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Introduction 
The revised Rel-18 Low Power Wake Up Signal (LP-WUS) SID includes following SI objective [1]. 

	As opposed to the work on UE power savings in previous releases, this study will not require existing signals to be used as WUS. All WUS solutions identified shall be able to operate in a cell supporting legacy UEs. Solutions should target substantial gains compared to the existing Rel-15/16/17 UE power saving mechanisms. Other aspects such as detection performance, coverage, UE complexity, should be covered by the evaluation.

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. 



In this contribution, we discuss the following aspects.
Use case
Evaluation Methodology and Assumptions
Key Performance Indications
Power Consumption Evaluations
· Power Model 
· Clock Accuracy Assumption
· Traffic Model
· Sensitivity Evaluation
Link Level Performance Evaluation
Use Case
Power saving and long battery-life is crucial for IoT devices such as sensors and actuators that are deployed extensively for monitoring, measuring, etc. Generally, as stated in [1], their batteries are not rechargeable and expected to last at least few years. In addition to sensors and actuators, battery life of wearables including smart watches, rings, eHealth related devices, and medical monitoring devices, are desired to be long and last for weeks.


IoT Idle mode with low latency and low power requirement
In general, the battery life depends on the wakeup time of the UE and the monitoring of various signals (e.g., PDCCH monitoring or paging monitoring). To meet the battery life requirements above, the main radio (MR) of a UE can use a large cycled DRX, e.g., enhanced DRX (eDRX) cycle with large outside DRX active time. However, this will result in large latency, which is not suitable for such quick response required in the above use cases of both long battery life and low latency. As an example, expected latency of an actuator is [0.5] seconds, with eDRX of MR without a WUR, the UE will never be able to meet such latency requirement. Thus, such IoT devices with low power and low latency requirements can benefit the most from wakeup receiver (WUR) designs. The main use case of interest, typically occurring in smart factories, logistics, retail, and smart home are idle mode with low latency and low power requirement such as
· Actuator control 
· On-demand sensing (the case age of sensed information matters)
· On-demand location tracking
· Wearables 

IoT Idle mode with low power requirement (i.e., delay tolerant/insensitive)
A second use case is IoT devices or applications with tolerable latency such as devices receiving sensing and metering requests or indication few times a day (e.g., once or twice a day), for such cases, the MR can sleep for a very large time while the WUR can monitor during excepted wakeup signal (WUS) monitoring occasions and wakeup the MR accordingly, based on indication.

Other use cases
As additional use cases which can benefit from WUR are eMBB and XR use cases; UE can extend main radio sleep duration with the help of LP-WUS monitored by LP-WUR.

Proposal 1: RAN1 considers following use cases for the evaluation of LP-WUR.
· IoT use cases with low latency and low power requirement, e.g., 
· Actuator control 
· On-demand sensing application (the case age of sensed information matters)
· On-demand location tracking
· Wearable device 
· IoT use case with low power requirement, e.g., 
· Sensing
· Metering
· Other use cases: eMBB/XR

Evaluation Methodology and Assumptions
In this section, we discuss the evaluation methodology and assumptions. We first state the main key performance indications. Then, we discuss the power consumption evaluation.

Key Performance Indications (KPIs)

· Total power consumption
· The main purpose of this SI is to achieve power saving for UE, and the study must show that the total power consumption at the UE with WUR is lower than the power consumption without WUR. Hence, total power consumption at the UE is a very important KPI.
· Latency
· Latency is a measure of delay of a packet. Since MR will be in a sleep state, and turning on the MR will take time, latency measure or increase due to enhanced power saving (due to use of WUR) must be evaluated. Hence, we have the following latency metric.
· Latency measured as the time from page arrives at gNB to the time MR receive page message
· Sensitivity
· Receiver sensitivity is the ability of a receiver to obtain the information from a weak signal. If the power-hungry radio frequency (RF) components are removed from WUR to save more power, this typically results in performance degradation, e.g., poor sensitivity and accordingly reduced coverage. In such case, mismatch between WUR coverage and regular communication coverage must be addressed and characterized.
· Data rate
· Using lower data rate will help in improving the sensitivity at cost of increased power consumption at WUR
· False wake up
· Due to NW grouping of the UEs for wakeup, a UE could be paged even if it is not supposed to wakeup, i.e., no data has arrived for that UE. This is referred to as false paging due to grouping. To reduce such events, the group size must be small – the smallest group size is one UE per group. However, with such design, the number of WUS signals/sequences increase, which will result in more false alarm or misdetection at UE. In general, the impact of both following events must be addressed: 
· False paging due to grouping
· False detection (false alarm)
· Miss detection probability
· Miss detection could lead to poor communication performance due to increased latency. If the UE is supposed to wakeup but it misdetects the WUS, the delay will increase.

