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Introduction
In RAN1 #103-e, the RAN1-part study on the NR operation in a frequency regime between 52.6GHz and 71GHz was finalized. During the study, potentially issues with physical signal and channel designs related to the adoption of new high numerologies, i.e., 480kHz and 960kHz, have been identified and summarized in TR 38.808 [1]. In RAN #90-e, the WID was revised based on the outcomes of the RAN1 study [2].
For PDCCH monitoring aspect, the following enhancements have been suggested for the WI:
· Support enhancement to PDCCH monitoring, including blind detection/CCE budget, and multi-slot span monitoring, potential limitation to UE PDCCH configuration and capability related to PDCCH monitoring.
In this contribution, as guided by the WID, we present our views on the PDCCH monitoring enhancement for NR operation in the frequency regime between 52.6GHz and 71GHz.
Discussion
[bookmark: _Ref61821711]New PDCCH monitoring capabilities
For the introduction of new high SCSs, i.e., 480kHz and 960kHz, the aspects of processing timeline should be revisited. As suggested in the WID [2], the study involves new UE capability related to the processing timeline. Many of the UE capabilities are already numerology dependent and the “slot” is commonly used as a reference time grid to confine the capabilities. For example, in Rel-15, UE’s capability for PDCCH monitoring, including the monitoring occasion placement, maximum number of PDCCH candidates and non-overlapped CCEs, is determined per slot. However, the per-slot PDCCH monitoring capability may be too restrictive for the new SCSs; due to the short slot length, the maximum number of BD/CCE supported per slot may be too small, which can harm the scheduling flexibility and performance. The appropriate numbers of blind decoding and non-overlapped CCEs for the high SCSs need further discussion in Rel-17, 
[bookmark: _Toc61546060][bookmark: _Toc61547146][bookmark: _Toc61547161][bookmark: _Toc61547195][bookmark: _Toc61822876][bookmark: _Toc61859755][bookmark: _Toc61859944][bookmark: _Toc61869390]Proposal 1: For new SCSs, support the per-slot PDCCH monitoring capability and further study on the number of BD and non-overlapped CCE.
In Table 1, the projected maximum numbers of PDCCH blind decoding and non-overlapped CCEs per slot for the new numerologies are shown. The projection is based on the log-linear regression from the values for existing numerologies with respect to . Although any physical implementation factors are not accounted, the projected numbers would be a feasible reference to show the trend. As discussed, for the per-slot PDCCH monitoring capability, the numbers of blind decoding and CCEs may be strictly limited for high SCSs.
[bookmark: _Ref60926036]Table 1. Projected values of maximum numbers of blind decoding and non-overlapped CCEs per slot.
	
	Slot length (μs)
	# BD
	# CCE

	0
	1000
	44
	56

	1
	500
	36
	56

	2
	250
	22
	48

	3
	125
	20
	32

	5
	31.25
	[10]
	[18]

	6
	15.625
	[8]
	[14]



Additionally, if the UE is expected to monitor PDCCH in every slot, the micro-sleep opportunities decrease due to the short slot length and the power efficiency during the connected mode would be degraded. Therefore, for the high SCSs that would be introduced in Rel-17, a new time basis, e.g., a bundle of slots, can be considered to confine the UE capabilities.
[bookmark: _Toc61293887][bookmark: _Toc61546061][bookmark: _Toc61547147][bookmark: _Toc61547162][bookmark: _Toc61547196][bookmark: _Toc61822877][bookmark: _Toc61859756][bookmark: _Toc61859945][bookmark: Capability_proposal][bookmark: _Toc61869391]Proposal 2: Multi-slot based PDCCH monitoring capability should be considered for new SCSs with short slot lengths. 
To enable the multi-slot-based PDCCH monitoring capability, we see there are two different options for extending Rel-15 and Rel-16 capabilities, respectively;
Option 1) Per-slot-bundle (e.g., more than one slot) PDCCH monitoring capability
Option 2) Per-span PDCCH monitoring capability with a larger spacing (e.g., multiples of slots) between spans
The main difference between the two options lies in how to count the number of BD and CCEs over multiple slots, i.e., either counting the sum of BD and CCEs over multiple slots, or counting the BD and CCEs within a 3-symbol span, which is separated by a multi-slot gap from adjacent spans. The functional difference between the two options would be minor, but it is more about how to define the UE capability and the associated configuration. In our view, considering the consistency with the Rel-16 capability, it seems that Option 2 seems more attractive. Furthermore, if the multi-slot PDSCH/PUSCH scheduling is introduced, the separation between spans in Option 2 may be aligned with the maximum number of jointly schedulable slots, which may enable joint optimization of processing timeline of PDCCH and PDSCH/PUSCH.
An example of the per-span PDCCH monitoring capability is shown in Table 2. In the table, the span-based capability is represented by a combination (X, Y), where X is the minimum separation (in symbols) between two consecutive spans, and Y is the maximum length of the span (in symbols). Note that, in Table 2, X=56 for μ=5 and X=112 for μ=6 amount to 125μSec separation and the corresponding numbers of BD and CCEs are the same as those for SCS 120kHz. Thus, at least similar extent of scheduling flexibility and micro-sleep opportunity as SCS 120kHz would be achieved by per-span PDCCH monitoring.
[bookmark: _Toc61293888][bookmark: _Toc61546062][bookmark: _Toc61547148][bookmark: _Toc61547163][bookmark: _Toc61547197][bookmark: _Toc61822878][bookmark: _Toc61859757][bookmark: _Toc61859946][bookmark: Capability_observation][bookmark: _Toc61869392]Proposal 3: The per-span PDCCH monitoring capability in Rel-16 should be extended to define the multi-slot based PDCCH monitoring capability for high SCSs.

