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Introduction 
In this contribution, we provide discussions on the following aspects.
Use case
Evaluation methodology and assumptions
· Key performance indications
· Power consumption evaluations
· Power model
· Clock accuracy assumption
· Sensitivity evaluation
· Receiver model for link level performance evaluation
· Link level performance evaluation
Performance evaluation
· RRC Idle/Inactive power consumption
· Coverage evaluation of LP-WUS
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 [0.5~1] 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 
· Auto - long term parking in airport

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.
· eMBB 
· In eMBB, LP-WUS could be used to either replace Rel-17 PEI in Idle/Inactive mode. Limited power saving gain w/o RRM offloading due to main radio wakeup. However, if RRM can be offloaded to LP-WUR, much larger power saving gain is expected.
· XR
· In XR traffic, downlink traffic arrival has jitter. Having larger ON duration can handle jitter but consumes increased average power. Monitoring sparse PDCCH could reduce the power. Alternatively, fast LP-WUS could be used to trigger main radio wake up immediately after new XR burst arrives. Since LP-WUR power consumption is expected to be significantly lower than PDCCH monitoring, significant portion of power consumption for PDCCH monitoring could be saved w/ the help of fast LP-WUS. In this case, the LP-WUS should be fast; meaning latency should be smaller than periodicity of sparse PDCCH monitoring.

Latency requirement
One of the remaining issue is the latency requirement in use cases.
	Agreement
The following characteristics for target use cases are considered in the study item:
· IoT cases including e.g., industrial wireless sensors, controllers, actuators and etc, including the following characteristics,
· FFS: latency
· primary for small form devices
· power-sensitive
· static, nomadic or limited mobility
· Wearable cases including e.g., smart watches, rings, eHealth related devices, and medical monitoring devices etc., 
· FFS: latency
· primary for small form devices,
· power-sensitive
· low/medium speed, FFS: high speed
· eMBB cases including e.g., XR/smart glasses, smart phones and etc.,
· FFS: latency
· devices form is various and not restricted
· power-sensitive
· low/medium speed, FFS: high speed
Note: other use cases/characteristics are not precluded if any.



For IoT use cases and wearable use case, the response may be needed quickly. Sensors, controllers or actuators which supposed to respond to on-demand request typically need to response in order of seconds. 
For eMBB use case, it may depends on RRC state. For eMBB Idle, the latency requirement will be similar to DRX cycle configured (e.g., 1.28 or 2.56sec). For eMBB RRC connected mode, latency requirement could be similar to existing WUS. For XR (connected mode), latency requirement should be very small (e.g., order of millisecond). 
Based on this discussion, we make following proposal.

Proposal 1:
· Latency requirement for IoT Idle mode cases including e.g., industrial wireless sensors, controllers, actuators and etc.
· Order of seconds (0.64, 1.28 sec)
· Latency requirement for wearable Idle mode cases including e.g., smart watches, rings, eHealth related devices, and medical monitoring devices etc., 
· Order of seconds (0.64, 1.28 sec)
· Latency requirement for eMBB Idle mode cases including e.g., smart phones and etc.,
· Latency requirement for eMBB/XR Connected mode cases including
· Order of milliseconds [0.5, 1, 2ms]


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 (or average) 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/Coverage
· 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 mis-detects the WUS, the delay will increase.


Proposal 2: Following KPIs are evaluated: 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.

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 under the agreement in RAN1 meeting RAN1#110-bis-e.
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[bookmark: _Ref131760817]Figure 1 Deep sleep vs ULPS



	
Agreement
The following power models are used ‘Ultra-deep sleep’ power state for main radio for evaluation

Table 1: Power Model for Deep Sleep and ULPS
	Power State
	Relative Power (unit)
	Ramp-up and down transition energy (Note1):
(unit multiplied by ms)
	Ramp-up time
	Time for sync/re-sync

	Ultra-deep sleep
	[0.015]
	[2000 ~ 40000]
· Study to converge on candidate numbers to use for evaluation
· FFS: other values and reported by companies.
· FFS: down-selection of the values, 
· companies are encouraged to provide details for down-selection
	[400ms], FFS: 100ms
	X


 Note1: 
· Ramp-up time may consist of the procedure for [main radio hardware tune on e.g., boot, memory load and etc.], 
· Time for sync/re-sync consists of the procedure for [main radio to re-synchronization with the serving gNB etc.],
· FFS: X and whether/how to have different values depending on other factors, e.g., signal-to-noise ratio
· Companies can report the assumption of X in the initial evaluation.

Agreement
For MR, at least for FR1 evaluation,
· Number of SSBs for sync/re-sync for MR is up to 10
· Companies to report timeline and energy consumption
· Companies to provide feasibility analysis for transition time and transition energy with aim to converge to one or two set of values in RAN1#112

Agreement
For evaluation, at least for FR1 MR ultra-deep sleep state, (Ramp-up and down transition energy, ramp-up time) is as follows,
· Alt 1: (15000, 400ms)
· Alt 2: ([40000], [800ms])
Company to report which alternative they use for which use cases.




Power for eMBB
During the last RAN1 meeting, the power consumption and transition time for Alt 2 was agreed with bracket. This Alt 2 should represent more complex device like eMBB. 

Proposal 3: For evaluation, at least for FR1 MR ultra-deep sleep state, (Ramp-up and down transition energy, ramp-up time) confirm following assumptions.
· Alt 1: (15000, 400ms)
· Alt 2: (40000, 800ms)

Another aspect is the number of SSBs to be processed by MR after wakeup. After the UE tunes on its MR’s HW components and turn on the various modem components (e.g., boot, memory load, etc.), the UE may need additional X time units for synchronization, i.e., monitor several SSBs for synchronization. The value of X should be a function of SNR. As in Rel 17 UEPS WI, if the UE experiences high SNR, it may require 1 SSB for synchronization then monitoring PO, as shown in Figure 2. At low SNR regimes, the UE may require 3 SSBs, as shown in Figure 3. 

Proposal 4: Use the following values for additional X time units required for sync/re-sync of the MR:
· X = 50 ms for low SNR
· X= 20 ms for high SNR
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[bookmark: _Ref131760870]Figure 2 Timeline for wakeup at low SNR case
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[bookmark: _Ref131760898]Figure 3 Timeline for wakeup at high SNR case


Power Model for LP-WUR

In RAN1#111, we had the following agreement related to LP-WUR power model:

	Agreement
The following power model for LP-WUR is used for evaluation for FR1,
 
	Power State
	Relative Power (unit)
	Transition energy:
(unit multiplied by ms)
	Ramp-up time
TLR, ramp-up (ms)

	Off
	0.001
	[TLR, ramp-up *(PON+POFF)/2]
	TLR, ramp-up = FFS, and company to report TLR, ramp-up
 
FFS: Relation between Receiver architecture and its relative power and value of TLR, ramp-up

	On
	0.01/0.05/0.1/0.5/1/2/4
FFS: If other values are needed
	
	


FFS: whether further categorization/sub-categorization is needed and how.





In RAN#110-bis-e and RAN1#111, a set of potential relative power values for LP-WUR monitoring power were proposed. We think that the purpose of this study is to evaluate the system under different monitoring power assumptions and identify a range of relative power levels that are acceptable and meeting target requirements (e.g., coverage).

