4]. We will compare the two estimates in the following.

Table 1: Free distances of 4 candidate interleavers.

Interleaver size
Motorola
Pil (NTT DoCoMo)
Prunable

(HNS)
OCPNI (Samsung)

445
18/5/10
22/1/2
18/1/2
21/2/6

478
17/1/1
21<d<=27/2
17/1/1
21<d<=23/4

720
19/5/5
24/1/2
18/1/2
21/1/1

806
21<d<=25/1
21<d<=26/1
21/2/4
21/1/3

933
21/1/3
25/1/3
18/1/2
25/4/12

1013
28/16
28/46
22/1
25/1

1158
26/2
26/1
18/1/2
13/1/1

1269
25/1
28/21
22/3
28/31

1278
26/2
28/19
22/2
28/35

1829
22/21
26/3
27/1
28/39

2072
34/1
28/27
24/1
27/1

2698
26/39
28/35
18/2
26/1

2881
28/31
28/32
25/1
28/8

3813
28/94
28/71
26/2
27/1

3964
28/77
28/42
26/4
28/19

4044
28/71
28/52
32/1
28/25

A few comments are appropriate:

· The interleaver class proposed by HNS shows a very low increase of the free distance with the interleaver size. In fact, the free distance is 18 or less for the sizes from 445 to 933 (and also for 1158). This means that the error floor would be almost the same for these interleavers irrespective of the interleaver size.

· Of the 4 classes of interleavers, the more robust to a change in size (see the small sizes) seems to be the one proposed by NTT DoCoMo.

· All interleavers saturate, in the sense that increasing the size above 2072 yields very little (if any) increase in free distance. This confirm a suggestion by Lucent in a previous document that it pays little to go beyond 2,000 in the interleaver size, yet increasing significantly the decoder complexity [5].

· The striking difference between our exact (and estimated) results, and the estimates proposed by Samsung in Document [4] (see for example the size 1158) suggests to be very careful in using rough estimates of the free distance in designing or analyzing an interleaver. In that case, in fact, the interleaver was designed to have a free distance of 42, and, instead, the true free distance is only 13! Samsung reported free distances are largely overestimated. 

The simulation on the AWGN channel

As a second way of comparison, we have simulated the performance of the four 8-PCCC employing the same 8-state codes and the four candidate interleavers over the additive Gaussian noise channel.  For the limited time available, we have only simulated the size N=720. In Figure 1 we report the obtained simulation results in terms of both bit and frame error probabilities, for 10 (Figure 1) and 100 (Figure 2) iterations.
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Figure 1: BER and FER for 4 candidate code-embedded interleavers with size N=720 and 10 iterations
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Figure 2: BER and FER for 4 candidate code-embedded interleavers with size N=720 and 100 iterations

The simulation results suggest the following observations:

· All interleavers show the starting of the error floor around a BER of 10-6. In the bit error rate region down to 10-6 all interleavers behave very similarly in terms of BER, because the behaviour is dominated by the interleaver gain. 

· In terms of FER, we see that the NTT DoCoMo interleaver is the best, very close to HNS, whereas the Motorola is the worst.

· Below BER=10-6, the differences are more significant.

Conclusions

· We have compared 4 candidate classes of interleavers embedded into the 8-state PCCC.  The comparison has considered the free distance of the codes using the different interleavers, and the simulated performance in terms of bit and error probabilities over the AWGN channel for one of the 5 sizes proposed for simulation. 

· Comparing the Table of free distances, we have noticed that all interleavers tend to saturate, in the sense that increasing the size above 2072 yields very little (if any) increase in free distance. This confirm a suggestion by Lucent in a previous document that it pays little to go beyond 2,000 in the interleaver size, yet increasing significantly the decoder complexity [5].

· The interleaver class proposed by HNS shows a very low increase of the free distance with the interleaver size. In fact, the free distance is 18 or less for the sizes from 445 to 933 (and also for 1158). This means that the error floor would be almost the same for these interleavers irrespective of the interleaver size.

· There is a striking difference between our exact (and estimated) results, and the estimates proposed by Samsung in Document [4] (see for example the size 1158). This suggests to be very careful in using rough estimates of the free distance in designing or analyzing an interleaver. 

