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Introduction
In RAN#94, the study of low-power wakeup signals (WUS) and receiver to further achieve UE power saving was agreed in [1].  The objectives of the low-power WUS are as follows,
· 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. 

This paper discussed the aspects of physical channel/signals for the low-power wakeup receiver and the related procedure of using the low-power wakeup receiver to achieve UE power saving.   
Network Operation in Support of Low-Power Wakeup Receiver 
The low-power wakeup receiver (LP-WUR) is used as the front-end device to trigger the activation/deactivation of the NR receiver at the UE.  The NR network should configure and transmit the DL signals designed for the low-power wakeup receiver in order to support the UE wakeup mechanism by the LP-WUR in achieving the UE power saving.  The considerations of the network operation for achieving UE power saving by low-power wakeup receiver with limited receiver sensitivity or restricted maximum coupling loss are as follows,
· Operation bands
· Signals and waveform for the low-power wakeup receiver
· Network configuration of the wakeup signal transmission for the low-power wakeup receiver
· UE procedure of the LP-WUR in receiving the wakeup signal 

Operation bands

[bookmark: _Hlk115083311]The researches of low-power wakeup receiver are mostly focusing on the receiver design with operation in unlicensed spectrum of 900 MHz, 2.4 GHz or 5.8 GHz [7] - [15].   Most of low-power wakeup receiver designs were to optimize the power consumption with the specific RF components and architecture in a specific operation band.   The low-power wakeup receiver design with the flexibility in operation of multiple bands would not only increase the power consumptions but also increase the cost.   If the low-power wakeup receiver design is customized for each NR operation band, the power consumption and the cost of the receiver would vary for each operation band.  Even the low-power wakeup receiver could achieve the same receiver sensitivity, the coupling loss of the LP-WUR customized for each NR operation will be different.   Furthermore, the market demands for the low-power wakeup receiver customized for each NR operation band will be limited with the cost of the LP-WUR being substantially higher.   Thus, the operation band of the low-power wakeup receiver should not be limited to the NR operation band and have the selection of the band with the target of minimizing the cost and the power consumption with high receiver sensitivity. 

[bookmark: _Hlk115267520]Proposal 1:  The operation band of the low-power wakeup receiver should not be limited to the NR operation band and have the selection of the band with the target of minimizing the cost and the power consumption with high receiver sensitivity.

[bookmark: _Hlk114132307]Signals and Waveform for the LP-WUR

[bookmark: _Hlk115253501][bookmark: _Hlk115251382]The design of the signals and waveform is critical in the power consumption of the low-power wakeup receiver.   The proposed designs of the low-power wakeup receivers [7] - [15] are mostly modulated in RF domain with On-OFF keying (OOK) or Frequency shift keying (FSK) with simplified processing chain in IF and baseband in order to minimize the power consumption of wakeup receiver.   Thus, the waveform of the wakeup signal for the LP-WUR should be designed with the target of minimizing power consumption and not restricted to the NR OFDM waveform.
[bookmark: _Hlk115267497]Proposal 2:  The waveform of the wakeup signal for the LP-WUR should be designed with the target of minimizing power consumption and not restricted to the NR OFDM waveform.

Configuration of wakeup signals for low-power wakeup receiver 

The UE wakeup mechanism had been designed to further reduce UE power consumption by sending a wakeup signal (WUS) before the DRX ON for CONNECTED mode UE or Paging Occasion (PO) for IDLE/Inactive mode UEs to indicate whether UE needs to wake up at the configured PDCCH monitoring occasion at DRX ON or PO.   The DRX adaptation with UE wakeup by DCI format 2_6 for CONNECTED mode UEs were introduced in Rel-16 UE power saving by indication of UE wakeup or not based on whether there is a DL traffic arrival at each DRX cycle to achieve UE power saving.   The DCI format 2_6 contains the wakeup indication for a group of UEs to indicate whether UE needs to wake up at each DRX cycle to minimize the unnecessary PDCCH monitoring during DRX ON when there is no data for the given CONNECTED mode UE.  UE would wake up from deep sleep or light sleep before each DRX ON cycle to detect the wakeup indication from DCI format 2_6.   Since the retrieval of wakeup indication from DCI format 2_6 requires coherent detection and demodulation of PDCCH, it requires UE to wake up much earlier in preparation of frequency and time tracking for coherent detection.   The CONNECTED mode UE power saving by wakeup mechanism is degraded due to the long preparation time of channel tracking for coherent detection/demodulation and channel decoding of PDCCH to retrieve wakeup indication from DCI format 2_6.   If the CONNECTED mode UE is indicated to wake up at the subsequent DRX ON, the power consumption for the preparation of PDCCH decoding for DCI format 2_6 could be used for the PDCCH decoding at the DRX ON.   If UE is not indicated to wake up, the power consumption in long preparation time of DCI format 2_6 decoding is wasteful.  Thus, the low-power wakeup receiver could replace the DCI format 2_6 as the wakeup indication and keep the main NR receiver in deep sleep mode.   
In Rel-17, the paging early indication (PEI) by DCI format 2_7 was introduced to indicate whether IDLE/Inactive mode UE should decode the paging DCI and subsequent paging message at the configured paging occasion.  The PEI is another UE wakeup mechanism for IDLE/Inactive mode UE to indicate whether UE should wake up to receive the paging information at the configured paging occasion.   Similarly, the coherent detection and demodulation of PDCCH-based wakeup signal for paging early indication (PEI) demands large power consumption in long preparation time of UE synchronization and channel tracking.   The low-power wakeup receiver can replace the PDCCH-based PEI for wakeup indication of subsequent PO.   
The UE wakeup mechanism by DCI format 2_6 for CONNECTED mode UEs and PEI of DCI format 2_7 for IDLE/Inactive mode UEs is a duty-cycle based wakeup mechanism indication to configure the receiver to detect the wakeup signal at the configured duty cycle, which the duty cycle is the periodicity of the C-DRX or Paging Occasion.     Since the receiver sensitivity of the LP-WUR would not support the NR coverage requirements of 164 dB maximum loss and not all UEs support LP-WUR, the wakeup signal for low-power wakeup receiver could also be designed to be transmitted at each duty cycle for those UEs with LP-WUR capability to accommodate the wakeup indication from DCI format 2_6 or DCI format 2_7 as shown in Figure 1.   