In RAN1 #111, the below agreement (in L1 signal design and procedures for LP-WUR agenda item) included studying OFDM-based WUS which includes processing legacy signals such as CSI-RS and SSB (e.g., PSS/SSS). For study purpose and given that it is well-understood that OFDM-based receivers will consume higher power than OOK/FSK-based receivers, we may need to consider higher range of monitoring power values for LP-WUR. Since our power evaluation results revealed that the total power consumption is not that sensitive to LP-WUS power under duty-cycled operation of LP-WUR, there is no reason to limit power number to only 4. Therefore, we propose to extend the LP-WUR monitoring power range and include other values such as 10/20/40 for study purpose.


	Agreement
· Study generation and link performance of multi-carrier (MC)-ASK (including OOK) waveform
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS. 
· Note that above does not preclude DFT-S-OFDMA 
· Study generation and link performance of multi-carrier (MC)-FSK waveforms
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS.
· Study link performance of OFDMA-based signals/channels considering at least the existing signal/channel structure (e.g. CSI-RS, SSS)
· Other signal/channel structures are not precluded
· For next meeting, companies to provide input on aspects to consider that might impact link performance





As a reference data point, we propose to evaluate Genie LP-WUR performance of power consumption of 0. This will show the upper bound of achievable power saving gain (PSG) and we can know how far we are from the Genie performance. Thus, we propose to include LP-WUR power consumption of 0 as upper bound of PSG performance.


Proposal 5: For study, add following additional power numbers (0, 10,20,40) for LP-WUR power consumption in On state.
	Power State
	Relative Power (unit)
	Transition energy:
(unit multiplied by ms)
	Ramp-up time
TLR, ramp-up (ms)

	Off
	0.001
	[TLR, ramp-up *(PON+POFF)/2]
	TLR, ramp-up = FFS, and company to report TLR, ramp-up
 
FFS: Relation between Receiver architecture and its relative power and value of TLR, ramp-up  


	On
	0/0.01/0.05/0.1/0.5/1/2/4/10/20/40
FFS: If other values are needed
	
	

	· Note: 0 is for Genie LP-WUR which can be used to show the lowest power consumption (or highest PSG).
· Note: Ramp-up time for LP-WUR must be much lower than 15 ms since deep sleep (DS) ramp-up + ramp-down time in 38.840 is 20 ms
· TLR, ramp-up  is FFS, and company to report TLR, ramp-up
· FFS: Relation between Receiver architecture and its relative power and value of TLR, ramp-up
· FFS: whether further categorization/sub-categorization is needed and how




[bookmark: _Ref131528844]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 4. 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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[bookmark: _Ref131760934]Figure 4 Clock Drift Impact

The LP-WUR can leverage the clocks available at the MR. In general, the use of clocks at UE is a UE implementation. 

In RAN1#112, we made following working assumption.
	Working assumption:
· For evaluation of LP-WUR frequency and time errors, the following is used,
	Parameter
	Value

	LO XO Oscillator max frequency error [ppm], LO XO Oscillator frequency drift [ppm/s]
	option 1: (200, 0.1)
option 2: (50, 0.1)
option 3: (10, 0.05)
option 4: (5, 0.05)
Other values are not precluded for studying, reported by companies

	RTC max frequency error [ppm]
	20


· Company to report how to use the clocks for LR on/off states 
· The above clock assumptions for LR assumes the MR is in ‘ultra-deep sleep’ power state. 
· For Option 3/4,  cannot be used 
· FFS applicability when MR is in ultra-deep sleep power consumption state and associated power consumption for LR on state and LR off state, 
· e.g., option 3/4 is not applicable
· when MR is in ULPS’ultra-deep sleep state’ with [0.015] power units and LR is in off state or, 
· when LR monitoring power less than 1 [TBD] power unit, 
· Note: Assumptions important for achieving performance by option 1/2/3/4 clock for LR should be declared, including active on/off power, transition energy/ ramp-up time TLR, ramp-up for LR and etc.
· If MR is in other state than ULPS’ultra-deep sleep state’(e.g., ‘deep sleep’), the clock running for MR can be used for LR.
· assumptions important for achieving performance by using MR clock for LR should be declared 
· Other clock accuracy options are not precluded. Companies to report options based on a feasibility analysis of clock power consumption and UE power consumption to use the clock accuracy option
· Company to report the initial/residual frequency error assumption for the detection of LP-WUS/synchronization signal, 
· The following are examples for consideration, other approaches are not precluded,
· Model 1:
· The relationship between a drifted frequency error(ΔF), frequency drift ( F’) over a time (T1) is ΔF = ±F’ * T1+Fr
· When ΔF frequency displacement [Fd] reaches max frequency error, it is assumed to be equaled to max frequency error
· T1 is the time from the previous frequency synchronization. T1 may take different values depending on the chosen frequency synchronization approach.
· Fr is residual frequency error after the previous frequency synchronization. 
· [Fr=0.]
· FFS: [Fr>0 and explanation of its modeling and how it is obtained at each clock synchronization/calibration]
· If residual frequency error after the previous synchronization is justified to be zero or marginal compared with Fe should be declared.
· FFS: Frequency displacement (Fd), before detection of a current sync signal defined as the difference between ideal frequency and frequency due to 1) clock drifting (ΔF); and 2) residual frequency error from previous sync signal detection synchronization/calibration (Fr), is given as Fd (ppm)=ΔF (ppm) +Fr(ppm).
· Model 2: random frequency drifting, FFS details
· Company to report the timing drifting error assumption for the detection of LP-WUS/synchronization signal, 
· The following are examples for consideration, other approaches are not precluded,
· Model 1 [R1-2301438] [R1-2301558][R1-1714993]:
· The relationship between the maximum frequency error(Fe) and corresponding timing drift( ΔT) over a time(T) is ΔT = ±Fe * T (saturated liner region)
· The relationship between a frequency drift( F’), and corresponding timing drift(ΔT) over a time(T) is ΔT = ±0.5 * F’ * T2 ΔT = Fr*T ±0.5 * F’ *T2 (transient region)
· The transition between transient and saturated linear region (from synchronization or calibration point/time) occurs at time Ts= [Fe /( 0.5F’)] [Ts= Fr)/( F’)]

· T is the time from the previous time synchronization. T may take different values depending on the chosen synchronization approach 
· FFS: Fr  0, e.g., ΔT = Fr*T ±0.5 * F’ *T2 ,  Ts= Fr)/( 0.5F’)
· FFS: Time error (Te) before detection of a current sync signal is defined as the difference between ideal time of the current sync signal and the time error due to 1) clock time drift (ΔT); and 2) residual time error from previous sync signal detection synchronization/calibration (Tr); Te= ΔT+ Tr
· Model 2: random time drifting, FFS details
· FFS: Phase noise model





Applicability of option 3 and 4 when MR is in ultra deep sleep.

The accuracy of clock mostly depends on the cost or clock. The clock with higher power accuracy does not necessarily consume higher power. Therefore, we suggest removing following text from working assumption. The frequency of clock correlates more with power consumption. So, it would be good to remove following FFS on option 3 and 4.

