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1. [bookmark: _mweciztxb0hw]Introduction
In [1], a new work item (WI) is approved for the low-power (LP) wakeup signal (WUS), synchronization signal (SS), and wakeup receiver (WUR) design for NR. Objectives of this WI include the following:
	The objectives of the work item are the following:
•        To specify an LP-WUS design commonly applicable to both IDLE/INACTIVE and CONNECTED modes (RAN1, RAN4)
•        Specify OOK (OOK-1 and/or OOK-4) based LP-WUS with overlaid OFDM sequence(s) over OOK symbol
•        The LP-WUS design shall ensure that for IDLE/INACTIVE operation, the same information is delivered irrespective of LP-WUR type. The OFDM sequence can carry information.
•        At least duty-cycled monitoring of LP-WUS is supported
•        For IDLE/INACTIVE modes
•        Specify procedure and configuration of LP-WUS indicating paging monitoring triggered by LP-WUS, including at least configuration, sub-grouping and entry/exit condition for LP-WUS monitoring (RAN2, RAN1, RAN3, RAN4)
•        Specify LP-SS with periodicity with Yms for LP-WUR, for synchronization and/or RRM for serving cell. (RAN1, RAN4)
•        LP-SS is based on OOK-1 and/or OOK-4 waveform with or without overlaid OFDM sequences. Further down selection between with and without overlaid OFDM sequences is to be done within WI.
•        Note: For LP-WUR that can receive existing PSS/SSS, existing PSS/SSS can be used for synchronization and RRM instead of LP-SS.
•        Y will be decided within WI. 320ms is the start point.
•        Specify further RRM relaxation of UE MR for both serving and neighbor cell measurements, and UE serving cell RRM measurement offloaded from MR to LP-WUR, including the necessary conditions (RAN4, RAN2)
•        For CONNECTED mode, specify procedures to allow UE MR PDCCH monitoring triggered by LP-WUS including activation and deactivation procedure of LP-WUS monitoring (RAN2, RAN1)
•        Check in RAN#105 for potential TU adjustment in RAN2
•        Note: In CONNECTED mode, UE MR ultra-deep sleep is not considered, and UE RRM/RLM/BFD/CSI measurements are performed by MR
•        Note: The target coverage of LP-WUS and LP-SS shall be the coverage of PUSCH for message3.
•        Note: The optimization of LP-WUS signal design for idle/inactive mode is prioritized over the optimization for connected mode.
·   	Specify the necessary RAN4 core requirement(s) to support the feature (RAN4).
·       This objective is to be further refined in RAN#103


LP-WUS DesignAgreement
Support both OOK-1 and OOK-4 for LP-WUS. 
· FFS how OOK-1 and OOK-4 are specified 
· For OOK-4, M<=4, FFS supported values
· The SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as one of the SCS(s) used for other NR transmissions in the same CP-OFDM symbol
· FFS different SCS.


The agreement is to support both OOK-1 and OOK-4 for LP-WUS, and to further specify the waveform for frequency-domain sequences and time-domain sequences of the OOK-1 and OOK-4 symbols. In our view, both waveform generation cases need to utilize the max spectral energy. It is important for the OOK-based LP-WUR envelope detector to have larger time-domain signal input, and it also helps with its conversion gain due to the nonlinear nature of envelope detector [2]. As a result, all the subcarriers within the LP-WUS bandwidth should be used with their maximum magnitude.     
[bookmark: _Toc159522089]Observation 1: The conversion gain of energy detector is a function of its input magnitude. 
Proposal 1: LP-WUS OOK-1 and OOK-4 signal must use all the subcarriers within the LP-WUS bandwidth for waveform generation. 
Overlaid OFDM Sequence on OOK Symbol
For OOK-1, it is straightforward to generate the LP-WUS from frequency domain and overlay OFDM sequence in the OFDM symbol. For OOK-4, on the contrary, is more efficient to generate LP-WUS in the time domain. 
Observation 2: The overlaid OFDM sequence can be in different domain based on different generation method of OOK-1 and OOK-4.
Regardless, the detection of OOK LP-WUS performance can not be sacrificed due to the overlaid OFDM sequence, and it should have limited impact on existing gNB implementation. As mentioned in the previous section, the envelope detector is one of the crucial blocks of OOK-based LP-WUR to achieve significant power saving, and its conversion gain is a function of the time-domain input signal. As a result, the time-domain LP-WUS symbol can be one of the ways to evaluate the overlaid OFDM sequences. The figure below shows OFDM time-domain symbols of 3 types of overlaid sequence, Random, ZC, and M sequence. They are generated from OOK-1, M=1 case with the same spectral energy, and fed into a generic squaring envelope detector model. The simulation shows the overlaid ZC sequence results in the highest conversion gain of the envelope detector for the OOK-based LP-WUR.      
[image: A graph of a random sequence

Description automatically generated with medium confidence]
Proposal 2: Use ZC-sequence for overlaid OFDM sequence in OOK-1 LP-WUS.
Target Coverage of LP-WUS and LP-SS
It is recommended to report the target SNR for LP-WUS and LP-SS from RAN1#116. The following table summarizes the SNR to achieve the coverage of PUSCH for message 3, and the associated assumptions. 

	
	Bandwidth for LP-WUS signal (MHz)
	NF for LP-WUR (dB)
	Gain of antenna element (dBi) assumed for LP-WUR: 
e.g., -3 dBi for redcap UE and e.g., 0dBi for non-redcap UE
	# of Tx chains for LP-WUS/LP-SS transmission, e.g., 2
Note: The number of Tx chains for LP-WUS/LP-SS transmission is assumed the same as the number of RX chains for MSG3 reception

	MIL value of MSG3: taking redcap UE /non-redcap UE @dense urban 2.6GHz

	The SNR (dB) to achieve the coverage of PUSCH for message3

	Everactive-01 (OOK-based LP-WUR)
	4.32
	12 
	0
	2
	142.23

	4.1



Proposal 3: Use 4.1dB of the required SNR for OOK-based LP-WUR for RAN1 evaluation.
Proposal 4: Support power boosting to enhance LP-WUS coverage. 
[bookmark: _s785lvyo42jx][bookmark: _pntvk5kt2etg]Conclusions
Observation 1: The conversion gain of energy detector is a function of its input magnitude. 
Observation 2: The overlaid OFDM sequence can be in different domain based on different generation method of OOK-1 and OOK-4.

Proposal 1: LP-WUS OOK-1 and OOK-4 signal must use all the subcarriers within the LP-WUS bandwidth for waveform generation. 
Proposal 2: Use ZC-sequence for overlaid OFDM sequence in OOK-1 LP-WUS.
Proposal 3: Use 4.1dB of the required SNR for OOK-based LP-WUR for RAN1 evaluation.
Proposal 4: Support power boosting to enhance LP-WUS coverage. 
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