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1 
Introduction
In RAN1#88bis meeting, CRC distribution [1] on polar codes were discussed and compared with other proposed techniques to support the early termination. Then, the following agreement was made during Ran1 #88bis meeting to progress with the early termination studies [2], 
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
In [3], we provide details of distributed CRC polar codes, and [4] provides performance evaluation of distributed CRC versus CA-Polar for the full set of simulation parameters. In this contribution, we discuss the benefits of CRC distribution and compare with some other techniques proposed to support early termination. 
2 
Discussion
The following agreement was made in Ran1 #88bis considering the different code constructions. 

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 agreed J and J’ bits need to support two functionalities, error detection and optionally error correction. Due to the successive decoding characteristic, the CRC bits when used for error detection and distributed inside the information bits may enable the early termination, as discussed in [1]. This is very useful to save the power and extend the battery life, especially for the downlink blind decoding. The distributed CRC bits may also be used for error correction which can improve the decoding performance as discussed in [4]. 
The different proposals identified for early termination are summarized as follows, 

·  CRC distribution [1]
·  Parity check Polar [5]  

·  Hash Polar [8]
·  Path-metric based pruning
·  Data-independent scrambling in Frozen locations [9]
With most of these solutions, there are two possible algorithms to implement early termination: 
· single-bit early termination 
· multi-bit early termination. 
For single-bit early termination with CRC, the decoding paths are checked by a single distributed CRC bit. When all the paths fail to pass the check, the decoding terminates. For multi-bit early termination, all the available distributed CRC bits, i.e. previously decoded, are used to do the check. The decoding continues when at least there is one path survived in the CRC check. As the good paths may be pruned in later decoding, so the previous used CRC bits may still be useful for later early termination. 
‘

The tree pruning may be performed together with the early termination. If all paths fail the CRC, it is no problem to perform the early termination. However, there can be different methods to follow when some paths are failing the CRC check. 

· Continue with the decoding of CRC passed paths (number of paths in the next step will be lower than max list size)

· Continue with the decoding for all paths with a CRC flag (paths in the next step will be similar to max list size)

· Continue with the decoding for all paths with a penalty value for the failed paths (paths in the next step will be similar to max list size).

· The decoder may use some CRC bits for tree pruning and some others for early termination. 
All these options are implementation choices and we see that there could be many other methods to utilize such CRC distributions.  

2.1 
Distributed CRC versus PC-Polar [5] 
As discussed in the last meeting that performance, complexity and FAR needs to be evaluated for the detailed implementation. For control channel, FAR is the key metric which should be satisfied. FAR depends on the list size and error detection capability of CRC and parity bits. There is enough justification in literature to verify that CRC provides very good performance compared to other error detection codes [6-7]. CRC is a kind of linear block code, showing very nice error detection capability. 
The FAR of the parity bits based solution can be analyzed as follows. The parity bits used for early termination and the final CRC check can be considered to be a combined code because all of them are used for error detection. For example, in [5] a simplified early termination scheme is proposed where some parity bits are generated to support early termination and these bits are generated by the checksum of the transmitted information bits. Then, the corresponding bigger generator matrix can be obtained. 
An example generator matrix for 3 parity bits and 5 CRC bits generated from 12 information bits are shown below. 
	  Parity bits for ET   CRC bits

	

