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[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Introduction
[bookmark: _GoBack]The channel coding scheme for NR-URLLC (Ultra-Reliable and Low Latency Communications) scenario has been discussed since RAN1#85 meeting. Several contributions have provided performance evaluation for different channel coding candidate schemes. The requirements for URLLC scenario are different from those of eMBB. Therefore, a further study is needed to select the channel coding scheme for URLLC scenario.
In brief, a URLLC scenario requests a channel coding scheme for a reliable transmission in a short latency [1][2]. 
· Transmission reliability: to reach an error-floor-free BLER as low as 10-5 with or without HARQ support during 1-ms period
· Latency: one packet within 1 ms latency
Although detailed specifications of URLLC applications are under discussions, some of its potential key implications over channel coding scheme would be: 
· Information packets typical length around 32 bytes [3].
· Code rates no higher than 1/3 
· Error-floor below the BLER of 10-5 
· Several-OFDM duration decoding latency
· Fine Granularity
In this contribution, in comparing different channel coding scheme candidates for URLLC scenario, we mainly focus on the investigation on low latency design and high reliability property.

Discussion 
BLER performance
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(a) PC-CA Polar, K=40                       (b) CA-Polar, K=40
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(c) PC-CA Polar, K=200                         (d) CA-Polar, K=200
Figure 1   BLER of LDPC and Polar under fading channels (TDL-C300) 
BLER performance comparisons between Polar and LDPC codes have been given in previous contributions [4]. Here we provide some results of polar and LDPC codes on different fading channels with the simulation assumptions detailed in Appendix. The LDPC coding scheme is the agreed BG2 (Base Graph 2) for eMBB data channel; while the Polar code schemes are PCCA-Polar code in [5] and CA-Polar with dynamic bit allocation in [6].
Observation-1: Polar code outperforms LDPC code in fading channels for the considered information block lengths. 
More simulation results can be found in Appendix.
Polar code benefits from relatively short information block length and low coding rate. In contrast, it is difficult to design an LDPC code for short information length and low coding rate as well as with a fine granularity and good performance at low BLERs.
Reliability
For example in Figure 2, when K=200, R=1/12, QPSK, TM2 and TDL-C300 channel, the performance of the polar code is 3 times more reliable than LDPC-BG2 at -0.5dB.
Observation-2: Given any SNR condition, the performance of a polar code is more reliable than an LPDC code. 
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Figure 2 Reliability comparison
Error Floor
The error floor even above BLER of 10-5 of LDPC codes are reported in [7] and [8]. We simulated 107 blocks and verify this report. Under similar conditions, no error floor occurs with Polar codes. 
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Figure 3 Error floor verification
In Figure 3, BG2 LDPC codes show an error floor at above 10-5. As proven in [9], Polar codes have no error floor, which is also verified in Figure 1 and in [4]. 
Observation-3:  Polar codes are error-floor-free; while LDPC code shows an error floor around BLER of 10-5.
Furthermore, error-floor of LDPC code occurs usually with short information. In [10], for a given coding rate, the minimum distance of a QC-LDPC code cannot be enhanced by increasing the code length because its girth is close to random constructions. For the similar reason, it is nearly impossible to construct a QC-LDPC code to have both good waterfall region and low error-floor. 
In addition, the simulations above are obtained with a floating-point LOMS algorithm. With fix-point evaluation, the error-floor will be higher.
Decoder power
In general, the power consumption of a decoding implementation is associated with the computational complexity of a decoding algorithm. A comparison of decoder complexity between Polar list decoder (L=8) and LDPC LOMS (Layered Normalized Min-Sum) decoder (20 iteration) can reflect their difference in power consumption. 
For LDPC-LOMS decoder, its computational complexity can be expressed as [11]:

where  stands for the iteration number,  circulating size,  the degree of the row of PCM and the degree of the column of PCM,  the number of columns of protomatrix, and  the number of parity bit columns of PCM. 
For Polar-SCL-8 decoder, its computational complexity can be expressed as [12]

where  stands for percentage of frozen bits skipped before the first information bits over the total number of bits,  mother code length,  information block length, and  list size. 
We compare the computational complexity in term of the information lengths of 100, 200, 400, 600, and 1000 with a coding rate of 1/3, and those with information block of 200 under different code rates 1/12, 1/5, 1/3, and 1/2: 
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Figure 4	the decoding operations needed by Polar and LDPC
Observation-4:  Polar SCL decoder has lower decoding complexity compared with LDPC LOMS decoder within a typical range of information length and coding rate of URLLC scenario.
Decoding Latency
Table-1 provides an estimated decoding latency for uRLLC codewords with a Polar SCL decoder. Nmax is limited to 4096, and segmentation and parallel decoding for Polar codes can also be considered to further reduce the latency [13].
Table 1  uRLLC Decoding Latency Estimates
	Codeword Length (N)
	512
	1024
	2048
	1024
	2048
	2048
	4096

