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1. Introduction
In LP-WUS/WUR WID [1], the following objectives are included:
	· 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)
· Specify LP-SS with periodicity with Yms for LP-WUR, for synchronization and/or RRM for serving cell. (RAN1, RAN4)
· LP-SS is based on OOK-1 and/or OOK-4 waveform with or without overlaid OFDM sequences. Further down selection between with and without overlaid OFDM sequences is to be done within WI.
· Note: For LP-WUR that can receive existing PSS/SSS, existing PSS/SSS can be used for synchronization and RRM instead of LP-SS.
· Y will be decided within WI. 320ms is the start point.
· Specify further RRM relaxation of UE MR for both serving and neighbor cell measurements, and UE serving cell RRM measurement offloaded from MR to LP-WUR, including the necessary conditions (RAN4, RAN2)


In this contribution, we discuss the procedure and configuration of LP-WUS for IDLE/INACTIVE modes.
2. [bookmark: OLE_LINK139][bookmark: OLE_LINK140]Discussion
1 
2 
Power consumption analysis for LP-WUR
A new power state named ‘ultra-deep sleep’ is introduced for Main Radio (MR) of LP-WUS UEs. During LP-WUS/WUR SI phase, RAN1 evaluated the power model of MR switching to/from ultra-deep sleep state and the following is captured in TR 38.869 [2]:
Table 6.3-1: Power model for Main Radio
	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
	For evaluation, at least for FR1 MR ultra-deep sleep state, (Ramp-up and down transition energy, ramp-up time) is as follows,
-	Alt 1: (15000, 400ms) as baseline
-	Alt 2: (40000, 800ms)
Company to report which alternative they use for which use cases.
	For MR, at least for FR1 evaluation,
-	Number of SSBs for sync/re-sync for MR is up to 10
-	Companies to report timeline and energy consumption


Rel-16 study on power saving contains the following power consumption models for different UE’s states and state transitions in TR 38.840 [3]. These are used as the baseline power consumption models. 
Table 18: UE power consumption model for FR1
	Power State
	Characteristics
	Relative Power 

	Deep Sleep
	Time interval for the sleep should be larger than the total transition time entering and leaving this state. Accurate timing may not be maintained.
	1 
(Optional: 0.5)

	Light Sleep
	Time interval for the sleep should be larger than the total transition time entering and leaving this state. 
	20

	Micro sleep
	Immediate transition is assumed for power saving study purpose from or to a non-sleep state
	45

	PDCCH-only
	No PDSCH and same-slot scheduling; this includes time for PDCCH decoding and any micro-sleep within the slot. 
	100

	SSB or 
CSI-RS proc.
	SSB can be used for fine time-frequency sync. and RSRP measurement of the serving/camping cell. TRS is the considered CSI-RS for sync. FFS the power scaling for processing other configurations of CSI-RS.
	100

	PDCCH + PDSCH
	PDCCH + PDSCH. ACK/NACK in long PUCCH is modeled by UL power state. 
	300 

	UL
	Long PUCCH or PUSCH. 
	250 (0 dBm)
700 (23 dBm)


Table 19: UE power consumption during the state transistion
	Sleep type
	Additional transition energy:
(Relative power x  ms) 
	Total transition time 

	Deep sleep 
	450 
	20 ms 

	Light sleep 
	100 
	6 ms 

	Micro sleep 
	0 
	0 ms* 

	*	Immediate transition is assumed for power saving study purpose from or to a non-sleep state


Comparing the power models, it’s clear that the transition energy for MR ramp-up can reach up to 15000 or even 40000 power units compared to the power consumption values of the baseline power models. The transition energy from ultra-deep sleep state can be almost 30 times more than 450 power units for deep sleep state. Such huge power consumption from MR wake-up can degrade the LP-WUS power saving gain. In order to maximize the power saving gain, unnecessary wake-up of MR and frequent switching between LP-WUR and MR should be avoided when using LP-WUS in RRC_IDLE/INACTIVE states.
Observation 1: The ramp-up transition energy of MR from ultra-deep sleep state is tremendous and may have negative impact on the power saving gain by the LP-WUS. Hence, frequent switching between LP-WUR and MR should be avoided when considering LP-WUS procedures in RRC_IDLE/INACTIVE states to ensure the power saving gain.
Basic procedure for paging monitoring triggered by LP-WUS
As described in WID [1], the primary purpose of LP-WUS in RRC_IDLE/INACTIVE is to indicate paging monitoring. RAN1 made the following related agreements in RAN1#116: 
	RAN1#116 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.

RAN1#116 Agreement
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.


