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1. Introduction
In RAN-1 #89 meeting, the following working assumption on the maximum mother code size for UCI has been confirmed [1]:
	
Working Assumption is confirmed: 
· Maximum code size, Nmax=2n, at the output of Polar encoding for Uplink Control Information (UCI) is:
· Nmax,UCI = 1024 for uplink control information
 



In RAN-1 #90bis meeting, the following agreement on the UCI segmentation has been achieved [2]:
	
Agreement:
· UCI segmentation into two segments with equal segment sizes (with a single zero-padding bit inserted at the beginning of the first segment if needed) is used for certain ranges of K (before segmentation) and R, e.g. K>= threshold (e.g. 352) and R<= threshold (e.g. 0.4)
· exact values FFS until RAN1#91
· CRC appended to the first segment is calculated based on the first segment only
· CRC appended to the second segment uses the same polynomial as for the first segment, and is calculated based on the second segment only
 



[bookmark: _GoBack]When the length of the polar-coded UCI is larger than the maximum size of a mother polar code, it is required to determine whether a portion of coded bits is repeated after polar encoding or UCI payload is divided into two segments before polar encoding. According to the above agreements, it would be determined based on the information size Kth and code rate Rth of UCI payload. In this contribution, we evaluate the performance of polar-coded UCI transmission with or without segmentation in order to determine appropriate threshold values, that is, information size Kth and code rate Rth. 
In RAN-1 #90 and NR#3 meetings, the following agreement on the channel bit interleaver for polar codes has been achieved [3], [4]:
	
Agreement:
· For UL, the channel bit interleaver is a separate stage after rate matching.
· Confirm Working Assumption that the uplink channel interleaver is a triangular interleaver





When the segmentation is applied for UCI transmission, concatenation of the separately encoded two codewords should be added after the rate matching procedure. In this case, two alternatives are possible to apply triangular interleaver in the BICM chain at the transmitter. One way is to apply the interleaver between the rate matching and codeword concatenation. Another way is to apply it after codeword concatenation. In this contribution, we also evaluate the performance of UCI transmission according to the alternatives of applying the interleaver in BICM chain. 

2. UCI segmentation 
As usual in our contributions, we define the following basic notations for polar codes.
- : number of information bits excluding CRC bits
- : desired code rates (CRC bits are classified as parity bits)
- : number of codeword bits 
- : mother polar code size
- : list size of successive-cancellation list (SCL) decoder 
Since the maximum size of a mother polar code for UCI is determined as 1024 [1], a method to treat coded vector with larger than 1024 bits should be needed. There can be two approaches: one approach is to repeat a portion of coded bits generated from a mother polar code via rate matching algorithm agreed in [4]; and another approach is to divide a UCI payload into two smaller code blocks and then separately encode them with a polar code of agreed mother code size. For the first approach, using the agreed rate matching scheme in [4], there is no additional coding gain from the repeated coded bits. Thus, it has been observed that puncturing from a larger mother code size performs better than repetition from a smaller mother code size. It means that, when the number of required code bits is quite larger than the maximum size of a mother polar code, UCI segmentation would be an efficient way to achieve coding gain.
Figure 1 represents a procedure in the transmitter side when UCI segmentation is employed. A large UCI is first divided into two segments of equal size, and then the same CRC encoding, polar encoding, and rate-matching are applied to two segments independently. 


Figure 1 Segmentation procedure for large UCI transmission

The separately encoded two polar codewords of the same parameters such as CRC length, code rate, and code block size are concatenated after rate matching. Thus, a receiver can obtain the UCI by decoding for the two polar codewords without any joint procedure. In spite of the additional coding gain than repetition, segmentation may result in performance loss compared to the non-segmented scheme because the number of total CRC bits increases and the size of the employed mother code may be smaller because of segmentation. Therefore, the threshold values Kth and Rth should be carefully chosen to maximize the performance gain when UCI is segmented.  
In RAN-1 NR#3 meeting [4], it was agreed to employ a triangular interleaver after rate matching for fading channels and high-order modulation. There are two possible alternatives to apply the triangular interleaver into the segmentation procedure for large UCI transmission. One way is to apply the interleaver between rate-matching and codeword concatenation as depicted in Figure 2 (a), and another way is to apply it after codeword concatenation as depicted in Figure 2 (b). In order to compare the performance of two alternatives, we evaluate the performance of UCI transmission in conjunction with high-order modulation over fading channels in Section 3.     
[image: ]
(a)                     											(b)
Figure 2 Two alternatives to apply the triangular interleaver in UCI segmentation



