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1	Introduction
A revised WID [1] was approved in RAN #90 to extends NR operation up to 71GHz considering, both, licensed and unlicensed operation. This study item will include the following objectives related to downlink control channels:
· Physical layer aspects including [RAN1]:
· [bookmark: _Hlk58583563][bookmark: _Hlk26996217]In addition to 120kHz SCS, specify new SCS, 480kHz and 960kHz, and define maximum bandwidth(s), for operation in this frequency range for data and control channels and reference signals, only NCP supported. 
[bookmark: _Hlk58594267]Note: Except for timing line related aspects, a common design framework shall be adopted for 480kHz to 960kHz
· Time line related aspects adapted to 480kHz and 960kHz, e.g., BWP and beam switching timeing, HARQ timing, UE processing, preparation and computation timelines for PDSCH, PUSCH/SRS and CSI, respectively. 
· Support enhancements for multi-PDSCH/PUSCH scheduling and HARQ support with a single DCI
Note: coverage enhancement for multi-PDSCH/PUSCH scheduling is not pursued
· 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, we first discuss the UE PDCCH processing capabilities for new SCS. We then explore the solutions to support multi-slot PDCCH monitoring.
2	Discussion
2.1	UE PDCCH processing capabilities
With short OFDM symbol durations associated with large SCSs, the amount of time for UE and gNB to perform several critical operations can become quite challenging. Consider the UE PDCCH processing capabilities specified in Section 10.1 of TS 38.213 in terms of number of blind decodes in Table 10.1-2 and number of CCEs in Table 10.1-3. For both sets of PDCCH processing capabilities, the quantities shrink exponentially with SCS (value of µ). 
Table 10.1-2: Maximum number [image: ] of monitored PDCCH candidates per slot for a DL BWP with SCS configuration [image: ] for a single serving cell
	[image: ]
	Maximum number of monitored PDCCH candidates per slot and per serving cell [image: ]

	0
	44

	1
	36

	2
	22

	3
	20



Table 10.1-3: Maximum number [image: ] of non-overlapped CCEs per slot for a DL BWP with SCS configuration [image: ] for a single serving cell
	[image: ]
	Maximum number of non-overlapped CCEs per slot and per serving cell [image: ]

	0
	56

	1
	56

	2
	48

	3
	32



As a first step to start the processing timeline discussion, we fit simple formulae to the Rel-15 processing capabilities as the benchmarks for NR operation in 52.6 to 71 GHz. The Rel-15 PDCCH processing capabilities per slot can be fitted to simple formulae to obtain initial benchmarks for further discussion. Using the minimum mean absolute deviation fitting, the fitted PDCCH processing capabilities per slot are shown as follows:


[bookmark: _Hlk61353668]The formula was optimized to minimize the mean absolute deviation from the Rel-15 values. The fitted formulae clearly exhibit exponential reduction in UE PDCCH processing capabilities with higher numerologies as can be further observed in Figure 1. Since  for  and  are identical, the fitting uses a nominal  to pair with  as input.
[image: ]
[bookmark: _Ref60921413][bookmark: _Hlk61354178]Figure 1: Extrapolated  and  values per slot

The extrapolated UE PDCCH processing capabilities in Figure 1 are tabulated in Table 1 as a function of SCS. The numbers indicate there may be doubts on whether the UE operating with a SCS such as 960 kHz SCS can support even one AL-16 PDCCH considering the need to configure a number of common and UE specific search spaces with various aggregation levels.
[bookmark: _Ref60824877] Table 1: Extrapolated  and  values per slot
	SCS [kHz]
	15
	30
	60
	120
	480
	960

	
	44
	36
	22
	20
	
	

	BD Estimate
	44
	34
	26
	20
	12
	9

	
	
	
	
	
	
	

	SCS [kHz]
	15*20.5 (Nominal, used for fitting)
	60
	120
	480
	960

	
	56
	48
	32
	
	