Proposal 6: Remove following text (FFS related to option 3 and 4) from working assumption as shown below.
·  For Option 3/4,  cannot be used 
· FFS applicability when MR is in ultra-deep sleep power consumption state and associated power consumption for LR on state and LR off state, 
· e.g., option 3/4 is not applicable
· when MR is in ULPS’ultra-deep sleep state’ with [0.015] power units and LR is in off state or, 
· when LR monitoring power less than 1 [TBD] power unit, 


The following shows some simulation results for the cumulative distribution function (CDF) of the absolute timing error using OOK-based low power synchronization signal (LP-SS). As shown in Figure 5, the maximum timing error is around 60 samples (3 ) when the LP-SS periodicity is 1 sec two clocks of 5ppm and 20ppm error. The used simulation parameters are provided in Table 3‑1.


[bookmark: _Ref131760977]Table 3‑1 Parameters used for evaluating LP-SS
	Parameters
	Value

	Channel Model
	TDL-C

	Channel Doppler
	11 Hz

	Channel Delay Spread
	30 ns

	Carrier Frequency (fc)
	4 GHz

	BW
	5 MHz; 12 RBs=144 REs=4.32 MHz

	Sampling rate factor
	4

	SCS
	30 kHz

	CP
	7% (72 samples)

	Clocks
	Clock 1 (20ppm, 0.1ppm/sec)
Clock 2 (5ppm, 0.05ppm/sec)
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[bookmark: _Ref131761014][bookmark: _Ref131761011]Figure 5 CDF of absolute timing error for Clock 1 and Clock 2

Clock assumption when LP-WUS in ON state

Clocks discussed so far are mainly used as sleep clock for LP-WUR, thus, it’s operating frequency could be typically quite low (e.g., 32kHz, 19.2MHz, etc). Note that there could be other RF component (e.g., a synthesizer) used to generate carrier frequency signal for down conversion, which is typically in GHz frequency. The frequency accuracy of this carrier frequency has impact on link level performance. It needs to be clarified the relation between frequency error assumption in the agreed Working assumption and frequency error of generated carrier frequency signal (e.g., for down conversion).

Proposal 7: Clarify the relation between frequency error model and frequency error used for link level evaluation. 


Bandwidth of LP-WUS 
An important question to address is the possible bandwidth configurations for LP-WUS. There are several factors that need to be considered when determining the bandwidth for LP-WUS:

· (e)RedCap is the lowest tier device in NR during the end of Rel-18 and start of Rel-19, and they use 20MHz as the main (RF) bandwidth. A reasonable assumption for the LP-WUS is to limit the BW of the LP-WUS to no larger than 20MHz to support (e)RedCap use cases.

· Coverage of the LP-WUS: generally, having a larger bandwidth or longer signal duration is beneficial for the coverage of LP-WUS, since the transmitter may be able to convey more power on the larger bandwidth or longer duration with the same transmit PSD. Note that too much narrow bandwidth could make it lose the benefit of having frequency diversity.

· Rx power consumption: from Rx power consumption perspective, having a larger BW allows the UE to detect the LP-WUS in relatively shorter time (w/ potentially higher instantaneous power consumption), hence the LP-WUR needs to be turned off quickly to save power.  In comparison, if a smaller BW is used, then UE may need to run the LP-WUR for a longer time to received longer LP-WUS (w/ lower instantaneous power consumption). Rx power consumption (e.g., RF portion) for different BW options also needs to be considered. 

· WUS Multiplexing: the LP-WUS may need to support conveying UE/UE group IDs. One possible design is to configure different WUS monitoring occasions for different UE/UE groups, similar to LTE eMTC design. With smaller BW options, the gNB may be able to multiplex different WUS occasions on the system BW. For example, four 5MHz LP-WUS occasions may be configured across a 20 MHz band. On the other hand, gNB could also multiplex the different LP-WUSs in the time domain (i.e., TDM), and let each LP-WUS use the full bandwidth.  

· Power boosting: another design possibility is to use a smaller BW but allows power boosting (compared to other signals). For example, we could convey the same power over 5MHz with 6dB power boosting than transmit regular PSD at 20 MHz. Depending on the Tx implementation, power boosting may not always be possible. 

· Guard band: Guard band may be helpful for rejecting adjacent channel interference in the edge of carrier. 


With the above discussion, some possible options for WUS BW configuration are 1MHz, 5MHz, and 20MHz. RAN1 shall study the pros and cons of each of the options and determine a proper BW configuration. 

Observation 1: Possible options for LP-WUS BW configuration include 1MHz, 5MHz, and 20MHz. 

Among multiple options, we suggest prioritizing 5MHz than 1MHz and 20MHz. 5MHz option is wider than 1MHz, which provides higher frequency diversity gain yet supporting  FDM with other NR signals. 20MHz signal does not allow FDM with other NR signal when system bandwidth is limited to 20MHz. Furthermore, 20MHz LP-WUS in 20MHz system bandwidth will experience stronger interference from adjacent channel. Putting 5MHz in the middle of system bandwidth will relax ACS requirement. 1MHz WUS could extend the WUS duration roughly 5 times to achieve the same data rate as 5MHz, which could increase power consumption of LP-WUR.

Proposal 8 : Prioritize 5MHz for LP-WUS bandwidth.

Receiver Model for Link Level Performance Evaluation  
To evaluate the link level performance of WUS, we shall have an abstract model to capture the characteristics of the LP-WUR. One the one hand, the model needs to be accurate enough to capture the most important components of a receiver, such as., filtering and envelop detection. On the other hand, the model may also need to be generic to capture different receiver architectures in the same framework, in order to be able to compare the simulation results across different receiver architectures. 

A simple yet powerful model is presented in Figure 6. As we can see from the figure, the receiver contains four main blocks: 
· Low pass filter: it serves the purpose of rejecting interferences on resources neighboring to the LP-WUS. A good model for low pass filter is the Butterworth filter. The following parameters of the filter are important for WUS performance evaluation:
· Filter order: the order of the filter allows us to evaluate the performance of the filter at different power consumption levels. Namely, a higher order Butterworth filter may provide a shaper roll off at the cut off frequency, hence providing better interference rejection capability; however, it comes at the expense of higher power consumption. 
· Cutoff frequency: the cutoff frequency of a low pass filter needs to be selected appropriately to reject as much interference as possible, while still keep sufficient received energy for WUS detection. 
· Time-domain Envelop Detector: it detects the envelop/power of the received signal.
· ADC: it converts the analog WUS signal into digital signal with sampling. The performance and power consumption of the ADC are determined by two important parameters:
· The sampling rate
· The ADC bitwidth
Thus, the selection of the sampling rate and bitwidth of the ADC provides another tradeoff between the performance and power. 
· Baseband processing: the UE further processes the discrete samples in the baseband to detect whether an WUS is transmitted to the UE or not.
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[bookmark: _Ref131761057]Figure 6 Receiver model for link level performance evaluation for OOK based WUS detection
Another question which is relevant for link level evaluation is how to model the interferences. Generally, there are three types of interferences: 
1) Co-channel interference from the serving gNB on adjacent RBs 
2) Adjacent channel interference from the serving gNB
3) Same channel interference from other non-serving gNBs

In our view, at least 1) need to be modeled to evaluate the interference rejection of the LP-WUS and LP-WUR design. The interference in 3) may also need to be considered for WUS sequence design and evaluation. Whether 2) need to be modeled or not may depends on where the LP-WUS is transmitted (e.g., based on whether WUS is transmitted in the center of the system bandwidth or the edge).  

