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Introduction
In RAN #94 meeting¸ new study item on low-power Wake-up Signal and Receiver for NR[1] was approved and the latest revision was approved in [2]. 
The study item includes the following objectives:
· Identify evaluation methodology (including the use cases) & KPIs [RAN1]
· [bookmark: OLE_LINK23]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: OLE_LINK22]In last RAN1 110bis-e meeting, some initial agreements are also captured in the chairman notes [3]. In this contribution, we further discuss evaluation details on LP-WUS and provide some initial simulation results.
Use cases&KPI
According to the discussion in RAN1#110bis-e meeting [3], it is agreed that the IoT use cases, wearables and health monitoring devices, and eMBB use cases including XR/smart glasses are to be further studied in the SI stage. 
For the KPIs, system overhead, power consumption, latency and coverage are considered for evaluation and NW power consumption, capacity impact and co-existence impacts can be further discussed. Obviously, the introduction of LP-WUS would bring some impacts on NW power consumption, capacity impact and spectrum efficiency impact due to the resource occupation. The more resources occupied by LP-WUS, the more serious impacts brought. Additionally, co-existence issue also needs to be considered and captured in the TR. Therefore, the following proposal is made
Proposal 1: The following KPIs on LP-WUS should be considered
· For UE side
· Power saving gain
· Latency 
· For gNB side
· System overhead
· Coverage
· Network power consumption
· Capacity
· Co-existence

Evaluation for UE power consumption
For RRC idle/inactive mode, the existing UE power consumption evaluation method in Rel-17 PEI, e.g., numerical calculation can be reused to evaluate the power consumption for LP-WUS. In 3.1 and 3.2, the power model and system parameters for power consumption evaluation are discussed and the initial results on power consumption are shown in 3.3. For RRC connected mode, the UE power consumption evaluation is deprioritized by considering the workload is heavy currently.
3.1 Power model
In RAN1#110bis-e meeting [3], the following agreements were achieved for ultra-deep sleep of main radio.
	· The following power models are used ‘Ultra-deep sleep’ power state for main radio for evaluation
	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.
· Ramp up and down energy includes power for ramp-up and ramp-down. Energy consumption for sync/re-sync is separately calculated.
· The total time for main radio transition from ultra-deep sleep to active/micro sleep state is the sum of ramp-up time and time for sync/re-sync. 
· FFS whether/how to define ramp-down time, whether to separately describe the ramp-down energy consumption
Note 2: the power state transitions in this table refer to transitions between ultra deep sleep state and active / micro sleep state.
Note 3: The values inside of ‘[ ]’ are to be used as starting point of future study on LP-WUS




For LP-WUS, the main radio is powered off until the LP-WUS is received in idle/inactive mode which means main radio is powered off for a long time. Therefore, the relative power of ultra-deep sleep should be far less than the relative power of deep sleep. Considering the relative power of deep sleep was defined as 1 or 0.8 unit in existing power consumption evaluation, it is acceptable the relative power of ultra-deep sleep is 0.015 unit for LP-WUS power consumption evaluation.
Proposal 2: The relative power of ultra-deep sleep is 0.015 unit for LP-WUS power consumption evaluation.
In NB-IoT, the ramp-up and down transition energy of deep sleep is 20000 units*ms and the relative power of deep sleep is 0.015 [4]. Therefore, it is proposed 20000 units*ms is used as a starting point of ramp-up and down transition energy for ultra-deep sleep. The complexity of eMBB and Redcap UE is higher than NB-IoT. The values larger than 20000 units*ms should also be considered. Table 1 shows the power consumption of LP-WUS with different ramp up and down transition energy. 
Table 1. LP-WUS power consumption
	Ramp up and down transition energy
	R_E=1%
	R_E=0.1%
	R_E=0.01%
	R_E=0.01%

	
	Power
[units/s]
	Increase
[%]
	Power
[units/s]
	Increase
[%]
	Power
[units/s]
	Increase
[%]
	Power
[units/s]
	Increase
[%]

