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1	Introduction
In this document we discuss use cases, evaluation methodology and KPIs for evaluating performance of low-power Wake-up Signal (LP-WUS) and wake-up receiver (LP-WUR). 
The objectives from the latest SID [1] for this NR Rel18 SI are given below.
	· 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.



[bookmark: _Ref178064866]2	Use cases
As discussed in the SID, the study should primarily target power sensitive small form factor devices including IoT use cases (such as industrial sensors, controllers) and wearables. Other use cases (e.g., XR/smart glasses, smart phones) are not precluded.
Below we discuss the applicability of LP-WUS/WUR for these use cases considering the corresponding traffic characteristics and performance requirements.
IoT
IoT use cases such as actuators, industrial sensors and controllers are discussed in the SID. Some examples are given below. 
· Actuators:
· Fire sprinkler activation
· Alarm/siren activation
· Lamp control (on/off)
· Process control
· On-demand sensor reporting
· I.e., data continuously collected but only reported when there is a need or request (polling is beneficial with large numbers of devices since there is NW control over the traffic)
· On-demand location tracking/asset tracking

These are typically battery-operated devices that need to react quickly to data or commands in downlink, but such downlink triggering is very rare. The following traffic model (from ITU M.2412 document Table 5d [2]) can be considered for such applications:
	Traffic model
	With layer 2 PDU (Protocol Data Unit) message size of 32 bytes:
1 message/day/device
or
1 message/2 hours/device[footnoteRef:2] [2:  Higher traffic loads are encouraged.] 

Packet arrival follows Poisson arrival process for non-full buffer system-level simulation



The delay requirement for most of above use cases is expected to be small (e.g., few seconds, hundreds of milliseconds). LP-WUS/WUR operation with a duty cycle matching the delay requirement is suitable for such use cases for low power operation and corresponding power savings gain compared to existing approaches (e.g., Rel-17 PEI) should be considered in the study.
Wearables
Wearables such as smart watches, rings, eHealth related devices, and medical monitoring devices are also discussed in the SID.
For such use cases, at least the IM and heartbeat traffic models used for Rel17 Redcap SI can be considered. The models are shown below (from Table 6.6-2 in TR 38.875 [3])
	 
	Instant messaging
	Heartbeat

	Model
	FTP model 3
	FTP model 3

	Packet size
	0.1 Mbytes
	100 Bytes

	Mean inter-arrival time
	2 seconds
	60 seconds

	DRX setting
	Period = 320 ms
Inactivity timer = 80 ms
FR1 'On' duration: 10 ms
FR2 'On' duration: 5 ms
	C-DRX cycle 640 ms
Inactivity timer {200, 80} ms
FR1 'On' duration: 10 ms
FR2 'On' duration: 5 ms

	Comments
	Above values are taken from clause 8.2 of TR 38.840 [6].
	 



The downlink delay requirement for above use cases is expected to be smaller (e.g., hundreds of milliseconds) and benefits of LP-WUS/WUR should be studied with such requirements.
Other use cases 
The SID also discusses other use cases such as XR/smart glasses and smart phones. Traffic characteristics for XR are discussed in the Rel17 XR SI (TR 38.838), and for typical smartphone applications they are discussed in Rel16 UE power savings SI (TR 38.840). XR applications are delay sensitive so delays larger than few tens of ms are not suitable. For smartphone applications, an increase in latency is reflected by a lower user perceived throughput (UPT).
For such use cases, and more generally any use cases with tight delay budget, the applicability of LP-WUS/WUR depends on whether the LP-WUR can wake-up the main radio quickly enough. If the main radio is assumed to be e.g., in ‘deep-sleep’ state (as discussed in TR 38.840), waking it up within the expected tight delay budget is generally not feasible. If the main radio is in e.g., light-sleep or micro-sleep states (discussed in TR 38.840) it may be feasible to meet the delay budget but the power savings from LP-WUS/WUR are expected to be lower compared to other use cases. The performance/power savings benefits of LP-WUS/WUR can be compared using Rel16 DCI format 2_6 approach as baseline.

