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1 Introduction

A new, release 19, work item on low-power wake-up signal and receiver (LP-WUS/WUR) was approved [1], based on the SI outcome. The objectives related to IDLE/INACTIVE modes are included in the followings. 
	· [bookmark: _Hlk127365044]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.
· 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)




In this document, we discuss duty-cycled and continuous LP-WUS monitoring, pros and cons of different alternatives for wake-up procedure, UE sub-grouping and conditions to enter/exit LP-WUS monitoring. We also address some configuration aspects related to LP-SS.
2 Discussion on LP-WUS operation
In this section, we discuss the following with respect to LP-WUS configuration including,
· Duty-cycled and continuous monitoring 
· Sub-grouping, and
· Reliability of LP-WUS and its entry/exit condition for LP-WUS monitoring.

Duty-cycled and continuous monitoring 
The operation of LP-WUR based on duty-cycling is necessary to reduce the total power consumption. During the study phase of the LP-WUS, it is agreed that,
	· At least duty-cycled monitoring of LP-WUS is supported.




The duty-cycled operation of the LP-WUR to monitor for the potential LP-WUS can be based on the following configurations: 
· option 1- LP-WUS monitoring occasions are configured according to the DRX cycles, or
· option 2 - A new duty-cycle or LP-WUR-DRX cycle is used for LP-WUS monitoring.

In Figure 1, we show a timing diagram of the LP-WUR duty-cycled scheme configured based on option 1. The start of LP-WUS monitoring occasions, , is set by at least a certain time delay before the DRX-ON or the paging monitoring occasions of the UE. This time delay needs to be long enough to accommodate LP-WUS monitoring time for potential LP-WUS reception,  and the transition time for the main radio to power up from ultra-deep sleep and perform synchronization .
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Figure 1 – Timing diagram of LP-WUS monitoring occasions based on option 1, i.e., LP-WUS monitoring occasions are configured with respect to the existing DRX cycles and paging monitoring occasions.
Note that as it is also concluded in the LP-WUS TR 7.3.1.2, [3] that the procedure where the UE starts monitoring for the PEI, after LP-WUS detection, leads to additional access latency, higher total power consumption and more complexity compared to monitoring POs following DRX-ON configuration. We don’t not prefer that option, and is therefore not included here.	 
In summary, in option 1, similar to the configuration of (G)WUS in mMTC and PEI in earlier releases, the configured parameters for the duty-cycled LP-WUS need to at least include, 
· Start of on duration of LP-WUR / LP-WUS monitoring occasions – The start of the on duration is determined in relation and with a time offset to the upcoming PO, long enough for both LP-WUS transmission and main receiver power-up time from ultra-deep sleep and its synchronization. 
· Length of on duration of LP-WUR / LP-WUS monitoring occasions – The length of the on duration of LP-WUR is determined based on the data rate of LP-WUR, the number of bits needs to be transmitted to for LP-WUS, including information related to cell-ID, sub-grouping, and improved coverage.
Figure 2 illustrates a timing diagram based on option 2, where the UEs equipped with LP-WUR are configured with a new discontinuous operation dedicated for LP-WUR operation. 
[image: ]
Figure 2 - Timing diagram of LP-WUS monitoring occasions based on option 2, i.e., LP-WUR are configured with a new discontinuous operation dedicated for LP-WUR operation.
With this configuration, the subsequent action after LP-WUS detection is not limited to decoding of control channel to paging and can be extended to data reception/data channel or random access. 	A time-gap is needed between LP-WUS transmission and control or data channel transmission or reception. This is necessary to allow the UE to prepare and wake-up its main receiver after LP-WUS detection. The configuration of LP-WUR duty-cycle includes the following three parameters:
· Start of on duration of LP-WUR / LP-WUS monitoring occasions – The start of the on duration is calculated using similar expression as in section 7, 38.804 but with a difference that T is determined based on the latency required for LP-WUR enabled devices. 
· Length of on duration of LP-WUR / LP-WUS monitoring occasions – Similar to option 1, the length of the on duration of LP-WUR is determined based on the data rate of LP-WUR, the number of bits needs to be transmitted to for LP-WUS, including information related to cell-ID, sub-grouping, and improved coverage.
· Length of total duty-cycle period of LP-WUR / LP-WUS monitoring occasions – This is needed as we introduce a new discontinuous operation dedicated for LP-WUR operation. The LP-WUR duty-cycle length T_WuRx is determined by taking into account the UE latency or reachability in time requirement. The length T_WuRx also needs to be longer than the LP-WUR on duration.

