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Introduction
In RAN#102, a new work item [1] for low-power wake-up signal and receiver for NR has been approved. Based on the agreed work item, in RAN#103, detailed work scope for RAN4 [2] has been updated. As identified by the WID, both IDLE/INACTIVE and CONNECTED modes of LP-WUS are expected to be supported for NR. To this end, several agreements were made in [3]. In this contribution, we discuss potential enhancements for the remaining aspects of connected mode LP-WUS monitoring.
Discussions
LP-WUS Procedures to Trigger PDCCH Monitoring
In this section we present our views on procedures to trigger PDCCH monitoring via LP-WUS. 
In RAN1#116 [3], the following agreement was made on procedures to trigger PDCCH monitoring. 
	Agreement
· For RRC CONNECTED mode, from RAN1 perspective, further study following LP-WUS procedures to trigger PDCCH monitoring:
· Case 1: PDCCH monitoring is triggered by LP-WUS with C-DRX configuration
· Option 1-1: LP-WUS monitoring according to the LP-WUS monitoring configuration before drx-onDurationTimer to trigger the starting of the drx-onDurationTimer.
· This option may replace DCP functionality
· Option 1-2: LP-WUS monitoring outside C-DRX active time according to the LP-WUS monitoring configuration to trigger PDCCH monitoring.
· PDCCH monitoring possibly irrespective of drx-onDurationTimer
· Option 1-3: LP-WUS monitoring inside C-DRX active time according to the LP-WUS monitoring configuration to trigger PDCCH monitoring.
· Case 2: PDCCH monitoring is triggered by LP-WUS without C-DRX configuration. LP-WUS can be monitored at any time according to the LP-WUS monitoring configuration
· FFS duty-cycled and/or continuous LP-WUS monitoring
· Combination of options in Case 1 and combination of options in Case 1 and Case 2 are not precluded.




In Case 1, LP-WUS supports triggering PDCCH monitoring while UE is configured with C-DRX. Case 2 supports triggering PDCCH monitoring without C-DRX. It is worth to note that C-DRX operation is a well-verified UE power saving procedure currently in use. The impact of C-DRX operation on other procedures (e.g., CSI reporting) is also well defined and captured in the specifications. Therefore, further power saving by introducing LP-WUS with C-DRX configuration can be considered as an incremental step towards increasing power saving already achieved by C-DRX. However, Case 2 is not currently supported and impact on other UE procedures/operations (e.g., CSI reporting) is not defined and potentially lead to additional discussions. Therefore, supporting Case 1 will have less impact on specifications and minimize required discussions compared to supporting Case 2. 
[bookmark: _Hlk163163397]Observation 1: Case 1 (PDCCH monitoring is triggered by LP-WUS with C-DRX configuration) has less impact on specifications and minimize required discussions compared to Case 2 (PDCCH monitoring is triggered by LP-WUS without C-DRX configuration). 
C-DRX introduces scheduling latency for DL data transmission and reduces scheduling flexibility of gNB. For example, if gNB receives DL data outside C-DRX active time, the gNB needs to wait until the subsequent C-DRX active time to schedule DL data transmission. Having longer C-DRX cycle helps to save more power by keeping UE MR in a power saving state longer, however this can make the latency and impact on scheduling flexibility of gNB severe. 
[bookmark: _Hlk163163401]Observation 2: DRX introduces scheduling latency for DL data transmission and reduces scheduling flexibility of gNB.   
However, LP-WUS indication can be used to reduce the impact of C-DRX on latency and loss of scheduling flexibility. For example, if gNB receives DL data outside C-DRX active time, the gNB may trigger PDCCH monitoring (e.g., by starting a drx-onDurationTimer) immediately via LP-WUS without waiting for the subsequent C-DRX active time. Supporting such procedure can help UE save more power by using longer DRX cycles and reduce the latency without losing scheduling flexibility.  
[bookmark: _Hlk163163406]Observation 3: Latency due to use of C-DRX can be reduced by using LP-WUS to trigger starting PDCCH monitoring (e.g., starting a drx-onDurationTimer) outside C-DRX active time.  
[bookmark: _Hlk163163412]Proposal 1: For triggering PDCCH monitoring via LP-WUS ‘Option 1-2: LP-WUS monitoring outside C-DRX active time according to the LP-WUS monitoring configuration to trigger PDCCH monitoring’ is supported. 
Proposal 2: LP-WUS triggering PDCCH monitoring (e.g., start a drx-onDurationTimer) outside DRX active time is supported.
Enabling/Disabling and Activating/Deactivating LP-WUS Monitoring 
In this section we present our views on enabling/disabling and activating/deactivating LP-WUS monitoring. 
In RAN1#116 [3], the following agreement was made on enabling/disabling and activating/deactivating LP-WUS monitoring. 
	Agreement
For RRC CONNECTED mode, from RAN1 perspective, 
· PDCCH monitoring triggered by LP-WUS is enabled/disabled by gNB RRC signaling
· FFS whether to support UE assistance.
· LP-WUS monitoring by UE is known to gNB.
· FFS whether implicit/explicit indication from UE is necessary
· In case LP-WUS monitoring is enabled, following options are further studied
· Option 1: No additional indication/condition are introduced for activation/deactivation of LP-WUS monitoring
· Option 2: Activation/deactivation of LP-WUS monitoring by gNB L1/L2 signaling with or without UE assistance.
· Option 3: Activation/deactivation of LP-WUS monitoring based on condition(s), such as timer.
· Option 4: Activation/deactivation of LP-WUS monitoring based on implicit indication/condition, e.g. UL transmission.


