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Introduction
In RAN1#87, Polar codes were adopted as channel coding for uplink control information and downlink control information (working assumption) for eMBB system except for very small block length [1]. Golay based block codes have been proposed for very small block length with coded length of 20,24, and 32 bits [3]. Reed muller (RM) based block codes in LTE are proposed for very small block length [4]. In addition, PC-Polar codes with special design with coded length of 20 and 32 bits are also proposed for such small block length [5]. However, the design does not include coded block length of 24 bits. Below is the conclusion in Chairman’s note in RAN1#88[2]. 
Conclusion: 
For very small block lengths:
· For evaluations to be submitted to RAN1#88bis of channel code for very small block lengths, evaluate both BLER and error detection capability for comparison
· FFS the error detection targets
· FFS whether the receiver knows in each case whether a codeword is transmitted and the format thereof
· FFS whether the coding scheme is the same on control and data physical channels
· FFS the details of the selection criteria

In this contribution, we will compare the performance and complexity of three solutions. The definitions of FAR and detection BLER are introduced in [6].  The detailed encoding scheme of Golay based block codes are introduced as follows. 



The control information bits input to the channel coding block are denoted by   where A is the number of bits. The A control information bits may be encoded using (32,A), (24,A) and (20,A). After encoding the bits are denoted by  where B = 20, 24, or 32. To get better performance, repetition and simpex code will be applied for A = 1 and A = 2, respectively. For , the code words of the three block codes are a linar combination of the 12 basis sequences denoted Mi,n and defined in Table 1.


After encoding the bits are denoted by  where  and with

  where i = 0, 1, 2, …, B-1.

For, the coded bits are calculated by

   where i = 0, 1, 2, …, B-1.
Table 1 Basic sequence for block code based on Golay code
	i
	Mi,0
	Mi,1
	Mi,2
	Mi,3
	Mi,4
	Mi,5
	Mi,6
	Mi,7
	Mi,8
	Mi,9
	Mi,10
	Mi,11

	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	1
	  0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	2
	0
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0

