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Introduction
The structure of Polar codes is shown in Fig. 1. In our accompanying contribution [1] and [2] the CRC related design and sequence design are discussed. In this contribution, we show the rate matching design of polar codes.


Fig. 1 The structure of Polar codes for NR
The following notations are used in this contribution.
K:		information block size
M:		codelength

N:		mother codelength, 
K1:		number of input bits of the basic encoder
ui:		input bits of the basic encoder
xi:		coded bits of the basic encoder
Rate matching
In order to support different codelength, rate matching is needed for polar codes. Three main methods can be used for construct polar codes with arbitrary codelength, puncturing, shortening and repetition.
0. Puncturing
After the encoding of polar codes, some coded bits are punctured and will not be transmitted. The values of these punctured bits are un-known to the decoder. When decoding the codes, the corresponding LLR of these punctured bits are set to 0. Fig. 2 shows an example of puncturing.
Generally, for a code with codelength M, the puncturing pattern is {0, 1, …, N-M-1} by QUP puncturing, which means that the coded bits {x0, x1, …, xN-M-1} will not be transmitted. For K1 input bits, K1 indices are used for input and N- K1 indices are used for frozen bits.


Fig. 2 Punctured polar codes with K1 = 4, M = 6
Shortening
Shortening of polar codes is also known as known bit puncturing. Padding bits are added before encoding and the puncturing bits are known to the decoder. When decoding the codes, the corresponding LLR of the punctured/shortened bits are set to infinity. Fig. 3 shows two examples of shortening.


Fig. 3 Shortened polar codes with K1 = 4, M = 6
Generally, for a code with codelength M, the shortening pattern is {Sh(M), Sh(M+1), …, Sh(N-1)} by shortening, where Sh(i) equals i for nature shortening and denotes the bit-reversal function for bit-reversal shortening. It means that {uSh(M), uSh(M+1), …, uSh(N-1)} are padding bits and coded bits {xSh(M), xSh(M+1), …, xSh(N-1)} will not be transmitted. For K1 input bits, K1+N-M indices are used for input, where N-M indices are used for zero padding, and M-K1 indices are used for frozen bits.
Another representation of shortened polar codes is shown in Fig. 4. It can be seen as an extension of short mother code. Note that, due to the recursive structure of polar codes, there is no need to decode the shortened codes based on a longer mother code. The codes can be decoded similar with a repetition codes.


Fig. 4 Shortened polar codes based on short mother codes with K1 = 4, M = 6
Repetition
After the encoding, some coded bits can be repeated to lower the code rate. For example, a code with code rate 1/12 can be constructed by the repetition of a code with code rate 1/6. Fig.5 shows two examples of repetition.


Fig. 5 Repetition of polar codes with K1 = 2, M = 12
Performance evaluation
Comparison between puncturing and shortening
The evaluation assumptions are shown in Table 1 and the evaluation results are shown in Fig. 6 ~ Fig. 7.
Table 1 Evaluation assumptions
	Channel
	AWGN

	Modulation
	QPSK

	Coding Scheme
	Puncturing
	Shortening

	Code rate
	1/12, 1/6, 1/3, 2/3

	Decoding algorithm
	List SC with list size of 8

	Info. block length (bits w/o CRC)
	60, 80, 120


[image: ]
Fig. 6 The performance of shortening and puncturing of Polar codes with K = 120
[image: ]
Fig. 7 The performance of shortening and puncturing of Polar codes with K = 60
Based on the evaluation results, we have the following Observation.
Observation 1: Shortening have competitive performance with puncturing at low code rate and have better performance at high code rate.
Comparison between repetition and shortening
The evaluation assumptions for comparison repetition (a) and shortening are shown in Table 2 and the evaluation results are shown in Fig. 8 ~ Fig. 9.
Table 2 Evaluation assumptions
	Channel
	AWGN

	Modulation
	QPSK

	Coding Scheme
	Repetition (a)
	Shortening

	Code rate
	1/12, 1/6, 1/3, 2/3

	Decoding algorithm
	List SC with list size of 8

	Info. block length (bits w/o CRC)
	80, 120
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Fig. 8 The performance of shortening and repetition (a) of Polar codes with K = 120
[image: ]
Fig. 9 The performance of shortening and repetition (a) of Polar codes with K = 80
The evaluation assumptions for comparison repetition (b) and shortening are shown in Table 3 and the evaluation results are shown in Fig. 10 ~ Fig. 12.
Table 3 Evaluation assumptions
	Channel
	AWGN

	Modulation
	QPSK

	Coding Scheme
	Repetition (b)
	Shortening

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

	Decoding algorithm
	List SC with list size of 8

	Codelenth
	72, 144, 576



[image: ]
Fig. 10 The performance of shortening and repetition (b) of Polar codes with M = 72
[image: ]
Fig. 11 The performance of shortening and repetition (b) of Polar codes with M = 144
[image: ]Fig. 12 The performance of shortening and repetition (b) of Polar codes with M = 576
Other evaluation results are shown in Appendix. Based on the evaluation results, we have the following Observation.
Observation 2: Shortening have at least 0.2 dB coding gain compared to repetition.
Based on the analysis, we have the following Proposal.
[bookmark: _GoBack]Proposal 1: Shortened Polar codes are supported in NR.
Summary
In this contribution, we described the rate matching design of polar codes. Based on the analysis, we have the following Observations and Proposal.
Observation 1: Shortening have competitive performance with puncturing at low code rate and have better performance at high code rate.
Observation 2: Shortening have at least 0.2 dB coding gain compared to repetition.
Proposal 1: Shortened Polar codes are supported in NR.
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Appendix
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Fig. 13 The performance of shortening and repetition (a, b) of Polar codes with K = 60, CRC = 16 bits
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Fig. 14 The performance of shortening and repetition (a, b) of Polar codes with K = 200, CRC = 8 bits
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