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1 Introduction
To further improve UE power consumption, a new study item [1] was approved to identify solutions for low power wake-up-signal and wake-up-receiver. The solutions are targeting for substantial gains comparing to existing Rel-15/16/17 UE power saving mechanisms, and aspects including detection performance, coverage, and UE complexity should all be taken into account during the study. 

Agreements regarding the signal design and procedure for LP-WUS made in RAN1#112 [2] and the associated post meeting email discussion are listed in Appendix, and this contribution discusses further aspects related to the signal design and procedure for LP-WUS.
2 General Design Aspects
In general, the study of LP-WUS doesn’t restrict its use case in FR1 only or FR2 only, according to the study item description [1]. However, the RAN1 discussions so far are more focusing on the FR1, especially for the evaluation assumptions. The direct utilization of agreements and working assumptions for FR1 to FR2 is not straightforward, and more RAN1 offline and online time is required for FR2 discussion. In this sense, in order to have a comprehensive conclusion at the end of the study, it’s recommended to prioritize the study in FR1. 

Proposal 1: Prioritize FR1 in the study, from RAN1 perspective.

Moreover, so far, RAN1 discussion was more focusing on in-band operation for LP-WUS, and discussed multiplexing of LP-WUS with existing NR signals or channels, with same or different subcarrier spacings. However, at least from our understanding, the discussion of in-band operation doesn’t preclude LP-WUS being located in a band separate from the UE’s NR band, which implies such operation with dedicated band for LP-WUS is still valid. 

Also, when operating with in-band LP-WUS, power boosting of LP-WUS is possible, and the power of LP-WUS shall be known to the UE (e.g., either by configuration or fixed in the specification subject to further discussion) such that LP-WUS based RRM measurement is feasible. 

Proposal 2: LP-WUS located in a band separate from the UE’s NR band is not precluded, and for in-band operation, power boosting of LP-WUS is feasible, from RAN1 perspective.
3 Signal Design for LP-WUS
1 
2 
3 
Waveform
In RAN1#111, three candidate waveforms were agreed for further study: MC-OOK, MC-FSK, and OFDMA based signal. 

To receive the MC-FSK based LP-WUS, the receiver can either implement two parallel MC-OOK receivers with a comparator circuit, or implement with a FM-to-AM detector. Either implementation method requires additional power consumption at the LR, and without significant performance improvement, it may not be worthy to consider such type of waveform due to the tight budget for power consumption at LR. 

Proposal 3: For LP-WUS waveform, deprioritize MC-FSK if no significant performance gain is observed.

In RAN1#112, four options for MC-OOK based LP-WUS were agreed for further study. Within the four options, Option 1 is the basic one but restricted bit rate (e.g., 1 bit per OFDM symbol), while Option 2, 3, and 4 are enhancement to Option 1, aiming for achieving larger bit rate, with the cost of potential higher complexity at the receiver. On the other hand, if larger subcarrier spacing can be applied to Option 1, Option 1 can also achieve higher bit rate. RAN1 shall further evaluate and compare the four options, and down-select and recommend one at the end of the study.  
Numerology for LP-WUS
In RAN1#112, same subcarrier spacing between LP-WUS and other multiplexed NR signal/channel was taken as the baseline for study, and different subcarrier spacing between LP-WUS and other multiplexed NR signal/channel is beneficial for achieving higher bit rate. 

Moreover, we would like to clarify that different subcarrier spacing is only needed for MC-OOK and MC-FSK based waveform, and is not needed for OFDMA based waveform, since the application of different subcarrier spacings may not significantly improve the bit rate for OFDMA based waveform, but cause many issues with mixed numerology in both specification and implementation perspectives.

When considering different subcarrier spacing for LP-WUS from other NR signal/channel, a larger subcarrier spacing for LP-WUS should be focus, and NR existing subcarrier spacing can be considered as the baseline. For example, the candidate subcarrier spacings for LP-WUS can be 15 kHz, 30 kHz, 60 kHz, and 120 kHz, for FR1. 

Finally, we didn’t see a strong need to support extended CP for LP-WUS, since it corresponds to a less number of OFDM symbols in a slot and effectively reduces the bit rate. 

