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1 [bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Introduction
URLLC (Ultra-Reliable and Low Latency Communications) is one of the NR scenarios. Its channel coding scheme should provide a reliable transmission with short latency, say, one packet round trip within 1 ms. In this contribution, we will evaluate and analyze the different channel coding schemes for the URLLC scenario. 
2 Discussion 
2.1 URLLC Requirements 
Some major requirements of URLLC can be found in TR38.913 [1] and TR22.862 [2]: 
· Reliability: achieve a BLER of 10-5 with or without HARQ support during 1-ms period
· Latency: 0.5 ms for uplink transmission and 0.5 ms for downlink one  
After the requirements are mapped on the channel coding scheme, we have: 
· Small packet: information block is shorter than 200 Bytes 
· Low code rates: code rate is lower than 1/3  
· Error floor: no error floor higher than BLER of 10-5 
· Self-contained: 1-OFDM duration decoding latency 
2.2 Candidates 
The following channel code candidates are considered for the URLLC scenario.  
Polar code
PC (parity-check)-based polar code in [3] provides a good and stable performance and 1-bit fine granularity. In [28], SCL-List-16 decoder is implemented with reasonable die area and decoding latency (<16us). 
Besides, an IR (incremental-redundancy)-HARQ scheme is proposed in [29] to improve the coding gain attributed to time diversity and polarization diversity.
Besides, PC-based polar code is proposed and evaluated as NR control channel candidate in [30] so that the same hardware decoding implementation can be shared between URLLC data and control channels [28]. 
LTE-TBCC 
LTE-TBCC has been used as channel coding scheme of the control channel in LTE system. Its Viterbi decoder usually exhibits a good performance when the information block is shorter than 400 bits. As a trellis-based code, it can easily establish an IR-HARQ scheme. 
Due to tail-biting, its initial state among 64 candidates is unknown to its decoder. Therefore, prior to decoding it, an extra operation and complexity is required to identify one or several initial states from which a Viterbi decoding algorithm is started. In this sense, its final performance relies on how accurately the initial states are identified and how many initial states are kept. In fact, this initial-state-search stage takes more complexity and latency (3x) than the ensuing Viterbi decoder.
LVA (List Viterbi decoder) is proposed in [24] to further improve the BLER performance. However, LVA decoder has to use the CRC bits for the path selection (error correction), which would reduce its error detection capability and increase the false-alarm rates. 
LTE-Turbo
According to [4], LTE-Turbo MLM (maximum-log-map) decoder exhibits a good performance when an information length is longer than 1000 bits and a code rate is close to its mother code rate of 1/3. It is well known that the performance of LTE-Turbo code becomes poorer when an information block length is less than 1000 bits. There’s no coding gain for LTE-Turbo code when its code rates are lower than 1/3, because it has to employ a repetition to reach lower code rates. Unfortunately, small block length (<1000-bit) and low code rates (<1/3) are typical URLLC scenarios. Besides, because LTE Turbo code is sensitive to the burst error (LTE-Turbo was designed for data channel with a targeted BLER of 10-2), an error floor on its performance is inevitable.   
It is true that LTE-Turbo code support an IR-HARQ scheme efficiently. 
LDPC 
Many LDPC code schemes were proposed in the previous meetings [5] and [6]. According to [25], none of LDPC decoders, LOMS (layered-offset-min-sum), LNMS (layered-normalized-min-sum) and Flooding-BP (belief-propagation), exhibits a good performance on small blocks (<400-bit) and low code rates (<1/3) [7]. Some sophisticated decoding algorithms such as OSD (ordered-stochastic-decoder) [21] and AdjMS (adjusted-min-sum) [22] are proposed to address the issue of poor performance at small blocks and low code rates. However, [31] gives an analysis and evaluation in details to demonstrate its high complexity and unfeasibility. Error-floor can be overcome by optimization of specific parity-check matrix (PCM). In [23], an IR-HARQ scheme can be established. 
Although LDPC code is famous for its short decoding latency, it may not be true for very low code rates, because low-code-rate cases demand more iterations to converge and a much larger number of circulant computations to reach decent performance.
Enhanced Turbo
Some enhanced-Turbo codes were proposed in [8][20] and some simulation results can be found in [9]. Two methods to enhance the performance are summarized in [32]: 
· To change mother code rate of LTE turbo code to R-1/5 by two additional parity bits to the constituent code [8].
· To jointly optimize the interleaver and puncturing patterns [20] 
Although a Rate-1/5 Turbo code helps improve the performance on lower code rates than 1/3, the issue due to the repetition will appear when the code rate is lower than 1/5. Some drawbacks of a jointly optimized interleaver and puncturing patterns are more vulnerable to the burst error and may lead to trade-off on the granularity in [32].     
Enhanced TBCC
There are three major enhancements to LTE TBCC in [10]. Among them, we choose that: 64-states/256-states and code-rate-1/5. For the similar reason as LTE-TBCC, only Viterbi decoder is considered. 
2.3 Analysis and Evaluation 
Performance
Performance comparison among these candidates of URLLC scenario follows the simulation assumption agreed in [11].

