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1. Introduction
In RAN-1 #87 meeting, there are some agreements on channel coding schemes for eMBB data and control channels as below: 
	
Agreement: 
· UL eMBB data channels:
· Working Assumption to adopt flexible LDPC as the single channel coding scheme for small block sizes (to be confirmed unless significant issues are identified by the RAN1 Jan ad-hoc in relation to performance, implementation complexity and flexibility)
· (Note that it is already agreed to adopt LDPC for large block sizes)
· DL eMBB data channels:
· Adopt flexible LDPC as the single channel coding scheme for all block sizes
· UL control information for eMBB
· Adopt Polar Coding (except FFS for very small block lengths where repetition/block coding may be preferred)
· DL control information for eMBB
· Working Assumption to adopt Polar Coding (except FFS for very small block lengths where repetition/block coding may be preferred)
· To be confirmed unless significant issues are identified by the RAN1 Jan ad-hoc in relation to performance, latency, power consumption and implementation complexity




In this contribution, we compare the performance of two types of Polar codes – CRC-concatenated Polar codes and parity-check concatenated Polar codes – for NR control channels. In this comparison, we consider various decoding algorithms all together from SC decoding to SCL decoding with list size 8. 

2. Concatenated Coding Schemes for Polar Codes
First, we use following basic notations for Polar codes in this contribution.
[bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK1]- : the number of information bits without CRC bits
- : the number of CRC bits
- : desired code rates (CRC bits are treated as redundant bits)
- : the number of codeword bits ()
- : list size of successive-cancellation list (SCL) decoder 
To improve the performance of Polar codes, some concatenated coding and combined decoding schemes are proposed. We consider two well-known concatenated coding schemes: CRC-concatenated Polar codes [1] and single parity-check code concatenated Polar codes [2][3]. We refer to the former as CRC-aided Polar (CA-Polar) code and the latter as parity-check Polar code (PC-Polar).
2.1 CA-Polar Code 
CRC codes are most widely used for error detection in practical communication standards, and for example, 16-bit and 24-bit CRC are included in LTE data and control channel processing, respectively. The performance of Polar codes is improved by using CRC bits to examine candidate paths obtained after SCL decoding [1].
Let  be the number of CRC bits attached to codewords of Polar codes, then the number of input bits for Polar encoder is . From all  sub-channels, the best  sub-channels in terms of BER estimated by density evolution are simply chosen for information bits and CRC bits. Only an ordered sequence to define the code structure of a CA-Polar code. The performance of CA-SCL decoder does not considerably vary with the location of CRC bits in  sub-channels.
2.2 PC-Polar Code 
In [2] and [3], a concatenated coding scheme of single parity-check codes and Polar codes is proposed. In PC-Polar codes, a PC-frozen bit is newly defined as a frozen bit of which value is not fixed but calculated by a linear combination of some information bits with previous indices. At the decoder, each PC-frozen bit help detecting errors of candidate paths during SCL decoding in a soft manner, thereby improving the performance. 
The number of PC-frozen bits and the sub-channels for the PC-frozen bits should be carefully chosen since the performance sensitively depends on these parameters. In [3], a selection rule of PC-frozen bits is provided in detail. While the best  sub-channels are simply chosen in CA-Polar code construction, sub-channels for PC-frozen bits and information bits are obtained through several steps in PC-Polar code construction. First, sub-channels for PC-frozen bits are determined based on Hamming distance of each row in the generator matrix. Then, the best  sub-channels of the remaining ones are assigned to information bits. After that, some of remaining sub-channels are additionally chosen for PC-frozen bits based on a Hamming distance criterion.
The PC-Polar code cannot be simply constructed contrary to CA-Polar codes. The number of PC-frozen bits and sub-channels for information and PC-frozen bits are determined based on given  and . Since the code block sizes and the desired code rates are not constant values, the required code parameters for PC-Polar codes may vary in every transmission. The PC-Polar code construction can be done before each transmission in an on-the-fly manner, and this results in additional complexity and latency. To avoid the on-the-fly operations, required parameters to define PC-Polar codes should be stored for all possible combinations of code block sizes and code rates, which requires considerable additional memory. Furthermore, Hamming distance of rows in each generator matrix should be calculated in an on-the-fly manner or stored in advance. Therefore, regardless of implementation methods, it is clear that both the encoder and the decoder of PC-Polar codes require additional operations or additional memory compared to CA-Polar codes.
Observation 1: Encoder and decoder of PC-Polar codes require additional operations and additional memory compared to conventional Polar codes.
In addition, PC-Polar codes may suffer from the performance loss due to the behaviour of code construction. In PC-Polar code construction, sub-channels for information bits are determined after some of sub-channels are already assigned to PC-frozen bits. Although PC-frozen sub-channels are chosen based on a Hamming distance criterion, some good sub-channels in terms of the estimated BER are preoccupied for PC-frozen bits. Therefore, the total capacity of information sub-channels is degraded compared to CA-Polar codes. This capacity loss caused by preoccupation of good sub-channels for PC-frozen bits may lead to the practical performance degradation.

