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1. Introduction
In RAN-1 #87 meeting, polar codes were adopted as a coding scheme for NR control channels. Since then several contributions for the rate matching of polar codes have been discussed in order to support their rate compatibility and length compatibility. In this case, an interleaver is designed to improve the performance of a puncturing scheme or repetition scheme of polar codes by assuming QPSK modulation. In NR, however, uplink control information (UCI) encoded by polar codes will be transmitted after being modulated by high order QAM when UCI is multiplexed with a data and transmitted in the PUSCH. Therefore, it is necessary for polar codes to consider a combination with high order modulation. In this contribution, we discuss the design of a coding chain for polar codes when combined with high order modulation.  

2. Polar Coding Chain 
As usual in our contributions, we define the following basic notations for polar codes.
[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK1]- : the number of information bits
- : the number of CRC bits
- : desired code rates (CRC bits are treated as parity bits)
- : the number of codeword bits ()
- : mother polar code size ()
- : the list size of successive-cancellation list (SCL) decoder 
Fig. 1 shows a general coding chain of polar codes for NR control channels introduced in [1], [2]. Several procedures in Fig. 1 are explained as follows: 
· Outer code encoding : information bit sequence of length  is encoded by outer codes such as cyclic redundancy check (CRC) codes, single-parity check codes, etc, in order to improve the performance of polar codes 
· Sub-channel allocation : length  bit sequence and  frozen bits are mapped to sub-channels based on the pre-defined rule and then polarized by channel combining and splitting 
· Generator matrix multiplication : a polar code generator matrix  is employed to generate a length- coded bit sequence
· Interleaving : length- coded bit sequence are interleaved based on the pre-defined interleaving pattern
· Buffer : interleaved coded bits are inserted into a virtual circular buffer 
· Modulation : coded bits in the virtual circular buffer are modulated by QAM 



Figure 1 Polar coding chain  
Since polar codes should support rate and length compatibility, puncturing and repetition are required. Several interleavers have been suggested for supporting puncturing and repetition of polar codes, for example, a natural interleaver used for quasi-uniform puncturing (QUP) and repetition, a bit-reversal interleaver used for bit-reversal shortening [3]. 
In NR, UCI can be transmitted in the PUSCH after data and control multiplexing. Even though different channel coding schemes are independently employed for data information and control information, they should be modulated by the same modulation because they should have the same modulation order of a given transport block. It means that the interleaver used for polar-coded bits before being inserted into a circular buffer should be carefully designed by considering the combination of polar codes and high order modulation.      
When channel coding scheme is combined with high-order modulation, its coded bits may suffer from unequal error protection induced by the difference of the reliability at m bit positions in Gray-mapped 22m-QAM. It is because the overall channel may be decomposed into m equivalent binary-input channels and the code bits may be regarded as to be transmitted through these equivalent binary-input channels. It means that the performance of coded modulation can be optimized by jointly design the channel codes and a mapping between the coded bits and equivalent bit channels of Gray-mapped 22m-QAM. 

3. Performance Evaluation and Discussion
[bookmark: OLE_LINK18]We compare the performance of three interleavers when polar codes are combined with high-order modulations, which are given as follows: 
· Natural interleaver : encoder output bits are sequentially inserted into the circular buffer 
· Bit-reversal interleaver : encoder output bits are interleaved by the bit-reversal interleaver before being inserted into the circular buffer 
· Random interleaver : encoder output bits are randomly interleaved before being inserted into the circular buffer
Natural interleaver and bit-reversal interleaver are evaluated because these two interleavers are representative ones for rate matching schemes of polar codes. A random interleaver is also evaluated as a possible reference, which changes at each transmission. The coded bits in the circular buffer are sequentially passed into the modulator and then transmitted over AWGN channels. The receiver employs corresponding de-interleavers before polar decoding. In the performance evaluation, all parameters are set to be the same for three interleavers for a fair comparison, which are given in detail in Table 1.   


Table 1  Performance evaluation settings
	Code sequence
	[bookmark: OLE_LINK2]Ordered sequence generated by polarized weights [2]

	Decoding algorithm
	CRC-aided SCL decoding

	CRC bits 
	19 (CRC polynomial: 0x2D0B5 in normal-type description)

	List size 
	8

	Information bits 
	64, 200

	Code length 
	512 for 16/256-QAM, 510 for 64-QAM (bit-reversal shortening) 

	Interleaver
	random interleaver / natural interleaver / bit-reversal (BR) interleaver 

	Modulation
	16-QAM / 64-QAM / 256-QAM

	Channel
	AWGN channels



In Fig. 2 to Fig. 4, the performance of three interleavers is represented. In case of 16-QAM and K = 200, both natural and BR interleavers have worse performance than that of a random interleaver and the gap is about 1.0 dB. In case of 64-QAM, performance loss of both interleavers is less than 1.0 dB. In case of 256-QAM, the performance loss of both interleavers is even larger than 3.0 dB.  

[image: ]
Figure 2 BLER Performance of polar codes (16-QAM, AWGN channels)
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Figure 3 BLER Performance of polar codes (64-QAM, AWGN channels)  
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Figure 4 BLER Performance of polar codes (256-QAM, AWGN channels)
Observation 1: In case of high-order modulation, both natural interleaver and bit-reversal interleaver show worse performance than random interleaver, and the performance gap can be even larger than 3.0 dB. 
There are two possible approaches to optimize the performance of polar codes combined with high order modulation. One approach is to jointly design a sequence and interleaver for each modulation order. In this case, a code sequence had better have a nested property at each modulation order so that the number of required multiple sequences is the same as the number of the possible modulation orders. Another approach is to design an interleaver for each modulation order by assuming one fixed code sequence. Hence, we have the following proposals:   
Proposal 1: Polar coding chain should be designed by considering high order modulation. 
Proposal 2: The two following approaches should be discussed to design the polar coding chain for high order modulation
· Alt. 1: Joint design of a code sequence and an interleaver for each modulation order. 
· Alt. 2: Design of an interleaver for each modulation order with a given single code sequence.

4. Conclusion
[bookmark: _GoBack]In this contribution, we discuss the design of a coding chain for polar codes when combined with high order modulation. We have the following observation and proposals:

Observation 1: In case of high-order modulation, both natural interleaver and bit-reversal interleaver show worse performance than random interleaver, and the performance gap can be even larger than 3.0 dB.

Proposal 1: Polar coding chain should be designed by considering high order modulation. 
Proposal 2: The two following approaches should be discussed to design the polar coding chain for high order modulation
· Alt. 1: Joint design of a code sequence and an interleaver for each modulation order. 
· Alt. 2: Design of an interleaver for each modulation order with a given single code sequence.
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