Proposal 2: Include following KPIs: power consumption, latency, sensitivity, data rate, false wakeup probability (due to grouping and false alarm), and misdetection probability.


Power Consumption Evaluation
In this section, we discuss the power model and evaluation assumptions for MR and LP-WUR power consumption.

2 
3 
4 
4.1 
4.2 
Power Model
Power model for MR

To evaluate the benefits of WUR, we need to agree on a power model. A starting point should be the power model discussed in TR 38.840 [2] and additional assumptions can be made based on Rel-17 UEPS WI evaluation assumptions. 

Additionally, as discussed earlier, to achieve the most power saving at the UE, the UE must turn off the MR or put it in a very low power state, most of the time, and use the WUR to monitor the wakeup signals. This motivates the need for improving the power model and including additional modeling for MR and WUR.

Proposal 3: Use existing 38.840 power model and discuss/agree on additional assumptions based on evaluation done during Rel-17 UE power saving WI as starting point. 
Additional assumptions made during R17 power saving (UEPS) WI include
· Idle mode wakeup timeline in low/high SNR
· SSB monitoring for RRM (serving cell / neighbor cell)
· PO monitoring

Similar to current discussed sleep states in [2], wherein UE can use deep sleep, light sleep, or micro-sleep, new low power state has to be introduced and the transition energy and transition time. To be specific, for MR, it is necessary to define a new power state (i.e., ultra-low power state (ULPS)), in addition to power states defined in TR 38.840. If there is long enough sleep duration, UE can enter deeper sleep state than current DS state in TR 38.840. In such case, WUR allows UE to stay in such low power (i.e., ULPS) while the LP-WUR is monitoring the wakeup signals. This new power state will be much power efficient in terms of relative power, however, its transition energy and transition time would be much larger, due to the need to ramp-down and ramp up most of RF/hardware (HW)/firmware (FW)/software (SW) components in the modem.

The transition time and transition energy for this MR’s new state should be determined, similar to other sleep states provided in TR 38.840. In Figure 1, we show the transition time and power consumption of deep sleep (DS) and ULPS.

Proposal 4: Introduce ULPS state with power consumption, transition time and energy as shown in Table 1.
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Figure 1 Deep sleep vs ULPS


Table 1 Power Model for Deep Sleep and ULPS
	Sleep type
	Relative 
power
	Transition energy:
(Relative power × ms)
	Total transition time

	DS
	1 
	450
	20 ms

	ULPS
	[0.015*]
	[20000*]
	[400 ms*]

	*  Yellow numbers are from R1-1714993












Power Model for LP-WUR

Since the total power consumption of the modem depends on both the MR power and the WUR power, the WUR power has to be modeled. Therefore, we need to define power states for the WUR and define power consumption for each state. State can include the sleep state and the monitoring power (e.g., for LP-WUS or related sync signal). The transition time and energy for WUR are assumed to be negligible since the WUR is supposed to operate quickly. Table 2 captures the required power states for the WUR.

Proposal 5: Introduce LP-WUR monitoring and sleep state. 
Power numbers for each state are part of study.
LP-WUR transition energy and time are assumed to be zero.

