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Introduction
In RAN #88-e, a new work item on UE power saving was approved [1]. The objective of the new WI is:
1) Specify enhancements for idle/inactive-mode UE power saving, considering system performance aspects [RAN2, RAN1]
a) Study and specify paging enhancement(s) to reduce unnecessary UE paging receptions, subject to no impact to legacy UEs [RAN2, RAN1]
· NOTE: RAN1 to check and update, if needed, evaluation methodology in RAN1 #102-e meeting
b) Specify means to provide potential TRS/CSI-RS occasion(s) available in connected mode to idle/inactive-mode UEs, minimizing system overhead impact [RAN1]
· NOTE: Always-on TRS/CSI-RS transmission by gNodeB is not required
2) Study and specify, if agreed, enhancements on power saving techniques for connected-mode UE, subject to minimized system performance impact [RAN1, RAN4]
a) Study and specify, if agreed, extension(s) to Rel-16 DCI-based power saving adaptation during DRX Active Time for an active BWP, including PDCCH monitoring reduction when C-DRX is configured [RAN1] 
· NOTE: Rel-15 and Rel-16 available power saving solutions should be supported by the UE and included in the evaluation. RAN1 will ask the confirmation from RAN2 that Rel-15 and Rel-16 available power saving solutions are properly utilized.
b) Study the feasibility and performance impact of relaxing UE measurements for RLM and/or BFD, particularly for low mobility UE with short DRX periodicity/cycle, and specify, if agreed, relaxation in the corresponding requirements [RAN4]
· NOTE: Supplementary RAN2 work, if needed, can be triggered by RAN4 LS

In this contribution, we discuss enhancements on power saving techniques for connected-mode UEs with PDCCH monitoring reduction.
Discussion
In NR Rel-16, a wake-up signal has been introduced to prevent a UE from unnecessarily starting the ON duration timer and start monitoring the PDCCH. Further power saving gains can be achieved by reducing the PDCCH monitoring activity during the active time. Several methods can be used for this purpose and are discussed in the following.

PDCCH-based power saving signal
[bookmark: _Ref47683963]Search space switching/activation
One potential method to reduce PDCCH monitoring is to dynamically manage the monitored search spaces (SS) based on the UE traffic pattern. This may be achieved by switching between different groups of search spaces. Note that this method has already been adopted for NR-Unlicensed. In addition to switching, dynamically activating/deactivating search spaces may also be considered.
A sample scenario for search space switching/activation is illustrated in Figure 1. In this scenario, two search spaces are configured: one with smaller monitoring periodicity (SS1) and the other with larger monitoring periodicity (SS2). The UE initially monitors the PDCCH during the ON duration with SS1. When PDCCH is detected due to data arrival, the inactivity timer starts. After packet transmission is completed and the buffer gets empty, the UE is indicated to switch to monitoring SS2. Later, when a new packet arrives, the UE again switches back to monitoring SS1. In addition to reducing the PDCCH monitoring time, another advantage of this scheme is that the UE may find more opportunities to go into deep or light sleep mode because packet transmission can be completed in a relatively short amount of time.

[image: ] 
[bookmark: _Ref47680912]Figure 1 Search space switching/activation scenario

Go-to-sleep signal
Another method to reduce PDCCH monitoring is to use a Go-to-sleep signal where the signal can indicate to the UE to skip monitoring a set of search spaces for a specific time duration, also known as skipping. As a special case, skipping may be applied to all search spaces within that duration, i.e., the UE may not monitor any UE specific and/or common search space.
The go-to-sleep indication may be transmitted in the scheduling DCI or in a group-common PDCCH. The disadvantage of the first option is that UE cannot have an indication when there is not a grant. For example, the UE may be indicated to skip monitoring the PDCCH for a duration of N slots, however, after N slots a new skipping indication cannot be sent if there is not a scheduling DCI. Some additional mechanism may be used to overcome this problem (e.g., implicit indication, timer, etc.) but these would further complicate the system and specification efforts. The disadvantage of the second option is that UE power consumption may increase due to monitoring a new group-common DCI.

Simulation results
The method presented in Section 2.1.1 has been evaluated with simulations using the power model in [2]. The simulation assumptions can be found in the Appendix. In the baseline scenario, SS switching is not used and PDCCH is monitored every slot. In the first scenario, switching is applied between SS1 and SS2 where the SS2 monitoring periodicity is 8 slots. In the second scenario, switching is applied between SS1 and SS2 where the SS2 monitoring periodicity is 32 slots. When a packet arrives, UE is indicated to switch to SS2; when the packet transmission is completed and buffer is empty, the UE switches to SS1.
The power consumption for the three scenarios is shown in Table 1. We can see from the table that, compared to the baseline scenario, the first scenario results in 28% power saving gain while the second scenario provides gain of 43%.

[bookmark: _Ref47703020]Table 1 Power consumption with search space switching
	Baseline
SS1 = SS2 = 1 slot
	Scenario-1
SS1: 1 slot
SS2: 8 slots
	Scenario-2
SS1: 1 slot
SS2: 32 slots

	49.26 units
	35.52 units
(28% gain)
	27.95 units
(43% gain)



Table 2 shows the time spent on different states. We can see that the time spent on PDCCH monitoring is significantly reduced with search space switching. With increased SS2 periodicity, the UE can enter light sleep more often, potentially at the expense of increased latency. 

[bookmark: _Ref47684664]Table 2 Relative time spent on different phases
	
	PDCCH only
	PDCCH+ PDSCH
	Deep sleep
	Light sleep
	Micro sleep

	Baseline
	32%
	5%
	63%
	0%
	0%

	Scenario-1
	6%
	5%
	63%
	0%
	26%

	Scenario-2
	3%
	5%
	62%
	29%
	0%




Based on the discussion and simulation results, we propose the following:

Proposal 1: Search space switching/activation is considered to reduce PDCCH monitoring in Active Time.

Summary
In this contribution, we have discussed methods to reduce PDCCH monitoring during Active Time and presented simulation results to evaluate the performance of search space switching/activation. Based on the discussion, we propose the following:

Proposal 1: Search space switching/activation is considered to reduce PDCCH monitoring in Active Time.
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Appendix 

Table 3 System level simulation assumptions
	Parameters
	Value

	Layout
	Single layer (macro)

	Inter-BS distance
	200 m

	Carrier frequency
	4 GHz

	System bandwidth =
	100 MHz

	Channel model
	3D Uma

	Bs Tx power
	44 dBm

	Subcarrier spacing
	30 kHz

	Antenna configuration
	4 x 4
32 antenna elements at the gNB
4 antenna elements at the UE

	User distribution
	1 UE per cell



[bookmark: _Ref1038175]Table 4 Traffic types
	

	FTP traffic

	Model
	FTP model 3

	Packet size
	0.5 Mbytes

	Mean inter-arrival time
	200 ms

	DRX setting
	{160, 100, 8}
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