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1 Introduction

Low power wake up signal is proposed and agreed to be studied in R18. For L1 signal design and procedures, the agreements made in last R1 #112b meeting can see in Appendix.
In this contribution, we discuss some issues on L1 signal design and procedure for low power WUS.  
2 Discussion
2.1 Synchronization between LP WUR and gNB
According to previously discussion, LP-WUS signal is very possible to be a multi-symbol signal, if MC-ASK(OOK)/MC-FSK adopted. To increase detection performance, LP WUR should have synchronization with gNB before LP WUS reception. In last meeting, we have the following 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
For Option 1, synchronization signal is provided by aperiodic signal as part of LP-WUS. In this case, gNB can transmit LP WUS any time (should be aligned with the symbol boundary) as needed, and every time gNB transmits LP WUS, the synchronization signal is prefixed as an preamble. gNB can get symbol-level synchronization, but not the SFN/slot index/ OFDM symbol index, based on the synchronization signal before actual LP WUS reception.  As to the FFS, we are not sure about the motivation that aperiodical synchronization signal is transmitted separately from LP WUS, and how would UE acquire synchronization to detect LP WUS based on only aperiodic signal transmitted separately from LP-WUS.
In Option 1, no periodical synchronization signal is needed thus reducing resource overhead, but LP WUR should monitor LP WUS by an always on manner since it has no timing information. More power consumption is expected for LP WUR.
For Option 2, gNB provides periodical synchronization signals for LP WUR transmitted separately from LP-WUS. The LP WUR should have the ability to detect the synchronization signal and LP WUS, and also have the ability to stay synchronized for a period, which put some requirement on the LP WUR architecture. To reduce UE complexity, it is better to have the same modulation scheme for both the synchronization signal and LP WUS. Another point to be noted is, the periodicity of the synchronization signals for LP WUR does not need to be as dense as SSB, since UE has already got fine synchronization by SSB on the main radio, UE can ‘pass’ this synchronization state to the LP WUR when UE switches from main radio to LP WUR. So the LP WUR can be regard as synchronized at the initial state and only needs to be recalibrated periodically, which typically requires less dense synchronization signals.   
With periodical synchronization signals for LP WUR, UE grouping by LP WUS can be done by different time domain resource allocation, besides the UE subgroup bitmap directly carried in LP WUS, similar as the current PO/PF for paging grouping. Different UE group will correspond to different LP WUS monitoring occasion, and UE’s LP WUR can monitor LP WUS by DRX manner instead of always on manner, which means more power saving gain for LP WUR. 
Another advantage of Option 1 is shorter synchronization time for UE main radio’s transition to active mode. Normally, UE main radio needs 3~5 SSBs to get fine synchronization after UE power on, but if LP WUR is already synchronized with gNB, maybe at lightly coarser granularity than main radio’s requirement, LP WUR can ‘pass’ this synchronization state to main radio when the main radio is waken up. UE ‘s main radio may only need to listen to one SSB to get fine synchronization, which can largely reduce the time cost for main radio synchronization.

For Option 3, it is a combination of Option 1 and Option 2, it can provide every advantage that Option 2 has, but the aperiodical synchronization signal transmitted alongside LP WUS seems redundant and cause higher overhead, and we are not clear about the extra benefit it can bring. 
Based on the above analysis, we prefer Option 2, since it provides more possibility for LP WUS design and better performance can be expected also with reasonable resource overhead. 
Proposal 1: Support periodical synchronization signals for synchronization between LP WUR and gNB. 

Since it is better to keep an simple architecture of the LP WUR, the periodicity synchronization signal applied on LP WUR (LP-SS) needs to have same modulation/detection method as LP WUS, so that the same architecture of the LP WUR can be applied to both signals. 
Proposal 2: LP-SS should have same modulation/detection method as LP WUS to keep the simplicity of the architecture for LP WUR.
2.2 Bandwidth of LP WUS

