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1. Introduction

In this contribution we present a very flexible channel interleaver for E-UTRA channel coding both in downlink and uplink direction. A flexible solution is required because of the following reasons:

· Resource blocks (RB) carry a different amount of user data, depending on e.g. the amount of control and  synchronisation signalling inside the RB.

· The large number of resource block combinations that may be scheduled to one user makes the usage of fixed size interleavers impractical.

These two points prohibit the use of the Release 6 channel interleaving for HS-DSCH (Section 4.5.6 in [1]), which is designed for multiples of 960 bits, for the E-UTRA channel interleaving. Furthermore, the Release 6 channel interleaving does not take the two-dimensional OFDM resource mapping into account.

The advantages of our solution compared to Release 6 channel interleaving are

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

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

· Memory requirement independent of number of input bits.

The proposed channel interleaver consists of basic interleavers which are adapted in their parameters according to the number of bits to be interleaved. In this document we start with the general interleaver structure, which is the same as in Release 6 channel coding for QPSK and 16-QAM, but obviously needs an extension for 64-QAM. Then we go into the details of our channel interleaver solution. Our channel interleaver can be used for data and for control channels.

2. General interleaver structure

The structure of the channel interleaver depends on the modulation scheme. As in Release 6 channel coding for FDD [1], there is one basic interleaver for QPSK or two identical basic interleavers for 16-QAM (see e.g. Figure 18 in [1]). For 64-QAM we extend this principle so that we have three identical basic interleavers as shown in Figure 1 below. The bits input to the channel interleaver are denoted by u1, u2, u3, ...uU where U is the number of bits to be interleaved. The basic interleaver is of variable size N rows and M columns. Note that only the general interleaver structure is taken from [1], whereas we present a new solution for the basic interleavers.
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Figure 1: General interleaver structure for 64 QAM data channel
In full analogy to the general interleaver structure in [1] for 16-QAM, where there are two basic interleavers, there are three identical basic interleavers for 64-QAM of the same variable size N×M as stated before. In the case of 64-QAM, the input bits into the channel interleaver are divided two by two between the basic interleavers: bits uk and uk+1 go to the first basic interleaver, bits uk+2 and uk+3 go to the second basic interleaver and bits uk+4 and uk+5 go to the third basic interleaver. Bits are collected two by two from the basic interleavers: bits vk and vk+1 are obtained from the first basic interleaver, bits vk+2 and vk+3 are obtained from the second basic interleaver and bits v4 and v5 are obtained from the third basic interleaver, where k mod 6=1. This is fully analogous to the bit separation and collection in the 16-QAM case.
As the operation of the two or three basic interleavers for 16-QAM or 64-QAM, respectively, is identical, we will focus only on one basic interleaver in the following. 

3. Conventional approach

In a conventional approach, the channel interleaver consists of a segmentation unit and a block interleaver in series, as depicted in Figure 2.
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Figure 2: Conventional block interleaver approach
The block interleaver has N rows and M columns. The segmentation unit cuts the input data stream into pieces in such a way that they fit to the radio resources. If a segmentation block does not fill  the NxM block interleaver matrix, remaining positions in the matrix are padded. With a high flexibility of the number of input bits as in E-UTRA, it will happen quite frequently that quite a large amount of padding bits is required, which degrades the interleaving performance.

In order to provide flexibility with respect to the number of input bits the following parameters must be adjusted on run-time:

· Segmentation and padding size 

· Number of segmentation blocks

4. Flexible Block Interleaver approach

4.1. Principles

In our flexible interleaver approach fixed-size segmentation is required. The segmentation is done internally 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 of the input bits into the basic interleaver.

The interleaving of the input bits to one basic 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

· Concatenation of interleaved bits from first and last runs

The difference between the first and the last runs lies in the number of used matrix elements. Let us look at an example shown in Figure 3. In this example the number of bits to be interleaved is 412. We assume that the number of block interleaver columns is M=8 (only for the example, see Section 4.2 for actually proposed values and parameter calculation). In order to have an approximately square form of the block interleaver, the number of rows is set to N=9. We therefore need a total of 6 block interleaver runs, which are divided into 4 first runs with 68 bits each and 2 last runs with 70 bits each. The latter number is also denoted as then number of used matrix elements, because only 70 out of the 9x8=72 available matrix elements are used. In this example, there are four or two filling bits for the first and last block interleaver runs, respectively. These filling bits are pruned during the read operation. As the segmentation is done in such a way that the number of bits in the first and last runs differs only by two, the number of filling bits that may occur in one of the individual block interleavers is rather low. 

