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1 [bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Introduction
In RAN1 #85, we investigated the performance of channel coding schemes for both mMTC and URLLC scenarios [4]. In this contribution, we mainly focus on the URLLC scenario, which has much different KPI requirements compared to mMTC. Then, requirements for the coding schemes are analyzed from the KPIs of the URLLC scenario. 
2 Discussion 
2.1 KPI requirements for URLLC 
Some major KPIs of URLLC are indicated in TR38.913[1] and TR22.862[2]. We summarize them as follows:
[bookmark: _Ref447201677]Table 1: KPIs of URLLC
	KPI
	Descriptions

	User plane latency
	Targeted user plane latency should be 0.5ms for UL, and 0.5ms for DL. Furthermore, the L1 processing latency might be reduced in the near future to support the next generation access technologies. 

	Reliability
	Targeted reliability should be 1-10-5 within 1ms duration. It is expected that even higher reliability of  even 1-10-9 will be needed in the near future. 



These KPIs of URLLC are mapped onto the requirements of 5G NR channel coding technologies: 
· Channel code has no error floor or its error floor is lower than BLER of 10-5; 
· L1 processing latency per direction shall be much shorter than 0.5ms. 

2.2 Candidate Codes 
Polar 
The introduction of the Polar code can be found in [3] and its simulation results in [4]. CA-SCL Polar decoder can reach very good performance for any code length and code rate. Its performance can be further improved by increasing the list size. 
LTE-TBCC 
LTE-TBCC is the channel code for the control channel of LTE system. It has quite good performance for small block length less than 400 bits. A Viterbi decoder is usually used to decode the TBCC code. In order to further improve the BLER performance, List Viterbi decoder (LVA) can be used. The performance improvement depends on three factors: the reliability to identify the initial state on the first stage, the number of the initial states searched, and the list size (L) in every stage. 
LTE-Turbo
The turbo code to be investigated is LTE Turbo Code with a mother code rate of 1/3. Based on [4], it exhibits a good performance when block length is longer than 400 bits and code rate larger than 1/3. However, its performance starts to degrade when the block length becomes shorter and the performance saturates when the code rate become less than 1/3. Unfortunately, small block length and low code rate is a typical transmission scenario in URLLC application. Moreover, Turbo decoder, for example MLM (maximum-log-map), requires more computational complexity than TBCC Viterbi decoder, LDPC Min-sum decoder, and Polar list decoder with list size 32. 
LDPC 
In RAN1#85 meeting, various LDPC code schemes were proposed, for example 802.11-like LDPC [5] and ME-LDPC [6]. It is well known that LDPC codes perform relatively better at long block length and high code rate than at short block length and low code rate. In particular, with LDPC decoder such as min-sum decoder, a very-low-code-rate block usually demands more iterations to converge and a much larger number of circulant computations to reach decent performance. The long delay cannot suit URLLC scenarios that requires small block length and low code rate. In [7] it was shown that LDPC codes perform well when the block length is more than 400 bits and poorly when it becomes shorter.
To meet the requirements of URLLC, the following channel codes will be considered:  Turbo Code with max-log-map decoder, TBCC with LVA decoder, Polar with large list-size decoder, and LDPC with min-sum decoder.
2.3 Analysis
2.3.1 Performance
We conduct the simulations for URLLC scenarios based on the simulation assumption proposed in [8]. For LDPC codes, the parity check matrix provided in [5] is employed to implement the simulations by which the block length of 20 and 40 are not supported. For Polar codes, the design in [3] is adopted to support the required code rates and block lengths.
Table 2. URLLC simulation assumptions
	Channel
	AWGN

	Modulation 
	QPSK

	Coding Scheme
	TBCC
	LDPC
	Polar
	Turbo

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

	Decoding algorithm
	List-32 Viterbi
	Min-sum (20)
	List-32 
	Max-log-MAP (8), scaling factor = 0.75

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



The following abbreviations will be used in the following figures: P for Polar code, T for Turbo code, TB for TBCC and L for LDPC. CRC bits are not added for the LDPC codes in the simulations.
For URLLC scenario, we focus on the performance with BLER of 10-3 and 10-4, which are shown in Fig.1. For very short block lengths of 20 and 40, Polar codes are superior to other channel coding schemes at all code rates. The performance of TBCC is competitive compared to LTE Turbo at these block lengths however there is a loss of at least 1dB compared to Polar. It should be noted that the computational complexity of TBCC is much higher than Polar [9]. And with the same computational complexity, the performance of Polar codes is far better than TBCC, as already shown in [4]. 
The performance of TBCC starts to degrade and Turbo starts to improve when the block length is more than 200 bits. The performance of LDPC codes is observed for block length larger than 200 and it is very close to Turbo. When the block length reaches 600 and 1000 bits, TBCC has worse performance than Turbo, LDPC and Polar codes.  
[image: ]
 (a) Code rate = 1/3
[image: ]
(b) Code rate = 1/6
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(c) Code rate = 1/12
Fig1. Required SNR to achieve BLER=10^-3 and 10^-4 of candidate channel coding schemes, with 16-bit CRC.

The performance of Polar codes becomes better as the code rate drops to 1/12 and a 0.8dB gain can be observed compared to Turbo and LDPC for block length larger than 200 bits.
From the BLER performance perspective, Polar Codes can be considered as the candidate channel coding scheme to support all the block lengths and code rates for URLLC scenario.
Observation-1 Polar outperforms other codes for all block lengths and code rates of URLLC.
2.3.2 Reliability 
The URLLC scenario requires no error floor or very low error floor. It is well known that both LDPC codes and Turbo codes have error floor even around BLER of 10-5[12][13]. If the targeted BLER becomes 10-6 or even lower in future use cases, most of the error floors would be easily observed and become inevitable even with low code rate. In general, Polar code [10] has no error floor, as shown in Fig.10 of [4].
Observation-2 Polar codes performance has no error floor, while LDPC codes and Turbo codes suffer from error floor problem even with low code rate.
2.3.3 Latency analysis 
The latency is another important KPI for URLLC. For mother code with low code rate, a set of optimization can be implemented for Polar decoder [11] to reduce the delay. On the contrary, there is no obvious way to reduce the latency of TBCC and Turbo codes without performance loss. For LDPC codes, the required iteration number and computation complexity for convergence in short block length cases are not affordable for URLLC scenario.
3  Conclusion
In this contribution, we analyzed the channel coding candidates for URLLC in terms of performance, error floor issue and latency. We have the following observations: 
Observation-1: Polar outperforms other codes for all block lengths and code rates of URLLC.
[bookmark: _GoBack]Observation-2: Polar codes performance has no error floor, while LDPC codes and Turbo codes suffer from error floor problem even with low code rate.
From the above observations, we conclude that Polar codes can meet all the KPI requirements of URLLC scenario with better BLER performance.
Proposal 1: To adopt polar codes for the NR URLLC scenario.
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