Proposal 4: For LP-WUS numerology:
· Different subcarrier spacing is only applicable to MC-OOK and MC-FSK based waveforms;
· Candidate subcarrier spacings for LP-WUS are 15 kHz, 30 kHz, 60 kHz, and 120 kHz, for FR1;
· Extended CP is not supported.
Resource allocation for LP-WUS
In RAN1#111, it has been agreed that the BW of LP-WUS is not larger than X MHz for FR1, wherein X is 5 or 20, at least for the purpose of study. In this contribution, we further investigate the frequency domain and time domain resource allocation for LP-WUS. 

In the frequency domain, LP-WUS can be mapped to a number of contiguous subcarriers, which is beneficial for filtering the interference from other transmission in the same OFDM symbol. The frequency location of LP-WUS (e.g., the lowest subcarrier mapped for LP-WUS) can be flexible, e.g., when the LR is using heterodyne architecture with IF envelop detection or homodyne architecture with BB envelop detection. To ease the complexity at the receiver, the BW of LP-WUS needs to be fixed as a number of RBs. Meanwhile, multiplexing LP-WUS with other signal(s) and channel(s) in the same OFDM symbol should be supported, and frequency domain guard band could be needed at either side of the LP-WUS. The size of guard band shall take into account the maximum frequency error of the LO at the LR, which may vary for different types of LR architectures. 

In the time domain, multiplexing LP-WUS with other signal(s) and channel(s) in different OFDM symbols or slots should be supported. Meanwhile, depending on the detection performance of LP-WUS, the time domain span of LP-WUS can exceed one OFDM symbol, and for such case, whether and how to deal with CP rejection issue at the receiver when LP-WUS is generated for the multiple OFDM symbols shall be further investigated. 

Proposal 5: For resource allocation of LP-WUS:
· Frequency location of LP-WUS shall be flexible;
· FDM and TDM with other signal(s) and channel(s) shall be supported;
· BW of LP-WUS is fixed as a number of RBs;
· Potential CP rejection at the receiver should be addressed, when LP-WUS spans over multiple OFDM symbols.
Information carried by LP-WUS
In general, the amount of information carried by LP-WUS shall be limited by the detection performance and amount of resource allocated for LP-WUS. Typically, a larger amount of information implies higher requirement on the signal design to reliably carry such information, e.g., with reasonable false alarm rate and mis-detection rate. Hence, RAN1 shall carefully determine the essential information carried by the LP-WUS, subject to the functionality of LP-WUS. 

First of all, to avoid waking up UEs in the whole network, the transmission of LP-WUS should not be in a SFN manner, and identification information shall be carried by the LP-WUS, which also implies the type of the signal as cell-specific, UE-group-specific, or UE-specific. The candidate identification information can be a cell ID, a UE ID, or a UE-group ID (e.g., group can be configured by the gNB or predetermined). 

Then, in order to support the synchronization functionality and RRM measurement, some timing information needs to be carried by the LP-WUS, wherein the timing information can be an OFDM symbol index, a slot index, or a frame index, depending on the use case and transmission pattern of the LP-WUS. After receiving the LP-WUS, the LR can acquire the basic timing information for synchronization, or timing information associated with the measurement sample. 

Moreover, when LP-WUS is used for explicit indication to trigger the operation of MR, such indication should be carried by the LP-WUS. After a UE receives the LP-WUS, it can determine whether to trigger the operation of MR based on the indication information. 

Lastly, depending on the further functionality of LP-WUS, additional information can be studied to be carried by the LP-WUS, such as indication on the modification of system information and/or paging information for RRC_IDLE or RRC_INACTIVE, or PDCCH configuration, cell DTX/DRX configuration, and/or skipping SPS-PDSCH reception for RRC_CONNECTED. For carrying such information, the trade-off between the payload size and detection performance shall be further investigated. 

The above information carried by LP-WUS can be all allocated in one transmission instance of LP-WUS, or can be separately carried by components of LP-WUS or partially carried by synchronization signal for LR. 