Observation 2: The options that UE monitors legacy paging DCI/paging and monitors PEI after MR wakes up are both supported in RRC_IDLE/INACTIVE.
LP-WUS subgroup design is one of the main issues to be considered for LP-WUS paging design and the following was agreed in RAN2#125bis:
	RAN2#125bis Agreement
The PEI subgrouping method is taken as baseline for LP-WUS subgrouping, i.e. CN assigned and UE_ID based subgrouping. FFS the maximum number of subgroups.


Based on the above agreement, similar formula as given in TS 38.304 for PEI can be used for UE_ID based subgrouping. 
Proposal 1: For UE_ID based LP-WUS subgrouping, similar formula as given in TS 38.304 for PEI can be used as baseline.
In practice, not all UEs in a subgroup are paged. When the UEs that are not paged in the subgroup wake-up (i.e., false alarm wake-up), power consumption for these UEs increases. If LP-WUS subgrouping is used together with the existing subgrouping for PEI, the false alarm wake-up for the UEs can be reduced. In this method, referred to as two-level subgrouping, UEs in the first level subgrouping monitor LP-WUS. And the UEs in the first level subgrouping are further distributed to different subgroups in the second level subgrouping. 
The two-level UE_ID based subgrouping is shown in Figure 1. UE1 and UE2 are placed in the same group assigned with group ID 1 in LP-WUS as the first-level subgrouping. Then in the second-level subgrouping in PEI, UE1 and UE2 are placed in different groups. When UE1 is paged, UE2 does not need to monitor paging based on its PEI so that its paging false alarm can be further reduced.
[image: ]
Figure 1: Illustration of 2-level subgrouping
We calculate paging false alarm numerically and present the results in Table 1 when different number of UEs in one PO use LP-WUS with/without monitoring PEI. A brief description of calculating paging false alarm rate is summarized in Appendix. We assume the number of subgroups for both PEI and LP-WUS is 8, the paging probability of UE is 1% and the subgrouping of LP-WUS is independent or orthogonal to PEI subgrouping. The paging false alarm rate for arbitrary UE comes from the probability that UE receives the invalid paging when the subgroup of this UE is indicated by LP-WUS to wake up to monitor legacy PO/PEI.
Table 1. Paging false alarm rate for LP-WUS with/without monitoring PEI
	Number of UEs in one PO
	Paging false alarm rate

	
	LP-WUS only
	LP-WUS + PEI

	32
	74.6%
	2.9%

	64
	87.1%
	6.7%

	96
	91.2%
	10.4%

	128
	93.3%
	13.9%

	256
	96.5%
	26.5%


As seen from the numerical results, the UE can achieve a great reduction of paging false alarm rate after receiving LP-WUS with using PEI as the second-level independent grouping.
Observation 3: Subgrouping for LP-WUS in addition to the subgrouping for PEI can further reduce false paging probability when using LP-WUS. 
As RAN1 agreed, monitoring PEI after receiving LP-WUS indicating wake-up is up to UE implementation. Thus, the design goal should be to decouple the subgrouping of LP-WUS and the subgrouping of PEI to ensure that LP-WUS is allowed to work independently and also together with PEI. Therefore, the design of the UE_ID based subgrouping independent of PEI subgrouping should be further studied. 
Proposal 2: When using LP-WUS and PEI together, to obtain additional power saving gain, UEs from the same PEI subgroup can be divided to different LP-WUS subgroups. FFS on the details on the formula design. 
[bookmark: _Hlk166149421]Another issue that was discussed during the last RAN2 meeting was on the number of LP-WUS subgroups. While it should be up to RAN1’s decision, RAN2 can at least provide its preferences to facilitate RAN1's progress. According to the group paging probability formula  , where  is the probability of an individual UE being paged and  is the number of UEs in one group, it can be derived that with the  increasing in one subgroup, the group paging probability  will rise. It’s also clear from Table 1 that paging false alarm rate increases with increasing N which further impacts the power saving gain negatively. So, the design goal should be to allocate smaller number of UEs in each subgroup and to cover all the UEs in a cell, the number of subgroups should be larger. For example, 16 bits of payload in LP-WUS can be used for subgrouping. The number of subgroups can be configurable to make it more flexible for NW implementation. 
Observation 4: The larger number of subgroups can reduce group paging probability as well as paging false alarm rate, to achieve higher power saving.
Proposal 3: The final decision on actual number of payload bits in LP-WUS is left to RAN1.
Configuration of LP-WUS
During SI phase, network awareness of LP-WUS monitoring was discussed and the following was agreed in RAN2#124 meeting. 
	RAN2#124 Agreement
The network Need not to be aware of whether the UE is monitoring LP-WUS or not in IDLE/INACTIVE.


