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Introduction
In RAN #102 meeting, R19 LP WUS WI is approved and in RAN 1# 116b meeting, the following agreements are achieved [1],
	Agreement
For multi-beam operation of LP-WUS, UE assumes the same LP-WUS information payload is repeated in all transmitted beams corresponding to LP-WUS 
· the selection of the beam(s) for the reception of the LP-WUS is up to UE implementation 

Agreement
Each LO consists of N * K LP-WUS MOs, where N is the number of beams corresponding to LP-WUS, and K is the number of LP-WUS MOs for each beam.
· Option 1: K = 1 
· Option 2: K can be larger than or equal to 1
· FFS if more than 1 LP-WUS is transmitted from the same beam, whether the information in these multiple LP-WUS is always the same or can be different

Agreement
From RAN1 perspective, at least the following metrics can be supported for RRM serving cell measurement performed by OOK-based receiver based on LP-SS:
· LP-RSRP
· LP-RSRP is the linear average of received power of LP-SS in OOK ON symbols.
· FFS: How to determine the received power of LP-SS in OOK ON symbols
· LP-RSRQ
· LP-RSRQ = LP-RSRP/LP-RSSI
· For the definition of LP-RSSI for determination of LP-RSRQ, further consider the following options:
· Option 1: LP-RSSI is the linear average of total received power in all LP-SS OOK symbols.
· Option 2: LP-RSSI is the linear average of total received power in LP-SS OOK OFF symbols.
· Option 3: LP-RSSI is the linear average of total received power in LP-SS OOK ON symbols.
· FFS: LP-SINR, Power ratio of OOK-ON symbol and OOK-OFF symbol
Note: RAN1 will send an LS to RAN2 and RAN4 on the measurement metrics that can be supported from RAN1 perspective, to facilitate RAN2/RAN4 discussions. The exact metrics for OOK-based receiver to be used and defined in the specifications depend on the outcome of [RAN1]/RAN2/RAN4 discussions.

Working Assumption
From RAN1 perspective, for the entry/exit conditions for LP-WUS monitoring in IDLE/inactive mode,
· The UE may start LP-WUS monitoring if
· the serving cell measurement performed by the MR is above entry threshold(s), if configured by the gNB, and/or
· FFS other conditions, and if any, whether all or one or some of the conditions need to be satisfied
· If UE starts LP-WUS monitoring, it may stop the legacy PO monitoring before UE receives LP-WUS indicating wake-up
· The UE monitors the legacy PO (and may monitor PEI) and may stop LP-WUS monitoring if
· the serving cell measurement performed by the LR is below exit threshold(s), if configured by the gNB, and/or
· FFS other conditions, and if any, whether all or one or some of the conditions need to be satisfied
· FFS the serving cell measurement metrics
· The entry/exit thresholds can be configured separately for different types of LR
· It is left to RAN2 discussion whether the threshold(s) are always configured by the gNB. 
· Note: This may be revisited based on the RAN2/RAN4 discussion.

Conclusion
LP-SINR is not considered further as a metric for RRM serving cell measurement for OOK-based receiver.


In the following, we provide some discussions on LP-WUS operation in IDLEINACTIVE modes.
Configuration of LP-WUS/ LP-SS
LP-WUS/LP-SS for RRC idle/inactive modes are cell common signals, and the configuration information can be carried in SIB for broadcasting. The configuration of LP-WUS/LP-SS includes at least frequency location, bandwidth, time domain resources and power offset.
Frequency location
In R18 SI, it was agreed that at least LP-WUS and signals/channels by MR can be on the same carrier in the band, and further study whether LP-WUS and signals/channels used by MR can be different carriers or different bands. How to configure the frequency location may up to gNB deployment flexibility. But besides network flexibility, UE LP WUR capability should also be considered. LP WUR has much lower cost and lower complexity compared to MR, and its hardware may not be able to support as many bands as MR. It is possible and even necessary to support the case when LP-WUS/LP-SS and signals/channels used by MR can be on different carriers or different bands. The detailed LP WUR supporting bands requirement is up to RAN4 to decide. 
