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1	Introduction
For the ongoing RAN1 led SI ‘Study on low-power wake-up signal and receiver for NR’ [1] there are some aspects for RAN2 to study.
	· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals [RAN2, RAN1] 


In RAN2#121bis-e it was agreed to jointly collect input to the RAN2 contribution to the SI TR to provide to RAN1:
	Aim to do every Q: Collect RAN2 text proposals in a single document during the following meeting(s) and send the document to RAN1 as the input to the TR 38.869.


So far, the RAN2 TR input [3] just list different sections for the input for Idle/Inactive and Connected, respectively, and the rapporteurs workplan for this meeting is as follows [4]:
	RAN2#122 meeting @ May 2023
1. Detailed discussion on high layer procedure for RRC idle/inactive mode, e.g.
a) Whether/How to define the condition(s) for UE to enter into/wake up from ultra-deep sleep.
b) The procedure to enter into/wake up from ultra-deep sleep, and the corresponding procedure after waking up.
c) UE behaviour(s) during the ultra-deep sleep:
i. How to monitor LP-WUS, including whether/how to define subgrouping.
ii. Whether/How to perform RRM on main radio and/or LP-WUR.
iii. Whether/How to perform mobility during ultra-deep sleep.
2. Detailed discussion on high layer procedure for RRC connected mode, e.g.
a) UE behaviour(s) for RRC connected mode, including main radio and LP-WUR.
i. Whether/How to use LP-WUS/LP-WUR to enhance behaviour(s) on main radio.
ii. Whether/How to impact RRM on main radio.
3. Initiate the TR drafting.



In this contribution the RRC Connected aspects will be discussed and a text proposal for the TR is provided. 
2	Discussion 
According to RAN1 agreement, WUR performance evaluation in RRC Connected should consider active traffic models from XR, eMBB, and RedCap:
	Agreement
For R18 LP-WUS/WUR power evaluation in RRC connected mode, the following can be considered, 
· XR traffic model with evaluation methodologies and assumptions captured in TR 38.838. 
· eMBB traffic model with evaluation methodologies and assumptions captured in TR 38.840
· Heartbeat traffic models in 3GPP TR 38.875.
· Other models are not precluded.


Further, in RAN1#112bis-e the following was agreed:
	
Agreement
· 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.