3. Performance Evaluation 
[bookmark: OLE_LINK18]In this section, we first evaluate the performance of UCI transmission in order to determine the threshold values Kth and Rth. The performance of the UCI transmission with segmentation is compared to that without segmentation. Table 1 summarizes details about the performance evaluation settings. 

Table 1  Performance evaluation settings
	Channel and modulation
	AWGN channel, QPSK

	Code construction
	CRC code concatenated polar codes

	Polar decoding algorithm
	CRC aided SCL decoding with 

	Information bits 
	20:550

	CRC bits 
	11

	Code rate 
	2/3, 1/2, 2/5, 1/3, 1/4, 1/5, 1/6, 1/8, 1/12

	Codeword bits 
	 

	Max. mother code size 
	1024 

	Segmentation rules
	No segmentation

	
	Two independent segments (independent CRC coding and polar coding)



Figure 3 shows the required SNRs of the two schemes to achieve BLER of 1% and the first crossover point representing the minimum information size at which UCI transmission with segmentation achieves better performance than that without segmentation under a fixed code rate. It can be observed that the performance of the former one is better than the latter one when the number of required code bits is quite larger than 1024.  
[image: ]
Figure 3 Performance of UCI transmission with or without segmentation

Observation 1:  When UCI payload size  400 and code rate  1/3, UCI transmission with segmentation has comparable and better performance than that without segmentation.  
Proposal 1: For large UCI transmission, segmentation should be applied when payload size  400 and code rate  1/3. 
In order to determine the order of channel bit interleaving and codeword concatenation for UCI segmentation, we evaluate the performance of two alternatives in Figure 2 in conjunction with high-order modulation over TDL-C fading channel. Table 2 summarizes details about the performance evaluation. 


Table 2  Performance evaluation settings
	Channel and modulation
	TDL-C 300ns fading channel, QPSK /16QAM / 64QAM

	Code construction
	CRC code concatenated polar codes

	Polar decoding algorithm
	CRC aided SCL decoding with 

	Information bits 
	300:550

	CRC bits 
	11

	Code rate 
	1/2, 2/5, 1/3, 1/4, 1/5, 1/6, 1/8, 1/12 

	Codeword bits 
	 

	Max. mother code size 
	1024 

	Segmentation rules
	Concatenation after channel interleaving

	
	Channel interleaving after concatenation



The performances of UCI transmission when channel interleaving is carried out before concatenation (depicted as Channel Interleaving – Concatenation) and after concatenation (depicted as Concatenation – Channel Interleaving) are shown in Figures 4 to 6.

[image: ]
Figure 4 Performance of UCI transmission with segmentation (QPSK) 
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Figure 5 Performance of UCI transmission with segmentation (16-QAM) 

[image: ]
Figure 6 Performance of UCI transmission with segmentation (64-QAM) 
Observation 2: When payload segmentation is applied to UCI transmission, channel interleaving after concatenation achieves better performance than that before concatenation for all modulations over fading channels. 
Proposal 2: For UCI segmentation, concatenation should be carried out before channel interleaving. 
3. Conclusion 
In this contribution, we discuss the details of conditions for UCI segmentation. Observations and proposals for UCI segmentation are given as below:
Observation 1:  When UCI payload size  400 and code rate  1/3, UCI transmission with segmentation has comparable and better performance than that without segmentation.  
Observation 2: When payload segmentation is applied to UCI transmission, channel interleaving after concatenation has better performance than that before concatenation for all modulations over fading channels. 
Proposal 1: For large UCI transmission, segmentation should be applied when payload size  400 and code rate  1/3. 
Proposal 2: For UCI segmentation, concatenation should be carried out before channel interleaving. 
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