Proposal 1: Restricted by LP WUR capability, LP-WUS/LP-SS and signals/channels used by MR can be on different carriers or different bands.
Proposal 2: The detailed LP WUR supporting bands requirement is up to RAN4 to decide.
Bandwidth
Bandwidth of LP WUS was discussed in R18 SI 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. The gain mainly comes from increased frequency diversity, which will be saturated after the bandwidth is sufficiently large. On the other hand, a larger bandwidth may increase resource overhead and also difficulties of coexistence with legacy channels. The coverage target is to achieve similar coverage performance as PUSCH Msg 3. From our simulation in [2], when the allocated bandwidth increased to 12RB with SCS 30kHz, the coverage target will be met. Thus bandwidth not greater than 5MHz is quite enough for MC-OOK modulation. To reduce the complexity, it is generally preferred that LP-SS uses the same  bandwidth as LP-WUS.
Proposal 3: Support BW of LP-WUS/LP-SS 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, 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.
Time domain resources
Beam sweeping pattern should be considered for LP-SS and LP WUS. The periodicity of LP-SS/LP-WUS should be an integer multiple of the SSB periodicity and the sweeping pattern should be aligned with the SSB/CORESET 0 beam sweeping pattern, allowing for the transmission of LP-SS and SSB using the same beam.
Proposal 5: Support beam sweeping pattern of LP-WUS.
Power offset
Power boosting can be considered for coverage enhancement of LP-WUS/LP-SS, and the power offset  of LP-SS/LP-WUS compared to the power of SSB can be configured for better/sufficient link performance of LP-SS/LP-WUS detection. UE can also estimate the receiving performance of LP-WUS/LP-SS based on the power offset thus determine whether to activate LR. 
Proposal 6: The power offset of LP-SS/LP-WUS compared to the power of SSB should be configured.
Activation/deactivation of LP-WUS/LP-SS monitoring
In last RAN1#116b meeting, a working assumption on entry/exit conditions for LP-WUS monitoring is discussed but with no consensus.
LR activation
UE can predict the reception performance of LR, based on the measurement of SSB by MR. If the measurement result, e.g. RSRP/RSRQ/RSSI, of SSB is better than a threshold, UE can infer that the reception performance of LP-SS is good enough for synchronization and RRM measurement, and the detection performance of LP WUS is also good enough to achieve BLER target. The threshold is related to LR sensitivity and also other factors such as the power offset of LP-SS/LP-WUS compared to SSB, the periodicity of LP-SS. In general, two options can be considered to activate LP-WUR,
· Option 1: If the estimated RRM measurement by LP-SS/LP WUS can satisfy the configured conditions, then UE can decide to activate LP-SS based RRM and/or LP WUS monitoring.
· Option 2: If the RRM by MR can satisfy the configured conditions, then UE can decide to activate LP-SS based RRM and/or LP WUS monitoring.
The related RRM requirement by MR and LR is up to RAN4 to decide. With a common LP-SS/LP-WUS signal, the detection performance is different for an OOK-based receiver and an OFDM-based receiver since the two LR types has different receiver sensitivities. The corresponding conditions for LR activation can be different. And after LR is activated, MR can stop monitoring PO and fully or partially offload RRM measurement to LR based on corresponding criteria.
LR deactivation
When UE falls into ultra-deep sleep mode, UE monitors LP-SS/LP-WUS by LR with MR deactivated. The following conditions may lead to MR activation and LR deactivation: 
(1) UL transmission happens; 
(2) LP WUS indicating the UE to wake up is received; 
(3) The reception performance of LP-SS/LP-WUS falls below LR sensitivity;
(4) The reception performance of LP-SS/LP-WUS falls below a threshold, which triggers the MR waking up for neighbouring cell RRM measurement. 
UE can predict the RRM performance of MR, based on the measurement by LR. Two options can be considered to deactivate LP-WUR
· Option 1: If the estimated RRM measurement of SSB can satisfy the configured conditions, UE may wake up MR for serving cell and/or neighboring cell RRM measurement.