Proposal 1 – Support a configurable operation of duty-cycled LP-WUS monitoring to be done with respect to the existing DRX configuration and/or a stand-alone DRX configuration for LP-WUR.
Proposal 2 - For DRX scheme where the LP-WUS monitoring is done in connection to existing DRX, the configuration needs to consider at least the following configuration parameters, 
· Start of on duration of LP-WUR / LP-WUS monitoring occasions – The start of the on duration is determined in relation and with a time offset to the upcoming PO, long enough for both LP-WUS transmission and main receiver power-up time from ultra-deep sleep and its synchronization. 
· Length of on duration of LP-WUR / LP-WUS monitoring occasions – The length of the on duration of LP-WUR is determined based on the data rate of LP-WUR, the number of bits needs to be transmitted to for LP-WUS, including information related to cell-ID, sub-grouping, and improved coverage.
Proposal 3 - For DRX scheme where the LP-WUS monitoring is done independent of the existing DRX, the configuration needs to consider at least the following configuration parameters:
· Start of on duration of LP-WUR / LP-WUS monitoring occasions – The start of the on duration is calculated using similar expression as in section 7, 38.804 but with a difference that T is determined based on the latency required for LP-WUR enabled devices. 
· Length of on duration of LP-WUR / LP-WUS monitoring occasions – Similar to option 1, the length of the on duration of LP-WUR is determined based on the data rate of LP-WUR, the number of bits needs to be transmitted to for LP-WUS, including information related to cell-ID, sub-grouping, and improved coverage.
· Length of total duty-cycle period of LP-WUR / LP-WUS monitoring occasions – This is needed as we introduce a new discontinuous operation dedicated for LP-WUR operation The LP-WUR duty-cycle length T_WuRx is determined by taking into account the UE latency or reachability in time requirement. The length T_WuRx also needs to be longer than the LP-WUR on duration.

As we can see, in both timing diagrams above, there is a certain delay from the time the data available for transmission at the gNB and the time where the UE is listening to receiving it. In certain scenarios with extremely tight delay requirements, the communication delay time can become very significant and even the shortest DRX cycle can prevent the UE from meeting the tight delay requirement. This can happen, for instance, if the communication delay is required to be shorter than the length of “existing shortest possible” DRX configuration (320 msec) + the main radio transition and synchronization time. In these types of scenarios, the LP-WUR can instead be configured to monitor the channel continuously. A timing diagram of a continuous monitoring.
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Figure 3 - Timing diagram of LP-WUS monitoring occasions based on continuous monitoring. 
A continuous monitoring, however, have a higher power consumption as the average power consumption can never go below the LP-WUR power consumption. To address both low-power consumption and tight delay requirement, the operation of the LP-WUR can be configured as an adaptive operation where the LP-WUR can be adaptively operated according to a duty-cycled or an continues monitoring scheme.
Observation 1 – The operation of LP-WUR based on duty-cycling is necessary to reduce the total power consumption. The long transition time to wake-up the main radio from ultra-sleep time together with sleep time of the duty-cycle can prevent some UEs from meeting the delay requirement.
Proposal 4 – Support an adaptive configuration where the UE, depending on its delay requirement, can operate based on an always-on or a duty-cycle scheme. 

Proposal 5 – Support a time-offset between LP-WUS monitoring occasion and the main receiver reception such that the main receiver can power up from ultra-deep sleep and perform its synchronization.

