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Introduction
UE energy efficiency, as one of the critical factors considered in 5G, is a key enabler for not only extensive use of 5G but also better user experience. Various solutions, e.g. eDRX, PEI (Paging Early Indication), DCP (DCI with CRC scrambled by PS-RNTI), PDCCH monitoring adaptation, etc., have been introduced in previous releases since Rel-15/Rel-16. In pursuit of techniques which have substantial gains as well as lower latency, a new SID [1] for studying low-power wake-up signal and receiver (LP-WUS / LP-WUR) has been approved.
According to the new SID [1], higher layer changes are to be investigated for supporting LP-WUS in RAN2.
	As opposed to the work on UE power savings in previous releases, this study will not require existing signals to be used as WUS. All WUS solutions identified shall be able to operate in a cell supporting legacy UEs. Solutions should target substantial gains compared to the existing Rel-15/16/17 UE power saving mechanisms. Other aspects such as detection performance, coverage, UE complexity, should be covered by the evaluation.
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. 



Considering that RAN1’s main progress is currently in the idle mode, in this contribution, we will focus on higher layer procedures for the essential functions of LP-WUS in RRC_IDLE / RRC_INACTIVE state, analysing issues to be solved and the possible solutions from RAN2 perspective.
Discussion
General procedure
Fig.1 presents a consideration of the general procedure for UE’s operations in the low-power wake-up radio (LR) and the main radio (MR). The key points to be studied by RAN2 for LP-WUS is marked in red.
· Step 1. A UE enters RRC_CONNECTED state following legacy RRC procedures, and it works in MR by default.
· Step 2. To utilize the LP-WUS function, the UE should report the UE capability to the network to ensure that LP-WUS can be enabled when both of the network and the UE support LP-WUS. 
· Step 3. The network can release the UE to RRC_IDLE/INACTIVE state following the existing RRC release procedure.  
· Step 4. The UE determines it needs to switch to LR based on LP-WUS capability coordination or explicit network configuration. If so, it needs to switch to LR. 
· Step 5. After switching to the LR, the UE can turn off MR and only perform LP-WUS reception in LR. The detailed UE behaviour of LR in RRC_IDLE/INACTIVE state should be specified, which involves both PHY layer behaviour and higher layer behaviour, e.g. signal detection, RRM measurement, mobility management. 
· Step 6/7. Network sends paging message and/or other essential information to UE via LP-WUS. LP-WUS monitoring for paging is the most fundamental functionality to ensure UE reachability. Whether additional essential information is required to be delivered to the UE via the LP-WUS is also needs to be studied.
· Step 8. The UE determines to switch back to the MR, in response to the paging or essential information.
· Step 9/10. After switching back to the MR, the UE can turn off LR and perform try to enter RRC_CONNECTED state following existing access procedures. Before initiating RRC connection establishment/resume procedure, whether the UE needs to obtain DL/UL synchronization, monitor legacy Uu paging and acquire system information also depends to what can be done in LR in step 5.
We will investigate these aspects and focus on UE capability coordination and network configuration in step 2/4, LP-WUS paging in step 6, additional information delivery in step 7, and mobility management in step 5 in the following sections.
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Fig.1 General Procedure for LR and MR operations
UE capability coordination
Similar to the PEI function, UE capability coordination are also required for the LP-WUS function such that the network can provide appropriate configuration to the UE and/or decide how to page the UE.
In our view, regarding detailed designs, there could be two ways generally based on which network node to be aware of the UE capability.
Option 1: Introduce AS capability for LP-WUS (so that RAN is aware of UE capability for LP-WUS)
The LP-WUS UE capability is defined as a radio capability which is reported to the gNB while CN is unaware of it. 
After receiving this capability, the gNB can include it in e.g. the UE radio paging capability container to CN and the CN would subsequently transfer the capability container to gNBs involved in CN paging without decoding the container. 
Besides, the anchor gNB of inactive UEs would also transfer the capability to relevant gNBs during RAN paging.