Note that, the receiver model in Figure 6 only captures the baseband characteristics of the receiver (e.g., the baseband filter, envelop detector, sampling). The LP-WUS performance is also determined by the passband characteristics of the receiver architecture (e.g., the RF filters, the mixers, etc). However, these aspects may be less common among different receiver architectures. One approach is to model some of the RF/passband impairments in the noise figure, and hence there could be different noise figure associated with different receiver architectures. 

A similar receiver model can be considered for link level performance evaluation for FSK based WUS detection, as shown in the Figure 7.
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[bookmark: _Ref131761099]Figure 7 Receiver model for link level performance evaluation for FSK-based WUS detection

Proposal 9: For link-level evaluation of OOK and FSK based LP-WUS, consider the receiver model in Figure 6 and Figure 7 as a starting point.
· FFS whether/how passband characteristics of the receiver architecture (if applicable) should be modeled. 



Link Level Performance Evaluation
In previous meeting, we agreed following link level simulation assumption.

	Agreement
Sub-topic 1:
Proposal for sub-topic 1-v7 (revision are marked green)
For link-level simulation of LP-WUS, the following table is used as starting point,
· FFS for other assumptions if any
· Note: The assumptions are not intended to limit the scope of the study or the design.
Table XX. Simulation assumptions for LP-WUS
	Attributes
	Assumptions

	Carrier Frequency
	2.6GHz/4GHz/700MHz

	Waveform
	OOK , FSK , OFDM
Company to report which option for OOK /FSK /OFDM is used

	Channel structure
	· Option 1: Sync signal /sequence+ payload + CRC,
· Option 2: Sequence only,
· Option 3: Payload+CRC,
· Other options are not precluded
· Company to report the sequence length, payload size, CRC length (may or may not be presence).

	SCS of OFDM generator for NR signal
	30kHz/15KHz

	Configuration for LP-WUS signal
	For OOK/FSK waveform, # of segments in one OFDM symbol (M)
· Option 1a: M=1 and SCSs = 15kHz (same as NR signal)
· Option 1b: M=1 and SCSs = 30kHz (same as NR signal)
· Option 2a: M =2/4/8 for SCS = 15KHz (same as NR signal)
· Option 2b: M =2/4/8 for SCS = 30 kHz (same as NR signal)
· Option 3: M=1 and SCSs = 60kHz/120kHz/240kHz
· Note: M is referred to the definition of “M” in the agreements for OOK-1/2/3/4 and FSK-1/2
For OFDM: FFS, e.g., ZC sequence

Other options are up to companies to report

	WUS duration
	Number of OFDM symbols: e.g., 1,2,4, 8, 16,24 symbols 

	MDR/FAR assumption
	· The miss-detection rate (MDR) of LP-WUS [1%] 1%,
· The false-alarm rate (FAR) of LP-WUS
· [0.1%, 1%, 10%]
· Other values are not precluded for studying, reported by companies
· Further discuss on the following alternatives for FAR target is determined
· Alt 1: FAR target is determined per single WUS attempt/trial,
· FFS: Alt 2: FAR target is determined across a reference time duration of one or multiple WUS attempts/trials
· Length of reference time duration: [0.32s, 1.28s,10.24s, 20.48s, 2621.44s,10485.76s], other values not precluded
· FFS: possible values for reference time durations
· Companies to report details of receiver behaviour, e.g., receiver behaviour, how to compute MDR, detection threshold
· Companies to report the selected reference time duration values and the associated number of WUS attempts/trials
· Note: if LP-WUS for wake-up indication consists of two parts or even multiple parts, the proposed MDR/FAR should take into account the reception performance of the two or more parts jointly
· The above values applied in both RRC CONNECTED and IDLE/INACTIVE mode.
· FFS FAR requirement based on the study outcome of the impact of FAR on power consumption / power saving gain / system overhead
· FFS: Note: FAR should be evaluated both in the absence of gNB transmissions and in the presence of transmissions from gNB. Proponent to provide the details.
· The FAR definition does NOT include the impact of the falsely alarmed for wake-up due to the detection of a LP-WUS which is intended to wake-up/alarm the LP-WUR of another UE within the same UE group


	Code scheme
	For data part, code rate {1/2, 1/4, ….} is reported by companies, company to report coding scheme, e.g., manchester code or any other schemes
Companies to report, if any, the coding scheme (e.g., manchester code or any other schemes) and the code rate (e.g., 1/2, 1/4, ….)

	gNB Channel BW 
	20MHz, FFS other values

	LP-WUS BW
	Option 1:
· 5MHz including subcarriers for guard band
· 4.32MHz (i.e.,12 RBs) for LP-WUS transmission for 30kHz SCS
Option 2:
· {2.16, 4.32} MHz including subcarriers for guard band 
· 1.44MHz, 2.88MHz (i.e.{4,8} RBs) for LP-WUS transmission for 30kHz SCS
FFS: other options are up to companies to report
GB is symmetrically placed on each side of LP-WUS

	Guard band
	E.g., 6 subcarriers, {1, 2, …} RBs on each side of LP-WUS. 

	Filter 
	X-th Order filterButterworth (e.g. Butterworth, Chebyshev and so on) with Y MHz bandwidth,
· X = {3, 5}
· Companies to report Y = 4.32MHz (12RB, 30KHz) or ({4,8} RB, 30kHz)
Companies to report any other assumptions if needed, cutoff frequency?

	Adjacent subcarrier interference
	· PDSCH mapped on resources other than that for WUS and guard band; 
EPRE of LP-WUS / EPRE of PDSCH =ρ, where ρ=0 dB as baseline, ρ= {3, 6} dB as optional

	Sampling Rate
	· Companies to report. For evaluation, same sampling rate is assumed for different waveforms/options.

	ADC bit width
	1-bit, 4-bit, 8-bit, ideal and other options are not precluded

	Channel Model
	TDL-C 300ns
FFS: other channels
See link coverage assumption table (will copy and paste here)

	Noise Figure for WUR
	Among [9, 12, 15, 18, 21, 24] dB.
Company to report
· RF Envelop detector:
· IF Envelope detector:
· BB envelope detector:
· FSK:
· OFDM: 

	Impairment modelling
	· FFS: Frequency and time error model 
· Phase noise up to company report, e.g. the modelling used for 802.11ba
· Other cell interference is up to company to report







Frequency and Timing Error Model
As discussed in section 3.2.2, the relation between frequency error for link level simulation and frequency error for sleep clock needs to be clarified.

In Table 3‑2, we have proposed link evaluation assumption for FR2.

[bookmark: _Ref131761143]Table 3‑2 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

	LP-WUS raw data rate
	 Same as FR1

	Receiver Model 
	[Same as FR1]

	Performance metrics
	Same as FR1



Proposal 10: Adopt the link-level simulations assumptions in Table 3‑2.

Performance Evaluation
RRC Idle/Inactive Power Consumption Evaluation

In this section, we provide evaluation results for the power vs latency under different parameter values. As agreed in RAN#110-bis-e, for IDLE/INACTIVE state, the latency is the time interval between the data arrival time at the gNB and the time of the first PO UE can [monitor/detect] the paging message. We evaluated the system using the IoT and wearable use cases power model in TR38.875. The UE is assumed to be in high SNR regime where it processes 1 SSB before PO reception. The paging rate per UE follows the agreement with 5 UEs per group. We assume that the LP-WUR is operating for [D] time units within the paging cycle, which takes into account the total monitoring time for
· Synchronization signals monitoring time for LP-WUR
· RRM measurements, if offloaded from MR to LP-WUR
· LP-WUS monitoring time

The monitoring power and sleep power for each radio follows the tables in the RAN#111 agreements.