Procedure triggered by LP-WUS and LP-WUS sub-grouping
After LP-WUS detection, the UE may be triggered to wake-up its main receiver or transmitter to perform the following alternatives: 
· alternative 1: to monitor for PEI,
· alternative 2: to monitor for paging occasions, and
· alternative3: to enter random access procedure, this has not been included as alternative in the study. 
As it is indicated in Table 7.3.1.2-1 in LP-WUS TR [3] and as noted earlier, between the first two alternatives, the first one where the UE starts monitoring for the PEI, after LP-WUS detection, leads to additional access latency, higher total power consumption and more complexity LP-WUS design and integration with legacy. The third alternative can further reduce access delay, total average power consumption compared to the second alternative. A large address space is, however, required when designing the LP-WUS if a large number of UEs with LP-WUR functionality are available in the cell. This procedure is therefore mainly suitable for scenarios where very few UEs with LP-WUR functionality are available. In this case individual UEs can be addressed through different sequences in the data part of the LP-WUS and using time-frequency multiplexing of different LP-WUSes, as describe below.  

Observation 2 – A UE starting monitoring for the PEI after LP-WUS detection leads to additional access latency, higher total power consumption and more complexity LP-WUS design and integration with legacy.
Proposal 6 – After LP-WUS detection, the UE enters monitoring for paging occasion, i.e., waking up the main receiver for PDCCH and PDSCH reception. 
Proposal 7 – After LP-WUS detection, support to directly enter random access procedure, i.e., switching on the transmitter, in scenarios where the number of UEs with LP-WUR functionality is limited and they can be addressed directly using LP-WUS.After LP-WUS detection, in order to reduce the number of false wake-up of the UE and therefore unnecessary energy cost at the UE, the LP-WUS design needs to take into account other than only wake-up trigger and also include the possibility to address and identify sub-group of UEs or individual UEs. This can be done by including a field in the LP-WUS design/structure as described in our contribution [2]. To allow for the low-power detection of the LP-WUS the identity information is selected from sequences with good auto- and cross-correlation properties, such as m-sequences. In order to increase the identification space a grid of time and frequency where multiple LP-WUS can be accommodated can be assigned through time-frequency multiplexing, for LP-WUS operation. With this, different UEs can be assigned to different grid and monitoring resources.  
Proposal 8 – Support to include information related to the UE identity in the LP-WUS structure.
Proposal 9 – Support sequence-based identification LP-WUS design.  
Proposal 10 Support time-frequency multiplexing of LP-WUS for different UEs to increase LP-WUS address/identification space.

[bookmark: _Hlk162710635]LP-WUS and entry/exit condition for LP-WUS monitoring
From the study phase, it is concluded that both UE and gNB must have a common understanding of when LP-WUS should be applied to avoid that UEs become unreachable in the downlink. Both UE and gNB could apply LP-WUS if LP-WUS has been configured in the cell. This would further determine the conditions for entering and leaving LP-WUS monitoring operation as being tied to the monitoring of paging in a cell: A UE enables LP-WUS monitoring if it is configured with LP-WUS and camp on a cell in RRC_IDLE or RRC_INACTIVE state in which LP-WUS is configured, for example when re-selecting a cell in which LP-WUS is configured or being released from RRC_CONNECTED in a cell in which LP-WUS is configured. 
In the study [3] it was also concluded that there could be partial LP-WUS coverage in the cell, up to PUSCH coverage, due to the fact that link performance may be worse than legacy physical channels. For the partial coverage case, UE may need to keep track of whether it moves in and out of LP-WUS coverage in the cell and the UE could determine this based on the measured RSRP measurements. For the partial coverage case, UE’s MR could stay in ultra-deep sleep power state only when UE is in the coverage of LP-WUS. When UE moves out of the coverage of LP-WUS, the UE should start up its MR. Note: this is particular for the UEs where only OOK-based receiver is available and over-laid information cannot be used.
But there may be different situations. Both the case where the LP-WUS coverage is partial already by configuration and cell planning, but also the case where the intention is to have full LP-WUS coverage in the cell, but due to fading the LP-WUR cannot detect the LP-WUS, and hence it should be considered being out of coverage.
Observation 3 – There could be a case where the LP-WUS is defined to have full cell coverage, still the LP-WUR may not be able to detect the LP-WUS.

