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1 Introduction
In SID [1], the following objective was agreed:
· 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 paper, techniques of reduction on number of blind decodes and CCE limit, and corresponding evaluation methodology are discussed. 

2 Techniques of reduction on number of blind decodes and CCE limits
Reducing PDCCH monitoring by smaller number of PDCCH candidates and non-overlapping CCE that a UE needs to monitor per given time period, such as a slot, is a design aspect for RedCap UEs [1]. Potential techniques to achieve this goal should consider at least the following limitations and requirements of RedCap UEs. 
· Reduced UE bandwidth
· Reduced UE processing capability,
· UE power savings and battery lifetime enhancements

Additional metrics, such as PDCCH blocking probability when there is a larger number of RedCap UEs should also be considered together with latency requirements and impact on system throughput.
2.1 Reduced UE bandwidth

According to TS 38.213 [2], NR supports a fixed maximum number of non-overlapped CCEs per slot per SCS configuration (for RedCap UEs, per slot, not per span, PDCCH monitoring is the main focus). However, the number of non-overlapping CCEs in a CORESET can vary according to the CORESET bandwidth as shown in Table 1 (assuming PDCCH monitoring at the beginning of each slot). 

For a UE with reduced operating bandwidth, such as for example 20 MHz, the number of non-overlapping CCEs in a CORESET for µ=1 is 25, which is smaller than the maximum number of 56 non-overlapping CCEs defined in Rel-16.  When the number of non-overlapping CCEs of a CORESET is reduced, the PDCCH capacity in terms of number of PDCCHs transmitted per slot may be reduced accordingly as well, especially if the larger CCE aggregation levels need to be used for example due a reduced number of receiver antennas. 

Table 1: Number of non-overlapped CCEs for a CORESET with 3 symbols

	Bandwidth (MHz)
	µ=0
	µ=1
	µ=2
	µ=3

	100
	N/A
	136
	67
	33

	50
	135
	66
	32
	16

	20
	53
	25
	12
	N/A

	10
	21
	12
	5
	N/A



According to the analysis in Table 1, we observe the following.

Observation #1: PDCCH resources in a CORESET are reduced compared to Rel-16 due to reduced UE operating BW.

Given the fact that the PDCCH resource can be limited for RedCap UEs with reduced operating bandwidth, smaller values for the maximum number of monitored PDCCH candidates per slot,[image: ], and the maximum number of non-overlapped CCEs per slot, [image: ], need to be considered with respect to the UE operating bandwidth. 

Several approaches can be considered to determine the smaller [image: ]and [image: ] values. One approach can be to define a separate UE capability for[image: ]and [image: ]  according to the maximum operating bandwidth. In addition, considering BWP switching,  the values of [image: ]and [image: ] can be adjusted with respect to UE operating bandwidth in the active DL BWP. Alternatively,[image: ]and [image: ] can be configured per DL BWP in order for the NW to have control over the values. Search space set configuration can then also be per DL BWP. 

Proposal #1: Study reduced maximum numbers of PDCCH candidates per slot, [image: ] and  non-overlapping CCEs per slot, [image: ], with respect to reduced UE operating bandwidth.

2.2 Reduced UE processing capability

According to TS 38.213 [2], NR R16 supports a predefined maximum number of PDCCH candidates,  , and maximum number of non-overlapped CCEs, , in a span for combination (X, Y) and SCS configuration µ. However, mid-tier UEs without advanced modules for signal processing are not capable of fast PDCCH processing.  As a result, RedCap UEs can support either a smaller number of PDCCH candidates per time unit as proposed in Section 2.1 or a relaxed PDCCH processing timeline for an overall processing timeline that can be further extended from a reduced PDSCH processing timeline.  

Currently, NR only supports UE capability of span gap of 2 or 3 symbols. To address the reduced UE processing capability of RedCap UEs, it’s worth considering combinations (X, Y) , where X is more than 14 symbols or 1 slot, while Y remains 2-3 symbols. Intuitively,  and   can be defined for an extended span gaps applicable to the UEs that report the capability of the extended span gaps . 

Proposal #2: Study maximum number of monitored PDCCH candidates and non-overlapping CCEs in a span, where the  span gap X is more than a slot. 

2.3 UE power saving and battery lifetime enhancement
	
UE power savings is an important objective for many RedCap use cases. For wearables, such as smart watches, rings, eHealth related devices, the battery of the device should last multiple days (up to 1-2 weeks). For industrial wireless sensors, the requirement of battery life can be a few years. To achieve UE power savings and increase battery lifetime, adaptation on PDCCH monitoring according to real-time traffic and channel conditions is beneficial.

An adaptive parameter related to PDCCH monitoring can be the corresponding CCE ALs. A UE can be triggered to monitor a larger number higher CCE ALs when the channel quality is poor and monitor a larger number of lower CCE ALs when the channel quality is good. Although this does not directly improve UE power savings, it does allow reducing a number of PDCCH candidates/non-overlapping CCEs a UE needs to monitor for a given PDCCH blocking probability as it increases a number of PDCCH candidates that are practically available for scheduling the UE.

Another adaptive parameter related to PDCCH monitoring can be the number of PDCCH candidates. The extreme scenario if the UE power savings mechanism adopted in Rel-16 where a UE is signaled to monitor all configured PDCCH candidates or none of them. A softer adaptation can be beneficial during Active Time. For example, when the traffic is low (e.g. DRX ON duration is relatively long and buffer at the gNB becomes empty or when BSR from the UE indicates low traffic), the UE can be indicated to monitor a smaller number of PDCCH candidates. For example, even when traffic for the UE is low, the UE can be indicated to monitor a large number of PDCCH candidates when a large number of UEs share the same Active Time in order to reduce blocking probability and allow scheduling of multiple UEs at the same time for more efficient bandwidth utilization as TBs can be small.

