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Introduction
Low power wakeup signal (LP-WUS) has drawn significant attention of industry. For example, a type of LP-WUS and the corresponding LP-WUS receiver (LP-WUR) have been specified in IEEE 802.11ba. The LP-WUR is a receiver separating from main receiver. With the assistance of the LP-WUR, the main receiver can be turned off or in sleep mode for long time with high probability.
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Figure 1: Illustration of the LP-WUR and the main receiver
The SID of the LP-WUS can be found in [1].
	The study item 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. 


The contribution focuses on the evaluation methodology and KPIs.

Evaluation methodology
Power model
Power model for the main receiver
Apparently, the power model for the main receiver can reuse that defined in TR 38.840.
Proposal 1: The power model for the main receiver can reuse that defined in TR 38.840.
Power model for the LP-WUR
The new power model for the LP-WUR can be introduced, including the power consumption of detection of LP-WUS and sleep mode(s) for the LP-WUR.
Detection of the LP-WUS
The main non-sleep mode for the LP-WUR can be detection of LP-WUS, and whether the LP-WUR needs to perform measurement, i.e. reference signal processing, should be discussed further. 
Proposal 2: The power consumption of detection of the LP-WUS can be defined.
Sleep mode(s) for the LP-WUR
If power consumption of detection of the LP-WUS is very low, the LP-WUR may be always turned on. In this sense, the LP-WUR may not have any sleep mode. However, in our view, even when always-on can be enabled, we can still define a sleep mode for the LP-WUR, e.g. zero power consumption. It means sleep mode can be defined. On the other hand, due to simple behavior (e.g. wakeup for detection of the LP-WUS) of the LP-WUR, we may not need to define three types of sleep mode for the LP-WUR like that for the main receiver. Hence, we suggest defining at least one type of sleep mode for the LP-WUR.
Proposal 3: At least one type of sleep mode can be defined for the LP-WUR.
The number of categories of power model for the LP-WUR
In general, there could be several types of architectures for the LP-WUR. 
Proposal 4: The number of categories of power model for the LP-WUR depends on the outcome of discussion of architectures of the LP-WUR.
For simplicity, we can start from defining two main categories of power model. An example of power consumption for the LP-WUR can be found in the following table.
Table 1: Example of power consumption for the LP-WUR
	Power State
	Characteristics
	Relative Power 

	Sleep of the LP-WUR
	Power consumption when the LP-WUR is sleeping
	Cat-1: one order of magnitude compared to deep sleep for the main receiver, e.g. 0.1
Cat-2: several orders of magnitude compared to deep sleep for the main receiver,  e.g. 0.01

	The LP-WUS detection
	Power consumption of detection of the LP-WUS per slot
	Cat-1: one order of magnitude compared to PDCCH-only for the main receiver, e.g. 10
Cat-2: several orders of magnitude compared to PDCCH-only for the main receiver,  e.g. 1


Transition energy/time for sleep mode for the LP-WUR
The transition energy/time should be defined for transition between a sleep mode and active mode for the LP-WUR. If the LP-WUR wakes the main receiver up, the main receiver also transit from a sleep mode to active mode, but it should be counted into the power consumption of the main receiver.
Proposal 5: The transition energy/time should be defined for transition between a sleep mode and active mode for the LP-WUR.
Since the LP-WUR has less number component than that of the main receiver, the transition energy/time may not be too large. An example of transition energy/time for sleep mode for the LP-WUR can be found in the following table.
Table 2: Example of transition energy/time for sleep mode for the LP-WUR
	Sleep type
	Additional transition energy:
(Relative power x  ms) 
	Total transition time 

	Sleep of the LP-WUR
	100 (like light sleep for the main receiver)
	6 ms (like light sleep for the main receiver)



