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Introduction
[bookmark: _Hlk101956567]In RAN#94-e [1], the study item for low-power wake-up signal and receiver has been approved for NR Air Interface. The study will focus on the following use cases.
	The study should 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, e.g. XR/smart glasses, smart phones. 



For the agreed use cases, the following objectives have been agreed.
	· 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 and their coverage availability, as well as latency impact. 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. 



In this contribution, we discuss key design issues of LP-WUS and associated procedures to support low power wake-up signal in NR air interface. 
Discussions
Design Aspects of Low Power WUS 
The design of low power WUS should consider the following aspects:
Functionalities and Required Information carried by LP-WUS
There are several potential application scenarios of LP-WUS. For example, in idle/inactive state, LP-WUS may be used to replace PEI, paging DCI or even the paging message itself. Depending on the intended functionalities of LP-WUS, it will carry the corresponding necessary information to enable the functionalities, which implies different data rates to be supported by the LP-WUS. The number of information bits to be carried by LP-WUS can be different in different scenarios. Each functionality of LP-WUS may have different requirement of synchronization and detection latency. 
Observation 1: With different potential application scenarios and corresponding functionalities of LP-WUS, each potential scenario may support different data rates and have different requirements of synchronization and detection latency. 
Proposal 1: Evaluate the required data rate, the requirements of synchronization and detection latency for potential application scenarios (and corresponding functionalities) of LP-WUS.  

Modulation
LP-WUS design should support simple receiver architecture with low power consumption. In technical literatures, two types of modulation schemes, On-Off Keying (OOK) and Frequency-Shift Keying (FSK), are the most commonly used in low power receivers. Both OOK and FSK support non-coherent energy detection based simple receiver with low power consumption as shown in a simplified block diagrams for OOK and FSK in Figure 1. 
[image: ]
[bookmark: _Ref76624466]Figure 1: Block diagram of ED based mixer-first receiver for (a) OOK and (b) FSK [1].
Observation 2: OOK and FSK are the most commonly used modulation schemes which enable simple receiver structure with low power consumption by supporting non-coherent energy detection.
Proposal 2: Consider OOK and FSK as candidate modulation schemes for LP-WUS. 

Waveform and Design Parameters
LP-WUS can be generated using either single carrier waveform or multi-carrier waveform (e.g., OFDM). For either, there are multiple methods for generating LP-WUS. For example, in IEEE 802.11ba, WUS is generated by modulating OOK symbols on top of the OFDM waveform. Different waveforms will have different impacts on implementation complexity, interference between LP WUS and co-existence with other signals/channels. 
Observation 3: Both single carrier and multi-carrier can be considered for generating LP-WUS, but with different impacts on implementation complexity, interference and co-existence with other signals/channels.
Proposal 3: Study the benefits of single carrier/multi-carrier waveforms as candidate waveform schemes LP-WUS and corresponding benefits on implementation complexity, interference and co-existence with other signals/channels. 

Other key design parameters and aspects of LP-WUS include the following:
· LP-WUS symbol length (or SCS)
· Number of modulated bits per LP-WUS symbol.
· Bandwidth
· Coverage (or receiver sensitivity)
· Multiplexing

These parameters/aspects have impact to each other and together they will determine the detection performance at Low Power – Wake Up Receiver (LP-WUR). Therefore, they should be designed jointly taking into consideration of the trade-offs. For example, the parameter of LP-WUS symbol length (or SCS) and the number of modulated bits per LP-WUS symbol jointly determine the data rate of LP-WUS. They will also determine the total duration of the LP-WUS format for a given number of information bits to be carried on LP-WUS. In turn, the total duration of the LP-WUS determines the detection latency. 
The bandwidth is a parameter which has impacts on multiplexing as well as data rate. As multiplexing of LP-WUS is another important aspect, the bandwidth of the LP-WUS should be carefully decided. For example, the multiplexing of different LP-WUSs and LP-WUS with other channels/signals should be appropriately considered to support efficient utilization of channel resources. In addition, other aspects such as the receiver complexity and the power consumption should be considered for the bandwidth as well. 
In the technical survey of existing low power radios [2], many of them have receiver sensitivity levels worse than the sensitivity level of main radio in NR. As it is desirable that the LP-WUS has the same coverage as the NR cell, coverage enhancement techniques such as channel coding, time/frequency diversity and etc. can be applied to increase LP-WUS detection performance and coverage/sensitivity. 
Proposal 4: Key design parameters and aspects of LP-WUS including LP-WUS symbol length (or SCS), the number of modulated bits per LP-WUS symbol, bandwidth, coverage (or receiver sensitivity) and multiplexing should be carefully decided considering the design trade-off between the key parameters/aspects of LP-WUS. 

Low Power WUS Related Procedures
In this section, we discuss potential procedures to support LP-WUS. 
Configuration, activation and deactivation
Although UE is equipped with LP-WUR and capable of receiving LP-WUS, utilization of LP-WUS/LP-WUR is not always beneficial considering additional power consumption and low coverage/sensitivity of LP-WUR. In addition, such conditions such as coverage/sensitivity for enabling/disabling LP-WUR may dynamically change due to UE movement and blockage, therefore, there may be a need for supporting activation/deactivation mechanism of LP-WUR.
Observation 4: Utilization of LP-WUS/LP-WUR may not always be beneficial considering additional power consumption and low coverage/sensitivity of LP-WUR. 
Observation 5: Conditions such as coverage/sensitivity for enabling/disabling LP-WUR may dynamically change due to UE movement and blockage. 
Proposal 5: Study efficient configuration, activation and deactivation mechanisms for LP-WUS and LP-WUR.