Bandwidth of LP WUS was discussed and had an initial agreement that the BW of one LP-WUS is not greater than X (FFS X is 5 or 20) MHz for FR1. Intuitively, larger bandwidth would increase the LP WUS coverage and detection performance, but on the other hand will increase resource overhead and also difficulties of coexistence with legacy channels. From our understanding, the bandwidth needed for LP WUS relates to the modulation scheme or the structure of LP WUS. For each possible generation method, i.e, MC-ASK(OOK)/ MC-FSK/ sequence based signal as agreed in last meeting, the bandwidth actually needed can be different and should be justified by link level simulation. But anyhow, the frequency resource occupied by LP WUS can not be too large to cause coexistence issues, from our view, at least for non-parallel LP WUS channel, bandwidth not greater than 5MHz is quiet enough for MC-OOK modulation. 
Proposal 3: Support BW of LP-WUS is not greater than 5 MHz for FR1
Bandwidth of LP WUS can also be configurable, considering different network deployment requires different LP WUS coverage. For example, for small cell deployment, BW of LP WUS can be comparatively smaller since a small bandwidth can already satisfy the coverage and detection performance requirement, while as for Macro cell deployment, the required bandwidth for LP WUS would be larger. And based on similar reason, we think the BW of LP WUS for RRC idle/inactive and RRC connected can also be different and configured separately, because for LP WUS for RRC idle/inactive state should aim to guarantee whole cell coverage, or achieve coverage as large as possible, so the required BW should be larger, while as for RRC connected, LP WUS is devoted to certain UE or UE group, and the LP WUS BW can be decided by the location or channel state of the target UE or UE group
Proposal 4: Support BW of LP-WUS is configurable, and support LP WUS BW being different for RRC idle/inactive and RRC connected states.
2.3 Information carried in LP WUS
In last RAN #112b meeting, it was agreed that for both RRC idle/inactive and RRC connected UE, information on which user(s) is/are targeted by the LP-WUS, such as UE-group, -subgroup or -ID, should be carried by LP WUS. 
UE grouping is an essential feature for LP WUS to reduce false alarm and also reduce power consumption. UE group information should be carried in LP WUS. How to do UE grouping is also related to the synchronization method between LP WUR and gNB. If LP WUR is synchronized by periodical synchronization signals, there are two alternatives. Alt 1, Configure multiple LP WUS monitoring occasions within a LP WUS cycle, each monitoring occasion corresponds to one UE group, similar as the time domain UE grouping by PO. Alt 2, Encoding UE group ID in LP WUS, similar as in PEI (DCI 2-7), directing indicating multiple bits mapping to multiple UE groups. And the two alternatives can be combined, that is, for each LP WUS monitoring occasion mentioned in Alt 1, the transmitted LP WUS signal carries multiple bits mapping to multiple UE sub-groups. If synchronization is done by aperiodical synchronization signal transmitted alongside LP WUS, Alt 1 is not applicable, since LP WUR maintains no SFN/slot index/ OFDM symbol index information, and Alt 2 can be used. 
Proposal 5: For UE grouping, two alternatives, and their combination, can be considered,

Alt 1, Configure multiple LP WUS monitoring occasions within a LP WUS cycle, each MO maps to one UE group,
Alt 2, Encoding UE group ID in LP WUS.

