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Introduction
In previous RAN1 meetings, some agreements were reached about the DL control channel design [1][2]. 
Agreement:
NR-PDCCH can be mapped contiguously or non-contiguously in frequency with localized or distributed mapping of REGs to a CCE (in the physical domain)
· Note: The number of contiguous REGs in the CCE needs further discussion. 
· Note: Localized/distributed mapping can be achieved without/with interleaving.
Agreements:
· A CCE may be mapped to REGs with interleaved or non-interleaved REG indices within a CORESET
· Definition of a REG bundle: The UE may assume that the same precoder is used for the REGs in a REG bundle and that the REGs in a REG bundle are contiguous in frequency and/or time 
· REG bundling per CCE is supported for NR-PDCCH
· FFS: Whether this applies to common search space
· FFS: Whether all REGs have DMRS or not
· FFS: Whether wideband precoding is supported and the definition of a REG bundle if it is supported
· FFS: whether REG bundle size is different for mapping of NR-PDCCH with or without interleaved mapping of CCE to REGs 
· FFS on REG bundle size
· FFS whether REG bundle size is configurable
Agreements:
· FFS details of mapping of NR-PDCCH in time and frequency, considering the following options
· Frequency first mapping of REGs to CCEs, frequency first mapping of CCEs to search space candidate
· Time first mapping of REGs to CCEs, time first mapping of CCEs to search space candidate
· Frequency first mapping of REGs to CCEs, time first mapping of CCEs to search space candidate
· Time first mapping of REGs to CCEs, frequency first mapping of CCEs to search space candidate
· Down-selection should be discussed, including of the number of supported option(s)
In this contribution, we give our analysis on the remaining issues of PDCCH resource mapping and PDCCH interleaving for NR.
Time first or frequency first resource mapping
The distributed and localized mappings are supported for NR. The mapping order should also consider about frequency first mapping or time first mapping.
CCE-REG mapping
For frequency first CCE-REG mapping, the beam based will be more efficient supported. Processing time can be optimized. For time first CCE-REG mapping, it will help to boost PDCCH power and improve the coverage. It will also help to reduce PDCCH bandwidth by concentrate the transmission PRBs in localized mapping. Moreover, DMRS reduction can be achieved. Considering those aspects, both time and frequency first for CCE-REG mapping should be supported.
As it is agreed in previous meeting that NR-PDCCH should be mapped in set of OFDM symbols, subset of PDCCH symbols should be used to achieve it. Symbol subsets correspond with certain beam directions.
For time first mapping, it should also consider whether it is mapped in REG level or CCE level. In REG level time first mapping, the REGs can share the front loaded DMRS at least in localized CCE. Assuming a subset have 2 OFDM symbols, only half of REGs need multiplex with front loaded DMRS. If the OFDM symbol subset falls into 1 OFDM symbol, it will be equivalent to frequency first mapping.  In that sense, a unified mapping scheme will realized both mapping scheme. This scheme is flexible as long as it can be configurable with different number of OFDM symbols in a subset.
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Figure 1 Time first for REG to CCE Mapping
If we only do the time first mapping in CCE level, the aggregation level 1 cannot save DMRS overhead. In that case, the earlier channel estimation in 1st OFDM symbol is not achievable.
Proposal 1: Both time and frequency first for CCE-REG mapping should be supported, NR-PDCCH adopt a unified mapping scheme which can apply time first mapping in REG level and the configurable subset of OFDM symbols. The scheme will be equivalent to frequency first mapping for 1OFDM symbol duration. 
Candidate-CCE mapping
If both time and frequency first for CCE-REG mapping should be supported, candidate-CCE mapping can support only one scheme, e.g. frequency first.
Also to achieve advantages of each mapping scheme, it should be avoided that 1 CCE occupy different PRBs in different OFDM symbols. Those are shown in the Figure 1(a) and (b) for frequency first CCE-REG mapping and time first CCE-REG mapping, respectively.


