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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 is also some RAN2 study involved. More specifically, there is only one objective for which RAN2 is listed, but the same objective appears in two sections of the draft TR 38.869 [2]:
	[bookmark: _Toc127570628]7.2	LP-WUS design and L1 procedure
Editor’s note: The following SI Objective related to LP-WUS design and L1 procedure is included in this section.
· Study and evaluate wake-up signal designs to support wake-up receivers [RAN1, RAN4] 
· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals [RAN2, RAN1] 
[bookmark: _Toc127570629][bookmark: _Hlk130559683]7.3	Higher-layer aspects
Editor’s note: The following SI Objective related to higher layer aspects is included in this section.
· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals [RAN2, RAN1] 



2	Discussion 
2.1	RRC state considerations
RAN1 has agreed to consider all RRC states for the evaluation of WUR:
	Agreement
Both RRC IDLE/INACTIVE and CONNECTED modes are to be studied as part of the LP-WUS/WUR SI. 
· FFS: Further prioritization if needed during the study item.



WUR performance in RRC_Idle/Inactive is to be evaluated to a PEI baseline, either using DRX with a cycle length of 1.28s or using eDRX, 20s or 61s cycle length, and 4 POs per PTW. The “traffic model” to be evaluated is a certain range of per UE paging probabilities RE = {1%, 0.1%, 0.01% or 0.001%}, determining the group paging probability as RG = 1 – (1 – RE)N , where N is the number of UEs sharing a WUS monitoring occasion (for the DRX case, a bit more complicated for the eDRX case). 
[bookmark: _Toc131709342]For IDLE/INACTIVE, the LP-WUR gains should be compared to existing IDLE DRX solutions.
WUR performance in Connected is instead considering 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.



From our accompanying RAN1 paper on Low-power WUS evaluations [3] it is seen that the energy consumption reduction using WUR can be over 90% and that it is the biggest for shorter duty-cycles, but not shorter than that the main receiver can be kept in the ultra-deep sleep state. The gains compared to baseline becomes smaller with increasing duty-cycle length, with increasing data activity, i.e., probability of being addressed such that the main receiver must be started.
In Connected, the traffic is much more intense (e.g., one frame every 16.7 ms for XR) and it remains to be seen if WUR has any energy saving benefit compared to baseline. The SID states that “Solutions should target substantial gains compared to the existing Rel-15/16/17 UE power saving mechanisms.”, and for Connected it would be Rel-16 WUS/DCI, i.e., DCI format 2-6, that Rel-18 LP-WUS/WUR should be measured against.
[bookmark: _Toc131709343]For CONNECTED, LP-WUR gains should be compared to the Rel-16 WUS/DCP.
The above concerns the energy reduction, but also WUR latency should be evaluated. Regarding the latency, it should be noted that the sleep state of the main receiver will dictate the lower bound for the DL latency. That is, with the main receiver in deep-sleep state the transition time is 400 ms (evaluation assumption agreed by RAN1) and hence this may mainly be relevant in Idle/Inactive. In Connected it may be more feasible to keep the UE in regular deep sleep, and in this case the lower bound on DL latency comes from the 20 ms transition time (see TR 38.840).
2.2	Continuous WUR vs. Duty-cycled WUR
Related to the above discussion, RAN1 has agreed the following:
	Agreement
Study further pros and cons of the following monitoring behaviors of LP-WUR
· Option1: Duty cycle, corresponds to LP-WUR switches between ON/OFF states 
· Option2: Continuous monitoring, corresponds to LP-WUR is ON all the time 