	20000
	733.7
	-
	536.8
	-
	517.2
	-
	515.2
	-

	30000
	833.7
	13.6%
	546.8
	1.9%
	518.2
	0.2%
	515.3
	0.019%

	40000
	933.7
	27.2%
	556.8
	3.7%
	519.2
	0.3%
	515.4
	0.038%



The following can be observed from Table 1. For paging rate 1%, when the ramp up and down is increased from 20000 units*ms to 40000 units*ms, the total power consumption of LP-WUS is increased by 27.2%. For other paging rate which is far less than 1%, the power consumption increase brought by transition energy is less than 4%. 
Observation 1: For R_E=1%, the power consumption difference brought by transition energy is obvious. For R_E=0.1%, the power consumption difference brought by transition energy is small. For R_E=0.1% and 0.001%, the power consumption difference brought by transition energy is marginal.
Based on above analysis, the impact of ramp up and down transition energy on total power consumption cannot be ignored. Therefore, it is proposed the ramp up and down transition energy of ultra-deep sleep is 20000 units*ms and 40000 units*ms for power consumption evaluation.
Proposal 3: The ramp up and down transition energy of ultra-deep sleep is 20000 units*ms and 40000 units*ms for power consumption evaluation.
For LP-WUS, the sync/re-sync may be required after main radio is powered on. For the power consumption evaluation of PEI, it is assumed that there are up to 3 SSBs before the PO. Considering the sync/re-sync may be achieved via LP-WUS or other signals such as TRSs, it is proposed there are at least 3 SSBs used for sync/re-sync when main radio waked up from the state of ultra-deep sleep.
Proposal 4: For LP-WUS power consumption evaluation, at least 3 SSBs are required for sync/re-sync when main radio wakes up from the state of ultra-deep sleep.
In RAN1#110bis-e meeting [3], the following agreements were achieved for LP-WUR.
	The following power model for LP-WUR/WUS evaluation is considered,
· Relative power unit for LP-WUR ‘off’ state, i.e., the LP-WUR does not perform monitoring: 
· [0.001]
· Relative power unit for LP-WUR ‘on’ state, i.e., the LP-WUR performs monitoring: 
· [0.005/0.01/0.02/0.03/0.05/0.1/0.2/0.5/1/2/4]
· Other values are not precluded to be evaluated.
· FFS: Mapping from values to a LP-WUR architecture or LP-WUR mode of operation
· No additional transition energy and transition time between ‘on’ and ‘off’ state as start point, FFS any transition energy and transition time if needed.
Note1: A unit of power is defined to be the same for main receiver and LP-WUS receiver.
Note2: the values provided is for the purpose of studying power saving gain, and the values can be further revisit and categorization depending on the receiver architecture discussion.
Note3: For LP-WUR ‘on’ state, more than one values within the above range may be used for evaluation (e.g. for a single LP-WUR architecture)
FFS: LP-WUR power consumption values for FR2.



For LP-WUS, it is known the relative power of WUS ‘on’ state and WUR ‘off’ state depends on the WUR architectures design. Considering the WUR architecture, the relative power of WUR ‘off’ state is far less than relative power of ultra-deep sleep of main radio. It is acceptable the relative power of WUR ‘off’ state is 0.001 unit for LP-WUS power consumption evaluation.
Proposal 5: The relative power of WUR ‘off’ state is 0.001 unit for LP-WUS power consumption evaluation.
If the relative power of WUR ‘on’ state is 1, 2 or 4, LP-WUS may not have any additional power consumption reduction compared with existing power reduction schemes because the relative power of main radio deep sleep is 0.8 unit or 1 unit. Of course, the WUR also can discontinuously monitoring LP-WUS to reduce the power consumption of WUR, but transition energy between WUR on-off should be defined. Therefore, for initial power consumption evaluation, it is proposed the relative power of WUR ‘on’ state is less than 1 unit.
Proposal 6: The relative power of WUR ‘on’ state can be less than 1 unit for LP-WUS power consumption evaluation. 
· If the relative power of WUR ‘on’ state is no less than 1, transition energy for WUR on-off should be further considered.

3.2 System configurations
In RAN1#110bis-e meeting [3], the following agreements were achieved for system configurations:
	Parameters
	Value

	i-DRX cycle length
	1.28s and other values not precluded and reported by companies, consider both with PEI/ without PEI

	e-DRX cycle length
	20.48s, 61.44s and other values not precluded, company to report which value(s) are used.  Note: ‘ultra-deep sleep’ state can be assumed for eDRX whenever necessary for baseline UE

	Number of POs in Paging Frame
	1

	Number of DRXs per PTW
	4

	Number of SSB before PO / PEI
	1, 2 or 3, (used for e.g., AGC adjustment, T/F tracking, serving cell and intra-F measurement)
company to report which value(s) are used
Note: the assumptions is for MR wakes from ‘Deep sleep’

	Sync/re-sync after ultra-deep sleep
	companies to report the timeline of sync/re-sync and X value, X is the time for sync/re-sync

	RRM Measurement
	Company to report whether and how the RRM measurement is assumed, e.g., whether RRM performed by main radio or LP-WUR, whether RRM is relaxed or not.

	LP-WUS monitoring
	Option 1: continuously monitoring
Option 2: 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.

	Traffic
	Option 1 (baseline):
Per UE paging rate (R_E)= ([1%]) or ([0.1%]) or ([0.01%]) or ([0.001%]) within duration Y, [FFS Y is an i-DRX cycle length or an absolute time duration length]
· R_G denotes as the group paging rate and R_E denotes as UE paging rate, and 1-R_G=(1-R_E)^N, where N is the number of UEs in the group, and N is [TBD]
· FFS: how (R_G, R_E) for e-DRX derived from
 
FFS: Option 2 (optional):
Reusing TR 38.875 heart beat traffic model
	Model
	FTP3

	Packet size
	100 Bytes

	Mean inter-arrival time
	60s (per UE paging rate≈2%)


 
Model RRC connection phase power consumption as follows,
	RRC connection duration
	[30ms]

	Relative energy consumption of RRC connection block (Relative power x ms)
	[=3000]


 
Other options are not precluded can be reported by companies.



