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Introduction
This contribution addresses unresolved aspects of the NR PDCCH search space design including CORESET configuration and monitoring details. At the RAN1 AH #NR3 meeting the following details were agreed
Working assumption:
· Re-use NR DL RA Type 0 basis in units of 6 RBs, where no restriction on the maximum number of segments for a given CORESET.
Agreements:
· At least two DCI sizes are defined.
· One DCI size, which is at least for the purpose of fallback.
· FFS: for other purposes.
· One DCI size depending on configuration
· FFS: whether both DL and UL have the same size or different.
· FFS: for group-common DCI/PDCCH
· Note: the UE is not necessarily required to monitor two DCI sizes at the same monitoring occasion
· In a given CORESET
· Alt 1: different DCI formats
· Alt 2: different search spaces
can have different monitoring periodicities.
· FFS which one
 In the next section we discuss several open issues including remaining aspects on PDCCH monitoring, CORESET configuration and search space design.
Remaining details of CORESET configuration
A CORESET consists of non-contiguous parts in the frequency domain and it was agreed that each contiguous part is equal to or more than the size of a REG bundle. A straightforward method to configure the frequency domain resources is to use an RBG-based bitmap allocation scheme similar to LTE DL RA Type 0. The RBG size could then be a multiple of 2, 3, or 6 to match the possible REG bundle sizes in frequency. However, since a CCE is the basic unit for a PDCCH candidate, it should be sufficient, and clearly more efficient from a signaling perspective to use RBG size of 6.

Proposal 1: confirm the working assumption  
· Re-use NR DL RA Type 0 basis in units of 6 RBs, where no restriction on the maximum number of segments for a given CORESET.

CORESET configuration details for RMSI delivery is discussed in a companion contribution [1]. Here, we consider additional CORESETs that are configured by dedicated RRC signaling. Monitoring occasions can be flexibly configured at either slot-level or mini-slot-level granularity depending on use case. This provides flexibility in scheduling data transmissions of different durations (e.g. eMBB and URLLC). Figure 1 depicts an example scenario where four CORESETs are configured at different time instances, but same frequency position within a slot. This illustration can also describe the case where a single configured CORESET is associated with multiple search spaces, where each search space is defined by different sets of PDCCH candidates. In addition, each of this search spaces may be configured with a different monitoring periodicity.



[bookmark: _Ref490131581]Figure 1 Configuration of independent CORESETs in a slot.
A different solution is evident if in Figure 1 the same set of candidates are monitored in each PDCCH occasion of the slot. This is equivalent to configuring a single CORESET with a monitoring periodicity that is per CORESET. However, since the first scenario is a generalization of this second one, we have the following proposal:

Proposal 2: Each search space associated with a given CORESET is configured with a monitoring periodicity.

Some implications of this proposal can be seen for multi-beam operation as discussed in the next section.

Other considerations for PDCCH multi-beam operation
It was agreed that a UE may monitor the PDCCH on one or more DL beams. This is accomplished by configuring the UE with one or more QCL configurations. The spatial component of the QCL configuration indicates to the UE which configured DL RS is quasi-collocated with the PDCCH DMRS antenna port. The UE may use this information to determine the appropriate DL RX beam to apply for PDCCH reception. 

It is not clear whether the QCL configuration should be per configured CORESET or per search space associated with the CORESET. The following agreement was reached in the MIMO session at the RAN1 #NR_AH3 meeting:

	Agreement:
The QCL configuration for PDCCH contains the information which provides a reference to a TCI state
· Alt 1: The QCL configuration/indication is on a per CORESET basis
· The UE applies the QCL assumption on the associated CORESET monitoring occasions. All search space(s) within the CORESET utilize the same QCL.
· Alt 2: The QCL configuration/indication is on a per search space basis
· The UE applies the QCL assumption on an associated search space. This could mean that in the case where there are multiple search spaces within a CORESET, the UE may be configured with different QCL assumptions for different search spaces.
· Note: The indication of QCL configuration is done by RRC or RRC + MAC CE (FFS: by DCI)
Note: The above options are provided as input to the control channel agenda item discussion



An illustration of these two options is shown respectively in Figure 2 (a) and (b).
 