If the network needs to be aware of whether the UE is monitoring LP-WUS or not in IDLE/INACTIVE, it requires UE to enter RRC_CONNECTED and then send a dedicated RRC message, which leads to increased power consumption and signaling overhead. Thus, the network does not need to be aware of whether the UE is monitoring LP-WUS or not in RRC_IDLE/INACTIVE modes.
Proposal 4: RAN2 confirms that the network does not need to be aware of whether the UE is monitoring LP-WUS or not in RRC_IDLE/INACTIVE.
Signalling for LP-WUS related configuration/enabling
In RAN2#125bis, several agreements have been reached for LP-WUS configuration as following: 
	RAN2#125bis Agreement
The LP-WUS related configuration for IDLE/INACTIVE state is provided via system information. FFS if dedicated configuration is needed.


The LP-WUS related configuration should be cell specific since it is for IDLE/INACTIVE state. Dedicated RRC signaling is unnecessary since it increases the signalling overhead and limits the scenarios in which LP-WUS can be used. For example, for LP-WUS UEs with mobility, there is no information about the incoming UEs in a new cell and the AS dedicated signaling does not work.
Proposal 5: Dedicated RRC signaling is not supported for providing LP-WUS related configuration in RRC_IDLE/INACTIVE modes.
However, although the LP-WUS related configuration is cell-specific, there can be UE/group-specific control for enabling LP-WUS. If the network just enables the LP-WUS functionality for all the UEs in a camped cell, for example, when a UE receives LP-WUS configuration via SIB from the camped cell, it can use LP-WUS functionality. It is simple but may lead to a lot of UEs using LP-WUS, which means the false paging probability increases and causes more transitions from LP-WUR to MR. This will reduce the power saving gain or even result in negative power saving gain.
To reduce false paging probability, the network (CN or RAN) decides whether a LP-WUS capable UE is allowed to use the LP-WUS functionality based on the conditions in the network (e.g., radio resources) and/or the characteristics of the UEs (e.g., paging probability, shorter DRX cycle, etc.). For example, the CN uses NAS signaling to indicate whether a specific UE can use LP-WUS functionality, which is similar as Rel-17 CN-assigned subgrouping method. As an alternative, without impact on CN, the RAN can indicate which UEs can use LP-WUS functionality via SIB. Once the UE is enabled to use LP-WUS functionality, it uses the LP-WUS related configuration via SIB.
Proposal 6: The network indicates whether LP-WUS capable UE(s) is/are allowed to use the LP-WUS functionality, the detailed signalling is FFS.
Content of LP-WUS related configuration
[bookmark: _Hlk165388138]In RAN1#116bis meeting, the entry/exit conditions were discussed. And RAN2#125bis listed the information that can be carried in LP-WUS configuration. Following are some agreements from RAN1 and RAN2 respectively:
	RAN1#116bis Working assumption
From RAN1 perspective, for the entry/exit conditions for LP-WUS monitoring in IDLE/inactive mode,
· The UE may start LP-WUS monitoring if
· the serving cell measurement performed by the MR is above entry threshold(s), if configured by the gNB
· FFS other conditions, and if any, whether all or one or some of the conditions need to be satisfied
· If UE starts LP-WUS monitoring, it may stop the legacy PO monitoring before UE receives LP-WUS indicating wake-up
· The UE monitors the legacy PO (and may monitor PEI) and may stop LP-WUS monitoring if
· the serving cell measurement performed by the LR is below exit threshold(s), if configured by the gNB
· FFS other conditions, and if any, whether all or one or some of the conditions need to be satisfied
· FFS the serving cell measurement metrics
· The entry/exit thresholds can be configured separately for different types of LR
· It is left to RAN2 discussion whether the threshold(s) are always configured by the gNB. 
· Note: This may be revisited based on the RAN2/RAN4 discussion.