Comparison of Rel-18 LP-WUS, Rel-17 PEI, and Rel-15 PO monitoring schemes

In Figure 8, we provide power consumption evaluation results for the following schemes.
· DS, PO: Direct page occasion monitoring without Rel-17 PEI or LP-WUS and with MR sleeping in deep sleep (DS) state.
· DS, PEI: Rel-17 Paging Early Indicator with MR sleeping in DS state.
· ULPS, PO: Direct page occasion monitoring without Rel-17 PEI or LP-WUS and with MR sleeping in ultra-low power state (ULPS).
· ULPS, PEI: Rel-17 Paging Early Indicator with MR sleeping in ULPS.
· DS, LP-WUS: LP-WUS scheme with MR sleeping in DS state
· ULPS, LP-WUS: LP-WUS scheme with MR sleeping in ultra-low power state (ULPS).
The “M” in legend represents the RRM relaxation factor. This relaxation factor can be seen as relaxation of RRM measurements for MR or equivalently offloading of the RRM measurements to LP-WUR (the RRM measurement within a DRX cycle that is relaxed is processed/measured by LP-WUR). In Figure 8 legends, RRM offloading to LP-WUR refers to the case of full offloading of RRM measurements to LP-WUR. 

Observation 2:

· Compared with PEI and PO, for both DS and ULPS, the PSGs when using LP-WUR is significant. For example, in Figure 7, for case of  sec and RRM offloading to LP-WUR, at paging cycle of 1.28 sec, the total power consumption at the UE is 0.4 power units under ULPS while the power consumption using PEI/PO under DS (since it achieves more power saving for UE under PEI/PO) is approximately 1.3-1.4 power units. Hence, the PSG of LP-WUR relative to PEI/PO is around 70%
 
· RRM offloading and/or relaxation can significantly reduce power consumption. This is because the MR can stay in ULPS for long time, which will allow for significant power saving as shown in Figure 7.

At low latency regime, DS achieves the lowest power consumption for a UE, due to the cost of transition time and energy of entering an ULPS. On the other hand, at 1.28 seconds to high latency requirements (or paging cycle durations), UE can enter ULPS and achieve the most power saving. In general, the optimal sleep state depends on latency requirement.




[image: ]
[bookmark: _Ref131761204]Figure 8 Comparison between different schemes in terms of power consumption for a given latency at  under different RRM relaxation factor 


Impact of Per UE Paging Rate, , on Power Saving Gains

Traffic arrival of IoT is typically very sparse, e.g., on-demand location tracking request, on-demand sensing request, actuator control, etc., which allows longer battery life. Hence, it is expected that the page inter-arrival time to be 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.

In this subsection, we evaluate different per UE paging rate, . As shown in Figure 9 and Figure 10 for paging cycles of 1.28 and 6.4 seconds, respectively, the PSG is more notable for low values of per UE paging rate (i.e., low ). At the high paging rate cases, the LP-WUR’s PSG relative to PEI reduces as paging cycle duration increases, however, for lower paging rate, LP-WUR still achieves significant PSG.  For example, at paging cycle duration of 6.4 seconds, for the high paging rate of , the PSG reduced by ~20% relative to the case of paging cycle duration of 1.28 seconds. For  and , the PSG relative to PEI is still significant (85% and 93% for 1.28 sec and 6.4 sec, respectively). 
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[bookmark: _Ref131761287]Figure 9 PSG with respect to PEI for different values of per UE paging rate, , and under paging cycle of 1.28 sec
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[bookmark: _Ref131761292]Figure 10 PSG with respect to PEI for different values of per UE paging rate, , and under paging cycle of 6.4 sec


Observation 3: PSG of LP-WUR is limited when paging rate is high.

This implies that higher PSG is expected for IoT idle mode case than eMBB Idle mode case.

False alarm comparison for PMD=1%

In RAN#110-bis-e, we have the following agreement on false alarm and misdetection probabilities:

	Agreement
For the performance evaluations of LP-WUS candidate designs, it is assumed that
· The miss-detection rate (MDR) of LP-WUS [1%],
· The false-alarm rate (FAR) of LP-WUS
· [0.1%, 1%, 10%]
· Other values are not precluded for studying reported by companies
· Note: if LP-WUS for wake-up indication consists of two parts or even multiple parts, the proposed MDR/FAR should take into account the reception performance of the two or more parts jointly
· The above values applied in both RRC CONNECTED and IDLE/INACTIVE mode.
· FFS FAR requirement based on the study outcome of the impact of FAR on power consumption / power saving gain / system overhead
· FFS: Note: FAR should be evaluated both in the absence of gNB transmissions and in the presence of transmissions from gNB. Proponent to provide the details.





False alarm has a significant impact on power consumption and PSG. This is because the UE will unnecessarily wakeup the MR and start the synchronization and PO reception procedure if a false alarm event occurs. This subsection is addressing the impact of false alarm, PFA, on power consumption for a given latency requirement or paging cycle duration. As shown in Figure 11, targeting large false alarm can significantly increase the power consumption for same latency requirement. It is observed from Figure 11 that, relative to 0.1% and 1% PFA, the UE’s power consumption increases significantly if the PFA is 10 %. As example, at a latency requirement of 2.56 sec, targeting 10% PFA instead of 1% will result in 70% PSG loss.

Observation 4: If PFA increases from 1% to 10%, this will result in around 70% PSG loss.
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[bookmark: _Ref131761330]Figure 11 Impact of false alarm (PFA) on power consumption


Proposal 10: For both link level and power evaluations LP-WUS, the following false-alarm rate (FAR) of LP-WUS can be assumed: [0.1%, 1%, 10%].

Proposal 11: Target false alarm probability of LP-WUS is at most 1%.


Different LP-WUR monitoring power

We evaluate the power consumption for different monitoring power levels agreed in RAN#110-bis-e and RAN1 #111. In results shown in Figure 12, the receivers are assumed to operate in a duty-cycled manner, i.e., discontinuously monitoring with [T] ms as the period for complete an on-and-off cycle and [D] ms as the active time for monitoring LP-WUS every cycle wherein T is assumed to be the paging cycle duration and D is provided in figure’s title. 

It is shown in Figure 12, using duty-cycled LP-WUR, with moderate to high LP-WUR monitoring power levels, will result in much comparable PSG and comparable power consumption to the lower bound (i.e., when LP-WUR monitoring power is zero). At latency of interest for the SI use cases, we can notice that all receivers (even high LP-WUR monitoring power levels ones, such as 10, 20, 40 which are potential values for OFDM-based waveform receivers) can achieve reasonable PSGs relative to PEI/PO. Only at large latency cases, the PSG of such receivers will be comparable to PEI/PO. For monitoring power levels of 40 power units, the PSG relative to PEI/PO starts to vanish at 100 sec. In addition to potential PSG due to duty-cycled operation of relatively high relative monitoring power LP-WURs, one important problem with the low monitoring power receivers will be their poor sensitivity. If RAN1 decided to maintain LP-WUR coverage to be similar to regular NR [PDCCH] channel sensitivity/coverage, such low power receivers will require a significant system overhead (e.g., high repetition of LP-WUS) to maintain same sensitivity as regular NR channels under such low-quality receivers, as shown in our companion paper [5]. 
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[bookmark: _Ref131761360]Figure 12 Power consumption versus latency for different LP-WUR monitoring power

Observation 5: Monitoring power consumption and WUR monitoring duration are two key aspects to determine UE’s average power consumption.

