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Introduction
Several agreements on NR PDCCH search space were achieved during and after the RAN1 #90bis meeting as documented in [1]. Some open issues identified in the email discussions of [2] and [3] are discussed in this contribution.
Remaining details of CORESET configuration
One open issue regarding CORESET configuration is whether the RB indexing for the CORESET resource allocation depends on the BWP containing the CORESET or common RB indexing with respect to the carrier BW. It was agreed at RAN1 NR #AH2 that each configured DL BWP includes at least one CORESET with UE-specific search space as it is natural that the PDCCH and corresponding DL assignment are confined within the same BWP. This is also true for configuring a CORESET in a BWP as its operational scope falls within the same BWP. One argument for common RB indexing is to align CORESETs between UEs when overlapping BWPs are configured for different UEs. Note that this issue is not isolated to CORESETs but is true in general for all channels including PDSCH and PUCCH in overlapping BWPs on a wideband carrier. Therefore, as for other channels, it should be up to the network how to configure BWPs and corresponding CORESETs to minimize blocking and scheduling conflicts.

Proposal: RB indexing for a CORESET resource allocation associated with a configured DL BWP is with respect to the bandwidth of the same DL BWP.

Another question is how/whether to limit the number of CORESETs a UE can be configured with. First it is necessary to understand why this would be needed in order to determine a suitable number. At least from a signaling perspective, RAN1 should recommend the range of values to complete the RRC design. For P configured CORESETs, the search space initialization parameters  need to be specified, where in LTE EPDCCH only two values, , are defined. It should be noted that the maximum number of configured CORESETs in a BWP would depend on the number of DL beams monitored by the UE as each beam may be associated with a different QCL and it was agreed to support a single QCL per CORESET. 

Proposal: the maximum number of configured CORESETs containing UE-specific search spaces in a DL BWP is at least as large as the number of DL beams that the UE can be configured to monitor in the serving cell.  

Remaining aspects of PDCCH monitoring
Number of blind decodes
An open issue is the maximum number of blind decodes a UE should be capable of performing per slot for both single-cell and CA operation. For single cell operation and slot-based scheduling, the following was agreed as the conclusion of the email discussion of [2]
Agreements:
· For non-CA and for PDCCH monitoring periodicity of 14 or more symbols, the maximum number of PDCCH blind decodes per slot is:
· Working assumption: 44 for SCS = 15kHz.
· Working assumption: less than 44 at least for SCS = 60kHz and 120kHz.
· For the given SCS, all UEs support the maximum number of PDCCH blind decodes per slot.

To determine the number of blind decodes per slot we note that, all other things being equal, NR can increase the peak and average data rates by virtue of reducing the data duration for the same TBS compared to LTE. Consequently, DL-SCH data is processed at a faster rate based on a higher SCS, including the HARQ-ACK processing and timing. For the same number of UEs in a cell, the gNB scheduler should be able to serve roughly the same number of users per slot if the average user throughput is expected to increase relative to LTE. This implies that the blocking probability should be roughly equivalent for all numerologies assuming the same PDCCH capacity. On the other hand from power consumption perspective the number of blind decodes should not necessarily scale linearly with the SCS. 
A tradeoff between these requirements is to scale the number of blind decodes such that the number of scheduling opportunities matches the deployment scenario. To determine a suitable scaling factor we first note that a UE may be required to monitor for candidates in the (group)-common search space as well as in the UE-specific search space. Assuming that it is possible to match the DCI format size for UL and DL DCI formats, for the same number of candidates, x, 2x blind decodes would be needed to monitor PDDCH for fallback scheduling in a CSS and regular scheduling in the UESS. In addition, separate sets of candidates may be required to monitor common control and different types of group-common control including SFI, pre-emption indication and power control (more discussion on DCI format design is provided in [4]). Therefore, we prefer to assume at least the same number of blind decodes as in LTE for 15 KHz. 
Proposal: Confirm the working assumption that the maximum number of PDCCH blind decodes per slot is 44 for 15 KHz SCS. 
Along these lines we note that 30 and 60 KHz SCS can be used below 6 GHz. At least for 30 KHz it makes sense to maintain the same number of blind decodes per slot as 15 KHz if used under similar network operating conditions and use cases as LTE. For multi-beam operation using SCS of 60/120 KHz in higher frequency bands it is expected that since narrow beams would be employed, not many UEs would be scheduled at the same time. Furthermore, for URLLC operation below 6GHz and 60KHz SCS, the gNB may only configure PDCCH candidates at higher aggregation levels, e.g. 8, 16 to ensure the PDCCH is not a limiting factor. As candidates with higher ALs also consume much more PDCCH resources, only a few UEs can be scheduled in a given PDCCH monitoring occasion. Therefore, the number of candidates can be reduced for 60/120 KHz. Table 1 provides an example set of values based on this analysis.
When a UE is configured to monitor the PDCCH more than once per slot e.g. for mini-slot-based scheduling, two approaches may be considered. A first solution is to distribute a fixed number of blind decodes across the configured monitoring occasions within the slot. A second approach is to scale the number of blind decodes based on the data scheduling granularity, e.g. for 7-symbol scheduling scale up the number of blind decodes either linearly or non-linearly. As previously mentioned the use cases (URLLC, high frequency bands) for mini-slot scheduling opportunities do not require that many UEs are scheduled in the same PDCCH monitoring occasion. Therefore, it may be okay to either fix the number of blind decodes per slot or allow for a small increase compared to slot-based scheduling.