The segmentation into first and last runs with their numbers of processed bits differing by two actually allows to have a granularity of two bits (i.e. one complex modulation symbol) in the block of bits to be interleaved, which is the highest possible flexibility.

In order to achieve an optimum mapping into the OFDM time-frequency resources as will be explained later in Section 4.4, the bits are written column by column into the block interleaver matrix and read out row by row. In the example of Figure 3, the column permutation described in Section 4.3 is not included for the sake of simplicity.

The number of columns M may take on one out of two values as described in Section 4.2, whereas the number of rows N is calculated according to the number of columns M and the number of input bits. M/2 is selected to be a prime number for reasons given in Section 4.4.
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Figure 3: Flexible interleaver example with NxM = 9x8, firstRuns = 4, lastRuns = 2

4.2. Parameter assignment

The five parameters already mentioned in Section 4.1, namely number of rows N and number of columns M, number of matrix elements and number of first and last runs, are derived within the following steps:
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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.

4.3. 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.

4.4. Number of matrix columns M considering the two dimensional OFDM time-frequency mapping

Due to the prime number M/2 in the number of columns M in combination with the column-wise write and row-wise read operations it is guaranteed that adjacent bits from the interleaver input are not transmitted over the same subcarrier. This is achieved by the fact that M/2 cannot coincide with the number of subcarriers scheduled to one user, which is a multiple of 12. The desired feature that adjacent bits from the interleaver input are not transmitted over the same subcarrier is also valid if reference symbols are present. With the right choice of the prime number it can be achieved that bits are more or less equally distributed in time-/frequency domain. Note that we have to ensure that M/2 is prime and not M, as always blocks of two bits from the basic interleaver output are put into the same complex modulation symbol.

If we chose row-wise write and column-wise read operations instead, it could well happen that the number of rows N, which is calculated according to the number of input bits, coincides with a multiple of the number of subcarriers and as a consequence adjacent bits from the interleaver input could be transmitted over the same subcarrier. Obviously, this coincidence needs to be avoided. 

These considerations with a focus on the channel interleaving for OFDM downlink transmission are also valid for SC-FDMA uplink transmission as the resource block sizes are the same. Therefore, the proposed channel interleaver will work well for both downlink and uplink transmission.

Figure 4 through Figure 9 show the interleaver performance in the form of subcarrier distances between the bits from the original sequence at the interleaver input for bit sequences corresponding to 1 through 5 and 17 used RBs. The height of the bars represents the frequency of occurrence. Here the reference symbols for 2 Tx antennas are taken into account. We see that in all cases, the subcarrier separation of closely spaced bits in the original sequence becomes considerably high except for some positions due the irregularity introduced by the reference symbols. Naturally, the values of the subcarrier distances increase with an increasing number of RBs, as more subcarriers become available. Permutations have not been applied yet for these investigations.
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 Figure 4: Frequency of occurrence of subcarrier distances for 1 RB
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 Figure 5: Frequency of occurrence of subcarrier distances for 2 RBs
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 Figure 6: Frequency of occurrence of subcarrier distances for 3 RBs
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 Figure 7: Frequency of occurrence of subcarrier distances for 4 RBs
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 Figure 8: Frequency of occurrence of subcarrier distances for 5 RBs
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Figure 9: Frequency of occurrence of subcarrier distances for 17 RBs
5. Conclusion

We have presented a channel interleaver solution specifically geared towards the E-UTRA requirements, including the total flexibility with respect to the number of input bits as well as the OFDM time-frequency resource mapping. The proposed channel interleaver is based on simple block interleavers, for which a maximum memory requirement can established independently of the number of input bits. Care has been taken the input bits are spread out in both time and frequency direction after interleaving and physical resource mapping in order to guarantee optimal interleaving performance.
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