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Reliability requirement, latency requirement, and diverse application scenarios have been proposed and discussed for URLLC (Ultra-Reliable and Low Latency Communications) in several sessions. As a result, the URLLC system design and requirements are different from eMBB ones. For channel coding, a typical URLLC application scenario requires a scheme with a more reliable transmission and/or a shorter latency [1][2]. As the channel coding design (i.e. polar code and LDPC code) for NR eMBB approaches to a completion stage, in this contribution we discuss channel coding to meet the requirements of the URLLC scenarios.
Discussion
Finalizing NR Channel Coding
A large amount of  data (simulations, comparisons, etc.) have been accumulated throughout the channel coding design for NR eMBB to help unveil the properties and advantages of polar code and LDPC code. Below is a summary of the channel coding for eMBB till now:
· eMBB Control channels adopt Polar codes mostly for its higher reliability and lower decoding latency for small packets
· DL design: distributed CRC, information block length up to ~200 bits(the maximum DCI length depends on the DL control channel design)
· UL Design: PC and CA, information block length from 12 bits to ~500 bits or longer(the maximum UCI length depends on the UL control channel design)
· Target BLER at 1e-3~1e-4
· eMBB Data channels adopt LDPC codes mostly for its peak-throughput enhancement and lower latency for large packets
· Two base-graphs (BG1 and BG2)
· Selection of a BG is based on code rate and block length
· Target BLER at 1e-1~1e-2
As companies have started to implement the channel codes for NR eMBB, we have to consider the following factors for URLLC in order to speed up URLLC standardization and implementation: 
· At base-station side, a Release-15-compatible implementation should support URLLC traffic. 
· At UE side, a Release-15-compatible implementation should support URLLC traffic, though UE categories are currently under discussion
· At both UE and base-station sides, it is preferred to maximize reuse in the implementation of eMBB and URLLC. 
· At both sides, a large-scale update and/or change of the channel coding scheme of eMBB to support URLLC should be avoided. 
Observation-1: To optimize NR deployments and efficiently design Rel-15 products, specification of channel coding for URLLC is urgent.

Diverse URLLC Requirements
A typical URLLC scenario has a general target described in [1]: 
· Information packets typical length around 32 bytes
· User plane latency no longer than 0.5ms for UL and 0.5ms for DL
· Error-floor-free BLER as low as 10-5 with or without HARQ support during 1-ms period
In [2], URLLC scenarios are further detailed into three user-case families, e.g. “higher reliability and lower latency”, “higher reliability, higher availability and lower latency”, and “very low latency” as in Table 1.  
Table 1	Summary of URLLC use cases from [2]
	Use case family
	Use case
	Payload size
	Latency
	Data rate
	Reliability
	Jitter
	Deployment

	Higher reliability and lower latency
	Industrial Factory Automation
	Typical small 
(<50 bytes).
	The cycle time ranges between 2 and 20 ms setting stringent latency constraints on telegram forwarding (from <1 ms to10 ms)
	　
	BLER<10-9
	10-100us
	a controller interacts with large number of sensors and actuators (e.g., up to 300) integrated in a manufacturing unit (e.g., 10 m x 10 m x 3 m). The resulting sensor/actuator density is often very high (e.g., up to 1/m3). 

	
	Industrial Process Automation
	typically <100 bytes
	100ms~1s
	　
	BLER<10-5
	　
	 a large number of sensors (~10,000) that are distributed over the plant forward measurement data to process controllers on a periodic or event-driven base

	
	Ultra-reliable communications (Substation protection and control)
	　
	1 ms end to end 
	80 samples/cycle for protection application, 256 samples/cycle (12.5Mbps) for quality analysis and recording
	BLER<10-5
	　
	Merging Units (MUs) perform periodic measurements of power system components, and send sampled measurement data to a Protection Relay. When the Protection Relay detects a fault, it sends signals to trip circuit breakers

	
	Ultra-reliable communications (Smart grid system)
	200~1521 bytes
	8 ms between any two communicating points
	　
	BLER<1-99.999%
	　
	dense urban hundreds of UEs per km2
urban around 15 UEs per km2
populated rural max 1 UE per km2

	
	Speech, audio and video in VR and AR
	　
	10 ms, including encoding and decoding are derived from human perception
	　
	　
	　
	　

	
	Unmanned Aerial Vehicles (UAVs)
	　
	5 ms one-way latency
	　
	　
	　
	　

	Higher reliability, higher availability and lower latency
	Industrial control
	　
	~1 ms when data rate is relatively low
75 ms for data rate 20Mbps
	low when latency is very low, 10s of Mbps per user for video application in a dense environment
	　
	　
	　

