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1 Introduction
This contribution is a revision of R1-1715739
In RAN1#90, the following agreement was made:
Agreement: 
For UL code construction: 
· (nFAR + 3) CRC bits are generated by a single CRC polynomial
· CRC polynomial is FFS 
· Companies are to provide CRC proposals by 6th September
· Working Assumption: The CRC bits are attached as a block to the end of info bits
· Can be revisited at NR AH#3 if FAR is shown to exceed 1.5 x 2^-nFAR.

Proposal for email agreement by Wed 30th August – Yufei (Ericsson):
· 12 <= K + nFAR <= 22: 
· For 8<=K<=18, nFAR = 4
· This gives: 12<= K + nFAR <= 22
· 22 <= K + nFAR <= 256: 
· For 19<= K <=248, nFAR = 8
· This gives: 27 <= K + nFAR <= 256
· K + nFAR > 256: 
· For K>248, nFAR = 16
· This gives: K + nFAR > 256


In this contribution, we evaluate the FAR(awgn) and required SNR to reach 1% and 0.1% BLER for a set of CRC polynomials.
2 Info Block Size Range and Associated CRC Length
For UL Polar code, below are the information block length K (excluding CRC bits) for which the CRC length is applied.
· For 1 <= K <=11,
· No CRC bits are attached.
· Repetition, Simplex Code, and RM code are used, as agreed.
· For 12<=K<=22- nFAR1
· We evaluated nFAR1  = 0, 1, 2, 3, 4, 5, 6, 7, 8, 10 and 11. Both BLER and FAR are be evaluated. FAR is evaluated both with decoder input = AWGN and with input = intended codeword. 
· PC-CA-Polar is used, according to the existing Agreements and Working Assumption.
· For K > 22 - nFAR1, 
· nFAR,2=8 is used, with CRC polynomial length = 8+3=11. 
· CA-Polar is used, according to the Working Assumption of RAN1#90.
· As shown in Section 3, the evaluated 11-bit CRC polynomials demonstrate the expected behavior of well-designed CRC, with FAR <= 2-8.

The region of 12<=K<=22 - nFAR1 was evaluated with 6 different CRC lengths and additionally with varying the number of lists used for the final list selection in the decoder, in order to find the most appropriate CRC length considering both FAR and BLER performance. The CRC polynomials are the most popular ones for each length as given in [2]. As shown in Section 3, the PC-CA-Polar with (nFAR1+3)-bit CRC in general has FAR<= 2-nFAR1 with minor fluctuation due to simulation randomness. The FAR results are summarized in Table 1 below.

Table 1. FAR(intended codeword) performance of PC-CA-Polar
	Lists for final list selection
	CRC length
	nFAR1
	2-nFAR1
	Maximum FAR observed in simulation
	Maximum FAR observed in simulation relative to 2-nFAR1

	1
	3
	3
	0.125
	0.17437
	1.395

	1
	4
	4
	0.0625
	0.08599
	1.376

	1
	5
	5
	0.0313
	0.046
	1.472

	1
	6
	6
	0.0156
	0.0236
	1.51

	1
	8
	8
	0.0039
	0.00565
	1.447

	1
	11
	11
	0.00049
	0.00068
	1.39

	2
	3
	2
	0.25
	0.3022
	1.209

	2
	4
	3
	0.125
	0.16542
	1.323

	2
	5
	4
	0.0625
	0.08678
	1.389

	2
	6
	5
	0.0313
	0.04387
	1.404

	2
	8
	7
	0.0078
	0.01157
	1.481

	2
	11
	10
	0.00098
	0.00144
	1.473

	8
	3
	0
	1.0
	0.77922
	0.779

	8
	4
	1
	0.5
	0.53247
	1.065

	8
	5
	2
	0.25
	0.29945
	1.198

	8
	6
	3
	0.125
	0.16692
	1.335

	8
	8
	5
	0.0313
	0.04123
	1.319

	8
	11
	8
	0.0039
	0.00521
	1.334



It can be seen that limiting the number of lists used for final list selection slightly increases the observed FAR.
The UCI performance target in LTE is as follows. 
· Pr(NAK bits → ACK bits) ≤ 10‒3
· Pr(ACK bits → NAK bits or DTX) ≤ 10‒2
· Pr(DTX → ACK bits) ≤ 10‒2

