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Background
In RAN1#87, the following agreement was made for NR [1].
	Agreements:
· when the control resource set spans multiple OFDM symbols, NR support a control channel candidate to be mapped to multiple OFDM symbols or to a single OFDM symbol
· The gNB can inform UE which control channel candidates are mapped to each subset of OFDM symbols in the control resource set. FFS: details of the signaling (implicit or explicit)




In RAN1#88, the following agreement was made for NR [2].
	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 RAN1#88bis, the following agreements were made for NR [3].
	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

Working assumption:
· A NR-CCE is defined as 6 REGs
· Candidate bundle sizes for distributed REG-to-CCE mapping: 2 or 3 REGs if NR-CCE is defined as 6 REGs
FFS: impact of the NR-CCE definition on CORESET size, CCE aggregation levels, data resource allocation granularity, etc.




In this contribution, we discuss REG bundling for NR-PDCCH.
Discussion
In RAN1#87, it was agreed that, when the control resource set spans multiple OFDM symbols, NR supports a control channel candidate to be mapped to multiple OFDM symbols or to a single OFDM symbol. For realizing support of both of them, NR-PDCCH should support both frequency first mapping of REGs to a CCE and time first mapping of REGs to a CCE.
Proposal 1: NR-PDCCH should support both frequency first mapping of REGs to a CCE and time first mapping of REGs to a CCE.
According to the agreement made at RAN1#88bis meeting, REG bundling per CCE is supported for NR-PDCCH. REG bundling defines that the UE may assume that the same precoder is used for the REGs in a REG bundle and the REG bundle are contiguous in frequency and/or time domain. We discuss REG bundling per CCE in frequency and time domain.
REG bundling per CCE in frequency domain
In RAN1#88bis meeting, we made the working assumption that one CCE consists of 6 REGs. The number of REGs within CCE in frequency domain depends on the REG-to-CCE mapping scheme (i.e. either frequency first or time first) and, for time first mapping, CORESET duration in time (e.g. the number of OFDM symbols). Figure 1 shows the possible candidates for REG bundling in the following cases.
· Case 1: Frequency first REG-to-CCE mapping
· Case 2: Time first REG-to-CCE mapping and CORESET duration is 2
· Case 3: Time first REG-to-CCE mapping and CORESET duration is 3
For case 1, possible REG bundling size is 2, 3 or 6. For case 2, possible REG bundling size is only 3. For case 3, possible REG bundling size is only 2. Possible per-CCE REG bundling sizes in frequency domain depend on the REG-to-CCE mapping scheme and CORESET duration.
Proposal 2: Possible per-CCE REG bundling sizes in frequency domain depend on the REG-to-CCE mapping scheme (i.e. either frequency first or time first) and CORESET duration.
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Figure 1: REG bundling size in frequency domain

REG bundling per CCE in time domain
Per-CCE REG bundling size in time domain
[bookmark: _Hlk481169091][bookmark: _Hlk481169944]With frequency first mapping with bundling size set to 2 or 3 REGs, diversity gain can be obtained by precoder cycling across REG groups even with CCE aggregation level 1. Moreover, frequency first mapping results in relatively wider bandwidth utilization for a single NR-PDCCH transmission, which brings relatively larger frequency diversity gain compared to time first mapping. On the other hand, time first mapping is beneficial to obtain frequency scheduling gain and/or beam forming gain, since channel characteristics within an occupied band for a NR-PDCCH transmission is more concentrated. Given that NR-PDCCH supports both of frequency first and time first mappings, NR-PDCCH with time first mapping can be used only for frequency scheduling and/or beam forming purpose but not for diversity. Therefore, NR-PDCCH with time first REG-to-CCE mapping does not need to support precoder cycling in time domain. In other words, all REGs within CCE should always be bundled for time first REG-to-CCE mapping.
Proposal 3: For time first REG-to-CCE mapping, all consecutive REGs in time domain within CCE should be always bundled, and configurability is not necessary.
Figure 2 shows possible time domain per-CCE bundling sizes. When time first REG-to-CCE mapping is applied, and if the CORESET duration is not more than 6 OFDM symbols, all REGs within a PRB are occupied by the same CCE. Furthermore, as discussed above, all REGs within CCE should always be bundled for time first REG-to-CCE mapping. Consequently, REG bundling size is always the same as CORESET duration.
Proposal 4: For time first REG-to-CCE mapping, per-CCE REG bundling size in time domain is always the same as the CORESET duration.

 [image: ] 
Figure 2: REG bundling size in time domain

RS configuration for time first mapping
Figure 3 shows RS configurations for time first REG-to-CCE mapping with CORESET duration set to 3 OFDM symbols. In case 1, all REGs includes RS, and same precoder applies to all RSs. In this case, the UE can average the channel estimates calculated by each RSs and acquire accurate channel estimation. 
Another possible RS configuration is RS reduction. In the example shown in case 2, the REGs in the second and third OFDM symbols have no RS. That leads to RS overhead reduction. This configuration provide the benefit in high SINR environments. 
[bookmark: _GoBack]There is a tradeoff issue between case 1 and case 2. Therefore, NR should support configurability of RS granularity for NR-PDCCH with time first REG-to-CCE mapping.
Proposal 5: NR should support configurability of RS granularity for NR-PDCCH with time first REG-to-CCE mapping.
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Figure 3: RS configurations for time first mapping

Conclusion
In this contribution, we have the following proposals:
Proposal 1: NR-PDCCH should support both frequency first mapping of REGs to a CCE and time first mapping of REGs to a CCE.
Proposal 2: Possible per-CCE REG bundling sizes in frequency domain depend on the REG-to-CCE mapping scheme (i.e. either frequency first or time first) and CORESET duration.
Proposal 3: For time first REG-to-CCE mapping, all consecutive REGs in time domain within CCE should be always bundled, and configurability is not necessary.
Proposal 4: For time first REG-to-CCE mapping, per-CCE REG bundling size in time domain is always the same as the CORESET duration.
Proposal 5: NR should support configurability of RS granularity for NR-PDCCH with time first REG-to-CCE mapping.
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