· Option 2: If the RRM by LR can satisfy the configured conditions, UE may wake up MR for serving cell and/or neighboring cell RRM measurement.
Similarly, with a common LP-SS/LP-WUS signal, the corresponding conditions for LR deactivation can be different for OOK-based receiver and OFDM-based receiver. After LR is deactivated, LR stops monitoring LP WUS and MR will monitor PO and recover legacy RRM measurement.
Proposal 7: Support UE activation and/or deactivation of LR based on preconfigured criteria
Proposal 8: LR sensitivity requirement for OOK-based LR and OFDM-based LR should be defined by RAN4.
Proposal 9: Conditions to activate LR for UE with OOK-based LR and UE with OFDM-based LR can be different.
Proposal 10: LR is deactivated and MR is activated when (1) UL transmission happens; (2) LP WUS indicating the UE to wake up is received; (3) The reception performance of LP-SS/LP-WUS falls below LR sensitivity; (4) The reception performance of LP-SS/LP-WUS falls below a threshold, which triggers the MR waking up for neighbouring cell RRM measurement.
Proposal 11: Conditions to deactivate LR for UE with OOK-based LR and UE with OFDM-based LR can be different.
3 LP WUS monitoring 
[bookmark: _Hlk157978382]Since periodical LP-SS is supported, UE has frame level/symbol level timing information, and can support duty cycle LP WUS monitoring. Within a duty cycle, there can be multiple LP-WUS monitoring occasions (LOs), each LO corresponds to a group of UEs. For example, assuming there are N LOs within duty cycle TLP-WUS, a UE can determine its corresponding LO index by its UE ID, similar as the mapping method used in PF/PO. A related figure is shown in Fig.1 with 4 LOs within a duty cycle TLP-WUS. It should be noted in our proposed solution, UE determines its LO based on UE ID, and there is no explicit mapping association between UE’s LO and UE’s PO. 


Fig.1 Multiple LOs within one duty cycle and each corresponds to a UE group
Proposal 12: Support separate configuration of LP-WUS, with multiple LP WUS monitoring occasions (LOs) within a duty cycle. And UE can determine its corresponding LO index by its UE ID.
To reduce resource overhead, gNB does not need to transmit LP WUS in every LO, instead, gNB only transmits LP WUS in the LO when there is one or more UE corresponding to the LO needs to wake up. At least wake up indication at the granularity of UE subgroup should be carried in LP WUS. For example, there can be K bits payload in LP-WUS, and each bit is bitmapped to one UE subgrouping, bit “1” indicates waking up and bit “0” otherwise. UE can determine its corresponding bit index within the K bits by UE ID, or by core network configuration. The detailed UE subgrouping method is up to RAN2 discussion. 
Proposal 13: At least wake up indication at the granularity of UE subgroup should be carried in LP WUS.
Procedures after wake up by LP-WUS 
Depending on whether UE needs to monitor PEI or not, after woke up by LP WUS, UE can have two different procedures,
Procedure 1: after woke up by LP-WUS, UE monitors PEI, and UE will monitor PO if the PEI indicates UE to do so.
Procedure 2: after woke up by LP-WUS, UE directly monitor PO without monitoring PEI.
In R1#116 meeting, it was agreed that for the case where a UE supports PEI and PEI is configured by the gNB, after the UE receives LP-WUS indicating wake-up, it is up to UE implementation whether to monitor PEI or not. How to enable a proper implementation if UE chooses to monitor PEI, and what information may be known to gNB/UE to facilitate the implementation should be considered. Here we analyze two factors that would influence UE implementation and the related specification impact.  
Subgrouping applied in LP WUS and PEI
LP-WUS and PEI are both wake up indications to inform UE whether to monitor PO. If LP WUS applies the same UE subgrouping as PEI, the UE does not need to monitor PEI again after woke up by LP WUS, since no additional information can be provided by PEI. If LP WUS applies different UE subgrouping from PEI, after UE is woke up by LP WUS, UE can still get more information by detecting PEI. The combination of LP WUS and PEI can provide UE a finer granularity wake up indication that can reduce unnecessary wake up, so it would be meaningful for UE to monitor PEI again after woke up by LP WUS. 