RAN2#125bis Working assumption
Working assumption: the LP-WUS configuration in SIB at least includes the following information:
-	LP-SS configuration
-	LP-WUS configuration
-	FFS on Entry/exit condition for LP-WUS monitoring


LP-SS configuration is needed only if OFDM-based receiver is supported. Thus LP-SS configuration should be an optional parameter in the LP-WUS related configuration and not mandatory. From RAN1’s agreement, it’s clear that thresholds will be defined for the entry/exit conditions. So, the “FFS on” for the entry/exit condition in RAN2’s WA can be removed and the WA can be confirmed as agreement.
Proposal 7: The LP-WUS related configuration in SIB at least includes the following information from signalling perspective:
-	LP-SS configuration
-	LP-WUS configuration
-	Threshold(s) for entry/exit condition for LP-WUS monitoring
For the entry condition of using LP-WUS, we consider the serving cell measurement on MR (e.g., based on SSB) should be better than the configured threshold(s). As the hardware capability of MR is better, its measurements are more reliable and accurate than the measurements of LP-WUR. Thus, measurement on MR is enough for entry condition’s decision. If the entry condition is met, then LP-WUR may be turned on based on UE implementation and then UE monitors LP-WUS while MR enters sleep mode. Here it is up to UE, because UE can also decide not to enter LP-WUR.
For the exit condition, if the serving cell measurement on LP-WUR (e.g. based on SSB and/or LP-SS, depending on the receiver) is below configured threshold(s), then MR shall be turned on to monitor legacy paging (since the LP-WUS cannot satisfy the requirement in this case), while turning off LP-WUR can be left to implementation. The existing LP-WUR measurement is reused when considering the exit condition, to save the power consumption of measurement on MR.
Proposal 8: From RAN2 perspective, the following entry/exit condition of using LP-WUS can be supported:
· UE may monitor LP-WUS on LP-WUR if the serving cell measurement on MR based on SSB is above the configured threshold(s). 
· UE monitors the legacy PO (and may monitor PEI) on MR if the serving cell measurement on LP-WUR based on SSB or LP-SS is below the configured threshold(s).
[bookmark: _Hlk166067040]SI reception procedure considering LP-WUS
In legacy system information acquisition procedure, a UE in RRC_IDLE/INACTIVE mode needs to maintain valid system information of the camped cell, so it needs to monitor short message in paging DCI for change of system information as well as ETWS and CMAS notification. For LP-WUS monitoring by LP-WUR, it is better that UE can work with LP-WUR (and keep MR in sleep mode) as much as possible to reduce power consumption. However, if the UE is required to maintain valid SI based on legacy behaviour, it may lead to more frequent transitions to MR. As showed in Table 2, all Sidelink/Slice/NPN/NTN/ MBS related SIBs are meaningless if the UE does not support these features and UE does not need to maintain these inessential SIBs. If these unnecessary SIBs change, the UE can keep monitoring LP-WUS and MR does not need to acquire updated SI.
Table 2. The classification for SIB based on different features
	Features
	SIBs