	
	High reliability, high availability, high mobility
	　
	　
	　
	BLER<1-99.999%
	　
	pre-hospital: medical equipment and the machines in the ambulance. route to the hospital is known or can be predicted

	Very low latency
	Tactile internet
	　
	1ms one-way delay
	　
	very high
	　
	　



For example, the reliability requirement is below BLER of 10-9 in some URLLC scenarios but with the correspondent latency longer than 1ms (up to 20ms). The payload sizes vary from 20 bits to 1000 bits or longer. 
Observation-2: The URLLC scenario has more diverse requirements on latency and reliability: 
· Some URLLC applications require high reliable transmission but allow relatively long latency;
· Some URLLC applications require less reliable transmission but demands very low latency. 

Channel Coding for URLLC
Given the different requirements for URLLC respect to eMBB scenario, the selection of the channel coding scheme for URLLC data channel cannot be based solely on what selected for eMBB and requires a thorough analysis. 
LDPC Code for URLLC
The boundary between the two eMBB LDPC base graphs (BG1 and BG2) is illustrated in Figure 1.
[bookmark: _Ref497828449][image: ]
Figure 1	Agreed allocation between BG2 and BG1
BG1 is designed for high-throughput transmissions of large payload sizes and high code rates; whereas BG2 is for modest throughput and code rates in eMBB data channels. 
BG1 was not optimized for small payload sizes and low code rates. A practical implementation of a BG1 decoder optimizes its architecture for efficient high-throughput decoding. These optimizations may become inefficient and power-thirsty for small payload sizes and low code rates of URLLC. 
Observation-3: The eMBB LDPC BG1 does not suit the URLLC scenarios. 
Although typically covering modest payload sizes and code rates, BG2 has some known reliability issues for URLLC scenarios.  
Error-floor: an error floor above BLER of 10-5 of LDPC BG2 codes has been reported in [5] and [6]. By setting code length to 1920 and using 16QAM as typical 4RB allocation unit, the BLER performance as shown in Figure 2 is obtained. It can be observed that an error floor appears in the high reliable zone (BLER target around 1e-5 or lower) at several payload sizes.
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Figure 2 Error floor of LDPC
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Figure 3 Required SNR for LDPC at BLER=1e-2, 1e-4 and 1e-6
Another view of the error floor of LDPC BG2 is shown in Figure 3, where the required SNR points for BLER=1e-2, 1e-4 and 1e-6 are given with code rate 1/3. The gap between required SNR of BLER=1e-2 and 1e-4 is smooth among difference payload size, while it varies dramatically between required SNR of BLER=1e-4 and 1e-6. The reason for this fluctuation is that error floor appears between 1e-4 and 1e-6, which makes the slope of BLER curve more flat, and a higher required SNR than expected is needed. Further results can be found in the appendix.
Observation-4:  The eMBB LDPC BG2 shows error floor around BLER of 10-5.
This observation reduces the span of BG2 for URLLC, because some scenarios request a reliability below 10-5, even 10-9. 
At some payload sizes, performance suddenly degrades (“spikes” in the SNR curves) as can be observed in Figure 2. The occurrence of these spikes increases when the target BLER decreases, especially for BLER smaller than 1e-4 which is of interest fo the URLLC scenario. During the evaluation of LDPC codes for eMBB, it was observed that the curves of required SNR vs. information block length become substantially less smooth as the target BLER decreases for example from 1e-4 to 1e-5. This phenomenon is more severe for small block lengths. Figure 4 is an example for K=70 plus 24-CRC bits where a spike occurs: the gap between polar and LDPC performance widens as the BLER decreases.
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Figure 4 Example of performance when a spike occurs in LDPC BG2 performance. 
Observation-5: There exist payload sizes for which performance of LDPC BG2 degrades substantially.
These reliability issues pose no problem for eMBB scenarios which requires BLER above 10-4 (mostly 1e-2) but are a concern for URLLC. To solve such issues, the base graph and its PCMs should be re-designed, which would take more effort and longer time and it might end up with a more complicated decoder. Also as experienced during the work for eMBB, it is challenging to design an LDPC code that it is efficient and has high reliability while covering payload sizes from few bits to thousands bits.   
Polar Code for URLLC
Polar code of eMBB control channel is designed to cover typical payload sizes up to ~200 bits in downlink and ~500 bits or longer (depends on the UL control channel design) in uplink. Polar code exhibits superior performance and complexity/latency advantages in a typical NR-PDCCH payload sizes and code rates over any known codes. 
Reliability: 
Many simulation results have demonstrated the performance advantage of polar code vs LDPC codes (BG2). For example, with a TDL-C300 fading channel and typical K =200 bit, we compare the two codes as below. More comparison results in fading channel can be found in the appendix.
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Figure 5 Polar code (List8) vs LDPC BG2 (LOMS-20) in Fading channel  
Besides to its superior coding performance on small payload sizes, it is proved and verified that polar code has no error floor [7]. No plateau on polar code curves was observed in any evaluation. Figures 6.a and 6.b show results with fine granularity when the BLER is down to 1e-5 or lower. 
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Figure 6.a Fine granularity performance for Polar code (List8), e.g. M=960, K=[40:8:864], QPSK
[image: ]
Figure 6.b Fine granularity performance for Polar code (List8), e.g. M=1920, K=[384:8:1728], 16QAM
Observation-6:  Polar code has no error floor.
Latency:
A polar code constructor tends to place the information bits on highest indices bit positions. A SC (successive-cancellation)-based polar decoder could skip all the precedent frozen bits to shorten the latency and reduce power consumption. Its decoding latency gets shortened when coding rate becomes lower. By contrast, a LOMS decoding architecture usually results to a similar latency for whatever code rate. Besides, since it is uneasy to switch off a part of the interconnection of a BP (believe-propagation) decoder for a small block and low cod rate. The power consumption of various code rates would remain similar for LDPC decoder to process different code rates. 
The latency ratio between polar and LDPC is shown in Table 2. If the maximum mother code length of polar is limited to be 2048, the superiority of polar over LDPC is more obvious as shown in Table 3.
Table 2	Latency comparison of polar (Nmax=8192) over LDPC
[image: ]