Enabling/Disabling and Activating/Deactivating LP-WUS Monitoring 
To achieve desired results (e.g., saving UE power, avoiding frequent activation and deactivation of LP-WUS monitoring, and managing signaling overhead at a reasonable level), LP-WUS monitoring must be activated under appropriate conditions and should operate with proper LP-WUS monitoring configurations. The conditions can include UE experiencing good signal quality (to avoid MR activation due to low LP-WUS coverage), UE is less active, not about to handover (to avoid activating MR for cell-reselection), not moving fast, not about to experience beam failure (to avoid activating MR for BFR), and etc. The configuration of LP-WUS monitoring can include LP-WUS periodicity, DRX configuration, and etc. It is difficult for gNB to have up to date information on all the conditions. This makes the, gNB unable to select appropriate LP-WUS monitoring configuration and determine to activate/deactivate LP-WUS monitoring without UE assistance. Thus, both enabling/disabling and activating/deactivating LP-WUS monitoring for UE should be performed based on UE assistance.
[bookmark: _Hlk163163421]Observation 4: LP-WUS monitoring configuration should be selected to match the conditions UE is experiencing. 
Observation 5: Higher power saving can be achieved by activating LP-WUS monitoring only when UE is in appropriate conditions. 
Observation 6: gNB is unable to select all the appropriate LP-WUS monitoring configuration and determine to activate/deactivate LP-WUS monitoring without UE assistance. 
[bookmark: _Hlk163163426]Proposal 3: PDCCH monitoring triggered by LP-WUS is enabled/disabled or activated/deactivated with UE assistance. 
To make sure LP-WUS monitoring is activated and used under appropriate conditions, activating/deactivating LP-WUS monitoring based on preconfigured conditions can be used. To this end, preconfigured conditions on level of UE activity, channel/signal quality measurements via MR (e.g., RRM measurements, BFR measurements) and signal quality measurements via LP-WUR (e.g., LP-SS, NR-SS), mobility can be used for activating LP-WUS monitoring. Level of UE activity, channel/signal quality measurements via LP-WUR (e.g., LP-SS, NR-SS), mobility, LP-WUS reception quality can be used for deactivating LP-WUS monitoring.    
[bookmark: _Hlk163163435]Proposal 4: For a LP-WUS monitoring enabled UE, support activating/deactivating LP-WUS monitoring based on following preconfigured conditions.
· For activating LP-WUS monitoring: level of UE activity (e.g., timer and/or counter associated with UE activity), channel/signal quality, mobility. 
· For deactivating LP-WUS monitoring: level of UE activity (e.g., timer and/or counter associated with UE activity), channel/signal quality, mobility, LP-WUS reception quality. 
OFDM based LP-WUR is among the receivers considered for LP-WUS monitoring. OFDM based LP-WUR can receive both NR-SS (e.g., existing SSB or part of SSB) and LP-SS (if supported). Such UE can use both NR-SS and LP-SS to measure signal/channel quality measurements for activating/deactivating LP-WUS monitoring simultaneously. Given the situation, how to handle both NR-SS and LP-SS should be further discussed if OFDM based receiver is capable of monitoring both.  
 