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Fig.2 RAN is aware of LP-WUS UE capability
Option 2: Introduce NAS capability for LP-WUS (so that CN is aware of LP-WUS UE capability)
The LP-WUS UE capability is defined as a NAS capability reported to the CN in case CN is involved in configuring or controlling the LP-WUS function (e.g. similar to the CN subgrouping mechanism in R17).
After receiving this capability, the CN would provide corresponding LP-WUS configurations to the UE or deliver it to the gNB via UE inactive context for inactive UEs.
Thus, for CN paging, the CN would transfer the capability to relevant gNBs whereas for RAN paging, the anchor gNB of inactive UEs is responsible for this transfer.
Observation 1: CN should be aware of LP-WUS UE capability if CN is involved in configuring or controlling the LP-WUS function.
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Fig.3 CN is aware of LP-WUS UE capability
Specific solutions (option 1, option 2 or both) depend on the detailed design of the LP-WUS function. We can further discuss it based on more progress in RAN2 or other groups.
Proposal 1: UE capability coordination procedure should be studied for LP-WUS. Specific solutions depend on a detailed LP-WUS mechanism and can be further discussed after more progress is achieved for the LP-WUS functional design. Possible options include:
· Option 1: Introduce AS capability for LP-WUS (so that RAN is aware of UE capability for LP-WUS)
· Option 2: Introduce NAS capability for LP-WUS (so that CN is aware of LP-WUS UE capability) 
LP-WUS enabling control
After the LP-WUS UE capability has been coordinated between the UE and the network, the next issue to how to enable LP-WUS function, i.e., how the UE decides whether/when the LP-WUS feature can be used.
Option 1: Cell-level control for LP-WUS capable UEs, i.e. based on cell capability and UE capability of LP-WUS
Similar to PEI feature, cell-level control should be a straightforward way where the LP-WUS capable UE can enable the LP-WUS feature as long as the network also supports the feature.
For instance, the UE reports its LP-WUS capability to the network and later determines whether to use the LP-WUS function in idle/inactive state based on whether the camped cell broadcasts the LP-WUS configuration. If the configuration is broadcast, the current cell supports this function and the UE can use it accordingly; otherwise, the function is not supported and should not be used.
This option is simple without additional conditions/rules but may lack flexibility considering that all the LP-WUS capable UEs are under unified control, especially assuming LP-WUS would occupy more dedicated radio resource than PEI.
Observation 2: Cell-level control for the enabling of LP-WUS function is simple but may lack flexibility.
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Fig.4 Common enabling control for LP-WUS
Option 2: UE-specific control for LP-WUS capable UEs, i.e. based on dedicated RRC configuration
To overcome the drawback of option 1, we can consider the per-UE control solution where the LP-WUS feature is enabled by the network on a UE basis via dedicated RRC configuration. In this way, the network can further decide whether a UE is allowed to use the LP-WUS feature based on the conditions in the network (e.g. resources) or the properties of the UE (e.g. requirement on LP-WUS based UE power saving).
For instance, the UE reports its LP-WUS capability to the network. The network subsequently indicates to the UE whether the LP-WUS feature is enabled via dedicated RRC signalling, e.g. via RRCRelease message. Later similar to option 1, after going into RRC_IDLE/INACTIVE state, the UE that is allowed to use the LP-WUS feature further determines whether to use the LP-WUS based on the broadcast information from the camped cell. 
Observation 3: UE-specific control for the enabling of LP-WUS function allows more precise control with considerations on the network conditions and UE requirements/preferences.
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Fig.5 UE specific enabling control for LP-WUS
Proposal 2: How to enable the LP-WUS feature should be studied. Possible options include:
· Option 1: Cell-level control for LP-WUS capable UEs, i.e. based on cell capability and UE capability of LP-WUS 
· Option 2: UE-specific control for LP-WUS capable UEs, i.e. based on dedicated RRC configuration 
Paging
To ensure the UEs in RRC_IDLE/INACTIVE state is reachable in LR mode, the basic assumption in RAN1 is that LP-WUS should carry information/indication for paging. However, it is not concluded how many bits can be used for paging when the L1 signal design has not been finalized. In this case, we discuss possible paging procedure designs for LP-WUS, including per-UE wake-up and per-group wake-up by LP-WUS. 