	3
	1
	1
	1
	1
	0
	0
	0
	0
	0
	0
	0
	0

	4
	0
	0
	1
	0
	1
	0
	0
	0
	0
	0
	0
	0

	5
	1
	0
	0
	1
	1
	1
	0
	0
	0
	0
	0
	0

	6
	0
	1
	0
	1
	1
	0
	1
	0
	0
	0
	0
	0

	7
	1
	1
	1
	0
	0
	0
	0
	1
	0
	0
	0
	0

	8
	1
	1
	0
	0
	1
	1
	0
	1
	1
	0
	0
	0

	9
	1
	0
	1
	0
	1
	0
	0
	0
	0
	1
	0
	0

	10
	1
	0
	1
	1
	1
	1
	0
	1
	0
	1
	1
	0

	11
	0
	1
	1
	1
	1
	1
	1
	1
	0
	0
	1
	1

	12
	1
	0
	0
	0
	1
	1
	1
	0
	1
	1
	0
	1

	13
	0
	0
	0
	1
	1
	1
	0
	1
	1
	0
	1
	1

	14
	0
	0
	1
	1
	1
	0
	1
	1
	0
	1
	0
	1

	15
	0
	1
	1
	1
	0
	1
	1
	0
	1
	0
	0
	1

	16
	1
	1
	1
	0
	1
	1
	0
	1
	0
	0
	0
	1

	17
	1
	1
	0
	1
	1
	0
	1
	0
	0
	0
	1
	1

	18
	1
	0
	1
	1
	0
	1
	0
	0
	0
	1
	1
	1

	19
	0
	1
	1
	0
	1
	0
	0
	0
	1
	1
	1
	1

	20
	1
	1
	0
	1
	0
	0
	0
	1
	1
	1
	0
	1

	21
	1
	0
	1
	0
	0
	0
	1
	1
	1
	0
	1
	1

	22
	0
	1
	0
	0
	0
	1
	1
	1
	0
	1
	1
	1

	23
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	0

	24
	0
	0
	1
	1
	0
	1
	1
	1
	1
	0
	0
	0

	25
	0
	1
	0
	0
	1
	1
	1
	0
	0
	1
	1
	0

	26
	0
	1
	0
	1
	0
	1
	1
	0
	1
	1
	1
	1

	27
	0
	1
	1
	0
	0
	1
	0
	0
	1
	1
	1
	1

	28
	0
	1
	1
	0
	1
	0
	1
	0
	0
	1
	0
	1

	29
	1
	0
	0
	1
	0
	0
	0
	1
	0
	0
	1
	0

	30
	1
	1
	0
	0
	0
	1
	0
	1
	0
	0
	0
	1

	31
	1
	1
	1
	1
	0
	1
	0
	0
	0
	0
	1
	0



Comparison of minimum Hamming distance
The minimum Hamming distance for block codes based on Golay,RM codes and PC-Polar codes are listed in Table 2 for variable information sizes K and variable block sizes N. The minimum Hamming distance for block codes based on Golay and RM codes are calculated using the generator matrix in [3] and the generator matrix in [7]. For PC-Polar codes, we deduce the generator matrix based on the tables A.1, A.2 and A.3. Then, the minimum Hamming distances of PC-Polar codes can be obtained using all the possible code words. Because there is no design of PC-Polar for 24 bits in [5], we just use the minimum Hamming distance obtained from the previous design [8].    
It is seen that the minimum Hamming distance of the block codes based on Golay code is larger than that of block codes based on RM and PC-Polar codes for cases of N=20 and 24 bits. For the case of 32 bits, the minimum Hamming distances of RM based block codes are slight larger than that of Golay based block codes and comparable to that of PC-Polar for K >7.  Considering all the three cases, Golay based block codes should have better performance in terms of minimum Hamming distance.
Table 2 the minimum Hamming distance for three kinds of the codes
	N
	Type
	K=3
	K=4
	K=5
	K=6
	K=7
	K=8
	K=9
	K=10
	K=11
	K=12

	20
	Golay
	10
	10
	8
	8
	8
	8
	7
	6
	5
	4

	
	RM
	8
	8
	8
	8
	6
	6
	6
	6
	4
	

	
	PC-Polar
	11
	9
	8
	8
	6
	6
	6
	6
	4
	4

	24
	Golay
	12
	12
	10
	10
	9
	8
	8
	8
	8
	8

	
	RM
	10
	9
	9
	9
	7
	7
	6
	6
	4
	

	
	PC-Polar
	8
	8
	8
	8
	8
	8
	8
	6
	4
	4

	32
	Golay
	17
	16
	16
	13
	12
	11
	11
	10
	9
	9

	
	RM
	16
	16
	16
	16
	12
	12
	12
	12
	10
	

	
	PC-Polar
	18
	16
	8
	16
	12
	12
	12
	12
	8
	



Performance comparison among Golay based block codes, RM codes and PC-Polar codes
In this section, we will compare the performance among block codes based on Golay code, RM code and PC-Polar codes. We will compare the required SNR at 1% detection BLER defined in [6] on condition of same FAR.    
Detection scheme for FAR 
Given the FAR defination in [4], we provide the details of how the threshold are determined for each coding scheme, namely LTE RM, PC-Polar[5], and Golay based very small block coding. To keep the FAR and detection BLER a fair comparison for different coding schemes, it needs to be clarified that we apply the threshold that achieves a fixed FAR across all coding schemes, and all SNR. Therefore the threshold itself may be different over SNRs but that will garentee a fair comparison over detection BLER. We traced all decoding error case with its corresponding metric for differen coding schemes, then the threshold is determined according to the given FAR. We briefly discuss the metric that is applied to different coding schemes below.
For LTE RM, the same metric which was prposed in [4] was used for FAR detection. The correlation value of the best versus second best codeword was traced and the threshold was determined that achieves the targeting FAR. 
For PC-Polar, the output 1st and 2nd best metric after decoding are used as metric to deterimine the threshold. It needs to be mentioned that though it is possible to re-encode the codeword and use the correlation value based metric, but more complexity is needed.
For Golay based code, the best and second best codeword with largest correlation value output of 2nd order OSD decoding was used. As we observed, 2nd order OSD can provide almost equivalent performance interms of decoding over ML, and both 1st and 2nd best candidate codewords are within the list of OSD decoding. Therefore it doesn’t make much different over the approach of LTE RM.
Comparison of the required SNR for the target BLER with requirement of FAR
The performance comparison in terms of the required SNR among the three kinds of the codes are depicted in Figure 1-3 for targeting detection BLER of 1% for N=20, 24 and N=32, respectively. A constant FAR of 10% is achieved for all codes. For Golay based block codes, OSD 2 decoding algorithm is used. The performance of OSD 2 is very close to that of the maximum likelihood decoding (MLD). Specially, there is almost no perforamnce loss when the coded block size is less than 32 bits. The  MLD algoirthm is applied for both RM and PC-Polar codes. Just as mentioned in previous section, the generator matrice of PC-Polar codes are deduced to calculate the minimum Hamming distance. It is quite easy to use MLD algorithm to decoding PC-Polar codes. 
It is seen that the required SNR at detection BLER of 1% of the Golay based block codes is better than that of RM based block codes and more significantly than PC-Polar codes for cases of N=20. Specially, for required SNR at detection BLER of 1%, the gain of Golay based block codes is around 0.5 dB than that of RM based block codes for many cases of variable K. For the case of 32 bits, required SNR at detection BLER of 1% of the Golay based block codes is comparable to that of he RM based block codes and that of PC-Polar codes. 
[bookmark: _GoBack]It is noted that there is no curve for PC-Polar in Figure 2 with N=24 because the design of PC-Polar with N=24 is not provided in [5]. Another stange thing is that the performance of PC-Polar with K=5 and N=32 is not good. Further clarification on the exact construction may be needed.
Observation 1: Golay based block codes with OSD 2 outperform RM based block codes with MLD for N=20 and 24 and has comparable performance with RM based block codes with MLD for N=32.
Observation 2: Golay based block codes with OSD 2 outperform PC-Polar codes with MLD very much for N=20 and 32.
Observation 3: RM based block codes with MLD is better than PC-Polar for N=20 and comparable for N=32.