From our accompanying RAN1 paper on LP-WUS evaluations [5] it is observed that UE energy consumption reduction from WUR can be over 90%. The WUR gain is the biggest for shorter duty-cycles, and with infrequent data traffic so that the main receiver can be kept in the deep sleep state for most of the time. The gains compared to baseline becomes smaller with increasing duty-cycle length, and with increasing data activity (i.e., shorter IAT). That is, WUR UE energy consumption gain is dictated by the MR and the gain will be bigger the less often the MR must be started and the more it is kept in a sleep state. Further, it is observed that the active power of the WUR has a considerably small impact (since it is used relatively infrequently and is considerably smaller). 
The ultra-deep sleep state in the RAN1 evaluation assumptions has a transition time (start-up time) of 400 ms for the MR, and since RRC Connected mode data activity is more frequent than that, ultra-deep sleep state is not considered by RAN1 for the SI evaluations (see agreement above “Ultra-deep sleep state is not allowed for MR”). Instead, regular deep sleep state with a 20 ms transition time, light sleep state with a 6 ms transition time, or micro sleep without any transition time (see UE power saving TR 38.840), would be considered for RRC Connected evaluation (with more active traffic the MR would have to be started more frequently and therefore the smaller transition energy should provide larger WUR gain for a fixed traffic model). Further, the SID states that “Solutions should target substantial gains compared to the existing Rel-15/16/17 UE power saving mechanisms.”, and for connected mode the baseline should therefore be Rel-16 PDCCH-based WUS (DCI format 2-6 or DCP). The MR sleep state is therefore the same as for the Rel-16 WUS baseline, and for all potential Connected WUR solutions it should be considered how much MR is less active compared to baseline. 
[bookmark: _Toc134727506]Rel-16 PDCCH-based WUS (DCI format 2_6 or DCP) is considered as baseline for WUR energy consumption evaluations in RRC_CONNECTED.
[image: ]
[bookmark: _Ref134605169]Figure 1: Illustration of Rel-16 WUS baseline (DCI format 2_6 or DCP).
In Figure 1, the legacy UE energy consumption reduction features in RRC_CONNECTED are schematically illustrated. Reducing the PDCCH monitoring time is most important for UE energy consumption reduction. During the active time the UE monitors PDCCH continuously to achieve low latency, but after some time of data inactivity configured by the Inactivity Timer, the UE switches to discontinuous reception, C-DRX (short and long DRX not differentiated in Figure 1). In Rel-16, several enhancements were introduced to further reduce the UE energy consumption: PDCCH-based WUS (DCI format 2_6 or DCP), cross-slot scheduling, relaxed RRM measurements, PDCCH monitoring reduction in SCells, and quicker transition out of connected mode. In Figure 1 the PDCCH-based WUS is illustrated, and during long C-DRX a UE will only continue to monitor PDCCH during on-duration time if a preceding WUS has first been detected. 
2.1	WUR gain and latency impact
The most important thing for UE energy consumption is to reduce the PDCCH monitoring time. If DL latency is not a concern this can already be achieved in legacy by configuring a longer DRX cycle. WUR can improve UE energy consumption by monitoring the DL with less power than required for PDCCH monitoring, but only during periods of data inactivity. Therefore, WUR is expected to have gains compared to Rel-16 WUS baseline only when the downlink latency requirement is tight (requiring a short duty or DRX cycle, see above) and the data traffic is sparse (so MR can be kept is a sleep state for some time, see above). Regarding the latency requirement, long C-DRX can be configured up to 10.24s and if such DL latency is acceptable WUR gains compared to baseline should be small. Regarding the data activity, if traffic is deterministic, e.g., a packet transmitted every 160 ms, the MR must anyway be started every 160 ms and again WUR gains should be small compared to baseline (160 ms C-DRX). XR has both tight downlink latency requirement and some sparsity in the traffic (video streaming), and as showed in our RAN1 evaluations paper [5] gains compared to a short C-DRX baseline can be around 4% to 12%. 
[bookmark: _Toc134727502]WUR gain compared to Rel-16 PDCCH-based WUS baseline is the biggest for tighter DL latency requirement and sparse non-deterministic data.
In general, there is a latency penalty from using WUR. That is, using Rel-16 PDCCH-based WUS there is, as seen in Figure 1, a time gap between the WUS and the on-duration. Since the MR is already started it is possible to have a value as low as 0.125 ms for the time gap (configured by the parameter ps-Offset in the range 0.125 ms to 15 ms), but for WUR the MR must be started upon WUS detection which therefore gives a minimum time gap, and lower bound for the DL latency, of 20 ms if the MR is in a deep sleep state.
[bookmark: _Toc134727503]There is a latency penalty from using WUR and the start-up time of the MR introduces a lower bound for the DL latency (e.g., 20 ms for deep sleep, 6 ms for light sleep).

2.2	WUR Connected solutions and configuration
There are two types of solutions to consider for RRC Connected: ‘duty-cycled WUR’ and ‘continuous WUR’. The ‘duty-cycled WUR’ means that the MR is put in a sleep state, preferably deep sleep, and WUR is used with a certain DRX cycle to monitor the downlink. Most naturally this could work exactly like Rel-16 PDCCH-based WUS, but with LP-WUS monitoring using WUR instead preceding the on-duration.[footnoteRef:2] The ‘continuous WUR’ solution instead means that the MR is put in a sleep state and the WUR continuously monitors the downlink. In principle there could be latency benefits for this solution compared to ‘duty-cycled WUR’, but only if the duty cycle length configured for the latter is equally long or longer than the MR start-up time. That is, compared with a 4 ms duty cycle for ‘duty-cycled WUR’, ‘continuous WUR’ would not have a significantly better downlink latency with a 20 ms transition time from deep sleep state for the MR. Further, latency would be considerably worse compared to 4 ms C-DRX baseline. Reversing the argumentation, a duty/DRX cycle longer than the DL legacy requirements would never be configured in practice, and if the DL latency requirement is less than 20 ms WUR would never be configured (here considering MR deep sleep state). A meaningful comparison would therefore evaluate the UE energy consumption (or WUR gain) at a fixed latency performance/requirement. According to our initial evaluation results [6], the WUR gain for ‘Continuous WUR’ is always lower than for ‘duty-cycled WUR’ due to the false alarm rate (i.e., with continuous monitoring the MR is woken up by mistake too often). If these results hold up, and are confirmed by input from other companies, there will be little motivation for supporting ‘continuous WUR’ instead of ‘duty-cycled WUR’. [2:  In principle, a received WUS could trigger a move to active mode with continuous PDCCH monitoring, but since WUS will be sent when there is DL data to transmit the consequences will be the same as for triggering PDCCH monitoring in the on-duration.] 

