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Introduction
In RAN1 #90 meeting, following working assumption was made on UL control. 
	Agreement: 
For UL code construction: 
· (nFAR + 3) CRC bits are generated by a single CRC polynomial
· CRC polynomial is FFS 
· Companies are to provide CRC proposals by 6th September
· Working Assumption: The CRC bits are attached as a block to the end of info bits
· Can be revisited at NR AH#3 if FAR is shown to exceed 1.5 x 2^-nFAR.


In this contribution, we provide the discussion on UL control channel code construction. 
CRC polynomials and FAR requirement 

In the email discussion “[90-29] K and nFAR for UL Polar Construction”, companies proposed different CRC lengths and views on how they apply for NR UCI. As the BLER and FAR are typically a trade-off and not all UCI contents require the same error detection requirements, we see the following CRC lengths are important to consider in the UL code constructions. 

Table 1: proposed CRC lengths and polynomials for UL
	Length
	CRC Polynomial

	3
	D3 +D2 + 1

	5
	D5+ D3+ 1

	8
	D8 + D7 + D4 + D3 + D + 1

	11
	D11 + D8 + D7 +D6 +D5 +D3 + D +1

	16
	D16 + D12 + D5 + 1



It is necessary to understand the applicability of these CRC lengths for UCI. This should be mainly depended on the UCI content and different CRC lengths can be appended for the same size of information payload if the FAR requirements are defined differently for the content of the payload. In summary, we see the following cases,

a) For K + nFAR <= 22, nFAR can be zero if the UCI content does not require low false alarm target or implementation based error detection can support the required error detection requirements. 
1. Reed-muller (RM) code does not require CRC attachment. 
2. Polar code construction with PC bits requires 3 bit CRC attachment for error correction purposes. 
	
To justify the above further, we have the following agreement when considering PC polar construction and 3 bit CRC is required. 

Agreement:
For UL, where 12<=K+nFAR<=22, J+J’ = nFAR + 6, 3 PC bits are generated according to the following steps:
1.  Encode K info bits to K+nFAR+3 CRC encoded bits,
· FFS the nFAR+3 CRC bit locations
2.  Select K’ = K+nFAR+6 most reliable bit positions
3.  Select 3 PC bits from the K’ reliable positions
· The most reliable n positions with wmin, where
· wmin is the minimum row weight (as defined in R1-1706193) of the K+nFAR+3 most reliable positions within the K’ reliable positions, where n is given by:
· n=1 if M-K-nFAR>192
· n=0 otherwise
· 3-n positions selected in least reliable positions within the K’ reliable positions.
4. Working Assumption:  The value of the PC bits is obtained from a length-5 cycle shift register as in R1-1706193

b) For K + nFAR <= 22, nFAR can be non-zero value if the UCI content requires false alarm target that cannot be supported by the implementation based error detection methods. Considering the small payload and impact on BLER with larger CRC lengths, we think that nFAR = 5 is quite good FAR requirement for such cases. 
1. Reed muller codes require CRC attachment equal to 5 bits.  
In the case of K >= 7 bits, CRC attached payload will not be encoded with RM codes. K + CRC exceed the supported maximum dimension of RM. 
2. Polar code construction with PC bits requires 8 bit CRC attachment, where 3 for error correction and 5 for error detection. 
In the case of K >= 17 bits, data will not be encoded with polar with PC bits. K + nFAR exceed 22-bit limit in the agreement above. 

c) For K + nFAR > 22, nFAR cannot be zero as the payload is large and implementation based techniques may not provide good FAR for the UCI. We think that nFAR = 8 is required.
· CA polar and appending 11 CRC bits. 
If the CA-Polar can satisfy the FAR requirement, working assumption will be confirmed. 
If the working assumption of CA-Polar cannot reach the FAR target, the only way to provide good FAR with the same BLER performance is to use DCRC as in DL code construction. 

d) For K + nFAR > 100, nFAR cannot be zero as the payload is large and implementation based techniques may not provide good FAR for the UCI. We think that nFAR = 13 is required. 
· CA polar and appending 16 CRC bits. 
If the CA-Polar can satisfy the FAR requirement, working assumption will be confirmed. 
If the working assumption of CA-Polar cannot reach the FAR target, the only way to provide good FAR with the same BLER performance is to use DCRC as in DL code construction. 