· Of the 4 classes of interleavers, the more robust to a change in size (see the small sizes) seems to be the one proposed by NTT DoCoMo.

· All interleavers show the starting of the error floor around a BER of 10-6. In the bit error rate region down to 10-6 all interleavers behave very similarly in terms of BER, because the behaviour is dominated by the interleaver gain. 
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100 iterations

				Motorola BER		Motorola FER		NTT DoCoMo BER		NTT DoCoMo FER		HNS BER		HNS FER		Samsung BER		Samsung FER

		0		6.93E-02		5.45E-01		6.46E-02		5.36E-01		7.15E-02		5.77E-01		7.22E-02		6.25E-01

		0.2		3.05E-02		3.06E-01		3.05E-02		2.91E-01		4.34E-02		4.17E-01		3.13E-02		2.73E-01

		0.4		1.13E-02		1.15E-01		9.49E-03		8.98E-02		8.01E-03		7.81E-02		1.21E-02		1.12E-01

		0.6		2.45E-03		2.49E-02		2.18E-03		2.07E-02		2.88E-03		2.59E-02		2.66E-03		3.16E-02

		0.8		3.04E-04		3.62E-03		4.69E-04		4.85E-03		2.49E-04		2.76E-03		4.38E-04		4.46E-03

		1		2.78E-05		5.82E-04		2.60E-05		3.47E-04		2.72E-05		4.19E-04		3.23E-05		4.31E-04

		1.2		1.61E-06		1.65E-04		1.91E-06		6.90E-05		1.80E-06		6.07E-05		2.10E-06		8.24E-05

		1.4		3.27E-07		8.51E-05		5.14E-07		2.74E-05		1.33E-07		3.31E-05		3.31E-07		3.32E-05

		1.6		1.38E-07		4.07E-05		9.17E-08		1.31E-05		9.56E-08		2.22E-05		1.04E-07		1.66E-05

		1.8		8.70E-08		2.41E-05		4.55E-08		7.39E-06		4.65E-08		1.34E-05		5.06E-08		7.53E-06

		2		3.73E-08		1.18E-05		1.60E-08		2.66E-06		1.59E-08		5.47E-06		2.00E-08		2.73E-06

		2.2		1.20E-08		4.70E-06		8.92E-09		1.33E-06		1.23E-08		4.36E-06		3.45E-09		7.44E-07

		2.4		6.52E-09		2.63E-06		5.23E-09		6.64E-07		5.62E-09		2.02E-06		1.03E-09		2.48E-07

		2.6		3.65E-09		1.50E-06		4.00E-09		4.43E-07		3.46E-09		1.25E-06		1.03E-09		2.48E-07

		2.8		5.22E-10		1.88E-07		4.00E-09		4.43E-07		3.03E-09		1.09E-06		1.03E-09		2.48E-07

		3		5.22E-10		1.88E-07		2.77E-09		2.21E-07		4.33E-10		1.56E-07





10 iterations

				Motorola BER		Motorola FER		NTT DoCoMo BER		NTT DoCoMo FER		HNS BER		HNS FER		Samsung BER		Samsung FER