[bookmark: _Ref489696682]Figure 2 Illustration of beam-specific CORESETs

Since the PDCCH is mapped in a time-first manner across the CORESET, it would be difficult given a fixed HARQ timing budget, for the UE to try different QCL-indicated analog RX beams for different search spaces as implied by Alt 2. Alt. 1 on the other hand simplifies UE behavior by specifying a single QCL configuration per CORESET. This implies that all search spaces associated with a given CORESET use the same QCL configuration. One limitation of Alt. 1 is that a CORESET may contain different search space types such as a group-common search space and a UE-specific search space (USS). 

Taking into account the agreement that PDCCH monitoring is either based on search space or DCI formats, there are two possible solutions for multi-beam operation.

1) Solution 1: A UE is configured with a single QCL configuration per configured CORESET. PDCCH candidates requiring different spatial QCL configurations are transmitted in different CORESETs. One possible disadvantage is for small carrier bandwidths where it may not be possible to configure non-overlapping CORESETs for different spatial QCL configurations. However, analog beamforming is mainly targeted at above 6GHz deployment scenarios, where the operating bandwidth should not be a limiting factor.

2) Solution 2: A UE may be configured with different monitoring periodicities for each search space associated with a given CORESET. The UE may be configured with a separate QCL configuration for each search space associated with the CORESET. The UE is not expected to monitor multiple search spaces in the same PDCCH occasion when different spatial QCL configurations apply to these search spaces. Note that for analog RX beams, the PDCCH monitoring is time-specific and the UE is not expected to monitor different RX beams within the same set of OFDM symbols. 

Solution 2 can form the basis for a unified solution with some restrictions on UE monitoring.

Proposal 3: A UE may be configured with one or more QCL parameters for a CORESET. 
· The monitoring occasions for search space candidates associated with different QCL parameters can be configured independently
· The UE is not expected to monitor multiple search spaces in the same PDCCH occasion with different spatial QCL configuration.

Details of Search Space design
Factors influencing the NR search space design
Aggregation Levels
For the LTE PDCCH the set of aggregation levels (ALs) is fixed in the specification to [1 2 4 8]. This is a robust approach to link adaptation that does not consider the availability of UE-assisted measurement reports or PDCCH error statistics. If such reports were available, the gNB may tailor the set of PDCCH candidates to the appropriate ALs achieving the target BLER. For example, no candidates would be assigned to AL1 if the PDCCH BLER would not meet the desired target. It is also not currently clear whether higher ALs (e.g. 16, 32) would be needed as the NR-PDCCH structure is different from LTE PDCCH, and performance evaluations still need to be conducted for above 6GHz deployment scenarios as well as for comparison to LTE below 6GHz.
Observation: the maximum AL in NR can be determined from performance evaluations for above and below 6GHz scenarios.
However, it should be noted that before such statistics are known to the network, both during and just after initial RRC connection establishment, the set of ALs should be fixed in the specification for UE-specific search space (USS) as any dedicated RRC signaling would be scheduled by PDCCH transmitted in a USS. 
Proposal 4: the set of ALs and number of PDCCH candidates per AL need to be specified for the CSS and USS that are monitored before dedicated RRC signaling is received.

