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1.  Introduction
	Agreement: [1]
· For DL: 
· J’ = 3 or 6, to be downselected at June adhoc
· J’’ = 0
· At least some of the J + J’ bits are appended
· FFS until June adhoc:
· how the J + J’ bits are obtained 
· If J’=6, working assumption that at least some of the J + J’ bits are distributed (including to support early termination in the code construction) (Consideration of J’=6 proposals without distributed J+J’ bits are not precluded.)
· If J’=3, FFS until June adhoc whether some of the J + J’ bits are distributed (including to support early termination in the code construction)
· Consideration of distribution of bits shall consider complexity versus benefit and comparison to implementable purely implementation based methods for early termination




In this contribution, we discuss a couple of design perspectives of assistance bit aided polar codes to support early termination of decoding process in case of decoding failure. The assistance bits are those bits that are included in the non-frozen set along with the K information bits with the purposes, including but not limited to, error detection, list pruning, early termination etc. These assistance bits can be parity check bits or CRC bits or Hash bits. The basic similarity between these different classes of assistance bits is that they all are calculated using a part or whole of the information set. The parity check bits and CRC bits can also be assumed to belong to the same class depending on how they are calculated (specifically, CRC can be a type of parity check). Simulation results are shown for distributed CRC (DCRC) aided polar codes and PC+DCRC polar codes to support early termination. Preliminary evaluations show that such a PC+DCRC code can outperform DCRC polar code in reaping early termination benefits. 
2.  Distributed CRC aided polar codes
In [2], it was agreed that J CRC bits will be used. Since use of J CRC bits have already been agreed, one natural way of thinking is to reuse these CRC bits by distributing them in a specific manner to support early termination as well. Such a class of codes can be capable of providing early termination support to reduce decoding complexity and latency at times of decoding failure and hence, is one of the candidates to consider. But conventional CRC bits have to be distributed in a specific manner to support early termination. Conventional CRC-polar decoding requires all the information bits to compute the CRC bits and hence, cannot provide early termination support to the decoder. This is because the decoder needs sequential computation of the CRC bits using only a subset of the information bits to be able to abort the decoding process midway. So, a method for sequential computation of CRC bits is needed to support early termination in the decoder. A variant of Distributed CRC aided polar codes have been discussed in [3]. There can be multiple ways of constructing such a code and it is better to choose a method that keeps decoding complexity to a minimum reaping maximum early termination benefits. A generator matrix based approach was considered in [3] to generate distributed CRC bits from a given CRC polynomial. Instead, a polynomial-based approach may be considered which may simplify decoder complexity of the distributed CRC aided polar codes. J+J’= 19 or 22 bit distributed CRC can be generated and distributed over the input vector  where  is a positive integer. The  vector is then multiplied to the generator matrix of polar code to produce the final codeword. Rate-matching scheme is applied to produce length M codeword (M<N) which is used for transmission. Fig. 1 below shows an illustration of the vector  containing K information bits and assistance bits.
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Figure 1. Representative illustration of  vector in a Distributed CRC polar code
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Figure 2. Block diagram of encoder in a Distributed CRC polar code

Fig. 2 shows a block diagram of the encoding processes. In the decoder using an SCL decoder with list size L, at the position corresponding to each of the  distributed CRC bits, a check can be performed over all the L decoding paths to verify if at least one of the decoding paths satisfy the CRC check. If none of the L paths qualify the check test, then early termination is performed at that position. Part or whole of the  distributed CRC bits can be used as check points for early termination. Also, as illustrated in the decoder diagram in Fig. 3, at each distributed CRC bit position, each of the L decoding paths may be checked if they qualify all the preceeding CRC checks till that position. Early termination may be performed in a situation when all the L decoding paths have failed to qualify at least one of the CRC checks till that position. 
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Figure 3. Exemplary illustration of early termination procedure in Distributed CRC polar code
3.  PC + Distributed CRC aided polar codes
Distributed CRC polar codes may have one small concern, which is that the CRC bits may not appear too early in the decoding order, which can negate the early termination benefits engendered in this scheme. Hence, it may be reasonable to consider an assistance bit aided polar codes where both parity check bits and distributed CRC bits are used. Since the distributed CRC bits may not appear very early in the decoding order, some parity bits may be used early in the decoding order to enhance the early termination benefits.
For example, using J=16 and J’= 3, 16 distributed CRC bits may be used and 3 parity bits can be used. For the case of J’= 6, some of the following combinations may be used for evaluation, including but not limited to: (a) 16 distributed CRC bits + 6 parity bits, (b) 19 distributed CRC bits + 3 parity bits etc.
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Figure 4.  vector in PC+Distributed CRC polar code
The decoding of this kind of construction does not incur any additional circuit complexity than the method described in Section 2. The parity check bits can be computed by sharing the same circuit of the distributed CRC computation. For instance, the parity bits in this approach can be calculated by using a part of the circuit used to compute the first distributed CRC bit.    
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Figure 5. Block diagram of encoder in PC+Distributed CRC polar code
At the decoder using an SCL decoder with list size L, check for early termination may be performed at the  positions only, or at  and part or whole of . At the position corresponding to early termination check, a check can be performed over all the L decoding paths to verify if at least one of the decoding paths satisfy the corresponding check (PC or CRC, as applicable). If none of the L paths qualify the check test, then early termination is performed at that position. 4.  
Simulation results
Table 1. Simulation parameters
	Sequence design method
	Density evolution with Gaussian approximation

