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1. Introduction

At the last 3GPP TSG RAN WG1 #48bis meeting in Malta, a channel coding architecture with code block segment based rate-matching (following architecture II in [2]) has been agreed [4]. In this contribution we discuss some more details about our proposed channel interleaver [1], also presented at the last meeting. Especially we address how it fits into the channel coding architecture with code block segment based rate matching. Two options are considered: Channel interleaving per code block segment or channel interleaving across concatenated code block segments. 

Furthermore, we present simulation results for the performance comparison of our proposed channel interleaver and the Release 6 channel interleaver for HS-DSCH [3]. Both channel interleavers have approximately the same performance. However, our proposal works with any number of input bits, whereas the HSDPA channel interleaver is restricted to multiples of 960 bits. 

For a high UE velocity, our results further indicate that it is beneficial to interleave across as many OFDM symbols as possible and interleaving within only a few OFDM symbols will lead to poor performance.
This document is organized as follows. First, we discuss general channel coding architectures with code block based rate matching including our channel interleaver. We then review our proposed channel interleaver highlighting its main features and detailing its procedures. Finally, the simulation results are presented.

2. Symbol processing chain with flexible channel interleaver 

At the last 3GPP TSG RAN WG1 #48bis meeting in Malta it was concluded [4] to have code block segment based rate matching, especially in order to reduce decoding delays at the receiver. Following the code block segment based rate matching, our proposed channel interleaver could be used in two possible ways: 

a) Channel interleaving per code block segment

b) Channel interleaving across concatenated code block segments.

These two options are illustrated in Figure 1(a) and (b), which are modified versions of the architecture II from [2]. Note, that in our proposal no explicit physical resource segmentation is required but the two-dimensional OFDM resource mapping is implicitly considered in the choice of the channel interleaver parameters.

One of the key features of our channel interleaver proposal is that 

· first a segmentation into interleaver segments (also called runs) is performed and 

· then interleaving within these segments is carried out (potentially in parallel). 

Note that the interleaver segmentation is not shown in Figure 1 but rather discussed in more detail, including other important interleaver features, in Section 3. 
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Figure 1: Flexible channel interleaving (a) per code block segment and (b) across concatenated code block segments

In option a) channel interleaving is only performed on the bits within one code block segment. Thus, at the receiver, the de-interleaving, de-rate matching and Turbo decoding of the first segment can start as soon as the first 
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 bits are received. In option b) channel interleaving may be performed across two code block segments but only in such a way that an interleaver segment may span across the last part of a code block segment and the first part of the following code block segment. Therefore, at the receiver the de-interleaving, de-rate matching and Turbo decoding of the first code block segment can start after the first 
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 bits plus the bits of one interleaver segment are received. Thus, option a) has an advantage in the decoding delay at the receiver of one interleaver segment. Note that an advantage in processing delay may also translate into an advantage in memory requirement at the receiver.

In option a) the code block segments after rate matching may have different sizes 
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, because the code block segmentation may lead to segments with different sizes 
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.  Therefore, channel interleavers with two different parameter sets according to Section 3.2 may be necessary. This is not the case in option b), where there is only one channel interleaver with one parameter set. 

3. Flexible channel interleaver details

3.1. Key features

We want to recall the key features of our proposed channel interleaver. These are:

· Full flexibility with respect to the number of input bits.

· Two-dimensional OFDM time-frequency resource mapping taken into account.

· Adjacent bits from the interleaver input are not transmitted over the same subcarrier.

· Memory requirement independent of number of input bits but dependent only on maximum segment size.

· Bits from different interleaver runs (i.e. interleaver segments) can be processed in parallel.

· All interleaver runs process approx. the same number of bits (“first runs” and “last runs” differ by two bits) using the same operations. Therefore, all bits experience the same level of interleaving protection.

The working principle of the proposed channel interleaver is as follows [1]:

In analogy to Release 6 channel coding [3], there is one basic interleaver for QPSK or two identical basic interleavers for 16-QAM. For 64-QAM we extend this principle so that we have three identical basic channel interleavers as shown in Figure 2 below. As the operations of the two or three basic interleavers for 16-QAM or 64-QAM, respectively, are identical, we will focus only on one basic interleaver in the following.
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Figure 2: General channel interleaver structure for 64 QAM data channel
In our flexible channel interleaver approach a flexible-size segmentation is performed. The segmentation is done with the following parameter set depending on the number of input bits:

· Number of first runs and number of last runs

· Number of rows N and number of columns M respectively.

In this context, a run denotes the block interleaving of a subset (i.e. segment) of the input bits into the basic interleaver. 

The interleaving of the input bits to one basic channel interleaver comprises the following steps:

· Selection/Calculation of interleaver parameters according to number of input bits

· Variable segmentation of input bits for first und last runs

· Block interleaving in first and last runs (may be processed in parallel)

· Concatenation of interleaved bits from first and last runs

See Figure 3 for an illustrative example of the concept of first and last runs (interleaver segments). There, 412 bits are interleaved in 4 first runs and 2 last runs. Note, that Figure 3 is for illustrative purposes only and does not use the proposed number of columns and rows.