That is, in general, WUR operation can either be duty-cycled, i.e., as for Rel-15/16 WUS for NB-IoT/LTE-M and Rel-17 PEI, with the WUR switching between an active and a sleep mode, or continuously monitoring the DL using WUR, with the WUR constantly in the active mode. The main benefit of the ‘continuous-WUR’ is thought to be reduced DL latency. That is, the UE can be woken up at any time. However, as discussed above, the start up time of the main receiver (400ms transition time from ultra-deep sleep and 20ms transition time for regular deep sleep) anyway puts a lower cap on the achievable DL latency. Therefore, a duty-cycle considerably shorter than the main receiver transition time, e.g. 50ms when the main-receiver is in ultra-deep sleep with a 400ms transition time, only increases the energy consumption without any noticeable improvement for the DL latency. Therefore, it may the difficult to motivate continuous-WUR, especially since also the specification impact would be considerably larger. I.e., the paging monitoring framework with DRX, paging occasions, and paging frames in TS 38.304 cannot be reused and, at least, start and stop conditions for when the UE should monitor the DL using WUR would have to be defined.
[bookmark: _Toc131709348]The main receiver transition time, 400 ms in ultra-deep sleep and 20 ms in deep sleep, is a lower bound for the achievable DL latency. 
[bookmark: _Toc131709349]Continuous-WUR has insignificant latency improvement compared to duty-cycled WUR, but considerably larger specification impact.
[bookmark: _Toc131709344]Capture the differences for specification and DL latency impact, considering the lower bound on the latency from the MR transition time, between Continuous-WUR and duty-cycled WUR in TR.
Further, our initial evaluations for the energy consumption gain does not look very promising for Continuous-WUR (Always-on WUR in Figure 1). For these evaluations, a WUR decoding attempt is made every 1ms in both cases, and for Duty-cycled WUR the receiver remains on for 20ms during wake-up, and the false alarm probability is Pfa=10-3. These evaluations were done early on, so only the regular deep sleep is considered for the main receiver (1 power unit) and not the ultra-deep sleep state (0.015 power units). Further, the active WUR power unit is 0.1, and in the agreed range to evaluate of [0.01, 0.05, 0.1, 0.5, 1.0, 2, 4]. As for the data activity, the paging frequency is once per 100s. 
[image: ]
[bookmark: _Ref131492377]Figure 1: WUR power saving gain compared to a DRX baseline, for Duty-cycled WUR and Continuous (Always-on) WUR).
First it can be seen that the WUR gain is the biggest for smaller DRX cycle lengths. This can be understood from the much larger contribution to the total consumed energy from the main receiver (MR). That is, for the DRX baseline the MR is started every DRX cycle and otherwise kept in the deep sleep state. So, when the DRX cycle is long the total energy is dominated by the time in between DRX wake-up, in which case the MR is in the deep sleep state both for baseline DRX and for WUR, and therefore the gain is small. If instead the DRX cycle is short, the MR must be woken up frequently to monitor for paging with the DRX baseline, which is energy consuming. Instead with WUR, the MR needs to be started only when there is paging for the UE, otherwise it can still be kept in the deep sleep state.
[bookmark: _Toc131709350]WUR energy consumption reduction gain is the biggest for short DRX cycles compared to baseline.
Continuous-WUR further is independent of the DRX cycle length, and hence a flat curve plotting the absolute power saving. The main problem with Continuous-WUR is that since it is monitoring continuously, it is very sensitive the false alarms, in which case the MR is started-up which consumes a lot of energy. Therefore, the energy consumption for Continuous-WUR does not decrease with an increasing DRX cycle length in the same way as for the DRX baseline or the Duty-cycled WUR. As seen from Figure 1, due to this false-alarm problem the power saving of Continuous-WUR is always smaller than for Duty-cycled WUR, and even becomes smaller than the DRX baseline at longer DRX cycle lengths.
[bookmark: _Toc131709351]False-alarms are problematic for Continuous-WUR and caused the energy consumption reduction to be smaller than for Duty-cycled WUR, and even smaller than the DRX baseline for longer DRX cycles.

2.3	Mobility and RRM measurements
In RAN1#111 it was agreed to study ways to reduce the RRM contribution to the overall UE energy consumption to maximize the WUR gains:
	Agreement

For a UE support LP-WUR in IDLE/INACTIVE mode, 
· Study how to reduce UE power consumption due to existing RRM measurement requirements at least for mobility support, 
· study feasibility of RRM measurements performed by LP-WUR, at least for serving/camping cell, based on signals detected by LP-WUR
· FFS: measurement metric
· FFS: whether and how to identify cell/ tracking area 
· FFS: need for neighbouring cells
· FFS: need for relaxation of existing RRM measurement requirements (for UE)



In addition, the following agreement was reached in RAN1#112:
	Agreement

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


Mobility measurements include serving cell measurements, neighbour cell measurements which can be intra or inter-frequency measurements. Serving cell measurements need to be performed most frequently and will therefore have the biggest impact on UE energy consumption. Further, intra- and inter-frequency cell measurements are only performed when the UE’s serving cell is weak and the searches for a new serving cell. In a well deployed network this is only temporary and for long-term steady-state it is therefore serving cell measurements that are most relevant for UE energy consumption evaluation.
[bookmark: _Toc131709345]For evaluation of RRM measurement impact on UE energy consumption, serving cell measurements are considered.
Serving cell measurements are defined in TS 38.133 Clause 4.2.2.2, and an extract is given below:
	The UE shall measure the SS-RSRP and SS-RSRQ level of the serving cell and evaluate the cell selection criterion S defined in TS 38.304 [1] for the serving cell at least once every M1*N1 DRX cycle; where:
	M1=2 if SMTC periodicity (TSMTC) > 20 ms and DRX cycle ≤ 0.64 second,
	otherwise M1=1.