Option 1: per-UE wake-up by UE-specific LP-WUS
As presented in Fig.6, LP-WUS can carry specific UE paging related information (e.g. UE ID) to replace legacy paging messages, where a UE can be waked up without ambiguity. 
In this option, the MR is waked up in response to the UE-specific info received in the LR via LP-WUS and directly performs initial access to enter connected mode, instead of performing legacy paging operations, e.g., monitoring PDCCH in the upcoming PO to receive the paging message. 
The benefit of Option 1 is the per-UE wake-up can avoid paging false alarms in LR, and reduce access latency by skipping paging/PEI monitoring in MR. However, sending UE-specific LP-WUS requires a high data rate witch is subjected to the PHY design of the wake-up signal.
Open issues:
A basic issue to be studied under this direction is the UE ID design, which impacts paging capacity and thus the whole performance of the LP-WUS function. 5G-S-TMSI, as the current UE ID used for legacy paging, is a straightforward choice for LP-WUS based paging. However, it is not clear yet that the data rate can be supported to what extent by using a simple modulation and waveform (e.g. OOK) in LR. Hence, further study of UE ID design for reducing overhead and increasing paging capacity may be needed.
As for other issues, UE behaviours before entering connected mode, e.g., downlink synchronization, SI reception and RACH may also need further study.
Observation 4: UE-specific LP-WUS has better performance, but requires a high data rate in LR.
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Fig.6 UE-specific paging via LP-WUS
Option 2: per-group wake-up by UE subgroup based LP-WUS
UE subgroup based paging is another way where LP-WUS acts as PEI to indicate paged UE subgroups. 
In this option, LR receives UE subgroup based LP-WUS and then triggers MR to wake up, followed by a legacy paging operation. The LP-WUS does not wake up a UE specifically and paging monitoring and reception are still needed in MR to confirm whether the UE is paged or not.
The advantage of Option 2 is UE subgroup based LP-WUS requires lower signalling overhead and can support more LP-WUS UEs staying in LR since less information for UE identification is carried. The challenge, however, is UEs may be waked up unnecessarily (i.e. paging false alarm), resulting in extra UE power consumption brought by MR transition and legacy paging operations.
Open issues:
UE subgroup design is one of the main issues to be considered in Option 2. Considering that various UE subgrouping mechanisms, such as the CN controlled subgroup and the UE_ID based subgrouping, have been introduced by the UE power saving WI or NB-IoT WI in former releases, which seem sufficient for supporting different subgrouping requirements, these solutions may be reused as a baseline. New subgrouping mechanisms can be considered if the necessity and gain are justified.
Besides, similar to option 1, other issues, e.g. UE behaviours for entering connected mode may also be further studied if necessary.
Observation 5: UE subgroup based LP-WUS has the paging false alarm issue, but it is a better trade-off between overhead and performance.
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Fig.7 UE subgroup based paging via LP-WUS
Proposal 3: Both UE-specific paging (Option 1) and UE subgroup based paging (Option 2) can be considered as candidate solutions for paging via LP-WUS. Detailed issues to be further studied include:
· For Option 1, RAN2 to discuss the design of UE ID, UE behaviours of operations for entering connected mode, etc. 
· For Option 2, RAN2 to discuss the design of UE subgrouping mechanism, UE behaviours for paging monitoring and operations for entering connected mode, etc.
