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[bookmark: _Ref129681862][bookmark: _Ref124589705]1	Introduction
It was agreed in RAN1 NR Ad-Hoc meeting [1] that LDPC codes are adopted for eMBB data channel and polar codes are adopted for eMBB control channel (except for very small block lengths). 
Although much progress has been made for the eMBB use case, the channel coding schemes for the URLLC use case have not yet been agreed. In this contribution, we present our views on channel codes for the URLLC use case, supported with our simulation results of TBCC, turbo code, LDPC code, and polar code. 
2	Discussion
To facilitate a unified performance evaluation, the simulation assumptions for channel coding for URLLC and mMTC use cases have been agreed [2] (see Appendix A for details). Our simulations are based on these assumptions and our performance evaluation is in terms of the Block Error Rate (BLER) vs. SNR.
2.1 	Candidate Channel Codes
In this section, we introduce the channel codes used in our simulation evaluations. 
Polar code: We use the PC polar code, described in [3]. Here, the SCL decoding algorithm with list size 8 is applied. The puncturing scheme described in [4] is used.
LDPC code: We use separate LDPC codes for different information block lengths. For information block lengths of 40, 200 and 600 bits, we use the parity check matrices from [5]. For information block length of 1000 bits, we use the parity check matrix from [6]. The sum-product decoding algorithm with a maximum number of iterations of 20 is applied.
Turbo code: We use the turbo code used in LTE systems [7]. The scaled max-log-MAP decoding algorithm with a maximum number of iterations of 8 is used. 
TBCC code: We use the TBCC code used in LTE systems [7]. The list-1 Viterbi decoding algorithm is used. 
2.2  Performance Comparison of Channel Codes
We simulated the QPSK modulation, information block lengths of 40, 200, 600 and 1000 bits, and coding rates of 1/12, 1/6 and 1/3, as a subset in Table 1.
[bookmark: _Ref456888912]In LTE, the turbo implementation of code rates lower than 1/3 is achieved by repeating the bits from a circular buffer. For information block lengths 40, 200 and 600 bits, the parity check matrices of rates 1/3 and 1/6 LDPC codes used in the simulations are given in [5]. The rate 1/12 LDPC code is achieved by repeating the coded block generated from rate 1/6 LDPC code. For information block length of 1000 bits, the parity check matrix of rate 1/3 LDPC code used in the simulations are given in [6]. The rates 1/6 and 1/12 LDPC codes are achieved by repeating the coded block generated from rate 1/3 LDPC code. For polar code, we use the construction independent of design SNR [3]. 
Figure 1 provides the BLER performance comparison of information block length 40 bits. It is seen from the figure that TBCC and polar code have better performance than Turbo code and LDPC code. More specifically, TBCC slightly outperforms polar code at rate 1/3, while polar code outperforms TBCC at rates 1/6 and 1/12. 
Observation 1: For information block length of 40 bits, TBCC and polar code have better performance than Turbo code and LDPC code. TBCC slightly outperforms polar code at rate 1/3, while polar code outperforms TBCC at rates 1/6 and 1/12.
Figure 2 provides the BLER performance comparison of information block length 200 bits. It is seen from the figure that Turbo code slightly outperforms polar code at rate 1/3, while polar code slightly outperforms Turbo code and LDPC code at rates 1/6 and 1/12. TBCC has the worst performance at all rates.
Observation 2: For information block length of 200 bits, Turbo code slightly outperforms polar code at rate 1/3, while polar code slightly outperforms Turbo code and LPDC code at rates 1/6 and 1/12. TBCC has the worst performance.
Figure 3 provides the BLER performance comparison of information block length 600 bits. It is seen from the figure that Turbo code slightly outperforms polar code at rate 1/3, while polar code slightly outperforms Turbo code at rate 1/12. They have similar performance at rate 1/6. TBCC has the worst performance at all rates. 
Observation 3: For information block length of 600 bits, Turbo code slightly outperforms polar code at rate 1/3, while polar code slightly outperforms Turbo code at rate 1/12. They have similar performance at rate 1/6. TBCC has the worst performance.
Figure 4 provides the BLER performance comparison of information block length 1000 bits. It is seen from the figure that Turbo code, polar code and LDPC code have similar performance at rates 1/3 and 1/6, while polar code has slightly better performance at rate 1/12. TBCC has the worst performance at all rates. 
Observation 4: For information block length of 1000 bits, Turbo code, polar code and LDPC code have similar performance at rates 1/3 and 1/6, while polar code has slightly better performance at rate 1/12. TBCC has the worst performance.
For convenience, we summarize the minimum SNR (in dB) required for TBCC, turbo, LDPC, and polar codes to achieve the target BLER levels, shown in Appendix B. 
2.3  Other Considerations
It is known that the BLER performance of channel codes at some level depends on the decoding algorithms used. The more advanced decoding algorithms result in better performance, at the cost of more complexity. 
In our simulations, we used decoding algorithms with similar complexity for the candidate codes. From our observations above, we could conclude that at medium to large information block lengths for URLLC use case, TBCC performs much worse than the other three codes. Hence, it is proposed to deprioritize TBCC for URLLC channel codes.
Proposal 1: Deprioritize TBCC for URLLC channel codes.
It was agreed that LDPC code and polar code will be used for DL data channel and UL control channel, respectively for the eMBB use case. From a device implementation simplicity point of view, it would be better to support as few channel codes as possible. Hence, we may want to consider the possibility of selecting between LDPC and polar codes for URLLC.
Proposal 2: Taking into account device implementation simplicity, consider limiting the channel codes for consideration to only LDPC and polar codes for URLLC.
One key requirement for URLLC is its low latency. It is specified in [8] that the target for user plane latency should be 0.5ms for UL, and 0.5ms for DL. Hence, the channel decoding latency should be considered in the channel code selection. 
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[bookmark: _Ref471466817]Figure 1: BLER performance of information block length 40 bits and QPSK modulation
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[bookmark: _Ref471467303]Figure 2: BLER performance of information block length 200 bits and QPSK modulation
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[bookmark: _Ref471468389]Figure 3: BLER performance of information block length 600 bits and QPSK modulation
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[bookmark: _Ref471468557]Figure 4: BLER performance of information block length 1000 bits and QPSK modulation