SS-RSRP and SS-RSRQ are measured on SSS and in FR1 the Scaling Factor N1 is equal to 1. Therefore, a UE must perform serving cell measurements either every DRX cycle or every 2nd DRX cycle in FR1 (somewhat more relaxed in FR2).
In general, there are three alternative solutions for RRM measurements with LP-WUR operation:
A. [bookmark: _Hlk127482759]WUR measurement on legacy SSB (no measurements by MR)
B. WUR measurement on a new WUR-specific reference signal (LP-SS)
C. MR measurement on legacy SSB (no measurement by WUR)
Solution A is applicable for WUR capable of receiving legacy SSS (i.e., a somewhat more capable WUR). Solution B requires the introduction of a new WUR-specific reference signal, e.g., the LP-SS as discussed in previous meetings. This implies introduction of new always-on broadcast signals for this feature would also result in additional NW overhead/energy consumption. Avoiding new always on signals is one of the key considerations from NW operation perspective. Solution C means the main receiver is started-up periodically to perform the RRM measurements. As shown in reproduced Figure 3 from Section 4.1.3 ‘Impact of RRM measurements’ in [4], measurement relaxations compared to current requirements are needed for LP-WUR to provide power savings gain with this approach. 
[image: ]
[bookmark: _Ref131505795]Figure 3: Power saving achieved by WUR when main radio performs RRM measurements every K DRX cycle (duty-cycled WUR).
For NR no serving cell measurement relaxations have been introduced, but for NB-IoT and LTE-M serving cell measurements of up to every 8th DRX cycle was introduced for more stationary UEs. However, as seen from Figure 3, not even that is enough to achieve larger power saving gains for WUR.
[bookmark: _Toc127522010][bookmark: _Toc131709352]WUR power saving gain is significantly reduced by using the main receiver for RRM measurements.
[bookmark: _Toc127526282][bookmark: _Toc131709346]Study RRM measurements by LP-WUR using existing OFDMA based signals (SSB).
Reusing SSB for RRM measurement purposes would have zero additional overhead from broadcast, unlike the new LP-SS. To limit the negative impact on overhead, some companies in RAN1 have claimed that a 1s periodicity would be sufficient for the LP-SS. However, 38.133 states that UEs should filter over at least 2 samples per measurement, and even with a 1.28s DRX cycle UEs would be distributed over several paging frames making the LP-SS reception very disjoint from the paging occasion for some UEs. Further UEs must also be synchronized before the RRM measurements can start, and with such a long LP-SS periodicity as 1s the UEs may even drift in between.  These aspects, and potentially more, should be considered by RAN2 for determining a feasible range of LP-SS periodicities which can be considered for evaluation.
[bookmark: _Toc131709347]Feasibility for LP-SS periodicity should be determined from, at least, RRM measurement considerations, UE distribution over paging frames, and synchronization requirements.
3	Conclusion
In the previous sections we made the following observations: 
Observation 1	The main receiver transition time, 400 ms in ultra-deep sleep and 20 ms in deep sleep, is a lower bound for the achievable DL latency.
Observation 2	Continuous-WUR has insignificant latency improvement compared to duty-cycled WUR, but considerably larger specification impact.
Observation 3	WUR energy consumption reduction gain is the biggest for short DRX cycles compared to baseline.
Observation 4	False-alarms are problematic for Continuous-WUR and caused the energy consumption reduction to be smaller than for Duty-cycled WUR, and even smaller than the DRX baseline for longer DRX cycles.
Observation 5	WUR power saving gain is significantly reduced by using the main receiver for RRM measurements.

Based on the discussion in the previous sections we propose the following:
Proposal 1	For IDLE/INACTIVE, the LP-WUR gains should be compared to existing IDLE DRX solutions.
Proposal 2	For CONNECTED, LP-WUR gains should be compared to the Rel-16 WUS/DCP.
Proposal 3	Capture the differences for specification and DL latency impact, considering the lower bound on the latency from the MR transition time, between Continuous-WUR and duty-cycled WUR in TR.
Proposal 4	For evaluation of RRM measurement impact on UE energy consumption, serving cell measurements are considered.
Proposal 5	Study RRM measurements by LP-WUR using existing OFDMA based signals (SSB).
Proposal 6	Feasibility for LP-SS periodicity should be determined from, at least, RRM measurement considerations, UE distribution over paging frames, and synchronization requirements.
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