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Introduction
In this contribution the LP-WUS procedures and configuration in Idle and Inactive are discussed.
[bookmark: _Hlk162891588][bookmark: _Toc242573354]Background
Overview
The following new concepts are introduced with LP-WUS/WUR [1]:
· LP-WUS:	Low Power Wake Up Signal
· LP-SS:	Low Power Synchronization Signal
· WUR:	Wake Up Receiver
· MR:	Main Radio
· LR: 	Low power Radio
[image: ]
[bookmark: _Hlk162613272]The UE uses LP-WUS, including subgroup info, to monitor paging. The OOK-based WUR uses LP-SS for sync and serving cell RRM measurements. But the OFDM-based WUR can use PSS/SSS for sync and serving cell RRM measurements. The LP-SS, if configured in the cell, is transmitted periodically (periodicity FFS in RAN1/RAN4), while the LP-WUS is only transmitted when the UE needs to wake-up for paging (Paging PDCCH and/or PDSCH). The LP-WUS and LP-SS use OOK with overlaid OFDM sequence(s), which may not provide full cell coverage. 
Use case
[bookmark: _Hlk162670608]WUR improves power saving for devices which have very long battery lifetime requirements or very small battery capacity. Furthermore WUR enables power savings when the latency requirements do not allow the use of eDRX or MICO mode. With WUR the UE remains reachable for paging and the UE remains camped on the best cell by serving cell RRM measurements using LR. 
Devices with very long battery lifetime requirements or very small battery capacity are IOT-type of devices (e.g. sensors, actuators) and wearables (e.g. smart watches, eHealth, etc). These devices also have limited data to send/receive. Normal broadband UEs can also benefit from WUR, but their main power consumption is when they are in connected mode sending and receiving data. 
WID objectives related to LP-WUS in Idle/Inactive
[bookmark: _Hlk162613681][bookmark: _Hlk162613744]The following objectives apply for LP-WUS procedures and operation in Idle/Inactive [1]:
· [bookmark: _Hlk162613647]For IDLE/INACTIVE modes
· Specify procedure and configuration of LP-WUS indicating paging monitoring triggered by LP-WUS, including at least configuration, sub-grouping and entry/exit condition for LP-WUS monitoring (RAN2, RAN1, RAN3, RAN4)
· Note: The target coverage of LP-WUS and LP-SS shall be the coverage of PUSCH for message3.
RAN1 agreements
R1-2401631	Summary #3 on LP-WUS operation in IDLE/INACTIVE mode	Moderator (Apple)

Agreements
Multi-beam operations are supported for LP-WUS and LP-SS for idle mode
LP-WUS occasions (LOs) are defined for LP-WUS monitoring.
· Each LO has one or more LP-WUS monitoring occasions (MOs), where UE can monitor for LP-WUS transmission in each of the LP-WUS MOs.
· Different LP-WUS MOs may correspond to different beams in multi-beam operation
· FFS whether or not each LO is defined as a time window that covers the corresponding LP-WUS MOs
· FFS details
· It is at least supported that a UE monitors LOs with a configured periodicity.
· FFS eDRX, if supported
For the case where a UE supports PEI and PEI is configured by the gNB, after the UE receives LP-WUS indicating wake-up, it is up to UE implementation whether to monitor PEI or not.
It is supported that the UE monitors the legacy PO after receiving LP-WUS indicating wake-up.
· FFS: support of UE monitoring dynamic PO

