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1. Introduction
In RAN-1 #90 meeting [1], it was decided that a merged solution in [2] is considered as a working assumption on polar code rate-matching. 
	Working Assumption: 
· Polar rate matcher: Option 2 from R1-1715000 with corrections of typos:
· Slide 13: in top part of figure, second “25” -> 26
· Slide 15: 0.7/16 -> 7/16
· Channel interleaver:
· Uplink: Triangular interleaver (e.g. as in R1-1713474)
· Downlink: Parallel rectangular interleaver (e.g. as in R1-1714691)
· To be confirmed at NR AH#3 unless it is shown that there are no meaningful benefits of including the downlink channel interleaver, using evaluation assumptions in R1-1714983



In this contribution, the performance of NR polar coding chain is evaluated in more detail. In the last meeting, most parts of NR polar coding chain were determined after long discussion. A polar code sequence was determined and a subblock-wise permutation based rate-matching scheme was agreed to be adopted. It was also agreed that a triangular interleaver and a parallel rectangular interleaver are used as a channel interleaver for downlink and uplink, respectively. For downlink, polar code construction with distributed CRC was used for early termination of SC-based decoding. Considering all components agreed so far in NR discussion, the performance of polar code is evaluated in this contribution. It is also shown in this contribution that slight modification on rate-matching parameters can improve the BLER performance.  



2. Polar Coding Chain
In this contribution, we use some basic notations for polar coding chain as followings:
[bookmark: _Hlk485716767][bookmark: OLE_LINK10][bookmark: OLE_LINK1]- : number of information bits excluding CRC bits
- : number of CRC bits
- : desired code rates ()
- : number of codeword bits ()
- : mother polar code size
- : list size of successive-cancellation list (SCL) decoder 
[image: C:\Users\minyc\AppData\Local\Microsoft\Windows\INetCache\Content.Word\fig01.png]
Figure 1  Polar coding chain for NR control channels
Fig. 1 shows a general polar coding chain considered for NR control channel. Given coding parameters  and , the mother code size  and rate-matching schemes are determined first according to Table 1.
Table 1  Rate-Matching Configuration
	
After segmentation (if any):
·  is the number of information bits (including CRC if one is attached)
·  is the number of coded bits for transmission
·  is the smallest power of 2 that is 
·  is 
·  if  and , where 
· Otherwise,  
·  is the smallest power of 2 that is 
·  is the supported minimum coding rate 
·  is the maximum supported mother code size, where  for DL and  for UL 
· The mother code size  is determined as 
· Repetition is applied when 
· Puncturing or shortening is applied when     
· Puncturing if  shortening otherwise




After determining  and a rate-matching scheme, CRC encoding and polar encoding are performed. A message bit sequence of length  is first encoded by CRC code. In the working assumption in [1], a 24-bit distributed-CRC code is considered for downlink, and a normal  CRC code is considered for uplink. 
Then, polar encoding is performed for the CRC codewords. We use a general notation of polar encoding, , where  and  represent a length- input vector and a length-output vector, respectively. Each bit of the CRC codeword is mapped to  according to the polar code sequence described in [3]. In the sub-channel allocation, some sub-channels with low indices are frozen beforehand regardless of the polar code sequence if it is determined that puncturing is applied at the rate-matcher. The indices of pre-freezing bits are given as  if , and  otherwise. No additional bit pre-freezing is considered for shortening and repetition. After sub-channel allocation, polar encoding is performed by calculating . The  generator matrix  is given by , where  and  denotes -times recursive Kronecker product of . The bit reversal operation generally included in the literature is not considered in NR polar coding.
The output codeword bit sequence is then interleaved for rate-matching. The codeword sequence is divided into 32 sub-blocks in an order, and the sub-blocks are interleaved, where the interleaving pattern is given as

The interleaved codeword bits are stored into a circular buffer. Finally,  bits are extracted from the buffer and fed into channel interelaver and modulator. For shortening, first  bits are extracted from the buffer, while last  bits are obtained from the buffer for puncturing. 

3. Performance Evaluation
	In this section, the performance of NR polar code is evaluated. All components agreed so far in NR discussion are considered: code sequence, rate-matching, D-CRC construction, and channel interleaving. Table 2 shows details of performance evaluation. 
Table 2  Performance Evaluation Environment for Polar Code Rate-Matching
	Code sequence
	Code sequence agreed in RAN1 #90 meeting

	Rate-matching scheme
	Rate-matching in [2] 

	Channel and modulation
	AWGN channel, QPSK

	CRC polynomials
	DL: gCRC24(D) = [D24+D23+D21+D20+D17+D15+D13+D12+D8+ D4+ D2+ D+1]
UL: gCRC11(D) = [D11+D10+D7+D5+D2+D1+1]

	Polar decoding algorithm
	DL: DCRC-aided SCL decoding with 
UL: CRC-aided SCL decoding with 

	Channel interleaver
	DL: Parallel rectangular interleaver [3]
UL: Triangular interleaver [4]

