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1. Overview
In RAN1 Ad-hoc #2 Qingdao meeting [1], channel bit interleaving is agreed, but the detail design is for further study:
	Agreement: 
· Channel bit interleaving is applied 
· The interleaving is either performed as part of the rate matching and/or after rate matching 
· To be confirmed after the rate matching discussion whether the interleaving is a separate function
· FFS whether the interleaver is a function of the modulation



In this contribution, we will show   
· Jointly exploiting the interleaving effect in rate-matching can achieve the best performance and complexity trade-off
· A simple multi-branch channel bit interleaving design can achieve competitive performance to a more complex single interleaving design for 16-QAM channels
· The size of the channel bit interleaving for NR PDCCH can be reduced to only few CCEs for a good latency and performance trade-off



2. Polar Coding Chain and Bit Interleaving
The agreed Polar coding chain has the structure shown in Fig. 1, where there are two stages that can interleave the coded bits, i.e., rate-matching interleaving and channel bit interleaving:
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Fig. 1: Polar coding chain framework

Observation 1: Channel bit interleaving design shall jointly consider the interleaving effect in rate-matching for the best performance and complexity tradeoff.
However, previous designs consider only channel bit interleaving and result in suboptimal trade-off. In particular, there are two major types of interleaver designs investigated:
· Triangular interleaver: In [2], a triangular interleaver is proposed and achieves competitive performance to a random interleaver. As illustrated in Fig. 2, the rate-matched coded bits are written to a triangular array of Q bits in a row by row manner. Output is accomplished by reading the triangular array column by column. In the case the input bit number is less than Q bits, there will involve bit skipping for those null bits. Due to the varying row and column sizes in the triangular array, the read/write access will complicate a high-throughput implementation.



Fig. 2: Triangular interleaver of total size Q and 1st row size P (row in and column out)

· Block interleaver: In [3] and [4], it is found a simple block interleaver can provide close performance to the complex triangular interleaver with either depth chosen to be a proper prime number, 5 or 11 [3], or adapting the interleaver parameter w.r.t. modulation order [4]. Because of the regular row and column size in a block interleaver, the simple read/write access can ease high-throughput implementations. In Fig. 3, there illustrates a block interleaver with depth d, and the compactness can be checked. On the other hand, the performance is slightly inferior to the triangular interleaving particularly for 16QAM and low code rate (<= 1/3) settings [3].



Fig. 3: Block interleaver with total size B and depth d (row in and column out)

Observation 2: Considering only channel bit interleaving design can result in suboptimal performance and complexity trade-off. In particular, 
· Triangular interleaver has good performance but high access complexity
· Block interleaver has low access complexity but inferior performance particularly for 16-QAM and low code rate cases

In this contribution, we resolve this issue by exploiting rate-matching interleaving as well as a proper mapping design from the coded bits to the bit positions in a QAM symbol.

3. Proposed Channel Bit Interleaving Design 
In Fig. 4, there illustrates a rate-matching design [5] that follows the agreed framework in Qingdao meeting [1]. It can be observed that, except for the coded bits corresponding to the zero inputs for shortening, those with larger indices will be selected for transmission. We can therefore interpret the rate-matching interleaving effect as follows:

Observation 3: The coded bits of larger indices after a proper rate-matching interleaving tend to possess higher importance expect for those corresponding to zero input bits for shortening. 

[image: ]

Fig. 4: Illustrate of the Polar rate-matching framework with the design in [5]

On the other hand, different bit reliability levels exhibit in a QAM symbol. In a 16-QAM symbol of 4 bits, ,  can possess higher reliability if assuming LTE QAM mapping design. To optimize the overall performance, it is natural to link the coded bits of higher importance to the bit positions of higher reliability in a QAM symbol.

Observation 4: For 16-QAM and higher modulation orders, the bit reliabilities are different. In a 16-QAM symbol carrying ,  have higher reliability than  if assuming LTE QAM mapping design.

Proposal 1: Mapping coded bits of larger indices after rate-matching to higher-reliability bit positions in a QAM symbol for optimizing the overall performance.

In the case with 16QAM and a size-512 Polar code, we testify proposal 1 as illustrated in Fig. 5, where two block interleavers of depth d are utilized for interleaving the coded bits of larger and smaller indices separately after the rate-matching interleaver. Then, the interleaved coded bits are mapped to the targeted bits positions in the QAM symbol according to the reliability mapping proposal.
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Fig. 5: A realization of proposal 1 with 16-QAM modulation
 
In Figs. 6 and 7, we compare the performance in AWGN and TDL-C channels, respectively. The interleaver depth is chosen to 5 as suggested in [3], and two identical interleavers are utilized. As can be observed in the figures, the proposed structure can perform competitively to the triangular interleaving while utilizing very simple block interleavers. In addition to the simplicity, the multi-branch nature also allows higher parallelism for high-throughput implementations.
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Fig. 6: Performance comparison of different interleaving schemes in AWGN channel
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Fig. 7: Performance comparison of different interleaving schemes in TDL-C channel

Observation 5: For 16-QAM, proposal 1 with two simple block interleavers can achieve competitive performance to that with a more complex triangular interelaver in AWGN and fading channels. There also realizes higher inherent parallelism with parallel block interleaving.

