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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, 4]. 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-bis [3], the following agreement was made on procedures to trigger PDCCH monitoring. 
	Agreement
· Update the following agreement in RAN1#116 in red:
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 at least legacy C-DRX active time according to the LP-WUS monitoring configuration to trigger PDCCH monitoring.
· PDCCH monitoring possibly irrespective of drx-onDurationTimer
· Option 1-2-1: PDCCH monitoring may be additionally triggered based on legacy C-DRX cycle and drx-onDurationTimer when monitoring LP-WUS
· If this is adopted, it should be configured together with Option 1-1 to achieve power saving gain compared to legacy C-DRX
· Option 1-2-2: PDCCH monitoring is not triggered by legacy C-DRX cycle and drx-onDurationTimer when monitoring LP-WUS
· Option 1-3: LP-WUS monitoring inside at least legacy 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 should be considered.
· RAN1 does not discuss C-DRX related timers other than drx-onDurationTimer, this topic is up to RAN2
· Note: Above does not preclude to support fallback mechanism to trigger PDCCH monitoring, if any




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 (as shown in the Figure 1), the gNB needs to wait until the subsequent C-DRX active time to schedule DL data transmission. Longer C-DRX cycles help to save more power by keeping UE MR in power saving states longer. However, longer C-DRX cycles increase the latency and impact on scheduling flexibility of gNB severely. 
[image: ]
Figure 1:DRX operation