Table 3	Latency comparison of polar (Nmax=2048) over LDPC
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Observation-7: Polar code has reliability and latency advantages over LDPC for small blocks.
Polar HARQ: 
In consideration of polar code for URLLC data channel, HARQ over polar code should be designed. A Polar IR (incremental redundancy)-HARQ scheme was proposed in [8] to make use of low-triangular and recursive polar kernel. Because a short polar code is nested to a longer one, an incremental coded block can be generated for IR soft combining at the decoder side as shown in Figure 7. The coding gain of each re-transmission is attributed to more polarization enhanced by increased code length at decoder side that is able to recursively combine several short code words into a longer one at the input LLR stage. 


Figure 7 Overview of IR-HARQ scheme of polar codes
Because the coded bit reduction (puncturing) is equivalent to reduce a polar kernel, these reduced coded bits can be recovered or extended in retransmissions too. Moreover, a polar code allows an arbitrary number of incremental coded bits in retransmissions, which is an adaptive IR-HARQ.
Observation-8: Polar codes support adaptive IR-HARQ.
As HARQ is one of the important means to achieve an ultra-reliable transmission profiting from diversity and power gain, both CC-HARQ and IR-HARQ methods should be considered.
On the reliability, the coding gain of IR-HARQ against CC-HARQ is limited when the code rates are low or the scheduled MCS is not far from the real channel conditions in URLLC scenario for any known channel code. Note that an effort floor cannot be mitigated by either HARQs. 
We evaluated performance of IR-HARQ and CC-HARQ for Polar codes, and found that the difference in performance is on the order of 0.2 dB with retransmissions.
Observation-9: CC-HARQ is robust and has comparable performance and lower complexity than IR-HARQ for lower code rate and small block size in URLLC scenario.

Hybrid Channel Code Scheme for URLLC 
Neither LDPC BG2 nor polar code seems to have an overwhelming advantage over the other for the entire range of payloads and code rates supported by URLLC scenario while satisfying the reliability and latency requirements. A hybrid channel coding scheme might be worth considering for the URLLC data channel: polar code is used for the small blocks and low code rates, and LDPC BG2 is used for longer blocks and higher code rates. 
[image: ]
Figure 8	Hybrid Channel Code Scheme for URLLC 
One key motivation for considering the coding schemes adopted for eMBB is the reuse of the eMBB decoding implementations while achieving the best reliability. 
A hybrid scheme may achieve the best reliability. We run simulations and compare the two channel codes as shown in Figure 9. Here, GA is used as the baseline to show the performance, since the maximum mother code length of polar code adopted in eMBB control channel is limited to be 1024. A simple extension can be made to the construction sequence of polar code in eMBB control channel to serve URLLC better.
[image: ]
Figure 9 Performance Comparison between LDPC and Polar Codes
Observation-10: When the payload is less than 400 ~ 500 bits, polar code has better performance. For larger payloads up to 1000 bits, both schemes have similar performance although further investigation is needed when the target BLER is lower than 1e-5.
A hybrid scheme may achieve the best spectrum efficiency, as shown in Table 4. The spectrum efficiency comparison between polar and LDPC shows that polar code works well for the low code rates and small block sizes range, while it is better to adopt LDPC for high code rates and large block sizes. More evaluations on spectrum efficiency can be found in [9].