Conclusion
For idle/inactive mode, how to map a UE to a subgroup ID for LP-WUS is left to RAN2 to decide.
Discussion
How does it work
[image: ]
When LP-WUS indicates that there is paging, then the UE monitors the following PO using MR, and the UE is prepared to receive Paging PDSCH. When there is only SI-change or ETWS/CMAS indication in Paging PDCCH, then the UE does not receive Paging PDSCH. But the UE will receive SIB1 and the modified SIBs or ETWS/CMAS warning messages.
When there is no Paging (for a long time) the UE can save power:
· MR can enter ultra-deep sleep state 
· LR uses LP-WUS to monitor paging
Entry/exit condition LP-WUS/LP-SS
[image: ]
The WID says that the target coverage of LP-WUS and LP-SS shall be the coverage of PUSCH for message 3. This objective seems to indicate that LP-WUS/LP-SS may not provide full cell coverage (similar to PDCCH for paging and system information). Based on further RAN1 L1 design of LP-WUS/LP-SS and RAN4 evaluation of the RF/RRM requirements for LP-WUS/LP-SS the WUR coverage will become clearer. The simpler OOK-based WUR can be expected to only provide partial coverage, while the OFDM-based WUR can be expected to provide full coverage (using OFDM based SSBs):
[bookmark: _Toc163206004]Based on configuration in SIB the UE is allowed to use OFDM-based WUR to monitor paging using LP-WUS when camped on the cell. 
[bookmark: _Toc163206005]The entry condition to use LP-WUS/LP-SS with OOK-based WUR uses RSRP/RSRQ measurements using MR (additional conditions FFS).
[bookmark: _Hlk162674290][bookmark: _Toc163206006]The exit condition to use LP-WUS/LP-SS with OOK-based WUR uses RSRP/RSRQ measurements using LR (additional conditions FFS).
During the study phase it was concluded that LP-WUS monitoring is feasible without UE reporting of WUS coverage status or change. UE reporting increases the signalling and UE power consumption. Furthermore it is challenging to sync UE and gNB reliably without any delays whether LP-WUS is used or not. When the UE thinks that LP-WUS is used and the gNB thinks that LP-WUS is not used then the UE will miss paging. 
[bookmark: _Toc163206007]The UE does not signal LP-WUS monitoring status to the gNB.
This means that when the UE is out of LP-WUS coverage (entry condition is not met) the gNB transmits LP-WUS, but the UE monitors the PO directly, i.e. transmissions resources are wasted. However there is no good solution to this problem, and even inside LP-WUS coverage the UE may decide to monitor PO directly. 
It is however beneficial when the UE reports LP-WUS monitoring information when the UE is in connected mode. For example it is interesting for the network to know how often the UE was using LP-WUS when it was in idle/inactive. This aspect can perhaps be discussed further in RAN2.
Subgrouping
CN-assigned and UE-ID based subgrouping (as with PEI) provide flexibility to the network how to do subgrouping:
· UE-ID based: random assignment without taking UE individual aspects into account
· CN-assign subgrouping: Assigned subgroup ID may depend on individual UE aspects (e.g. paging probability) but it is left to network implementation
Therefore it is proposed:
[bookmark: _Toc163206008]CN-assigned and UE-ID subgrouping is supported. CN-assigned subgroup ID is left to network implementation.
The number of subgroups is left to RAN1 to decide, but it is assumed that at least 8 subgroups can be supported, which would be sufficient. It is preferred that 8 subgroups can be indicated independently, i.e. there is a single bit per subgroup ID, instead of one codepoint per subgroup ID. But there could be use cases where it is preferred to reduce the LP-WUS size/duration when there is very low paging rate i.e. low probability that two subgroups need to be signalled at the same time:
[bookmark: _Toc163206009]The use of individual bits or codepoints per subgroup ID is configurable in SIB.
PEI supports the mapping of a single PEI occasion to more than one PO. This enables reduction of the PEI transmission, i.e. network overhead. But it also increases the paging delay, which is already increased with LP-WUS:
[bookmark: _Toc163206010]Whether the LP-WUS indicates paging for one or multiple POs is configured in SIB.
LP-WUS monitoring procedure
The same monitoring principles as for PEI should apply to LP-WUS: 
[bookmark: _Toc163206011]If the UE detects LP-WUS and the subgroup ID of the UE is included in LP-WUS then the UE monitors the following PO.
[bookmark: _Toc163206012]If the UE does not detect LP-WUS or subgroup ID of the UE is not included in LP-WUS then the UE is not required to monitor the following PO.
[bookmark: _Toc163206013]If the UE is not able to monitor the LP-WUS (details FFS) then the UE is required to monitor the following PO.
RAN2 should assume for now that the missed and false detection probability when using LP-WUS is negligible and does not impact the Paging performance, pending progress in RAN1/RAN4. 
During the study phase a missed detection target of 10-2 was assumed, similar as the PDCCH requirement when receiving Paging PDCCH. When using LP-WUS this should not increase, which implies that the LP-WUS missed detection probably should be lower then 10-2.
If needed, RAN2 can discuss procedures to handle LP-WUS missed/false detection later:
[bookmark: _Toc163206014]RAN2 assumes that the missed and false detection probability when using LP-WUS is not increased, pending progress in RAN1/RAN2. If needed, RAN2 can discuss procedures to handle LP-WUS missed/false detection later.