For traffic, it is assumed the paging rate within 1s is R_E =1%, 0.1%, 0.01% and 0.001%. Therefore, for DRX, the paging rate is 1.28*R_E. For eDRX, if the paging is arrived outside of PTW, the paging will be transmitted in the next eDRX cycle. Therefore, the paging rate of DRX cycle in PTW is increased. One example is the paging rate for DRX cycle in PTW is 0.1536 when the eDRX cycle is 61.44s, PTW is 5.12s and R_E is 1%. For R_G, it is assumed the number of UEs in the group is 4,8 and 10 for evaluation. 
Proposal 7: For power consumption evaluation, the paging rate can be R_E =1%, 0.1%, 0.01% and 0.001% with duration Y=1s.
The other system configurations used in evaluation is shown in the Table 2.
Table 2. System configurations
	Parameters
	Value

	i-DRX cycle length
	1.28s

	e-DRX cycle length
	61.44s

	Number of POs in Paging Frame
	1

	Number of DRXs per PTW
	4

	Number of SSB before PO / PEI
	2 for medium SINR 


	RRM Measurement
	No RRM measurement

	LP-WUS monitoring
	Option 1: continuously monitoring




3.3 Power consumption results

The timeline used for LP-WUS power consumption evaluation is shown in Figure 1.
[image: ]
Figure 1. The timeline for LP-WUS 
Therefore, the power consumption of LP-WUS is

wherein , , kSSB is the number of SSBs for sync/re-sync, kLS is the number of light sleep and p is paging rate per T. Relative power and time of various states are shown in the following table.
Table 3. Power state modelling for LP-WUS
	
	Relative power
	Time
	Energy notation

	SSB
	PSSB
	50
	TSSB
	2ms
	-
	-

	Paging
	PPO
	120
	TPO
	4ms
	-
	-

	Light sleep
	PLS
	18
	TLS
	44ms
	ELS
	100

	ultra- deep
sleep
	PUDS
	0.015
	TUDS
	T-kSSB*TSSB-TPO-TLS
	EUDS
	Alt1：40000
Alt2：20000

	WUR on
	PWUR on
	Alt1:0.5
Alt2:0.005
	T
	1s
	-
	-



The timeline of DRX and DRX with PEI is shown in Figure 2 wherein the medium SINR is assumed for power consumption.  
[image: ]
Figure 2 The timeline for DRX and DRX with PEI
Relative power and time of various states used for DRX are shown in the following table.
Table 4. Power state modelling for DRX
	
	Relative power
	Time
	Transition energy

	SSB
	PSSB
	50
	TSSB
	2ms
	-
	-

	Paging
	PPO
	120/50
	TPO
	4ms
	-
	-

	Light sleep
	PLS
	18
	TLS
	(*)ms
	ELS
	100

	Deep
sleep
	PDS
	0.8
	TDS
	(*)ms
	EDS
	450

	PEI
	PPEI
	50
	TPEI
	0.5ms
	-
	-

	* value depends on timeline



The power consumption of eDRX is:

Wherein Ps is the relative power of the state outside of PTW. Whether the state outside of PTW is deep sleep or ultra-deep sleep should be determined first. It is assumed the length out-of-PTW is A, the relative power of deep sleep and ultra-deep sleep is respectively P1 and P2 and correspond state transition energy is B1 and B2. From the perspective of power consumption, it is the best that the sleep state outside of PTW is ultra-deep sleep when A*P1+B1>A*P2+B2 and the sleep state outside of PTW is deep sleep when A*P1+B1<A*P2+B2. Take the system configurations used for evaluation as an example (eDRX cycle is 61.44s, the length of PTW is 5.12s, P1=0.8 unit, P2=0.015, B1=450 units*ms and maximum value of B2 is 40000 units*ms), the sleep state outside of PTW is ultra-deep sleep because more UE power consumption can be saved based on (61.44-5.12)*0.8*1000+450>(61.44-5.12)*0.015*1000+40000.
Proposal 8: Whether deep sleep or ultra-deep sleep state is assumed outside of PTW should be determined for eDRX power consumption evaluation.  
Based on above analysis, the initial power consumption evaluation results are shown in Figure 3 and Figure 4. The relative power of WUR on and state transition energy are Alt-1 and Alt-2 is used, where 
· Alt1: relative power for WUR on is 0.5, and transition energy for main radio is 40000.
· Alt2: relative power for WUR on is 0.005, and transition energy for main radio is 20000.