KPI
0. Possible positive impact
0. Power saving gain
It could be common understanding that the power saving gain is a main KPI for the LP-WUR. 
For ease of comparison, the power saving gain can be the additional power saving gain compared with R17 UE power saving technique, e.g. PEI defined in R17.
Observation 1: Using R17 PEI as baseline for the additional power saving gain of the LP-WUR can make comparison easy.
0. Latency
In some literatures, the power saving gain of the LP-WUR may not obvious, but the latency outperforms the PEI. For example, if eDRX is configured, the total energy consumption can be kept small, and it will lead to the similar power saving gain for the LP-WUS and the PEI. In this case, the PEI has large latency due to eDRX, but the latency of the LP-WUS may be limited to eDRX cycle if the main receiver does not need to monitor paging after waking up by the LP-WUR.
Table 3: The relationship between the power saving gain and the latency
	
	Power saving gain
	Latency

	Short DRX cycle, e.g. DRX
	The power saving gain for the LP-WUS may be higher than that of the PEI
	Similar latency for the PEI and LP-WUS

	Long DRX cycle, e.g. eDRX
	Similar power saving gain for the PEI and the LP-WUS
	The latency for the LP-WUS may be lower than that of the PEI


It can be observed that even if the PEI and the LP-WUS have the similar power saving gain, the latency of the LP-WUS can be a benefit to justify the introduction of the LP-WUS.
Observation 2: The latency may a key benefit of the LP-WUR. 
0. Possible negative impact
1. Resource overhead & coverage requirement
In R17 PEI discussion, the resource overhead is always considered as a tradeoff for the power saving gain. How to balance them has consumed lots of time for evaluation and debating. The UE vendors prefer large power saving gain but the network vendors prefer small resource overhead, which needs the compromise. As a UE vendor, we think keeping the resource overhead acceptable is beneficial for commercialization of the LP-WUR, so we are open for the future compromise.
In R17 PEI discussion, we set the coverage requirement at first in form of miss-detection rate (MDR) and false-alarm rate (FAR), and then evaluate the resource overhead of different designs of the PEI. The similar methodology can be reused. 
Observation 3: The resource overhead to meet the coverage requirement may be a tradeoff for the power saving gain.
Furthermore, in R17 PEI discussion, similar to the resource overhead, the coexistence with the legacy signal/channel is also considered as a tradeoff for the power saving gain. The newly introduced signals, i.e. the LP-WUS, may collide with the legacy signal/channel. How to handle the collision is an issue, especially for the legacy UEs. In R17 PEI discussion, considering the legacy collision handlings, if the PEI is a legacy signal/channel, e.g. PDCCH or CSI-RS, a connected state UE can perform rate matching around the PEI with the assistance of signaling. However, the LP-WUS seems a new signal/channel, and the legacy collision handlings may be ineffective. If it is up to gNB implementation, e.g. using non-overlapping resource, the resource overhead may be potential raised, e.g. avoiding collision with reference signals leading to less available resource.
Observations 4: The coexistence between the legacy signal/channel and the LP-WUS may cause increase of the resource overhead.
1. Mobility
Measurement relaxation at the main receiver, e.g. R16/R17 measurement relaxation and possible further measurement relaxation, is a promise factor to achieve power saving gain of the LP-WUS, since the main receiver cannot be turned off for long time without the measurement relaxation. However, drawbacks of the measurement relaxation should be studied for real deployment, e.g. degradation of the performance of the mobility.
Observation 5: The mobility may be affected by turning off the main receiver. 
0. Summary of KPIs
In summary, we should consider more KPIs for the LP-WUS than for R17 PEI, e.g. the latency and the mobility. The evaluation could be complicated.
Proposal 6: The following KPIs for the LP-WUR can be used, e.g.
· the power saving gain,
· the latency,
· the resource overhead to meet the coverage requirement, and
· the mobility in terms of the measurement relaxation at the main receiver.
For the power saving gain as the major KPI, we think it is better the baseline can be R17 UE power saving techniques. Setting the bar high may be good for the commercialization.
Proposal 7: The power saving gain can be the additional power saving gain compared with R17 UE power saving techniques, e.g. R17 PEI.