Proposal: The maximum number of blind decodes for other SCS values and both slot-level and mini-slot-level monitoring is captured in Table 1
[bookmark: _Ref498700623]Table 1 Proposed number of blind decodes for single-cell operation
	No. of PDCCH BDs per slot
	SCS

	
	15kHz
	30kHz
	60kHz
	120kHz

	Slot-level monitoring
	44
	44
	[22 – 32]
	[22 – 32]

	Mini-slot-level monitoring
	[44 – 50]
	44
	[22 – 32]
	N/A



For CA operation, the following was agreed at the conclusion of [2]:

Agreements:
· For CA with up to N CCs, maximum number of PDCCH blind decodes per slot for a UE depends on the number of configured CCs.
· All UEs supporting CA with the same set of CCs supports the same maximum number of PDCCH blind decodes.
· No explicit UE capability signaling to inform the maximum number of PDCCH blind decodes is reported.
· For CA with more than N CCs, maximum number of PDCCH blind decodes for a UE depends on the explicit UE capability.
· All UEs supporting CA with the same set of CCs supports at least the same number of PDCCH blind decodes.
· FFS: the value of N (no more than 8) is 4 or 8.
 
In LTE, UE capability signaling was introduced for Rel-13 enhanced CA feature. This was necessary as for an increasing number of CCs it was not realistic to expect the same fixed HARQ timing as when at most 5 cells are configured for the UE. In NR, the UE may report UE processing times (N1, N2) for CA operation. The network is then able to use these numbers to dynamically schedule the appropriate HARQ timing. It is likely that only a few cases may be defined for the processing time dimensioning exercise e.g. [5, 8, 16] cells. To match LTE, the threshold, N should be at least 5.
Proposal: when a UE is configured with more than N CCs, the UE reports a blind decoding capability to the network, where 5 ≤ N ≤ 8.

Need for UE capability signaling based on monitoring periodicity
An open issue is whether a UE should report a decoding capability based on the granularity of monitoring occasions. First of all, if the UE is processing data across the slot it is not clear why it cannot as well monitor for PDCCH within the slot. It was argued during the email discussion that if a UE only monitors once per slot, it can save some power by shutting off some circuitry for PDCCH processing. Figure 1 shows an example of a slot at 15 KHz with a CORESET monitored at 7-symbol granularity compared to a slot at 30 KHz with 14-symbol monitoring granularity. As long as the UE supports both numerologies it is not necessary to have such a UE capability. 


[bookmark: _Ref498440337]Figure 1 Illustration of PDCCH monitoring within a given time interval for 15 and 30 KHz SCS
Secondly, for mmW scenarios, the UE may have to monitor for PDCCH at multiple instances since the data durations are likely to be shorter to support multi-beam operation. UE capability signalling is then a function of the frequency band and numerology rather than the monitoring occasions.
Proposal: UE capability is not needed based on number of monitoring occasions within a slot if the total number of blind decodes per slot is fixed regardless of the number of monitoring occasions. 