LP-WUS monitoring scheme
Monitoring scheme of UE for LP-WUS may have an impact on power saving gain. For example, if LP-WUR is always on and monitors LP-WUS, then power saving gain of LP-WUR could be lower than UE with duty-cycled monitoring. Having said that, proper monitoring scheme for LP-WUS should be studied as well as other procedures. 
Observation 6: LP-WUS monitoring scheme may have an impact on power saving gain. 
Proposal 6: Study proper monitoring scheme for LP-WUS.

Paging
LP-WUS/WUR can be used to offload the main radio from monitoring POs during idle/inactive state. The main radio will be turned on only if the LP-WUR receives a LP-WUS indicating that the UE or UE group should listen to the upcoming PO. In this way, the usage of LP-WUS/WUR prevents the UE’s main radio from waking up at POs where the UE is not paged. With that, power consumption at the UE can be reduced during idle/inactive state. 
Observation 7: LP-WUS assisted paging during idle/inactive state may provide power saving benefits.
Proposal 7: Study procedures to use LP-WUS to facilitate power-efficient paging operation during idle/inactive state and evaluate the potential power saving gains.

RRM and Mobility Support
In NR Rel-17, when UE is in RRC idle or inactive state, it needs to perform RRM measurement to support idle/inactive state mobility. To be specific, the UE’s main radio will perform measurement such as SS-RSRP and SS-RSRQ of the serving cell and intra- and inter-frequency cells and evaluate the cell selection criterion S according to the periodicity/interval defined in [3]. 
When LP-WUS is used to offload the main radio from monitoring POs during idle/inactive state, it is possible to use it to further offload the main radio’s RRM measurement for mobility. One possible scenario is cell selection/re-selection criteria can be evaluated based on LP-WUS based measurement without waking up the main radio. Another scenario can be that main radio will perform a more relaxed RRM measurement (e.g., longer periodicity, less measurement) when LP-WUS is used during idle/inactive state. In this way, the main radio will consume less power in RRM measurement than in non-LP-WUS mode.
Observation 8: LP-WUS can be used to offload main radio’s RRM measurement for mobility support during idle/inactive state.
Proposal 8: Study the procedures and feasibility of using LP-WUS to offload main radio’s RRM measurement for mobility support during idle/inactive state. Evaluate the power saving gains. 

Beam management and beam failure detection for LP-WUS
Although FR1 may be a main frequency range for LP-WUS, FR2 should be considered as well as FR1. For FR2 operation, it is essential to support beam management, beam activation/indication mechanism and beam failure recovery procedure. As the current specification support for beam related mechanisms are designed for main radio, therefore, the existing beam related procedure can be complex and power consuming for LP-WUR. Given that, enhanced beam related procedures for supporting LP-WUS in FR2 should be studied.

Proposal 9: Although FR1 may be a main frequency range for LP-WUS, FR2 should be considered for LP-WUS design.
Proposal 10: Study enhanced beam related procedures for supporting LP-WUS in FR2 should be studied. 
Summary
In this contribution, we discussed key design issues of LP-WUS and associated procedures to support low power wake-up signal in NR air interface. From the discussions, we made the following observations and proposals: 
Observation 1: With different potential application scenarios and corresponding functionalities of LP-WUS, each potential scenario may support different data rates and have different requirements of synchronization and detection latency.
Observation 2: OOK and FSK are the most commonly used modulation schemes which enable simple receiver structure with low power consumption by supporting non-coherent energy detection.
Observation 3: Both single carrier and multi-carrier can be considered for generating LP-WUS, but with different impacts on implementation complexity, interference and co-existence with other signals/channels.
Observation 4: Utilization of LP-WUS/LP-WUR is not always beneficial considering additional power consumption and low coverage/sensitivity of LP-WUR. 
Observation 5: Conditions such as coverage/sensitivity for enabling/disabling LP-WUR may dynamically change due to UE movement and blockage. 
Observation 6: LP-WUS monitoring scheme may have an impact on power saving gain. 
Observation 7: LP-WUS assisted paging during idle/inactive state may provide power saving benefits.
Observation 8: LP-WUS can be used to offload main radio’s RRM measurement for mobility support during idle/inactive state.

Proposal 1: Evaluate the required data rate, the requirements of synchronization and detection latency for potential application scenarios (and corresponding functionalities) of LP-WUS.  
Proposal 2: Consider OOK and FSK as candidate modulation schemes for LP-WUS. 
Proposal 3: Study the benefits of single carrier/multi-carrier waveforms as candidate waveform schemes LP-WUS and corresponding benefits on implementation complexity, interference and co-existence with other signals/channels. 
Proposal 4: Key design parameters and aspects of LP-WUS including LP-WUS symbol length (or SCS), the number of modulated bits per LP-WUS symbol, bandwidth, coverage (or receiver sensitivity) and multiplexing should be carefully decided considering the design trade-off between the key parameters/aspects of LP-WUS. 
Proposal 5: Study efficient configuration, activation and deactivation mechanisms for LP-WUS and LP-WUR.
Proposal 6: Study proper monitoring scheme for LP-WUS.
Proposal 7: Study procedures to use LP-WUS to facilitate power-efficient paging operation during idle/inactive state and evaluate the potential power saving gains.
Proposal 8: Study the procedures and feasibility of using LP-WUS to offload main radio’s RRM measurement for mobility support during idle/inactive state. Evaluate the power saving gains. 
Proposal 9: Although FR1 may be a main frequency range for LP-WUS, FR2 should be considered for LP-WUS design.
Proposal 10: Study enhanced beam related procedures for supporting LP-WUS in FR2 should be studied. 
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