		0		7.22E-02		6.55E-01		7.12E-02		6.79E-01		7.59E-02		7.50E-01		7.62E-02		7.50E-01

		0.2		3.47E-02		3.57E-01		3.58E-02		4.17E-01		4.64E-02		4.44E-01		3.40E-02		3.64E-01

		0.4		1.24E-02		1.50E-01		1.17E-02		1.56E-01		1.17E-02		1.64E-01		1.47E-02		1.61E-01

		0.6		3.36E-03		4.57E-02		3.29E-03		4.56E-02		3.98E-03		4.91E-02		4.20E-03		6.84E-02

		0.8		6.22E-04		1.12E-02		6.77E-04		8.90E-03		5.59E-04		8.74E-03		8.08E-04		1.28E-02

		1		8.85E-05		1.98E-03		7.43E-05		1.50E-03		7.53E-05		1.54E-03		1.12E-04		2.23E-03

		1.2		1.11E-05		4.28E-04		7.87E-06		2.74E-04		6.82E-06		2.02E-04		9.13E-06		3.35E-04

		1.4		1.89E-06		1.39E-04		1.56E-06		6.12E-05		1.21E-06		5.51E-05		1.57E-06		9.53E-05

		1.6		3.47E-07		5.29E-05		2.07E-07		2.01E-05		1.77E-07		2.59E-05		5.18E-07		3.59E-05

		1.8		1.07E-07		2.73E-05		9.55E-08		1.03E-05		5.58E-08		1.47E-05		2.02E-07		1.41E-05

		2		1.18E-07		1.34E-05		1.69E-08		2.88E-06		1.70E-08		5.83E-06		2.52E-08		3.23E-06

		2.2		4.83E-08		6.01E-06		1.81E-08		1.77E-06		1.23E-08		4.36E-06		3.45E-09		7.44E-07

		2.4		9.40E-09		3.01E-06		5.23E-09		6.64E-07		5.62E-09		2.02E-06		1.03E-09		2.48E-07

		2.6		1.33E-08		1.69E-06		4.00E-09		4.43E-07		3.46E-09		1.25E-06		1.03E-09		2.48E-07

		2.8		5.22E-10		1.88E-07		4.00E-09		4.43E-07		3.03E-09		1.09E-06		1.03E-09		2.48E-07

		3		5.22E-10		1.88E-07		2.77E-09		2.21E-07		4.33E-10		1.56E-07
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		2.4		2.4		2.4		2.4		2.4		2.4		2.4		2.4

