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1. 
Introduction
In Rel-17 SI on support of reduced capability NR devices [1], one objective is to study reduced PDCCH monitoring to support UE power saving:

Study UE power saving and battery lifetime enhancement for reduced capability UEs in applicable use cases (e.g. delay tolerant) [RAN2, RAN1]: 

· Reduced PDCCH monitoring by smaller numbers of blind decodes and CCE limits [RAN1].

· Extended DRX for RRC Inactive and/or Idle [RAN2]

· RRM relaxation for stationary devices [RAN2]

In this document, we discuss ideas for reducing PDCCH monitoring for REDCAP UEs.
2. 
Discussion
2.1
Existing PDCCH related monitoring Capabilities 
Table 1 below, lists the current mandatory UE capabilities related to PDCCH monitoring.  In this section, we discuss the pros and cons of limiting of some of these capabilities.
	
	Mandatory PDCCH monitoring capabilities in Rel-15/16

	BD budget per slot
	44/36/22/20 for SCS15/30/60/120kHz

	CCE budget per slot
	56/56/48/48 for SCS15/30/60/120kHz

	DCI size budget
	4 (3 for C-RNTI, 1 for other RNTI)

	Number of CORESET per BWP
	3

	Number of Search Spaces per BWP
	10


Table 1:  Mandatory PDCCH monitoring capabilities in Rel-15/16
As part of the Release 16 Power savings studies captured in TR38.840 [2], an equation was formulated that provides an estimate of the potential power savings attainable for a single PDCCH slot, by reducing the ratio (α) of used PDCCH candidates to the maximum number of PDCCH candidates.   

Power scaling scheme for PDCCH candidates processing reduction:

-
Scaling for the power reduction due to PDCCH candidates processing (e.g. AL/CCE/BD) reduction is modelled solely based on its effect on micro sleep portion of the PDCCH-only slot

-
The UE power scheme should include the portion of PDCCH processing time reduction in accordance to PDCCH candidates (e.g. AL/CCE/BD) reduction

-
Note: In the reference configuration, the first two symbols are PDCCH symbols

-
For power scaling for PDCCH candidate reduction (for same slot scheduling only):


P(α) = α ∙ Pt + (1 – α) ∙ 0.7Pt

-
where α is the ratio of PDCCH candidates to the max number of PDCCH candidates in the reference configuration (α>0). Pt is the PDCCH-only power for same-slot scheduling.
Based on the above equation, if the maximum BD numbers for REDCAP UEs are reduced to half of the current maximum BD limit, a 15% power saving gain can be achieved for a given slot where PDCCH is being decoded. 
Whenever the Blind Decode and/or CCE limits are reduced for a search space, given that the PDCCH is a resource shared between multiple UEs, the blocking probability can be expected to rise due to the following effects:
· To maintain the range of coverage, the gNB will need to cut more of the low AL candidates.

· The options for multiplexing PDCCH candidates, will be reduced for the gNB

Observation 1: 
Limiting the PDCCH search space for UEs will increase the average blocking probability of the control channel for the gNB scheduler, even when only a few UEs are having limited PDCCH search space.

Observation 2: 
An increased PDCCH blocking probability will cause some UEs to be blocked which will result in additional delays.

An estimate of the impact to the blocking probability recorded in TR38.840 (sourced from [3]), is highlighted below.
PDCCH blind decoding reduction can also be used to potentially reduce the UE power consumption. Power saving gain of 1.4%-11% is shown when the number of blind decoding candidates is reduced by half, with system level impact in terms of higher DL control blocking probability (e.g. assuming that 1/4 of the UEs are to be scheduled in a CORESET with such reduced blind decoding limit, the average blocking probability would increase by 50%).  One source shows power saving gain of 29% with single blind decoding candidate without showing the results of latency and expected high blocking probability. 