[bookmark: _Ref53568688]Table 2. Example of per-span PDCCH monitoring capability for SCS 480kHz and 960kHz.
	μ
	Maximum number of monitored PDCCH candidates
	Maximum number of non-overlapping CCEs

	
	(28, 3)
	(56, 3)
	(112, 3)
	(28, 3)
	(56, 3)
	(112, 3)

	5
	10
	20
	40
	18
	32
	56

	6
	8
	10
	20
	14
	18
	32



[bookmark: _Ref60944973]Switching between per-slot and per-multi-slot PDCCH monitoring
As discussed in Section 2.1, it is desirable to support both per-slot and per-multi-slot PDCCH monitoring capabilities for the high SCSs. However, it needs further discussion which capability should be regarded as the baseline, considering the impact on basic procedures, such as acquisition of SIB1, RAR monitoring, and paging, etc.
[bookmark: _Toc61822879][bookmark: _Toc61859758][bookmark: _Toc61859947][bookmark: _Toc61869393]Proposal 4: For the high SCSs, support both single and multi-slot based PDCCH monitoring capabilities and further study which one should be the default capability.
For instance, to minimize the specification impact, per-slot PDCCH monitoring may be assumed at least during initial access (if 480kHz and 960kHz SCSs are supported for initial access) or fallback mode operations. Also, for the operation in 60GHz unlicensed band, more frequent PDCCH occasions (e.g., every slot) would be necessary so that the gNB can start transmitting PDCCH as early as possible after LBT success. On the other hand, for data transmission and reception during a connected mode operation, per-multi-slot PDCCH monitoring may be assumed at least for the power efficient operation. Therefore, coexistence or switching of two different PDCCH monitoring behavior is required. In Rel-16, each BWP can be configured with either per-slot or per-span PDCCH monitoring and, thus, the switching between per-slot and per-span PDCCH monitoring is through BWP switching. If the per-span PDCCH monitoring capability is extended for high SCS as discussed in Section 2.2, the same BWP-based mechanism would directly be applied.
As an alternative switching mechanism, particularly for the unlicensed band operation, search space set group switching can be considered. In this case, each search space set group may be configured for either per-slot or per-span PDCCH monitoring. For example, search space set group 0 (i.e., the default group) can be configured with per-slot PDCCH monitoring and used when the UE is outside the channel occupancy time. On the other hand, search space set group 1 can be configured with per-span PDCCH monitoring and used during a COT. Although search space set group switching has dedicatedly been used for NR-U operation in Rel-16, the discussion on the extension for licensed band operation is in progress in Rel-17 UE power saving WI. Therefore, if supported for the licensed band operation, search space set group switching will provide more dynamic transition between per-slot and per-span PDCCH monitoring, both for unlicensed and licensed band operation.
[bookmark: _Toc61293889][bookmark: _Toc61546063][bookmark: _Toc61547149][bookmark: _Toc61547164][bookmark: _Toc61547198][bookmark: _Toc61822880][bookmark: _Toc61859759][bookmark: _Toc61859948][bookmark: _Toc61869394]Proposal 5: For the high SCSs, support a dynamic switching mechanism between single and multi-slot based PDCCH monitoring capabilities.
[bookmark: _Toc61293932][bookmark: _Toc61546065][bookmark: _Toc61547151][bookmark: _Toc61547166][bookmark: _Toc61547200][bookmark: _Toc61822882][bookmark: _Toc61859761][bookmark: _Toc61859950][bookmark: _Toc61869396]Observation 1: Bandwidth part switching and search space set group switching mechanisms can be considered as candidate switching mechanism between single and multi-slot based PDCCH monitoring.