Based on the above discussion, we see that some CRC polynomials are used in the same region depending on the required FAR target. The following evaluations are required to finalize the CRC polynomials and to confirm the CA-Polar working assumption.  

· Case (a)
· 	For 11 < K <= 22, 
· CRC length = 3 to be evaluated for BLER. 
· Case (b)
· For 3 <= K <= 6 (RM)
· 	CRC length = 5 to be evaluated for FAR and BLER.  
· For 7 <= K <= 17 (Polar with PC bits) 
·  CRC length = 8 to be evaluated for FAR and BLER. 
· Case (c)
· For 14 < K <= 92(CA polar)
· 	CRC length = 11 to be evaluated.  
· Case (d)
· For 88 < K (CA polar)
· 	CRC length = 16 to be evaluated.  
· Check for all values of K with granularity of 2 from 3 to 100, and granularity of 20 up to 500.
· Check for M values with granularity of 8 from 20 to 256, and granularity of 64 up to 1024.
· Not including combinations of K and M that would give R < 1/8 or greater than 5/6
· Priority will be given to R<=2/3

Zero padded code construction for smaller UCI content  

As discussed in the above section, the uplink may use a different number of CRC bits for different block size as well as the UCI content. In the case of nFAR=0, a 3bit CRC may be used to aid the list decoding. However, 3bit CRC is weak to select the correct path and results in increased BLER. 

The BLER performance may be improved by a few techniques including distributed CRC or zero inserting/appending. CRC is a cyclic code and each fraction of the rows of generator matrix may be used for error detection. Some parts are better error resilient than other parts. This could be understood by the rows of the CRC generator matrix have larger minimum Hamming distance. The CRC row selection can be realized by inserting/appending zeros to the information bits inputted into the CRC generator, i.e. skipping some rows. The row corresponding to an inserted/appended zero is skipped.
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Figure 1. When multiplied with the CRC generator matrix, the appended 0 will let the row skipped. The left shift register CRC generator will give the same output. 


Hence, the bit processing flow is as shown in Figure 2. For each K, the number of zeros appended, i.e. an offset, can be defined. Since, for very small block sizes, 12<=K<=22, there are only 11 bits need to be considered, so the complexity is acceptable. 
The number of zeros appended are {0  9  6   0   0  0  6  2  6  8  2} for K=12:22
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Figure 2. bit processing flow


The BLER performance may be improved significantly for some block sizes, as shown in the below figure. The curves correspond to the code rates {1/12, 1/6, 1/3, 1/2, 2/3, 3/4, 5/6}. And green curves are the results by the proposed code construction scheme.
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Figure 3. BLER of K=13
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Figure 4. BLER improvement for K=18


Uplink FAR issues

The Polar code uplink FAR is evaluated with the following simulation assumptions. 







Table 2: Simulation parameters

	Channel
	AWGN

	Modulation 
	QPSK

	Coding Scheme
	CA-Polar

	Polar code sequence
	Agreed sequence 

	Rate matching
	Unified rate-matching 

	Decoding algorithm
	CRC aided List-8 (CRC used after decoding the full info block to select the path)

	Info. block length (bits w/o CRC)
	K=23:1:200

	Code rate
	1/12, 1/6, 1/5, 1/4, 1/3, 1/2, 2/3, 3/4, 4/5, 5/6

	CRC bits
	11 bit CRC, 0x9EB



The uplink FAR spectrum of CA-Polar is shown in Figure 5, showing the peak FAR of different code rates for block size K. The required FAR is around 2^-8  0.0039. However, it is observed that the FAR may increase with the code rates and some block sizes. The maximum FAR for many block sizes double the requirement. Figure 5 shows there is a trend that the FAR may increase with the block size.
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Figure 5. FAR spectrum of CA-Polar


Observation 1: High FAR is a common issue of CA polar in uplink, especially for high code rates and larger block sizes. 

It is not recommended to adopt CA-Polar for UL and DCRC seems to be the only way to overcome such FAR concerns. 
Conclusion
In this contribution, the uplink control channel code construction is discussed by proposing CRC polynomials and their relevance to UCI content and size, zero insertion/appending code construction scheme, and solving FAR concerns with DCRC. 

Observation 1: High FAR is a common issue of CA polar in uplink, especially for high code rates and larger block sizes. 
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