Additional information via LP-WUS
In legacy Uu interface, the UEs in RRC_IDLE/INACTIVE state needs to maintain valid system information of the camped cell, so it needs to monitor short message for change of system information as well as ETWS and CMAS notification. Furthermore, the UE needs to perform TAU/RNAU when TA/RAN area is changed after cell reselection. For LP-WUS monitoring in LR mode, the design target should be allow the UEs to stay at LR mode as much as possible to reduce power consumption, which may require LP-WUS to carry more information apart from paging related info. But the feasibility is also subject to L1 signal design.
Observation 6: To reduce UE power consumption, the goal should be to allow UEs to stay at LR mode as much as possible which may require LP-WUS to carry more information than paging related info. 
Tracking area code(s) and RAN area code(s) are used for the RAN notification area, and paging is transmitted within a tracking area/RAN area. When the UE moves to a new tracking area/RAN area without performing TAU or RNAU procedure, the network may not be able to reach the UE. Hence, if there is the case that UE moves to a new tracking area/RAN area while keeps staying in LR, it is necessary that LP-WUS carries tracking area/RAN area information to let UE know whether the tracking area/RAN area changes. But if the UE will always switch to MR when moves to a new cell, the legacy indication for tracking area/RAN area change in MR can be used without additional specification impact.
SI change indication can also be considered to be included in LP-WUS to notify the UE whether the essential SI has been changed, such as the update of LP-WUS related SI if any, RACH parameters or paging parameters, etc. For example, if there is LP-WUS related SI, once it changes, it should be informed to the UE in case the UE uses the wrong LP-WUS related configuration and cannot detect the LP-WUS correctly. As another example, if the UE early knows that RACH parameters has not changed, it can directly use the stored RACH parameters to perform initial access when the UE is waked up by UE-specific LP-WUS, which can reduce the access latency.
In addition, LP-WUS can also carry information about emergency notification which is urgent for the UE, such as ETWS information, CMAS information, etc.
Proposal 4: The following information can be considered to be delivery via LP-WUS in addition to paging information if possible according to RAN1/4 signalling design:
0. RNAC/TAC
0. SI change notification
0. ETWS/CMAS information
Mobility management
In RAN1#112, the target use cases for LP-WUS were discussed, and the following agreements were made [2].
	Agreement
The following characteristics for target use cases are considered in the study item:
· IoT cases including e.g., industrial wireless sensors, controllers, actuators and etc, including the following characteristics,
· FFS: latency
· primary for small form devices
· power-sensitive
· static, nomadic or limited mobility
· Wearable cases including e.g., smart watches, rings, eHealth related devices, and medical monitoring devices etc., 
· FFS: latency
· primary for small form devices,
· power-sensitive
· low/medium speed, FFS: high speed
· eMBB cases including e.g., XR/smart glasses, smart phones and etc.,
· FFS: latency
· devices form is various and not restricted
· power-sensitive
· low/medium speed, FFS: high speed
Note: other use cases/characteristics are not precluded if any.



For the wearable and eMBB cases, it is clear that low/medium speed should be supported. Besides, two scenarios (shown in Fig.8) deployed with LP-WUS are investigated in [3], which require RRM measurement to support mobility. Specifically, the two scenarios are as follows: 1) the coverage area of LP-WUS is smaller than that of the legacy NR cell, and 2) when the coverage area of LP-WUS is as same as the legacy NR cell, UE moves from a cell deployed with LP-WUS to a cell without LP-WUS. In both scenarios, UE may lose paging when it moves into an area where LP-WUS is not deployed.
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[bookmark: _Ref114582585]Fig.8 Two scenarios when measurement is required
Therefore, from RAN2 perspective, mobility should be supported for better performance. It means that LP-WUR is expected to support RRM measurement to detect if the UE moves out of the LP-WUS coverage.
