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1 Introduction
In this contribution, we discuss the channel interleaver location in the coding chain for UCI.  
2 Channel interleaver location in coding chain
For very low code rates, the rate matching operation performs repetition. This means that (M-N) bits are repeated and appended to the coded block of N bits. 
2.1 Channel interleaver location with respect to rate matching
In this section, we investigate two different possibilities of the channel interleaver location when the operation applied by the rate matching algorithm is repetition. The first option is to place the channel interleaver after the whole rate-matching operation including the repetition operation. This setup is illustrated in Figure 1. 
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Figure 1: Coding chain with channel interleaver location after rate matching repetition
The second option is to place the channel interleaver after the rate-matching operation but excluding the repetition operation. The repetition operation is instead performed after channel interleaving. This setup is illustrated in Figure 2.
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Figure 2: Coding chain with channel interleaver location before rate matching repetition
2.1.1  Higher order modulation
For PUSCH higher order modulation schemes are possible. For higher modulation schemes such as 16QAM and 64QAM it is possible to protect some groups of bits better than others. This is due to the fact that the reliability of a bit within one symbol depends on its position within the symbol. It was shown in [3] that interleaving can improve the performance for higher order modulation schemes. It is demonstrated below that this effect is piecewise lost when repeating bits after the channel interleaving operation.
When repeating bits after the channel interleaving operation, the already interleaved first (M-N) bits of the codeword are repeated and appended to the interleaved codeword. Figure 3 illustrates this situation taking 16QAM modulation as an example. Here a0’, a1’… aN’ denote the interleaved codeword bits. In the Figure, we assume a bit labelling such that in every 16QAM symbol the first two bits experience a better channel than the second two bits. This setup is illustrated below the bit format. From the Figure, we can see that when repeating after interleaving, the repeated bits experience the same kind of reliabilities within each 16QAM symbol as the ‘original’ bits in positions 1 … (M-N). 
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Figure 3: Reliability levels of bit positions for 16QAM modulation when interleaving before repeating
When repeating bits before the channel interleaving operation, the situation is different, as we can see in Figure 4. Here a0, a1… aN denote the bits prior to interleaving and a0’, a1’… aN’ denote as before the interleaved codeword bits. Again, we show below the bit format the bit reliability levels assuming 16QAM. Given that the triangular interleaver imitates a random interleaver and operates on the entire codeword [a0, a1… aM ], it is very likely that the repeated bits do not experience the same channels as the ‘original’ bits, thus increasing the diversity of the scheme. 
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Figure 4: Reliability levels of bit positions for 16QAM modulation when interleaving after repeating. 
The location of the channel interleaver with respect to the repetition operation was discussed in [2] for LDPC codes where a similar conclusion was drawn. 
Observation 1 The coded bits are transmitted with higher diversity if the channel interleaver is located after the whole rate matching functionality including repetition. 

2.1.2  Hardware implementation
In terms of implementation complexity, we observe the following: Placing the interleaver after the repetition operation requires a larger interleaver. However there is no fundamental difference in the interleaver behavior that depends on the number of transmitted bits. And doing the interleaving operation on-the-fly after the rate matching and before storing the data in memory can be done with relatively low complexity. 
Placing the channel interleaver before repetition however, would require that the rate matching interleaving step is combined with the channel interleaver in order to be efficient. That combination would require significant extra complexity to manage both the rate matching interleaving as well as the handling of punctured or shortened bits.
Minimizing the amount of data going through the channel interleaver by selectively placing the channel interleaver either before or after the rate matching operation depending on whether repetition or puncturing/shortening is used would add even more complexity to the channel interleaver implementation. 
The discussion in 2.1.1 and the discussion regarding the hardware implementation lead to the following proposal:
1. The channel interleaver is located after the whole rate matching functionality including repetition.

2.2 Channel interleaver location with respect to segmentation
For uplink control information, the maximum code size is equal to Nmax = 1024. If payloads up to 500-600 bits have to be considered on the uplink then segmentation is applied. Two possible locations of the interleaver are discussed here: The first option is to interleave each of the code blocks separately from each other, see Figure 3. The second option is to place the interleaver after the concatenation of the two codeblocks, see Figure 4.
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Figure 3: Coding chain including segmentation with separate channel interleaving
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Figure 4: Coding chain including segmentation with common channel interleaving
Concatenating the segments after channel interleaving is more advantageous as it allows for the entire sub-chain consisting of polar encoding, rate matching and channel interleaving to be processed parallelly. 
1. When segmentation is applied to UCI, channel interleaver is applied to each segment individually. 

2.2.1  Interlacing
If segmentation is applied the frequency diversity of the scheme can be increased by interlacing two segments instead of concatenating them. Thus, the codewords corresponding to the two different segments are distributed over a wide range of subcarriers. The coding chain is illustrated in Figure 5. 
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Figure 5: Coding chain including segmentation and interlacing

1. When segmentation is applied to UCI, interlacing of the two segments is applied after channel interleaver. 

3 Conclusions
In this contribution, we made the following observations:
Observation 1 The coded bits are transmitted with higher diversity if the channel interleaver is located after the whole rate matching functionality including repetition.

Based on the discussion in this contribution we propose the following:
1. The channel interleaver is located after the whole rate matching functionality including repetition.
1. When segmentation is applied to UCI, channel interleaver is applied to each segment individually.
1. [bookmark: _GoBack]When segmentation is applied to UCI, interlacing of the two segments is applied after channel interleaver.. 
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