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1	Introduction
Polar codes were adopted as the NR coding scheme for both uplink and downlink control channels, when the information block length is larger than or equal to 12 bits [1]. Although it was agreed [2] that for single stage DCI, the modulation scheme for PDCCH is only QPSK, it is possible to apply high order modulation for UCI when it is multiplexed with data and transmitted in the PUSCH.
[bookmark: _GoBack]It was preliminarily investigated [3] that directly modulating polar encoded bits without interleaver will result in performance loss under high-order modulation, like 16QAM and 64QAM. Hence, an interleaver design for polar codes with high order modulation is desirable. 
In this contribution, we propose a simple interleaver design for polar codes. The performance evaluation of this interleaver is provided.
2	Discussion
2.1 	Polar Codes Rate Matching Schemes
It was agreed in RAN1 meeting #89 [4] that repetition, shortening and puncturing are supported rate matching schemes for polar codes. The shortening schemes generally perform well for high code rates while the puncturing schemes generally perform well for low code rates. The code rate threshold to select between shortening schemes and puncturing schemes is to be determined, and a possible value on this threshold is proposed in [5]. 
Multiple puncturing and shortening schemes were proposed and their performance was evaluated [6], [7], [8]. Among the candidate puncturing and shortening schemes, the split-natural puncturing and the split-natural shortening show good performance for low code rates and for high code rates, respectively [6]. 
A unified rate-matching design for natural repetition, split natural shortening and split natural puncturing was proposed in [7] in order to simplify virtual circular buffer operations for all three types of rate matching schemes. By this rate-matching design, the coded bits are equally partitioned into 4 groups and the middle two groups are interlaced before saving the coded bits to circular buffer. This interlacing operation is also termed split-natural interleaver [9].
We first simulate the performance of the split-natural interleaver with simulation configurations contained in Table 1. Figure 1 shows the BLER performance of the split natural interleaver and the random interleaver when the information block length is 48 bits and 16QAM modulation is used. It is seen from the figure that the split-natural interleaver has inferior performance, comparing with the random interleaver. The gap between these two intereleavers could be between 0.2 dB and 1 dB at the BLER level of  or .  
[image: ]
[bookmark: _Ref485218805]Figure 1: Performance comparison of the split natural interleaver with random interleaver for 16QAM modulation
2.2 Proposed Interleaver for Polar Codes
Because of the unified rate-matching design for natural repetition, split natural shortening and split natural puncturing [7], the split natural interleaver is a part of the rate matching functionality and it is implemented before the virtual circular buffer. Taking this into consideration, we propose to introduce an additional block interleaver (or row-column interleaver) after rate matching. In other words, the row-column interleaver and the split natural interleaver are effectively concatenated. Here, the number of rows in the row-column interleaver depends on the modulation order. Specifically, the number of rows in the row-column interleaver is set to 4 for 16QAM modulation, and is set to 6 for 64QAM modulation. 

2.3 Performance Evaluation of the Proposed Interleaver
We examine the performance of the proposed interleaver design, applied to polar encoded bits. The interleaved bits are then passed to the modulator. The receiver applies the same interleaver before polar decoding. 
Our simulation assumptions are summarized in Table 1. We evaluate the cases of 1). Random interleaver; 2). Split nature interleaver; 3). Triangle interleaver [10]; 4). Proposed concatenated interleaver. 
Figure 2 shows the simulation results of information block length 48 bits and 16QAM modulation. It is seen from the figure that the proposed interleaver improves the performance of the split-natural interleaver. Its performance is as good as the random interleaver, except for the case of code rate 1/6 where the gap is less than 0.1 dB. 
Figure 3 to Figure 5 show the simulation results for 16QAM modulation, with information block lengths of 64 bits, 120 bits, and 200 bits, respectively. It can be seen from these figures that in all these cases, the proposed interleaver largely improves the performance of the split-natural interleaver. Its performance is very close to the random interleaver, with the gap less than 0.1 dB in most of the cases.
Observation 1: For 16QAM modulation, the proposed interleaver design largely improves the performance of the split natural interleaver, and it achieves similar performance as the random interleaver.
Figure 6 shows the simulation results of information block length 48 bits and 64QAM modulation. It is seen from the figure that the proposed interleaver achieves the best performance, and it has slight performance improvement from the split natural interleaver.
Figure 7 to Figure 9 show the simulation results for 64QAM modulation, with information block lengths of 64 bits, 120 bits, and 200 bits, respectively. It can be seen from these figures that in almost all these cases, the proposed interleaver slightly improves the performance of the split-natural interleaver. Its performance is very close to the random interleaver in most of the cases.
Observation 2: For 64QAM modulation, the proposed interleaver design slightly improves the performance of the split natural interleaver, and it achieves similar performance as the random interleaver.
In the above simulations, we observe that the triangle interleaver in general has the similar performance as the proposed interleaver design. However, the proposed interleaver design applies the well-known row-column interleaver and could be easily implemented. 
We only used AWGN channel in the above simulations. The performance of the proposed interleaver design in the case of fading channels may need to be further evaluated. Based on the above observations, we have the following proposal.
Proposal 1: If the split-natural interleaver is used in the polar code rate matching, further study of the proposed interleaver design is needed.
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[bookmark: _Ref485216833]Figure 2: Comparison over different interleavers at information block length 48 bits and 16QAM
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[bookmark: _Ref485219520][bookmark: _Ref485219516]Figure 3: Comparison over different interleavers at information block length 64 bits and 16QAM
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Figure 4: Comparison over different interleavers at information block length 120 bits and 16QAM
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[bookmark: _Ref485219539]Figure 5: Comparison over different interleavers at information block length 200 bits and 16QAM
[image: ]
[bookmark: _Ref485219970]Figure 6: Comparison over different interleavers at information block length 48 bits and 64QAM
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[bookmark: _Ref485220228]Figure 7: Comparison over different interleavers at information block length 64 bits and 64QAM
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Figure 8: Comparison over different interleavers at information block length 120 bits and 64QAM
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[bookmark: _Ref485219978]Figure 9: Comparison over different interleavers at information block length 200 bits and 64QAM


3	Conclusion
In this contribution, we discussed different interleaving schemes for polar codes, and compared their performance. Our simulation results show that: 
Observation 1: For 16QAM modulation, the proposed interleaver design largely improves the performance of the split natural interleaver, and it achieves similar performance as the random interleaver.
Observation 2: For 64QAM modulation, the proposed interleaver design slightly improves the performance of the split natural interleaver, and it achieves similar performance as the random interleaver.
We have the following proposal: 
Proposal 1: If the split-natural interleaver is used in the polar code rate matching, further study of the proposed interleaver design is needed.
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Appendix: Evaluation Assumptions for Interleaver Simulations
[bookmark: _Ref485210308]Table 1: Simulation configuration to compare interleaver performance
	Channel
	AWGN

	Modulation
	16QAM, 64QAM

	Coding scheme
	Polar code with PW sequence

	Info. block length (bits with CRC)
	48, 64, 120, 200

	CRC length
	19

	Code rate
	1/6, 1/3, 1/2

	Decoding algorithm
	CRC-aided SCL list = 8

	Rate matching scheme
	Split natural puncturing for code rates 1/6, 1/3
Split natural shortening for code rate ½
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