[image: ]
Figure 3. Power consumption evaluation results assuming Alt1
From the power consumption results from Figure 3, it can be observed that:
Observation 2: Compared with DRX with/without PEI based on Alt1, 
· The LP-WUS for one UE achieve lower UE power consumption 
· The LP-WUS for group UE has increased UE power consumption when R_E=1%, and it has lower power consumption for R_E=0.1%, R_E=0.01% and R_E=0.001%
Observation 3: Compared with eDRX with/without PEI based on Alt1, 
· The UE power consumption with LP-WUS for one UE and 4 UEs is higher only when the R_E=1%
· The UE power consumption with LP-WUS for 8 UEs and 10 UEs is higher when R_E=1% and 0.1% and lower when R_E=0.01% and 0.001%

[image: ]
Figure 4. power consumption evaluation results assuming Alt2
From the power consumption results from Figure 4, it can be observed that:
Observation 4: Compared with DRX/eDRX with/without PEI based on Alt2, the LP-WUS for one UE achieve the lowest UE power consumption. 
Observation 5: Compared with DRX/eDRX with/without PEI based on Alt2, when R_E=0.1%, 0.01% and 0.001%, the LP-WUS for group UE achieve the lowest UE power consumption. 
Observation 6: Based on Alt2, when R_E=1% and number of UE is 4, the power consumption with LP-WUS is higher than that for eDRX with/without PEI and lower than that for DRX with/without PEI.
Observation 7: Based on Alt2, when R_E=1% and number of UE is 8 and 10, the UE power consumption with LP-WUS is higher than that for eDRX with/without PEI and DRX with PEI and lower than that for DRX without PEI.

[bookmark: OLE_LINK32]4. Evaluation for latency
In RAN1#110bis-e meeting [3], the following agreements were achieved for latency evaluation:
	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
· FFS: if UE is not required to monitor a PO after wake-up, e.g., latency is the time interval between the data arrival time at the gNB and the time UE transmits the PRACH after LP-WUS detection.
· sync/re-sync for main radio is included



For LP-WUS, if the first PO is the legacy PO, there are three parts of the latency, time for main radio ramp up, time for sync/re-sync and the delay from sync/re-sync to legacy PO. One example is shown in Figure 5 wherein the latency T1=Tx+Tramp up+T sync/re-sync.
[image: ]
Figure 5. Latency for LP-WUS based on legacy PO mechanism
If the first PO is dynamic, i.e. the PO after main radio ramp up and sync/re-sync, there are two parts of the latency. One example is shown in Figure 6 wherein the latency T1=Tx+Tramp up+T sync/re-sync. It is assumed the gap between the last SSB and PO is 8ms.

[image: ]
Figure 6. Latency for LP-WUS based on dynamic PO mechanism
The latency results based on DRX/eDRX with/without PEI are shown in Table 5. wherein the paging is uniform arrived, DRX cycle is 1.28s, eDRX cycle is 61.44s, PTW is 5.12s, the Tramp up is 400ms and T sync/re-sync is 50ms.
Table 5. Initial latency evaluation
	
	
Latency
	T1
	T2

	
	
	Reduction (%)
	Reduction (%)

	DRX/DRX+PEI
	0.64s
	-115
	29.6%

	eDRX/eDRX+PEI
	26.46s
	94.7
	98.2%

	T1
	1.38s
	-
	67.3%

	T2
	0.45s
	-206%
	-



Based on table 4, it can be observed:
Observation 8: Compared with DRX/eDRX, the latency reduction by legacy PO mechanism is -115%/94.7%.
Observation 9: Compared with DRX/eDRX, the latency reduction by dynamic PO mechanism is 29.6%/98.2%.
Observation 10: Compared with legacy PO mechanism, the latency reduction by dynamic PO mechanism is 67.3%.
Proposal 9: Dynamic PO mechanism is considered for LP-WUS latency evaluation.
If the LP-WUS is discontinuous monitored by UE, 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. The latency caused by on-and-off cycle should be added for T1 and T2. Obviously, the latency for periodic monitoring mechanism would be larger than that for always on monitoring. Moreover, the different periodic monitoring scheme has different impacts on the latency. 
Observation 11: The latency for periodic monitoring mechanism would be larger than that for always on monitoring and the different periodic monitoring scheme has different impacts on the latency. 
5. Evaluation for coverage
[bookmark: OLE_LINK1]5.1 FAR consideration
For LP-WUS reception, the Main Radio should be turned on if LP-WUS is successfully detected and a specified procedure should be implemented by the wake-up UE depending on the detailed function of LP-WUS. Once LP-WUS false detection happens, much power consumption is wasted since the specified procedure after UE waking up is implemented on Main Radio and the power consumption is much larger than that of UE in LP-WUS mode. 
For example, if SSB detection and PEI/PO monitoring are specified after UE waking up, when false detection happens, only when the UE has finished PEI/PO monitoring but without its paging message, the UE can identify that a false detection happens. It can be seen that the wasted power consumption is caused by SSB detection and PEI/PO monitoring. 
Therefore, the FAR should be kept in a much lower level in order to achieving the target of power saving for LP-WUS compared with existing power saving mechanism in Rel-16 and Rel-17.
Proposal 10: For LP-WUS detection, the FAR should be kept in low level in order to achieve the target of power saving for LP-WUS compared with existing power saving mechanism in Rel-16 and Rel-17. 
In general, FAR is calculated based on the following formula during a time period,