However, with UE grouping, false alarm still exists. To totally avoid false alarm, and also improve power saving gain largely, is to directly carry the specific UE ID. This solution is suitable when there is only one or a few UEs are targeted. For example, if there is only one UE to be paged, LP WUS can indicate the UE ID, and the target UE can wake up its MR and directly do initial access process without decoding the paging PDSCH. 
But considering the UE ID contains too many bits, for example, 48 bits TMSI, LP WUS can at most indicate one UE ID. A possible solution that can be applied in RRC connected mode LP WUS, is to use an unique UE ID, at least unique within the cell’s coverage, configured by gNB. The bit length of the unique UE ID can be much less than TMSI, for example,12 btis. With the shorten length of UE ID, more UE IDs can be carried. But if there are too many UEs to be targeted, UE group/sub-group ID has to be used.
Observation 1: Carrying UE ID in LP WUS is suitable when there is only one or a few UEs are targeted.
Proposal 6: UE ID with shorten bit length can be configured by gNB, which facilitates more UE IDs carried in LP WUS for RRC connected mode.
One way to combine the advantages of both UE ID and UE group ID is to dynamically chose whether to carry UE ID or UE group ID in this LP WUS. There can be an bit field in LP WUS to indicated whether UE ID or UE group ID are carried in this LP WUS signal. When there is only one or a few UE to target, the bit field can indicate UE ID is carried, otherwise, the bit field can indicate UE group ID is carried. Through this dynamic indication, false alarm rate can be reduced as much as possible.
Proposal 7: Support dynamic indication in LP WUS to indicate whether UE ID or UE ID is carried. 
2.4 Coverage of LP WUS
LP WUR requires ultra-low power consumption, which can only be realized by simpler LP WUS detection method and simpler receiver architecture, and this would cause worse RF sensitivity than UE’s main radio and meanwhile, worse coverage of LP WUS. If coverage of LP WUS, as well as the periodical LP-SS, is the whole cell, the advantages are very obvious, Firstly, it will provide the possibility for UE to do both serving cell and neighbour cell RRM measurement based on LP-SS by LP WUR, which is much more power saving compared to RRM measurement by MR. And additionally, both cell centre and cell edge UEs, rather than only cell centre UE, can benefit from LP WUS mechanism.
To have larger coverage, there should be some enhancement schemes. One way is to enhance Tx power for LP WUS. This solution is suitable if the LP WUS is configured on a dedicated frequency channel rather than on the frequency for legacy channels, otherwise it may cause intra-cell and inter-cell interference. Another scheme is to consider robust channel coding with better detection performance such as repeating/ Manchester coding. The simulation result of Manchester coding with 0.5 rate is provided in [2], it shows that Manchester encoded LP WUS has slightly worse performance than PUSCH Msg3 but better that PUSCH. However, compared to PDCCH, there is still a huge gap.
Observation 2: Manchester encoded LP WUS has slightly worse performance than PUSCH Msg3 but better that PUSCH. However, compared to PDCCH, there is still a huge gap.
Although Manchester encoding can guarantee the performance of LP WUS to a certain extent, it will lead to the increase of time domain resource overhead, especially in the case of low code rate setting. To reduce the overhead, reference part can be considered. Similar as Manchester coding, whether the LP WUS symbol is ON or OFF is determined by the difference between the reference domain symbol and LP WUS symbol. the simulation results of the reference domain are provided in [2] and it shows about 2dB detection performance loss but 40% reduction in resource overhead.
Proposal 8: Time domain reference symbols can be considered to reach a good balance of detection performance and resource overhead.
Achieving whole cell coverage as PDCCH maybe quite difficult, but it is benefit to increase LP WUS coverage as large as possible. Without whole cell coverage, neighbour cell RRM measurement by LP WUR may not be feasible, but UE can get more power saving gain from serving cell RRM measurement by LP WUR with larger coverage, and more UEs will be able to benefit from LP WUS mechanism.

Observation 3: Although achieving whole cell coverage as PDCCH is difficult, it is benefit to increase LP WUS coverage as large as possible.
2.5 Mobility based on LP WUS
For UE in RRC idle/inactive mode, UE has to do intra-cell measurement and/or inter-cell measurement periodically for cell selection/re-selection. And it would be very power saving to allow MR in ultra deep sleep in most of the time and let the LP WUR do, at least part of, RRM measurement. To support RRM measurement, a periodical reference signal for LP WUR, such as LP -SS, is needed, otherwise UE has nothing to measure at all.