[image: ]
Figure 1. Required SNR at detection BLER of 1% for variable K and N=20
[image: ] 
Figure 2 Required SNR at detection BLER of 1% for variable K and N=24
[image: ]
Figure 3 Required SNR at detection BLER of 1% for variable K and N=32
Comparison of decoding complexity and lantency
We present below on the decoding complexity regarding different coding schemes. As LTE RM employs a Hadamard structure for its 1st 6 bits, the complexity over this part can be reduced via FHT. Nevertheless, the rest part of the code which can be upto 13 needs to be calculated in an ML way. The complexity calculation is following [5], and summarized in Table 2.
For PC-Polar, we assume L=8 decoding that garentee the performance over ML decoding. The complexity within the SCL decoding operation which is traced per (N,K) for accuracy, and each f() or g() are treated as 2 equivalent adds. Additional complexity of quick sort is accounted when K>log2(L) information bits.
Table 2	Complexity description of different coding schemes
	
	complexity

	LTE RM
	 >6: 2^(-6)*(32*5) 
 <=6: 5*25 

	PC-Polar
	f&g operation: exactly traced for different (N,K)
quick sort for SCL: *

	Golay based
	Input signal sort: 
0th order processing: 
1st/2nd order processing: (+)*( +3)
Codeword selection: 


For Golay based code, 2nd order OSD decoding here is assumed. The complexity in general include the sort of input signals, 0th order processing and 1st/2nd order processing. It needs to be mentioned that for 1st and 2nd order processing,  is the upperbound for the number of fewer number of ‘1’s or ‘0’s in the parity that needs to be accounted in the correlation value calculation.  It was summarized in Table 2 for details of the calculation.
As showsn in figure 4, Golay based code with OSD(2) decoding has the lowest complexity overll schemes, where LTE RM has advantage in complexity when K<=7, and drastically increased when K>=11. For both PC polar and OSD(2), the complexity is steady increased for K between 8~12. 


Figure 4. The performance comparison for N = 20 
Observation 4: OSD(2) decoding has shown comparable complexity with LTE RM for K<=8, and better when K>8.
Observation 5: OSD(2) decoding has the lower complexity for very small block code decoding than Polar code with SCL decoding.
The latency of Golay based and RM based block codes are much lower than that of PC-Polar codes because there are supporting parallel decoding very well. Actaully, it is very difficult for PC-Polar to do parallel decoding. For OSD and MLD decoding, there is not necessary to store the data except the generator matrix. However, a larger momery is needed to supported SCL decoding algorithm.
Conclusions
Observation 1: Golay based block codes with OSD 2 outperform RM based block codes with MLD for N=20 and 24 and has comparable performance with RM based block codes with MLD for N=32.
Observation 2: Golay based block codes with OSD 2 outperform PC-Polar codes with MLD very much for N=20 and 32.
Observation 3: RM based block codes with MLD is better than PC-Polar for N=20 and comparable for N=32.
Observation 4: OSD(2) decoding has shown comparable complexity with LTE RM for K<=8, and better when K>8.
Observation 5: OSD(2) decoding has the lower complexity for very small block code decoding than Polar code with SCL decoding.
Proposal 1: Golay-based block codes for the channel coding of very small block lengths should be considered for NR at least for uplink control channel for block length up to N = 32.
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complexity comparison, N=20

LTE RM	5	6	7	8	9	10	11	12	13	80	160	320	640	1280	2560	5120	10240	20480	PC Polar	5	6	7	8	9	10	11	12	13	846	934	1356	1820	1948	2122	2186	2250	2314	Golay(OSD(2))	5	6	7	8	9	10	11	12	13	276	347	402	489	542	641	684	791	
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