3. Performance Evaluation
[bookmark: OLE_LINK18]In this section, we compare the performance of CA-Polar codes and PC-Polar codes. We basically follow the agreement on performance evaluation environments for control information. Two scenarios are considered. First, we are only interested in BLER performance, and false alarm rate (FAR), also called undetectable BLER, is not taken into account. Only the minimum CRC bits needed for correcting errors are considered for CA-Polar codes and no CRC is used for PC-Polar codes. For simplicity, we assume 4-bit CRC for CA-Polar codes regardless of list sizes of the SCL decoder. Second, we consider that 16-bit CRC code as used for LTE control information is concatenated to both CA-Polar and PC-Polar codes. Since CRC codes are indispensable for error-detection, this scenario seems more practical that previous one. PC-Polar codes can also exploit CRC bits to examine resulting candidate codewords after SCL decoding, so we consider both PC-aided SCL decoding and CRC/PC-aided SCL decoding. Note that CRC bits are treated as the redundancy bit at the Polar encoder and the Polar decoder for fair comparison. Details about these two scenarios are described in Table 1 and Table 2, respectively. 
We evaluate the performance of SC decoding and SCL decoding with list sizes 2, 4, and 8. As pointed out in [4], an important advantage of Polar codes is compatibility and scalability of decoding algorithms. Without any change in Polar code structures, a suitable type of decoding algorithms can be adaptively implemented based on the performance of terminals, requirements, and the implementation technology. For example, given the same Polar codes, SC decoding or SCL decoding with small list sizes are employed for low-performing terminals, and the SCL decoder with large list sizes is implemented in high-performing terminals. In addition, when implementation technology for Polar codes is premature as it is now, only an essential SC decoding algorithm can be applied. When the implementation technology become mature, the decoding performance can be improved by employing SCL decoding with large list sizes. Therefore, it is not reasonable to consider only SCL decoder with large list sizes, and the performance of SC decoding and SCL decoding with small list sizes such as 2 and 4 is important. 
Proposal 1: The performance SC decoding and SCL decoding with various list sizes should be taken into account for the selection of the proper concatenated coding scheme for Polar codes.
Table 1. Evaluation Setting I: Only BLER Performance Considered
	Parameter
	CRC-aided Polar Codes
	PC-Polar Codes[footnoteRef:1] [1:  All parameters required to define PC-Polar codes without CRC bits are obtained from “Appendix: Code configuration Tables – Code configuration for control” in [3]. ] 


	Code construction
	[bookmark: OLE_LINK2]Ordered sequence in [3]
	Ordered sequence & parity-check bits [3]

	Decoding algorithm
	CRC-aided SCL decoding
	PC-aided SCL decoding

	List size 
	1, 2, 4, 8

	Information bits 
	16, 32, 48, 64, 80, 120, 200

	Code rate 
	1/12, 1/6, 1/3, 1/2, 2/3

	CRC bits 
	4
	0



Table 2. Evaluation Setting II: Practical Control Channels
	Parameter
	CRC-aided Polar Codes
	PC-Polar Codes[footnoteRef:2] [2:  All parameters required to define PC-Polar codes with 16-bit CRC code are obtained by equations given in Section 3.2 in [3]. We apply ceiling for all ambiguous integer arithmetic operations.] 