Figure 2 Examples of unbalanced occupation of PRB by 1 CCE
Proposal 2: It prefers that only frequency first mapping is supported for candidate-CCE mapping.
· 1 CCE should not occupy different PRBs in different OFDM symbols.
NR REG Interleaving
For distributed mapping, interleaving of REGs can be considered. Sub-block interleaver can be simply reused as baseline. The sub-block interleaver can effectively index all the REGs in a control resource set. Then, the resource can be fully utilized and frequency diversity can be achieved.
Proposal 3: Subblock interleaver used in LTE PDCCH should be the baseline for NR-PDCCH interleaving for distributed mapping.
As a general example, we show the interleaving scheme for REG bundles as we agreed that REG bundles are applied for distributed mapping.  For general assumption, it uses 4 REG bundles per CCE, i.e. 2 REGs per REG bundle and 8 REGs per CCE. It can also support 3 or 2 REG bundles per CCE if one CCE contains 6 REGs and will depends on final agreement of bundle. 
For frequency first CCE-REG mapping, several possible patterns are as Option 1-1 ~ Option 1-4:
Option 1-1: Single-symbol based interleaving with the same interleaving pattern for different symbols


Figure 3-A One example for Option 1-1
Option 1-2: Single-symbol based interleaving with the different interleaving pattern for different symbols


Figure 3-B One example for Option 1-2
Option 1-3: Multiple-symbol based interleaving at CCE level


Figure 3-C One example for Option 1-3
Option 1-4: Multiple-symbol based interleaving at REG bundle level


Figure 3-D One example for Option 1-4
For Option 1-1 and Option 1-2, pipeline process can be achieved together with frequency diversity. Option 1-2 may have more frequency diversity since it may use different PRB in second symbol. For Option 1-3 and Option 1-4, both with frequency and time diversity can be achieved. In addition, it can allow analogy beam cycling between the symbols. REG bundle (Option1-4) based interleaving may achieve more time diversity. 
For time first mapping, the patterns are as Option 2-1 ~ Option 2-2:
Option 2-1: Single-symbol based interleaving with the same interleaving pattern for different symbols


Figure 4-A One example for option 2-1
Option 2-2: Single-symbol based interleaving with different interleaving pattern for different symbols


Figure 4-B One example for option 2-2
Both Option 2-1 and Option 2-2 can achieve frequency and time diversity. Option 2-1 can further reduce the DMRS overhead in second symbol. If Option 2-2 havs limited additional frequency diversity, Option 2-1 is a better choice. 
As an overview of the above interleaving schemes, Table 1 gives the properties of each option.
Table 1 Properties of the above options
	Yes/No
	Option 1-1
	Option1-2
	Option1-3
	Option1-4
	Option2-1
	Option2-2

	Frequency diversity
	Y
	Y
	Y
	Y
	Y
	Y

	Time diversity
	N
	Y
	Y
	Y
	Y
	Y

	Pipe line/ low processing time
	Y
	Y
	N
	N
	N
	N

	Supporting of analog beam cycling
	N
	N
	Y
	Y
	Y
	Y

	DMRS reduction
	N
	N
	N
	N
	Y
	N


In summary, different scenario may need different interleaving pattern, thus multiple configured interleaving patterns could be considered, which may be applied for different scenarios.
Proposal4: Multiple configurable interleaving patterns could be considered for NR-PDCCH. 
As a result of interleaving, the remaining resource can be hardly used by the localized transmission. Thus, control resource set can define the region of interleaving to allow localized resource reserved as shown in the figure 3. 


Figure 5 Interleaving regions for one control resource set
Figure 5 shows one example of interleaving regions for one control resource set. In the example, the interleaving region 0 can be used for localized transmission.
[bookmark: OLE_LINK1]Proposal5: Interleaving region in a CORESET should be introduced for NR-PDCCH.
Conclusion
Based on the analysis given above, we have the following proposals:
[bookmark: _GoBack]Proposal 1: Both time and frequency first for CCE-REG mapping should be supported, NR-PDCCH adopt a unified mapping scheme which can apply time first mapping in REG level and the configurable subset of OFDM symbols. The scheme will be equivalent to frequency first mapping for 1OFDM symbol duration. 
Proposal 2: It prefers that only frequency first mapping is supported for candidate-CCE mapping.
· 1 CCE should not occupy different PRBs in different OFDM symbols.
Proposal 3: Subblock interleaver used in LTE PDCCH should be the baseline for NR-PDCCH interleaving for distributed mapping.
Proposal4: Multiple configurable interleaving patterns could be considered for NR-PDCCH. 
Proposal5: Interleaving region in a CORESET should be introduced for NR-PDCCH.
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