		2.6		2.6		2.6		2.6		2.6		2.6		2.6		2.6

		2.8		2.8		2.8		2.8		2.8		2.8		2.8		2.8

		3		3		3		3		3		3		3		3



Motorola BER

Motorola FER

NTT DoCoMo BER

NTT DoCoMo FER

HNS BER

HNS FER

Samsung BER

Samsung FER

Eb/N0

BER-FER

Simulation results - 8 PCCC N=720 - AWGN Channel 
10 iterations

0.0722

0.655

0.0712

0.679

0.0759

0.75

0.0762

0.75

0.0347

0.357

0.0358

0.417

0.0464

0.444

0.034

0.364

0.0124

0.15

0.0117

0.156

0.0117

0.164

0.0147

0.161

0.00336

0.0457

0.00329

0.0456

0.00398

0.0491

0.0042

0.0684

0.000622

0.0112

0.000677

0.0089

0.000559

0.00874

0.000808

0.0128

0.0000885

0.00198

0.0000743

0.0015

0.0000753

0.00154

0.000112

0.00223

0.0000111

0.000428

0.00000787

0.000274

0.00000682

0.000202

0.00000913

0.000335

0.00000189

0.000139

0.00000156

0.0000612

0.00000121

0.0000551

0.00000157

0.0000953

0.000000347

0.0000529

0.000000207

0.0000201

0.000000177

0.0000259

0.000000518

0.0000359

0.000000107

0.0000273

0.0000000955

0.0000103

0.0000000558

0.0000147

0.000000202

0.0000141

0.000000118

0.0000134

0.0000000169

0.00000288

0.000000017

0.00000583

0.0000000252

0.00000323

0.0000000483

0.00000601

0.0000000181

0.00000177

0.0000000123

0.00000436

0.0000000034

0.000000744

0.0000000094

0.00000301

0.0000000052

0.000000664

0.0000000056

0.00000202

0.000000001

0.000000248

0.0000000133

0.00000169

0.000000004

0.000000443

0.0000000035

0.00000125

0.000000001

0.000000248

0.0000000005

0.000000188

0.000000004

0.000000443

0.000000003

0.00000109

0.000000001

0.000000248

0.0000000005

0.000000188

0.0000000028

0.000000221

0.0000000004

0.000000156



Plot PCCC 100

		0		0		0		0		0		0		0		0

		0.2		0.2		0.2		0.2		0.2		0.2		0.2		0.2

		0.4		0.4		0.4		0.4		0.4		0.4		0.4		0.4

		0.6		0.6		0.6		0.6		0.6		0.6		0.6		0.6

		0.8		0.8		0.8		0.8		0.8		0.8		0.8		0.8

		1		1		1		1		1		1		1		1

		1.2		1.2		1.2		1.2		1.2		1.2		1.2		1.2

		1.4		1.4		1.4		1.4		1.4		1.4		1.4		1.4

		1.6		1.6		1.6		1.6		1.6		1.6		1.6		1.6

		1.8		1.8		1.8		1.8		1.8		1.8		1.8		1.8

		2		2		2		2		2		2		2		2

		2.2		2.2		2.2		2.2		2.2		2.2		2.2		2.2

		2.4		2.4		2.4		2.4		2.4		2.4		2.4		2.4

		2.6		2.6		2.6		2.6		2.6		2.6		2.6		2.6

		2.8		2.8		2.8		2.8		2.8		2.8		2.8		2.8

		3		3		3		3		3		3		3		3



Motorola BER

Motorola FER

NTT DoCoMo BER

NTT DoCoMo FER

HNS BER

HNS FER

Samsung BER

Samsung FER

Eb/N0

BER-FER

Simulation results - 8 PCCC N=720 - AWGN Channel 
100 iterations

0.0693

0.545

0.0646

0.536

0.0715

0.577

0.0722

0.625

0.0305

0.306

0.0305

0.291

0.0434

0.417

0.0313

0.273

0.0113

0.115

0.00949

0.0898

0.00801

0.0781

0.0121

0.112

0.00245

0.0249

0.00218

0.0207

0.00288

0.0259

0.00266

0.0316

0.000304

0.00362

0.000469

0.00485

0.000249

0.00276

0.000438

0.00446

0.0000278

0.000582

0.000026

0.000347

0.0000272

0.000419

0.0000323

0.000431

0.00000161

0.000165

0.00000191

0.000069

0.0000018

0.0000607

0.0000021

0.0000824

0.000000327

0.0000851

0.000000514

0.0000274

0.000000133

0.0000331

0.000000331

0.0000332

0.000000138

0.0000407

0.0000000917

0.0000131

0.0000000956

0.0000222

0.000000104

0.0000166

0.000000087

0.0000241

0.0000000455

0.00000739

0.0000000465

0.0000134

0.0000000506

0.00000753

0.0000000373

0.0000118

0.000000016

0.00000266

0.0000000159

0.00000547

0.00000002

0.00000273

0.000000012

0.0000047

0.0000000089

0.00000133

0.0000000123

0.00000436

0.0000000034

0.000000744

0.0000000065

0.00000263

0.0000000052

0.000000664

0.0000000056

0.00000202

0.000000001

0.000000248

0.0000000037

0.0000015

0.000000004

0.000000443

0.0000000035

0.00000125

0.000000001

0.000000248

0.0000000005

0.000000188

0.000000004

0.000000443

0.000000003

0.00000109

0.000000001

0.000000248

0.0000000005

0.000000188

0.0000000028

0.000000221

0.0000000004

0.000000156



100 iterations

				Motorola BER		Motorola FER		NTT DoCoMo BER		NTT DoCoMo FER		HNS BER		HNS FER		Samsung BER		Samsung FER