	CCE Estimate
	56
	40
	32
	20
	16



2.2	Multi-slot PDCCH monitoring 
Clearly, alternative solutions will be needed for Rel-17 NR operation in 52.6 to 71 GHz if the extrapolated processing capability values are in the right range of the expected UE implementations. One possible direction is to reduce the periodicity of PDCCH monitoring at a UE to allow more time for the UE to process the PDCCH candidates. For instance, Figure 2 illustrates a case where the UE is configured to monitor PDCCH candidates every  slots. 
[image: ]
[bookmark: _Ref47013743]Figure 2: Example of multi-slot PDCCH monitoring with periodicity .
This is in-line with the following agreement from the study item:
Agreement:
Capture the following observations in the TR (Editorial modifications and changes to references can be made when capturing the observations in the TR):
1. It was observed that PDCCH processing capabilities per multiple slots for larger SCS (e.g. 480 or 960 kHz) can maintain scheduling framework same as for smaller SCS (e.g. 120 kHz) when the UE is configured to monitor the PDCCH every multiple slots.


PDCCH monitoring per multiple slots is in fact supported in Rel-15 specs already. In the configuration of SearchSpace, the monitoring periodicity and the offset within the periodicity can be configured using the following parameter which allows the periodicity to be configured as 1, 2, 4, 5, 8, 10, … slots up to a maximum of 12560 slots.
monitoringSlotPeriodicityAndOffset CHOICE { 
sl1 	NULL, 
sl2 	INTEGER (0..1), 
sl4 	INTEGER (0..3), 
sl5 	INTEGER (0..4), 
sl8 	INTEGER (0..7), 
sl10 	INTEGER (0..9), 
sl16 	INTEGER (0..15), 
sl20 	INTEGER (0..19), 
sl40 	INTEGER (0..39), 
sl80 	INTEGER (0..79), 
sl160 	INTEGER (0..159), 
sl320 	INTEGER (0..319), 
sl640 	INTEGER (0..639), 
sl1280 	INTEGER (0..1279), 
sl2560 	INTEGER (0..2559) 
}
The PDCCH monitoring period and offset are UE-specific configurations. From the network’s point of view, the gNB can stagger/offset the PDCCH transmissions for different UEs in different slots.
2.3	Capability scaling for multi-slot PDCCH monitoring
While a large range of search space monitoring periodicities have been supported since Rel-15, the UE PDCCH processing capabilities have been defined only on a per slot basis. For the multi-slot PDCCH monitoring approach discussed in the previous section, it will be necessary to define UE processing capabilities on a per-slot bundle basis considering the following: 
· We can view the UE PDCCH processing capabilities defined in Rel-15 as being define for a slot bundle size of . A search space can have a monitoring periodicity that is an integer multiple of the bundle size, which is any positive integer allowed in the Rel-15 specs since .
· For the example of PDCCH monitoring every 4 slots in the above, UE PDCCH processing capabilities for the bundle size of  slots will need to be defined. For this bundle size, a search space can be configured to have a monitoring periodicity that is an integer multiple of the bundle size, which, in this example, can be 4, 8, 20 and so forth.

[bookmark: _Toc61769618]The monitoring periodicity of search space is an integer multiple of the bundle size B used to define UE PDCCH processing capabilities per bundle of B slots.

In this section, we discuss two possible solutions to define the bundled UE PDCCH processing capabilities when PDCCH monitoring per multiple slots is deployed.
2.3.1	Capability scaling option 1
The potential reduction of UE PDCCH processing capabilities per slot shown previously presents difficulties to maintain the same scheduling framework and flexibility as Rel-15 NR. It would impose substantial negative impacts to Rel-17 NR operation in 52.6 – 71 GHz if the UE PDCCH processing capabilities per multi-slot monitoring period remain as restrictive when the UE is configured to monitor the PDCCH every  slots. Therefore, it will be beneficial for NR operation in 52.6 – 71 GHz to scale UE PDCCH processing capabilities per -slots with the bundle size B:



[bookmark: _Toc53776234][bookmark: _Toc61769619]A first approach to define the UE PDCCH processing capabilities when PDCCH monitoring per multiple slots is deployed for larger SCS is to scale the UE PDCCH processing capabilities per  slots with the bundle size B. That is, the bundled UE PDCCH processing capabilities are  and .

With this first capability scaling solution, it is in principle possible to support any bundle size. However, it may be difficult or impractical for UE implementation to optimize the hardware and software timelines to support various required UE processing capabilities associated with arbitrary flexible bundle sizes. It will be beneficial for RAN1 to narrow down the bundle size values to those beneficial to system operations such that the specs and implementation are not over-burdened.

