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[bookmark: _Ref473811712]Introduction
In RAN1#87bis and RAN1 NR ad hoc meetings, the agreement was reached to use LDPC codes for eMBB for both UL and DL data channels, and to use Polar codes for downlink control information and uplink control information (except for very small block lengths where repetition/block coding may be preferred).  Two main types of Polar code construction under discussion are: CRC-assisted Polar (CA-Polar) and Parity-checksum Polar (PC-Polar). 
In this contribution, we present simulation results for the control channel coding using the CA-Polar and PC-polar schemes.
Simulation Settings and Assumptions
[bookmark: _Ref462125875]Four different SCL decoder implementations have been simulated:
· CA-Polar with 8+3 bit CRC. The 11 CRC bits are used by the decoder to select the best codeword from the final list. 
· CA-Polar with 16+3 bit CRC. The 19 CRC bits are used by the decoder to select the best codeword from the final list. 
· PC-Polar according to [1] with 8 bit CRC. The CRC is not used by the decoder to select the best codeword from the final list.
· PC-Polar according to [1] with 16 bit CRC. The CRC is not used by the decoder to select the best codeword from the final list.
For all SCL decoder implementations, the following assumptions or setting have been made:
· List sizes, L: 1, 2, 4 and 8.
· Rate used, R: 1/12, 1/6, 1/3, ½ and 2/3
· Number of information bits, K: 16, 32, 48, 64, 80, 120 and 200
· Max code block size in these simulations, N: 2048
·  CRC polynomials as shown in Table 1.
The simulation assumptions simply follow the agreed control channel simulation assumptions. The bit channel is modelled as an AWGN channel with given Es/N0. The code rate is calculated as R=K/M, where K is the number of information bits without any CRC or parity check bits and M is the code block size [3]. Mother code rate = K/N, where M≤N and N=2n.

[bookmark: _Ref474186633]Table 1. CRC Polynomials
	# of CRC bits
	CRC Polynomials
	References

	
	Hexa-decimal
	Binary
	Polynomials
	

	8
	0x19b
	110011011
	
	LTE 136.212 [6]

	11
	0xbaf
	101110101111
	
	CMU [5]

	16
	0x11021
	10001000000100001
	
	LTE 136.212 [6]

	19
	0x97599
	10010111010110011001
	
	CMU [5]




For Polar code construction, the Q-sequence described in [1] have been used for the frozen bit positions. Puncturing is used for the cases where the mother code rate is ¼ or less and the number of bits K is less than 200 is according to [2]. Bit reverse shortening used for the other cases is according to [1].
In Table 2 we present the range of information bits and code rates that has been used for the simulations.


Table 2. Transmitted bits
	Information bits K
	Rate 1/12 transmitted bits M
	Rate 1/6 transmitted bits M
	Rate 1/3 transmitted bits M
	Rate 1/2 transmitted bits M
	Rate 2/3 transmitted bits M

	16
	192
	96
	48
	32
Tested with 8 bit CRC only
	Not tested

	32
	384
	192
	96
	64
	48

	48
	576
	288
	144
	96
	72

	64
	768
	384
	192
	128
	96

	80
	960
	480
	240
	160
	120

	120
	1440
	720
	360
	240
	180

	200
	Not tested
	1200
	600
	400
	300



Result Highlights
Block Error Performance
Resulting BLER curves for some of the variants can be found in Figure 1 to Figure 5. All results can be found in the 
Appendix, while some of them are highlighted below. 
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[bookmark: _Ref473808000]Figure 1. BLER for K=48, R={2/3,1/3 and 1/12}, L=4 and 8, CRC length for error detection: 8 and 16
[image: ]
Figure 2. BLER for K=120, R={2/3,1/3 and 1/12}, L=4 and 8 , CRC length for error detection: 8 and 16
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Figure 3. BLER for K=48, R=1/12, L={1,2,4 and 8}, CRC length for error detection: 8 and 16
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Figure 4. BLER for K=48, R=1/12 and 1/3, L=1,2,4 and 8, CRC16
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[bookmark: _Ref473808016]Figure 5. BLER for K=64, R={1/12, 1/6, 1/3, ½ and 2/3}, L=4 and 8, CRC16
As can be seen in the figures the CA-Polar has in general better performance than the corresponding PC-Polar scheme with the same amount of CRC bits. At low K values CA-Polar with L=4 performs as good as PC-Polar with L=8.
At high K values (K=120 and 200) and with low rate (R=1/12), PC-Polar and CA-Polar have equal performance. 