In order to evaluate whether the LP-WUR is within LP-WUS coverage or not, measurements are needed. It can be discussed whether this should be done only via the LP-WUR or also via the MR (if/when needed).  to support this, there should be exit criteria for leaving LP-WUS mode based on measurement for at least the LP-WUR, but potentially also for the MR. As mentioned earlier, there could be a situation where the LP-WUR suddenly becomes out of coverage, even if being in the cell-centre due to fading or channel conditions. 
Proposal 11 – It should be possible to use the MR to verify whether LP-WUS is actually out of coverage, or just temporarily not able to detect LP-WUS due to channel condition.
 
While using the MR, or being out of LP-WUS coverage, there measurements should be performed by the MR, and by using LP-WUR entry criteria to evaluate whether the UE could turn on using LP-WUR and let MR enter sleep state.
Though there may be a situation where the UE is in the border line between LP-WUR coverage and no coverage, with the risk of ping-pong behaviour, exiting and entering the LP-WUS monitoring mode and MR mode, leading to extra power consumption at the UE. 
Proposal 12 – In order to avoid ping-pong behaviours, a time widow can be used. The UE switches on its MR to evaluate the channel condition only if no LP-WUS received/detected by the UE within this time-window or after such evaluation period.

LP-WUS structure and content 
In IDLE/INACTIVE state the LP-WUS transmitted can be used to power up the main receiver before paging/PEI or the transmitter to initiate PRACH directly. In order to avoid false wake-up of the UEs, for the former a sub-grouping of the UEs listening to the same paging DRX-ON can be done, while for the latter individual UEs need to be woken up separately. Additionally, to allow for fine synchronization and to prevent the NW from always-on transmission of LP-SS with short periodicity, it is beneficial that the LP-WUS also includes a preamble prior to its data information. Another advantage of adding such a preamble is reduced power consumption at the UE while monitoring for LP-WUS. The LP-WUR first needs to only look for the preamble and only continues to detect the data if the preamble is detected. Figure 1 shows the general signal structure used in this contribution containing sequences of length M and L bits, representing preamble and data, respectively, where data part is to indicate the subsequent action by the UE after LP-WUS detection and/or identity of (group) UE. 
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Figure 1 - LP-WUS structure, consisting of two fields, preamble used for synchronization and possibly cell identity purposes and data part to indicate the potential subsequent action or UE (group) identity.
As describe earlier, time and frequency multiplexing can further be used to further sub-group the UEs. By allowing to transmit the LP-WUS in smaller bandwidths, we can accommodate and address higher number of UEs in the time-frequency grid. 
[bookmark: _Hlk159185871]Proposal 13 – Support LP-WUS structure with two fields, a preamble field for synchronization and cell identification purposes and a data field for indication of subsequent actions and/or wake-up group identity, depending on state of the operation.

3 Discussion on LP-SS operation
Based on the RAN1 study and evaluation methodology, it is concluded that at least for LP-WUR that cannot receive existing PSS/SSS, periodic LP-SS signal is beneficial for the following functionalities: (a) RRM measurements by LP-WUR, (b) At least coarse time synchronization of LP-WUR. (c) At least coarse frequency synchronization of LP-WUR. During LP-WUS channel monitoring, the LP-WUR monitors the channel anyway for the potential LP-WUS. By including a preamble sequence in the LP-WUS structure, the aperiodic preamble or LP-WUS, which can be received by all the UEs listening to the same monitoring window, can also be used for synchronization. The periodicity of the LP-SS can be relaxed, and the LP-SS can be transmitted only every number of the shortest LP-WUS monitoring window This allows to reduce the power consumption at the UE as the number of channels that the LP-WUR has to monitor is reduced. It also allows to configure the LP-SS with low periodicity and reduced resource and spectrum usage. 
Proposal 14 –Consider synchronisation based on an aperiodic signal/sequence transmitted as part of LP-WUS.