In LTE, whenever TBCC is applied, 8 CRC bits are attached due to the UCI performance targets above. TBCC is applied for all of UCI K>22 bits, and in some situations additionally K>11 bits.
For NR, at least the same performance target as in LTE should be satisfied. Thus, for both PC-CA-Polar and CA-Polar, 11-bit CRC should be applied, i.e., nFAR1 = nFAR2 =8. This results in the following:
· For 12<=K<=14
· PC-CA-Polar is used with 11-bit CRC polynomial.
· For K > 14 
· CA-Polar is used with 11-bit CRC polynomial.

1. For both PC-CA-Polar and CA-Polar of NR UL, 11-bit CRC bits are attached, i.e., nFAR1 = nFAR2 =8.

Figure 1 shows all test cases and the corresponding FAR(awgn), CRC length and the number of lists used for the final list selection in the decoder. It can be seen, that only two candidates match the FAR requirement:
· 11 bit CRC using 8 lists in the final selection
· 8 bit CRC using 1 list in the final selection
[image: ]Figure 1:	FAR(awgn) for UL PC-CA-Polar with different CRC lengths (all test cases shown)	
Figure 2 and 3 shows FAR(intended codeword) for the two cases, 8 bit CRC and selection from 1 list and 11 bit CRC and selection from 8 lists respectively. It can be seen, that both cases fulfill the FAR limit but the 11 bit CRC case shows a larger margin.
[image: ]
Figure 2:	FAR(intended codeword) for UL-PC-CA-Polar with 8 bit CRC length and final list selection from 1 list
[image: ]
Figure 3:	FAR(intended codeword) for UL-PC-CA-Polar with 11 bit CRC length and final list selection from 8 lists	

Figure 4 shows a performance comparison of the two candidates. It can be seen, that 11 bit CRC and 8 lists in the final selection achieves significantly better performance.
[image: ]Figure 4:	Required SNR for BLER=0.1% comparison of 8 and 11 bit CRC	

3 CRC Polynomial Search
To search for the length-8 and length-11 CRC polynomials, several candidates are evaluated exhaustively for both lengths. The evaluation results of BLER and FAR(awgn) of the evaluated polynomials are shown in the attached Excel sheet. As can be derived from the attached spreadsheet, the performance of all the evaluated CRC polynomials is very similar.
The evaluated CRC polynomials show expected behaviour of well-designed CRC polynomials with respect to FAR:
· CA-Polar with 11 bit CRC: Maximum FAR =0.00439 = 1.12 × 2-8, i.e., 1.12 times the expected FAR given nFAR=8. Average FAR has the expected value 2-8 with less than 1% deviation.
· PC-CA-Polar with 11 bit CRC: Maximum FAR 0.00430 = 1.10 × 2-8, i.e., 1.10 times the expected FAR given nFAR=8. Average FAR has the expected value 2-8 with less than 1% deviation.
· PC-CA-Polar with 8 bit CRC: Maximum FAR 0.03447 = 1.10 × 2-5, i.e., or 1.10 times the expected FAR given nFAR=5. Average FAR has the expected value with less than 2% deviation.
· PC-CA-Polar 3 bit CRC: Maximum FAR = 0.705, i.e. less than the expected FAR given nFAR=0. Average FAR is less than the expected value.

Observation 1 [bookmark: _Hlk492658540]CA-Polar used for UL show no detrimental cases with unexpectedly high FAR(awgn).
Observation 2 PC-CA-Polar used for UL show no detrimental cases with unexpectedly high FAR(awgn).

The required SNR for a given BLER is summarized below:
· CA-Polar 11 bit CRC: Maximum difference between polynomials is 0.13 dB for 1% BLER and 0.11 dB for 0.1% BLER.
· PC-CA-Polar 11 bit CRC: Maximum difference between polynomials is 0.086 dB for 1% BLER and 0.068 dB for 0.1% BLER.
· PC-CA-Polar 8 bit CRC: Maximum difference between polynomials is 0.084 dB for 1% BLER and 0.056 dB for 0.1% BLER.