In case the UE is using both LP-WUS and PEI, and the LP-WUS indicates that the UE has to monitor Paging, then only when the UE receives PEI indicating that the UE does not have to monitor Paging, then the UE can go to sleep, otherwise the UE needs to monitor paging.   
Mobility
Two types of mobility can be identified:
1. UE is physically moving (e.g. in the same cell)
2. UE is not in the same cell as the UE was when it last connected to the network (e.g. UE has moved to a different cell but the UE may be physically stationary at the moment)
With type 2 mobility the LP-WUS overhead is increased significantly. For example the network may page the UE in the first paging attempt only in the last used (and surrounding cells) cell to limit paging resources. But if the UE does not respond to the first paging attempt the network may escalate the paging to the complete TA/RNA to find the UE as soon as possible. In the second paging attempt there would be a (huge) number of PEI transmissions, while the UE will only be found in a single cell. Similar as with PEI the use of LP-WUS with or without mobility should be configurable in SIB:
[bookmark: _Toc163206015]It is indicated in SIB whether LP-WUS is only used in last used cell or in any cell.
In case LP-WUS is used in any cell, then it is beneficial to have one bit in LP-WUS (mobility bit) that is set when the network is paging because the UE is not found in the first paging attempt, i.e. the network is looking for a UE that has moved. Then UEs that have not moved, i.e. UEs camped on the last used cell, can ignore the paging:
[bookmark: _Toc163206016]LP-WUS indicates when there is paging because the UE is not found in the last used cell. UE monitoring LP-WUS in the last used cell is not required to monitor the following PO.
Configuration
The following UE types can be identified:
· OFDM-based WUR:
· LR used PSS/SSS for sync and serving/neighbour RRM measurements
· OOK-based WUR: 
· using LP-SS for sync and serving cell RRM measurements
· UE supports both OFDM-based and OOK-based WUR
[image: ]
There are differences between OFDM-based and OOK-based WUR in terms of coverage, accuracy, latency and need for LP-SS. Therefore it should be possible for the gNB to decide whether only OFDM-based or only OOK-based WUR or both types of WUR is used in the cell:
[bookmark: _Toc163206017]gNB can indicate in SIB whether only OFDM-based or only OOK-based WUR or both types of WUR is used in the cell.
Obviously there is a need to configure the time offset between LP-WUS and PO in SIB and the bits used for CN-assigned and UE-ID based subgroups, LP-WUS duration, etc. But the details depend on progress in RAN1:
[bookmark: _Toc163206018]LP-WUS-config is introduced in SIBx (details FFS).
The LP-WUS configuration is cell specific and common for all the UEs in the cell. There is no need for dedicated signalling to enable UE specific configuration:
[bookmark: _Toc163206019]Dedicated signalling is not needed for LP-WUS configuration (except for “last used cell” config).
To limit the LP-WUS overhead there should be a single time offset in the LP-WUS configuration that all UEs supporting LP-WUS support:
[bookmark: _Toc163206020]There is a single time offset supported by all UEs supporting LP-WUS.
Multi-beam operation
RAN1 agreed that LP-WUS uses beam sweeping:
[image: ]
Similar as with paging in multi-beam operation:
[bookmark: _Toc163206021]RAN2 assumes that LP-WUS is transmitted on each beam and that LP-WUS can be repeated and that selection of beam(s) for LP-WUS monitoring can be left to UE implementation (pending progress in RAN1).
OOK-based WUR is expected to introduce additional delays, and all the beams have to be set in a single beam sweep, i.e. potential latency issues may have to be considered.
LP-WUS and PEI
RAN1 agreed that LP-WUS and PEI can be used together:
Agreement
For the case where a UE supports PEI and PEI is configured by the gNB, after the UE receives LP-WUS indicating wake-up, it is up to UE implementation whether to monitor PEI or not.
Monitoring PEI after LP-WUS monitoring can potentially further reduce the false paging alarm for UEs monitoring both WUS and PEI. However using the combination of LP-WUS and PEI increases the false paging alarm for UEs that are only monitoring PEI, because the subgroup ID sent via PEI will also wake-up UEs that only support PEI. Furthermore the population of UEs supporting both LP-WUS and PEI may be small, which means that the benefit is not large. But the network is required to send “additional” PEI transmissions which a few UEs may or may not use:
[bookmark: _Toc163206022]It is indicated in SIB whether a UE supporting both LP-WUS and PEI may use them together to monitor paging.
To ensure that simultaneous monitoring of LP-WUS and PEI is beneficial it needs to be ensured that UEs monitoring LP-WUS are randomly distributed over the PEI subgroups when monitoring PEI after LP-WUS. This means that there is another PEI subgroup defined when the combination of LP-WUS and PEI is configured in the cell:
[bookmark: _Toc163206023]RAN2 to discuss further how a UE is randomly assigned to UE-ID based subgroup used in LP-WUS and PEI when using both.