		0		6.93E-02		5.45E-01		6.46E-02		5.36E-01		7.15E-02		5.77E-01		7.22E-02		6.25E-01

		0.2		3.05E-02		3.06E-01		3.05E-02		2.91E-01		4.34E-02		4.17E-01		3.13E-02		2.73E-01

		0.4		1.13E-02		1.15E-01		9.49E-03		8.98E-02		8.01E-03		7.81E-02		1.21E-02		1.12E-01

		0.6		2.45E-03		2.49E-02		2.18E-03		2.07E-02		2.88E-03		2.59E-02		2.66E-03		3.16E-02

		0.8		3.04E-04		3.62E-03		4.69E-04		4.85E-03		2.49E-04		2.76E-03		4.38E-04		4.46E-03

		1		2.78E-05		5.82E-04		2.60E-05		3.47E-04		2.72E-05		4.19E-04		3.23E-05		4.31E-04

		1.2		1.61E-06		1.65E-04		1.91E-06		6.90E-05		1.80E-06		6.07E-05		2.10E-06		8.24E-05

		1.4		3.27E-07		8.51E-05		5.14E-07		2.74E-05		1.33E-07		3.31E-05		3.31E-07		3.32E-05

		1.6		1.38E-07		4.07E-05		9.17E-08		1.31E-05		9.56E-08		2.22E-05		1.04E-07		1.66E-05

		1.8		8.70E-08		2.41E-05		4.55E-08		7.39E-06		4.65E-08		1.34E-05		5.06E-08		7.53E-06

		2		3.73E-08		1.18E-05		1.60E-08		2.66E-06		1.59E-08		5.47E-06		2.00E-08		2.73E-06

		2.2		1.20E-08		4.70E-06		8.92E-09		1.33E-06		1.23E-08		4.36E-06		3.45E-09		7.44E-07

		2.4		6.52E-09		2.63E-06		5.23E-09		6.64E-07		5.62E-09		2.02E-06		1.03E-09		2.48E-07

		2.6		3.65E-09		1.50E-06		4.00E-09		4.43E-07		3.46E-09		1.25E-06		1.03E-09		2.48E-07

		2.8		5.22E-10		1.88E-07		4.00E-09		4.43E-07		3.03E-09		1.09E-06		1.03E-09		2.48E-07

		3		5.22E-10		1.88E-07		2.77E-09		2.21E-07		4.33E-10		1.56E-07





10 iterations

				Motorola BER		Motorola FER		NTT DoCoMo BER		NTT DoCoMo FER		HNS BER		HNS FER		Samsung BER		Samsung FER

		0		7.22E-02		6.55E-01		7.12E-02		6.79E-01		7.59E-02		7.50E-01		7.62E-02		7.50E-01

		0.2		3.47E-02		3.57E-01		3.58E-02		4.17E-01		4.64E-02		4.44E-01		3.40E-02		3.64E-01

		0.4		1.24E-02		1.50E-01		1.17E-02		1.56E-01		1.17E-02		1.64E-01		1.47E-02		1.61E-01

		0.6		3.36E-03		4.57E-02		3.29E-03		4.56E-02		3.98E-03		4.91E-02		4.20E-03		6.84E-02

		0.8		6.22E-04		1.12E-02		6.77E-04		8.90E-03		5.59E-04		8.74E-03		8.08E-04		1.28E-02

		1		8.85E-05		1.98E-03		7.43E-05		1.50E-03		7.53E-05		1.54E-03		1.12E-04		2.23E-03

		1.2		1.11E-05		4.28E-04		7.87E-06		2.74E-04		6.82E-06		2.02E-04		9.13E-06		3.35E-04

		1.4		1.89E-06		1.39E-04		1.56E-06		6.12E-05		1.21E-06		5.51E-05		1.57E-06		9.53E-05

		1.6		3.47E-07		5.29E-05		2.07E-07		2.01E-05		1.77E-07		2.59E-05		5.18E-07		3.59E-05

		1.8		1.07E-07		2.73E-05		9.55E-08		1.03E-05		5.58E-08		1.47E-05		2.02E-07		1.41E-05

		2		1.18E-07		1.34E-05		1.69E-08		2.88E-06		1.70E-08		5.83E-06		2.52E-08		3.23E-06

		2.2		4.83E-08		6.01E-06		1.81E-08		1.77E-06		1.23E-08		4.36E-06		3.45E-09		7.44E-07

		2.4		9.40E-09		3.01E-06		5.23E-09		6.64E-07		5.62E-09		2.02E-06		1.03E-09		2.48E-07

		2.6		1.33E-08		1.69E-06		4.00E-09		4.43E-07		3.46E-09		1.25E-06		1.03E-09		2.48E-07

		2.8		5.22E-10		1.88E-07		4.00E-09		4.43E-07		3.03E-09		1.09E-06		1.03E-09		2.48E-07

		3		5.22E-10		1.88E-07		2.77E-09		2.21E-07		4.33E-10		1.56E-07