	Basic SI including access information and scheduling of other SI
	SIB1

	Cell re-selection information
	SIB2/ SIB3/SIB4

	ETWS and CMAS notification
	SIB6/SIB7/SIB8

	GPS time and Coordinated Universal Time
	SIB9

	NPN
	SIB10

	Idle/inactive measurements
	SIB11

	Sidelink
	SIB12/SIB13/SIB14/SIB23

	Disaster roaming information
	SIB15

	Slice
	SIB16

	TRS resources for idle/inactive UEs
	SIB17

	GIN
	SIB18

	NTN
	SIB19/SIB25

	MBS
	SIB20/SIB21/SIB24

	ATG assistant information
	SIB22


Observation 5: Not all SI is necessary and maintaining valid SI as in legacy increases transitions to MR.
Proposal 9: Only the necessary system information needs to be maintained when UE is working with LP-WUR in RRC_IDLE/INACTIVE modes.
When essential SI changes, the network can reuse LP-WUS indicating paging monitoring and wake up UEs in all the subgroups. Then the UE will use MR to receive paging DCI that indicates SI change and acquires the updated SI in the following modification period. RAN1 is discussing the content of LP-WUS and if the subgrouping information in LP-WUS is indicated in a codepoint way, the number of radio resources required to wake up UEs is large. For example, gNB requires 256 or 65536 LP-WUSs to wake up all the UEs using LP-WUR depending if 8 or 16 bits are used for subgrouping info respectively.
Observation 6: A large amount of radio resources are required if the subgrouping information in LP-WUS is indicated in a codepoint way.
To minimize radio resources, a common LP-WUS can be introduced and all the UEs using LP-WUR can monitor a common LP-WUS occasion. If the common LP-WUS is received, all the UEs irrespective of their subgroup will transit to MR.
Proposal 10: Introduce a common LP-WUS to wake up all the UEs in RRC_IDLE/INACTIVE if the subgrouping information in LP-WUS is indicated in a codepoint way.
3. Conclusion
In this contribution, we discuss procedure and configuration of LP-WUS for IDLE/INACTIVE modes, and have the following proposals.
Power consumption analysis for LP-WUR
Observation 1: The ramp-up transition energy of MR from ultra-deep sleep state is tremendous and may have negative impact on the power saving gain by the LP-WUS. Hence, frequent switching between LP-WUR and MR should be avoided when considering LP-WUS procedures in RRC_IDLE/INACTIVE states to ensure the power saving gain.
Basic procedure for paging monitoring triggered by LP-WUS
Observation 2: The options that UE monitors legacy paging DCI/paging and monitors PEI after MR wakes up are both supported in RRC_IDLE/INACTIVE. 
Proposal 1: For UE_ID based LP-WUS subgrouping, similar formula as given in TS 38.304 for PEI can be used as baseline.
Observation 3: Subgrouping for LP-WUS in addition to the subgrouping for PEI can further reduce false paging probability when using LP-WUS.
Proposal 2: When using LP-WUS and PEI together, to obtain additional power saving gain, UEs from the same PEI subgroup can be divided to different LP-WUS subgroups. FFS on the details on the formula design.
Observation 4: The larger number of subgroups can reduce group paging probability as well as paging false alarm rate, to achieve higher power saving.
Proposal 3: The final decision on actual number of payload bits in LP-WUS is left to RAN1.
Configuration of LP-WUS
Proposal 4: RAN2 confirms that the network does not need to be aware of whether the UE is monitoring LP-WUS or not in RRC_IDLE/INACTIVE.
Proposal 5: Dedicated RRC signaling is not supported for providing LP-WUS related configuration in RRC_IDLE/INACTIVE modes.
Proposal 6: The network indicates whether LP-WUS capable UE(s) is/are allowed to use the LP-WUS functionality, the detailed signalling is FFS.
Proposal 7: The LP-WUS related configuration in SIB at least includes the following information from signalling perspective:
-	LP-SS configuration
-	LP-WUS configuration
-	Threshold(s) for entry/exit condition for LP-WUS monitoring
Proposal 8: From RAN2 perspective, the following entry/exit condition of using LP-WUS can be supported:
· UE may monitor LP-WUS on LP-WUR if the serving cell measurement on MR based on SSB is above the configured threshold(s). 
· UE monitors the legacy PO (and may monitor PEI) on MR if the serving cell measurement on LP-WUR based on SSB or LP-SS is below the configured threshold(s).
SI reception procedure considering LP-WUS
Observation 5: Not all SI is necessary and maintaining valid SI as in legacy increases transitions to MR.
Proposal 9: Only the necessary system information needs to be maintained when UE is working with LP-WUR in RRC_IDLE/INACTIVE modes.
Observation 6: A large amount of radio resources are required if the subgrouping information in LP-WUS is indicated in a codepoint way.
Proposal 10: Introduce a common LP-WUS to wake up all the UEs in RRC_IDLE/INACTIVE if the subgrouping information in LP-WUS is indicated in a codepoint way.
4. References
RP-234056, New WID: Low-power wake-up signal and receiver for NR (LP-WUS/WUR).
TR 38.869, Study on low-power wake up signal and receiver for NR.
TR 38.840, Study on User Equipment (UE) power saving in NR.
5. Appendix
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Calculation of paging false alarm rate
[bookmark: _Hlk166146223]In this appendix, we provide a brief description on how we obtain the results of paging false alarm rate. 
(1) Case 1: LP-WUS only
For UEs that are paged in a LP-WUS subgroup, the conditional probability that  UEs are paged can be expressed as:
,
where  is the per-UE paging probability and  is number of UEs in the subgroup of LP-WUS. Among  UEs, there are  UEs that are paged, the conditional probability that a target UE is included can be expressed as:

Combining the above 2 equations, we can obtain the probability that a target UE is paged in a certain subgroup as following:

The paging false alarm rate of a certain UE after being indicated by LP-WUS to monitor PO can be expressed as:

(2) Case 2: LP-WUS with PEI
The difference between Case 1 and 2 is that for Case 2, once UEs are indicated by LP-WUS to wake up, they will be filtered by PEI with another independent subgrouping. The probability of one certain PEI subgroup being indicated for paging can be regarded as:
,
where  is the number of UEs in the subgroup number of PEI. Similar to Case1, the paging false alarm rate of a certain UE after being indicated by LP-WUS to monitor PEI and PO can be expressed as:

It can be shown that compared to the formula of Case 1, UE monitoring LP-WUS with PEI can obtain a reduction of  off in FAR.


image1.png
‘ UE3  UE4 UEs  UE6 UE7  UE8
Lo IR S
subgrouping ot _ _

LP-WUs

Level 2 |
subgrouping — —— %
PEI