                                                                              Table 2 WUR Power Model
	Sleep type
	Relative power
	Transition energy:
(Relative power × ms)
	Total transition time

	LP-WUR monitoring power
	TBD
	0
	0

	LP-WUR sleep power
	TBD
	
	












 WUR Clock Accuracy Assumption
Clock accuracy is very important for WUS correct detection. Due to clock drift, the UE loses timing as shown in Figure 2. Therefore, the WUR will not be able to correctly monitor WUS. To reduce such errors, the UE may keep the WUR active all the time to search for the WUS. This behavior will result in significant energy consumed by WUR due to continuous monitoring. Hence, clock accuracy is an important aspect in determining the power consumption by the WUR. If clock accuracy is low/poor, the monitoring time of WUS will be large and it will not be possible for the WUR to operate in duty cycled manner where it can sleep for some time periods to save more power. If the clock accuracy is high, the WUS search is smaller and WUR can monitor a smaller time period to find the WUS indication.

Clock accuracy is characterized with two main parameters: 
· Clock frequency drift, which measures the frequency drift of the clock over time (ppm/sec)
· Clock maximum frequency error, which measures the maximum frequency error (ppm)
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                                                            Figure 2 Clock Drift Impact 

In Table 3, we depict the clock accuracy wherein Clock 2 is less accurate than Clock 1. The WUR may use different clock source depending on, e.g., sleep state (i.e., ULPS vs DS) and its power consumption.

Table 3 Clock Parameters
	Parameter
	Value

	Clock 1 frequency drift [ppm/s] 
	[X] 

	Clock 1 max frequency error [ppm]
	[Y] 

	Clock 2 frequency drift [ppm/s] 
	[Z] 

	Clock 2 max frequency error [ppm]
	[L]

	Note: Accuracy of Clock 2 is lower than Clock 1



Proposal 6: Introduce clock error parameters, e.g., 
Clocks frequency drift (ppm/s) [X, Z].
Clocks maximum frequency error (ppm) [Y, L].

 Traffic Model
Traffic arrival of IoT is very sparse, e.g., on-demand location tracking request, on-demand sensing request, actuator, etc which allows longer battery life. Hence, it is expected that the page inter-arrival time is very large (e.g., tens of minutes to hours).

Power saving benefit of LP-WUS/paging early indication (PEI) is maximized when the MR wakes up only when there is a page message for the UE. Currently, to save resources from NW side, the NW groups multiple UEs into a single page group to monitor PEI. The problem with this approach is that, once a UE within a group is paged, all UEs within the group will wake up to monitor the paging occasions (POs). This will increase the probability of false wakeup due to grouping. 

Proposal 7: Introduce IoT traffic model with very sparse traffic arrival.
Group paging
Poisson page arrival with average paging inter-arrival time: [tens of min to hours]
Latency requirements to be considered.
· E.g., [0.5]sec for actuator control/wearable, [1-60]sec for location tracking and on-demand sensing

Sensitivity Evaluation
Receiver sensitivity is defined as the ability of a receiver to obtain the information from a weak signal. Typically, the sensitivity depends on multiple metrics including a target signal-to-noise ratio (SNR), which is a function of the data rate. Sensitivity is given as 

Sensitivity(dBm) =  ++  + 

wherein   is the thermal noise power spectral density in dBm/MHz,  is the noise figure of the receiver in dB, BW is the bandwidth in MHz, and  is the required signal-to-noise radio (SNR) to achieve a certain performance requirement. Figure 3 describes the sensitivity.
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The required SNR can be written in terms of average bit power and thermal noise power. That is, 



where  denotes the data rate. Hence,




Observation 1
Sensitivity is a function of receiver’s noise figure, required SNR, and data rate.


Since NF value impacts the sensitivity, it is necessary to characterize the WUR’s NF. Typically, NF depends on receiver architecture and the quality of the used RF components. If the NF is large, this typically results in performance degradation, e.g., poor sensitivity and accordingly reduced coverage. If the WUR’s NF is larger than MR’s NF, mismatch between WUR coverage and regular communication coverage could occur. In general, the NF will impact the evaluation and design of WUS.

Proposal 8: Study potential values for WUR’s NF for sensitivity evaluation.

Link Level Performance Evaluation
In this section, we discuss the methodologies for link level performance evaluation. The main aspect that needs link level evaluation for the LP-WUS study is the link budget/coverage of the LP-WUS under different waveform, receiver architecture, and system/channel configuration assumptions. 