Proposal 2: Apply multi-branch channel bit interleaving for 16-QAM and higher modulation orders after the rate-matching interleaver in Polar coding chain. 
· Block interleaver for channel bit interleaving and middle-interlacing for rate-matching are recommended for their simplicity
· It is suggested to utilize two branches for 16 QAM and one branch for QPSK. FFS for higher order modulations

Regarding a generic number of transmitted coded bits, denoted by , Fig. 8 illustrates how to partition the circular buffer output to the two-branch block interleaving for 16QAM and . In the case where , we suggest to partition the full circular buffer content and the additional repeated segment successively so as to enforce the principle of reliability mapping. This is further illustrated in Fig. 9. Not that, if more than two branches are considered for higher order modulations, the bit partition design can be further extended.
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Fig. 8: Partition on circular buffer output for two-branch block interleaving when 
[image: ]

Fig. 9: Partition on circular buffer output for two-branch block interleaving when 



4. Latency and Performance Trade-Off for NR PDCCH
In this section, we further investigate the possibility of latency reduction for Nr PDCCH. For DL control channel, there will be different aggregation levels of one or multiple CCEs, where each CCE may contain 96 coded bits. To reduce UE processing delay, it is desirable to utilize a small interleaver size spanning over only few CCEs.
To investigate the latency and performance trade off, we check the performance with QPSK and TDL-C fading channel. Since the impact of reduced interleaver size is larger for a larger aggregation level, we consider the case of 8 CCEs and 768 coded bits. In Fig. 10, the performances of a random interleaver and block interleavers of sizes 768, 192, and 96 bits are compared for code rates 1/3 and 1/2. The random interleaver represents the performance bound, and the block interleaver of size 768 bits shows close performance. For the reduced block interleaver size, it is observed that 192-bit can realize good latency and performance trade-off. 
Observation 6: Combined with rate-matching interleaving effect, block interleaver of size 192 bits can achieve good latency and performance trade-off for NR PDCCH settings.
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Fig. 10: Performance comparison of different interleaver sizes in QPSK and TDL-C channel
By the above, we therefore suggest:
Proposal 3: For NR PDCCH, the size of channel bit interleaving can be matched to a small number of CCEs for reducing UE processing latency. In particular, the size of 2 CCEs can realize good latency and performance trade-off, while the size of 1 CCE can be considered if lower latency is prioritized.



5. Summary
In this contribution, we investigate the channel bit interleaving design for Polar coding chain. In particular, the following are provided:

Observation 1: Channel bit interleaving design shall jointly consider the interleaving effect in rate-matching for the best performance and complexity tradeoff.

Observation 2: Considering only channel bit interleaving design can result in suboptimal performance and complexity trade-off. In particular, 
· Triangular interleaver has good performance but high access complexity
· Block interleaver has low access complexity but inferior performance particularly for 16-QAM and low code rate cases

Observation 3: The coded bits of larger indices after a proper rate-matching interleaving tend to possess higher importance expect for those corresponding to zero input bits for shortening.

Observation 4: For 16-QAM and higher modulation orders, the bit reliabilities are different. In a 16-QAM symbol carrying ,  have higher reliability than  if assuming LTE QAM mapping design.

Proposal 1: Mapping coded bits of larger indices after rate-matching to higher-reliability bit positions in a QAM symbol for optimizing the overall performance.

Observation 5: For 16-QAM, proposal 1 with two simple block interleavers can achieve competitive performance to that with a more complex triangular interelaver in AWGN and fading channels. There also realizes higher inherent parallelism with parallel block interleaving.

Proposal 2: Apply multi-branch channel bit interleaving for 16-QAM and higher modulation orders after the rate-matching interleaver in Polar coding chain. 
· Block interleaver for channel bit interleaving and middle-interlacing for rate-matching are recommended for their simplicity
· It is suggested to utilize two branches for 16 QAM and one branch for QPSK. FFS for higher order modulations
Observation 6: Combined with rate-matching interleaving effect, block interleaver of size 192 bits can achieve good latency and performance trade-off for NR PDCCH settings.

Proposal 3: For NR PDCCH, the size of channel bit interleaving can be matched to a small number of CCEs for reducing UE processing latency. In particular, the size of 2 CCEs can realize good latency and performance trade-off, while the size of 1 CCE can be considered if lower latency is prioritized.
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