Proposal 6: Information carried by LP-WUS (and LP-SS if supported) can be studied, including:
· Identification (cell ID, UE ID, or UE-group ID);
· Timing information;
· Indication on whether MR is triggered to operate;
· Other information to support additional functionality such as system information modification indication, paging information.
4 Procedure for LP-WUS
4 
Synchronization for LR
After MR turns to ultra deep sleep mode, the synchronization between gNB and UE is fully relying on the LR. Based on the analysis of LR architecture, the time and frequency error of the LR can be much larger than the MR. Especially, when the MR operates in ultra deep sleep mode for a significantly large time (e.g., tens of seconds level), the accumulated time and frequency error at the LR can be even much larger than the one at the MR during initial access. Hence, LP-WUS or a dedicated signal to be received by the LR (e.g., LP-SS) shall serve for the synchronization functionality between the gNB and UE (using LR only), and RAN1 can further study the following options on the transmission pattern of such signal(s) (illustration of the options is shown in Figure 1). 

Option 1: A single signal supporting both synchronization and waking-up functionalities. In this option, the signal shall be transmitted periodically when LR is turned on, and all the information shall be carried by the LP-WUS. A UE may need to detect the signal in every transmission occasion, in order to determine whether the MR needs to be turned on or not. In this sense, the detection complexity of this option is relatively higher. 

Option 2: One transmission occasion includes two parts: LP-SS for synchronization and LP-WUS for wake-up indication. The transmission occasions occur periodically when LR is turned on, and the information can be carried separately by LP-SS and LP-WUS. A UE may also need to detect the signals in every transmission occasion, in order to determine whether the MR needs to be turned on or not. In this sense, the detection complexity of this option is similar to Option 1, in terms of the number of transmission occasions to monitor, however, the signal design of Option 2 can be easier considering the payload can be shared by two parts of signals. 

Option 3: Two types of signals – LP-SS to support synchronization and LP-WUS to support wake-up indication. The transmission occasions for LP-SS occur periodically when LR is turned on, and the transmission occasion for LP-WUS can occur periodically or on demand. A UE can rely on LP-SS to achieve synchronization with the gNB, and rely on LP-WUS to determine whether the MR needs to be turned on or not. The transmission occasions for LP-WUS can use different periodicity as the ones for LP-SS, in order to further save UE’s detection complexity. 

Proposal 7: Study different options or their combinations for supporting synchronization using LP-WUS and potentially LP-SS.
· Option 1: LP-WUS supporting both synchronization and waking-up functionalities;
· Option 2: Each transmission instance including two parts: LP-SS for synchronization and LP-WUS for wake-up indication;
· Option 3: Two types of signals: LP-SS for synchronization and LP-WUS for wake-up indication.


[bookmark: _Ref126833448]Figure 1 Illustration of options to support synchronization.
Triggering mechanism for LR
A general UE procedure for using LP-WUS is shown in Figure 2, wherein the procedure can be divided into 3 phases: triggering mechanism for LR (e.g., transition from operation using MR to LR), operation with LR, and triggering mechanism for MR (e.g., transition from operation using LR to MR). The 3 phases will be detailed in this sub-section and the following two sub-sections correspondingly. 


[bookmark: _Ref115252584]Figure 2 Illustration of procedure for LP-WUS.
First, a UE should be provided with a set of configurations for the LP-WUS, including at least its time, frequency and power domain information together with an identity for at least one reception occasion of the LP-WUS (LP-WUS RO), and also a trigger to allow the UE to transfer from using the MR for transmission and reception to using the LR for receiving LP-WUS. The trigger can be an explicit one, such as L1 signal or channel, or an implicit one based on timing information and/or measurement results. 

In particular, in order to avoid misalignment between the gNB and UE on which receiver is used, one or two confirmations can be transmitted by the MR to the gNB to confirm the successful reception of the trigger and LP-WUS (or LP-SS). For example, in RRC_CONNECTED, the first confirmation message can be transmitted from the MR to the gNB to confirm the successful reception of the trigger by the MR, and the second confirmation message can be transmitted from the MR to the gNB to confirm the successful reception of the LP-WUS by the LR. After the handshake procedure, the gNB and the UE build up a reliable common understanding on the use of MR or LR to avoid missing transmission or reception between the gNB and the UE. If the gNB misses any of the confirmation messages, the gNB can retransmit the corresponding trigger or LP-WUS until the confirmation message is received. An illustration of this procedure is shown in Figure 3. 