[bookmark: _Toc115467218][bookmark: _Toc115442420]For evaluating IoT and wearable use cases, consider the mMTC traffic model in ITU M.2412, and the heartbeat and instant messaging traffic models in 3GPP TR 38.875. For evaluating other use cases (e.g., XR/smart glasses, smart phones), the corresponding traffic models in TR 38.838 and TR 38.840 can be considered.

[bookmark: _Toc115467219][bookmark: _Toc115442421]For evaluating use cases with tight delay requirements (e.g., XR), feasibility of LP-WUR waking up the main radio with low latency should be studied also considering the associated power consumption for the main radio.
3	Evaluation Methodology
In the section we discuss evaluation methodology for estimating the power savings achieved with LP-WUS/WUR, its coverage availability, latency impact, and impact on overall NW performance including NW overhead and energy efficiency.
3.1	General framework
As indicated in the SID, all WUS solutions identified shall be able to operate in a cell supporting legacy UEs. 
In addition to the above requirement captured in the SID, the following general framework should be used as starting point for WUS evaluations. Without such framework, it is difficult to enable widespread WUS support in existing deployments.
· [bookmark: _Hlk115298171]transmission of WUS should not require new gNB hardware and should not trigger new emissions/compliance requirements for gNBs
· it should be possible to dynamically reuse unused WUS resources for other NR transmissions (i.e., dedicated time/frequency resource reservation for WUS should be avoided)
· it should be possible to multiplex WUS with other NR transmissions in time or frequency domain.
· WUS is transmitted on Uu interface from gNB to UE

[bookmark: _Toc115467220][bookmark: _Toc115442422]Following general framework should be used as starting point for WUS evaluations:
· [bookmark: _Toc115467221][bookmark: _Toc115442423]transmission of LP-WUS should not require new gNB hardware and should not trigger new emissions/compliance requirements for gNBs
· [bookmark: _Toc115467222][bookmark: _Toc115442424]it should be possible to dynamically reuse unused LP-WUS resources for other NR transmissions (i.e., dedicated time/frequency resource reservation for WUS should be avoided)
· [bookmark: _Toc115467223][bookmark: _Toc115442425]it should be possible to multiplex LP-WUS with other NR transmissions in time or frequency domain without causing interference
· [bookmark: _Toc115467224][bookmark: _Toc115442426]LP-WUS is transmitted on Uu interface from gNB to UE

3.2 	Evaluation of Power consumption
Power model for main radio
For the main radio, the existing models in TR 38.840 ‎for eMBB and TR 38.875 for Rel-17 RedCap, which is more suitable for IoT-type use cases, can be considered as a starting point. Specifically, for FR1 the power models have the following parameters:

Table 1. FR1 power model parameters from TR 38.840 ‎ and TR 38.875.
	Power State
	Relative Power 
(100 MHz BW, 4Rx) 
	Relative Power
 (20 MHz, 2Rx from R17 Redcap SI)

	Deep Sleep
	1 
(Optional: 0.5)
	0.8

	Light Sleep
	20
	18

	Micro sleep
	45
	31

	PDCCH-only
	100 (same-slot scheduling)
70 (cross-slot scheduling)
	50 (same-slot scheduling)
40 (cross-slot scheduling)

	SSB or 
CSI-RS proc.
	100
	50

	PDCCH + PDSCH
	300 
	120

	UL
	250 (0 dBm)
700 (23 dBm)
	250 (0 dBm)
700 (23 dBm)