	Code construction
	Ordered sequence in [3]
	Ordered sequence & parity-check bits [3]

	Decoding algorithm
	CRC-aided SCL decoding
	PC-aided SCL decoding /
CRC/PC-aided SCL decoding

	List size 
	1, 2, 4, 8

	Information bits 
	16, 32, 48, 64, 80, 120, 200

	Code rate 
	1/12, 1/6, 1/3, 1/2, 2/3

	CRC bits 
	16


[bookmark: OLE_LINK9]


3.1 Minimum CRC (Only BLER Considered)
CA-Polar and PC-Polar codes are evaluated based on the setting described in Table 1. Fig. 1 shows the required SNR of conventional Polar and PC-Polar codes to achieve BLER 0.1% when SC decoding is applied. In this experiment, no CRC code is used for both conventional Polar and PC-Polar codes. As a result, PC-Polar codes suffer from sever performance loss compared to conventional Polar codes, and especially, the performance gap is even greater than 1dB for small block sizes and high code rates. 

[image: ReqSNR_L1]
Figure 1 Performance comparison between conventional Polar codes and PC-Polar codes with minimum CRC ()

Fig. 2, Fig. 3, and Fig. 4 describe the required SNR for BLER 0.1% of CA-Polar codes and PC-Polar codes when SCL decoding with  is applied, respectively. For , the performance of two types of Polar codes is comparable, and PC-Polar codes outperform CA-Polar codes for  and . The maximum gain is about 0.5dB.
  
[image: ReqSNR_L2]
Figure 2 Performance comparison between CA-Polar codes and PC-Polar codes with minimum CRC ()

[image: ReqSNR_L4]
Figure 3 Performance comparison between CA-Polar codes and PC-Polar codes with minimum CRC ()


[image: ReqSNR_L8]
Figure 4 Performance comparison between CA-Polar codes and PC-Polar codes with minimum CRC ()
Observations in these experiments are summarize as follows:
Observation 2: When the minimum CRC bits are used in SCL decoding, we observe following results.
· SC decoding (): PC-Polar codes suffer from severe performance loss compared to conventional Polar codes, and the loss is even greater than 1dB for small  and .
· SCL decoding (): CA-Polar and PC-Polar codes achieve the comparable error-correcting performance. For small , the performance of CA-Polar codes is slightly better than that of PC-Polar codes. 
· SCL decoding (): CA-Polar and PC-Polar codes achieve the comparable error-correcting performance. For large , the performance of PC-Polar codes is slightly better than that of CA-Polar codes. 
· SCL decoding (): PC-Polar codes outperform CA-Polar codes in most cases. The maximum performance gain of PC-Polar codes is about 0.5dB.

3.2 16-Bit CRC (Both BLER and Error-Detection Considered)
To be consistent with LTE control information, 16-bit CRC code is concatenated to both CA-Polar and PC-Polar codes. The use of CRC codes is unavoidable in practical communication systems for error detection, so this scenario seems more practical. From Fig. 5 to Fig 8 show the numerical results of SC decoding, SCL decoding with , respectively. For almost all cases of , , and , the performance of conventional CA-Polar codes is better than that of PC-Polar codes. Especially for small , the performance gain of CA-Polar codes is significant, and the gain is even greater than 1dB for some cases. Even though the list size increases, CA-Polar codes still outperform PC-Polar codes. The additional CRC-aided decoding for PC-Polar codes does not improve the performance in most cases.  