	  1  1  1    0  0  0  0  1

  1  1  1    1  1  0  0  1

  1  1  1    1  0  1  0  1

  1  1  1    1  0  0  1  1

  0  1  1    1  0  0  0  0

  0  1  1    0  1  0  0  0

  0  1  1    0  0  1  0  0

  0  1  1    0  0  0  1  0

  0  0  1    0  0  0  0  1

  0  0  1    1  1  0  0  1

  0  0  1    1  0  1  0  1

     0  0  1    1  0  0  1  1


However, one can see that the combined code is not well designed. It loses some nice error detection properties of the original CRC code. And hence, the parity bits based scheme cannot satisfy the FAR requirement. 
The total number of undetectable errors is shown in Figure 1. The results are obtained by test every possible error of information block to check if it can be detected by CRC or PC+CRC (i.e., 2K error patterns). It is the absolute error detection capability metric. As can be seen from Figure 1, the parity check based scheme [5] experiences nearly double the undetectable errors compared to distribute CRC. So it needs more CRC/PC bits to achieve the same FAR performance. The CRC polynomial used in the PC-Polar is 0x11021, and 3 additional parity check bits are used for early termination and these three bits are also used for final error detection. The 19bit CRC is used in distributed CRC and the polynomial is 0xAF56F.
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Figure 1. Number of undetectable errors
The percent of ET is shown in Figure 2, which is the metric to evaluate how many errors can be early detected out of all errors. It can be seen that the distributed CRC scheme can 100% early detect the errors, and only 50% errors can be early detected by the simplified ET scheme, for multi-bit ET.  
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Figure 2. Percent of ET, for Polar code (64,43), where info = 24, CRC = 19. 
Figure 3 shows the overall saved computation by ET. It is defined by the percent of ET multiplied by the saved decoding. The saved decoding is defined as remained number of information bits to be decoded compared to the total number of information bits. It can be seen that the distributed CRC outperforms the PC based simplified ET scheme by approximately 100%.
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Figure 3. Overall save computation, for Polar code (64,43), where info = 24, CRC = 19
2.2 
Benefits of Distributed CRC 

The main benefit of the distributed CRC when it is used for early termination is it does not affect the FAR performance, and may even reduce the FAR by additional mechanism [6]. The reason is the CRC code structure is retained and hence it is still optimal for error detection. Hence, this scheme is simpler in terms of product development and test because the performance is guaranteed and verified. 
Another key point to be stressed is the flexibility. We think the design should provide sufficient flexibility for different scenarios. CRC distribution provides the capability of having different decoding choices:
· PC-Polar like behavior when CRC is used for pruning 

· CA-Polar like behavior when CRC used after decoding the full info block 

· The flexibility of choosing the number of bits used for pruning. 

In some cases, FAR may not be critical and improving BLER is possible by using some of the CRC bits for tree pruning (including early termination). Moreover, in some cases, FAR may be important, and all the CRC bits are used for error detection (including early termination), and then having the same BLER as CA-Polar is possible. So the scheme has the benefits of both robustness and flexibility. As for the path-metric based scheme, it lacks robustness and may even affect the BLER performance especially in the varying channel condition.
As for the complexity issue, the DCI block sizes may vary in the range of 20 – 100, so the deinterleaving does not add significant latency. Furthermore, a single interleaving/deinterleaving pattern can be defined to implement CRC distribution for any block sizes. This is much simpler than the Gaussian elimination based matrix transposing method. The method can be realized by shifting registers to go through the pattern and what’s important is the memory access is sequential and this makes the processing simpler and faster. More details are discussed in [3]. In conclusion, with limited complexity of interleaving/deinterleaving, the overall decoding time will be reduced significantly by early terminating unnecessary blind decodes.

The main benefits of distributed CRC can be summarized as: 
· Flexible, the CRC bits can be used as error correction or error detection by conventional CRC detector.

· Performance gain is observed when used as error correction compared to CRC-aided decoding.

· Support of early termination, to save power and reduce decoding delay.

· Possible to reduce the FAR by careful permutation. 

· Any other codes, e.g. parity bits, are not required to provide error correction. 

Observation 1: The distributed CRC scheme shows better performance of FAR and early termination with strong flexibility.
Proposal 1: Support early termination by distributed CRC.
3
Conclusion
In this contribution, the early termination design details are analyzed and candidate implementation schemes are discussed. It is observed that the distributed CRC scheme show multiple benefits and potentials. The observations are proposals are summarized below:
Observation 1: The distributed CRC scheme shows better performance of FAR and early termination with strong flexibility.
Proposal 1: Support early termination by distributed CRC.
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