Another adaptive parameter for PDCCH monitoring can be the time separation between the first symbol of two consecutive spans, i.e. the number of symbols/slots X in combination (X, Y). When a UE is indicated with a span gap of X slots, the UE can relax PDCCH processing and PDSCH processing, and an effective number of PDCCH decoding operations per slot is scaled by 1/X. 
[bookmark: _GoBack]
Adaptation of PDCCH monitoring can be based on similar methods as the ones supported in NR R16 for UE power savings. For example, a group common DCI format with UE specific fields where each field indicates an adaptation for each UE can be used. 

Proposal #3: Study dynamic adaptation on PDCCH monitoring with adaptive parameters including
· CCE ALs to monitor
· number of PDCCH candidates
· span gap X

3 Methodology of evaluation on PDCCH monitoring reduction
3.1 Simulation assumptions and power consumption model 

At least numerical simulation of power saving gains should be considered for a proposed scheme on PDCCH monitoring reduction. Additional metrics such as PDCCH blocking and its impact on system throughput should also be considered for identified scenarios. For a numerical simulation on power saving gains, agreements on the assumptions for the following aspects should be established:
· reference system configuration as baseline,
· traffic model, 
· power consumption models 
The simulation assumptions and methodology of the R16 UE power savings study as defined in [3] can also be utilized as much as possible. 

For the assumption on baseline, the reference configuration in [3] can be reused but with reduced system bandwidth, for example 20 MHz for FR1 and 40 MHz for FR2. As the motivation is mainly to address reduced UE capability for signal processing, PDCCH monitoring during active time in RRC_CONNECTED state should be prioritized, no DRX configuration is needed.

For the traffic model, the traffic models for FTP or VoIP or instant messaging defined in [3] can be reused, but the parameters (e.g. packet size) may be updated to address the requirement of RedCap uses cases. 

For the power consumption model, the power models from R16 UE power saving study as specified in [3] can be reused. In [3], power models for UE activities, such as PDCCH only, PDSCH only, PDCCH and PDSCH, micro sleep were established. In addition, a scaling rule with respect to reduced number of PDCCH candidates is useful for evaluating power saving schemes regarding PDCCH monitoring reduction.

Proposal #4: Reuse reference configuration, traffic model, and power consumption model in TR 38.840 with necessary updates to address requirement of RedCap use cases.

To evaluate performance of extended span gap X as proposed in Section 2.3, a power consumption model for relaxed PDCCH processing over a number of slots is needed. However, this was missed in [3]. 



(a) without relaxation on PDCCH processing



(a) with relaxation on PDCCH processing

  			Figure 1: Illustration of power consumption for PDCCH monitoring

Figure 1 illustrates a UE power consumption pattern for PDCCH monitoring. Figure 1 (a) illustrates the power consumption without PDCCH processing relaxation. Based on the power consumption models in [3], the UE switches to a micro-sleep state for a slot if no PDCCH monitoring occasion is configured in the slot. Figure 1 (b) illustrates UE power consumption when relaxation on PDCCH processing is enabled. Given a predetermined span gap X, a UE can relax PDCCH processing over a time period of the span gap X. In this case, the relative power should be decreased due to reduced workload and lower clock frequency for signal processing. 

When the span gap is predetermined to be X>1 slots, a UE can relax PDCCH processing over a time period of X slots. The power should be scaled with respect to X, such that P(X) = max(Pt/N, Ps), where Pt is the power for PDCCH monitoring without relaxation, and Ps is the power for micro sleep. 

Proposal #5: Support power model of PDCCH processing relaxation over X slots, such that P(X) = max (Pt/X, Ps), where Pt is power of PDCCH monitoring without relaxation, and Ps is power for micro sleep.

3.2 Evaluation metric 

Since the main benefit of reduction on PDCCH monitoring is UE power savings, evaluation on power saving gain is important. According to [3], power saving gain is defined as the percentage of power consumption reduction of a proposed scheme from a baseline. 

To minimize system overhead, any of the following evaluation metric can be considered as well.
· Latency
· Scheduling delay
· User throughput and PDCCH blocking probability

Proposal #6: Evaluate power saving gains and system overhead for PDCCH monitoring reduction mechanisms.

Conclusion	
This contribution considered reduced PDCCH monitoring by smaller numbers of blind decodes and CCE limits. Following proposals and observation were made:
Proposal #1: Study reduced maximum numbers of PDCCH candidates per slot, [image: ] and  non-overlapping CCEs per slot, [image: ], with respect to reduced UE operating bandwidth.

Proposal #2: Study maximum number of monitored PDCCH candidates and non-overlapping CCEs in a span, where the  span gap X is more than a slot. 

Proposal #3: Study dynamic adaptation on PDCCH monitoring with adaptive parameters including
· CCE ALs to monitor
· number of PDCCH candidates
· span gap X

Proposal #4: Reuse reference configuration, traffic model, and power consumption model in TR 38.840 with necessary updates to address requirement of RedCap use cases.

Proposal #5: Support power model of PDCCH processing relaxation over X slots, such that P(X) = max (Pt/X, Ps), where Pt is power of PDCCH monitoring without relaxation, and Ps is power for micro sleep.

Proposal #6: Evaluate power saving gains and system overhead for PDCCH monitoring reduction mechanisms.

Observation #1: PDCCH resources in a CORESET are reduced compared to Rel-16 due to reduced UE operating BW.
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