Observation 6: Duty cycling could reduce average LP-WUR power consumption significantly.

Observation 7: Average power consumption is insensitive to instantaneous LP-WUR monitoring power at low and moderate paging cycle durations (low to moderate latency requirements).

PSG comparison between OFDM-based waveform and OOK-based waveform under same target sensitivity/coverage

In this subsection, we compare power consumption of OFDM-based WUS and OOK-based WUS under same target sensitivity/coverage. Based on evaluations of LP-WUS in next section (see Figure 13), overhead comparison for OOK vs OFDM to achieve @-3 dB received SNR and 5 MHz (12 RBs) BW is as follows
· OOK-based waveform: 8 OFDM symbols
· OFDM-based waveform (SSS sequence is repeated on two OFDM symbols): 2 OFDM symbols

We assume the evaluation parameters provided in Table 4‑1 and Table 4‑2.


[bookmark: _Ref131761429][bookmark: _Hlk127523067]Table 4‑1 Parameters used for comparison between OFDM and OOK LP-WUS/LP-SS
	Parameter
	Value

	LP-SS
	LP-SS periodicity 1 sec

	
	LP-SS monitoring time duration is 
· 0.5 ms OFDM
· 0.5*4=2 ms OOK

	LP-WUS
	LP-WUS monitoring cycle = 1.28 sec (equivalent to paging cycle)

	
	LP-WUS monitoring time is 
· 0.5 ms OFDM
· 0.5*4=2 ms OOK

	Clock Accuracy
	Clock 1: frequency drift of 0.1 ppm/sec with max of frequency error of 20 ppm or 200 ppm
Clock 2: frequency drift of 0.05 ppm/sec with max frequency error of 5 ppm

	Paging cycle
	1.28 sec

	RE
	0.1%

	Number of UEs per paging group
	5



In the following table, we considered four different choices of LP-WUS depending on different LP-WUS monitoring power. We mapped power consumption of 1 and 4 to OOK based WUS and 10 and 20 for OFDM based LP-WUS. This mapping is assumed for study purpose based on the general understanding that OOK receiver consumes lower power consumption than OFDM receiver.

[bookmark: _Ref131761432]Table 4‑2 Different waveform choices for LP-WUS based on monitoring power
	Waveform choice for LP-WUS
	Parameter: Value
	OFF State Power

	OOK Cat 1
	LP-WUS monitoring power: 1 power unit
	

0.001 power unit

	OOK Cat 2
	LP-WUS monitoring power: 4 power unit
	

	OFDM Cat 1
	LP-WUS monitoring power: 10 power unit
	

	OFDM Cat 2
	LP-WUS monitoring power: 20 power unit
	




Figure 13shows the PSG of above four choices. We make following observation:
· Both of OOK based WUS and OFDM based WUS can achieve >70% PSG relative to PEI.
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[bookmark: _Ref131761481]Figure 13 PSG relative to PEI for LP-WUS based on OOK and OFDM


Observation 8: For low paging cycle durations (e.g., 1.28 sec), power consumption is insensitive for LP-WUR monitoring power.


Link-level Evaluation of LP-WUS

In this section, we performance some preliminary link level performance results for OOK-based LP-WUS and OFDM-based LP-WUS.  For the OOK-based LP-WUS, we assume the receiver model as described in Section 3.4. For OFDM-based LP-WUS, we assume the regular OFDM receiver as in the main radio is used. For both cases, we assume perfect time and frequency synchronization as a starting point.

We consider the scenario in which the gNB sends a LP-WUS sequence to an intended UE, and study the mis-detection probability as a function of SNR for a fixed false alarm target of 1%. To single out the impact of waveform choices on the performance, we assume the same Gold sequence as used in SSS in NR is used, with 112 “orthogonal” sequences. 

For OFDM-based waveform, we consider the scenario where a length-127 SSS sequence is repeated on two OFDM symbols and 127 frequency domain subcarriers. A precoder cycling is used across the two repetitions to exploit spatial diversity at the gNB side.

For the OOK-based waveform, we consider two setups. In a first set up, we pack 8 Manchester coded bits per OFDM symbol, and use 16 OFDM symbols to convey the same Gold sequence (the last bit of the transmission is ignored to make a fair comparison to the OFDM case). In this case, we consider 1 Tx and 1 Rx antenna at the gNB and the UE, respectively. In a second setup, we pack 16 Manchester coded bits per OFDM symbol, and use 8 OFDM symbols to convey the same Gold sequence.  In this case, we consider 2 Tx at the gNB and 1 Rx at the UE, where the Tx can apply proper transmit diversity schemes on the transmitted signal. 
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[bookmark: _Ref131761526]Figure 14 OOK versus OFDM LP-WUS

The detection performance is shown in Figure 14. As we can see, the three scenarios we simulated achieves similar performance (i.e., 1% false alarm and 1% mis-detection rate) around -3 dB SNR (which is defined as the per-OFDM subcarrier SNR). However, OFDM-based waveform uses 4X less resources than the OOK-based waveform with the same transmit spatial diversity condition.


Observation 9: In the evaluated scenario, OOK-based WUS uses at least 4 times more resources than OFDM-based WUS to achieve the same misdetection and false alarm performance. 


WUS Coverage Evaluation

In RAN1#110-bis-e, it was agreed to study coverage of WUS based on methodology and assumptions in R17 CovEnh SI.

	Agreement
For evaluation of the coverage of LP-WUS, the methodology and assumptions in R17 CovEnh SI (described in TR38.830) is reused as baseline.
· MIL is used as the metric for LP-WUS coverage evaluation
· urban (2.6GHz/4GHz), rural(700MHz) scenario for FR1 are considered to be evaluated, others (e.g., FR2) are not precluded.
Note: For IoT/wearables devices, refer to R17 Redcap SI TR38.875 if the assumptions differ from TR38.830.
Companies report any other assumptions which differ from the TR38.875/ TR38.830, e.g., Tx and Rx loss
Companies are encouraged to compare LP-WUS with at least PDCCH for paging, PUSCH, others are not precluded. FFS: Target coverage of LP-WUS



Thus, according to the agreement, we need to study the coverage of LP-WUS in terms of MIL margin.  In Table 4‑3, we have initial coverage analysis results based on example WUS design and assumptions given in [4].
· OOK-based WUS design is based on sequence of OOK symbols. The duration of each OOK symbol and OOK sequence length, number of OOK sequences determines the data rate of the OOK-based LP-WUS, i.e., data rate (bps) = log2(# of OOK sequences) (bits) / OOK sequence tx duration (sec).
· OFDM-based WUS design is based on # of sequences and tx duration; i.e., data rate (bps) = log2(# of OFDM sequences) (bits) / sequence tx duration (sec).
· For this analysis of OOK based WUS, we assume length 128 OOK sequence carrying 6 information bits (i.e., #sequences used = 32) during 8 OFDM symbols giving 21bkps in columns (d) of Table 4‑3.
· For the analysis of OFDM based WUS, we assume 6 information bits of transmission during 2 OFDM symbols giving 84kbps in column (f) of Table 4‑3.
· Additional NF of 8dB is assumed for LP-WUR giving NF=15dB.


