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1. Overview
In RAN1 NR_AH#3 meeting [1], the working assumption on 1-CCE interleaving span for DL channel bit interleaver is agreed:
	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 will show   
· Channel bit interleavers with 1-CCE span for all ALs can achieve the minimal memory and time complexities.
· Performance differences between an 1-CCE-span channel bit interleavers and the random interelaver are small. 
· Simple single block interleaver shows comparable performance with parallel block interleaver and is suggested for its simplicity.



2. UE Implementation Considerations on Channel Bit Interleaver
In this section, we first compare the memory and time complexities for different channel bit interleaver configurations. In Figs 1 - 3, there compare configurations of per-AL interleaving span, up to 2-CCE interleaving span, and fixed 1-CCE interleaving span. Since 1-CCE de-interleaving output can be reused by all ALs, the minimal memory and time complexities can be achieved:

Observation 1: Fixed 1-CCE channel bit interleaving span can give the minimal memory and time complexities since its outcome can be efficiently reused by all ALs.
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Fig. 1: Memory complexity and time complexity for per-AL interleaver span
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Fig. 2: Memory complexity and time complexity with up to 2-CCE interleaver span
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Fig. 3: Memory complexity and time complexity with fixed 1-CCE interleaver span
	In addition to a constant interleaving span for all ALs, interleaving only ALs 1 and 2 is one alternative. However, to minimize the decoding latency, one needs to start decoding ALs 1 and 2 along CCE reception and de-interleaving, which however requires additional CCE interleaving before decoding ALs 4 and 8. If desiring to save the additional CCE interleaving, one shall start decoding ALs 4 and 8 first. However, this will suffer long latency due to the waiting time before 8 CCEs ready and ALs 4 and 8 decoding done. Consequently, we have

Observation 2: If channel bit interleaver is not used at higher ALs, UE will suffer either long initial waiting time for AL8 decoding or additional CCE interleaving complexity.

Proposal 1: Channel bit interleaver with only 1-CCE span is utilized for NR DL control to realize the minimal memory and time complexities.  
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Fig. 4: ALs 4 and 8 not interleavered; decoding wait time or additional interleaving required


3. Performance Check on Channel Bit Interleaver with 1-CCE Span
In this section, we include localized REG allocation for checking the performance of channel bit interleavers with 1-CCE span. The simulation settings are summarized as in Table 1, where extended settings w.r.t. [2] are marked in blue color.

Table 1: Simulation assumptions for checking 1-CCE span channel bit interleaver performance
	Parameter
	Value

	System bandwidth
	10 MHz

	Waveform
	OFDMA

	Numerology
	15 kHz

	Payload (not including CRC)
	20, 32, 48, 60 bits; 
[20: 4 : 72] bits for comparing parallel and single block interleavers 

	FEC type and Modulation
	Polar with CRC size =24, QPSK

	Tx-Rx antenna configuration
	2x2

	Transmit diversity scheme
	1-port per REGB precoder cycling

	Channel estimation
	1/4 DM-RS density, practical channel estimation (MMSE)

	Channel model
	TDL-C 300ns 

	Number of REGs per CCE
	6

	Aggregation levels
	1, 2, 4, 8

	REG bundle size
	2 REGs, 6 REGs

	CORESET configuration
	1 symbol, 48 PRBs (i.e. PRB0,PRB1…PRB47)

	CCE-to-REG mapping
	Frequency first 

	Interleaving for CCE-to-REG mapping
	Distributed: Sub-block interleaver operating on REG bundles
Localized: REGs are not interleaved; but 6-REG bundling for CE



	We first compare the transmission settings for ALs 1, 2 and 4 with random channel bit interleaver to identify the target setting for further comparison. In Fig. 5, one can observe that distributed CCE-to-REG mapping with 2-REG bundling can provide the best performance for ALs 1, 2 and 4 by virtue of the frequency diversity. Consequently, we have

Observation 3: For ALs 1, 2 and 4, the better performing transmission setting is distributed CCE-to-REG mapping with 2-REG bundling.

[image: ]

Fig. 5: Performance of different transmission settings for ALs 1, 2, 4 with random interleaver

	Considering the better performing setting, we next check whether the performance of channel bit interleavers with 1-CCE span can approach the random interleaver performance. In particular, the parallel block interleaver in [3] and the simple single block interleaver in [4] are evaluated. As can be seen in Fig. 6, both parallel and single block interleavers of 1-CCE span can perform closely to random interleaver. Therefore, one can have

Observation 4: For ALs 1, 2 and 4, both parallel and single block interleavers of 1-CCE span can approach random interleaver performance.

[image: ]
Fig. 6: Performance comparison of 1-CCE-span and random interleavers for ALs 1, 2 and 4 

	For AL 8, the operating SNR is low, and 6-REG bundling for channel estimation can improve the performance with either distributed or localized CCE-to-REG mapping, as shown in Fig. 7.

Observation 5: For AL 8, 6-REG bundling for CE is suggested for better performance in low SNR.
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Fig. 7: Performance of different transmission settings for AL 8 with random interleaver
	Considering AL 8 and 6-REG bundling, we further compare the performance of 1-CCE-span and random interleavers in Fig. 8. One can check that 1-CCE-span interleaver can perform closely to the random interleaver. We can infer:

Observation 6: For AL 8, both parallel and single block interleavers of 1-CCE span can approach random interleaver performance.

Proposal 2: Confirm working assumption that DL Polar channel bit interleaver applies interleaving span of 1 CCE. 
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Fig. 8: Performance comparison of 1-CCE-span and random interleavers for AL 8

Finally, comparing parallel and single block interleavers with fine gratuity, we can conclude with:

Proposal 3: Single block interleaver with 1-CCE span and depth 5 is adopted as DL Polar channel bit interleaver.

[image: ]
Fig. 9: Comparison of parallel and single block interleavers in finer DCI/CBS granularity

4. Summary
In this contribution, we investigated the channel bit interleaving designs for downlink control. In particular, the following are provided:

Observation 1: Fixed 1-CCE channel bit interleaving span can give the minimal memory and time complexities since its outcome can be efficiently utilized by all ALs.

Observation 2: If channel bit interleaver is not used at higher ALs, UE will suffer either long initial waiting time for AL8 decoding or additional CCE interleaving complexity.

Proposal 1: Channel bit interleaver with only 1-CCE span is utilized for NR DL control to realize the minimal memory and time complexities.  

Observation 3: For ALs 1, 2 and 4, the better performing transmission setting is distributed CCE-to-REG mapping with 2-REG bundling.

Observation 4: For ALs 1, 2 and 4, both parallel and single block interleavers of 1-CCE span can approach random interleaver performance.

Observation 5: For AL 8, 6-REG bundling for CE is suggested for better performance in low SNR
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Observation 6: For AL 8, both parallel and single block interleavers of 1-CCE span can approach random interleaver performance.

Proposal 2: Confirm working assumption that DL Polar channel bit interleaver applies interleaving span of 1 CCE.

Proposal 3: Single block interleaver with 1-CCE span and depth 5 is adopted as DL Polar channel bit interleaver.
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