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1. Introduction
In RAN #97e meeting, the SID for R18 low-power Wake-up Signal and Receiver for NR was agreed [1], and the objectives are given below:
	The study item includes the following objectives:
· Identify evaluation methodology (including the use cases) & KPIs [RAN1]
· Primarily target low-power WUS/WUR for power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables
· Other use cases are not precluded
· Study and evaluate low-power wake-up receiver architectures [RAN1, RAN4] 
· Study and evaluate wake-up signal designs to support wake-up receivers [RAN1, RAN4] 
· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals [RAN2, RAN1] 
· Study potential UE power saving gains compared to the existing Rel-15/16/17 UE power saving mechanisms, the coverage availability, as well as latency impact of low-power WUR/WUS. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]
· Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary. 


RAN1 has discussed the topic and reached some agreements for both RRC_IDLE/RRC_INACTIVE and RRC_CONNECTED states. In this contribution, we will discuss the RRC_CONNECTED procedures with LP-WUS/WUR considering RAN1’s progresses.
2. Discussion
2.1. General
According to the SID, UE supporting LP-WUS/WUR will be equipped with an additional Rx module apart from the current Tx/Rx module. The corresponding terminologies were agreed by RAN1 as follows:
	Use the following terminology for future discussion,
· [bookmark: OLE_LINK1]Main radio (MR): the Tx/Rx module operating for legacy NR signals/channels apart from signals/channel related to low-power wake-up. 
· LP-WUR (LR): The Rx module operating for receiving/processing signals/channel related to low-power wake-up.



For legacy UE in RRC_Connected state, it should keep MR monitoring PDCCH in C-DRX active time. When there is no PDCCH from network, the PDCCH monitoring of MR is unnecessary. However, the legacy UE can confirm that a PDCCH monitoring is unnecessary only after already monitored the PDCCH with MR and found that no PDCCH address to itself. As a result, the power consumption caused by unnecessary PDCCH monitoring was wasted. 
This issue has been also discussed in Rel-16/Rel-17. Finally, DCP in Rel-16 and PDCCH monitoring adaptation in Rel-17 were introduced to reduce unnecessary PDCCH monitoring. They are both PDCCH based signaling. For a UE equipped with LR, the MR can be in sleep power state, while the LR remains active to monitor Low-Power Wake-Up Signal (LP-WUS) in DRX or continuous manner. When LP-WUS is received by LR, it will trigger the MR to wake up to monitor PDCCH. As LR would adopt a minimalistic design, the power consumption of LR is expected to be significantly lower than legacy PDCCH based signaling in some cases.  Anyway, this is related to the LR receiver architecture, which is being discussed in RAN1. 
According to the evaluation results in Annex, it could be observed that more power saving gain is obtained via LP-WUS than the existing power saving schemes. Compared with UE in RRC_Idle/Inactive state, UE in RRC_Connected state is more sensitive to the latency. Therefore, we suggest:
Proposal 1: RAN2 to study LP-WUS procedures for RRC_Connected state to reduce power consumption while guarantee the latency performance, e.g. with unnecessary PDCCH monitoring reduction. 

According to the discussion in RAN1, for a UE equipped with LR, once detecting LP-WUS, UE will start PDCCH monitoring with MR after a wake-up delay. Three lengths of wake-up delay have been assumed according to TR 38.840, i.e. 0ms, 3ms, or 10ms, corresponding to the ramp-up delay of MR from micro/light/deep sleep power states respectively. In addition, a new power state “Ultra-deep sleep” (with [400ms]/FFS:100ms wake-up delay) was introduced in RAN1 for power consumption evaluation in RAN1#110bis as following:
	Agreement
The following power models are used ‘Ultra-deep sleep’ power state for main radio for evaluation
	Power State
	Relative Power (unit)
	Ramp-up and down transition energy (Note1):
(unit multiplied by ms)
	Ramp-up time
	Time for sync/re-sync

	Ultra-deep sleep
	[0.015]
	[2000 ~ 40000]
Study to converge on candidate numbers to use for evaluation
FFS: other values and reported by companies.
FFS: down-selection of the values, 
companies are encouraged to provide details for down-selection
	[400ms], FFS: 100ms
	X