[bookmark: _Hlk163163401]Observation 1: C-DRX introduces scheduling latency for DL data transmission and reduces scheduling flexibility of gNB.   
Observation 2: Longer C-DRX cycles can help to save more power, however longer C-DRX cycles increase the latency and impact of C-DRX on scheduling flexibility of gNB severely.  
However, PDCCH monitoring triggered by LP-WUS outside DRX active time 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 can 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 also enable using longer DRX cycles, thus save more power. 
[bookmark: _Hlk166230050][bookmark: _Hlk163163406]Observation 3: Latency due to use of C-DRX can be reduced by using LP-WUS to trigger PDCCH monitoring (e.g., starting a drx-onDurationTimer) outside C-DRX active time.
Based on the above agreement, two options, i.e., Option 1-2-1 together with Option 1-1 and Option 1-2-2, can be considered to support PDCCH monitoring outside DRX active time. Supporting Option 1-2-1 together with Option 1-1 can lead to higher power use within short span of time. This is because, supporting Option 1-1 regardless of triggering PDCCH monitoring outside DRX active time can make MR stay active for a longer duration within a short span of time. Supporting Option 1-2-2 can cause issues due to limited coverage of LP-WUS. For example, in the case Option 1-2-2 is supported, UEs monitoring LP-WUS have to completely depend on LP-WUS for DL scheduling without any fallback option. Therefore, we propose to conditionally supported Option 1-1 with Option 1-2-1. The conditions to support Option 1-1 with option 1-2-1 can be discussed when more details on Option 1-2-1 is available. Based on the discussion and the observations, we make following two proposals.   
[bookmark: _Hlk166230058]Proposal 1: For triggering PDCCH monitoring via LP-WUS ‘Option 1-2-1’ is supported. 
· Option 1-2-1: PDCCH monitoring may be additionally triggered based on legacy C-DRX cycle and drx-onDurationTimer when monitoring LP-WUS.
Proposal 2: Introduce a mechanism to conditionally support Option 1-1 together with Option 1-2-1 targeting power saving gains compared to legacy C-DRX.  
· Option 1-1: LP-WUS monitoring according to the LP-WUS monitoring configuration before drx-onDurationTimer to trigger the starting of the drx-onDurationTimer.
· Conditions for supporting Option 1-1 together with Option 1-2-1, FFS.  
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 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 synchronization signals.  
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 at least in connected mode. 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. The indication may include indication of the condition that triggered the deactivation. Knowledge of condition(s) that deactivated LP-WUS monitoring for the UE can be used by gNB to avoid frequent activation and deactivation of LP-WUS monitoring for the UE and other UEs (e.g., UEs experiencing similar conditions). 
[bookmark: _Hlk163163453]Proposal 6: Support a mechanism to report UE decision of LP-WUS monitoring deactivation potentially with reason for the decision.
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 reached in the study item phase, 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.
Currently, DCP is used to trigger starting of drx-onDurationTimer in DRX active duration and monitor for PDCCH. To this end, each UE receives a dedicated block (e.g., one or more bits) in the DCP as shown in Figure 2. Each block includes 1-bit wake-up indication and up to 5 SCell dormancy indication bits. The number of bits used for SCell dormancy indication is determined by the number of groups of SCells the UE is configured with.  
[image: ]
Figure 2: Structure of DCP
Due to its block structure, DCP is capable of waking-up each UE associated with it separately. That is, based on the dedicated indication received for the UE, each UE can wake-up and monitor PDCCH in its PCell. Waking-up each UE separately is an essential feature to achieve higher power saving gains. This is because, dedicated wake-up indication can be used by gNB to wake-up UEs receiving/expected to receive PDCCHs. If dedicated wake-up indication is not supported (i.e., same wake-up indication is shared by multiple UEs) several other UEs that are not expected to receive PDCCHs will also be waken-up. As LP-WUS monitoring is expected to provide higher power saving gains compared to DCP, it is important for LP-WUS to be able to individually waking-up each UE for PDCCH monitoring.  
[bookmark: _Hlk166230167]Observation 7: A LP-WUS design that can control waking-up of each UE separately can provide higher power saving compared to a LP-WUS design in which multiple UEs share the same wake-up indication.   
Further, DCP supports SCell dormancy indication with up to 5 bits. Each bit used for SCell dormancy indication corresponds to a group of SCells. Supporting SCell dormancy indication in LP-WUS is important to make LP-WUS monitoring suitable for all the use cases supported by DCP. Otherwise, the use of LP-WUS can be limited. For example, a UE which needs immediate access to additional carriers will not be able to use LP-WUS monitoring in the case SCell dormancy indication is not supported by LP-WUS. 
[bookmark: _Hlk166230175]Observation 8: Supporting SCell dormancy indication via LP-WUS is important to make LP-WUS monitoring can be used for all the use cases supported by DCP.  
Based on the discussion and the observations, we make the following proposal on the indications to be supported in connected mode LP-WUS. 
Proposal 7: Indications supported in DCP, i.e., per UE wake-up indication and SCell dormancy indication, should be supported in LP-WUS. 
Another important factor that needs to be considered in LP-WUS design is the target coverage. If coverage of LP-WUS frequently falls below that of PUSCH for Msg3, MR needs to wake up frequently. Such frequent waking-up of MR increases UE power consumption and control signalling overheads. Therefore, information of the LP-WUS is expected to be compact to achieve desired coverage. To this end, explicit indications carried in the payload of LP-WUS can be minimized by implicitly indicating some of the information. To this end, a portion of LP-WUS information (e.g., UE ID, group ID) can be indicated via resource (e.g., LO and MO) association for LP-WUS monitoring and structure of LP-WUS. For example, group of UEs (e.g., group of UEs associated with a DCP) can be divided into few subgroups. Each subgroup can be configured to associate with one or several LOs within each DRX cycle. UEs can monitor one or several LOs determined based on its subgroup for receiving LP-WUS. Further, each UE can be configured with a unique UE ID within its subgroup. The payload (e.g., wake-up indication) of the subgroup carried in a LP-WUS can be arranged based on the configured UE ID. With such configuration, including subgroup ID and UE ID (e.g., configured UE ID or any UE ID (e.g., C-RNTI)) in the LP-WUS payload is not required.    
[bookmark: _Hlk166230416][bookmark: _Hlk163163489]Observation 9: Compact LP-WUS payload size is important to support coverage comparable with PUSCH for Msg3. 
Observation 10: LP-WUS payload can be reduced by implicitly indicating some of information of LP-WUS. 
Proposal 8: A portion of LP-WUS information can be informed to UE implicitly using LP-WUS monitoring resource association (e.g., LO and MO) and structure of LP-WUS.
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: C-DRX introduces scheduling latency for DL data transmission and reduces scheduling flexibility of gNB.   
Observation 2: Longer C-DRX cycles can help to save more power, however longer C-DRX cycles increase the latency and impact of C-DRX on scheduling flexibility of gNB severely.  
Observation 3: Latency due to use of C-DRX can be reduced by using LP-WUS to trigger 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: A LP-WUS design that can control waking-up of each UE separately can provide higher power saving compared to a LP-WUS design in which multiple UEs share the same wake-up indication.   
Observation 8: Supporting SCell dormancy indication via LP-WUS is important to make LP-WUS monitoring can be used for all the use cases supported by DCP.  
Observation 9: Compact LP-WUS payload size is important to support coverage comparable with PUSCH for Msg3. 
Observation 10: LP-WUS payload can be reduced by implicitly indicating some of information of LP-WUS. 

Proposal 1: For triggering PDCCH monitoring via LP-WUS ‘Option 1-2-1’ is supported. 
· Option 1-2-1: PDCCH monitoring may be additionally triggered based on legacy C-DRX cycle and drx-onDurationTimer when monitoring LP-WUS.
Proposal 2: Introduce a mechanism to conditionally support Option 1-1 together with Option 1-2-1 targeting power saving gains compared to legacy C-DRX.  
· Option 1-1: LP-WUS monitoring according to the LP-WUS monitoring configuration before drx-onDurationTimer to trigger the starting of the drx-onDurationTimer.
· Conditions for supporting Option 1-1 together with Option 1-2-1, FFS.  
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 UE decision of LP-WUS monitoring deactivation potentially with reason for the decision.
Proposal 7: Indications supported in DCP, i.e., per UE wake-up indication and SCell dormancy indication, should be supported in LP-WUS. 
Proposal 8: A portion of LP-WUS information can be informed to UE implicitly using LP-WUS monitoring resource association (e.g., LO and MO) and structure of LP-WUS.
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