Comparison with PDCCH

Table 8 shows the MIL margin results of following channels.
(a) RedCap 1Rx PDCCH CSS (AL 16) [38.875]
(b) RedCap 1Rx PUSCH 1Rx [38.875]
(c) eRedCap PUSCH [38.865]
(d) Example Rel-18 OOK based WUS design of 21kbps w/ NF=15dB
(e) Example Rel-18 OOK based WUS design of ~1kbps w/ NF=15dB
(f) Example Rel-18 OFDM based WUS design of 84kbps w/ NF= 12 dB
(g) Example Rel-18 OFDM based WUS design of 10.5kbps w/ NF= 12 dB


The (d) OOK-based WUS (21kbps) has the similar required SNR of -3dB as (a) PDCCH CSS AL16 (first column) but has higher NF (15dB) than Redcap. Thus, the resulting MIL values is 9dB less than that of (a) PDCCH. To recover this loss, we can lower the data rate of WUS (to ~1kbps), which is (e).

Observation 10: Based on initial evaluation, OOK based LP-WUS with NF=15dB and data rate of ~1kbps could provide similar coverage as RedCap 1Rx PDCCH CSS AL16 in Urban and Rural scenarios. (Note that the NF and data rate may depend on receiver architecture and details of WUS designs.)

The (d) OFDM-WUS (84kbps) has the similar required SNR of -3dB as (a) PDCCH CSS AL16 (first column) but has higher NF (12dB) than Redcap. Thus, the resulting MIL values is 6dB less than that of (a) PDCCH. To recover this loss, we can lower the data rate of WUS (to 10.5kbps), which is (g).


Observation 11: OFDM based LP-WUS with NF= 12 dB and data rate of 10.5 kbps could provide similar coverage as RedCap 1Rx PDCCH CSS AL16 in Urban and Rural scenarios. (Note that the NF and data rate may depend on receiver architecture and details of WUS designs.)


Comparison with PUSCH

One can also compare the WUS coverage with that of PUSCH. In this case, WUS of 21bkps could provide better coverage in all scenarios except Urban 4GHz, 1Rx, 24dBm/MHz. Here, we see that one difficulty of using PUSCH as bottleneck reference channel is that PUSCH has almost the same MIL margin of -3dB irrespective of scenarios, whereas WUS has large variation in MIL across different scenarios. This is fundamental issue in comparing the MIL of a downlink (DL) channel with that of an uplink (UL) channel; DL channel MIL depends on DL PSD, signal BW, but UL may not depend on that.

Observation 12: Based on initial evaluation, OOK based LP-WUS with NF=15dB and data rate 7kbps has better MIL than PUSCH in all scenarios except Urban 4GHz, 1Rx, 24dBm/MHz. (Note that PUSCH data rate used in this comparison is originally coming from eMBB requirements. If RAN1 wants to use PUSCH as a reference target, then, a new PUSCH data rate for IoT application needs to be defined.)

Observation 13: Based on initial evaluation, OFDM based LP-WUS with NF=12dB and data rate 56 kbps has better MIL than PUSCH in all scenarios except Urban 4GHz, 1Rx, 24dBm/MHz.

Observation 14: The PUSCH coverage (MIL margin) is mostly independent of scenarios, whereas the DL LP-WUS MIL values have large variation depending on scenarios.
[bookmark: _Ref118215792]






[bookmark: _Ref131761583]Table 4‑3 MIL margin for (A) RedCap 1Rx PDCCH CSS (AL 16) and PUSCH [38.875] w/ reference NF=7dB, for (B) 1Rx eRedCap PUSCH [38.865], and (C) Example Rel-18 OOK-based WUS design with NF=15(=7+8)dB (including additional NF=8dB) and (D) Example Rel-18 OFDM-based WUS design with NF=12dB (including additional NF=5dB).
	MIL margin
(in dB)
	(A) 
RedCap 1Rx,
(UE NF=7dB, gNB NF=5dB)
	(B) 
eRedCap 1Rx
	(C)
Example Rel-18 OOK based WUS[3]
(NF=15dB)
	(D)
Example Rel-18 OFDM based WUS[3]
(NF=12 )
	
	

	
	(a)
	(b)
	
	(c)
	(d)
	(e)
	(f)
	(g)
	
	

	
	PDCCH CSS, AL16
	PUSCH

1Mbps(Urban)
100kbps(Rural)
	MIL margin 
Difference
= (a)-(b)
	PUSCH

0.25Mbps
(11PRBs, Urban)
25kbps
(25PRBs, Rural)
	OOK based
WUS
(21 kbps)
	OOK based
WUS
(~1 kbps[2])
	OFDM based
WUS
(84 kbps)
	OFDM based
WUS
(10.5 kbps[5])
	
	

	
	ReqSNR =
 -4dB
	ReqSNR =
 -5dB
	
	
	ReqSNR= 
-3dB
	ReqSNR= 
-12dB
	ReqSNR = 
-3dB
	ReqSNR = 
-9dB
	
	

	Urban 2.6GHz, 1Rx, 33dBm/MHz DL PSD
	11.4
	-3
	14.4
	1.76
	3.4[1]
	11.4[2]
	6.4[4]
	11.4[5]
	
	

	Rural, 0.7GHz, 1Rx, 36dBm/MHz DL PSD
	7.1
	-2.8
	9.9
	0.34
	-0.9[1]
	7.1[2]
	2.1[4]
	7.1[5]
	
	

	Urban 4.0GHz, 1Rx, 33dBm/MHz DL PSD
	14.5
	-3
	17.5
	1.98
	6.5[1]
	14.5[2]
	9.5[4]
	14.5[5]
	
	

	Urban 4.0GHz, 1Rx, 24dBm/MHz DL PSD
	-0.8
	-3
	2.2
	2.45
	-7.2[1]
	-0.8[2]
	-5.6[4]
	-0.8[5]
	
	

	Note [1]: The additional NF of 8dB and required SNR of -3dB gives 9dB lower MIL margin compared to that of RedCap 1Rx, PDCCH CSS AL16.
Note [2]: The reduced required SNR of WUS (by reduced data rate) recovers the loss in MIL margin from additional NF of 8dB. It was assumed that doubling WUS duration reduces required SNR by ~ 2dB.
Note [3]: Example Rel-18 WUS design is given in our companion paper on WUS design and L1 procedure.
Note [4]: The additional NF of 5dB gives 5dB lower MIL margin compared to that of RedCap 1Rx, PDCCH CSS AL16.
Note [5]: The reduced required SNR of WUS (by reduced data rate) recovers the loss in MIL margin from additional NF of 5dB. It was assumed that doubling WUS duration reduces required SNR by ~ 2dB.
	
	



Comparison w/ PBCH
We perform a quick comparison between PBCH and LP-WUS for our information. PBCH carries MIB of size 24bits and additional timing payload of size 8bits. Total 32bits are transmitted during 3 OFDM symbols. This gives PBCH data rate of 32bits/(0.5ms*3/14) = 298.6kbps. The PBCH takes 20 PRBs, which is 7.2MHz for SCS=30kHz. We see that the data rate for LP-WUS is significantly lower than that of PBCH.