The required Es/N0 to reach BLER=0.01 and 0.001 are shown in the two figures below for the case with list size L=8.
[image: ]
Figure 6. Required Es/N0 for BLER=0.01

[image: ]
Figure 7. Required Es/N0 for BLER=0.001

The gain of increased list length can be seen in the figure below where only the case with 16 error detecting CRC bits is shown.

[image: ]
Figure 8. Required Es/N0 for BLER=0.001 for all L.

Observation 1 Performance of CA-Polar is generally better than PC-Polar.  CA-Polar requires lower Es/N0 than PC-Polar for reaching BLER=0.01 or 0.001.

Performance with larger list length
For the CA-Polar the FAR is depending of the number of CRC bits and the number of lists. In this section, the impact and mitigations are investigated for the CA-Polar when the decoder has more lists than 8.
The simulation setup is the same as above, but the decoder list length is increased to 32.
To mitigate the larger list size, the following is investigated
· Increasing the CRC bits to 16+5 bits
· Keeping the CRC bits to 16+3 bits, but restrict the decoder to only select from the 8 best lists
As comparison the results are compared with
· PC-Polar with list size of 32
· CA-Polar with list size of 8 with 16+3, 16+4 and 16+5 bits CRC
· CA-Polar with list size of 32 with 16+4 CRC (with increase of FAR)



Table 3. CRC Polynomials for 16+4 and 16+5
	# of CRC bits
	CRC Polynomials
	References

	
	Hexa-decimal
	Binary
	Polynomials
	

	20
	0x18359f
	1 1000 0011 0101 1001 1111
	
	CMU [5]

	21
	0x2656f5
	10 0110 0101 0110 1111 0101
	
	CMU [5]




[image: ]
Figure 9. BLER for K=48, R= 1/6, L=8 and 32, CRC16
[image: ]
Figure 10. BLER for K=80, R= 1/6, L=8 and 32, CRC16

Observation 2 CA-Polar with L=32 and CRC=16+3 with final selection from 8 list performs better than CA-Polar with L=8 and CRC 16+3 bits.
Observation 3 CA-Polar with L=32 and CRC=16+5 performs better than CA-Polar with L=32 and CRC=16+3 with final selection from 8 list.
Observation 4 CA-Polar with L=8 and CRC=16+3 performs better than CA-Polar with L=8 and CRC=16+5.
Observation 5 For small K, CA-Polar with L=32 and CRC=16+3 with final selection from 8 list performs better than PC-Polar with L=32 with 0.1-0.3 dB depending on rate and K.
Observation 6 For large K, PC-Polar with L=32 performs better than CA-Polar with L=32 and CRC=16+3 with final selection from 8 list with 0.1-0.2 dB depending on rate and K.
Observation 7 The tipping point between CA-Polar with L=32 and CRC=16+3 with final selection from 8 list and PC-Polar with L=32 is around K=80, where the two performs roughly the same.

False Alarm Rate
[bookmark: _GoBack]False Alarm Rate, FAR, is calculated as ratio of CRC passing code blocks when the input is random Gaussian noise. The false alarm rate is shown in Figure 11 and Figure 12Figure 6 for 8 and 16 bit CRC bits, respectively. A Ttypical examples for K=64 and K=200 information bits and all code rates areis shown in Figure 11Figure 6 and Figure 12 (the CRC 16 and 16+3 bit curves for K=200 has larger variance due to a limited number of simulation runs). 
The simulated false alarm rate matches well with the expected value for 8 and 16 bit CRC length. Since the input to the decoder is random Gaussian noise, the false alarm rate is determined simply by the number of CRC bits Ld used for error detection:
FAR = .
Hence: 
· when Ld =8 CRC bits are used for error detection, FAR = 2-8 = 3.9×10-3;
· when Ld =16 CRC bits are used for error detection, FAR = 2-16 = 1.5×10-5;
[image: ]
[bookmark: _Ref474827723][bookmark: _Ref474827730]Figure 11. False alarm rate for K=64	
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[bookmark: _Ref474827753]Figure 12. False alarm rate for K=200

Observation 8 False Alarm Rate, FAR, is equal for PC-Polar and CA-Polar for the same effective size of error-detecting CRC.

Based on the above discussion, we propose that CA-Polar is adopted as the eMBB control channel coding scheme.

Adopt CA-Polar for the eMBB downlink and uplink control information.
Adopt CRC length of 16+3 bits for the CA-Polar.

