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1 	Introduction
[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK13][bookmark: OLE_LINK14]In RAN1 NR AH#2 meeting, the following agreement was made on Polar code construction and early termination, 
Agreement:
· All companies work together to design for the DL a Single CRC polynomial + Interleaver scheme to deliver early termination benefits while achieving the FAR (in presence of AWGN, and in presence of random QPSK, and undetected errors in intended user’s codeword), and BLER targets with acceptable complexity and latency. 
· Working assumption that the CRC length is 19 bits, to be finalised as part of the design, taking into account the number of blind decodes or hypotheses to be tested. 
· Longer CRCs will be considered if required to meet the FAR target
· For DL for K+nFAR>=12, and for UL where K+nFAR>22, J+J’ = nFAR + 3
· For UL, where 12<=K+nFAR<=22, J+J’ = nFAR + 6, comprising 3 parity bits and nFAR + 3 additional CRC bits
Note: K is the number of payload information bits without CRC or parity bits
Note: nFAR may be zero in some circumstances. 
Note: UE specific scrambling is not precluded and will be considered separately. 
In this paper, we provide the initial evaluation of the DL code construction. The detailed design is discussed in paper [2].
2 	Discussion
The overall structure to be evaluated is shown in Figure 1. More details can be found in [1~2].



Figure 1. CRC distributed Polar code transmission flow

Due to the error propagation issue, Polar code experiences high FAR for some specific block sizes, code rates, which impose difficulties on code construction. It can be seen from Figure 2 that CA polar with some of the best-known CRC polynomials shows high FAR spikes for some code block sizes. It does not mean Polar code has more errors. Polar code just has the non-Gaussian polarized error distribution decoding output while CRC is good at detecting the errors obeying Gaussian distribution. This is the reason why the different CRC polynomials and code construction scheme work well for unintended transmission and AWGN noise input scenarios, but may have higher FAR spikes for intended transmission. Distributed CRC with well-designed interleaving pattern is and might be the only the way to solve the high FAR issue.

[image: ]
Figure 2. High FAR issue of CA polar, PW sequence and unified rate-matching [3]


[image: ]
Figure 3. FAR spectrum of CA polar, new PW sequence and unified rate-matching [3]

Observation 1: High FAR is a common issue of CA polar. 
2.1 Evaluation of FAR
The Polar code FAR issue is thoroughly studied in this section, with the system configuration summarized below:
















Table I: Simulation parameters

	Channel
	AWGN

	Modulation 
	QPSK

	Coding Scheme
	Submitted Distributed-CRC Polar proposals [1] [5-8]

	Polar code sequence
	PW/ new PW

	Rate matching
	Unified rate-matching [3]

	Decoding algorithm
	CRC aided List-8 (CRC used after decoding the full info block to select the path)
	BLER evaluations with CA-Polar was also compared with CRC aided List-8 with tree pruning

	Info. block length (bits w/o CRC)
	K<=M*5/6 - 19

	Evaluation scenarios
	Scenario 1:
Decoder input = random QPSK symbols + AWGN; 
FAR1  = number of undetected erroneous packet / total number of packets;

Scenario 2:
Decoder input = intended codeword + AWGN;
FAR2 = number of undetected erroneous packet / total number of packets;

	CRC bits
	19
	19



The block sizes, K, to be evaluated for random QPSK+AWGN noise is [16:4:80 120 200] bounded by K<=floor(5M/6 - 19). The FAR spectrum is studied, which indicates the peak FAR of each block size K without CRC. It is observed that the distributed CRC code construction scheme can satisfy the FAR requirement. The FAR tends to converge at 1.5e-5 when the number of simulation is sufficiently large.
It is noted that 0 in the patterns [2] refers to the bottom row of the CRC generator matrix.