Table 1	URLLC Simulation Assumptions
	Channel
	AWGN

	Modulation 
	QPSK

	Coding Scheme
	TBCC
	TBCC
	LDPC [12]
	Polar[3]
	Turbo 
	enhanced Turbo[8]
	enhanced TBCC[10]
	enhanced TBCC[10]

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

	Decoding algorithm
	List-32 Viterbi
64state
CRC8 
	Viterbi
64state
NOCRC

	Layered offset Min-sum (20)
NOCRC
	List-32/
List-16
NOCRC 
	Max-log-MAP (8), scaling factor = 0.75
	Max-log-MAP (8), scaling factor = 0.75
	List-32 Viterbi 
64state/
256state
CRC8 
	Viterbi
64state
NOCRC

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



Figure 1 shows the required SNR values in term of information blocks for BLER of 10-3 and 10-4 respectively. 
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(a) Code rate = 1/3 BLER=1e-4
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(b) Code rate = 1/6 BLER=1e-4
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(c) Code rate = 1/12 BLER=1e-4

[bookmark: _Ref465715764]Figure 1   Required SNR to achieve BLER=1e-3 and 1e-4 of candidate channel coding schemes.
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. In addition, the Polar codes can obtain roughly 0.4 dB gain compared to enhanced Turbo. 

Observation-1:  Polar outperforms other codes for all block lengths and code rates of URLLC.
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[bookmark: _Ref465716740]Figure 2	Fine granularity of Polar codes for info block from 20 to 200
Figure 2 shows the required SNR to achieve BLER=1e-4 for Polar codes as a function of the information block length. We can see that Polar codes have stable performance over the block length range with fine granularity.
Observation-2 Polar codes have stable performance over the entire block length range with fine granularity. 
Error Floor
It is well known and observed that both LDPC codes and Turbo codes have error floor even around BLER of 10-5 in [15] and [16]. It is proven in [13] and confirmed by the simulation in Figure 3 that Polar code has no error floor. Note that 108 frames are simulated in the simulation.  
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[bookmark: _Ref465846724]Figure 3  BLER with Info. block length=20, coding rate 1/12,  QPSK
Observation-3: It is theoretically proven and verified by simulations that polar codes has no error floor.
Latency
In order to meet the stringent latency requirement, URLLC scenario will employ mini-slot frame structure showed in Figure 4 [17]. One subframe is divided into many mini-slots (TDD) to transmit the URLLC blocks. It is obviously that latency and reliability is a trade-off. Generally, it will be hard to reach the latency requirement when mini-slot length is too long, even though the number of HARQ (re)transmissions will be limited. If the mini-slot length is cut, then HARQ RTT (Round Trip Time) to mini-slot ratio may increase [26]. 
	
[image: ]
[bookmark: _Ref465847591]Figure 4  Subframe structure
The total latency requirement of URLLC transmission is related to the number of the HARQ (re)transmissions and the duration of a mini-slot that haven’t been determined. For very high subcarrier spacing with a correspondingly short OFDM symbol duration, the OFDM symbol duration may be so short that it is not possible decoding and other receiver processing during 1 OFDM symbol [23]. In addition, [27] proposed that the URLLC frame structure is based on 2/4-symbol based mini-slot. For a channel decoding implementation, we assume a 2x OFDM duration as the target. With the largest subcarrier space of 120KHz, we set up a 16-us latency budget (2 x 8us OFDM durations) as worst case for channel decoding implementation. To address such a short latency, a set of optimization techniques are implemented for polar SCL-16 decoder [19] to reduce its decoding latency less than 16-us for the worst case. The most important technique is proposed in [1] to allow an encoder to divide one codeword into equal-sized segments and then chain them by a cross-parity-check function. Therefore, a decoder can process these segments simultaneously. 
Observation-4: The decoding latency of a PC-SCL List 16 decoder reaches the decoding latency target in the case of the lowest code rate and the longest block length in the URLLC channel.
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.
Observation-2 Polar codes have stable performance over the entire block length range with fine granularity. 
Observation-3: It is theoretically proven and verified by simulations that polar codes has no error floor.
Observation-4: The decoding latency of a PC-SCL List 16 decoder reaches the decoding latency target in the case of the lowest code rate and the longest block length in the URLLC channel.
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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Appendix
Additional BLER results with different block length are given as follows.
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