For LP-WUS monitoring, at least two alternatives are listed below:
· [bookmark: OLE_LINK19]Alt 1: Always on monitoring. That means LP-WUS monitoring is contiguous in time domain during LP-WUS mode;
· Alt 2: Periodic monitoring. That means LP-WUS monitoring is based on a configured periodicity in time domain during LP-WUS mode;
[bookmark: OLE_LINK24][bookmark: OLE_LINK28]For Alt 1, though the FAR can be restricted to a much lower level by careful design of LP-WUS/WUR, false detection may often happen since the monitoring occasion may occur in every sampling time during LP-WUS mode. Considering the huge number of LP-WUS monitoring occasions, the impact on the waste of power consumption caused by false detection is very serious.
[bookmark: OLE_LINK26]For Alt 2, it is just a common monitoring mechanism, and the monitoring only happened within a time window during a configured periodicity, thus the number of monitoring occasions is much less than that of Alt 1. Therefore, the impact on the waste of power consumption caused by false detection is much less than that of Alt 1.
[bookmark: OLE_LINK27][bookmark: OLE_LINK29]Observation 12: For always on LP-WUS monitoring, false detection may often happen since the monitoring occasion may occur in every sampling time during LP-WUS mode.
Observation 13: For always on LP-WUS monitoring, the impact on the waste of power consumption caused by false detection may be very serious.
Proposal 11: How to define FAR for always-on monitoring mechanism and periodic monitoring mechanism should be further discussed. And how to evaluate the impact on power consumption caused by FAR in this case should be further discussed.
[bookmark: OLE_LINK35][bookmark: OLE_LINK36]For the evaluation of FAR in link level simulation, the following two cases should be evaluated
Case 1: Absence of gNB transmissions 
Case 2: Presence of transmissions from gNB
For Case 1, only Noise is added in the simulation and it is generated based on the configured noise figure. For Case 2, Noise, intra-cell interference and inter-cell interference should be added. The intra-cell interference is mainly related to ACI and QAM symbols with gNB transmission. The inter-cell interference also mainly includes random QAM symbols and LP-WUS transmitted by gNB. Furthermore, the modulation of QAM symbols can be QPSK and QAM with random generation.
For the strength of intra-cell interference, it can be assumed for link performance evaluation for LP-WUS. For the strength of inter-cell interference, it can be depended on a configured “SIR”with the value range of [-6, -3, 0, 3, 6]dB as a starting point. 
Proposal 12: For the evaluation of FAR in link level simulation the following two cases should be evaluated and discuss how to model them in the simulation.
Case 1: Absence of gNB transmissions 
Case 2: Presence of transmissions from gNB
5.2 LLS assumptions
[bookmark: OLE_LINK30][bookmark: OLE_LINK31]For the assumption of filter order, it is common understanding that the higher the filter order, the better the filtering performance, the higher the power consumption and the higher the cost. Thus, in practice the filter order is usually selected with a lower order, such as the order is not larger than 3. Therefore, in the LLS assumptions, 3-th order Butterworth low-pass filter can be used as baseline. For the cutoff frequency of the filter, it should be carefully selected depending on LP-WUS bandwidth, guardband requirement and performance metric.
Proposal 13: For LP-WUS LLS assumptions, 3-th order Butterworth low-pass filter can be used as baseline. 
· The cutoff frequency of the filter, it should be carefully selected depending on LP-WUS bandwidth, guardband requirement and performance metric.
For the assumption of frequency drift of oscillator, considering the adopted type of oscillator should satisfy the feature of lower power consumption, such as Ring oscillator or LC oscillator, the feature of frequency accuracy will not the same with oscillator in Main Radio. The value of frequency drift of the lower power oscillator for LLS can be configured no less than +/-100ppm as a starting point.
Proposal 14: The value of frequency drift of the lower power oscillator for LLS can be assumed no less than +/-100ppm as a starting point.

6. Evaluation for system overhead
According to the discussion, the system overhead can be expressed as percentage of the used resources for LP-WUS.
	Performance Metric
	Note

	System overhead
	expressed as percentage of used part of all REs for LP-WUS (including guard band or time or others resource used for LP-WUR if any) among all resources
Other assumptions related to the system overhead analysis can be reported, e.g., the LP-WUR raw data rate evaluated in the coverage evaluations.



In frequency domain, the bandwidth for LP-WUS includes the guardband bandwidth and signal bandwidth, which can be donated as NLP-WUS RBs. In time domain, the occupied symbols include the symbols for LP-WUS and guard time if any, where the total occupied symbols can be donated as SLP-WUS. Then one transmission of LP-WUS occupies the total REs NLP-WUS*SLP-WUS*12.
Then the largest system overhead percentage (only in frequency domain) could be calculated as 
PMax=NLP-WUS*12/Nband
where the Nband means the total RBs for a band.