Proposal 9: Support a periodical reference signal, such as LP-SS for RRM measurement for RRC idle/inactive UE.
For UE in RRC connected mode, UE has to do RRM measurement periodically. And in last R#112b meeting, it is agreed that RRM measurement for RRC idle mode can be done by MR and FFS by LP WUR. From our view, if it is supported to do RRM measurement by LP WUR in RRC idle/inactive mode, then the UE should also to able to do RRM measurement by LP WUR in RRC connected mode if the measured periodical reference signal for LP WUR, such as LP -SS, is still available.
Proposal 10: RRM measurement by LP WUR for RRC connected UE should also be supported if that for RRC idle/inactive UE is supported.
If the coverage of the periodical RS for RRM, which should be similar as the coverage of LP WUS, is only cell centre, then inter-cell measurement is not possible and intra-cell measurement is also restricted in cell centre. For example, if LP WUR can support intra-cell measurement by LP WUR, UE does not need to switch to main radio when intra-cell measurement results satisfy requirement. And when the measured RSRP is lower than a certain threshold, than MR can be woke up for RRM measurement. If the coverage of the periodical RS for RRM is the whole cell, then both intra-cell and inter-cell measurement are possible. Another issue to be noted is that since the simplicity of architecture, LP WUR may not be able to do inter-frequency measurement, so even the LP WUS coverage is enough to support inter cell measurement, it may only be restricted to intra-frequency measurement.
Observation 4: With whole cell coverage of LP WUS, both intra-cell and inter-cell RRM measurement are possible；While with cell centre center coverage, only intra-cell RRM measurement can be supported.
Observation 5: Inter cell RRM measurement by LP WUR may only be restricted to intra-frequency measurement.
2.6 Paging enhancement
To save more power, it’s better to let UE’s main radio in a deep sleep mode for RRC idle state and use LP WUS to wake up UE’s main radio when paging message needs to ne transmitted. The warm up time for UE’s main radio in deep sleep can be as long as hundreds of millisecond. After main radio wake up, it will wait until its corresponding PO to monitor paging DCI. Since the paging cycle can be configured from 320ms~2560ms, it is possible the UE has to wait another several hundred millisecond to get the paging DCI. An example is shown by Fig.1.
To reduce the overall latency, paging mechanism can be enhanced. For the enhanced paging, periodical resources are allocated for the paging search space, but no PO/PF nor DRX cycle is defined. UE can directly monitor the nearest one or more PDCCH monitoring occasion from the paging search space after it is woken up by LP WUS. As shown in Fig.2. It can be seen that, with enhanced paging mechanism, the overall paging latency can be reduced.
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Fig.1  Case 1, LP WUS and legacy paging mechanism
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Fig.2   Case 2, LP WUS and enhanced paging mechanism
Proposal 11: Enhanced paging mechanism can be studied to reduce overall latency.
3 Conclusions

In this contribution, we propose the followings:
Proposal 1: Support periodical synchronization signals for synchronization between LP WUR and gNB. 

Proposal 2: LP-SS should have same modulation/detection method as LP WUS to keep the simplicity of the architecture for LP WUR.
Proposal 3: Support BW of LP-WUS is not greater than 5 MHz for FR1
Proposal 4: Support BW of LP-WUS is configurable, and support LP WUS BW being different for RRC idle/inactive and RRC connected states.
Proposal 5: For UE grouping, two alternatives, and their combination, can be considered,

Alt 1, Configure multiple LP WUS monitoring occasions within a LP WUS cycle, each MO maps to one UE group,
Alt 2, Encoding UE group ID in LP WUS.

Observation 1: Carrying UE ID in LP WUS is suitable when there is only one or a few UEs are targeted.
Proposal 6: UE ID with shorten bit length can be configured by gNB, which facilitates more UE IDs carried in LP WUS for RRC connected mode.
Proposal 7: Support dynamic indication in LP WUS to indicate whether UE ID or UE ID is carried. 

Observation 2: Manchester encoded LP WUS has slightly worse performance than PUSCH Msg3 but better that PUSCH. However, compared to PDCCH, there is still a huge gap.
Proposal 8: Time domain reference symbols can be considered to reach a good balance of detection performance and resource overhead.
Observation 3: Although achieving whole cell coverage as PDCCH is difficult, it is benefit to increase LP WUS coverage as large as possible.
Proposal 9: Support a periodical reference signal, such as LP-SS for RRM measurement for RRC idle/inactive UE.
Proposal 10: RRM measurement by LP WUR for RRC connected UE should also be supported if that for RRC idle/inactive UE is supported.
Observation 4: With whole cell coverage of LP WUS, both intra-cell and inter-cell RRM measurement are possible；While with cell centre center coverage, only intra-cell RRM measurement can be supported.
Observation 5: Inter cell RRM measurement by LP WUR may only be restricted to intra-frequency measurement.
Proposal 11: Enhanced paging mechanism can be studied to reduce overall latency.
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Appendix

Agreement

· Capture in TR: From RAN1 perspective, LP-WUS and signals/channels used by MR can be within the same FR1 band.
· At least LP-WUS and signals/channels by MR can be on the same carrier in the band

· Study further 
· Whether LP-WUS and signals/channels used by MR can be different carriers in the band 

· Details on the LP-WUS location within a carrier

· Whether LP-WUS is applicable for TDD / FDD (with full duplex operation)

