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Introduction
In RAN1 NR #3 meeting [1], the following working assumption was reached for control channel interleaver.  
Working Assumption: 
· If a DL bit-level channel interleaver is adopted:
· Its span is equal to the number of coded bits corresponding to 1 CCE
· The span can be increased to the number of coded bits corresponding to 2 CCEs if there is a benefit of doing so
· FFS whether the interleaver is not used at higher ALs
· Companies are encouraged to assess by RAN1#90bis the implementation impacts of using or not using the interleaver at higher ALs
Conclusions and next steps to help towards a decision on the Working Assumption from RAN1#90:
· From the cases evaluated so far, gains of DL channel interleaver are not significant for AL >2
· Continue evaluations until RAN1#90bis, according to the above working assumption
· Focus on AL=1,2 cases, with and without REG bundle interleaver
· Include evaluations with up to 3 OFDM symbols for the control channel
· Companies are also encouraged to compare block parallel interleaver with low-complexity block interleavers, e.g. single block interleaver. 
In this contribution, we further discuss DL control channel interleaver for polar codes. 
Discussion
1.1 Parallel rectangle interleaver 
In the RAN1 NR AH#3 meeting, the parallel block interleaver for polar codes was discussed in [2][3]. In [3], the parallel rectangular interleaver consisting of 5 row-column sub-interleavers with depth {1,3,5,7,9} achieves good performance for high order modulation. In order to improve the performance of QPSK for DL control, parallel rectangular interleaver with depth {3,5,7,9,11} is proposed. 

1.2 Performance evaluation

In this section, the performance of PDCCH with and without interleaver is shown with the  simulation parameters listed in the appendix.
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Figure 1: performance of parallel interleaver with depths {1,3,5,7,9} and {3,5,7,9,11}
From the result shown in figure 1, the parallel rectangular interleaver with parameters of {3,5,7,9,11} provides  better performance than the one with parameters of {1,3,5,7,9}.
With optimization of parallel rectangular interleaver, we evaluate the performance comparing with the interleaver proposed in [2] and the case without interleaver. The simulation parameters are the same with that in Table 1.  Simulation results are shown in Figure 2 and Figure 3. 
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Figure 2: performance of polar interleavers with AL=1，bundling size=2.
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Figure 3: performance of polar interleavers with AL=1，bundling size=6.
From the results shown in Figures 2 and3, we can see that two parallel rectangular interleavers achieve significant performance gain comparing with the case without the interleaver. At BLER=1e-2, the proposed parallel rectangular interleaver has better BLER performance than the interleaver in [2]. 
Observation 1: The proposed interleaver has better performance than no interleaver and 2 parallel rectangular interleaver. 
Proposal 1: Working assumption should be confirmed to adopt the proposed parallel rectangular interleaver for DL control channel. 
1.3 Parallel block interleaver optimization with wildcard 

The diagram below gives an example of interleaving process of a length N sequence through a block interleaver with depth D and width W.
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Figure 5: Block interleaver 
The general scenario is that the total number of coded bits for interleaving is less than the area of rectangular interleaver, i.e, . In this case, a number of NULL bits (ND) with    are padded in the leading units of the interleaver and the input sequence is linked up after them.  However, this method will not increase the distance between two coded bits of the input sequence.   Thus, the addition of the NULL bits with additional randomness to the common block interleaver scheme would improve the interleaver performance. 
In general, the proposed solution is that wildcard characters can be insert randomly into storage units  that the  input sequence can be interleaved with enhanced distance and rarely increase implementation complexity.  To make sure the receiver is aware of the interleaving function with  harmonic de-interleaving, a promissory fixed-position random wildcard character instead of NULL bits  should be inserted.  For an interleaver with depth D, the position of a wildcard character should be an integer in the range of [1, D].  The number of wildcard characters is the remainder of the division of N by D.  A pseudo random sequence with D elements is generated.   The elements are integer and in therange of [1, D].  The first  elements are destined as the wildcard characters’ positions in the interleaver for an input sequence of length N. 
We propose that  the pseudo random sequence is generated based on Karnaugh map. For example of assuming that the depth of an interleaver is 11, the pseudo random sequence based on a  Karnaugh map is generated  :
[image: ]
Figure 6: Karnaugh map

For the rest numbers, find a starting position and a path moving up/down/left/right from the last number to the next number to cover all of them:

[image: ]
 Figure 7: The pseudo random sequence
An example of the pseudo random sequence {10,2,6,7,3,1,5,4,0,8,9} is generated. 
The sequences generated in the way above have low implementation complexity because every next number can be obtained by flipping only one binary symbol from the current number. 
The proposed interleaver scheme has  an interleaver Iwd  with depth 11 and a wildcard position sequence {10,2,6,7,3,1,5,4,0,8,9}.  If we have an input sequence with length 51through the interleaver Iwd and a common block interleaver respectively, here is the result:
[image: ]
                                               Figure 7: Block interleaver with wildcard
It has been confirmed that using the wildcard character inserted block interleaver helps acquire better performance than using common block interleaver. Especially on several special points, adopting the proposed interleaver eliminate performance damaged phenomenon which happens while using common block interleaver. 
Figure 8 shows BLER performance of the interleaver in [2] with wildcard in sub-rectangular interleaver and common row-column interleaver. 
[image: ]
Figure 8: performance of parallel rectangular interleaver with and without wildcard.
Observation 2: Wildcard can improve performance of parallel rectangular interleaver.
Proposal 2:  Wildcard feature should be considered for parallel rectangular interleaver design. 
Conclusion 
The above discussion is summarized with following observations and proposals:
Observation 1: The proposed interleaver has better performance than no interleaver and 2 parallel rectangular interleaver. 
Observation 2: Wildcard can improve performance of parallel rectangular interleaver.
Proposal 1: Working assumption should be confirmed to adopt the proposed parallel rectangular interleaver for DL control channel. 
Proposal 2:  Wildcard feature should be considered for parallel rectangular interleaver design. 
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Appendix: Simulation Parameters

Table 1: simulation parameters for DL control
	Parameter
	Value

	System bandwidth
	10 MHz

	Waveform
	OFDMA

	Numerology
	15 kHz

	[bookmark: OLE_LINK5]Payload (not including CRC)
	32 bits

	Modulation
	QPSK

	Channel estimation
	MMSE

	Channel model
	TDL-C 

	Delay spread
	300ns

	Carrier frequency
	4GHz

	Aggregation levels
	1

	UE speed
	3km/h

	REG bundle size
	6 REGs
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