	Code construction
	19 bit D-CRC polar 
	3 PC + 16 D-CRC polar 

	List size (L)
	8

	Information length (K in bits)
	32, 48, 200

	Coding rate (R)
	1/6, 1/3,1/2, 2/3



The benefits of early termination can be estimated by several variants of metrics. One such variant is complexity reduction ratio defined as 
Probability of ET = 
Complexity reduction ratio = 
In the simulations, two variants of 19 bits distributed CRC (CRC polynomials 0x97599 and 0xF0FDD respectively) are evaluated against two variants of 3 bit PC + 16 bits distributed CRC (CRC polynomials 0x18005 and 0x11021 respectively). The evaluation results show clear benefits of using the later scheme for K=120, 48 and 32 as shown in Fig. 6, 7,and 8. 
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	Figure 6. Complexity reduction ratio comparison of different Early Termination schemes at K=120
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Figure 7. Complexity reduction ratio comparison of different Early Termination schemes at K=48
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Figure 8. Complexity reduction ratio comparison of different Early Termination schemes at K=32

Observation 1: If early termination is implemented only using DCRC method, then the DCRC bits may not appear too early in the decoding order to generate significant early termination benefits. 
Observation 2: 3 PC + 16 DCRC method outperforms 19 DCRC method in terms of complexity reduction ration at K=32, 48, 120 by a significant margin. 
Proposal 1: PC+DCRC should be adopted as baseline scheme for Early Termination in polar codes. 
Proposal 2: The exact position of PC bits and the optimal CRC polynomial should be left for FFS.
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Figure 9. Early termination probabilities at each ET check point (PC and DCRC positions)
[bookmark: _GoBack]The reason PC+DCRC early termination scheme works well can be understood in the light of Fig. 9. As evident from Fig. 9, the early termination probabilities at the last leg of the PC bits and the early part of CRC bits are quite high in the evaluated results. This increased early termination probabilities translates to  higher complexity reduction ratio. Further study and evaluations can unfold more features of the PC+CRC method. 
5.  Conclusion
A comparative evaluation of 19 bit DCRC and 3bit PC+16bit DCRC based early termination schemes is presented in this contribution. Evalution results show that the use of 3 bit PC significantly improves the early termination benefits as the DCRC bits do not appear very early in the decoding order. Based on the presented study and simulation results, we draw the following observations and subsequently arrive to the following proposals. 
Observation 1: If early termination is implemented only using DCRC method, then the DCRC bits may not appear too early in the decoding order to generate significant early termination benefits. 
Observation 2: 3 PC + 16 DCRC method outperforms 19 DCRC method in terms of complexity reduction ration at K=32, 48, 120 by a significant margin. 
Proposal 1: PC+DCRC should be adopted as baseline scheme for Early Termination in polar codes. 
Proposal 2: The exact position of PC bits and the optimal CRC polynomial should be left for FFS.
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K=48 (R=1/6, 1/3,1/2, 2/3), Dec. List Size = 8
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K=32 (R=1/6, 1/3, 1/2), Dec. List Size = 8
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K=120, R=1/3, Dec.List Size =8, DCRC_16 + PC_3 (0x11021)
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