In contrast to our proposed channel interleaver, the Release 6 channel interleaver for HS-DSCH (HSDPA channel interleaver) performs a fixed-size segmentation (physical channel segmentation). Each segment comprises 960 bits and interleaving on this segment is performed using a 32x20 block interleaver. This works only with a very coarse granularity in the number of bits to be interleaved.
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Figure 3: Flexible interleaver example with NxM = 9x8, first runs = 4, last runs = 2

3.2. Parameter assignment for segmentation

For the sake of completeness and convenience, we include the parameters and calculations from [1].

The number of rows N and number of columns M, number of matrix elements, and number of first and last runs for the proposed channel interleaver are derived within the following steps:

1. Number of columns: 
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2. Minimum Number of Rows:
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3. Number of interleaver runs assuming Nmin rows: 
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4. Number of bits r, which remain after multiple Nmin runs: 
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5. Number of rows: 
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6. Total number of filling bits:
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7. Number of filling bits per interleaver during last runs: 
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8. Number of first runs u with Nfill_min+2: 
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9. Number of last runs v with Nfill_min: 
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10. Number of matrix elements: 
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NRBs is the number of resource blocks scheduled to one UE per TTI. NRBs is only needed for the selection of the number of matrix columns. In principle it is also possible to set M to one fixed value, so that the number of scheduled RBs does not need to be known to the interleaver. However, in this case the interleaver performance for a low number of RBs is degraded. The modulation parameter m can take values from 0 for QPSK, over 1 for 16-QAM to 2 for 64-QAM. Ndata is the number of bits to be interleaved. 

The maximum number of rows N in step 5 is 2∙Nmin. This defines the memory requirement for the interleaver implementation, if the individual interleaver runs are performed successively, or the maximum processing delay, if the individual interleaver runs are performed in parallel.

Note that the assignment of interleaver columns for a small number of resource blocks in step 1 needs further investigations as discussed in Subsection 4.2.

3.3. Permutation

A column permutation should be applied to break correlations in the two-dimensional OFDM time-frequency map. We propose that the columns are permuted according to the permutation patterns P={p1,p2,…,pM}:

P={0, 3, 6, 9, 12, 1, 4, 7, 10, 13, 2, 5, 8, 11} for M=14 and

P={0, 5, 10, 15, 20, 25, 30, 1, 6, 11, 16, 21, 26, 31, 2, 7, 12, 17, 22, 27, 32, 3, 8, 13, 18, 23, 28, 33, 4, 9, 14, 19, 24, 29} for M=34.

These permutation patterns generate large distances in frequency direction of originally adjacent bits in the two dimensional OFDM time-frequency map.

4. Simulation results

This section presents a comparison of our proposed channel interleaver to the Release 6 channel interleaver for HS-DSCH (HSDPA channel interleaver) by means of BLER curves for a Pedestrian B channel with 3 km/h UE velocity and a Vehicular A channel with 120 km/h UE velocity.

In order to comply with the restrictive HSDPA fixed segment size of 960 bits, we use multiples of 3 resource blocks (RB) for our simulations. In each resource block with 12 subcarriers and 14 OFDM symbols only the reference symbols are considered as overhead such that there are 160 QAM symbols available for data. 

The number of information bits into the symbol processing chain is chosen such that no code block segmentation and no filler bit insertion is required for Turbo encoding, i.e. the numbers of information bits match with the values Ki in Table [x] from [5]. The number of information bits is chosen to achieve a code rate of approximately 1/3 for our QPSK simulations and a code rate of approximately 1/2 for our 16-QAM simulations.

For a more detailed list of simulation assumptions please refer to the Appendix.

4.1. Pedestrian B with 3 km/h UE velocity

First, we look at a Pedestrian B channel with 3 km/h UE velocity. Figure 4 and Figure 5 show BLER vs. SNR for QPSK, code rate R(1/3, and 16-QAM, code rate R(1/2 for various numbers of resource blocks. We observe that in all cases both channel interleavers lead to the same performance. However, the simulation parameters needed to be chosen in order to satisfy exactly the HSDPA restrictions, whereas on the contrary our proposed channel interleaver would also work with any other number of resource blocks or QAM symbols, respectively. 
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Figure 4: BLER vs. SNR for QPSK, code rate R(1/3, PedB, 3 km/h using proposed flexible channel interleaver or HSDPA channel interleaver
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Figure 5: BLER vs. SNR for 16-QAM, code rate R(1/2, PedB, 3 km/h using proposed flexible channel interleaver or HSDPA channel interleaver