Implementation complexity
The PC-Polar code construction requires that each bit is assigned to puncture/shortened bit, parity check bit, Information bit or a frozen bit. In [4], this is proposed to be handled with four different thresholds based on either Z values and row weights. With these four thresholds each bit can be decided individually. For each supported combination of K and M, the four threshold values must be pre-calculated and stored. In the encoding, the parity check shift register must be updated with each code block bit and when a bit is assigned to a parity check bit read out the value and insert in the input to the encoder. The decoder must handle the parity check shift register for each list as well. The CRC bits are calculated and added to the information bits before encoding and evaluated after decoding. 
For CA-Polar code construction, the CRC bits will be view as information bits in the code construction. The result is that each bit must be assigned as punctured/shortened, frozen or information bit. The CRC bits are calculated and added to the information bits before encoding and used after the decoding for selecting best list. Using similar approach as in [4] with thresholds, the CA-Polar will only require a single threshold for each combination of K and M. The threshold implementation is simpler than the equivalent implementation for PC-Polar. The decoder does not need to keep track of anything else but frozen and information bits. Punctured/shortened bits can be handled as frozen bits during decoding. 
Multi-bit decoding is simpler in CA-Polar than PC-Polar as there is no parity check state information to keep track of within and between groups of bits.
Latency between CA-Polar and PC Polar will be similar, but CA-Polar might be smaller and with less power consumption.

Observation 9 CA-Polar has lower implementation complexity than PC-Polar.

Conclusions
In this contribution we made the following observations:
Observation 1 Performance of CA-Polar is generally better than PC-Polar.  CA-Polar requires lower Es/N0 than PC-Polar for reaching BLER=0.01 or 0.001.
Observation 2 CA-Polar with L=32 and CRC=16+3 with final selection from 8 list performs better than CA-Polar with L=8 and CRC 16+3 bits.
Observation 3 CA-Polar with L=32 and CRC=16+5 performs better than CA-Polar with L=32 and CRC=16+3 with final selection from 8 list.
Observation 4 CA-Polar with L=8 and CRC=16+3 performs better than CA-Polar with L=8 and CRC=16+5.
Observation 5 For small K, CA-Polar with L=32 and CRC=16+3 with final selection from 8 list performs better than PC-Polar with L=32 with 0.1-0.3 dB depending on rate and K.
Observation 6 For large K, PC-Polar with L=32 performs better than CA-Polar with L=32 and CRC=16+3 with final selection from 8 list with 0.1-0.2 dB depending on rate and K.
Observation 7 The tipping point between CA-Polar with L=32 and CRC=16+3 with final selection from 8 list and PC-Polar with L=32 is around K=80, where the two performs roughly the same.
Observation 8 False Alarm Rate, FAR, is equal for PC-Polar and CA-Polar for the same effective size of error-detecting CRC.

Based on the above discussion, we propose that CA-Polar is adopted as channel coding scheme for the eMBB control information.

1. Adopt CA-Polar for the eMBB downlink and uplink control information.
1. Adopt CRC length of 16+3 bits for the CA-Polar.

[bookmark: _In-sequence_SDU_delivery]References
[bookmark: _Ref473550504]R1-1611254, “Details of the Polar code design”, Huawei, HiSilicon, Reno, USA, November 10th – 14th, 2016
[bookmark: _Ref473797102]R1-167533, “Examination of NR Coding Candidate for Low-Rate Applications”, MediaTek, Gothenburg, Sweden, August 22nd-26th, 2016 
[bookmark: _Ref473798114]R1-168298, “WF on Control Channel Coding”, Nokia, ASB, LG, CATT, MediaTek, Gothenburg, Sweden, August 22nd-26th, 2016 
[bookmark: _Ref473811766]R1-1700090, “On latency, power consumption and implementation complexity for polar codes”, Huawei, HiSilicon, Spokane, USA, January 16th-20th, 2017
[bookmark: _Ref474159650]Philip Koopman, “CRC Hamming Weight Data, https://users.ece.cmu.edu/~koopman/crc/hw_data.html#crc3.
[bookmark: _Ref474159919]ETSI TS 136 212 v12.2.0 (2014-10) LTE Release 12, http://www.etsi.org/deliver/etsi_ts/136200_136299/136212/12.02.00_60/ts_136212v120200p.pdf

[bookmark: _Ref473803713]

Appendix 
In this section all simulation results are shown.
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