On blind decoding complexity 
It was agreed at RAN1 #NR_AH2 meeting that the UE blind decoding capability is known by the network. Subsequently a working assumption was agreed at RAN1 #90 as follows
Working assumptions:
· In the case when only CORESET(s) for slot-based scheduling is configured for UE, the maximum number of PDCCH blind decodes per slot per carrier is X
· The value of X does not exceed 44
· FFS the exact value of X
· FFS for multiple active BWP, multiple TRP, multiple carriers, multi beams
· FFS for non-slot based scheduling
· FFS numerology specific X

In LTE a UE is required to monitor for 16 PDCCH candidates per configured DCI payload size in the USS. Up to 3 payload sizes are possible including 0/1A, the DL TM-specific mode and UL MIMO, if configured. Accounting for the 4 candidates in the CSS over 2 payload sizes (1A and 1C) an LTE UE is required to perform up to 60 blind decodes in a single subframe. Thus, if a UE only supports a fallback DCI format size and a configuration-specific DCI format size, it is reasonable to confirm the working assumption with the clarification that the maximum number of blind decodes for slot-based scheduling does not exceed 44 in a given active BWP.
Proposal 5: the maximum number of blind decodes performed in a given BWP for slot-based scheduling does not exceed 44.
Additional processing capability may be required if a UE monitors for PDCCH at more than one PDCCH occasion in a slot. This is required to support one or more of the following use cases: mini-slot data transmission durations, reliable PDCCH detection by transmitting same PDCCH on multiple beams, multi-TRP PDSCH reception and multiple active BWPs (although the latter two are de-prioritized). 
When a UE is configured to monitor PDCCH at multiple occasions within a slot, one possibility is that the same maximum number of blind decodes for slot-based scheduling is also applicable. In this case it is up to the network how to distribute the candidates across the PDCCH occasions. A second possibility is that the maximum number is same for each PDCCH monitoring occasion. This would support an advanced blind decoding capability for a UE. 
Finally, RAN1 is currently discussing how to define the UE processing time from PDCCH or PDSCH reception to the corresponding PUSCH or PUCCH transmission respectively. It should be possible to also consider the maximum number of blind decodes that can be supported by a UE both for the baseline case of slot-based scheduling and the additional capability required for more advanced features as enumerated above. In our view it would not be necessary to introduce separate signaling of blind decoding capability, i.e. implicit determination is feasible. 
Proposal 6: the blind decoding capability of a UE, 
· Can be different for slot-based scheduling and for slot + mini-slot-based scheduling
· Is implicitly determined from other capability signaling, i.e. a UE does not explicitly signal its blind decoding capability to the network.  

Search space function
A search space defines how a UE determines the location of control channel candidates for a given aggregation level (AL). As discussed in RAN1 AH_#NR3, both the LTE PDCCH and EPDCCH search space function possible candidates for NR search space function. Since the EPDCCH search space function supports both localized and interleaved search spaces, it can be used as a benchmark for the NR search space design.

Proposal 7: LTE EPDCCH search space function can be used as a benchmark for NR search space design.

Conclusion
This contribution discussed several remaining details of CORESET configuration, and overall PDCCH search space design including number of blind decodes and the search space function. We have the following observation
Observation: the maximum AL in NR can be determined from performance evaluations for above and below 6GHz scenarios.
Based on the discussion in this paper we have the following proposals:
· Proposal 1: confirm the working assumption  
· Re-use NR DL RA Type 0 basis in units of 6 RBs, where no restriction on the maximum number of segments for a given CORESET.
· Proposal 2: Each search space associated with a given CORESET is configured with a monitoring periodicity.

· Proposal 3: A UE may be configured with one or more QCL parameters for a CORESET. 
· The monitoring occasions for search space candidates associated with different QCL parameters can be configured independently
· The UE is not expected to monitor multiple search spaces in the same PDCCH occasion with different spatial QCL configuration.

· Proposal 4: the set of ALs and number of PDCCH candidates per AL need to be specified for the CSS and USS that are monitored before dedicated RRC signaling is received.
· Proposal 5: the maximum number of blind decodes performed in a given BWP for slot-based scheduling does not exceed 44.
· Proposal 6: the blind decoding capability of a UE, 
· Can be different for slot-based scheduling and for slot + mini-slot-based scheduling
· Is implicitly determined from other capability signaling, i.e. a UE does not explicitly signal its blind decoding capability to the network.  
· Proposal 7: LTE EPDCCH search space function can be used as a benchmark for NR search space design.
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