When the main radio is accompanied with a LP-WUR, power for sleep modes and their associated transition energy and transition time can be different. Therefore, it is important to study whether any update is needed for main radio operation states when it is operated in conjunction with LP-WUR.
[bookmark: _Toc115467225][bookmark: _Toc115442427]For the main radio power model
· [bookmark: _Toc115467226][bookmark: _Toc115442428]Use existing models in TR 38.840 and TR 38.875 as starting point for evaluations
· [bookmark: _Toc115467227][bookmark: _Toc115442429]Study whether any updates are needed for the power model (including any updates to scaling factors, transition time) when the main radio is operated in conjunction with LP-WUR
· [bookmark: _Toc115467228][bookmark: _Toc115442430]Consider additional energy (if any) consumed to acquire synchronization
Power model for LP-WUR
Different architectures for LP-WUR will be considered in the study. 
For each LP-WUR architecture at least the below aspects need to be considered as part of the LP-WUR power model:
· Power when monitoring LP-WUS
· Power when not monitoring LP-WUS (when a duty cycle for LP-WUS detection is applied)
· Transition energy and transition time (if any) between above two states
· Transition time and transition energy (if any) for triggering the main radio from a given main-radio sleep state.
· Additional energy (if any) consumed to acquire synchronization for detecting LP-WUS
· Scaling factors if variable BW operation is supported 

Some LP-WUS/WUR designs may enable very low power consumption when monitoring LP-WUS such that an ‘always on’ LP-WUR mode becomes feasible while for some LP-WUS/WUR designs having a duty cycle can be the default mode of operation. The LP-WUR power for different modes can be modelled relative to the main radio deep sleep power.
[bookmark: _Toc115467229][bookmark: _Toc115442431]For each LP-WUR architecture considered in the study, consider at least the below aspects as part of the LP-WUR power model
· [bookmark: _Toc115467230][bookmark: _Toc115442432]LP-WUR active power when monitoring LP-WUS
· [bookmark: _Toc115467231][bookmark: _Toc115442433]LP-WUR sleep power when not monitoring LP-WUS (when a duty cycle for LP-WUS detection is applicable for the LP-WUR)
· [bookmark: _Toc115467232][bookmark: _Toc115442434]Transition energy and transition time (if any) between above two states
· [bookmark: _Toc115467233][bookmark: _Toc115442435]Transition time and transition energy (if any) for triggering the main radio from a given main-radio sleep state.
· [bookmark: _Toc115467234][bookmark: _Toc115442436]Additional energy (if any) consumed to acquire synchronization for detecting LP-WUS
· Scaling factors if variable BW operation is supported

In addition to the power models, DRX/Paging configuration assumptions for the UE also need to be considered as part of the evaluations. Further, false wake-up of main radio due to WUR false alarms and the resulting additional power consumption should also be considered as part of the evaluations.
[bookmark: _Toc115467235][bookmark: _Toc115442437]For power saving evaluations, consider impact of DRX/Paging configuration assumptions for the UE and impact of false wake-up of main radio due to LP-WUR false alarms.