4.2. Vehicular A with 120 km/h UE velocity

Now we look at a Vehicular A channel with 120 km/h UE velocity. As before, Figure 6 and Figure 7 show BLER vs. SNR for QPSK, code rate R(1/3, and 16-QAM, code rate R(1/2 for various numbers of resource blocks. Qualitatively, we make the same observation as before for the Pedestrian B channel: Both channel interleavers lead to the same performance. Again, we want to point out that in contrast to our proposed channel interleaver the HSDPA channel interleaver is more restrictive with respect to the number of resource blocks or QAM symbols, respectively.
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Figure 6: BLER vs. SNR for QPSK, code rate R(1/3,  VehA, 120 km/h using proposed flexible channel interleaver or HSDPA channel interleaver
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Figure 7: BLER vs. SNR for 16-QAM, code rate R(1/2,  VehA, 120 km/h using proposed flexible channel interleaver or HSDPA channel interleaver

Figure 8 to Figure 11 show the performance for 1 to 4 resource blocks, respectively. Here, the number of interleaver columns was varied from 10, over 14, 22, and 26 to 34 columns. We observe in all cases that 34 interleaver columns lead to the best performance. 

The reason is that for 34 columns there is only one interleaver run (i.e. one interleaver segment) and interleaving is performed across all 14 OFDM symbols of one subframe. See Table 1 for the number of interleaver runs for the various cases. If compared with the results from Figure 8 to Figure 11, it can be clearly observed that the lower the number of interleaver runs or the larger the number of OFDM symbols across which is interleaved, respectively, the better the performance. This effect needs further investigations especially for other channel models. If it can be observed in a majority of other channel scenarios, step 1 in the interleaver parameter assignment from Subsection 3.2 may need to be modified accordingly.
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Figure 8: BLER vs. SNR for QPSK, R(1/3, 1 resource block, VehA, 120 km/h using the proposed flexible channel interleaver with various numbers of interleaver columns
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Figure 9: BLER vs. SNR for QPSK, R(1/3, 2 resource block, VehA, 120 km/h using the proposed flexible channel interleaver with various numbers of interleaver columns

[image: image26.wmf]-4

-2

0

2

4

6

8

10

10

-2

10

-1

10

0

SNR [dB]

BLER

VehA, 120km/h, QPSK, R

»

1/3, 3RB

 

 

10 Col.

14 Col.

22 Col.

26 Col.

34 Col.


Figure 10: BLER vs. SNR for QPSK, R(1/3, 3 resource block, VehA, 120 km/h using the proposed flexible channel interleaver with various numbers of interleaver columns
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Figure 11: BLER vs. SNR for QPSK, R(1/3, 4 resource block, VehA, 120 km/h using the proposed flexible channel interleaver with various numbers of interleaver columns

Table 1: Number of interleaver runs (segments) with respect to number of resource blocks and interleaver columns

	No. of resource blocks
	No. of interleaver columns

	
	10
	14
	22.
	26
	34.

	1
	4 runs
	2 runs
	1 run
	1 run
	1 run

	2
	9 runs
	5 runs
	1 run
	1 run
	1 run

	3
	13 runs
	7 runs
	2 runs
	2 runs
	1 run

	4
	18 runs
	10 runs
	3 runs
	2 runs
	1 run


5. Conclusion

We have presented a channel interleaver specifically taking into account the E-UTRA requirements, including the full flexibility with respect to the number of input bits as well as the OFDM time-frequency resource mapping. 

Our simulations show that the proposed channel interleaver has the same performance as the Release 6 channel interleaver for HS-DSCH (HSDPA channel interleaver). However, our proposal works with any number of input bits, whereas the HSDPA channel interleaver is restricted to multiples of 960 bits.

For a high UE velocity, our results indicate that it is beneficial to interleave across as many OFDM symbols as possible and interleaving within only a few OFDM symbols will lead to poor performance.
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Appendix: Simulation assumptions

Table 2: General simulation parameters

	Parameter
	Setting

	Transmission bandwidth
	5 MHz

	FFT size
	512

	TTI length
	1.0 ms (1 subframe)

	Modulation scheme
	QPSK, code rate approx. 1/3;
16-QAM, code rate approx. 1/2

	Turbo encoding
	According to [5] incl. QPP Turbo code internal interleaver

	Channel estimation
	Ideal channel estimation

	Turbo decoding
	MaxLogMAP algorithm, max. 8 iterations

	Channel model
	PedB, 3km/h; VehA, 120 km/h

	Transmission scheme
	SISO


Table 3: No. of symbol processing input information bits

	No. of resource blocks
	No. of QAM symbols
	No. of information bits 
(excl. 24-bit CRC)

	
	
	QPSK, R(1/3
	16-QAM, R(1/2

	1
	160
	104
	-

	2
	320
	216
	-

	3
	480
	320
	968

	4
	640
	432
	-

	6
	960
	648
	1928

	9
	1440
	968
	2920

	12
	1920
	1288
	3880

	15
	2400
	1608
	4840

	18
	2880
	1928
	-

	21
	3360
	2280
	-

	24
	3840
	2600
	-
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