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Introduction
In RAN#71, the technology study item for 5G new RAT (NR) has been approved [1]. For the New Radio Access Technology (NR), there is potential to improve the channel coding across performance and computational complexity. Four channel coding schemes of LDPC, Polar codes, Turbo codes, and tail-biting convolutional codes are proposed for eMBB and URLLC. The corresponding parameters including rate and block sizes are defined for performance comparison [2].   
In RAN1#84b, an Polar codes description framework was presented in [3][4] which can support HARQ-IR, multiple code rates, and scalable blocklengths. In RAN#85, the detailed description of code construction with variable block sizes and variable code rate are provided for the evaluations [5]. The corresponding performance results are provided in [6].
In this contribution, we will provide some simulation comparison of HARQ-CC and HARQ-IR for Polar codes and discuss the computational complexity, decoding latency and memory sizes. 
HARQ-CC and HARQ-IR 
HARQ scheme is widely used in wireless communication system to improve the transmission efficiency. In HARQ scheme, the coded blocks will be retransmitted if the first transmission is not decoded correctly, so that they may be recombined with previously received transmissions at the receiver. In general, the maximum transmission number is 4. 
There are two kinds of HARQ scheme. The first one is called Chase-Combining HARQ (HARQ-CC). The transmitted coded blocks are identical for new transmission and retransmission. The second one is called increased redundancy HARQ (HARQ-IR). The transmitted coded blocks may be different from the other transmission to get coding gain. 
HARQ-CC


Fig. 1.  HARQ-CC scheme for Polar codes
The HARQ-CC scheme for Polar codes is depicted in Figure 1. In the U domain of the first transmission, the information bits are located in block D while the left part is for the frozen bits with value of zeros. After bit-reversal permutation and encoding, the coded block in X domain will be transmitted. If the first transmission is not decoding correctly, the same coded block in X domain will be transmitted again.
HARQ-IR
There are two kinds of methods for HARQ-IR. The first one is similar to the HARQ-IR scheme for Turbo codes in LTE. The low rate mother code with puncturing parity bits is transmitted in first transmission. More parity bits will be transmitted in the following transmission. However, the puncturing is found to degrade the first transmission very much. For HARQ scheme, the performance of first transmission is more important than that of second transmission. Therefore, it is not good for Polar codes. 
A second approach found in [7][8] is to generate new code for each transmission and the good performance can be obtained by selecting the suitable information bits for retransmssion. This HARQ-IR scheme is depicted in Figure 2, and for simplification, we only illustrates the first and the second transmission.


Fig. 2.  HARQ-IR scheme for Polar codes
In the U domain of the first transmission, the information bits are allocated into two sub-blocks demoted as A and B. The F block are for frozen bits with value of zeros. After bit-reversal permutation and encoding, the coded block in X domain is obtained. If the first transmission is decoded correctly in receiver, the transmission ends. However, if the first transmission is not decoded correctly, a new codeword with B information bits will be generated and transmitted. If B in second transmission is decoded correctly, the B in first transmission will be set as frozen bits and the A in first transmission will be decoded accordingly. In this case, it is equivalent to obtain the low rate for A in the first transmission. Thus, it is equivalent to the conventional HARQ-IR scheme in terms of coding gain. The coded block size in second transmission is not required to be equal to the first transmission.
It is seen that new code X’ must be generated for required code block size with different rates. However, for Turbo codes, the retransmission version can be generated simply by selecting the suitable code bits from the mother code. 
Performance Comparison
Constructions for simulation
The information block sizes with variable rates defined in RAN1#84b meeting are evaluated to compare the performance between HARQ-CC and HARQ-IR. The HARQ-IR scheme in [8] is used in this comparison. To get the block size which is not power of 2, known-bit puncture and unknown-bit puncture are used in the code construction. The detailed description of the puncture schemes are in [5]. To use CRC-aided successive cancellation list (CA-SCL) decoding, 16-bit CRC is encoded and appended after the information bits. For two cases of Polar code with 20 and 40 information bits, 8-bit CRC is encoded and appended after the information bits to enable CA-SCL decoding. The Gaussian approximation (GA) algorithm is used to obtain the good channel for information bits. The construction SNRs for each rate on each transmission are listed in Table 1 for URLLC. For eMBB, the construction SNRs for each rate are listed in Table 2 and Table 3 for QPSK and 64-QAM, respectively.
Table 1. The construction SNR (dB) in GA for URLLC
	Information bits
	20
	40
	200
	600
	1000