Other PDCCH-related issues
Preparation time for receiving cross-carrier scheduled/triggered signals
For cross-carrier scheduling with different SCSs, in particular when the SCS of the scheduling cell is smaller than that of the scheduled cell, the memory requirement for buffering the Rx signal on the scheduled cell during the PDCCH processing may be excessive. In Rel-16, thus, the minimum preparation time for cross-carrier scheduled/triggered reception has been introduced (TS 38.214, Clause 5.5 for PDSCH and Clause 5.2.1.5.1a for aperiodic CSI-RS).
With the introduction of new high SCSs, the related discussion should be continued. In the discussion, the following aspects may be highlighted: 
· Proper values and ranges of the minimum preparation time ( in Table 5.2.1.5.1a and  in Table 5.5-1 of TS 38.214),
· Dependency and adaptation based on UE’s PDCCH monitoring capability (i.e., per-slot or per-span).
[bookmark: _Toc61293890][bookmark: _Toc61546064][bookmark: _Toc61547150][bookmark: _Toc61547165][bookmark: _Toc61547199][bookmark: _Toc61822881][bookmark: _Toc61859760][bookmark: _Toc61859949][bookmark: _Toc61869395]Proposal 6: In order to support cross-carrier scheduling, the PDSCH reception preparation time (as well as aperiodic CSI-RS reception) for new high SCSs should be investigated.

DCI on PDSCH
The discussion on the new PDCCH monitoring capability in Section 2.2 is focused on reducing the density of PDCCH monitoring occasions (MOs). Although this alleviates the overhead of PDCCH processing for high SCSs with short slot lengths, the flexibility and latency of scheduling would be adversely affected by the sparsity of the MOs. For example, if a new traffic arrives at a time instance between two PDCCH MOs, actual scheduling for the traffic is delayed to the next MO. Although multi-PDSCH/PUSCH scheduling, if it is jointly be supported with the multi-slot based PDCCH monitoring capability, can partially compensate the scheduling flexibility issue, it cannot fully address the latency issue.
As an alternative, DCI transmission on PDSCH may be considered. In principle, this corresponds to the DL counterpart of UCI reporting on PUSCH. In other words, DCI(s) may be piggybacked on a PDSCH, which is either dynamically or semi-persistently scheduled. At a glance, it also seems to have some similarities with the two-stage sidelink control information design. However, while the 2nd stage SCI delivers supplementary information for the PSSCH scheduled by the 1st stage SCI, the piggybacked DCI(s) can deliver DL/UL scheduling grants for later slots. Thus, along with a very sparse PDCCH MO configuration, it can provide additional opportunities for DCI transmission, addressing both the scheduling flexibility and latency issues. The piggybacked DCI(s) may share the same beam, precoding, and DMRS with the DL-SCH data on the same PDSCH. Further, the payload size (or format) and mapping of the piggybacked DCI(s) should be indicated by the scheduling DCI (transmitted either on a PDCCH or on another PDSCH) of the PDSCH, so that the DL-SCH data can perform rate matching, and no blind decoding for the DCI format would be required. In Figure 1, PDSCH scheduling by a piggybacked DCI is conceptually illustrated.
[bookmark: _Toc61546066][bookmark: _Toc61547152][bookmark: _Toc61547167][bookmark: _Toc61547201][bookmark: _Toc61822883][bookmark: _Toc61859762][bookmark: _Toc61859951][bookmark: _Toc61869397]Observation 2: Along with the multi-slot based PDCCH monitoring capability, DCI piggyback, as well as multi-PDSCH/PUSCH scheduling, may be considered to compensate the loss of scheduling flexibility and latency.



[bookmark: _Ref61547006]Figure 1: Sparse PDCCH monitoring occasions with DCI transmission on PDSCH.
Conclusion 
Proposal 1: For new SCSs, support the per-slot PDCCH monitoring capability and further study on the number of BD and non-overlapped CCE.
Proposal 2: Multi-slot based PDCCH monitoring capability should be considered for new SCSs with short slot lengths.
Proposal 3: The per-span PDCCH monitoring capability in Rel-16 should be extended to define the multi-slot based PDCCH monitoring capability for high SCSs.
Proposal 4: For the high SCSs, support both single and multi-slot based PDCCH monitoring capabilities and further study which one should be the default capability.
Proposal 5: For the high SCSs, support a dynamic switching mechanism between single and multi-slot based PDCCH monitoring capabilities.
Proposal 6: In order to support cross-carrier scheduling, the PDSCH reception preparation time (as well as aperiodic CSI-RS reception) for new high SCSs should be investigated.
a
Observation 1: Bandwidth part switching and search space set group switching mechanisms can be considered as candidate switching mechanism between single and multi-slot based PDCCH monitoring.
Observation 2: Along with the multi-slot based PDCCH monitoring capability, DCI piggyback, as well as multi-PDSCH/PUSCH scheduling, may be considered to compensate the loss of scheduling flexibility and latency.
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