For R17 PEI, UE subgrouping based on UE ID and NAS configuration are both adopted, and similar UE subgrouping methods can also be considered for LP WUS. It is possible the network configures different UE subgrouping for PEI and LP WUS, and UE may not have a full knowledge of whether the UE subgrouping(especially for the subgrouping based on NAS configuration) applied for PEI and LP WUS are the same or not, gNB can configure whether UE should go with Procedure 1 or Procedure 2.
An example is shown in Fig.2, even the number of NAS subgroups are the same, different NAS subgrouping are applied for LP WUS and PEI. For UE 2, it is configured by network with LP WUS NAS subgroup 2 and PEI NAS subgroup 2. And UE 2 has no whole information of the applied NAS subgrouping detail and is not sure whether the same or different NAS subgrouping are applied for LP WUS and PEI. Assuming UE 1 is paged and UE 2 is not paged, the LP WUS would wake up all the UEs in LP WUS NAS subgrouping 2, which includes UE 2. And the waking up of UE 2 is unnecessary. If the network indicates that different subgrouping is applied for PEI, a better implementation of UE 2 is to continue monitor PEI, which will tell UE 2 that no paging for it. Then the followed paging monitoring process can be avoided. 



Fig.2   Different NAS subgrouping for LP WUS and PEI
Proposal 14: UE can be configured whether to go with Procedure 1(LP-WUS->PEI->PO) or Procedure 2(LP-WUS-> PO).
Wake-up delay
A UE only needs to monitor one LO in every duty cycle TLP-WUS. If the UE detects in its corresponding LO a LP WUS which indicates the UE to wake up, UE will wake up its MR after a wake-up delay to monitor its corresponding PEI/PO. As shown in Fig.3. If gNB does not know the wake-up delay of the UE, gNB may transmit paging too early before MR wake up, UE will miss the paging; or, gNB may transmit paging too late, UE has to keep on monitoring PEI/PO for multiple duty cycles until it receives the paging, which is not power saving. So it is necessary for gNB to know the wake-up delay of the UE and gNB transmit paging in the first PEI/PO corresponding to the UE after MR wakes up. The wake-up delay may be dependent on whether a UE will monitor PEI or PO after an indication of LP-WUS. 
Proposal 15: Suggest to specify wake-up delay for activating MR from sleep state.


Fig.3 UE monitor its first PO after woke up by LP WUS
RRM measurement
RRM measurement is an essential issue that impacts UE power saving, since UE has to do serving cell/neighbor cell measurement periodically. In FR1, the periodicity can be quite dense, i.e. per DRX cycles for serving cell measurement for DRX cycle >= 1.28s, and for neighboring cell measurement, K1=3 times relaxation in Rel-16 or K3=6 times relaxation for eRedCap applies under certain conditions. 
Metrics 
[bookmark: _Hlk158042402]To reduce power consumption, offloading RRM measurement to LR was discussed in R18 SI. The measured reference signal can be LP-SS and PSS/SSS (only for OFDM-based LR). For OOK-based receiver, RRM measurement metrics LR-RSRP and LR-RSRQ are defined. LP-RSRP is the linear average of received power of LP-SS in OOK ON symbols, how to handle the interference in OOK ON symbol to get the pure received power of LP-SS is up to UE implementation. And one possible way is to measure the interference in OOK OFF symbol and get the pure received power of LP-SS by total received power in OOK ON symbol minus total received power in OOK OFF symbol. LR-RSRQ is defined as LP-RSRP/LP-RSSI, but for the definition of LP-RSSI for determination of LP-RSRQ, the following three options are considered,
· Option 1: LP-RSSI is the linear average of total received power in all LP-SS OOK symbols.
· Option 2: LP-RSSI is the linear average of total received power in LP-SS OOK OFF symbols.
· Option 3: LP-RSSI is the linear average of total received power in LP-SS OOK ON symbols.