Meanwhile, the timeline aspect of the triggering procedure should also be investigated in RAN1, including the delay on processing remaining signal and channel on the MR and the delay on preparation for triggering the use of the LR, taking into account the potential round-trip waiting time for confirmation message(s) as shown in Figure 3. 




[bookmark: _Ref126843091]Figure 3 Illustration of confirmation procedure for triggering the LR. 
Proposal 8: Study explicit and implicit triggering mechanisms for the LR, and potential confirmation message(s) from the MR to the gNB.
DRX operation for LR
After the LR is triggered, the LR operates to try to maintain synchronization with the gNB and receive the LP-WUS from the gNB. For this procedure, two options were agreed for further consideration. To further save the power at the LR, the reception occasions for LP-WUS (and potentially LP-SS) shall be allocated non-contiguously in the time domain when the LR is turned on, in order to save power for using the LR. More precisely, the LR can operate in a DRX manner, wherein the period between two neighboring reception occasions, the offset for the first reception occasion, and the duration for each reception occasion can be configured by the gNB. Such configuration can be delivered to the UE by the MR before the MR is turned to sleep mode, for example, by system information for RRC_IDLE and RRC_INACTIVE, or by dedicated RRC parameter for RRC_CONNECTED. An illustration of the DRX operation for the LR is shown in Figure 4. 



[bookmark: _Ref126845834]Figure 4 Illustration of the DRX operation for the LR. 
Proposal 9: Study DRX operation for the LR, wherein the DRX configuration can be provided to the UE by system information or dedicated RRC parameter.
Triggering mechanism for MR
In one aspect, when DL traffic arrives, the gNB can trigger the use of MR using an explicit trigger. For example, the explicit trigger can be carried by the LP-WUS, and when the UE receives the LP-WUS by the LR, the UE can determine to turn off the use of LR and start to turn on the MR. 

In another aspect, the UE can autonomously trigger the use of MR based on its own decision, e.g., when UL traffic arrives, when a timer on using the MR expires, when missing the receptions of LP-WUS for a duration, or when the RRM measurement result shows bad performance. This type of triggering mechanism can also be considered as a fallback procedure to prevent the UE from eternal operating using the LR. 

For either triggering mechanism, after the MR is triggered, there can be a confirmation message sent from the MR to the gNB (e.g., at least for RRC_CONNECTED), indicating the transition from using the LR to the MR. An illustration of this procedure is shown in Figure 5. 



[bookmark: _Ref126846971]Figure 5 Illustration of confirmation procedure for triggering the MR.
Similar to triggering the LR, the timeline aspect of the triggering procedure for MR should also be investigated in RAN1, including processing delay at LR to deal with the remaining operations, and a preparation delay at the MR to warm up and get synchronization with the gNB.

Proposal 10: Study explicit and implicit triggering mechanisms for the MR, and potential confirmation message from the MR to the gNB.
RRM measurement at LR
When the LR is turned on and the MR is expected to operate with very low power (e.g., ultra deep sleep mode), and RRM measurement using MR may not be feasible. In such case, it’s beneficial to perform RRM measurement using LR to avoid losing track of radio quality monitoring. Depending on the structure of LP-WUS and LP-SS (if supported), the signals that are able to be received by the LR can all be considered for RRM measurement purpose. Legacy criterion for utilizing the measurement result (e.g., cell selection, cell reselection) can be taken as a baseline, with potential enhancement considering the measurement quality difference between using the MR and the LR, the signal transmission power difference between legacy RS (e.g., SSS) and LP-WUS/LP-SS, as well as the sensitivity level difference between the MR and the LR. 

LP-WUS/LP-SS based serving cell RRM measurement should be considered as the baseline, such that the serving cell quality can maintain to be on track even when the MR is in the sleep mode, and LP-WUS/LP-SS based neighboring cell RRM measurement can also be studied, such that cell reselection or handover procedure can be supported without turning on the MR. 

The RRM measurement result based on LP-WUS/LP-SS can be utilized for determining whether to triggering the MR, as described in the previous sub-section.  