If we consider to extend the above formula in the time domain, then M times transmission of LP-WUS in duration T occupies the total RE resources M*NLP-WUS*SLP-WUS*12. And the percentage can be calculated as 
P=M*NLP-WUS*SLP-WUS*12/(Nband*T*12)
Satisfying M*SLP-WUS<=T

In time duration T, assuming that M times LP-WUS transmission carries X*M bits information, then the data rate is 
R1=X*M/T (bit/symbol)
The peak data rate can be 
RMax=X/SLP-WUS (bit/symbol)
Satisfying M*SLP-WUS<=T
Value of M can be related to the paging rate, UE number. For simplicity, the value can be assumed. Of course, if additional LP-WUS is transmitted, e.g., for sync/measurement, the system overhead also needs to be counted. And the following formula also can be considered. Based on above, we have following proposal:
Proposal 15: Calculate the system overhead percentage based on the following formula


If each LP-WUS transmission has the same resource occupation, it can be written as 
P=M*NLP-WUS*SLP-WUS*12/(Nband*T*12)
Where 
· Nband means the total RBs for a band or carrier in a cell
· NLP-WUS, i means the number of RBs for ith LP-WUS transmission including the guardband bandwidth and signal bandwidth
· SLP-WUS,i means the number of symbols for ith LP-WUS transmission including guard time if any
· Assuming that LP-WUS is transmitted M times in duration T, FFS how to determine M
However, the percentage value is not intuitive. For example, if the system overhead percentage for LP-WUS is 1%, it is not intuitive to know whether the system overhead is low or large. Therefore, using a reference, e.g., SSB, could be more helpful. Consider the example SSB configuration Case A - 30 kHz SCS within FR1 larger than 3 GHz, the SSB in half frames occupies the the resources 8(SSBs)*20(RB)*4(symbols)*12(subcarriers). Assuming that the system bandwidth is 100MHz with RB number 273, the resources percentage of SSB in a cycle(20ms) could be 8*20*4*12/(273*12*20*2*14)=7680/1834560=0.42%. Based on this, the system overhead percentage 1% for LP-WUS would be more than 2 times than that for SSB.
Proposal 16: Consider a reference SSB configuration for system overhead comparison.
Additionally, the system overhead may also be brought by the false wake-up. If the UE is falsely waken up and initiate the RACH procedure without PO monitoring, then the resource occupation during the RACH procedure and RRC connection setup would cause the system overhead wasting. It is seen that higher false alarm rate would bring more serious system overhead wasting.
Proposal 17: The system overhead, e.g., RACH procedure, brought by FAR cannot be ignored if RACH procedure can be initiated after LP-WUS without PO monitoring.

7. Evaluation for BS power consumption
Another agenda, i.e., network power saving, is under the discussion, which aims to save the network power consumption. However, due to the LP-WUS transmission, which may cause additional network power consumption. It should be carefully considered that the network power saving gain is negated by the LP-WUS transmission. Therefore, evaluation for BS power consumption should be considered. Then the percentage for increased BS power consumption by introducing LP-WUS can be evaluated based on the following formula:


Where r is the percentage for increased BS power consumption by introducing LP-WUS, P2 is the total BS power consumption after introducing LP-WUS, P1 is the total BS power consumption for baseline scheme without introducing LP-WUS.
More specifically, the following scenarios are considered for NWES.
	For evaluation purpose, 
· a load (L) % of a cell is a percentage of resources used for UE specific PDSCH / PUSCH
· The following load scenarios are considered
	Load scenario
	Characteristics

	Idle/empty load
	· Include cell-specific signals and channels, and
· L = 0

	low load
	· Include cell-specific signals and channels, and
· 0 < L≤15

	Light load
	· Include cell-specific signals and channels, and
· 150 < L≤ 30

	Medium load
	· Include cell-specific signals and channels, and
· 30 < L≤ 50

	For CA, the companies report whether the load is defined per CC or across all CCs.






For LP-WUS, there is no need to cover all the cases. With the load increasing, it can be assumed that the LP-WUS percentage on BS power consumption would be decreased, because the traffic load is increasing and the gNB scheduling for UE specific traffic would cost much of the power consumption. Therefore, we can only focus on the empty load firstly to obtain the maximum percentage value. 
Assume that the percentage for the increased BS power consumption by introducing LP-WUS in empty load scenario is r1 and the percentage for the increased BS power consumption by introducing LP-WUS in medium load scenario is r2. It is not difficult to foreseen the percentage range of r would be [r2,r1]. Actually, with the load increasing, the r should be close to 0. Therefore, focusing on the empty load scenario can reflect the maximum BS power impacts brought by LP-WUS, which can be evaluated as the starting point. If needed, we can also further consider the other scenarios.
Proposal 18: Consider to evaluate the percentage for the increased BS power consumption by introducing LP-WUS 
· Empty load scenario can be the starting point
· Other assumptions can be further discussed

8. Evaluation for other aspects
8.1 Co-existence
There are maybe two kinds of co-existence aspects needed to be considered.
· Blocking on legacy UE scheduling
For the UE configured with LP-WUS, it is also possible to co-exist with the legacy UEs, since supporting LP-WUS would not change any common signal transmission. However, due to the LP-WUS transmission, the available resources for legacy UE would be decreased and the blocking issue on legacy UE may happen, which depends on the resource occupation by LP-WUS.
· Co-existence with other channels
If the NR framework including Numerologies, frames, subframes, and physical resources, is reused, it is possible for LP-WUS to co-exist with other NR signals. However, since LP-WUS has worse link performance, the guard band or guard time for LP-WUS may be needed to suppress the interference impacts.
Proposal 19: For the co-existence evaluation, blocking on legacy UE scheduling and co-existence with other channels need to be considered.

