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For polar code construction for NR control channels, the following was agreed in RAN1#89 [1]: 
Agreement: 
· For DL: 
· J’ = 3 or 6, to be downselected at June adhoc
· J’’ = 0
· At least some of the J + J’ bits are appended
· FFS until June adhoc:
· how the J + J’ bits are obtained 
· If J’=6, working assumption that at least some of the J + J’ bits are distributed (including to support early termination in the code construction) (Consideration of J’=6 proposals without distributed J+J’ bits are not precluded.)
· If J’=3, FFS until June adhoc whether some of the J + J’ bits are distributed (including to support early termination in the code construction)
· Consideration of distribution of bits shall consider complexity versus benefit and comparison to implementable purely implementation based methods for early termination
In [4], we presented the hardware implementation of PC-CA Polar and proved that the complexity is not a concern. In addition, the number of PC bits was limited to 3. In [5], we proved the necessity to have PC bits from the theoretical point of view. In this contribution, we further investigate the PC-CA design alignment with the Polar code construction agreement in RAN1#89.
[bookmark: _Ref477266525]Polar Code Design
[bookmark: _Ref481603957]PC-CA Polar Design
Following the working assumption that when J+J’=nFAR+6, we design a polar code with 3 PC bits and distributed CRC bits to maximize the benefit from the assistance bits.


Figure 1.	Polar Code Construction
PC bits are generated according to the following steps:
1. Select K’ = K+J+J’ for the reliable bit position set.
2. Encode K info bits to K+J+ J1’ D-CRC encoded bits,
· J+J1’ D-CRC bits distributed within information bits according to [7].
3. Select J2’ PC bits from the K’ reliable positions,
· n positions selected by wmin and descending reliability [5].
· wmin is the minimum row weight and pre-determined according to the value of K+J+J1’ [4].
· For NR control cases, we propose J = 16 and J’ = 6, (J1’=3, J2’=3)
· 
· J2’-n positions selected from in K’ by ascending reliability.
4. Take PC bits values from a simple length-5 cycle shift register [4].
Evaluation Results 
We compare below two different schemes with different list sizes and apply Nmax=512 as the largest mother code length. Repetition is used for code length M>Nmax.
1) CA-Polar:
· 19 (J)-bit CRC for both error correction and error detection with CRC check times to T≤8. 
· 20 (J)-bit CRC for both error correction and error detection with CRC check times to T≤16. 
2) PC-CA Polar:
· (J+J1’) = 19-bit partially distributed CRC for both error correction and error detection
· J2’ = 3-bit PC is used for either enhancing list gain or promote early termination
Throughout this document, the following line specifications are used.
· Different colors representing different schemes:
· Black curves: CA-Polar with CRC19
· Blue curves: CA-Polar with CRC20
· Red curves: PC-CA-Polar with CRC19
· Different line styles representing different list sizes:
· Dotted curves: L=2
· Solid curves: L=8
· Dashed curves: L=32
Without Rate-Matching (Mother code length)
In Figure 2, the required SNR to achieve a 0.001 BLER is plotted for different info block lengths and mother code lengths (64,128,256,512), i.e., no rate matching.
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Figure 2. BLER Performance for L ={2,8,32}, no rate-matching
With Rate Matching (Puncturing/shortening)
In Figure 3, the required SNR to achieve a 0.001 BLER is plotted for different info block lengths and code rates R = {1/12,1/6,1/3}, assuming a mixture of rate matching schemes including puncturing and shortening. 
[image: ]
Figure 3. BLER Performance for L ={2,8,32}, with rate-matching for different code rate
From Figures 2 and 3, it can be seen that overall PC-CA Polar has better BLER performance compared to CA-Polar with CRC19 and CRC20.
The same observation holds for typical DCI code lengths of {96, 192, 384, 768}. The performance gain of PC-CA Polar are plotted in Figure 4 and Figure 5 by comparing with CA-Polar (CRC19 or CRC20).
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Figure 4. BLER gain for PCCA-Polar at L ={8,32} at low code rate cases
From Figure 4, it can be observed that, compared to CA-Polar with CRC19, the gain of PC-CA Polar is up to 0.2dB with List 32 for low code rate cases.
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Figure 5. BLER gain for PCCA-Polar at L ={2,8} at high code rate cases
From Figure 5, it can be observed that, compared to CA-Polar with CRC20, the gain of PC-CA Polar is up to 0.4dB with List 2 and List 8 at medium and high code rate cases.
Observation 1: PC-CA Polar has better BLER performance compared to CA-Polar with CRC19 in different scenarios including no rate-matching, combined with puncturing and shortening, large list, etc. The gain is up to 0.2dB with list 32.
Observation 2: PC-CA Polar has better BLER performance compared to CA-Polar with CRC20 in different scenarios including no rate-matching, combined with puncturing and shortening, large list, etc. The gain is up to 0.4dB with list 2 and list 8.
According to the simulation results given in Figure 2 ~ Figure 5, we have the following summary at different block lengths, code rates and list sizes for the Polar construction schemes:
Table 1. Summary of Polar construction schemes in different scenarios
	
	List 2
	List 8
	List 32

	Small block length,
high code rates
	PC-CA
	PC-CA,
CA-Polar (CRC19)
	PC-CA,
CA-Polar (CRC20)

	Medium & large block length,
medium & low code rate
	PC-CA,
CA-Polar (CRC19)
	PC-CA,
CA-Polar (CRC19)
	PC-CA



Observation 3: PC-CA Polar provides the flexibility to reach better BLER performance in different scenarios.
Combining the implementation complexity evaluation in [4], the theoretical analysis in [5], and the performance evaluation at different block lengths, code rates and list sizes [4][5][6], we conclude that PC-CA Polar should be adopted in NR control channels to maximize the assistant bits benefits. 
Conclusion
In this document, we align the PC-CA Polar design with the agreement in #89 meeting and compare the BLER performance between PC-CA Polar and CA-Polar with different CRC lengths. We have following observations and proposal:
Observation 1: PC-CA Polar has better BLER performance compared to CA-Polar with CRC19 in different scenarios including no rate-matching, combined with puncturing and shortening, large list, etc. The gain is up to 0.2dB with list 32.
Observation 2: PC-CA Polar has better BLER performance compared to CA-Polar with CRC20 in different scenarios including no rate-matching, combined with puncturing and shortening, large list, etc. The gain is up to 0.4dB with list 2 and list 8.
Observation 3: PC-CA Polar provides the flexibility to reach better BLER performance in different scenarios.
Proposal 1: Adopt PC-CA Polar for NR control channel.
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