[bookmark: _Toc61769620]RAN1 strives to narrow down the supported PDCCH monitoring bundle size values to those beneficial to system operations and implementation.

2.3.2	Capability scaling option 2
Toward narrowing down the supported PDCCH monitoring bundle values, a second possible solution is to maintain the same scheduling framework and capacity as a 120 kHz SCS system for larger SCS with PDCCH monitoring per multiple slots. For instance, PDCCH monitoring every  slots can be deployed for 480 kHz SCS. The UE PDCCH processing capabilities per 4-slot monitoring bundle can then be defined as


Similarly, the UE PDCCH processing capabilities per 8-slot monitoring bundle for 960 kHz SCS can then be defined as


In other words, the UE capability for BD/CCE per B-slot bundle for a larger SCS (480 or 960 kHz) is the same as the per-slot capability for 120 kHz.

[bookmark: _Toc61769621]A second approach to define the bundled UE PDCCH processing capabilities when PDCCH monitoring per multiple slots is deployed for larger SCS with a PDCCH monitoring frequency equal to that of 120 kHz SCS is to maintain the same UE processing capabilities per-slot as in a 120 kHz SCS system. That is, the bundled UE PDCCH processing capabilities are , and .

For scaling solution 2, there remains the questions of whether and how to define the UE PDCCH processing capabilities for 480 kHz SCS with bundle size  and for 960 kHz SCS with bundle size . It is noted that the hashing functions spread the candidates evenly across the CORESET. Since separate hashing functions are used for PDCCH candidates of different aggregation levels and the channel estimation CCE budget counts separately the channel estimation performed for different CORESETs, support of different aggregation levels and scheduling framework become difficult for  (where 32 is the per-slot CCE budget corresponding 120 kHz SCS in Rel-15). Therefore, to ensure proper system operations and lower specs impacts, UE PDCCH processing capabilities for 480 kHz SCS with bundle size  and for 960 kHz SCS with bundle size  are to be defined as the same as for 480 kHz SCS with bundle size  and for 960 kHz SCS with bundle size , respectively.
For 480 kHz SCS with bundle size  and for 960 kHz SCS with bundle size , the scaling approaches discussed in the above can be combined. That is, for the example of 480 kHz SCS with , the UE PDCCH processing capabilities are defined as double those for a 120 kHz SCS system. In summary, if monitoring bundle size of  for 480 kHz SCS or  for 960 kHz SCS are supported, the UE PDCCH processing capabilities are defined as follows:


In these expressions,  has a stair-step pattern as a function of B. For example, for 480 kHz (), it equals 1 for , 2 for , 3 for , and so on.
[bookmark: _Toc61769622]If arbitrary monitoring bundle size of  is supported for UE capability scaling Option 2, i.e.,  for 480 kHz SCS or  for 960 kHz SCS are supported, the bundled UE PDCCH processing capabilities are scaled relative to those for the 120 kHz SCS by a factor of .
Conclusion
Based on the discussion in the previous sections we propose the following:
Proposal 1	The monitoring periodicity of search space is an integer multiple of the bundle size B used to define UE PDCCH processing capabilities per bundle of B slots.
Proposal 2	A first approach to define the UE PDCCH processing capabilities when PDCCH monitoring per multiple slots is deployed for larger SCS is to scale the UE PDCCH processing capabilities per  slots with the bundle size B. That is, the bundled UE PDCCH processing capabilities are  and .
Proposal 3	RAN1 strives to narrow down the supported PDCCH monitoring bundle size values to those beneficial to system operations and implementation.
Proposal 4	A second approach to define the bundled UE PDCCH processing capabilities when PDCCH monitoring per multiple slots is deployed for larger SCS with a PDCCH monitoring frequency equal to that of 120 kHz SCS is to maintain the same UE processing capabilities per-slot as in a 120 kHz SCS system. That is, the bundled UE PDCCH processing capabilities are , and .
Proposal 5	If arbitrary monitoring bundle size of  is supported for UE capability scaling Option 2, i.e.,  for 480 kHz SCS or  for 960 kHz SCS are supported, the bundled UE PDCCH processing capabilities are scaled relative to those for the 120 kHz SCS by a factor of .
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