3.3 	Evaluation of LP-WUS Coverage
LP-WUS reception impacts paging performance for Idle mode UEs and DL scheduling assignment/UL grant reception when configured for Connected mode UEs. These procedures are based on PDCCH monitoring. Considering this, the achievable coverage for different LP-WUS/WUR designs should be compared to PDCCH coverage for same scenario. 
Table 2. An example high level link-budget comparison for different cases of WUS/WUR.
[image: ]
An example high level link-budget comparison is shown in above table. Here a WUS BW of 12 PRBs (= 4.3MHz at 30kHz SCS) is assumed. 
If the lowest SNR at which LP-WUS can be reliably detected (required SNR for LP-WUS) matches the lowest operating SNR level for PDCCH (-6dB assumed in the example), and if LP-WUR has same noise figure (NF) as main radio (as shown for example WUS1/WUR1), then it would be possible to operate LP-WUS with similar MIL (maximum isotropic loss) as that of PDCCH. However, if the LP-WUR has larger NF compared to main radio, then the required SNR for LP-WUS has to be lower than the lowest operating SNR level for PDCCH in order to achieve the same MIL operation range of PDCCH (as shown for example WUS4/WUR2). If LP-WUR has worse NF and LP-WUS can only be operated as same or worse required SNR than PDCCH (examples WUS2/WUR2, WUS3/WUR2) then achievable coverage for LP-WUS would be lower than that of PDCCH.
While the table above shows example values, a more formal link budget analysis e.g., aligned with template/assumptions used in TR 37.910 IMT-2020 self-evaluations should be performed to evaluate LP-WUS/WUR coverage.
Also, the LP-WUS/WUR designs should strive to match the coverage for NR PDCCH as reception of LP-WUS impacts critical DL procedures.
[bookmark: _Toc115467236][bookmark: _Toc115442438]For coverage evaluations, link-budget for candidate LP-WUS/WUR designs should be compared to that of NR-PDCCH link budget for various deployment scenarios (e.g., those identified in TR 37.910)
· [bookmark: _Toc115467237][bookmark: _Toc115442439]LP-WUS/WUR designs should strive to match the coverage for NR PDCCH
3.4 	Evaluation of NW impact
In this section, we discuss potential system impacts of low-power WUS/WUR in terms of network overhead/capacity, latency, and energy efficiency. For the evaluation, relevant assumptions considered in TR 38.840 with the traffic models adapted to those use cases discussed in section 2 can be used as a starting point.    
Overhead
Network capacity can be impacted by LP-WUS/WUR operation due to additional resource overhead needed for WUS transmission including any guard bands and resources for WUR synchronization signal. The total overhead depends on the traffic and typically increases with the number of WUS transmissions needed (e.g., corresponding to the paging rate). 
Network overhead from the WUS itself can be considered in terms of a fraction of PRBs and number of symbols/slots used for one WUS transmission in a given BWP and time unit. In general, the more resources used, the higher the NW overhead and the higher impacts on NW capacity. There is a trade-off between the overhead and link performance of WUS and thus WUS coverage. For example, WUS missed detection events can impact NW overhead as more WUS resources will be used to eventually wake up the UE. 
In our view, to be resource efficient, it is important that the WUS resources are not exclusively reserved for WUS. In some WUS monitoring occasions there might be no WUS transmission and it should be possible for the NW to use these unused WUS resources for other transmissions like dynamic data scheduling. Thus, the WUS design also should aim for robustness against false detection due to any other DL transmissions. 
Different WUS designs may result in different trade-offs between network overhead and WUS detection performance. The study should aim for those with low NW overhead and sufficiently good WUS detection performance. 
Depending on the coverage needs, there can be multiple possible values of time and frequency resources to consider for WUS transmission where the value to use can be configured by the NW. 

[bookmark: _Toc115430316][bookmark: _Toc115430317][bookmark: _Toc115467238][bookmark: _Toc115442440]Network overhead should be evaluated for each LP-WUS design proposal considering the time/frequency resources used for LP-WUS transmission (including any guard-bands) and any additional resources used for synchronization.
Latency
Latency performance for LP-WUS/WUR operation can be considered separately for operations in RRC-Idle/inactive and RRC-Connected modes. In the following, we discuss possible definitions of latency and evaluation methodology.
RRC-Idle/Inactive mode
Latency performance for LP-WUS/WUR operation in idle/inactive mode may be defined in terms of paging latency. For purpose of evaluations, paging latency can be considered as the time between the arrival of paging message at gNB and the reception of PDCCH with P-RNTI and any associated PDSCH by the UE. Legacy paging with/without Rel-17 PEI mechanism can be considered as baseline for comparison.
The latency depends on several parameters including the arrival time of the paging message, WUR duty cycle, WUS missed detection performance, main radio wakeup delay, and configuration of paging occasions. 
RRC-Connected mode
[bookmark: _Hlk115365967]For LP-WUS/WUR in connected mode, latency can be considered in terms of scheduling latency, e.g., the time between the arrival of DL data to be scheduled at gNB and the time of corresponding PDCCH reception at the UE. Similar approach was used in Rel16 UEPS SI. Latency performance can be considered in terms of average or x-percentile DL scheduling delay and can be compared with that of Rel-16 WUS based on DCI format 2_6. 

