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Introduction
In RAN1 #88 [1], it was concluded that
· Until RAN1#88bis, work together on a coding scheme that achieves the benefits of both Alts 1&2
· With J’ bits for the purpose of assisting the polar decoding, where  0<=J’<=Jmax , aiming for Jmax , e.g. in the region of 8 (other values are not precluded)
· This does not preclude the use of the J bits for assisting decoding
· Note that any PC-frozen bits would be considered to be among the J’ bits
· The following are examples:
J bits CRC + J’ bits CRC + basic polar;
J bits CRC + J’ bits distributed CRC + basic Polar;
J bits CRC + J’ PC bits + basic polar; (i.e. PC-Polar)
J bits CRC + J’ Hash sequence + basic polar;
(J + J’) bits CRC + basic polar 
In this contribution, the performances of Parity-Check Polar [2], CRC-aided (CA-) Polar and hybrid PC- CA-Polar are compared. 
Overview of CA-Polar, PC-Polar and PC-CA-Polar
CRC-aided Polar codes
Because the error performance of Polar codes with short and moderate codeword length under successive cancellation (SC) decoding algorithm is not optimal. An improvement was made to the SC decoder, which is now known as successive cancellation list (SCL) decoder. Furthermore, a CRC aided SCL decoder for Polar codes (CRC-aided Polar codes, CA-Polar codes) was proposed, where the path that passes CRC check is selected. 


[bookmark: OLE_LINK11][bookmark: OLE_LINK12]Figure 1 CA-Polar codes
The encoding and decoding flow of CA-Polar codes is shown in Figure 1. A K-bit information block consisting of k information bits and a J bit CRC sequence is input to the encoder, i.e. K = k + J. Through Polar codes encoder, the K-bit information block is mapped into M code bits. The CRC bits are taken as a part of information bits in encoder. When decoding, L paths are reserved, then the one which pass the CRC is selected. Link level simulation shows that the performance of CRC-aided SCL decoder outperforms that of SCL decoder.
There are some contributions to further improve the performance of CA-Polar codes. Figure 2 shows some variants of CA-Polar.


Figure 2 Variants of CA-Polar codes
As to CRC-aided SCL decoder, the false alarming rate can be estimated by L2-J, which implies that the SCL decoder undermines FAR performance. To address this issue, extra J’ bits CRC are added in CA-Polar codes. In scheme 1, (J+J’) bits CRC are used for both decoding and error detection, where J’=Log2L. For scheme 2, the J bits CRC attached to information block are used for error detection, while J’ bits CRC are distributed in encoder and each CRC bit is only related to its former information bits and it can be used to prune the decoding tree.
For the two schemes in Figure 2, we think the scheme 1 (the (J+J’) bits CRC are attached at once) is preferable due to extra complexity associated with the decoder for scheme 2. In this contribution, we evaluate the performance of CA-Polar of scheme 1 as in Figure 2(a).
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Parity-Check-Concatenated Polar codes
In order to reduce the overhead and decoding complexity of Polar codes, Parity-Check-Concatenated Polar (PC-Polar) codes were proposed [2]. The encoding structure of PC-Polar is shown in Figure 3, where the blue part indicates the parity check bits. These parity check bits are carefully chosen to take some relatively reliable positions, over which simple parity-check functions/equations are implemented. PC-SCL decoder can use them to prune the SCL decoding tree at an earlier stage than CA-SCL decoder without impact on the FAR performance which is guaranteed by the reserved CRC bits. The PC bits have very similar use as distributed CRC bits in Figure 2(b). In order to guarantee the same FAR as LTE, J bits CRC are appended as well.


Figure 3 PC-Polar codes
Hybrid Parity-Check-Concatenated and CRC-aided Polar codes
The BLER and FAR performance will be largely influenced by T (where T is the CRC check times) rather than L. In [6], the relationships of BLER and FAR between CRC check times of CA-Polar codes were simulated. For CA-Polar codes with a fixed length of CRC bits, the more CRC check times, the worse FAR; and the less CRC check times, the worse BLER. However for Polar codes of scheme 1 in [6], with the help of PC bits, the required CRC checks can be reduced without any BLER degradation. We call such scheme as hybrid PC-CA-Polar codes, where J + log2(T) bits CRC are needed. Thus, the appended CRC bits maintain the same FAR as LTE, and the PC bits can be used to achieve better BLER performance. 
The difference between such hybrid PC-CA-Polar codes and PC-Polar codes in Figure 3 is that, the CRC bits in Figure 3 are only used for error detection, while the CRC bits of hybrid PC-CA-Polar codes are not only used for error detection but also decoding. Furthermore, with the help of PC bits, the hybrid PC-CA-Polar codes need less CRC bits than CA-Polar codes to ensure the same FAR.
Performance evaluation
The simulation assumption and parameters are listed in Table 1.
Table 1 Evaluate SNR @BLER = 0.01 for different information block lengths for eMBB control channel
	Channel
	AWGN

	Modulation
	QPSK

	Coding
	CA-Polar with 19bits CRC
	PC-Polar with 16 bits CRC
	Hybrid PC-CA-Polar with 18 bits CRC

	CRC Check Times
	8
	\
	4

	Decoding Scheme
	SCL decoder with L=8, 32

	Rate matching scheme
	Shortening with bit-reverse in [5]

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

	Info. block length
	32, 48, 64, 80, 120, 200


In this contribution, we mainly evaluate the BLER of the three kinds of Polar codes, and FAR of PC-Polar and CA-Polar.
PC-Polar and CA-Polar
The simulation results are shown in Figure A1 to Figure A6 in the appendix. From the results we can see that, the BLER and FAR curves are very close for large information length. And for small information length, CA-Polar codes have better performance than PC-Polar codes. Note that the overhead of PC-Polar is smaller.
Observation 1: For large information block, PC-Polar and CA-Polar have similar performance; for small information block, CA-Polar has better BLER and FAR performance than PC-Polar.
PC-CA-Polar
The simulation results of three codes are shown in Figure 4 and Figure 5. From which we can see that the BLER performance of CA-Polar and hybrid PC-CA-Polar codes are almost the same when list size =8. But hybrid PC-CA-Polar codes saved one CRC bit. And for list size of 32, the hybrid PC-CA-Polar code is slightly better than CA-Polar.
[image: ]
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Figure 4 Required SNR @BLER=0.01 (list size is 8)
[image: ]
Figure 5 Required SNR @BLER=0.01 (list size is 32)
Observation 2: hybrid PC-CA-Polar codes have better BLER performance than PC-Polar and CA-Polar. 
Conclusion
In this contribution, the performances of Parity-Check (PC-) Polar, CRC-aided (CA-) Polar and hybrid PC-CA-Polar codes are provided. The observations and our proposal are as the following:
Observation 1: For large information block, PC-Polar and CA-Polar have similar performance; for small information block, CA-Polar has better BLER and FAR performance than PC-Polar.
Observation 2: hybrid PC-CA-Polar codes have better BLER performance than PC-Polar and CA-Polar.
Proposal: Hybrid PC-CA-Polar codes should be adopted for eMBB control channel.
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Appendix
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Figure A1 BLER and FAR performances of PC-Polar and CA-Polar for K = 32
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Figure A2 BLER and FAR performances of PC-Polar and CA-Polar for K = 48
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Figure A3 BLER and FAR performances of PC-Polar and CA-Polar for K = 64
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Figure A4 BLER and FAR performances of PC-Polar and CA-Polar for K = 80
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Figure A5 BLER and FAR performances of PC-Polar and CA-Polar for K = 120
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Figure A6 BLER and FAR performances of PC-Polar and CA-Polar for K = 200
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