As common understanding, RSSI should contain the power of both signal and interference, we do not think Option 2 is reasonable, since it only contains interference, which leads LP-RSRQ to be LP-SINR in fact. For Option 1, the average of total received power in all LP-SS OOK symbols will be less than the linear average of received power of LP-SS in OOK ON symbols, which leads to LP-RSRQ larger than 1, which is not aligned with the common understanding that RSRQ should be no larger than 1. And we are more inclined to support Option 3.
Another issue is about the OFDM-based LR with time domain detection. In existing specification, for SSS based measurement, RSRP/RSRQ is defined in the granularity of RE, however, OFDM-based LR with time domain detection does not have the capability to handle signals on RE level, so the RSRP/RSRQ definition should be updated. The discussion can be left to RAN 4.
Proposal 16: RRM measurement reference signal can be LP-SS and PSS/SSS.
Proposal 17: For the definition of LP-RSSI for determination of LP-RSRQ, LP-RSSI is the linear average of total received power in LP-SS OOK ON symbols.
Proposal 18: For OFDM-based LR with time domain detection, how to modify the definition of the metrics is for RAN4 to decide.
Serving cell measurement
Offloading serving cell RRM measurement to LR will bring a huge power saving benefit. Totally offloading and partially offloading from MR to LR can both be considered. Totally offloading means MR does not do serving cell measurement at all and serving cell RRM measurement is fully offload to LR. And partially offloading means, besides serving cell RRM measurement by LR, MR also needs to do serving cell measurement, maybe in relaxed periodicity. Comparatively, totally offloading has more power saving gain, and partially offloading provides UE more accurate measurement results reflecting the channels for MR.
Proposal 19: Totally offloading and partially offloading of serving cell measurement from MR to LR can both be considered.
Serving measurement will be offloaded to LR naturally after LR activation, but whether to apply totally offloading or partially offloading should be considered. Alt 1 is based on measurement results by LR. For example, assuming two RSRP or RSRQ thresholds Thres1 and Thres2, and Thres1 represents better channel quality than Thres2. Totally offloading can happen when RSRP/RSRQ measurement result of LP-SS is better than Thres1, and partially offloading happens when RSRP/RSRQ measurement result of LP-SS is better than Thres2 but worse than Thres2. And for OOK-based LR and OFDM-based LR, the thresholds can be determined separately. Alt 2 is based on gNB configuration. For example, gNB can configure only totally or only partially offloading is allowed by explicit signaling. And the explicit signaling can be configured separately for OOK-based LR and OFDM-based LR.
Proposal 20: Criteria for whether to apply totally offloading or partially offloading can be based on (1) measurement results by LR, (2) gNB configuration.
Neighboring cell measurement
Based on the evaluations in R18 SI, OOK based signal has much worse detection performance than PDCCH and can hardly provide whole cell coverage, thus neighboring cell measurement by OOK-based LR is not feasible and only can be done by MR. OFDM-based LR has similar or slightly worse detection performance compared to MR, it is possible that OFDM-based LR can receive LP-SS/PSS/SSS from neighboring cell, so neighboring cell measurement by OFDM-based LR can be considered. And to facilitate neighboring cell measurement, OFDM-based LR should be aware of the measured neighboring cell ID, which can be carried by LP-SS.
It is necessary to further relax neighbouring cell measurement by MR at least to the same level as serving cell measurement, otherwise, neighbouring cell measurement will become the bottleneck for power saving. The update to the existing conditions, e.g., low mobility condition and not at cell edge condition can be discussed when LP-SS/PSS/SSS based RRM by LR is enabled.
Proposal 21: Support neighbouring cell measurement by MR.
Proposal 22: Support neighbouring cell measurement by OFDM-based LR.
Proposal 23: Support relaxing of neighbouring cell measurement by MR.