[bookmark: _Toc115467239][bookmark: _Toc115442441]For RRC-Idle mode evaluations, impact of LP-WUS/WUR operation on paging latency (e.g., time between the arrival of paging message at gNB and the reception of PDCCH with P-RNTI and any associated PDSCH by the UE) should be considered.   
[bookmark: _Toc115467240][bookmark: _Toc115442442]For RRC-Connected mode evaluations, impact of LP-WUS/WUR operation on scheduling latency (e.g., time between arrival of DL data at gNB and the corresponding PDCCH scheduling the data to UE) should be considered.    

Network energy efficiency
NW energy efficiency can be impacted by LP-WUS/WUR operation in the sense that the NW needs to perform additional WUS transmission as well as possibly any additional transmission of synchronization signals for WUS reception. 
For example, if WUS transmission requires a large amount of time and/or frequency resources compared to PDCCH or if WUS missed detection performance is poor, the NW will need to perform WUS transmission over a longer period of time and thus using more energy. If a separate WUR synchronization signal is required, there will be additional transmissions from the NW which can impact energy efficiency further. 
[bookmark: _Toc115430322][bookmark: _Toc115430323][bookmark: _Toc115467241][bookmark: _Toc115442443]Impact of LP-WUS/WUR operation on NW Energy Efficiency should be considered especially if LP-WUS transmissions require significantly more time/frequency resources compared to PDCCH or require additional always-on transmissions from gNB. 

In NR Rel-18, there is an on-going study on network energy saving. Related discussions such as power model for NW and relevant evaluation assumptions, once available, can be reused in this study. The evaluation result can then be compared with legacy scenario with no LP-WUS.
3.5 	Link-level Evaluations
For link-level evaluations we need to determine the target missed detection probability and the target false alarm rate. For the missed detection probability, we propose to use similar target for the joint LP-WUS operation and PDCCH as for the requirement of PDCCH, i.e. ~10-2. If the LP-WUS is followed by paging through PDCCH it is important to consider the joint operation, and this implies even smaller missed detection probability for the LP-WUS.
The overall power saving gain depends on the LP-WUS/WUR monitoring periodicity/duty cycle and the false detection probability of the LP-WUS. Since PDCCH uses a CRC, the false alarm probability of PDCCH is low, ~1e-6(assuming a list-8 polar decoder). Such a low false alarm probability is likely not needed for LP-WUS and instead we should determine the target false alarm probability based on the target coverage and power saving gains.
When determining the false alarm probability, it is important to consider both false alarm probability in the absence of any signal, i.e. gNB DTX, and in the presence of gNB transmissions intended for other UEs.

[bookmark: _Toc115467242][bookmark: _Toc115442444]For link-level evaluation of LP-WUS
· [bookmark: _Toc115467243][bookmark: _Toc115442445]Target a joint missed detection probability of LP-WUS and paging/scheduling PDCCH to be ~ 10-2 
· [bookmark: _Toc115467244][bookmark: _Toc115442446]Evaluate false alarm probability both in the absence of gNB transmissions, and in the presence of other gNB transmissions, e.g., random QAM symbols
· [bookmark: _Toc115467245][bookmark: _Toc115442447]False alarm probability value can be assumed to be 1e-3 or alternately determined during the evaluations to optimize power saving gain (in which case the assumption should be reported)
· [bookmark: _Toc115442448][bookmark: _Toc115467246]Minimum SNR required to achieve required mis-detection performance should be reported 