Proposal 11: Study LP-WUS/LP-SS based RRM measurement by the LR, for both serving cell RRM measurement and neighboring cell RRM measurement.
RRM measurement at MR
Based on the current RRM measurement performed by the MR, the serving cell should be measured and the cell selection criterion should be evaluated at least once every DRX cycle. In this sense, if no enhancement on the RRM measurement requirement is supported, the MR needs to wake up at least once to perform the serving cell RRM measurement in every DRX cycle. Considering the large transition time and delay for waking up the MR, the benefit from using the LR could be minor or even negative. 

To resolve the issue, a possible solution could be re-define the RRM measurement requirement when the UE is implemented with a LR. For example, in such scenario, the requirement can be relaxed to at least one measurement sample per multiple DRX cycle when the MR operates with low power, or be relaxed such that measurement samples are only obtained when the MR is active, or be relaxed such that the measurement sample can be obtained from the LR when LR is turned on.  

Proposal 12: Study relaxation of RRM measurement requirement by the MR, such that the MR is not required to perform RRM measurement when it operates with low power.
5 Conclusion
The proposals made in this contribution are summarized below: 
Proposal 1: Prioritize FR1 in the study, from RAN1 perspective.

Proposal 2: LP-WUS located in a band separate from the UE’s NR band is not precluded, and for in-band operation, power boosting of LP-WUS is feasible, from RAN1 perspective.

Proposal 3: For LP-WUS waveform, deprioritize MC-FSK if no significant performance gain is observed.

Proposal 4: For LP-WUS numerology:
· Different subcarrier spacing is only applicable to MC-OOK and MC-FSK based waveforms;
· Candidate subcarrier spacings for LP-WUS are 15 kHz, 30 kHz, 60 kHz, and 120 kHz, for FR1;
· Extended CP is not supported.

Proposal 5: For resource allocation of LP-WUS:
· Frequency location of LP-WUS shall be flexible;
· FDM and TDM with other signal(s) and channel(s) shall be supported;
· BW of LP-WUS is fixed as a number of RBs;
· Potential CP rejection at the receiver should be addressed, when LP-WUS spans over multiple OFDM symbols.

Proposal 6: Information carried by LP-WUS (and LP-SS if supported) can be studied, including:
· Identification (cell ID, UE ID, or UE-group ID);
· Timing information;
· Indication on whether MR is triggered to operate;
· Other information to support additional functionality such as system information modification indication, paging information.

Proposal 7: Study different options or their combinations for supporting synchronization using LP-WUS and potentially LP-SS.
· Option 1: LP-WUS supporting both synchronization and waking-up functionalities;
· Option 2: Each transmission instance including two parts: LP-SS for synchronization and LP-WUS for wake-up indication;
· Option 3: Two types of signals: LP-SS for synchronization and LP-WUS for wake-up indication.

Proposal 8: Study explicit and implicit triggering mechanisms for the LR, and potential confirmation message(s) from the MR to the gNB.

Proposal 9: Study DRX operation for the LR, wherein the DRX configuration can be provided to the UE by system information or dedicated RRC parameter.

Proposal 10: Study explicit and implicit triggering mechanisms for the MR, and potential confirmation message from the MR to the gNB.

Proposal 11: Study LP-WUS/LP-SS based RRM measurement by the LR, for both serving cell RRM measurement and neighboring cell RRM measurement.

