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Introduction
In RAN1#88bis meeting, it was agreed that when designing Polar codes, the following issues should be considered [1].
	Conclusion:
· Study until RAN1#89 polar code construction techniques to facilitate early termination (i.e. before decoding all the information bits) without degrading BLER performance or latency (especially considering the time for deinterleaving the information and assistance bits) compared to purely implementation based methods such as path-metric based pruning
· e.g. assistance bits distributed in the codeword in such a way that error detection can be performed after partial decoding
· Investigate performance, complexity and FAR impacts
· Study of use of data-independent scrambling to facilitate early termination is also not precluded

Agreement:
· J CRC bits are provided (which may be used for error detection and may also be used to assist decoding and potentially for early termination)
· J may be different in DL and UL
· J may depend on the payload size in the UL (0 not precluded)
· In addition, J’ assistance bits are provided in reliable locations (which may be used to assist decoding and potentially for early termination)
· J + J’ <= the number of bits required to satisfy the FAR target (nFAR) + 6
· Working assumption: 
· For DL, nFAR = 16 (at least for eMBB-related DCI)
· For UL, nFAR = 8 or 16 (at least for eMBB-related UCI; note that this applies for UL cases with CRC)
· J’>0
· Working assumption: J”<=2 additional assistance bits are provided in unreliable locations (which may be used to assist decoding and potentially for early termination)
· Can be revisited in RAN1#89 if significant benefit is shown from a larger value of J” without undue complexity – companies are encouraged to additionally evaluate J”=8
· The J’ (and J” if any) bits may be CRC and/or PC and/or hash bits (downscope if possible)
· Placement of the J, J’ (and J” if any) assistance bits is FFS after the study of early termination techniques
· Appended?
· Distributed?
· evenly?
· unevenly? 


The structure of Polar codes is shown in Fig. 1. In [2], we have proposed method to construct Polar codes, which is called distributed simple parity check Polar (DSPC-Polar) codes. Polar codes constructed by this method have the competitive BLER and FAR performance with other methods and can support early termination with low complexity. In this contribution, we provide more details and discuss the encoding/decoding procedures of DSPC-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
pi:		simple parity check of Polar codes
xi:		coded bits of the basic encoder
J:		number of CRC bits
J’:		number of additional bits for reducing the FAR
Distributed simple parity check Polar (DSPC-Polar) codes
Why distributed
It has been agreed that at least J+J’ bits are provided for Polar codes encoding. These J+J’ assistant bits have at least the following potential effects:
1. Check the decoding error such that the basic FAR is the same as LTE
2. Reduce the FAR caused by list decoding
3. Assist decoding
4. Support early termination
Generally, the first and third effects can be achieved by an J-bit CRC, and the second and the fourth effects should be achieved by the additional J’ assistant bits. Note that, the J-bit CRC is a general procedure for channel coding. Keeping the same procedure can simplify the system design. Only the attachment of J’ assistant bits is a new feature for Polar codes, so the design of J’ assistant bits is more important.
As the decoding of Polar codes is successive, if all the J’ checking points are located together (e.g., in the end of the information bits), these bits can only be effective after the decoding all the preceding bits. On the other hand, if the J’ checking points are located among the information bits (distributed), the bits can be effective during the decoding. It can reduce the decoding latency.
How distributed
As the distributed bits should be encoded for all the information block sizes and all the coding rates, a regular method to encode and locate these bits is desired to reduce the encoding/decoding complexity. A simple way to achieve it is to encoded these bits independently, i.e., independently encoding the CRC bits and the distributed bits.
Encoding
In the proposed scheme, J’ simple parity check bits are used to reduce the FAR caused by the list size and for early termination of the decoding. The structure of the scheme is shown in Fig. 2 (The order of the CRC attachment and simple parity check attachment can be exchanged).


Fig. 2 The structure of distributed simple parity check Polar codes
For list L decoding, J’ is set to log2(L). The information block can be divided into J’ parts with (approximately) the same number of bits. J’ single parity check bits can be applied, where each of them is used for simple parity checking of the bits of each part. An example of the encoding process is shown in Fig. 3.


Fig. 3 The encoding process of distributed simple parity check Polar codes
As an example, the simple parity check bits pi can be encoded as


[bookmark: _GoBack]Then put p1 after uK/J’, p2 after u2K/J’ and so on. This process is shown in Fig. 4.


Fig. 4 The attachment of parity check bits of distributed simple parity check Polar codes
For example, for information block size K = 30. The information bits are represented as u1, u2, …, u30. Then the simple parity check bits can be encoded as


Then put p1 after u10, p2 after u20 and p3 after u30. This process is shown in Fig. 5.
[image: ]
Fig. 5 The attachment of parity check bits of distributed simple parity check Polar codes
Note that this structure is only an example, the encoding method and the location of DSPC can be optimized. This encoding of parity check bits is very simple. The positions of the parity check bits can be decided regularly. There is no additional calculation for the positions. Longer CRC is not required in the proposed scheme. It can be easily extended for different information block sizes.
Observation 1: The complexity of encoding distributed simple parity check Polar codes is significantly low.
Decoding
The decoding structure of distributed simple parity check polar codes is shown in Fig. 6. When decoding the codes, at each step, all the survived list paths can be checked by these parity check bits. If all the paths fail the check, the decoding process will be terminated. If the decoding is not terminated, at the last step of the decoding, all the L output list will be checked by both CRC bits and the parity check bits.