[bookmark: _Hlk163163442]Proposal 5:  For OFDM based LP-WUR, both NR-SS (existing SSB) and LP-SS can be used to determine activation/deactivation of LP-WUS monitoring.

As captured in the above agreement, LP-WUS monitoring by UE should be known to gNB. Therefore, once UE deactivates LP-WUS monitoring due to meeting preconfigured conditions for deactivating LP-WUS monitoring, the UE should indicate the gNB that the UE is no longer monitoring LP-WUS.  
[bookmark: _Hlk163163453]Proposal 6: Support a mechanism to report decisions of LP-WUS monitoring deactivation by UE to gNB.
Reporting Status of LP-WUS monitoring to gNB 
Making gNB aware of status/quality of LP-WUS/LP-SS can help to extend the duration UE monitors LP-WUS. Extending the time UE monitors LP-WUS helps to save more power. For example, gNB can use reported status/quality of LP-WUS/LP-SS to adapt the LP-WUS (e.g., increase transmit power) so that UE stay in LP-WUS coverage for an extended period. To this end, the UE may report status/quality of LP-WUS/LP-SS along with CSI report via MR during DRX active time. Reported status/quality of LP-WUS/LP-SS by UE can also be used by gNB to determine that the UE is in the coverage of LP-WUS.    
[bookmark: _Hlk163163462]Proposal 7: Support a mechanism for UE in coverage of LP-WUS to report the status of LP-WUS monitoring/quality of LP-WUS/LP-SS to gNB. 
[bookmark: _Hlk163163476]Observation 7: Status/quality of LP-WUS reported by UE can be used by gNB to determine that UE is in the coverage of LP-WUS (monitoring LP-WUS). 
Number of Information Bits and Content of LP-WUS 
In RAN1#112-bis-e [4], the following agreement was made. 
	Agreement
· … 
· For CONNECTED mode, study at least following candidates for content of LP-WUS
· information on which user(s) is/are targeted by the LP-WUS
· e.g., UE-group, -subgroup or -ID
· indication to wake-up to PDCCH monitoring.
· Other information candidates are not precluded
· Study pros and cons of including above information to LP-WUS. 
· Note: the information may be explicitly or implicitly indicated.


As captured in the agreement, few possible candidates have been identified for the content of LP-WUS. This include information on which user(s) is/are targeted by the LP-WUS (e.g., UE-group, subgroup ID), indication to wake-up to PDCCH monitoring, etc.). Also, it was agreed to further study the advantages and disadvantages of including identified information and to identify other candidate information required. When deciding information to be included in LP-WUS payload, target coverage of PUSCH Msg3 must be considered. Otherwise, LP-WUS can fail to achieve target coverage leading to undesired consequences. For example, due to loss of LP-WUS coverage, MR can wake up frequently. This can increase UE power consumption and increase control signalling overhead.  
[bookmark: _Hlk163163489]Observation 8: Making LP-WUS payload size compact is important to support coverage comparable with PUSCH for Msg3. 
Further in RAN1#116 [3], the following agreement was made on the maximum number of information bits to be supported in LP-WUS.
	Agreement
For RRC CONNECTED mode, maximum number of LP-WUS information bits is up to X bits.
· FFS value X, which is no more than [8 or 16]