Impact of LP-WUR characteristics/impairments (e.g., clock inaccuracy) on link performance should be considered for the link evaluations. Additionally, the noise figure (NF) assumed for a particular LP-WUR architecture should be reported as part of the evaluation results. While NF does not directly impact link-level evaluations, this information is needed for evaluating WUS coverage as discussed in section 3.3.
[bookmark: _Toc115467247][bookmark: _Toc115442449]Impact of LP-WUR characteristics/impairments (e.g., oscillator error/drift) should be considered for link-level evaluations.
[bookmark: _Toc115467248][bookmark: _Toc115442450]Noise figure assumed for a particular LP-WUR architecture should be reported. 
Detailed link-level evaluation assumptions can be based on choosing relevant aspects from Rel17 study evaluating PEI designs and evaluations performed for Rel17 Redcap SI. 
4	KPIs
Below we summarize the KPIs to be considered for evaluation of LP-WUS/WUR.
[bookmark: _Toc115467249][bookmark: _Toc115442451]Following KPIs should be considered for LP-WUS/WUR evaluations.
	KPI
	Idle mode evaluations
	Connected mode evaluations

	UE Energy consumption
	Energy consumption for paging reception
	Energy consumption for data reception

	Latency/UPT
	Paging delay: Time between the paging message arrives at gNB and the reception of PDCCH with P-RNTI and any associated PDSCH by the UE.
	Scheduling delay: Time between the arrival of DL data to be scheduled at gNB and the corresponding PDCCH reception at the UE. 
Scheduling delay impact on UPT.

	Coverage
	Link-budget for candidate LP-WUS/WUR designs compared to that of NR-PDCCH (e.g., using assumptions in TR 37.910)

	Network overhead and Network energy consumption
	Time/frequency resources used for WUS transmission (including any guard-bands) and any additional resources used for synchronization.
Impact of LP-WUS/WUR operation on energy consumption.

	Link level aspects to ealuate LP-WUS/WUR
	· Minimum SNR required to achieve required mis-detection performance
· Noise figure and other receiver impairments (e.g., clock accuracy/drift) assumed for LP-WUR should be reported

· Mis-detection rate
· ~1e-02 (Joint missed detection probability of LP-WUS and paging/scheduling PDCCH)

· False alarm rate
· 1e-03 or alternately determined during the evaluations to optimize power saving gain (in which case the assumption should be reported). Should be studied both in the absence of gNB signals, and in the presence of other gNB signals (e.g., random QAM symbols can be considered)



5	Initial Evaluation results
Here, we present our initial power saving evaluations with WUR for Idle mode operation.
Figure 5-1 and 5-2 show the power consumption and power saving gain for different DRX cycles and WUR active power consumptions. As we can see, the power saving gain with WUR is higher for shorter DRX cycles. This is due to the fact that at longer DRX cycles the total energy is dominated by the sleep power and which solution is used for the rare wake-up occasions matters less. In fact, WUR can be more beneficial for low latency targets where the main radio (without WUR) would otherwise wake up more frequently with a shorter DRX cycle. Also, the power saving gain increases as the active WUR power consumption decreases.
[image: ][image: ]
Page 4
Draft prETS 300 ???: Month YYYY

	4/4	
[bookmark: _Ref115002231]Figure 5-1: Relative power consumption with and without WUR versus DRX cycle, for different WUR active power (Pwur).
[bookmark: _Ref115002248]Figure 5-2: Power saving with WUR (in percentage) over DRX evaluation.


The results are based on the following assumptions: 
· For main radio, the power model in TR 38.840 ‎[4] is used with deep sleep power being 1 unit.
· For WUR, the active power (Pwur) is relative to the main radio deep sleep power and the WUR sleep power is 1% of its active power. 
· Baseline: UE employs DRX without WUR/WUS (other baselines such as Rel-17 PEI can be considered for future evaluations). 
· Duty cycle from 40 ms to 1.28 s is evaluated. Same duty cycle for baseline (without WUR/WUS) and WUR is assumed
· For the duty cycled WUR, 5 ms active time for WUS monitoring is considered. For baseline, the active time is 3 ms for main radio monitoring SSB, PDCCH, and potentially PDSCH. 
· WUR false alarm probability is assumed to be .
· Actual paging frequency is once per 100 s for the UE under the evaluation.
· Additional power consumption for synchronization is not explicitly captured.

