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Introduction
In Rel-18, a study item was approved for low-power wake-up signal and receiver (LP WUS/WUR) for NR (WID in RP-222644 [1]), and it includes the following objectives.
	· Identify evaluation methodology (including the use cases) & KPIs [RAN1]
· Primarily target low-power WUS/WUR for power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables
· Other use cases are not precluded
· Study and evaluate low-power wake-up receiver architectures [RAN1, RAN4] 
· 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] 
· Study potential UE power saving gains compared to the existing Rel-15/16/17 UE power saving mechanisms, the coverage availability, as well as latency impact of low-power WUR/WUS. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]
· Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary. 



In this contribution, we provide some power saving evaluation results for LP WUS based on the agreed power modeling.
Preliminary power evaluation
We evaluate the power saving gain for idle/inactive UEs based on the following assumptions:
Table 1 Assumptions for power saving evaluation for idle/inactive UEs
	Parameter
	Value
	Note

	Bandwidth
	20 MHz
	

	SCS
	30 kHz
	

	iDRX cycle
	1.28 s
	

	Group paging rate per iDRX cycle
	10%
	

	MR ultra-deep sleep state
	Relative power
	0.015
	

	
	Transition energy (unit x ms)
	15000, 40000
	

	
	Ramp up time
	400 ms
	

	LP WUS/WUR
	Relative power for ON state
	0.1, 1, 4
	

	
	Relative power for OFF state
	0.001
	

	
	Transition energy (unit x ms)
	40 for ON power = 4
5 for ON power = 1
	No transition energy assumed for ON power = 0.1

	
	Duty cycle for WUS
	1.28 s
	

	
	WUR ON duration per cycle
	10 ms or 50 ms
	

	Probability the MR wakes up per cycle
	0.1% to 10%
	

	Paging procedure
	Once a WUS is received, the UE wakes up the main radio and monitors PO as in legacy procedure.

	Number of SSBs before PO after MR wakes up
	3
(Low SINR assumed)
	No additional SSBs assumed compared to Rel-17 PEI study, which may need to be revisited.

	RRM measurement
	Intra-freq and inter-freq RRM measurement assumed only in the cycle when MR is on.
(This assumption is unrealistic for mobility case, and results in an upper bound for power saving gain. It needs to be revisited later.)

	Baseline
	Rel-17 PEI with 8 subgroups
	The difference between the cases with subgrouping and without subgroups is quite small.



As we discussed in our companion contribution [2], we think at least duty cycle operation should be supported for LP WUS. If latency is a concern, a smaller duty cycle can be configured, instead of continuous monitoring. Note that the MR takes a significant amount of time to ramp up (400 ms assumed in the model), this ramp-up time can be the dominating factor in latency, and there is not much difference in latency between a small duty cycle and continuous monitoring. For this reason, duty cycle operation is assumed in the evaluation.
The power saving gain relative to the baseline is provided in Figure 1 for transition energy of 15000 and 40000. Note that the transition energy for LP WUR is also considered here, as included in Table 1. As we can observe from the figure, the power saving gain is very sensitive to (1) the MR transition energy and (2) the probability of MR waking up per cycle. The reason is that the MR power consumption in ultra-deep sleep state and MR transition energy are the dominating part in the total power consumption. 
The MR transition energy is purely a UE implementation issue and there is nothing that can be done by standards to improve. However, the probability of MR waking up per cycle depends on the WUS design and the configurations. As a reference, 1% probability of MR waking up is similar to the subgroup paging rate in the baseline with 10% group paging rate and 8 subgroups. The main factors that determine the probability of MR waking up include:
· It depends on whether a UE-specific or a group WUS is used. If a group WUS is used, it depends on how many UEs in the group and the UEs’ traffic model. If a UE-specific WUS is used, it is determined by the UE traffic model, i.e., how often there will be traffic coming. 
· It depends on how often the MR needs to perform RRM measurement. This is related to the discussion on whether/how some RRM measurement functionality can be offloaded to LP WUR.
· False alarm rate of the WUS reception
Significant power saving is observed when the probability of MR waking up is low, as the MR stays in ultra-deep sleep state most of the time and rarely wakes up (less overhead from transition energy).
Therefore, in the design, it is important to carefully consider the design of mechanisms that can reduce the MR wake-up probability, such as the UE-specific WUS, offloading RRM measurement, etc.
It should also be noted that when this probability is too high, it may no longer make sense to use LP WUR, as shown for the case with 10% probability and transition energy of 40000. In this case, the power saving from MR ultra-deep sleep state is not sufficient to compensate for the transition energy.
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(a) MR transition energy = 15000                                (b) MR transition energy = 40000
Figure 1 Power saving gain with LP WUS/WUR for idle/inactive UEs
Another factor that may have significant impact is the WUR ON duration within a DRX cycle (or the percentage). In Figure 2, we plot the power saving gain with WUR ON duration of 50 ms (instead of 10 ms in Figure 1) for different LP WUR power consumption. Compared to Figure 1(a), this set of the curves becomes more spread out, and more obvious degradation is observed for power consumption of 4. This is because the WUS power consumption is now a significant portion of the overall power consumption due to the long ON duration. This means that during the design, the ON duration of WUR (which can cover WUR, synchronization, potential RRM measurement, or any reception performed by WUR) is also an important factor to consider.
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Figure 2 Power saving gain with LP WUS/WUR for idle/inactive UEs with MR transition energy = 15000 and  WUR on duration = 50 ms per DRX cycle
An important observation from Figure 1 is that the power saving gain is not very sensitive to the power consumption of the LP WUR in these cases. This is because in these cases, the total power consumption is largely dominated by the MR power consumption in ultra-deep sleep state and MR transition energy, while the power consumption of the LP WUR is only a small percentage. However, the advantage of lower power consumption of the LR WUR starts to show when WUR needs to stay on for longer time, as shown in Figure 2.
Observation 1: For idle/inactive UEs, the power saving gain of LP WUS/WUR highly depends on MR transition energy and the probability of MR waking up.
Observation 2: For idle/inactive UEs, the power saving gain of LP WUS/WUR is not very sensitive to the power consumption of LP WUR, as long as the power consumption of LP WUR is sufficiently lower (e.g. one order of magnitude lower) than the MR and the ON duration is relatively short.
These observations can provide us some guidance on the design for LP WUS/WUR. As we all know, the design involves the tradeoff among many aspects such as the power consumption, sensitivity/coverage, data rate and overhead. Figure 2 suggests that the required ON duration of LP WUR may have some impact on the power saving gain. Whether it is necessary to push down the power consumption of LP WUR to a very low level depends on the required ON duration of LP WUR (depending on the design), and of course the other aspects should also be considered such as sensitivity and overhead. We should carefully investigate all the tradeoffs in the design, instead of setting a tight power consumption target.
Proposal 1: Do not set a tight power consumption target for LP WUR at this stage. The tradeoffs should be carefully considered.
Conclusion
In this contribution, we have presented some evaluation results on power saving gain for LP WUS/WUR, and have the following observations and proposals:
Observation 1: For idle/inactive UEs, the power saving gain of LP WUS/WUR highly depends on MR transition energy and the probability of MR waking up.
Observation 2: For idle/inactive UEs, the power saving gain of LP WUS/WUR is not very sensitive to the power consumption of LP WUR, as long as the power consumption of LP WUR is sufficiently lower (e.g. one order of magnitude lower) than the MR and the ON duration is relatively short.
Proposal 1: Do not set a tight power consumption target for LP WUR at this stage. The tradeoffs should be carefully considered.
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