Note1: 
Ramp-up time may consist of the procedure for [main radio hardware tune on e.g., boot, memory load and etc.]
Time for sync/re-sync consists of the procedure for [main radio to re-synchronization with the serving gNB etc.]
FFS: X and whether/how to have different values depending on other factors, e.g., signal-to-noise ratio.
Companies can report the assumption of X in the initial evaluation.
Ramp up and down energy includes power for ramp-up and ramp-down. Energy consumption for sync/re-sync is separately calculated.
The total time for main radio transition from ultra-deep sleep to active/micro sleep state is the sum of ramp-up time and time for sync/re-sync. 
FFS whether/how to define ramp-down time, whether to separately describe the ramp-down energy consumption.
Note 2: the power state transitions in this table refer to transitions between ultra-deep sleep state and active / micro sleep state.
Note 3: The values inside of ‘[ ]’ are to be used as starting point of future study on LP-WUS.


In our understanding, it is not feasible to apply a wake-up delay of 100ms or longer in RRC_Connected state.  Hence, the ultra-deep sleep power state should not be applied to MR in RRC_Connected state. MR could be in micro/light/deep sleep power state. The details are up to RAN1 discussion. 
Proposal 2: Ultra-deep sleep power state, which involves a main radio ramp-up delay of 100ms or longer, should not be applied to RRC_Connected state. 

2.2. LP-WUS in RRC_Connected
In RAN1#110bis meeting, it has agreed the following models for R18 LP-WUS/WUR power evaluation in RRC_Connected state. 
	Agreement
For R18 LP-WUS/WUR power evaluation in RRC connected mode, the following can be considered, 
· XR traffic model with evaluation methodologies and assumptions captured in TR 38.838. 
· eMBB traffic model with evaluation methodologies and assumptions captured in TR 38.840
· Heartbeat traffic models in 3GPP TR 38.875.
· Other models are not precluded.


In our view, LP-WUS is well suited for XR service which has stringent requirements on both power consumption and latency. Since the XR data packets have a wide range of unpredictable jitter, UE has to perform intensive PDCCH monitoring in the entire jitter range to receive the scheduling of XR traffic timely and avoid packet loss caused by exceeding the PDB even it is configured with the existing R15/16/17 power saving schemes (e.g the DCP or PDCCH skipping).
As shown in Figure 1, C-DRX is adopted. To further reduce the unnecessary PDCCH monitoring during the jitter range, UE could firstly monitor LP-WUS by LR when DRX onduration timer is started, and after LR detects LP-WUS which indicated the PDCCH monitoring, MR is waken up to monitor PDCCH. Moreover, to guarantee the latency requirement of XR traffic, main radio need to enter micro or light sleep state rather than the deep sleep state during LP-WUS monitoring. 


Figure 1.  Working procedure for LP-WUS/WUR based jitter handling
According to our simulation (details can be found in Annex), compared to existing R15/16/17 power saving schemes, LP-WUS monitoring combined with MR micro sleep can bring {6%~15%} additional UE power saving gain with no capacity loss in both low load and high load cases. And LP-WUS monitoring combined with MR light sleep can bring {10%~22%} additional power saving gain, with acceptable capacity loss at least in low load case. 
Moreover, for eMBB services with latency requirement less stringent than XR (e.g. FTP), MR can be in deep sleep power state to obtain more power saving gain.  
Therefore, we propose:
Proposal 3: UE monitors LP-WUS by LR to determine whether to trigger UE’s main radio to wake up from micro/light/deep sleep to perform PDCCH monitoring. 
3. Conclusion
In this contribution, we discuss the RRC_CONNECTED procedures with LP-WUS/WUR considering RAN1’s progresses. Based on the discussion, we have the following proposals:
Proposal 1: RAN2 to study LP-WUS procedures for RRC_Connected state to reduce power consumption while guarantee the latency performance, e.g. with unnecessary PDCCH monitoring reduction. 
Proposal 2: Ultra-deep sleep power state, which involves a main radio ramp-up delay of 100ms or longer, should not be applied to RRC_Connected state. 
Proposal 3: UE monitors LP-WUS by LR to determine whether to trigger UE’s main radio to wake up from micro/light/deep sleep to perform PDCCH monitoring. 
4. References
[1] [bookmark: _Ref34411460][bookmark: _Ref35851607]RP-222644, Revised SID: Study on low-power Wake-up Signal and Receiver for NR.
5. Annex
5.1. Power evaluation results for RRC_Connected state
In the following evaluation for XR traffic, performance metrics including power consumption, latency, capacity are considered. The detail evaluation methodologies and assumptions can be found in TR 38.838.
· Evaluation for XR traffic model (refer to TR38.838 and the agreed jitter model in R18 XR SI)
Based on the R17 and R18 XR power evaluation methodologies and assumptions, we further evaluate power consumption and system capacity of different cases. And the detailed configurations can be founded in section5.2. Note that for capacity results of LP-WUS/WUR scheme (combined with main receiver light sleep) corresponding to the UE satisfaction metric with both 95% and 99% packet successful rate are shown. Evaluations for low load is given, corresponding to 5 UEs per cell.