[image: ]
Figure 4. FAR spectrum of distributed CRC with random QPSK and AWGN noise input, new PW sequence


Observation 2: For the random QPSK+AWGN scenario, the distributed CRC code construction [2] can satisfy the FAR requirement


The FAR spectrum of pattern 1 [2] is shown in Figure 5. Pattern 1 was optimized for PW sequence. It can be seen from the figure that the pattern works very well.
[image: ]
Figure 5. FAR spectrum of pattern 1 [2], intended transmission, PW sequence


The FAR spectrum of pattern 2 [2] is shown in Figure 6, where new PW sequence is used. The FAR is around 1.5e-5. The block sizes being evaluated are:
[12:1:61] for M=96
[12:1:141] for M=192
[12:1:200] for M=384
[12:1:200] for M=768

A very attractive property of pattern 2 is the information bit order in a CRC segment is maintained before and after interleaving. According to [9], this property may be helpful for implementation.


[image: ]
Figure 6. FAR spectrum of pattern 2 [2], intended transmission, new PW sequence


Pattern 3 [2] is optimized based on pattern 2 to further reduce the FAR and meanwhile keeping the information bits order inside each CRC segment as much as possible. The FAR spectrum is shown in Figure 7. Obviously, pattern 3 has excellent FAR performance. The peak FAR is just around 1.5e-5.
The block sizes being evaluated are:
[12:1:61] for M=96
[12:1:141] for M=192
[12:1:200] for M=384
[12:1:200] for M=768

[image: ]
Figure 7. FAR spectrum of pattern 3 [1], intended transmission, new PW sequence

Observation 3: For the intended transmission scenario, the distributed CRC code construction [2] can satisfy the FAR requirement

2.2 Evaluation of early termination gain
The three patterns in [2] share the same CRC sequence structure so they have the similar early termination gain. The ratio of the complexity or latency of decoding an information bit over decoding a frozen bit after the first information bit is assumed to be 4 in the following early termination gain simulation. Decoders with higher ratio can achieve higher early termination gain. The early termination gain is evaluated and the results are shown in the below figure. It can be seen that the gain is approximately in the range of 20% ~ 40%, quite satisfactory. 
[image: ]
Figure 8. Early termination gain of 0x9ED45

The early termination gain of distributed CRC with polynomial 0xB4625 is shown below. The gain is higher than that of 0x9ED45.
[image: ]
Figure 9: early termination gain of polynomial 0xB4625


2.3 Evaluation of BLER
2.3.1 BLER without tree pruning
The BLER curves of the agreed block sizes for the interleaving patterns in [2] are shown here. It can be seen the decoding performance is just as expected in CA-Polar.

[image: ]
Figure 10, BLER of M=96, new PW sequence

[image: ]

Figure 11, BLER of M=192, new PW sequence

[image: ]
Figure 12, BLER of M=384, new PW sequence


[image: ]
Figure 13, BLER of M=768, new PW sequence



2.3.2 BLER with tree pruning
In case smaller list size is used, e.g. List size > 1, the distributed CRC bits can be used to assist in the decoding, by performing tree pruning, which is beneficial to improve the decoding performance. The evaluation results are shown below. In these simulations, three bits are used for tree pruning and PW sequence is assumed.
Case 1: 16 info. bits
[image: ]
Figure 14: BLER vs. Es/No for 16 info. bits

Case 2: 32 info. bits
[image: ]
Figure 15: BLER vs. Es/No for 32 info. bits

Case 3: 48 info. bits
[image: ]
Figure 16: BLER vs. Es/No for 48 info. bits

Case 4: 64 info. bits
[image: ]
Figure 17: BLER vs. Es/No for 64 info. bits
Case 5: 80 info. bits
[image: ]
Figure 18: BLER vs. Es/No for 80 info. bits

Case 6: 120 info. bits
[image: ]
Figure 19: BLER vs. Es/No for 120 info. bits

Observation 4: Distributed CRC-polar can provide better BLER performance than CA-Polar for all block sizes and code rates. Gains are significant for payload sizes less than 100 bits.