Proposal 11: RAN1 performs detailed study on the trade-off between coverage, data rate and overhead of WUS based on detailed WUS design (signal bandwidth, WUS PSD, modulation, duration, etc), required SNR from link level simulations, reasonable NF values from receiver architecture study, target IoT application data rate, etc, if necessary.

Noise Figure
In the above analysis, we assumed NF=15dB, which is larger than typical assumption of 7dB for UE. The NF assumes (together with required SNR) has significant impact on the coverage performance. Thus, it is very important to carefully characterize the LP-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 LP-WUR’s NF is larger than MR’s NF, mismatch between LP-WUR coverage and regular communication coverage could occur. In general, the NF will impact the evaluation and design of LP-WUS.

Observation 15: NF value for LP-WUR affects sensitivity/coverage.

Based on the above coverage analysis, we see that similar coverage as PDCCH is achievable at the cost of reduced data rate. Given that the use case we consider typically have very sparse call arrival rate, supporting lower data rate to provide full coverage could be an acceptable burden in network side.

Proposal 12: RAN1 strives to design LP-WUS to have a similar coverage as NR [PDCCH] channel.


Conclusion               
In this contribution, we have discussed KPIs and evaluation methodologies for power evaluation, link performance evaluation. Initial power consumption evaluation results and coverage evaluation results were provided. Based on that we made following observations and proposals.


Proposal 1:
· Latency requirement for IoT Idle mode cases including e.g., industrial wireless sensors, controllers, actuators and etc.
· Order of seconds (0.64, 1.28 sec)
· Latency requirement for wearable Idle mode cases including e.g., smart watches, rings, eHealth related devices, and medical monitoring devices etc., 
· Order of seconds (0.64, 1.28 sec)
· Latency requirement for eMBB Idle mode cases including e.g., smart phones and etc.,
· Latency requirement for eMBB/XR Connected mode cases including
· Order of milliseconds [0.5, 1, 2ms]

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

Proposal 3: For evaluation, at least for FR1 MR ultra-deep sleep state, (Ramp-up and down transition energy, ramp-up time) confirm following assumptions.
· Alt 1: (15000, 400ms)
· Alt 2: (40000, 800ms)

Proposal 4: Use the following values for additional X time units required for sync/re-sync of the MR:
· X = 50 ms for low SNR
· X= 20 ms for high SNR

Proposal 5: For study, add following additional power numbers (0, 10,20,40) for LP-WUR power consumption in On state.

Proposal 6: Remove following text (FFS related to option 3 and 4) from working assumption as shown below.
·  For Option 3/4,  cannot be used 
· FFS applicability when MR is in ultra-deep sleep power consumption state and associated power consumption for LR on state and LR off state, 
· e.g., option 3/4 is not applicable
· when MR is in ULPS’ultra-deep sleep state’ with [0.015] power units and LR is in off state or, 
· when LR monitoring power less than 1 [TBD] power unit, 


Proposal 7: Clarify the relation between frequency error model and frequency error used for link level evaluation. 

Observation 1: Possible options for LP-WUS BW configuration include 1MHz, 5MHz, and 20MHz. 

Proposal 8 : Prioritize 5MHz for LP-WUS bandwidth.

Proposal 9: For link-level evaluation of OOK based LP-WUS, consider the receiver model in Figure 6 as a starting point.
· FFS whether/how passband characteristics of the receiver architecture (if applicable) should be modeled. 

Proposal 10: Adopt the link-level simulations assumptions in Tables 4.

Observation 2:

· Compared with PEI and PO, for both DS and ULPS, the PSGs when using LP-WUR is significant. For example, in Figure 7, for case of  sec and RRM offloading to LP-WUR, at paging cycle of 1.28 sec, the total power consumption at the UE is 0.4 power units under ULPS while the power consumption using PEI/PO under DS (since it achieves more power saving for UE under PEI/PO) is approximately 1.3-1.4 power units. Hence, the PSG of LP-WUR relative to PEI/PO is around 70%
 
· RRM offloading and/or relaxation can significantly reduce power consumption. This is because the MR can stay in ULPS for long time, which will allow for significant power saving as shown in Figure 7.

At low latency regime, DS achieves the lowest power consumption for a UE, due to the cost of transition time and energy of entering an ULPS. On the other hand, at 1.28 seconds to high latency requirements (or paging cycle durations), UE can enter ULPS and achieve the most power saving. In general, the optimal sleep state depends on latency requirement.

Observation 3: PSG of LP-WUR is limited when paging rate is high.

Observation 4: If PFA increases from 1% to 10%, this will result in around 70% PSG loss.


Proposal 10: For both link level and power evaluations LP-WUS, the following false-alarm rate (FAR) of LP-WUS can be assumed: [0.1%, 1%, 10%].

Proposal 11: Target false alarm probability of LP-WUS is at most 1%.

Observation 5: Monitoring power consumption and WUR monitoring duration are two key aspects to determine UE’s average power consumption.

Observation 6: Duty cycling could reduce average LP-WUR power consumption significantly.

Observation 7: Average power consumption is insensitive to instantaneous LP-WUR monitoring power at low and moderate paging cycle durations (low to moderate latency requirements).

Observation 8: For low paging cycle durations (e.g., 1.28 sec), power consumption is insensitive for LP-WUR monitoring power.

Observation 9: In the evaluated scenario, OOK-based WUS uses at least 4 times more resources than OFDM-based WUS to achieve the same misdetection and false alarm performance. 

Observation 10: Based on initial evaluation, OOK based LP-WUS with NF=15dB and data rate of ~1kbps could provide similar coverage as RedCap 1Rx PDCCH CSS AL16 in Urban and Rural scenarios. (Note that the NF and data rate may depend on receiver architecture and details of WUS designs.)

Observation 11: OFDM based LP-WUS with NF= 12 dB and data rate of 10.5 kbps could provide similar coverage as RedCap 1Rx PDCCH CSS AL16 in Urban and Rural scenarios. (Note that the NF and data rate may depend on receiver architecture and details of WUS designs.)

Observation 12: Based on initial evaluation, OOK based LP-WUS with NF=15dB and data rate 7kbps has better MIL than PUSCH in all scenarios except Urban 4GHz, 1Rx, 24dBm/MHz. (Note that PUSCH data rate used in this comparison is originally coming from eMBB requirements. If RAN1 wants to use PUSCH as a reference target, then, a new PUSCH data rate for IoT application needs to be defined.)

Observation 13: Based on initial evaluation, OFDM based LP-WUS with NF=12dB and data rate 56 kbps has better MIL than PUSCH in all scenarios except Urban 4GHz, 1Rx, 24dBm/MHz.

Observation 14: The PUSCH coverage (MIL margin) is mostly independent of scenarios, whereas the DL LP-WUS MIL values have large variation depending on scenarios.

Proposal 11: RAN1 performs detailed study on the trade-off between coverage, data rate and overhead of WUS based on detailed WUS design (signal bandwidth, WUS PSD, modulation, duration, etc), required SNR from link level simulations, reasonable NF values from receiver architecture study, target IoT application data rate, etc, if necessary.

Observation 15: NF value for LP-WUR affects sensitivity/coverage.

Proposal 12: RAN1 strives to design LP-WUS to have a similar coverage as NR [PDCCH] channel.
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