Figure 2.  Power saving gain and system capacity results for R17 PDCCH monitoring adaption and LP-WUS/WUR schemes
According to the results shown in Figure 2, for low load case, comparing to R17 PDCCH monitoring adaptation scheme, LP-WUS/WUR schemes with main radio enters micro sleep during LP-WUS monitoring can bring {6%~13%} additional UE power saving gain with no capacity loss. In addition, when main radio enters light sleep during LP-WUS monitoring, the LP-WUS scheme can bring {10%~22%} additional UE power saving gain with 10% (UE satisfaction metric as 99% packet successful rate) or no (UE satisfaction metric as 95% packet successful rate) capacity loss, comparing to R17 PDCCH monitoring adaptation scheme. 
[bookmark: _Ref127561982]Observation 1: Compared to the existing R17 power saving schemes, LP-WUS monitoring combined with main receiver micro sleep can bring {6%~13%} additional UE power saving gain with no capacity loss in low load case.
[bookmark: _Ref127561986]Observation 2: Compared to the existing R17 power saving schemes, LP-WUS monitoring combined with main receiver light sleep can bring {10%~22%} additional UE power saving gain, with acceptable capacity loss in low load case.
5.2. Simulation assumptions for RRC_Connected state
The detail configurations for R17 PDCCH monitoring adaptation and LP-WUS/WUR schemes are illustrated as below.
R17 PDCCH monitoring adaptation scheme includes both PDCCH skipping indication and SSSG switching indication, and its key assumptions are listed below:
· Default/sparse SSSG: do PDCCH monitoring in every two slots;
· Dense SSSG: do PDCCH monitoring in every slot. 
· Two candidate PDCCH skipping durations: 4ms and 6ms. 
· Enhanced DRX (i.e., aligning DRX cycle with non-integer traffic periodicity) is configured and the length of DRX onduration is equal to the jitter range.
For LP-WUS/WUR scheme, the key assumptions are introduced below:
· The LP-WUS monitoring is performed within DRX onduration.
· The main receiver enters into the micro sleep when doing LP-WUS monitoring.
· [bookmark: _Hlk115443745]The total relative power for LP-WUS monitoring is assumed as 45 or 20 power units (i.e., the main radio enters micro or light sleep). 
· [bookmark: _GoBack]And the latency from receiving LP-WUS to be ready for PDCCH monitoring is set to 1 slot. 
· R17 PDCCH skipping indication is adopted. And three candidate PDCCH skipping durations are 2ms, 4ms and 6ms respectively.
· Enhanced DRX (i.e., aligning DRX cycle with non-integer traffic periodicity) is configured and the length of DRX onduration is equal to the jitter range.
· [bookmark: _Hlk115443759]System capacity is assumed as the maximum number of users per cell with at least 90% of UEs being satisfied. And a UE can be regarded as a satisfied UE if more than 99% or 95% of packets are successfully transmitted within a given air interface PDB.
[bookmark: _Ref1208685]Table 1. Simulation assumption for FR1 Indoor Hotspot scenario
	Parameter
	value