RRM measurement includes serving/camping cell measurement and neighbour cell measurement, based on the conclusions of RAN1#111 and RAN1#112, the feasibility of RRM measurements performed by LP-WUR, at least for serving/camping cell, will be studied by RAN1/RAN4, the need for neighbouring cell measurement is still FFS. Hence, in this paper, we only discuss the design considering serving/camping cell measurements under two different assumptions to address the above 2 scenarios, i.e., 1) RRM measurements can be performed by LP-WUR for serving cell, and 2) RRM measurements cannot be performed by LP-WUR:
Case 1: If RRM measurement can be performed by LP-WUR for serving/camping cell:
To support the mobility, detecting the LP-WUS coverage is the most essential issue. Once the UE moves out of the LP-WUS coverage or to the edge of LP-WUS coverage, the serving cell quality will get worse. Specifically, the UE can measure the signal quality (e.g., RSRP, RSRQ) of the serving cell by LP-WUR. If the signal quality of serving cell is less than the threshold, the UE needs to transit to MR from LR.
Case 2: If RRM measurement cannot be performed by LP-WUR for serving/camping cell:
To detect whether the UE moves out of the LP-WUS coverage, the UE at least needs to detect whether the LP-WUS can be received. If the UE moves out of the LP-WUS coverage, it will not be able to receive the LP-WUS. For example, if there is periodic reference signal is transmitted in LR to the UE, when the UE cannot successfully receive/detect the periodic reference signal from its serving cell (for a time), the UE needs to transit to MR from LR.
Proposal 5: From RAN2 perspective, mobility should be supported for better performance. The quality of the serving cell or the detection of the signal in LR can be considered to determine whether the UE moves out of the LP-WUS coverage.
Conclusion
[bookmark: OLE_LINK3]In this paper, we discuss designs of UE capability, enabling control, paging procedure, essential information and mobility management for supporting LP-WUS in idle mode. Observations and proposals are summarized as follows.
UE capability:
Observation 1: CN should be aware of LP-WUS UE capability if CN is involved in configuring or controlling the LP-WUS function.
Proposal 1: UE capability coordination procedure should be studied for LP-WUS. Specific solutions depend on a detailed LP-WUS mechanism and can be further discussed after more progress is achieved for the LP-WUS functional design. Possible options include:
· Option 1: Introduce AS capability for LP-WUS (so that RAN is aware of UE capability for LP-WUS)
· Option 2: Introduce NAS capability for LP-WUS (so that CN is aware of LP-WUS UE capability) 
Enabling control:
Observation 2: Cell-level control for the enabling of LP-WUS function is simple but may lack flexibility.
Observation 3: UE-specific control for the enabling of LP-WUS function allows more precise control with considerations on the network conditions and UE requirements/preferences.
Proposal 2: How to enable the LP-WUS feature should be studied. Possible options include:
· Option 1: Cell-level control for LP-WUS capable UEs, i.e. based on cell capability and UE capability of LP-WUS 
· Option 2: UE-specific control for LP-WUS capable UEs, i.e. based on dedicated RRC configuration 
Paging:
Observation 4: UE-specific paging has better performance, but requires a high data rate in LR.
Observation 5: UE subgroup based LP-WUS has the paging false alarm issue, but it is a better trade-off between overhead and performance.
Proposal 3: Both UE-specific paging (Option 1) and UE subgroup based paging (Option 2) can be considered as candidate solutions for paging via LP-WUS. Detailed issues to be further studied include:
· For Option 1, RAN2 to discuss the design of UE ID, UE behaviours of operations for entering connected mode, etc. 
· For Option 2, RAN2 to discuss the design of UE subgrouping mechanism, UE behaviours for paging monitoring and operations for entering connected mode, etc.
Additional information via LP-WUS:
Observation 6: To reduce UE power consumption, the goal should be to allow UEs to stay at LR mode as much as possible which may require LP-WUS to carry more information than paging related info. 
Proposal 4: The following information can be considered to be delivery via LP-WUS in addition to paging information if possible according to RAN1/4 signalling design:
a) RNAC/TAC
b) SI change notification
c) ETWS/CMAS information
Mobility management:
Proposal 5: From RAN2 perspective, mobility should be supported for better performance. The quality of the serving cell or the detection of the signal in LR can be considered to determine whether the UE moves out of the LP-WUS coverage.
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