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In RAN1#89 and RAN1 NR#3, the following agreements on Polar codes were reached [1][2]: 
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
Agreement: 
· Confirm Working Assumption that the uplink channel interleaver is a triangular interleaver
During the meeting [1] it was discussed that advanced rate matching schemes should be studied aiming for code design that supports values of K up to 500 with good performance. Segmentation was proposed in [3] for large UCI. In this contribution, the performance and related issues of segmentation are investigated.
Discussion 
When M is larger than Nmax, a repetition scheme results into a performance loss for large UCI as evaluated in [4]. Instead, it was presented in [3] that a segmentation scheme can have up to 0.7 dB coding gain over a repetition one. This motivated us to investigate how to use a segmentation scheme for larger M for better coding performance.
Observation-1: Segmentation has obvious performance gain over repetition for large UCI when limiting Nmax=1024. 
Segmentation Scheme
A segmentation scheme [3] and a possible decoding procedure are shown in Figure 1. At the encoder side, a CRC-attached block is first divided into two segments. The two segments are encoded independently.  At the decoder side, a SCL decoder is firstly applied on each segment to yield L candidate survival paths respectively. The L candidate paths and their PMs (path-metrics) from the 1st segment are combined with those from the second segment. The best T paths are selected and sorted from the L2 survival paths in terms of the PMs, and then get CRC checked for a final decoding result. If T is set no more than 8, the FAR requirement is not compromised. 

 
[bookmark: _Ref494112583]Figure 1. Segmentation Procedures for Encoder and Decoder
Performance and Parameters
The segmentation scheme in [3] is simulated and compared with repetition for large M. Simulation parameters are summarized in the Appendix. List-8 SCL decoder with T=8 is used for both segmentation and repetition schemes. The simulation results are shown in Figure 2. 

[bookmark: _Ref494117565]Figure 2. Performance Comparison between Segmentation and Repetition
It can be observed that the coding gain of the segmentation scheme vs repetition scheme, for a given coding rate R, a larger M (or K) leads to more coding gain. For a given M (or K), a higher R results into more coding gain [5]. Therefore, it can be deduced that when M>=Msegthr, Msegthr=max{1000+160/R,360/R}, a segmentation scheme is needed for better coding performance.
Observation-2: Compared with a repetition scheme, a segmentation scheme has coding gain in terms of M and R.
Proposal-1: If M>=Msegthr, Msegthr=max{1000+160/R,360/R}, divide the information and code block into two segments as:
· First segment information and code length: K+=ceil(K/2), M+=M/2
· Second segment information and code length: K-=K-K+, M-=M-M+
Concatenation for Segmentation
The triangle-based channel interleaver in [6] is agreed to be used for UL. When segmentation is applied, the procedure and segments concatenation should be carefully selected, so that the performance of the channel interleaver will not be affected.
To enable the coded bits in both segments to pass through the UL channel interleaver, we propose to concatenate the coded bits after channel interleaving in a bitwise interlacing manner, as shown in Figure 3 and Figure 4. This has the following advantages: 
· The effect of interleaving by the channel interleaver for high order modulation is kept. After bitwise interlacing, the bits in one segment can be considered as modulating with a reduced order. Take 16QAM as an example. The 4 bits in a symbol, i.e. {b0,b1,b2,b3}, can be partitioned into two groups, where b0 has the same reliability as b1, and b2 has the same reliability as b3. After bitwise interlacing, the bits in the first segment will be modulated via {b0,b2}, and the bits in the second segment will be modulated via {b1,b3}. Therefore, the bits in each segment are modulated after the UL channel interleaver, and the overall reliabilities of modulated bits for the two segments are the same. The performance for high order modulation is guaranteed.
· The interleaving depth of the channel interleaver for fading channels is kept. This is a straightforward result of the bitwise interlacing.
· The bitwise interlacing of the two segments guarantees that the two segments go through almost the same channel. This is necessary for fading channels. If sequential concatenation is used, there may happen that one of the segments experiences a deep fading and cannot be decoded correctly, which will degrade the overall performance. With the bitwise interlacing concatenation, both segments will enjoy the whole time and frequency diversity, guaranteeing good performance in fading channels.

 
[bookmark: _Ref494372473][bookmark: _Ref494183192]Figure 3. Concatenation after Channel Interleaving 


[bookmark: _Ref494372481][bookmark: _Ref494183260]Figure 4. Bitwise Interlacing Concatenation
The performance of the bitwise interlacing concatenation method is evaluated and compared with the sequential concatenation method in fading channels with QPSK and 16QAM modulations. The results are shown in Figure 5. A random interleaving after sequential concatenation is also simulated, which serves as a baseline. It can be observed from the results that the bitwise interlacing concatenation after the UL channel interleaver yields the same performance as the random interleaving of all concatenated bits. Instead, sequential concatenation leads to significant performance loss. 
[image: ] [image: ]    
(a) QPSK                                                                  (b) 16 QAM
[bookmark: _Ref494459772]Figure 5 Performance Comparison between Sequential and Bitwise Interlacing Concatenation
Observation-3: It is necessary and sufficient to have a post-interleaver bitwise interlacing concatenation for a segmentation scheme.
Proposal-2: Concatenate the segments after channel interleaving with a bitwise interlacing method: 
denote the outputs from the channel interleaver of two segments as a0,a1,a2,…,aM+-1 and b0,b1,b2,…,bM--1; the output after concatenation is a0,b0,a1,b1,a2,b2,…,aM+-1,bM--1.

Conclusion
We have the following observations and proposals for segmentation for polar code.
Observation-1: Segmentation has obvious performance gain over repetition for large UCI when limiting Nmax=1024. 
Observation-2: Compared with a repetition scheme, a segmentation scheme has coding gain in terms of M and R.
Observation-3: It is necessary and sufficient to have a post-interleaver bitwise interlacing concatenation for a segmentation scheme.
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Appendix
Table 1 Simulation Parameters
	Channel
	AWGN

	Modulation
	QPSK

	CRC length
	11

	Segmentation
	Equal segmentation: Kseg=ceil(K/2), Mseg=ceil(M/2)

	Decoder
	CA-SCL with List 8 for repetition,
SCL with List 8 and CRC check the 8 best combined paths for segmentation

	K (including CRC)
	300:10:600

	Code rate: R=K/M
	0.1:0.02:0.28, 0.32:0.04:0.4, 0.5

	Nmax
	 1024
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