	Rate 1/3
	1st  TX
	0
	2.3
	-0.8
	0.1
	-0.3

	
	2nd  TX
	0
	-2
	-3.1
	-3.6
	-3.7

	
	3rd  TX
	0
	-4.2
	-3.5
	-4.8
	-3.8

	
	4th  TX
	0
	-6
	-6.3
	-4.8
	-6

	Rate 1/6
	1st  TX
	-2
	-1
	-0.3
	-2.9
	-3.2

	
	2nd  TX
	-6
	-1.1
	-1.7
	-5.6
	-5

	
	3rd  TX
	-7
	-6.3
	-6.8
	-6.8
	-6.5

	
	4th  TX
	-8
	-6.3
	-8.5
	-7.3
	-7.9

	Rate 1/12
	1st  TX
	-1.1
	-1
	-6
	-5.4
	-5.6

	
	2nd  TX
	-6.3
	-5
	-7.8
	-7.9
	-7.3

	
	3rd  TX
	-6.5
	-8
	-9
	-7.9
	-8.9

	
	4th  TX
	-8.5
	-9.7
	-10.5
	-8.7
	-8.9



Table 2. The construction SNR (dB) in GA for eMBB for QPSK
	Information bits
	2000
	6000

	Transmission index
	1st  TX
	2nd  TX
	3rd  TX
	4th  TX
	1st  TX
	2nd  TX
	3rd  TX
	4th  TX

	Code rate
	1/5
	-2.5
	-5
	-6.7
	-7
	-2.4
	-4.4
	-6.1
	-6.9

	
	1/3
	-0.2
	-3.2
	-4.5
	-5
	0
	-2.7
	-4
	-5.5

	
	2/5
	0.2
	-2.7
	-3.9
	-5.5
	0.3
	-2.5
	-4
	-5.2

	
	1/2
	1.8
	-1.7
	-3.5
	-4.9
	1.6
	-1.8
	-3
	-3.9

	
	2/3
	3.5
	-0.3
	-2.5
	-3.7
	3.6
	-0.7
	-1.5
	-3.1

	
	3/4
	4.4
	-0.6
	-1.7
	-2
	4.3
	0.2
	-1.3
	-3

	
	5/6
	5.6
	0.6
	-0.7
	-1.8
	5.6
	0.9
	-1.6
	-2.5

	
	8/9
	6.8
	0.5
	-0.9
	-2.9
	5.8
	0.8
	-1.5
	-2.2




Table 3. The construction SNR (dB) in GA for eMBB for 64-QAM
	Information bits
	2000
	6000

	Transmission index
	1st  TX
	2nd  TX
	3rd  TX
	4th  TX
	1st  TX
	2nd  TX
	3rd  TX
	4th  TX