eDRX
There can be cases where eDRX/MICO mode cannot be used for power saving, due to latency constraints. In such case it can be beneficial to enable LP-WUS with eDRX. For example PEI can be used with eDRX, and PEI is used during the PTW similar as when PTW is not configured. 
When the UE is using LP-WUS and LP-SS there could be reduced synchronization and potential clock accuracy and drift:
[bookmark: _Toc163206024]RAN2 assumes that LP-WUS can be used during PTW similar as when PTW is not used unless problems are found.
UE capability
UE capability will be discussed and agreed later. But RAN2 may assume that CN-assigned subgrouping support is signalled via NAS registration, and the CN-assigned subgroup is included in the Paging message over NGAP. And for UE-ID based subgrouping no UE capability signalling is needed. 
However it should be possible to disable UE-ID based subgrouping when the network notices that the missed paging probability increases when LP-WUS is used. This is already possible for CN-assigned subgrouping:
[bookmark: _Toc163206025]Network can disable UE-ID based subgrouping in the UE individually.
Cross slot scheduling
Cross slot scheduling using paging has been discussed with PEI. Cross slot scheduling enables the UE to wake-up and only be prepared to receive Paging PDCCH, i.e. in Paging PDCCH it is indicated whether there is a Paging message on PDSCH. This can be beneficial when there is only short message signalling via Paging PDSCH, e.g. frequent CMAS warning indications. However in such case the UE anyways need to be prepared to receive SI on PDSCH, i.e. power saving gains are limited. 
[bookmark: _Toc163206026]Cross slot scheduling is not considered further for LP-WUS.
Power saving gain when using WUR
The two main tasks of the UE in idle/inactive are:
· Monitoring paging:
· Short Message on Paging PDSCH (e.g. SI-change, ETWS/CMAS indication)
· Paging message on PDSCH (e.g. individual or group paging message (MBS))
· Intra-/inter-/iRAT RRM measurements:
· Idle mode mobility (e.g. cell selection and re-selection)
· load balancing (e.g. higher priority frequency measurements)
· PLMN selection (e.g. Home or higher priority PLMN selection)
To perform these tasks the UE has to wake-up and activate the Main Radio (MR) to monitor paging and perform RRM measurements, which is the main contributor of the UE power consumption in idle/inactive determining the battery lifetime. 
The UE has to wake-up every DRX to perform paging monitoring. In FR1 the UE has to perform serving cell RRM measurements every DRX or every second DRX cycle. RRM measurement relaxation is discussed further in [2]. 
The full WUR power saving gains are obtained when:
· MR enters ultra-deep sleep:
· Entry conditions to monitor LP-WUS/LP-SS are met.
· LR continues to perform paging monitoring and serving cell RRM measurements.
· Intra-/inter-/iRAT frequency RMM measurements are not performed because the UE is not moving (for some time) and in good coverage.
· LP-WUS includes paging subgroup info which reduces the false paging alarm i.e. UE receives Paging PDSCH using MR that is not intended for that UE.
When the MR is in ultra-deep sleep the LR performs serving cell measurements (e.g. to detect when the UE is moving again and/or moves out of good coverage) and Paging monitoring to decide when to switch on the MR again. The longer the MR can remain in ultra-deep sleep the more power is saved. 
The power saving models in TR 38.840 and 38.869 provide an indication of the potential power saving gains:
	