[bookmark: _Toc115432099]LP-WUR power saving gains are larger especially for cases where shorter DRX cycles are needed and is therefore most beneficial for use cases with tighter requirements on DL latency (e.g., actuators, alarms, sirens).

5	Conclusion
Proposal 1	For evaluating IoT and wearable use cases, consider the mMTC traffic model in ITU M.2412, and the heartbeat and instant messaging traffic models in 3GPP TR 38.875. For evaluating other use cases (e.g., XR/smart glasses, smart phones), the corresponding traffic models in TR 38.838 and TR 38.840 can be considered.
Proposal 2	For evaluating use cases with tight delay requirements (e.g., XR), feasibility of LP-WUR waking up the main radio with low latency should be studied also considering the associated power consumption for the main radio.
Proposal 3	Following general framework should be used as starting point for WUS evaluations:
	transmission of LP-WUS should not require new gNB hardware and should not trigger new emissions/compliance requirements for gNBs
	it should be possible to dynamically reuse unused LP-WUS resources for other NR transmissions (i.e., dedicated time/frequency resource reservation for WUS should be avoided)
	it should be possible to multiplex LP-WUS with other NR transmissions in time or frequency domain without causing interference
	LP-WUS is transmitted on Uu interface from gNB to UE
Proposal 4	For the main radio power model
	Use existing models in TR 38.840 and TR 38.875 as starting point for evaluations
	Study whether any updates are needed for the power model (including any updates to scaling factors, transition time) when the main radio is operated in conjunction with LP-WUR
	Consider additional energy (if any) consumed to acquire synchronization
Proposal 5	For each LP-WUR architecture considered in the study, consider at least the below aspects as part of the LP-WUR power model
	LP-WUR active power when monitoring LP-WUS
	LP-WUR sleep power when not monitoring LP-WUS (when a duty cycle for LP-WUS detection is applicable for the LP-WUR)
	Transition energy and transition time (if any) between above two states
	Transition time and transition energy (if any) for triggering the main radio from a given main-radio sleep state.
	Additional energy (if any) consumed to acquire synchronization for detecting LP-WUS
Proposal 6	For power saving evaluations, consider impact of DRX/Paging configuration assumptions for the UE and impact of false wake-up of main radio due to LP-WUR false alarms.
Proposal 7	For coverage evaluations, link-budget for candidate LP-WUS/WUR designs should be compared to that of NR-PDCCH link budget for various deployment scenarios (e.g., those identified in TR 37.910)
	LP-WUS/WUR designs should strive to match the coverage for NR PDCCH
Proposal 8	Network overhead should be evaluated for each LP-WUS design proposal considering the time/frequency resources used for LP-WUS transmission (including any guard-bands) and any additional resources used for synchronization.
Proposal 9	For RRC-Idle mode evaluations, impact of LP-WUS/WUR operation on paging latency (e.g., time between the arrival of paging message at gNB and the reception of PDCCH with P-RNTI and any associated PDSCH by the UE) should be considered.
Proposal 10	For RRC-Connected mode evaluations, impact of LP-WUS/WUR operation on scheduling latency (e.g., time between arrival of DL data at gNB and the corresponding PDCCH scheduling the data to UE) should be considered.
Proposal 11	Impact of LP-WUS/WUR operation on NW Energy Efficiency should be considered especially if LP-WUS transmissions require significantly more time/frequency resources compared to PDCCH or require additional always-on transmissions from gNB.
Proposal 12	For link-level evaluation of LP-WUS
	Target a joint missed detection probability of LP-WUS and paging/scheduling PDCCH to be ~ 10-2
	Evaluate false alarm probability both in the absence of gNB transmissions, and in the presence of other gNB transmissions, e.g., random QAM symbols
o	False alarm probability value can be assumed to be 1e-3 or alternately determined during the evaluations to optimize power saving gain (in which case the assumption should be reported)
	Minimum SNR required to achieve required mis-detection performance should be reported
Proposal 13	Impact of LP-WUR characteristics/impairments (e.g., oscillator error/drift) should be considered for link-level evaluations.
Proposal 14	Noise figure assumed for a particular LP-WUR architecture should be reported.
Proposal 15	Following KPIs should be considered for LP-WUS/WUR evaluations.