LR and MR operating on different bands
Another issue is offloading RRM measurement to LR when LP-SS and NR channels are located in different carriers/bands. Since LP-SS and SSB are located far away in frequency, the channel experienced by LP-SS and SSB may not be very similar, for example, when the measurement results by LR is still acceptable, the channel quality for NR may degraded to the level that paging can not be successfully received. But since the MR is deactivated, UE is not aware of it. In this case, when UE receives LP WUS and wake up MR, UE has to do cell reselection procedures first and then try to monitor PO. So the latency can be quite long, and UE may even miss the paging. One solution is that gNB configures a delta factor to reflect the difference exists between RRM measurements of LR and MR when they are in different bands. 
Proposal 24: Support offloading RRM measurement to LR when LP-SS and NR channels are located in different carriers/bands.
LP WUS for eDRX
eDRX is an extreme power saving technique, but with very long paging latency. For example in RRC idle mode, when TeDRX, CN is longer than 1024 radio frames, PTW is configured and only within the PTW UE will monitor PO and outside the PTW, UE will not monitor PO. If a paging information arrives just after the end of the PTW, gNB has to wait until the PTW in the next eDRX cycle to transmit the paging. To reduce latency, LP-WUS can be combined with eDRX, and when UE receives LP WUS outside the PTW, UE can wake up its MR to monitor paging. A related figure is shown in Fig.4.


Fig.4 LP WUS combined with eDRX
Proposal 25: Support LP WUS applied for eDRX to reduce paging latency.
Conclusions
For LP WUS operation in idle/inactive mode, we have the following proposals,
Proposal 1: Restricted by LP WUR capability, LP-WUS/LP-SS and signals/channels used by MR can be on different carriers or different bands.
Proposal 2: The detailed LP WUR supporting bands requirement is up to RAN4 to decide.
Proposal 3: Support BW of LP-WUS/LP-SS 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: Support beam sweeping pattern of LP-WUS.
Proposal 6: The power offset of LP-SS/LP-WUS compared to the power of SSB should be configured.
Proposal 7: Support UE activation and/or deactivation of LR monitoring based on preconfigured criteria
Proposal 8: LR sensitivity requirement for OOK-based LR and OFDM-based LR should be defined by RAN4.
Proposal 9: Conditions to activate LR for UE with OOK-based LR and UE with OFDM-based LR can be different.
Proposal 10: LR is deactivated and MR is activated when (1) UL transmission happens; (2) LP WUS indicating the UE to wake up is received; (3) The reception performance of LP-SS/LP-WUS falls below LR sensitivity; (4) The reception performance of LP-SS/LP-WUS falls below a threshold, which triggers the MR waking up for neighbouring cell RRM measurement.
Proposal 11: Conditions to deactivate LR for UE with OOK-based LR and UE with OFDM-based LR can be different.
Proposal 12: Support separate configuration of LP-WUS, with multiple LP WUS monitoring occasions (LOs) within a duty cycle. And UE can determine its corresponding LO index by its UE ID.
Proposal 13: At least wake up indication at the granularity of UE subgroup should be carried in LP WUS.
Proposal 14: UE can be configured whether to go with Procedure 1(LP-WUS->PEI->PO) or Procedure 2(LP-WUS-> PO).
Proposal 15: Suggest to specify wake-up delay for activating MR from sleep state.
Proposal 16: RRM measurement reference signal can be LP-SS and PSS/SSS.
Proposal 17: For the definition of LP-RSSI for determination of LP-RSRQ, LP-RSSI is the linear average of total received power in LP-SS OOK ON symbols.
Proposal 18: For OFDM-based LR with time domain detection, how to modify the definition of the metrics is for RAN4 to decide.
Proposal 19: Totally offloading and partially offloading of serving cell measurement from MR to LR can both be considered.
Proposal 20: Criteria for whether to apply totally offloading or partially offloading can be based on (1) measurement results by LR, (2) gNB configuration.
Proposal 21: Support neighbouring cell measurement by MR.
Proposal 22: Support neighbouring cell measurement by OFDM-based LR.
Proposal 23: Support relaxing of neighbouring cell measurement by MR.
Proposal 24: Support offloading RRM measurement to LR when LP-SS and NR channels are located in different carriers/bands.
Proposal 25: Support LP WUS applied for eDRX to reduce paging latency.
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