	Relative Power (unit)
	Transition time (ms)
	Transition energy (ms)

	UL
	250 (0 dBm) - 700 (23 dBm)
	
	

	PDCCH + PDSCH
	300
	
	

	SSB
	100
	
	

	PDCCH-only
	100
	
	

	Micro sleep
	45
	0
	0

	Light Sleep
	20
	6
	100

	Deep Sleep
	1
	20
	450

	Ultra deep sleep (MR)
	0.015
	400 (800) 
	15000 (40000) 

	On (LR)
	0.01/0.05/0.1/0.2/0.5/1/2/4/10/20/30
	FFS
	TLR, ramp-up *(PON-POFF)/2

	Off (LR)
	0.001/ 0.02/ 0.1
	
	


MR active (PDCCH-only e.g. using PEI) compared to LR active with OFDM-based WUR and relative power unit ~10 (factor 10x) or OOK-based WUR and relative power unit ~1 (factor 100x). 
However there is a cost in energy and time for the MR to go in and out of ultra-deep sleep state, i.e. there is a penalty to switch the MR on and off frequently. The MR ultra-deep sleep transition time is large (compared to deep sleep 20-40x longer) and the energy cost even larger (compared to deep sleep 33-88x longer). This means that the MR has to be in ultra-deep sleep state for a longer time to pay off. 
Assuming that the UE remains stationary and in good coverage, then it depends on the paging rate whether it is beneficial to ultra-deep sleep, i.e. when the paging rate increases it is better to transit to deep sleep. During one DRX cycle one can calculate the Relative Power Unit (RPU) with for ultra-deep and deep sleep state with paging probability P:
RPU 	= Ppaging* (RPU when paged during DRX cycle) + (1- Ppaging) * Esleep
	= Ppaging* (Ftransit*RPUtransit + (1-Ftransit)*RPUsleep) + (1- Ppaging) * Esleep

With:
Ppaging 	= probability UE is paged during a DRX cycle
Ftransit 	= fraction of time UE is in transit when paged during a DRX cycle = Ttransit / DRXcycle_length
RPUtransit 	= RPU when in transit =  Etransit / Ttransit
The paging probability may depend on the UE (type) and also vary during the day. It is proposed to leave it to UE implementation when and to which sleep state to transition:
[bookmark: _Toc163206027]When to enter sleep state and to which sleep state to transition is left to UE implementation. 
Increased paging delay
It takes some time for the UE to transit to ultra-deep sleep state e.g. 400 or 800 ms. The LP-WUS MO time offset to the corresponding PO needs to take this transition time into account. In comparison the PEI offset range is up to 160 ms. The paging latency is significantly increased when using LP-WUS, i.e. a Paging message that needs to be transmitted after the LP-WUS MO and corresponding PO is delayed with one DRX cycle:
Paging message in between LP-WUS MO and PO is delayed with one DRX cycle.
With a time offset of 800 ms and 1.28 sec DRX cycle, the probability that the Paging message is delayed is more than 60%. To avoid delaying emergency call back the UE should not use LP-WUS during an emergency PDU session (similar as WUS and CN-assigned PEI): 
[bookmark: _Toc163206028]The UE does not use LP-WUS during an emergency PDU session (signalling details FFS). 
LP-WUS limitations
LP-WUS has a huge potential but it also has limitations:
[bookmark: _Hlk162893595]LP-WUS cannot be used when:
· The UE is outside LP-WUS coverage
· Entry condition for LP-WUS is not met
· LP-WUS time offset exceeds the used DRX cycle
· The UE has an emergency PDU session
LP-WUS power saving gains are reduced when:
· The paging rate is high
· The UE has to perform neighbour cell RRM measurements
· The UE sends/receives frequent data in Inactive or Connected
· The UE receives frequent CMAS alerts (or ETWS/SI-change indication)