2.4 Evaluation of other schemes/interleaving patterns
The interleaving pattern in [5] is studied, showing very good FAR performance with notable low average FAR for all the evaluated block sizes, K [12:1:80 120 200] bounded by K<=(M*5/6-19). One can see from the Figure 20 that all the FAR results are around 1.5e-5. Hence, this pattern can also be considered to be a suitable candidate.
[image: ]
Figure 20: FAR spectrum

The early termination gain of the pattern [5] is shown in figure 21, which is quite similar to the patterns in [2].
[image: ]
Figure 21: early termination gain
An interesting solution is proposed in [6], which achieves the interleaving like transmission by taking the advantage of zeros of the CRC polynomial or CRC generator matrix. This solution relies on a special type of CRC polynomials containing many zeros with two possible CRC polynomials provided in [6], 0xE4001 and 0x80029. However, the CRC bits can be placed at most 13 bits forward, the early termination gain will diminish quickly with the increasing of the block sizes. According to the FAR evaluation, shown in the below figure, there are some problems of this solution for different block sizes. It is claimed in [6] that the scheme is used only in a range of block sizes, but the high FAR block sizes appear evenly and such a solution introduces additional complexity.

[image: ]
Figure 22: FAR spectrum
Another polynomial 0x80029 is also evaluated and it is found the FAR is not acceptable too.  
[image: ]
Figure 23: FAR spectrum of 0x80029

Observation 5: The distributed CRC scheme in [6] cannot fulfill the FAR requirement.

Next, the FAR spectrum of the pattern in [7] and [8] are also studied. According to the pattern and the CRC generator matrix, 0 in the pattern [7] refers to the top row of the CRC generator matrix and in [8] refers to the bottom row. It is observed that further optimization is expected for these patterns. However, it is not precluded that other polynomials in [7] may have good FAR performance, e.g. 0xA2A29, which has very large minimum Hamming distance.

[image: ]
Figure 24: FAR spectrums. Patterns in [8] and [7]

The interleaving pattern in contribution [10] performs very well for most of the block sizes except one slightly higher FAR spike. We think this could be easily optimized. It is noted that 0 in the pattern refers to the bottom row of the CRC generator matrix.
[image: ]
Figure 25: FAR spectrums
[bookmark: _GoBack]The early termination gain of this pattern and polynomial is shown in Figure 26.
[image: ]
Figure 26: early termination gain [10]

Observation 6: The interleaving pattern in [5] is also acceptable. Interleaving pattern in [10] is encouraging and could be a candidate after some optimization.

3	Conclusion
In this contribution, we provided the evaluation of single CRC + interleaver for the polar code construction. The observations based on the evaluation results are listed as:

Observation 1: High FAR is a common issue of CA polar. 
Observation 2: For the random QPSK+AWGN scenario, the distributed CRC code construction [2] can satisfy the FAR requirement
Observation 3: For the intended transmission scenario, the distributed CRC code construction [2] can satisfy the FAR requirement
Observation 4: Distributed CRC-polar can provide better BLER performance than CA-Polar for all block sizes and code rates. Gains are significant for payload sizes less than 100 bits.
Observation 5: The distributed CRC scheme in [6] cannot fulfill the FAR requirement.
Observation 6: The interleaving pattern in [5] is also acceptable. Interleaving pattern in [10] is encouraging and could be a candidate after some optimization.
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Annex -1

High FAR spikes are common issue for Polar code, irreverent to the CRC implementation. For example, FAR of part of the blocks sizes of the two CRC scheme is shown in the below figure and one can see the FAR spikes is quite high. These results are for K0/K = 0.4. However, FAR performance is studied for K0/K from 0.1:0.01:0.6, it is observed that there are always some block sizes with FAR issues here or there.
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Figure A-1, high FAR issue of two CRC polar code constructions, PW sequence
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