[image: C:\Users\minyc\AppData\Local\Microsoft\Windows\INetCacheContent.Word\ReqSNR_L1.png]
Figure 5 Performance comparison between conventional Polar codes and PC-Polar codes with 16-bit CRC ()

[image: ReqSNR_L2]
Figure 6 Performance comparison between CA-Polar codes and PC-Polar codes with 16-bit CRC ()

[image: C:\Users\minyc\AppData\Local\Microsoft\Windows\INetCacheContent.Word\ReqSNR_L4.png]
Figure 7 Performance comparison between CA-Polar codes and PC-Polar codes with 16-bit CRC ()

[image: C:\Users\minyc\AppData\Local\Microsoft\Windows\INetCacheContent.Word\ReqSNR_L8.png]
Figure 8 Performance comparison between CA-Polar codes and PC-Polar codes with 16-bit CRC ()

We have following summarized observations from the numerical results.
Observation 3: When using the 16-bit CRC code as employed in LTE control channels, CA-Polar codes outperform PC-Polar codes in almost all cases. Especially, for small code block sizes and high rates, the performance gain of CA-Polar codes is significant and even greater than 1dB for some cases.
Observation 4: Additional CRC-aided operations in PC-SCL decoding for PC-Polar codes does not improve the performance in most cases except small code block sizes and high rates (e.g. ). 

4. Conclusions
In this contribution, we compare conventional CA-Polar codes and PC-Polar codes. Investigating behaviours of the PC-Polar code construction, encoding and decoding procedures of PC-Polar codes are more complex than those of CA-Polar codes. 
Observation 1: Encoder and decoder of PC-Polar codes require additional operations and additional memory compared to conventional Polar codes.
The compatibility of decoding algorithms is an important advantage of Polar codes. Without any further change in coding schemes, each terminal is able to select a proper decoding algorithm based on its performance and requirements of services. Therefore, we consider SC decoding and SCL decoding with various list sizes all together in our numerical experiments.
Proposal 1: The performance SC decoding and SCL decoding with various list sizes should be taken into account for the selection of the proper concatenated coding scheme for Polar codes.
In our performance evaluation, we observe following results.
Observation 2: When the minimum CRC bits are used in SCL decoding, we observe following results.
· [bookmark: _GoBack]SC decoding (): PC-Polar codes suffer from severe performance loss compared to conventional Polar codes, and the loss is even greater than 1dB for small  and .
· SCL decoding (): CA-Polar and PC-Polar codes achieve the comparable error-correcting performance. For small , the performance of CA-Polar codes is slightly better than that of PC-Polar codes. 
· SCL decoding (): CA-Polar and PC-Polar codes achieve the comparable error-correcting performance. For large , the performance of PC-Polar codes is slightly better than that of CA-Polar codes. 
· SCL decoding (): PC-Polar codes outperform CA-Polar codes in most cases. The maximum performance gain of PC-Polar codes is about 0.5dB.
Observation 3: When using the 16-bit CRC code as employed in LTE control channels, CA-Polar codes outperform PC-Polar codes in almost all cases. Especially, for small code block sizes and high rates, the performance gain of CA-Polar codes is significant and even greater than 1dB for some cases.
Observation 4: Additional CRC-aided operations in PC-SCL decoding for PC-Polar codes does not improve the performance in most cases except small code block sizes and high rates (e.g. ).
According to numerical results, there is no clear advantage of PC-Polar codes in terms of the performance. In most practical cases of eMBB control channels, the performance of PC-Polar codes is even worse than that of CA-Polar codes. In addition, compared to CA-Polar codes, additional operations and memory are required at the encoder and at the decoder for constructing PC-Polar codes. Finally, we have the following proposal based on the analysis and performance evaluation. 

Proposal 2: CRC-concatenated Polar code should be considered as a baseline of Polar coding.  
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