However, as mentioned above, the discussion on information to be included in LP-WUS payload is still ongoing. This makes it difficult to come to conclusions on the number of information bits to be supported in LP-WUS. Therefore, such decision should be made after having a better understanding about the supported features and required indication via LP-WUS.  
Proposal 8: On hold the discussion for the value X until further details of indications/feature via LP-WUS are available.
Summary
In this contribution, we discussed LP-WUS operation in CONNECTED modes. Based on the discussion, we made the following observations and the proposals. 
Observation 1: Case 1 (PDCCH monitoring is triggered by LP-WUS with C-DRX configuration) has less impact on specifications and minimize required discussions compared to Case 2 (PDCCH monitoring is triggered by LP-WUS without C-DRX configuration). 
Observation 2: DRX introduces scheduling latency for DL data transmission and reduces scheduling flexibility of gNB.   
Observation 3: Latency due to use of C-DRX can be reduced by using LP-WUS to trigger starting PDCCH monitoring (e.g., starting a drx-onDurationTimer) outside C-DRX active time.  
Observation 4: LP-WUS monitoring configuration should be selected to match the conditions UE is experiencing. 
Observation 5: Higher power saving can be achieved by activating LP-WUS monitoring only when UE is in appropriate conditions. 
Observation 6: gNB is unable to select all the appropriate LP-WUS monitoring configuration and determine to activate/deactivate LP-WUS monitoring without UE assistance. 
Observation 7: Status/quality of LP-WUS reported by UE can be used by gNB to determine that UE is in the coverage of LP-WUS (monitoring LP-WUS). 
Observation 8: Making LP-WUS payload size compact is important to support coverage comparable with PUSCH for Msg3. 

Proposal 1: For triggering PDCCH monitoring via LP-WUS ‘Option 1-2: LP-WUS monitoring outside C-DRX active time according to the LP-WUS monitoring configuration to trigger PDCCH monitoring’ is supported. 
Proposal 2: LP-WUS triggering PDCCH monitoring (e.g., start a drx-onDurationTimer) outside DRX active time is supported.
Proposal 3: PDCCH monitoring triggered by LP-WUS is enabled/disabled or activated/deactivated with UE assistance. 
Proposal 4: For a LP-WUS monitoring enabled UE, support activating/deactivating LP-WUS monitoring based on following preconfigured conditions.
· For activating LP-WUS monitoring: level of UE activity (e.g., timer and/or counter associated with UE activity), channel/signal quality, mobility. 
· For deactivating LP-WUS monitoring: level of UE activity (e.g., timer and/or counter associated with UE activity), channel/signal quality, mobility, LP-WUS reception quality. 
Proposal 5:  For OFDM based LP-WUR, both NR-SS (existing SSB) and LP-SS can be used to determine activation/deactivation of LP-WUS monitoring.
Proposal 6: Support a mechanism to report decisions of LP-WUS monitoring deactivation by UE to gNB.
Proposal 7: Support a mechanism for UE in coverage of LP-WUS to report the status of LP-WUS monitoring/quality of LP-WUS/LP-SS to gNB. 
Proposal 8: On hold the discussion for the value X until further details of indications/feature via LP-WUS are available.
References
[1] RP-234056, “New WID: Low-power wake-up signal and receiver for NR (LP-WUS/WUR)”, 3GPP RAN meeting#102, December 11th – 15th, 2023, 
[2] RP-240801, “Revised WID: Low-power wake-up signal and receiver for NR (LP-WUS/WUR)”, 3GPP RAN meeting #103, March 18th – 21st, 2024,
[3] “Chairman’s notes, 3GPP TSG RAN WG1 #116”, 3GPP RAN1 Meeting #116, Feb 26th – March 1st, 2024,
[4] “Final Report of 3GPP TSG RAN WG1 #112-bis-e”, 3GPP RAN1 Meeting #112bis-e, April 17th – April 26th, 2023.