	Code rate
	1/5
	-2.2
	-4.9
	-6
	-6.8
	-1.7
	-4.1
	-5.7
	-6.7

	
	1/3
	-0.3
	-3
	-4.6
	-5.3
	-0.1
	-2.6
	-3
	-4.9

	
	2/5
	1.1
	-2.7
	-4.5
	-4.6
	0.4
	-2.4
	-3.6
	-4.7

	
	1/2
	0.9
	-1.8
	-3.4
	-3.4
	1.4
	-1.6
	-3
	-4

	
	2/3
	3.7
	-0.3
	-2.4
	-3.8
	3.8
	-0.4
	-1.8
	-3.3

	
	3/4
	4.5
	0.6
	-2.2
	-2.2
	4
	-0.2
	-1.2
	-2.9

	
	5/6
	5.9
	0.9
	-1.2
	-2.9
	5.8
	0.3
	-1.2
	-2.4

	
	8/9
	6.6
	0.6
	-1.3
	-1.7
	6.1
	0.8
	-0.3
	-2.4



In this comparison, we are focus on the BLER of each transmission and the normalized throughput for HARQ-CC and HARQ-IR. The BLER of each transmission is calculated as error blocks at target transmssion / total new transmit blocks. The number of maximum transmission times is four ( one for new transmission and three times of retransmssion). The normalized throughput is defined as (total new transmit blocks – error blocks at fourth transmission) / total new transmit blocks.    
Simulation results
Based on the simulation results, it is easily seen that Polar HARQ-IR is not as robust a solution as HARQ-CC but can provide some gains at high rates.
URLLC
The BLER performance and throughput comparison between HARQ-CC and HARQ-IR are depicted in Figure 3 to Figure 7 for rates of 1/3 with information bits of 20, 40, 200, 600, 1000 under QPSK, respectively. The SNR is defined as Es/N0 in the simulation. Note that the performance of HARQ-IR is worse or comparable to HARQ-CC for many cases. 
Based on the results below, and the expectation for even less HARQ-IR coding gains when the 1st Tx rates are lower than 1/3, subsequent URLLC coding simulations are not shown.
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Fig. 3. BLER comparion between CC and IR with QPSK          Fig. 4. BLER comparion between CC and IR with QPSK
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Fig. 5. BLER comparion between CC and IR with QPSK       Fig. 6. BLER comparion between CC and IR with QPSK
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Fig.7. BLER comparion between CC and IR with QPSK
eMBB
There are 7 information block sizes together with 8 rates defined in RAN1 meeting. For simplification, we only present two blocks of 2000 bits and 6000 bits and three highest rates in this contribution. The BLER performance and throughput comparison between HARQ-CC and HARQ-IR are depicted in Figure 8 to Figure 19 for rates of 3/4,5/6, and 8/9 with QPSK and 64-QAM, respectively. The SNR is defined as Es/N0 in the simulation. 
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Fig. 8. BLER comparion between CC and IR with QPSK       Fig. 9. BLER comparion between CC and IR with 64-QAM
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Fig. 10. BLER comparion between CC and IR with QPSK       Fig. 11. BLER comparion between CC and IR with 64-QAM
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Fig. 12. BLER comparion between CC and IR with QPSK       Fig. 13. BLER comparion between CC and IR with 64-QAM 
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Fig. 14. BLER comparion between CC and IR with QPSK       Fig. 15. BLER comparion between CC and IR with 64-QAM [image: ][image: ]
Fig. 16. BLER comparion between CC and IR with QPSK       Fig. 17. BLER comparion between CC and IR with 64-QAM [image: ] [image: ]
Fig. 18. BLER comparion between CC and IR with QPSK       Fig. 19. BLER comparion between CC and IR with 64-QAM
Implementation considerations
In general, the decoding latency and computational complexity scale up to the effective block length after N retransmission in HARQ-IR case. However, they are indepent from the number of retransmissions in HARQ-CC case. For a more detailed treatment of the implementation aspects for Polar codes, please see [9].
Computational complexity
Suppose the computational complexity of HARQ-CC is A. Because the same coded block is transmitted at each retransmission, the computational complexity is same for each retransmission. However, for HARQ-IR with correct decoding, there are 2A, 3A and 4A for second, third and fourth transmission, respectively. In worst case, the total computational complexity of HARQ-IR is 2.5 times than that of HARQ-CC.    
Decoding latency 
Suppose the decoding latency of HARQ-CC is T. Because the same receive block with soft-combing is decoded at each retransmission, the decoding latency is same for each retransmission. However, for HARQ-IR with correct decoding, there are 2T, 3T and 4T for second, third and fourth transmission, respectively. In worst case, the total decoding latency of HARQ-IR is 2.5 times than that of HARQ-CC.
Memory size
It is quite easy to compare the memory between HARQ-IR and HARQ-CC. For HARQ-CC, soft-combining is applied for each transmission. However, the receive signal of each transmission must be saved separately for HARQ-IR. Therefore, the memory size of HARQ-IR is four times of HARQ-CC when the number of maximum retransmission is 4.
Conclusions
Observation 1: Polar HARQ-IR scheme is not robust and may be suboptimal relative to HARQ-CC.
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