	Code rate ()
	2/3, 1/2, 2/5, 1/3, 1/4, 1/5, 1/6, 1/8

	Information bits 
	DL: 16:1:200
UL: 22:1:512

	Max. mother code size 
	DL: 512
UL: 1024



	In the next subsections, the results of BLER performance evaluation are given. First, we consider downlink control channel that employs 24-bit D-CRC and parallel rectangular channel interleaving. The maximum polar code size is set to 512 according to the agreement, and we consider payload sizes from 16 to 200 with single-bit granularity. Then, the performance of polar coding chain for uplink control channel is evaluated. The length and polynomial of CRC code for uplink have not been determined yet, and 11-bit CRC defined by a generator polynomial D11+D10+D7+D5+D2+D1+1 is assumed [5]. The maximum polar code size is 1024, and payload sizes from 22 to 512 are considered. 
[bookmark: OLE_LINK9]

3.1 Performance Evaluation for Downlink Control Channels
	In this subsection, the BLER performance of polar code for downlink control channel is evaluated. Important features of DL polar code construction are D-CRC and rectangular parallel channel interleaver [4]. From Fig. 2 to Fig. 5, the results of polar codes with list size 1, 2, 4, and 8 are given, respectively. 
[image: D:\[1] Work\[1] 3GPP RAN1 Channel Coding\1709 AH3\[2] Simulations\01_Rate_Matching_DL\01_WA_Pattern\L1_1E-2.png]
Figure 2  BLER evaluation of polar code for DL control channels () 
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Figure 3  BLER evaluation of polar code for DL control channels ()
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Figure 4  BLER evaluation of polar code for DL control channels ()
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Figure 5  BLER evaluation of polar code for DL control channels ()

Observation 1: For all list sizes , the downlink polar coding chain agreed in the current NR discussion provides good and stable performance. 

3.2 Performance Evaluation for Uplink Control Channels
In this subsection, the BLER performance of polar code for uplink control channel is evaluated. A triangular interleaver [3] is considered as a channel interleaver. From Fig. 6 to Fig. 9, the results of polar codes with list size 1, 2, 4, and 8 are described, respectively.
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Figure 6  BLER evaluation of polar code for UL control channels ()
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Figure 7  BLER evaluation of polar code for UL control channels ()
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Figure 8  BLER evaluation of polar code for UL control channels ()
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Figure 9  BLER evaluation of polar code for UL control channels ()

Observation 2: For all list sizes , the uplink polar coding chain agreed in the current NR discussion provides good and stable performance.
Observation 3: When SC decoding is applied, there are some spikes in rate-matching performance curves. In these points, codeword bits as many as almost half of the mother code size are punctured.

3.3 Slight Modification on Rate-Matching Configuration
	As shown in Fig. 1 and Fig. 5, there are some spikes in the rate-matching performance curves when SC decoding is applied. Investigating these points of performance degradation, puncturing is applied and almost half of codeword bits are punctured. Instead of applying puncturing, repetition from smaller mother polar code is a good alternative to improve the performance. To achieve the performance improvement in the current working assumption, a rate-matching parameter  should be slightly increased or the condition “” in Table 1 should be changed into “”. 
Fig. 10 and Fig. 11 show the performance improvement by modifying rate-matching configuration for downlink and uplink control channels, respectively. In this experiments, SC decoding is considered, and we apply the rate-matching condition , where . In the figures, red curves correspond to the current rate-matching configuration, and blue ones are obtained by modification. In Appendix, results of SCL decoding with  are given.
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Figure 10  Rate-matching performance of DL with modification on configuration ()
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Figure 11  Rate-matching performance of UL with modification on configuration ()
Observation 4: Slight modification on the rate-matching parameter  leads to the performance improvement. 

4. Conclusions
In this contribution, we evaluated the performance of polar coding for NR control channel. All components decided to be adopted so far were considered. We had following observation. 
Observation 1: For all list sizes , the downlink polar coding chain agreed in the current NR discussion provides good and stable performance.
Observation 2: For all list sizes , the uplink polar coding chain agreed in the current NR discussion provides good and stable performance.
Observation 3: When SC decoding is applied, there are some spikes in rate-matching performance curves. In these points, codeword bits as many as almost half of the mother code size are punctured. 
Observation 4: Slight modification on the rate-matching parameter  leads to the performance improvement. 
Given the performance evaluation results, the current polar coding scheme provides stable performance for various payload sizes and code rates.
[bookmark: _GoBack]Proposal 1: Confirm the current working assumption on polar code rate-matching.
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Figure 12  Rate-matching performance of DL with modification on configuration ()
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Figure 13  Rate-matching performance of DL with modification on configuration ()
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Figure 14  Rate-matching performance of DL with modification on configuration ()
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Figure 15  Rate-matching performance of UL with modification on configuration ()
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Figure 16  Rate-matching performance of UL with modification on configuration ()
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Figure 17  Rate-matching performance of UL with modification on configuration ()
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