Table 4 Spectrum efficiency comparison for URLLC
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Observation-11:  A hybrid channel code scheme may provide better spectrum efficiency in URLLC scenario. i.e. polar code for small blocks and low code rates and LDPC code for longer blocks and higher code rates.
Considering the possible high dense deployment of URLLC UEs in the future, the spectrum efficiency improvement would be beneficial to capacity and connection quality.
Conclusion
In this contribution, we discuss the channel coding scheme candidates for URLLC scenario. Polar and LDPC codes are compared in terms of BLER performance, error floor and decoding complexity. Polar codes show better performance than LDPC. Moreover, we show that Polar codes support IR-HARQ. 
Observation-1: To optimize NR deployments and efficiently design Rel-15 products, specification of channel coding for URLLC is urgent.
Observation-2: The URLLC scenario has more diverse requirements on latency and reliability: 
· Some URLLC applications require high reliable transmission but allow relatively long latency;
· Some URLLC applications require less reliable transmission but demands very low latency. 
Observation-3: The eMBB LDPC BG1 does not suit the URLLC scenarios. 
Observation-4:  The eMBB LDPC BG2 shows error floor around BLER of 10-5.
Observation-5: There exist payload sizes for which performance of LDPC BG2 degrades substantially.
Observation-6:  Polar code has no error floor.
Observation-7: Polar code has reliability and latency advantages over LDPC for small blocks.
Observation-8:  Polar codes support adaptive IR-HARQ.
Observation-9: CC-HARQ is robust and has comparable performance and lower complexity than IR-HARQ for lower code rate and small block size in URLLC scenario.
Observation-10: When the payload is less than 400 ~ 500 bits, polar code has better performance. For larger payloads up to 1000 bits, both schemes have similar performance although further investigation is needed when the target BLER is lower than 1e-5.observation 10
Observation-11: A hybrid channel code scheme may provide better spectrum efficiency in URLLC scenario. i.e. polar code for small blocks and low code rates and LDPC code for longer blocks and higher code rates.
Since the requirements for URLLC scenario are different from the ones for eMBB scenario, further discussion is needed on the channel coding design for the URLLC scenario.
Proposal 1: Channel coding for URLLC shall be further studied.
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Appendix A Error floor for LDPC
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 Figure 11  Error floor of eMBB LDPC BG2 with AWGN channels
We verified LDPC error floor by simulating 200-bit, 400-bit, 600-bit, and 1000-bit payload sizes with AWGN channels with up to 107 simulated blocks.

Appendix B Performance with fading channels
We compare the coding gains among LDPC and Polar codes, in the following simulation assumptions. Both AWGN and fading channels are considered in the simulations.
Table 2	Simulation Assumptions for URLLC scenario
	Channel
	TDL-A 100ns, TDL-C 300ns

	Modulation 
	QPSK,16QAM

	Coding Scheme
	LDPC
	PC-CA Polar [3] and CA Polar [4]

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

	Decoding algorithm
	LOMS (20)
CRC24
	List-8 T=8
CRC27 

	Info. block length (bits with CRC)
	  40, 200, 600, 1000



PC-CA Polar in URLLC:
· TDL-A100 channel:
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Figure 12   BLER of PCCA-Polar and LDPC under TDL-A100 channel (QPSK)
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Figure 13   BLER of PCCA-Polar and LDPC under TDL-A100 channel (16QAM)

· TDL-C300 channel:
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Figure 14   BLER of PCCA-Polar and LDPC under TDL-C300 channel (QPSK)
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Figure 15   BLER of PCCA-Polar and LDPC under TDL-C300 channel (16QAM)


CA-Polar in URLLC:
· TDL-A100 channel:
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Figure 16   BLER of CA-Polar and LDPC under TDL-A100 channel (QPSK)\

· TDL-C300 channel:
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Figure 17   BLER of CA-Polar and LDPC under TDL-C300 channel (QPSK)
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