[bookmark: _Toc242573360]Summary
[bookmark: _Hlk162674267][bookmark: _Toc242573361]RAN2 is kindly asked to discuss LP-WUS in Idle and Inactive: 
Proposal 1	Based on configuration in SIB the UE is allowed to use OFDM-based WUR to monitor paging using LP-WUS when camped on the cell.
Proposal 2	The entry condition to use LP-WUS/LP-SS with OOK-based WUR uses RSRP/RSRQ measurements using MR (additional conditions FFS).
Proposal 3	The exit condition to use LP-WUS/LP-SS with OOK-based WUR uses RSRP/RSRQ measurements using LR (additional conditions FFS).
Proposal 4	The UE does not signal LP-WUS monitoring status to the gNB.
Proposal 5	CN-assigned and UE-ID subgrouping is supported. CN-assigned subgroup ID is left to network implementation.
Proposal 6	The use of individual bits or codepoints per subgroup ID is configurable in SIB.
Proposal 7	Whether the LP-WUS indicates paging for one or multiple POs is configured in SIB.
Proposal 8	If the UE detects LP-WUS and the subgroup ID of the UE is included in LP-WUS then the UE monitors the following PO.
Proposal 9	If the UE does not detect LP-WUS or subgroup ID of the UE is not included in LP-WUS then the UE is not required to monitor the following PO.
Proposal 10	If the UE is not able to monitor the LP-WUS (details FFS) then the UE is required to monitor the following PO.
Proposal 11	RAN2 assumes that the missed and false detection probability when using LP-WUS is not increased, pending progress in RAN1/RAN2. If needed, RAN2 can discuss procedures to handle LP-WUS missed/false detection later.
Proposal 12	It is indicated in SIB whether LP-WUS is only used in last used cell or in any cell.
Proposal 13	LP-WUS indicates when there is paging because the UE is not found in the last used cell. UE monitoring LP-WUS in the last used cell is not required to monitor the following PO.
Proposal 14	gNB can indicate in SIB whether only OFDM-based or only OOK-based WUR or both types of WUR is used in the cell.
Proposal 15	LP-WUS-config is introduced in SIBx (details FFS).
Proposal 16	Dedicated signalling is not needed for LP-WUS configuration (except for “last used cell” config).
Proposal 17	There is a single time offset supported by all UEs supporting LP-WUS.
Proposal 18	RAN2 assumes that LP-WUS is transmitted on each beam and that LP-WUS can be repeated and that selection of beam(s) for LP-WUS monitoring can be left to UE implementation (pending progress in RAN1).
Proposal 19	It is indicated in SIB whether a UE supporting both LP-WUS and PEI may use them together to monitor paging.
Proposal 20	RAN2 to discuss further how a UE is randomly assigned to UE-ID based subgroup used in LP-WUS and PEI when using both.
Proposal 21	RAN2 assumes that LP-WUS can be used during PTW similar as when PTW is not used unless problems are found.
Proposal 22	Network can disable UE-ID based subgrouping in the UE individually.
Proposal 23	Cross slot scheduling is not considered further for LP-WUS.
Proposal 24	When to enter sleep state and to which sleep state to transition is left to UE implementation.
Proposal 25	The UE does not use LP-WUS during an emergency PDU session (signalling details FFS).
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