Fig. 6 The decoding structure of distributed simple parity check Polar codes
Note that although the simple parity check bits have been already used for early termination, the simple parity check bits are not used for list pruning. As long as one path can pass the simple parity check, the decoding will continue with all paths, not only the paths which pass the simple parity check.
Performance evaluation
In this section, the BLER, FAR and early termination performance of the proposed scheme is shown.
BLER performance
The BLER is counted by Nerror/Nall, where the Nerror and Nall are the number of error block and all the transmitted block, respectively. The error block Nerror is counted if one of the following is met.
1. The decoded block is early terminated
2. The decoded block does not pass the CRC and DSPC check
3. The decoded information without CRC is not the same to the original information bits without CRC
So, the probability of check passing and the probability of early termination will both affect the BLER performance. The evaluation assumptions are shown in Table 1 and the evaluation results are shown in Fig. 7 ~ Fig. 8. The proposed scheme with 16 CRC bits and 3 parity check bits is compared with 19 bits CA-Polar codes by list 8 decoding.
Table 1 Evaluation assumptions for BLER
	Channel
	AWGN

	Modulation
	QPSK

	Coding Scheme
	CA-Polar
	DSPC-Polar

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

	Decoding algorithm
	List 8, 32

	Assistant bits
	J = 16; J’ = 3, J’ = 5

	Info. block length (bits w/o CRC)
	42, 48, 64 ,80, 85 ,120, 170


[image: ]
Fig. 7 The BLER performance of DSPC-Polar codes and CA-Polar codes with J’ = 3
[image: ]
Fig. 8 The BLER performance of DSPC-Polar codes and CA-Polar codes with J’ = 5
It can be seen that the BLER performance of the proposed scheme is the same as CA-Polar codes.
Observation 2: Distributed simple parity check Polar codes have the same BLER performance as CA-Polar.
FAR performance


It is agreed that AWGN is used as a perturbation input to the decoder for FAR evaluation. If J+J’ bits CRC is attached, the probability of passing the check of each path is . According to the polarization procedure, for AWGN input, the output of the decoder must be a uniform distribution, i.e., .

For each parity check bit pi, the probability of passing the check is 1/2, then for a J bits CRC and J’ bits parity check, the probability of passing the check will be , which is the same as J+J’ bits CRC. It means that from the FAR point of view, the proposed method has the same FAR performance as CA-Polar codes. Note that, in Section 3.1, we have already shown that the DSPC achieves similar BLER performance.
The evaluation assumptions for FAR evaluation are shown in Table 2 and the evaluation results are shown in Fig. 9.
Table 2 Evaluation assumptions for FAR
	Channel
	AWGN

	Modulation
	QPSK

	Coding Scheme
	DSPC-Polar

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

	Decoding algorithm
	List 8

	Assistant bits
	J = 8, J = 16; J’ = 3

	Info. block length (bits w/o CRC)
	48, 64, 80,120


[image: ]
Fig. 9 The FAR performance of DSPC-Polar codes
It can be seen that the FAR performance of the proposed scheme is the same as CA-Polar codes.
Observation 3: Distributed simple parity check Polar codes have the same FAR performance as CA-Polar.
Early termination
As shown in Section 2.2.2, the decoder of DSPC-Polar codes can terminate the decoding during the decoding by checking the DSPC bits. However, if the decoders want to increase the possibility of early termination, it can also check the position even after the DSPC bits. It is because that during the decoding in a later phase the path, which has passed an earlier parity check, may be pruned, due to lower reliability. An example is shown in Fig. 10. As a consequence, even if the decoding is not terminated by the first parity check, there is a possibility that all the L output list paths will fail one of the previous parity check. 


Fig. 10 An example of decoding DSPC-Polar codes
In Fig. 11 the early termination performance of two kinds of decoder is shown. It can be seen that the early termination performance can be improved by checking after DSPC bits.
[image: ]
Fig. 11 The early termination performance of DSPC-Polar codes by different kinds of decoder
Observation 4: The early termination performance of DSPC-Polar codes can be improved by rechecking previous DSPC bits.
Another method may be applied for early termination is path-metric method. However, unlike checking the parity check constraint, the path-metric method use unreliable information for early termination. The threshold of this method may depend on coding rates, code lengths, or even SNR and indices of information bits. In addition, the path-metric methods have a loss on BLER performance for sure. Note that if DSPC-Polar terminates, all the path will not pass the final check for sure. However, even if the decoding terminated by path-metric method, there is still a change to pass the final check. 
In Fig. 12, a path-metric method is compared with DSPC-Polar codes. The thresholds have been optimized for these specific situations. However, it can be seen that the probability of early termination is very low and gets lower for high SNR.
[image: ]
Fig. 12 An early termination performance of DSPC-Polar codes by different kinds of decoder
Observation 5: Path-metric based methods are very sensitive to coding rates, codelength, indices of information bits and SNR.
Based on the comprehensive analysis and evaluation above, we have the following proposal.
Proposal 1: Distributed simple parity check Polar (DSPC-Polar) codes are supported in NR.
Summary
In this contribution, we show more details of DSPC-Polar codes, which has the same BLER and FAR performance with CA-Polar codes and can support early termination with low complexity. Based on the analysis and evaluation, we have the following Observations and Proposal.
Observation 1: The complexity of encoding distributed simple parity check Polar codes is significantly low.
Observation 2: Distributed simple parity check Polar codes have the same BLER performance as CA-Polar.
Observation 3: Distributed simple parity check Polar codes have the same FAR performance as CA-Polar.
Observation 4: The early termination performance of DSPC-Polar codes can be improved by rechecking previous DSPC bits.
Observation 5: Path-metric based methods are very sensitive to coding rates, codelength, indices of information bits and SNR.
Proposal 1: Distributed simple parity check Polar (DSPC-Polar) codes are supported in NR.
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