Below, we list the parameters that need to be identified in order to study the link-level performance of LP-WUS, and to align/compare results from different companies, if necessary.  The parameters we listed below are largely borrowed from the link budget study in Rel-17 coverage enhancement SI (in particular PDCCH and PBCH link budget evaluation) [3], with some modifications towards the specific characteristics of LP-WUR. As usual, two different sets of link-level evaluation parameters are identified for FR1 and FR2 and provided in Table 4 and Table 5, respectively. 



Table 4 Link-level evaluation assumptions for LP-WUS for FR1
	Parameter
	Value

	Carrier frequency
	700MHz, 4GHz

	SCS

	15KHz at 700MHz
30KHz at 4GHz

	Channel Model
	TDL-C for NLOS, TDL-D for LOS

	Delay spread
	30ns and 300ns

	UE speed
	3Km/h

	Antenna configuration: 

	gNB antenna:
2 at 700MHz
4 at 4GHz
UE antenna: 1 

	LP-WUS bandwidth 

	5MHz or 20MHz
The simulation scenario may include placement of other DL signals on both sides of the LP-WUS BW to evaluate interference rejection capability of different receiver architectures


	LP-WUS payload
	FFS

	Receiver Model 
	FFS based on receiver architecture study; prefer to have a unified receiver model for different low-power receiver architectures for non-OFDM based LP-WUS

	Performance metrics
	LP-WUS mis-detection rate [1%] & false alarm [<<1%]


	
	LP-WUS overhead and Detection latency


	
	Receiver sensitivity 




Table 5 Link-level evaluation assumptions for LP-WUS for FR2
	Parameter
	Value

	Carrier frequency
	28GHz

	SCS

	120KHz

	Channel Model
	CDL-C, TDL-A

	Delay spread
	30ns, 100ns

	UE speed
	3Km/h

	Antenna configuration: 

	gNB antenna: 2
UE antenna: 1 

	LP-WUS bandwidth 
	TBD

	LP-WUS payload
	Same as FR1

	Receiver Model 
	[Same as FR1]

	Performance metrics
	Same as FR1



Proposal 9: Adopt the above link-level simulations assumptions.

Conclusion               
In this contribution, we have discussed KPIs and evaluation methodologies for power evaluation, sensitivity evaluation, link performance evaluation. Based on that we made following observations and proposals.

Proposal 1: RAN1 considers following use cases for the evaluation of LP-WUR.
· IoT use cases with low latency and low power requirement, e.g., 
· Actuator control 
· On-demand sensing application (the case age of sensed information matters)
· On-demand location tracking
· Wearable device 
· IoT use case with low power requirement, e.g., 
· Sensing
· Metering
· Other use cases: eMBB/XR

Proposal 2: Include following KPIs: power consumption, latency, sensitivity, data rate, false wakeup probability (due to grouping and false alarm), and misdetection probability.

Proposal 3: Use existing 38.840 power model and discuss/agree on additional assumptions based on evaluation done during Rel-17 UE power saving WI as starting point. 
Additional assumptions made during R17 power saving (UEPS) WI include
· Idle mode wakeup timeline in low/high SNR
· SSB monitoring for RRM (serving cell / neighbor cell)
· PO monitoring

Proposal 4: Introduce ULPS state with power consumption, transition time and energy as shown in Table 1.

Proposal 5: Introduce LP-WUR monitoring and sleep state. 
Power numbers for each state are part of study.
LP-WUR transition energy and time are assumed to be zero.

Proposal 6: Introduce clock error parameters, e.g., 
Clocks frequency drift (ppm/s) [X, Z].
Clocks maximum frequency error (ppm) [Y, L].

Proposal 7: Introduce IoT traffic model with very sparse traffic arrival.
Group paging
Poisson page arrival with average paging inter-arrival time: [tens of min to hours]
Latency requirements to be considered.
· E.g., [0.5]sec for actuator control/wearable, [1-60]sec for location tracking and on-demand sensing

Observation 1
Sensitivity is a function of receiver’s noise figure, required SNR, and data rate.


Proposal 8: Study potential values for WUR’s NF, including the case when the WUR’s NF is similar to MR.

Proposal 9: Adopt the above link-level simulations assumptions.
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