Evaluation assumptions
There are lots of evaluation assumptions to be determined. In our view, some of them should be aligned among companies for discussion progress, and others may be provided individually by companies as a part of their own solutions. For simplicity, we only focus on idle/inactive state, but it does not imply any prioritization.
Baseline evaluation assumptions
For idle/inactive state, the baseline evaluation assumptions can reuse that of R17 PEI. It reflects the typical scenarios for idle/inactive state and has achieved most companies’ consensus in R17 discussion. The baseline evaluation assumptions are listed as follows.
· Paging rate is 1%
· Group-paging-rate is 10% (assuming 10 UEs in a group)
· Paging cycle is 1280ms or above
· Link-level performance requirement for the LP-WUR, e.g. MDR for Behv-A can be 0.1%, and FAR for Behv-A can be 1%
· CFO requirement and the number of SS bursts to be processed for the main receiver
· x SS burst before the PEI to achieve about 0.5 ppm CFO, where x>=1
· y SS bursts before the PO/PRACH to achieve about 0.1 ppm CFO, where y>=3
Additional assumptions for the LP-WUR
Always-on vs. periodically-on
“Always-on” means the LP-WUR is always turned on to detect the LP-WUS in low power consumption. “Periodically-on” means the LP-WUR is periodically turned on to detect the LP-WUS. To achieve the low latency, some companies prefer always-on type of the LP-WUR. To maximize the power saving gain, some companies prefer periodically-on type of the LP-WUR. Assumption of always-on or periodically-on may impact most of KPIs.
Observation 6: Assumption of always-on or periodically-on impacts KPIs widely.
Whether the LP-WUS supports beam sweeping or not
In medium or high frequency, beam sweeping can achieve the acceptable coverage radius for broadcast type of channels, e.g. PEI PDCCH and paging PDCCH. To keep the similar coverage radius, the LP-WUS may also support beam sweeping, but it will cause the large resource overhead.
Observation 7: Assumption of whether the LP-WUS supports beam sweeping or not impacts at least the resource overhead and the coverage.
Additional assumptions for the main receiver
2. Whether the main receiver should still monitor PO after wakeup
For R17 PEI, the main receiver should still monitor PO after wakeup, which cause the latency is up to DRX cycle length and the resource overhead can be reduced.
[image: ]
Figure 2: Illustration of the main receiver behaviors for R17 PEI
For the LP-WUR, if the main receiver does not need to monitor PO after wakeup, the latency can be kept small enough, but the resource overhead may be large since the LP-WUS may contain one or more entire UE IDs in which one UE ID may have 48 bit for ng-5G-S-TMSI. 
[image: ]
Figure 3: Illustration of the main receiver behaviors for the LP-WUR and the main receiver, if the main receiver does not need to monitor PO after wakeup
On contrary, if the main receiver should still monitor PO after wakeup, it is a little like R17 PEI, and balance between the latency and the resource overhead should be studied.
[image: ]
Figure 4: Illustration of the main receiver behaviors for the LP-WUR and the main receiver, if the main receiver should still monitor PO after wakeup
 Besides, the power saving gain, coverage and mobility are also affected by assumption of whether the main receiver should still monitor PO after wakeup.
Observation 8: Assumption of whether the main receiver should still monitor PO after wakeup impacts KPIs widely.
Whether the measurement is relaxed or not at the main receiver
It is common understanding, with the assistance of the LP-WUR, the main receiver can be turned off for long time in high probability. However, we have assumed the most measurement is skipped at the main receiver behind this common understanding. The aggressive measurement relaxation may affect mobility generally.
Observation 9: Assumption of whether the measurement is relaxed or not at the main receiver at least impacts the mobility.
Whether the main receiver needs to perform cell search after wakeup
If the main receiver needs to perform cell search after wakeup, the latency will be large. On the other hand, the additional power consumption due to exhaustive cell search may reduce the power saving gain.
Observation 10: Assumption of whether the main receiver needs to perform cell search after wakeup at least impacts the latency and the power saving gain.
Furthermore, if the aggressive measurement relaxation of the main receiver can be enabled and the main receiver will perform cell search after wakeup, the main receiver can stay in a state like completely-off state before wakeup, which has lower power consumption than the deep sleep state, but has larger latency than the deep sleep state.
Observation 11: If the main receiver needs to perform cell search after wakeup, the main receiver can stay in a completely-off state before wakeup.
Summary of evaluation assumptions
According to above discussion on evaluation assumptions, we have the following proposals.
Proposal 8: The baseline evaluation assumptions should be determined, e.g. 
· paging rate, 
· group-paging-rate, 
· paging cycle, 
· link-level performance requirement for the LP-WUR, and 
· CFO requirement and the number of SS bursts to be processed for the main receiver.
Proposal 9: The additional evaluation assumptions should be studied and determined as much as possible, e.g.
· always-on vs. periodically-on,
· whether the LP-WUS supports beam sweeping or not,
· whether the main receiver should still monitor PO after wakeup, 
· whether the measurement is relaxed or not at the main receiver, and
· whether the main receiver needs to perform cell search after wakeup.
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We have the following observations.
KPI
Observation 1: Using R17 PEI as baseline for the additional power saving gain of the LP-WUR can make comparison easy.
Observation 2: The latency may a key benefit of the LP-WUR. 
Observation 3: The resource overhead to meet the coverage requirement may be a tradeoff for the power saving gain.
Observations 4: The coexistence between the legacy signal/channel and the LP-WUS may cause increase of the resource overhead.
Observation 5: The mobility may be affected by turning off the main receiver. 
Evaluation assumptions
Observation 6: Assumption of always-on or periodically-on impacts KPIs widely.
Observation 7: Assumption of whether the LP-WUS supports beam sweeping or not impacts at least the resource overhead and the coverage.
Observation 8: Assumption of whether the main receiver should still monitor PO after wakeup impacts KPIs widely.
Observation 9: Assumption of whether the measurement is relaxed or not at the main receiver at least impacts the mobility.
Observation 10: Assumption of whether the main receiver needs to perform cell search after the main receiver is turned on at least impacts the latency and the power saving gain.
Observation 11: If the main receiver needs to perform cell search after wakeup, the main receiver can stay in a completely-off state before wakeup.