	Code Rate (R)
	1/3
	1/6
	1/12
	1/3
	1/6
	1/3
	1/3

	Info Bits (K)
	100
	100
	100
	200
	200
	600
	1000

	Latency (µs) @ 1GHz
	0.51
	0.89
	1.52
	1.19
	1.78
	2.45
	3.71



The decoding latency estimation was obtained with functional simulations of a list-8 Polar decoder implementation. The results show that Polar codes can meet the latency requirement even for a system with 60kHz sub-carrier spacing and self-contained slot structure.
Observation-5:  Polar codes meet uRLLC decoding latency requirements.
IR-HARQ Scheme
Polar IR-HARQ scheme proposed in [14] to improve the coding gain of polar codes attributed to further polarization, outperforms LDPC codes for every (re-)transmissions in AWGN and fading channels, as shown in Figure 5 [14].
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(a)	AWGN channel
[image: ]
(b)	Fading channel
Figure 5 IR-HARQ performance of Polar and LDPC codes
Because the Arikan polarization kernel is recursive, a short polar code can be extended to a longer one, which generates incremental coded bits for IR-HARQ. Figure 6 illustrates a generic diagram of this polar IR-HARQ scheme. Its coding gain is attributed to the fact that the overall polarization reliability is enhanced when the code length is increased. It is well-known that short polar code can be recursively extended to the longer one. Then, a polar decoder is able to recursively combine several short code words into a longer one at the input LLR stage. In each re-transmission, the encoder generates a longer codeword with incremental redundancy codeword via encoding partial information bits with further step of polarization, and only transmits the incremental redundancy part. At the decoder side, the received LLRs of all transmissions are combined and decoded as a long codeword.

 
Figure 6 Overview of IR-HARQ scheme of polar codes
Since a punctured polar code can be considered as coding on a reduced polar kernel, the punctured bits can be recovered or extended in retransmissions, which enlarges the polar kernel. There is no limitation on the extended code length, which means that arbitrary number of incremental coded bits can be generated in retransmission, which supports the adaptive IR-HARQ for polar codes.
Observation-6:  Polar codes support adaptive IR-HARQ and performance is better than LDPC codes.
Conclusion
In this contribution, we discuss the channel coding scheme candidates for uRLLC scenario. Polar and LDPC are compared in terms of BLER performance, error floor and decoding complexity (both computation and implementation). Polar codes show better performance than LDPC. Moreover, we show that Polar codes support IR-HARQ very well, which meet the requirement of uRLLC. 
Observation-1: Polar code outperforms LDPC code in fading channels for the considered information block lengths. 
Observation-2: Given any SNR condition, the performance of a polar code is more reliable than an LPDC code. 
Observation-3:  Polar codes are error-floor-free; while LDPC code shows an error floor around BLER of 10-5.
Observation-4:  Polar SCL decoder has lower decoding complexity compare with LDPC LOMS decoder within a typical range of information length and coding rate of uRLLC scenario.
Observation-5:  Polar codes meet uRLLC decoding latency requirements.
Observation-6:  Polar codes support adaptive IR-HARQ and performance is better than LDPC codes.
Since the requirements for URLLC scenario are different from the ones for eMBB scenario, further discussion is needed to select channel coding for the URLLC scenario.
Proposal: Channel coding for uRLLC shall be further studied.
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Appendix
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 [5] and CA Polar [6]

	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 7   BLER of PCCA-Polar and LDPC under TDL-A100 channel (QPSK)
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Figure 8   BLER of PCCA-Polar and LDPC under TDL-A100 channel (16QAM)

· TDL-C300 channel:
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Figure 9   BLER of PCCA-Polar and LDPC under TDL-C300 channel (QPSK)
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Figure 10   BLER of PCCA-Polar and LDPC under TDL-C300 channel (16QAM)


CA-Polar in uRLLC:
· TDL-A100 channel:
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Figure 11   BLER of CA-Polar and LDPC under TDL-A100 channel (QPSK)\

· TDL-C300 channel:
[image: ][image: ]
[image: ] [image: ]
Figure 12   BLER of CA-Polar and LDPC under TDL-C300 channel (QPSK)
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