8.2 Capacity and spectrum efficiency
Since the LP-WUS uses the OOK or low order modulation, the detector is envelope detection, and the LP-WUS receiver architecture also has quite low complexity and power, more resources would be occupied if the LP-WUS coverage is comparable with the NR channels. Obviously, the more resources occupied by LP-WUS, the more serious impacts on capacity and spectrum efficiency.
Observation 14: Resources occupied by LP-WUS would impact on capacity and spectrum efficiency.
8.3 Remaining aspects
With the LP-WUS receiver architecture introduction, increasing the complexity/cost is possible for the UE. Also, it is also possible for the receiver to share the components with main radio. In this case, the cost may not increase but the complexity of chip integration would increase. For example, Zero-IF architecture may be more possible to be integrated with the main radio. Additionally, the LP-WUS generation also may increase the gNB complexity if some new generation operation is introduced. 
As for the UPT loss due to scheduling delay by introducing LP-WUS, we are open to consider in the SI stage. Or we can further discuss this after we have the initial simulation results for latency. If there is no obvious latency impact, then the UPT loss would be marginal.

9. [bookmark: OLE_LINK15]Conclusions
In this contribution, we have discussed evaluation on LP-WUS. We make the following observations and proposals:
Observation 1: For R_E=1%, the power consumption difference brought by transition energy is obvious. For R_E=0.1%, the power consumption difference brought by transition energy is small. For R_E=0.1% and 0.001%, the power consumption difference brought by transition energy is marginal.
Observation 2: Compared with DRX with/without PEI based on Alt1, 
· The LP-WUS for one UE achieve lower UE power consumption 
· The LP-WUS for group UE has increased UE power consumption when R_E=1%, and it has lower power consumption for R_E=0.1%, R_E=0.01% and R_E=0.001%
Observation 3: Compared with eDRX with/without PEI based on Alt1, 
· The UE power consumption with LP-WUS for one UE and 4 UEs is higher only when the R_E=1%
· The UE power consumption with LP-WUS for 8 UEs and 10 UEs is higher when R_E=1% and 0.1% and lower when R_E=0.01% and 0.001%
Observation 4: Compared with DRX/eDRX with/without PEI based on Alt2, the LP-WUS for one UE achieve the lowest UE power consumption. 
Observation 5: Compared with DRX/eDRX with/without PEI based on Alt2, when R_E=0.1%, 0.01% and 0.001%, the LP-WUS for group UE achieve the lowest UE power consumption. 
Observation 6: Based on Alt2, when R_E=1% and number of UE is 4, the power consumption with LP-WUS is higher than that for eDRX with/without PEI and lower than that for DRX with/without PEI.
Observation 7: Based on Alt2, when R_E=1% and number of UE is 8 and 10, the UE power consumption with LP-WUS is higher than that for eDRX with/without PEI and DRX with PEI and lower than that for DRX without PEI.
Observation 8: Compared with DRX/eDRX, the latency reduction by legacy PO mechanism is -115%/94.7%.
Observation 9: Compared with DRX/eDRX, the latency reduction by dynamic PO mechanism is 29.6%/98.2%.
Observation 10: Compared with legacy PO mechanism, the latency reduction by dynamic PO mechanism is 67.3%.
Observation 11: The latency for periodic monitoring mechanism would be larger than that for always on monitoring and the different periodic monitoring scheme has different impacts on the latency. 
Observation 12: For always on LP-WUS monitoring, false detection may often happen since the monitoring occasion may occur in every sampling time during LP-WUS mode.
Observation 13: For always on LP-WUS monitoring, the impact on the waste of power consumption caused by false detection may be very serious.
[bookmark: OLE_LINK25]Observation 14: Resources occupied by LP-WUS would impact on capacity and spectrum efficiency.
Proposal 1: The following KPIs on LP-WUS should be considered
· For UE side
· Power saving gain
· Latency 
· For gNB side
· System overhead
· Coverage
· Network power consumption
· Capacity
· Co-existence
Proposal 2: The relative power of ultra-deep sleep is 0.015 unit for LP-WUS power consumption evaluation.
Proposal 3: The ramp up and down transition energy of ultra-deep sleep is 20000 units*ms and 40000 units*ms for power consumption evaluation.
Proposal 4: For LP-WUS power consumption evaluation, at least 3 SSBs are required for sync/re-sync when main radio wakes up from the state of ultra-deep sleep.
Proposal 5: The relative power of WUR ‘off’ state is 0.001 unit for LP-WUS power consumption evaluation.
Proposal 6: The relative power of WUR ‘on’ state can be less than 1 unit for LP-WUS power consumption evaluation. 
· If the relative power of WUR ‘on’ state is no less than 1, transition energy for WUR on-off should be further considered.
Proposal 7: For power consumption evaluation, the paging rate can be R_E =1%, 0.1%, 0.01% and 0.001% with duration Y=1s.
Proposal 8: Whether deep sleep or ultra-deep sleep state is assumed outside of PTW should be determined for eDRX power consumption evaluation.  
Proposal 9: Dynamic PO mechanism is considered for LP-WUS latency evaluation.
Proposal 10: For LP-WUS detection, the FAR should be kept in low level in order to achieve the target of power saving for LP-WUS compared with existing power saving mechanism in Rel-16 and Rel-17. 
Proposal 11: How to define FAR for always-on monitoring mechanism and periodic monitoring mechanism should be further discussed. And how to evaluate the impact on power consumption caused by FAR in this case should be further discussed.
Proposal 12: For the evaluation of FAR in link level simulation the following two cases should be evaluated and discuss how to model them in the simulation.
Case 1: Absence of gNB transmissions 
Case 2: Presence of transmissions from gNB
Proposal 13: For LP-WUS LLS assumptions, 3-th order Butterworth low-pass filter can be used as baseline. 
· The cutoff frequency of the filter, it should be carefully selected depending on LP-WUS bandwidth, guardband requirement and performance metric.
Proposal 14: The value of frequency drift of the lower power oscillator for LLS can be assumed no less than +/-100ppm as a starting point.
Proposal 15: Calculate the system overhead percentage based on the following formula