	Scenarios
	Indoor Hotspot, 12 nodes in 50 m x 120 m

	Channel model
	InH

	Carrier frequency
	4GHz

	Bandwidth 
	100 MHz, 1.72% Guard Band

	Subcarrier spacing
	30 KHz

	Frame structure
	DDDSU (S: 10D:2G:2U)

	BS Antennas 
(M,N,P,Mg,Ng;Mp,Np)
	For 32T: (4,4,2,1,1;4,4), (dH,dV) = (0.5, 0.5)λ

	UE Antennas 
(M,N,P,Mg,Ng;Mp,Np)
	2T/4R, (M, N, P, Mg, Ng; Mp, Np) = (1,1/2,2,1,1;1,1/2), 
(dH, dV) = (0.5, N/A) λ

	BS antenna pattern
	Ceiling-mount pattern, 5 dBi

	UE antenna pattern
	Omnidirectional, 0 dBi

	BS Power
	24 dBm per 20MHz

	UE max Power
	23 dBm

	UE Power
	Max Tx power: 23 dBm, (P0 = -80, alpha = 0.8)

	ISD
	20 m

	BS height
	3 m

	UE height
	1.5 m

	Noise Figure
	BS:5 dB, UE:9 dB

	Max MCS
	256QAM

	Device deployment
	100% indoor

	Down-tilt
	90 degrees

	BS receiver
	MMSE-IRC

	UE receiver
	MMSE-IRC

	Channel estimation
	Realistic

	Target BLER
	10%

	UE speed
	3 km/h



Table 2. The DL video traffic models with 60 FPS adopted in R17 XR SI
	Traffic model
	VR/AR
	VR/AR

	Data rate (Mbps)
	30
	45

	Packet size distribution
	Truncated Gaussian distribution

	Mean packet size (Bytes)
	62500
	93750

	STD of packet sizes (Bytes)
	6562
	9844

	Maximum packet size (Bytes)
	93750
	140625

	Minimum packet size (Bytes)
	31250
	46875

	Packet arrival interval (ms)
	16.67
	16.67

	PDB (ms)
	10

	Jitter distribution
	Truncated Gaussian distribution

	Jitter Mean (ms)
	0

	Jitter STD (ms)
	2 or 5

	Jitter Range (ms)
	[-4, +4], [-6, +6] or [-8, +8]



Power saving gain (compared to always-On) in low load case
Power saving gain vs. AlwaysOn	
R17 PDCCH monitoring adaptation	LP-WUS/WUR 	
	scheme (micro sleep)	LP-WUS/WUR 	
	scheme (light sleep)	R17 PDCCH monitoring adaptation	LP-WUS/WUR 	
	scheme (micro sleep)	LP-WUS/WUR 	
	scheme (light sleep)	R17 PDCCH monitoring adaptation	LP-WUS/WUR 	
	scheme (micro sleep)	LP-WUS/WUR 	
	scheme (light sleep)	Jitter range: ±4ms	Jitter range: ±6ms	Jitter range: ±8ms	0.2336	0.2971	0.341	0.1873	0.2826	0.3483	0.1464	0.2784	0.366	


System capacity in low load case

Power saving gain vs. AlwaysOn	
always-On	R17 PDCCH monitoring adaptation	LP-WUS/WUR	
	scheme (micro sleep, 99%)	LP-WUS/WUR	
	scheme (light sleep, 99%)	LP-WUS/WUR	
	scheme (light sleep, 95%)	R17 PDCCH monitoring adaptation	LP-WUS/WUR	
	scheme (micro sleep, 99%)	LP-WUS/WUR	
	scheme (light sleep, 99%)	LP-WUS/WUR	
	scheme (light sleep,95%)	R17 PDCCH monitoring adaptation	LP-WUS/WUR	
	scheme (micro sleep, 99%)	LP-WUS/WUR	
	scheme (light sleep, 99%)	LP-WUS/WUR	
	scheme (light sleep, 95%)	Jitter range: ±4ms	Jitter range: ±6ms	Jitter range: ±8ms	1	1	1	0.8944	0.9944	1	1	0.8722	0.9944	1	1	0.8764	0.9944	
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