	KPI
	Idle mode evaluations
	Connected mode evaluations

	UE Energy consumption
	Energy consumption for paging reception
	Energy consumption for data reception

	Latency/UPT
	Paging delay: Time between the paging message arrives at gNB and the reception of PDCCH with P-RNTI and any associated PDSCH by the UE.
	Scheduling delay: Time between the arrival of DL data to be scheduled at gNB and the corresponding PDCCH reception at the UE. 
Scheduling delay impact on UPT.

	Coverage
	Link-budget for candidate LP-WUS/WUR designs compared to that of NR-PDCCH (e.g., using assumptions in TR 37.910)

	Network overhead and Network energy consumption
	Time/frequency resources used for WUS transmission (including any guard-bands) and any additional resources used for synchronization.
Impact of LP-WUS/WUR operation on energy consumption.

	Link level aspects to ealuate LP-WUS/WUR
	· Minimum SNR required to achieve required mis-detection performance
· Noise figure and other receiver impairments (e.g., clock accuracy/drift) assumed for LP-WUR should be reported

· Mis-detection rate
· ~1e-02 (Joint missed detection probability of LP-WUS and paging/scheduling PDCCH)

· False alarm rate
· 1e-03 or alternately determined during the evaluations to optimize power saving gain (in which case the assumption should be reported). Should be studies both in the absence of gNB signals, and in the presence of other gNB signals (e.g., random QAM symbols can be considered)



We also make the following observation based on initial evaluation results
Observation 1	WUR power saving gains are larger especially for cases where shorter DRX cycles are needed and is therefore most beneficial for use cases with tighter requirements on DL latency (e.g., actuators, alarms, sirens).
[bookmark: _In-sequence_SDU_delivery]
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NRPDCCH [WUS1/WUR1|WUS2/WUR2|WUS3/WUR2|WUS4/WUR2
Carrier BW (MHz) 20.0 20.0 20.0 20.0 20.0
DL PSD (dBm/MHz) 33.0 33.0 33.0 33.0 33.0
[Occupied BW (PRBs) 48.0 12.0 12.0 12.0 12.0
[Occupied BW (MHz) 17.3 4.3 4.3 4.3 4.3
[Tx Power in occupied BW(dBm) 45.4 39.4 39.4 39.4 39.4
[Tx Antenna Gain (dB) 12.0 12.0 12,0 12.0 12.0
[Tx EIRP for PDCCH (dBm) 57.4 51.4 51.4 514 51.4
Rx Antennas 2.0 2.0 2.0 2.0 2.0
Rx Antenna gain (dB) 0.0 0.0 0.0 0.0 0.0
[Thermal noise density (dBm/Hz) -174.0 -174.0 -174.0 -174.0 -174.0
Rx interference density (dBm/Hz) -169.3 -169.3 -169.3 -169.3 -169.3
Rx Noise figure (dB) 7.0 7.0 12.0 12.0 12.0
[Total Rx Noise + int density (dBm/Hz) -165.0 -165.0 -161.3 -161.3 -161.3
Effective noise power (dBm) -92.6 -98.6 -94.9 -94.9 -94.9
Required SNR* (dB) -6.0 -6.0 -6.0 3.0 -9.7
Rx sensitivity (dBm) -98.6 -104.6 -100.9 -91.9 -103.9
Link budget (MIL) (dB) 156.0 156.0 152.3 1433 156.0

*For NR PDCCH : Required SNR is smallest SNR at which <1% BLER possible
*For WUS: Required SNR would be e.g., smallest SNR at which <x% miss-detection rate possible (assuming <y%

FAR)
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