We have the following proposals.
Evaluation methodology
Proposal 1: The power model for the main receiver can reuse that defined in TR 38.840.
Proposal 2: The power consumption of detection of the LP-WUS can be defined.
Proposal 3: At least one type of sleep mode can be defined for the LP-WUR.
Proposal 4: The number of categories of power model for the LP-WUR depends on the outcome of discussion of architectures of the LP-WUR.
Proposal 5: The transition energy/time should be defined for transition between a sleep mode and active mode for the LP-WUR.
KPI
Proposal 6: The following KPIs for the LP-WUR can be used, e.g.
· the power saving gain,
· the latency,
· the resource overhead to meet the coverage requirement, and
· the mobility in terms of the measurement relaxation at the main receiver.
Proposal 7: The power saving gain can be the additional power saving gain compared with R17 UE power saving techniques, e.g. R17 PEI.
Evaluation assumptions
Proposal 8: The baseline evaluation assumptions should be determined, e.g. 
· paging rate, 
· group-paging-rate, 
· paging cycle, 
· link-level performance requirement for the LP-WUR, and 
· CFO requirement and the number of SS bursts to be processed for the main receiver.
Proposal 9: The additional evaluation assumptions should be studied and determined as much as possible, e.g.
· always-on vs. periodically-on,
· whether the LP-WUS supports beam sweeping or not,
· whether the main receiver should still monitor PO after wakeup, 
· whether the measurement is relaxed or not at the main receiver, and
· whether the main receiver needs to perform cell search after wakeup.
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