[bookmark: _Toc134727504]Gains for ‘continuous WUR’ and ‘duty-cycled WUR’ (Rel-16 WUS replacement) should be compared at a fixed DL latency requirement.
As discussed, anything that wakes up the MR incorrectly will have a negative impact on WUR gain. Above it was the ‘false alarm rate’ (FAR) which is a physical-layer single-UE effect from incorrect signal detection (agreed in RAN1#112 to consider 0.1% or 1% FAR for evaluations). But there is also the multi-UE effect of ‘false paging’, that is paging for another UE sharing the WUS resource (or PO) such that the UE is woken up unnecessarily when paging is in fact for another UE. Unless the UE can be uniquely addressed by the WUS, some UE subgrouping would be good to reduce the false paging. In the agreement above, RAN1 suggests studying these aspects for connected mode: “information on which user(s) is/are targeted by the LP-WUS, e.g., UE-group, -subgroup or -ID”. For ‘duty-cycled WUR’ as a replacement of Rel-16 WUS, there would already be some time distribution of UEs, but for ‘continuous WUR’ the false paging problem would be more severe.
Regarding the configuration, RAN1 has agreed the following “Study RRC connected mode LP-WUS activation/deactivation procedures”. Connected WUR is new power saving feature on top of Rel-15 legacy short and long C-DRX, and Rel-16 PDCCH-based WUS (DCP). If Connected WUR cannot provide any gain compared to these legacy methods, support for it should not be introduced in 3GPP (pending SI evaluations). If Connected WUR can under some conditions, or always, provide significant gains compared to baseline, support for the best solution, ‘duty-cycled WUR’ or ‘continuous WUR’, should be introduced (pending SI evaluations). Since therefore, Connected WUR can provide larger gain than existing power saving methods, it makes sense that from a configuration point of view it replaces, or is added on top of, one of the existing methods, such as Rel-16 WUS which is a configurable addition to long C-DRX. Other solutions should be considered only if motivated.
[bookmark: _Toc134727507]Connected WUR replaces, or be added on top of, Short C-DRX, Long C-DRX, or Rel-16 WUS, if configured.
Unlike in Idle/Inactive, there is no drawback to provide a UE-specific configuration for Connected WUR.
[bookmark: _Toc134727508]UE-specific configuration may be provided for Connected WUR in RRC_CONNECTED.

2.3	Full or partial WUS coverage
The discussion of whether there is LP-WUS coverage in the full cell or only partially in the cell is largely the same as for WUR Idle/Inactive and will not be repeated here (see [6] for details). But unlike in Idle/Inactive, WUR can be UE-specific in connected mode, and configuration of WUR for a UE in connected mode can be omitted if the UE is determined to be in too poor coverage by the gNB. However, the UE would have to be reconfigured when moving in and out of LP-WUS coverage. But that can be problematic, i.e., if a UE configured with Connected WUR moves out of LP-WUS there may be no time to reconfigure the UE and the UE would become unreachable in the downlink. To recover from that, some UE autonomous fallback to non-WUR mode of operation might have to be defined, and overall, the complexity for a partial WUS coverage will be significantly higher that a solution with full WUS cell coverage (e.g., on par with PDCCH).
[bookmark: _Toc134727505]Complexity and specification impact from Connected WUR solution with partial WUS coverage would be considerably higher than with full WUS cell coverage.


3	Text proposal
Based on the above discussion we propose the following text proposal for inclusion in the RAN2 input to TR 38.869.
[bookmark: _Toc134526525][bookmark: _Toc134727509]Consider the following text proposal for LP-WUS/WUR operation in Idle/Inactive for the RAN2 input to TR 38.869.