Other monitoring aspects
One unresolved issue with RRC impact is whether AL16 should be supported. Most of the discussions so far for AL16 have focused on ultra-reliable scheduling of URLLC traffic. More importantly, if AL8 it needs to be determined whether AL8 can achieve the PDCCH BLER of 1% in all envisioned deployment scenarios. If not, AL16 would need to be considered for the common search space to support reliable delivery of cell broadcast information.

A second aspect is the interaction of fallback signaling with BWP operation. In basic LTE operation, a UE monitors a specified number of candidates and may be scheduled using DCI format 1A as a fallback DCI format that is independent of dedicated RRC configuration. Given the number of configurable features supported in NR, fallback signaling is even more critical during RRC (re-)configuration.  Since configuration of additional BWPs is UE-specific, fallback scheduling can only be monitored in the default DL BWP to avoid ambiguity between gNB and UE. 

Proposal: to avoid ambiguity between gNB and UE in the RRC reconfiguration period, a UE monitors for fallback in the default BWP. 

Search space function
It was agreed to take the LTE EPDCCH search space function as a starting point for the NR PDCCH search space function [1]. The EPDCCH search space function for aggregation level, L, and CORESET p is shown below with some modifications for NR. 



· 
Here the index  denotes the monitoring occasion index for the search space associated with the CORESET p. Similarly to LTE, the montoring occasions can be indexed modulo 10ms. For much higher SCS such as 120 KHz it may also be possble to consider a shorter time interval such as a half frame or even less.
· 


The parameters is the candidate index for the cell with CIF  and denotes the maximum number of candidates for AL, L, over all cells scheduled from this CORESET. 
· 
It is not yet agreed how to count CCEs in a search space depending on whether the monitoring occasion overlaps with reserved resources or SSBs. One solution is to assume that the number of CCEs in monitoring occasion depends on whether part of the CORESET is overlapped by reserved or SSB resources. A different method is that the search space function assumes a constant number of CCEs in every monitoring occasion. If the CORESET instance in a given monitoring occasion is partially overlapped by reserved resources or SSBs, the UE does not attempt to decode a PDCCH candidate whose REGs overlap with reserved or SSB resources. This is facilitated by the fact that REGs consist of whole PRBs in frequency domain making is easier to avoid such canddates from the UE perspective.
· 






The hash parameter depends on the CORESET and similarly to LTE EPDCCH it can be defined as   where, . Assuming that the same initialization parameters,  from EPDCCH are used, further values are required for P > 2. Then, similarly to LTE, prime numbers could also be considered for. 


Conclusion
This contribution discussed several remaining details of the NR search space design. Based on the discussion in this paper we have the following proposals:
Proposal: RB indexing for a CORESET resource allocation associated with a configured DL BWP is with respect to the bandwidth of the same DL BWP.

Proposal: the maximum number of configured CORESETs containing UE-specific search spaces in a DL BWP is at least as large as the number of DL beams that the UE can be configured to monitor in the serving cell.  

Proposal: Confirm the working assumption that the maximum number of PDCCH blind decodes per slot is 44 for 15 KHz SCS. 

Proposal: The maximum number of blind decodes for other SCS values and both slot-level and mini-slot-level monitoring is captured in Table 1
Table 1 Proposed number of blind decodes for single-cell operation
	No. of PDCCH BDs per slot
	SCS

	
	15kHz
	30kHz
	60kHz
	120kHz

	Slot-level monitoring
	44
	44
	[22 – 32]
	[22 – 32]

	Mini-slot-level monitoring
	[44 – 50]
	44
	[22 – 32]
	N/A




Proposal: when a UE is configured with more than N CCs, the UE reports a blind decoding capability to the network, where 5 ≤ N ≤ 8.

Proposal: UE capability is not needed based on number of monitoring occasions within a slot if the total number of blind decodes per slot is fixed regardless of the number of monitoring occasions. 

Proposal: to avoid ambiguity between gNB and UE in the RRC reconfiguration period, a UE monitors for fallback in the default BWP. 

Proposal: For the NR search space function given by


· 
The number of CCEs is constant in each PDCCH monitoring occasion, i.e. 
· If the CORESET instance in a given monitoring occasion is partially overlapped by reserved resources or SSBs, the UE does not attempt to decode a PDCCH candidate whose REGs overlap with reserved or SSB resources.
· 
The index refers to the PDCCH monitoring occasion index modulo 10ms.
· 
Consider prime numbers to define the initialization parameter for CORESET p.
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