[image: ]
[bookmark: _Ref115260985]Figure 1:  Wakeup mechanism by LP-WUR in dense urban or indoor hot spot scenarios
The duty-cycle based low-power wakeup signal associated with the DRX and PO would allow the turning ON and off of the LP-WUR for the power saving.  The unlocked oscillator used for LP-WUR is inexpensive and has loose frequency stability in the range of ±50- 80 ppm, which far away from UE frequency stability requirement of ±0.1 ppm.  If the duty cycle based LP-WUR would need to turn ON and OFF to align with the periodicity of DRX or PO, the frequency stability of LP-WUR for the detection of wakeup signal needs to be calibrated and adjusted to reduce the effect caused by frequency drifting for better detection performance.   However, the power consumption of wakeup receiver would increase due to increase power consumption of external components if the oscillator used for LP-WUR would need to in lock with the NR clock for accurate detection of the wakeup signals   
 Another alternative of low latency network access with low UE power consumption is the on-demand wakeup by the network.  The NR receiver would stay in sleeping mode and will only wake up by the front-end wakeup receiver when the device has data to send or to receive without periodic wakeup.   The front-end wakeup receiver is the low-power device or ambient passive device to provide the constant monitoring of wakeup signal in preparation of UE wakeup.  The power consumption of front-end wakeup device for on-demand network access would need to be very low.

Proposal 3:  The wakeup receiver could be configured to monitor wake up signals continuously for on-demand access or with duty-cycle to align the duty-cycle with the periodicity of DRX for CONNECTED mode UE or PO for IDLE/Inactive mode UE 

The power consumption of the low-power wakeup receiver depends on the receiver architecture and its achievable receiver sensitivity.   The receiver sensitivity in dBm would determine the maximum range of the coupling loss/path loss in the radio propagation from the gNB with a given Tx power in dBm, which could derive the maximum coverage area.  Since the low-power wakeup receiver intends to prioritize the UE power saving, the coverage area of 164 dB coupling loss with the support of data rate at least 160 bps for DL/UL defined in NR system [5] could not be reused.   The low-power wakeup receiver is hard to achieve the receiver sensitivity over -100 dBm with data rate at 160 bps with the target power consumption in the range of µW or nW.  Thus, only selected network deployment scenarios could support the limited coverage aspect of low-power wakeup receiver, such as indoor hotspot or dense urban coverage scenarios with inter-site distance less than 200 meters.  The network support of UE wakeup mechanism by LP-WUR needs to inform all UEs by broadcast the configuration of wakeup signals through SIB-1 or SIB-x at a given cell.   

Proposal 4:  The network support of UE wakeup mechanism by LP-WUR needs to inform all UEs by broadcast the configuration of wakeup signals through SIB-1 or SIB-x at a given cell.   

UE Procedure in Receiving Signals for Low-Power Wakeup Receiver

The low-power wakeup receiver would be UE implementation specific and would not be specified in the specification as agreed in RAN1#110b-e as follows.  
Conclusion
RAN1 does not intend to mandate the implementation of any specific type(s) of LP WUR architecture at the UE.
· Note: this does not prevent RAN4 from defining requirements for LP WUR in the normative phase.


[bookmark: _Hlk115249176]   The UE capability should have the capability of the implemented low-power wakeup receiver and the associated receiver sensitivity information for the coverage area of supported UE wakeup mechanism.    UE will report its supported category of low-power wakeup receiver in the UE capability.   The network would configure the UE wakeup mechanism by low-power wakeup receiver if network supports the category of low-power wakeup receiver in the deployment.  
[bookmark: _Hlk115249283]Proposal 5:  UE capability includes the receiver sensitivity of the low-power wakeup receiver.  UE will report its supported of low-power wakeup receiver in the UE capability.   

Conclusion 
In this contribution, we have discussed the UE wakeup mechanism and the design of the physical layer structure and procedure in support of the low-power wakeup receiver in achieving UE power saving.   We have the following proposals 
· Proposal 1:  The operation band of the low-power wakeup receiver should not be limited to the NR operation band and have the selection of the band with the target of minimizing the cost and the power consumption with high receiver sensitivity.
· Proposal 2:  The waveform of the wakeup signal for the LP-WUR should be designed with the target of minimizing power consumption and not restricted to the NR OFDM waveform.
· Proposal 3:  The wakeup receiver could be configured to monitor wake up signals continuously for on-demand access or with duty-cycle to align the duty-cycle with the periodicity of DRX for CONNECTED mode UE or PO for IDLE/Inactive mode UE
· Proposal 4:  The network support of UE wakeup mechanism by LP-WUR needs to inform all UEs by broadcast the configuration of wakeup signals through SIB-1 or SIB-x at a given cell.   
· Proposal 5:  UE capability includes the receiver sensitivity of the low-power wakeup receiver.  UE will report its supported of low-power wakeup receiver in the UE capability.   
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