3	Conclusion
In this contribution, we evaluated the BLER performance of candidate channel codes for URLLC. Our observations are shown below: 
Observation 1: For information block length of 40 bits, TBCC and polar code have better performance than Turbo code and LDPC code. TBCC slightly outperforms polar code at rate 1/3, while polar code outperforms TBCC at rates 1/6 and 1/12.
Observation 2: For information block length of 200 bits, Turbo code slightly outperforms polar code at rate 1/3, while polar code slightly outperforms Turbo code and LPDC code at rates 1/6 and 1/12. TBCC has the worst performance.
Observation 3: For information block length of 600 bits, Turbo code slightly outperforms polar code at rate 1/3, while polar code slightly outperforms Turbo code at rate 1/12. They have similar performance at rate 1/6. TBCC has the worst performance.
Observation 4: For information block length of 1000 bits, Turbo code, polar code and LDPC code have similar performance at rates 1/3 and 1/6, while polar code has slightly better performance at rate 1/12. TBCC has the worst performance.
Our proposals are shown below:
Proposal 1: Deprioritize TBCC for URLLC channel codes.
Proposal 2: Taking into account device implementation simplicity, consider limiting the channel codes for consideration to only LDPC and polar codes for URLLC.
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Appendix A: Evaluation Assumptions for Channel Coding for URLLC
[bookmark: _Ref450834496]Table 1: Simulation assumptions for URLLC [2]
	Channel
	AWGN

	Modulation
	QPSK, 16QAM

	Coding scheme
	Convolutional
	LDPC
	Polar
	Turbo

	Code rate
	1/12, 1/6, 1/3

	Decoding algorithm
	List-X Viterbi
	min-sum
	List-Y 
	Max-log-MAP 

	Info. block length (bits w/o CRC)
	20, 40, 200, 600, 1000 


	
	
	
	
	
	
	
	
	


Appendix B: The Minimum SNR Required to Achieve the Target BLER
In Table 2, the numbers in green indicate better performance, and the numbers in red indicate worse performance. 

[bookmark: _Ref450830883]Table 2: The minimum SNR required for TBCC, turbo, LDPC, and polar codes to achieve the target BLER (unit: dB)
	Information block length (bits)
	Code Rate
	BLER
	QPSK

	
	
	
	TBCC
	Turbo
	LDPC
	Polar

	40
	1/3
	1e-3
	1.36
	1.93
	2.50
	1.43

	
	
	1e-4
	2.12
	2.63
	3.31
	2.13

	
	1/6
	1e-3
	-1.65
	-1.17
	-0.62
	-1.90

	
	
	1e-4
	-0.91
	-0.50
	0.14
	-1.17

	
	1/12
	1e-3
	-4.64
	-4.22
	-3.63
	-5.07

	
	
	1e-4
	-3.86
	-3.49
	-2.86
	-4.31

	200
	1/3
	1e-3
	1.90
	0.21
	0.72
	0.40

	
	
	1e-4
	2.58
	0.61
	1.18
	0.81

	
	1/6
	1e-3
	-1.12
	-2.82
	-2.76
	-2.99

	
	
	1e-4
	-0.45
	-2.44
	-2.32
	-2.66

	
	1/12
	1e-3
	-4.13
	-5.84
	-5.75
	-6.19

	
	
	1e-4
	-3.40
	-5.46
	-5.30
	-5.73

	600
	1/3
	1e-3
	2.23
	-0.54
	0.17
	-0.16

	
	
	1e-4
	2.86
	-0.29
	0.52
	0.26

	
	1/6
	1e-3
	-0.78
	-3.54
	-3.32
	-3.55

	
	
	1e-4
	-0.10
	-3.29
	-2.99
	-3.11

	
	1/12
	1e-3
	-3.78
	-6.54
	-6.35
	-6.73

	
	
	1e-4
	-3.11
	-6.27
	-6.04
	-6.26

	1000
	1/3
	1e-3
	2.41
	-0.53
	0.20
	-0.25

	
	
	1e-4
	3.09
	-0.24
	0.61
	0.14

	
	1/6
	1e-3
	-0.61
	-3.54
	-3.31
	-3.69

	
	
	1e-4
	0.09
	-3.26
	-2.98
	-3.28

	
	1/12
	1e-3
	-3.64
	-6.53
	-5.65
	-6.95

	
	
	1e-4
	-2.99
	-6.23
	-5.43
	-6.48
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