During the initial discussions on NR search space design, there were a number of proposals considered but not specified, to help lessen the increase in blocking probability due to reduced BD candidates/CCE limits, e.g. the use of a as random sub-band hashing function [4].   If PDCCH search space reduction is considered as a viable energy saving technique, it should be accompanied with means to mitigate the effects of increased blocking probability.
Another issue with CCE reduction, is the impact of the existing “overbooking rules”.  When a UE is configured with more than one SS set, the number of PDCCH candidates/CCEs varies across slots due to independent monitoring occasions for the SS sets and slot dependent hashing of different ALs for each SS set. Therefore, a base station (BS) is allowed to configure the UE with a number of PDCCH candidates/CCEs per slot that exceeds the UE capability, which is referred to as “overbooking”. Based on the configuration, the UE and BS map PDCCH candidates in each slot according to the following mapping rules: 
(i) CSS sets are mapped before USS sets, 
(ii) USS sets are mapped in ascending order of the SS set indices, and if the number of PDCCH candidates/CCEs exceeds either of the UE processing limits, then 
(iii) No more SS sets are mapped in the slot after reaching the UE processing limit. These rules allow BS to number UE’s SS sets according to desired priority.

As can be seen above, CSS always has priority, which will mean that USS could become so deprioritized that it effectively becomes unusable. Therefore, we consider it beneficial to study the impact of the overbooking rules on the different search space types and if necessary, specify enhancements.
Given that for simple PDCCH BD and CCE reduction:

· From the original R16 study (TR38.840 [2])
·  PDCCH per slot power savings estimated given a 50% reduction in candidates, is predicted to be no greater than 15%
·  The average blocking probability would increase by 50% for a CORESET where 25% of UEs have a reduced blind decoding limit.  
· The existing CCE overbooking rules are expected to significantly degrade the performance of the USS if there are no enhancements to counter the impact of the reduced CCE limits.
· The study of PDCCH DB and CCE is targeted for power savings and not for complexity reduction

· There are a number of other techniques (some are listed below) to reduce PDCCH monitoring that are expected to yield greater power savings with fewer drawbacks.
· DCI-based DRX ON-Duration monitoring skipping

· Search Space Switching

· Multiple Transport Block scheduling

We consider that the PDCCH and CCE limits should remain unchanged for REDCAP UEs. 
Proposal 1:  
The CCE and BD limits for REDCAP UEs stay the same as those for the NR legacy UE.
2.2
Alternative techniques to reduce PDCCH monitoring 

Previous studies have shown that schemes that reduce the amount of PDCCH monitoring can yield worthwhile power savings for the UE.  In this section we discuss 2 such schemes that were specified for R16.

From Rel.16 onwards, the DCI format 2_6 can be used to indicate to the UE to skip the next DRX ON Duration.  In our opinion, the use and possible enhancements to this power saving technique for REDCAP are worth studying.   Possible developments of this feature for RedCap, include:

· skipping multiple ON periods
· REDCAP specific DCI size alignment 

Reducing DCI formats can effectively increase the BD capacity, since 1 BD can decode multiple DCI formats if those DCIs share the same overall size.
Proposal 2: 
DCI-based DRX ON-Duration monitoring skipping, is studied for RedCap.
Release 16, saw the introduction of the “search space set switching” functionality to NR-U.   Using either an explicit format 2-0 dci or an implicit countdown timer, groups of NR-U UEs (not individual UEs) can be made to switch between 2 pre-configured search spaces, each with their own distinct characteristics (e.g. one with a short period and the other with a long period).   We believe that the power saving benefits of being able to dynamically change the search space characteristics via DCI are worth studying for RedCap.    Possible developments of this feature for RedCap, include:
· Making the scheme UE specific

· Extending switching to cover more than 2 search configurations

Proposal 3: 
Search Space Switching based on the NR-U technique, is studied for RedCap.
4. Conclusion

In this document, we have discussed ideas for reducing PDCCH monitoring for REDCAP UEs and have the following observations and proposals.

Observation 1: 
Limiting the PDCCH search space for UEs will increase the average blocking probability of the control channel for the gNB scheduler, even when only a few UEs are having limited PDCCH search space.

Observation 2: 
An increased PDCCH blocking probability will cause some UEs to be blocked which will result in additional delays.
Proposal 1:  
The CCE and BD limits for REDCAP UEs stay the same as those for the NR legacy UE.
Proposal 2:          DCI-based DRX ON-Duration monitoring skipping, is studied for RedCap.
Proposal 3: 
 Search Space Switching based on the NR-U technique, is studied for RedCap.
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