· Band can be different than band of signals/channels used by MR

· LP-WUS association with BWP

· LP-WUS can be configurable within guard-band of a band (like NB-IoT)

R1-2304144
Summary#3 of discussions on L1 signal design and procedure for low power WUS
Moderator (Nordic Semiconductor ASA)

From April 24th GTW session

Agreement

Update the RAN1#112 agreement as the following:

· [time/frequency resources (including any guard bands), if applicable]

· [total energy of LP-WUS across the time/frequency resources]
For Working assumption in place of the above deleted bullets:
· Alt 1:

· average EPRE within the [time]/frequency resources used for LP-WUS (including any guard bands)
· time/frequency resources used for LP-WUS (including any guard bands)

· Alt 2:

· average EPRE within the [time]/frequency resources used for LP-WUS (including any guard bands)

· SNR is calculated as average EPRE divided by power of noise [and interference].
· Companies to report whether and how power pooling across and within MR OFDMA symbols is used.

· FFS: PAPR applicable to LP-WUS

Agreement

Replace in RAN1#112 agreement
Companies to report

· power consumption of the MR if false alarm probability/rate not fixed across MC-ASK, MC-FSK, and CP-OFDMA waveforms
with 

· receiver architecture type and its relative power consumption
Agreement

· For IDLE/INACTIVE mode study at least following candidates for content of LP-WUS

· information on which user(s) is/are targeted by the LP-WUS

· e.g. UE-group, -subgroup or -ID

· FFS: cell information 
· FFS: SI change and ETWS/CMAS information, tracking area information, and RAN area information
· For CONNECTED mode, study at least following candidates for content of LP-WUS

· information on which user(s) is/are targeted by the LP-WUS

· e.g UE-group, -subgroup or -ID

· indication to wake-up to PDCCH monitoring.

· Other information candidates are not precluded

· Study pros and cons of including above information to LP-WUS. 

· Note: the information may be explicitly or implicitly indicated.
Agreement

· For RRC connected mode, the following is assumed for LP-WUS study in RAN1

· RLM/BFD/CSI are performed by UE Main Radio (MR) 

· RRM measurements are performed by UE Main Radio (MR)

· Ultra-deep sleep state is not allowed for MR.

· Study additional support of RRM measurement by LP-WUR for RRC connected mode

· Study RRC connected mode LP-WUS functionality/purpose/procedures

· Study RRC connected mode LP-WUS activation/deactivation procedures.

· Study RRC connected mode LP-WUS BW, whether same as IDLE/Inactive mode or different 

· In RRC connected, study the relationship between LP-WUS and legacy UE power saving techniques.

Agreement

· Study further following alternatives to carry the LP-WUS information using: 

· Alt 1: by sequence(s) detection/selection  

· FFS sequence type
· Alt 2: by encoded bits 

· FFS: what type of encoding scheme
· FFS: with or without other bits (e.g. CRC/FCS)
· Other alternatives are not precluded
· Study whether LP-WUS information needs to be preceded by known one or more sequence(s).
Agreement

At least for IDLE/Inactive mode, at least one BW-size <=5MHz is recommended to be supported for FR1
· Other BW sizes are not precluded
· if additional BW-size(s) are recommended to be supported, BW-size can be up to 20MHz
· LP-WUS bandwidth size (including guard-bands) is assumed to be an integer number of PRBs
Agreement

Study further methods to modulate input signal of the DFT/Least-Square block for OOK-4, and methods to modulate input signal of N SCs for other MC-ASK/FSK schemes
· study methods with respect to 

· improving frequency diversity by flattening the spectrum, frequency repetition and frequency hopping
· impact to dynamic range of RE power in frequency domain
· FFS: impact to PAPR of generated time domain modulated MC-ASK/FSK symbol
· improving robustness to timing error necessary spectrum adjustment for compatibility with CP-OFDM generation
Agreement

· Study techniques/mechanisms to enhance coverage performance of LP-WUS
· Study potential gains available as well as drawback(s) of the technique(s)/mechanisms(s), e.g. system overhead, increased complexity network energy consumption etc…
· Study potential issues and corresponding solutions for the case when LP-WUS coverage is insufficient 
· At least study fallback mechanisms where the Main Radio switches to legacy operation in case the channel condition of LP-WUS is not sufficient, e.g. below threshold.
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