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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1#85, the performance of the candidate channel coding schemes for eMBB were evaluated. Polar codes and LDPC codes can support the high code rate and high throughput scenarios with lower computational complexity at the decoder compared to Turbo codes [1]. It was also agreed that the evaluation of HARQ schemes is encouraged as one potential input to the decisions on channel coding.
In this contribution, we focus on the HARQ scheme and performance evaluation of Polar codes for NR.
HARQ scheme for polar codes
Incremental freezing HARQ design
An HARQ scheme for polar codes, called Incremental Freezing (IF) HARQ, was proposed in [2]. This method is based on the polarization theory, that is, the reliability is not uniformly distributed over a block. The basic concept is to re-transmit some of the information bits on more reliable positions than in the previous transmission. Moreover, it is proved in [2] that this method can approach the channel capacity. 
During the 1st transmission, a Polar encoder puts the information bits on the most reliable sub-channels.  If this transmission fails, the Polar encoder will re-transmit some of the information bits that were on the most unreliable sub-channels in the 1st transmission. In the 2nd transmission, since the information block length is decreased and code rate is reduced, these re-transmitted information bits will naturally be put on more reliable sub-channels than in the previous transmission. At the Polar decoder side, these re-transmitted bits from the 2nd transmission are more likely to be decoded successfully. These successfully decoded bits are used as known frozen bits to help decode the remaining information bits from the input LLRs of the 1st transmission. 
Figure 1 provides an example to explain how the IF-HARQ scheme works with code length  and block length . 
During the 1st transmission, an encoder puts the 12 information bits  on the 12 most reliable sub-channels. This transmission has a code rate of 3/4. 
If the 1st transmission fails, the encoder needs to do the re-transmission. It puts the second half of the information bits, , on the 6 most reliable sub-channels. This 2nd transmission has a code rate of .
If the 2nd transmission fails, the encoder needs to do the 3rd transmission. It puts  from the 1st transmission and  from the 2nd transmission on the 4 most reliable sub-channels. This 3rd transmission has a code rate of .
If the 3rd transmission still fails, the encoder needs to do the 4th transmission. It puts   on the 3 most reliable sub-channels. This 4th transmission has a code rate of 3/16. 


Figure 1. Incremental Freezing HARQ scheme for Polar codes
The HARQ decoder starts decoding from the last transmission. Figure 2 shows an example of how to decode with 2 transmissions. The HARQ Polar decoder starts with the channel LLRs of the 2nd transmission . If it succeeds, it outputs the hard decisions to the HARQ Polar decoder that will regard these bits as frozen bits for decoding the channel LLRs of the 1st transmission . 


Figure 2. HARQ decoder structure
Performance of IF-HARQ
We show the performance comparison between the IF-HARQ scheme of Polar codes and the IR-HARQ scheme of LTE Turbo codes. In constructing an IF-HARQ scheme, the rate-matching scheme described in [3] is used.  The simulation parameters are shown in Table 1. 
Table 1. Simulation parameters for Polar codes and Turbo codes
	Channel
	AWGN

	Max HARQ transmissions
	4

	Coding Scheme
	Polar
	LTE-Turbo

	Decoding algorithm
	CA-SCL, List=32
	Max-log-map, iteration=8


Figure 3 illustrates the block error rate (BLER) curves of Polar codes and Turbo codes in the 4 transmissions of an HARQ process. The curves without mark depict the initial transmission, and the lines marked with circle, star, and square depict the 2nd, 3rd, and 4th transmissions, respectively. 
[image: ]
Figure 3. BLER performance comparison of HARQ between Polar codes and Turbo codes
The results in Figure 3 show that the BLER performance of Polar codes outperforms that of Turbo codes in all 4 transmissions. Furthermore, the coding gain of Polar codes is higher than that of Turbo codes in the 2nd to 4th transmissions, which benefits from the lower coding rate of Polar codes.
Figure 4 presents the comparison of the normalized throughput between the IF-HARQ scheme of Polar codes and the IR-HARQ scheme of Turbo codes for various information bit lengths, coding rates, and modulation orders. 
[image: ][image: ]
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Figure 4. Normalized throughput comparison of HARQ between Polar codes and Turbo codes
The results in Figure 4 show that the normalized throughput of the IF-HARQ scheme of Polar codes is no less than that of the IR-HARQ scheme of Turbo codes across the whole SNR range. In particular, the throughput gain of the IF-HARQ scheme of Polar codes is substantially higher than that of the IR-HARQ scheme of Turbo codes for low to medium coding rates. 
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Conclusion
In this contribution, we described an HARQ scheme for Polar codes. The performance of Polar codes and Turbo codes with HARQ were evaluated for eMBB. The normalized throughput of the IF-HARQ scheme of Polar codes is no less than that of the IR-HARQ scheme of Turbo codes across the whole SNR range. The throughput gain of the IF-HARQ scheme of Polar codes is substantially higher than that of the IR-HARQ scheme of Turbo codes for low to medium coding rates.
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