Proposal 12: Study relaxation of RRM measurement requirement by the MR, such that the MR is not required to perform RRM measurement when it operates with low power.
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Appendix
Agreement
For MC-ASK waveform generation, where K is size of iFFT of CP-OFDMA, N is number of SCs used by LP-WUS including potential guard-bands, study further 
· Option OOK-1: Single-bit in 1 OFDM symbol, SCs of LP-WUS are 
· OOK=1 means all SCs are modulated
· OOK=0 means all SCs are zero power (from base-band point of view)
[image: ]
· Option OOK-2: Parallel M-bit OOK in frequency domain, 
· N SCs of LP-WUS is further separated into M segments (M=2 in Figure) possibly with guard-bands in-between and/or around 
· OOK=1 means all SCs in segment are modulated
· OOK=0 means all SCs in segment are zero power (from base-band point of view)
· FFS architecture.
[image: ]
· Option OOK-3: Multi-tone single-bit OOK
· N SCs of LP-WUS is separated into L segments (L=2 on Figure) without guard-bands in-between segment, but possibly around
· OOK=1 means 1 sub-carrier (known by UE) of each segment is modulated, rest of SC is zero power (from base-band point of view)
· OOK=0 means all SCs in all segments are zero power (from base-band point of view)
· FFS architecture
[image: ]
· Option OOK-4: Transform M-bit OOK in time domain 
· N SCs of OOK-1 are generated by a transformation (DFT/Least square)
· N’ samples are generated from M-bits 
· signal modification may or may NOT be used
· truncation or other additional modification may or may NOT be used, if not used, N is the same as N’
· N’ can be the same as K

[image: ]
· FFS modulated SCs are e.g. QAM symbols, sequences or other signals 
· Companies to report their assumptions
· potential guard-band SCs are zero power (from base-band point of view)
· [optionally, 2 additional segments, one always modulated and one always zero power (from base-band point of view) can be transmitted]
· Other options are not precluded (e.g. OOK-1 with multiple bits in one OFDM symbol)

Agreement
Study synchronisation signal used by LP-WUR, if needed, based on 
· Option 1: aperiodic signal transmitted as part of LP-WUS
· FFS: Whether the signal can additionally be transmitted separately from LP-WUS 
· Option 2: periodic signal transmitted separately from LP-WUS
· Option 3: Option1 + Option2

Agreement
For M-bit MC-FSK generation study further the following options
· Option FSK-1: N SCs of LP-WUS are separated to M pairs of segments with potential guard-bands in-between and around. 
· segment comprises one sub-carrier or multiple contiguous SCs
· in a pair of segments one segment is modulated, other segment is zero power (from base-band point of view)
· Option FSK-2: N SCs of LP-WUS are separated to 2^M segments with potential guard-bands in-between and around.
· segment comprises one sub-carrier or multiple contiguous SCs
· one segment from 2^M segments is modulated, other segments of SCs are zero power (from base-band point of view)
· M >0
· N >1
· Study how to generate segment in time domain, e.g. OOK-1 or OOK-4 
· Other options are not precluded.

Agreement
For MC-ASK or MC-FSK waveform generation, SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as SCS used for other NR transmissions in CP-OFDM symbol overlapping in time with, study whether SCS can be different, also study
· FDM/TDM multiplexing with other NR transmissions
· link performance 
· impact to legacy UEs
· impact on gNB 

Agreement
Study further pros and cons of the following monitoring behaviors of LP-WUR
· Option1: Duty cycle, corresponds to LP-WUR switches between ON/OFF states 
· Option2: Continuous monitoring, corresponds to LP-WUR is ON all the time 

Agreement
Study potential measurement metric used for RRM measurements performed by LP-WUR. 
· examples of measurement metric are signal quality, signal power, detection rate of LP-WUS/synch signal
· companies to report assumption of signal used for measurements

Agreement
· When evaluating and/or comparing link performance of MC-ASK, MC-FSK, and CP-OFDMA waveforms of LP-WUS at least
· raw information bit-size
· [time/frequency resources (including any guard bands), if applicable]
· [total energy of LP-WUS across the time/frequency resources]
· FFS: false alarm probability/rate
· FFS: misdetection probability/rate
               are kept [comparable or fixed]. Study at least
· impact of timing error
· impact of frequency error
· impact of phase noise and I/Q imbalance, if applicable
· impact of ADC resolution and sampling rate
· impact of interference
· impact of delay spread
· impact of doppler spread
· Companies to report
· how they modelled SINR
· time/frequency resources (including any guard bands) for the scheme
· false alarm probability/rate and misdetection probability/rate
· power consumption of the MR if false alarm probability/rate not fixed across MC-ASK, MC-FSK, and CP-OFDMA waveforms
· When comparing waveforms of LP-WUS, consider the impact to gNB for each of the waveform generation schemes. Consider whether there is impact to PAPR and a need for additional hardware for WUS.
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