	7.3.2 RRC_CONNECTED mode
7.3.2.1 Procedure
The gain for legacy UE power saving features in RRC_CONNECTED, such as Short C-DRX, Long C-DRX, and Rel-16 PDCCH-based WUS, comes from reducing the PDCCH monitoring time. WUR RRC_CONNECTED can potentially further reduce the UE energy consumption by being able the monitor the downlink with a low-power wake-up receiver (WUR) such that the main receiver (MR) used for PDCCH can be kept in a sleep state. The MR sleep states considered for evaluation in RRC_CONNECTED are the following: deep sleep state with a 20 ms transition time, light sleep state with a 6 ms transition time, or micro sleep without any transition time [TR 38.840]. (Ultra-deep sleep state is not considered due to that the 400 ms transition time is too long to allow the MR to be in the sleep state with the considered traffic models for evaluation.) The LP-WUS/WUR solution should target substantial gains compared to the existing Rel-15/16/17 UE power saving mechanisms, and for RRC_CONNECTED Rel-16 PDCCH-based WUS (DCI format 2_6 or DCP) should be the baseline for WUR evaluation. Compared to baseline, the transition time for the MR to start up upon WUS detection by WUR will add to the downlink latency and add a lower bound for the achievable latency depending on the sleep state considered (see above).
There are two WUR solutions to be considered in RRC_CONNECTED, ‘continuous WUR’ where the WUR is receiving the downlink continuously in time, and ‘duty-cycled WUR’ in which case a LP-WUS precedes the on-duration (as an improvement to Rel-16 PDCCH-based WUS). ‘Continuous WUR’ could be expected to have lower latency than ‘duty-cycled WUR’, but both solutions will have the same lower bound from the MR transition time as described above, and in the same way as for legacy C-DRX the duty cycle length for ‘duty-cycled WUR’ would be configured based on the downlink latency requirement. Therefore, any performance comparison of the two Connected WUR solutions, and any down-selection, should be considered at a fixed downlink latency requirement. 
Both link-level false alarm (FAR of 0.1% and 1% considered for evaluations), and false paging (paging for another UE sharing the LP-WUS monitoring occasion) would cause the MR to be started unnecessarily which has a negative impact on the WUR UE energy consumption reduction gain. Both effects are expected to be more severe for the ‘continuous WUR’ solution, the former because the UE is monitoring constantly increasing the probability for a false alarm per time unit, and the second since there is no prior distribution of UEs in time and a single WUS could wake-up all UEs in the cell. The WUS could, implicitly or explicitly, include UE addressing or UE subgrouping indication to reduce the second effect of false paging.
7.3.2.1 Configuration
For configuration, UE-specific configuration is feasible in RRC_CONNECTED and allows for the WUR configuration to be adapted to UE needs. Consequently, WUR would only be configured for a UE if it can provide a larger UE power saving gain that a legacy method, and therefore WUR operation should be considered to replace a legacy method, e.g., Short C-DRX, Long C-DRX, Rel-16 WUS, or be an enhancement thereof when configured (for example in the same way as Rel-16 WUS is an enhancement of Long C-DRX). From this the conditions for activation and deactivation of WUR would be clear.
For ‘duty-cycled WUR’, the time gap between the LP-WUS monitoring occasion and the start of the on-duration must further be configured long enough to cover the transition time of the MR. Similar to Rel-15 WUS for NB-IoT/LTE-M a UE capability for different WUS time gaps could be introduced, and gNB could, based on this capability, know which time gap it could configure for the UE (which if, several sleep states are supported, determine the possible MR sleep state to apply depending on the configure WUS time gap).
For a solution with full LP-WUS coverage in the cell no special configuration or signalling would be required. However, for a solution with partial LP-WUS coverage in the cell, Connected WUR should only be configured for a UE within LP-WUS coverage, and UE reporting and threshold may have to be defined to determine that. Further, if there is no time to de-configured Connected WUR when the UE moves out of LP-WUS new conditions would have to be introduced to ensure the UE could autonomously fall back to legacy operation without WUR (since it has become unreachable by gNB). Therefore, the Connected WUR solution with partial LP-WUS coverage is expected to have significantly higher complexity and standardization impact than the solution with full LP-WUS coverage.




4	Conclusion
In the previous sections we made the following observations: 
Observation 1	WUR gain compared to Rel-16 PDCCH-based WUS baseline is the biggest for tighter DL latency requirement and sparse non-deterministic data.
Observation 2	There is a latency penalty from using WUR and the start-up time of the MR introduces a lower bound for the DL latency (e.g., 20 ms for deep sleep, 6 ms for light sleep).
Observation 3	Gains for ‘continuous WUR’ and ‘duty-cycled WUR’ (Rel-16 WUS replacement) should be compared at a fixed DL latency requirement.
Observation 4	Complexity and specification impact from Connected WUR solution with partial WUS coverage would be considerably higher than with full WUS cell coverage.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Rel-16 PDCCH-based WUS (DCI format 2_6 or DCP) is considered as baseline for WUR energy consumption evaluations in RRC_CONNECTED.
Proposal 2	When configured, Connected WUR should replace, or be added on top of, Short C-DRX, Long C-DRX, or Rel-16 WUS, unless motivated.
Proposal 3	UE-specific configuration is feasible for WUR in RRC Connected.
Proposal 4	Consider the following text proposal for LP-WUS/WUR operation in Idle/Inactive for the RAN2 input to TR 38.869.
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