Proposal 15 – Adjust periodicity of LP-SS according to duty-cycled monitoring of LP-WUS, the LP-WUS structure.
4 Conclusion
This document has considered the evaluation of LP-WUS. The following observations and proposals are made:
Observation 1 – The operation of LP-WUR based on duty-cycling is necessary to reduce the total power consumption. The long transition time to wake-up the main radio from ultra-sleep time together with sleep time of the duty-cycle can prevent some UEs from meeting the delay requirement.
Observation 2 – A UE starting monitoring for the PEI after LP-WUS detection leads to additional access latency, higher total power consumption and more complexity LP-WUS design and integration with legacy.
Observation 3 – There could be a case where the LP-WUS is defined to have full cell coverage, still the LP-WUR may not be able to detect the LP-WUS.

Proposal 1 – Support a configurable operation of duty-cycled LP-WUS monitoring to be done with respect to the existing DRX configuration or a stand-alone DRX configuration for LP-WUR.
Proposal 2 - For DRX scheme where the LP-WUS monitoring is done in connection to existing DRX, the configuration needs to consider at least the following configuration parameters, 
· Start of on duration of LP-WUR / LP-WUS monitoring occasions – The start of the on duration is determined in relation and with a time offset to the upcoming PO, long enough for both LP-WUS transmission and main receiver power-up time from ultra-deep sleep and its synchronization. 
· Length of on duration of LP-WUR / LP-WUS monitoring occasions – The length of the on duration of LP-WUR is determined based on the data rate of LP-WUR, the number of bits needs to be transmitted to for LP-WUS, including information related to cell-ID, sub-grouping, and improved coverage.
Proposal 3 - For DRX scheme where the LP-WUS monitoring is done independent of the existing DRX, the configuration needs to consider at least the following configuration parameters:
· Start of on duration of LP-WUR / LP-WUS monitoring occasions – The start of the on duration is calculated using similar expression as in section 7, 38.804 but with a difference that T is determined based on the latency required for LP-WUR enabled devices. 
· Length of on duration of LP-WUR / LP-WUS monitoring occasions – Similar to option 1, the length of the on duration of LP-WUR is determined based on the data rate of LP-WUR, the number of bits needs to be transmitted to for LP-WUS, including information related to cell-ID, sub-grouping, and improved coverage.
· Length of total duty-cycle period of LP-WUR / LP-WUS monitoring occasions – This is needed as we introduce a new discontinuous operation dedicated for LP-WUR operation The LP-WUR duty-cycle length T_WuRx is determined by taking into account the UE latency or reachability in time requirement. The length T_WuRx also needs to be longer than the LP-WUR on duration.
Proposal 4 – Support an adaptive configuration where the UE, depending on its delay requirement, can operate based on an always-on or a duty-cycle scheme. 
Proposal 5 – Support a time-offset between LP-WUS monitoring occasion and the main receiver reception such that the main receiver can power up from ultra-deep sleep and perform its synchronization.
Proposal 6 – After LP-WUS detection, the UE enters monitoring for paging occasion, i.e., waking up the main receiver for PDCCH and PDSCH reception. 
Proposal 7 – After LP-WUS detection, support to directly enter random access procedure, i.e., switching on the transmitter, in scenarios where the number of UEs with LP-WUR functionality is limited and they can be addressed directly using LP-WUS.
Proposal 8 – Support to include information related to the UE identity in the LP-WUS structure.
Proposal 9 – Support sequence-based identification LP-WUS design.  
Proposal 10 – Support time-frequency multiplexing of LP-WUS for different UEs to increase LP-WUS address/identification space.
Proposal 11 – It should be possible to use the MR to verify whether LP-WUS is actually out of coverage, or just temporarily not able to detect LP-WUS due to channel condition.
Proposal 12 – In order to avoid ping-pong behaviours, a time widow can be used. The UE switches on its MR to evaluate the channel condition only if no LP-WUS received/detected by the UE within this time-window.
Proposal 13 – Support LP-WUS structure with two fields, a preamble field for synchronization and cell identification purposes and a data field for indication of subsequent actions and/or wake-up group identity, depending on state of the operation.
Proposal 14 –Consider synchronisation based on an aperiodic signal/sequence transmitted as part of LP-WUS.
Proposal 15 – Adjust periodicity of LP-SS according to duty-cycled monitoring of LP-WUS, the LP-WUS structure.
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