If each LP-WUS transmission has the same resource occupation, it can be written as 
P=M*NLP-WUS*SLP-WUS*12/(Nband*T*12)
Where 
· Nband means the total RBs for a band or carrier in a cell
· NLP-WUS, i means the number of RBs for ith LP-WUS transmission including the guardband bandwidth and signal bandwidth
· SLP-WUS,i means the number of symbols for ith LP-WUS transmission including guard time if any
· Assuming that LP-WUS is transmitted M times in duration T, FFS how to determine M

Proposal 16: Consider a reference SSB configuration for system overhead comparison.
Proposal 17: The system overhead, e.g., RACH procedure, brought by FAR cannot be ignored if RACH procedure can be initiated after LP-WUS without PO monitoring.
Proposal 18: Consider to evaluate the percentage for the increased BS power consumption by introducing LP-WUS 
· Empty load scenario can be the starting point
· Other assumptions can be further discussed
Proposal 19: For the co-existence evaluation, blocking on legacy UE scheduling and co-existence with other channels need to be considered.


References
RP-213645, “New SID: Study on low-power Wake-up Signal and Receiver for NR”, vivo, RAN#94-e
RP-222644, “Revised SID: Study on low-power Wake-up Signal and Receiver for NR”, vivo, RAN#97-e.
3GPP, RAN1 Chairman’s Notes, RAN1#110bis-e
[bookmark: _GoBack]R1-1714993, “Assumptions for NB-IoT power consumption for power saving signal/channel”, Ericsson, RAN1#90.
image3.emf
0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

LP-WUS

DRX

DRX+PEI

eDRX

eDRX+PEI

LP-WUS

DRX

DRX+PEI

eDRX

eDRX+PEI

LP-WUS

DRX

DRX+PEI

eDRX

eDRX+PEI

LP-WUS

DRX

DRX+PEI

eDRX

eDRX+PEI

R_E=1%                                                           R_E=0.1%                                                                                     R_E=0.01%                                                                              R_E=0.001%      

Power Consumption[units/s]

UE_Num=1

UE_Num=4

UE_Num=8

UE_Num=10


image4.emf
0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

LP-WUS

DRX

DRX+PEI

eDRX

eDRX+PEI

LP-WUS

DRX

DRX+PEI

eDRX

eDRX+PEI

LP-WUS

DRX

DRX+PEI

eDRX

eDRX+PEI

LP-WUS

DRX

DRX+PEI

eDRX

eDRX+PEI

R_E=1%                                                              R_E=0.1%                                                                                        R_E=0.01%                                                                      R_E=0.001%

Power Consumption[units/s]

UE_Num=1

UE_Num=4

UE_Num=8

UE_Num=10


image5.emf
Ramp up

PO

20ms

sync/re-sync

 

Ramp down

MR

SSB

x

Data arrival


image6.emf
Ramp up

PO

20ms

sync/re-sync

MR

SSB

Data arrival


image7.wmf
T

N

S

N

P

Band

M

i

i

WUS

LP

i

WUS

LP

*

*

*

*

=

å

=

-

-

12

12

1

,

,


oleObject1.bin

image8.wmf
%

100

*

1

1

2

P

P

P

r

-

=


oleObject2.bin

oleObject3.bin

image1.emf
20ms

PO

10ms

MR on

sync

sync

WUR

on

light sleep

Ultra deep sleep

Ultra deep sleep

MR off


image2.emf
20ms

10ms

PO

DRX

2ms

DRX with PEI and PO

sync

2ms

DRX with PEI and no PO

PEI