Observation 3 BLER performance for the evaluated CRC polynomial candidates are in practice the same.

Since the performance is similar we just pick one of the polynomial from the candidate list.
· 8 bit polynomial gCRC8(D) = [D8 + D7 + D6 + D4 + D2 + D + 1].
· [bookmark: _Hlk493460092]11 bit polynomial gCRC11(D) = [D11 + D10 + D9 + D7 + D6 + D5 + D3 + D + 1].
Considering the results in Section 2, for both PC-CA-Polar and CA-Polar of NR UL, 11-bit CRC bits are attached, i.e., nFAR1 = nFAR2 =8, then the 11-bit polynomial gCRC11(D) above should be adopted.

1. For both PC-CA-Polar and CA-Polar of NR UL, use the 11-bit polynomial gCRC11(D) = [D11 + D10 + D9 + D7 + D6 + D5 + D3 + D + 1].

The FAR(awgn) plot in figure 5 show that all CRC polynomials and all test cases are within the limit of 1.5*2-8=5.86e-3.
[image: ]Figure 5:	FAR(awgn) for CA-Polar with different 11 bit CRC polynomials (all test cases shown)	
The required SNR plot in figure 6 shows that the performance among the tested 11 bit CRC polynomials are virtually identical. The lines show all five CRC polynomials for a selected set of K values. For other K values only the dots are shown but still for all five CRC polynomials.
[image: ]Figure 6:	Required SNR for BLER=0.1% with different 11 bit CRC polynomials (all test cases shown)	

3.1 Simulation setup
CA-Polar and PC-CA-Polar used for the simulations are constructed according to the previous agreements, see [1]. The specific details of the simulator configuration are the following:
· Information sequence according to RAN1#90 agreement [1] in R1-1712174.
· Rate matching according to RAN1#90 working assumption, option 2 from R1-1715000.
· Mapping of information bits and CRC bits in increasing order of encoder bit index.
· PC-CA-polar is applied for K+nFar <= 22 bits. Otherwise, when K+nFar > 22 bits, CA-Polar is applied.
· Number of lists L is set to 8 since performance is prioritized over power consumption in UL.
· For the PC-CA-Polar test cases the decoder is run with 8 lists until the end where the final list is chosen from the 1, 2 or 8 lists with the best path metric.
· For the BLER simulations the same random seed is used for all polynomials.
To reduce the simulation, load the following rules have been used to reduce the candidate sets. For CA-Polar:
· Check for all values of K with granularity of 4 from 12 to 100, and granularity of 20 up to 500.
· K refers to UCI payload size, excluding CRC bits.
· Check for M values with granularity of 8 from 20 to 256, and granularity of 64 up to 1024.
· Not including combinations of K and M that would give R < 1/8 or R > 5/6. Where R is defined as:
· R = (K + nFAR + 3) / M
For the PC-CA-polar a slightly different set has been use since the possible information lengths are more limited:
· Info block size K (without CRC): 12<=K<=22- nFAR, where nFAR is given by the tested polynomial.
· M = granularity of 8 from 20 to 256, and granularity of 64 up to 1024.
· Not including combinations of K and M that would give R < 1/8 or R > 2/3. R defined as above.
The performance of the CRC polynomials is compared using three metrics: 
· False Alarm Rate, where the decoder input = AWGN.
· False Alarm Rate, where the decoder input = intended codeword.
· Required SNR to reach a BLER of 0.1% and 1%.
4 Conclusions
In this contribution, we made the following observations:

Observation 1 CA-Polar used for UL shows no detrimental cases with unexpectedly high FAR(awgn).
Observation 2 PC-CA-Polar used for UL shows no detrimental cases with unexpectedly high FAR.
Observation 3 BLER performance for the evaluated CRC polynomial candidates are in practice the same.


Based on the discussion in this contribution we propose the following:
1. [bookmark: _GoBack]For both PC-CA-Polar and CA-Polar of NR UL, 11-bit CRC bits are attached, i.e., nFAR1 = nFAR2 =8.
1. For both PC-CA-Polar and CA-Polar of NR UL, use the 11 bit polynomial gCRC11(D) = [D11 + D10 + D9 + D7 + D6 + D5 + D3 + D + 1].
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