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Introduction
In RAN1#112bis and post email discussion, characteristics for target use cases and details of evaluation on low power WUS were discussed, the following agreements were made [1].
Agreement
Update as followings for the e-DRX paging probability
Note:
· For i-DRX with cycle duration Y second,
· Per UE paging probability RE = 1 – (1 – RE, REF )Y/YREF
· For e-DRX with K i-DRX cycles duration, PTW duration of L i-DRX cycles, and an i-DRX cycle duration Y second
· Per UE paging probability is
· RE = 1 – (1 – RE, REF )(K-L+1)Y/YREF for the first i-DRX cycle within the PTW
· RE = 1 – (1 – RE, REF )Y/YREF for each of the remaining L-1 i-DRX cycles within the PTW
· L=4
Agreement
Update the additional transition energy from [TLR, ramp-up *(PON+POFF)/2] to [TLR, ramp-up *(PON-POFF)/2] for LP-WUR power model.
· Note: this assumes the power consumption during the transition time is sum of additional transition energy and LP-WUR OFF energy, e.g., similar definition as the additional transition energy in TR38.840
Working Assumption
For Model 1 of frequency error, Frequency displacement (Fd), defined as the difference between ideal frequency and frequency due to 1) clock drifting (ΔF); and 2) residual frequency error from previous synchronization/calibration (Fr), is given as Fd (ppm)=ΔF (ppm) +Fr(ppm),
· Companies to report Fr and important assumptions for achieving Fr, e.g., if MR can assist to calibrate LP-WUR to correct the frequency error or if LP-WUR can only correct the frequency error based on LP-WUS synchronization signal.
Agreement
The period of synchronization signal that LP-WUR used for at least power evaluation can be
· Existing SSB periodicity can be used from gNB transmission perspective for evaluations assuming SSB, companies to report how often used for LP-WUR
· For evaluations assuming LP-SS
· {320ms, 640ms, 1280ms, 2560ms, 5120ms, 10240ms}
· Companies to report other important assumptions if any, e.g., durations of LP-SS to achieve enough T/F accuracy
· Other values are not precluded
Note: companies to report the purpose of the synchronization signal along with evaluations, e.g. can be for LR synchronization (i.e., time and/or frequency tracking) and/or measurement.
Working Assumption
For evaluation purpose, FAR target is determined across a reference time duration T of one or multiple LP-WUS attempts/trials,
· UE have N attempts within T, 
· Company to report (FAR target, T, N)
· For example,
· if UE makes a single decision based on multiple correlations for a sequence in the monitor occasion, these correlations are considered as UE implementation in ONE trial/attempt.
· if UE performs decoding in a monitor occasion, a single decoding is considered as ONE trial/attempt.
· If UE performs N non-overlap attempts within the reference time duration, the false alarm event for the attempts are assumed as independent.
Companies to provide the assumed side conditions to attain the used FAR over T or per one attempt e.g. CRC/sequence length in LP-WUS design.
Agreement
RAN1 further study the designs [target]/techniques of LP-WUS to have a comparable coverage as NR channel X. The NR channel X is
· Option #1: PDCCH for paging
· Option #2: PUSCH for message3
· FFS other options, e.g., between option1and option2 (better than PUSCH, worse than PDCCH)
· The final design will jointly consider the coverage with other KPIs
· FFS additional detail assumptions for NR channels, e.g., the message size for MSG3 and etc.

Agreement
Confirm Alt 2 in the following agreement and update as follows
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) as baseline
· Alt 2: ([40000], [800ms])
Company to report which alternative they use for which use cases.
Agreement
Confirm the WA from RAN1#112 and update as followings
Working Assumption
· For evaluation of LP-WUR frequency and time errors, the following is used,
	Parameter
	Value

	Oscillator max frequency error [ppm], 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], 
FFS: RTC frequency drift [ppm/s]
	(20  FFS:[0.1])
	 


· 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, 
· 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 ‘ultra-deep sleep state’ with [0.015] power units and LR is in off state or, 
· when LR monitoring power less than [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 ‘ultra-deep sleep state’, 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 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
· When 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.
· FFS: Frequency displacement (Fd), defined as the difference between ideal frequency and frequency due to 1) clock drifting (ΔF); and 2) residual frequency error from previous 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 (linear region)
· The relationship between a frequency drift( F’), and corresponding timing drift(ΔT) over a time(T) is ΔT = Fr*T ±0.5 * F’ *T2 (transient region)
· The transition between transient and linear region (from synchronization or calibration point/time) occurs at time [Ts= (Fe-Fr)/( F’)]

· T is the time from the previous time synchronization. T may take different values depending on the chosen synchronization approach
· 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 synchronization/calibration (Tr); Te= ΔT+ Tr
· Model 2: random time drifting, FFS details
· FFS: Phase noise model
Working Assumption
The following for usage of the clock is assumed for LP-WUR OFF/ON
	Assumption on LP-WUR OFF power
	Assumptions on the clock usage

	0.001
	When LP-WUR is OFF
· Time offset cumulated in the off period cannot be calculated based on the parameters of the oscillator option 1/2/3/4. RTC should be used(Only RTC is running during sleep.)
When LP-WUR is ON, frequency offset and time offset calculation can follow the parameters of the oscillator option 1/2/3/4 [Note2] (cumulating based on the frequency drift and not exceed maximum frequency error)
· The initial frequency offset when LP-WUR switches on can be set to the [FFS: maximum frequency error or a random value within the maximum frequency error] following the parameters of the oscillator option 1/2/3/4[Note2].
· When LP-WUR is synced with LP-SS/SSB or MR is used to assist to calibrate LP-WUR to correct the time/frequency error, residual frequency error Fr is assumed at the time when the synchronization/calibration is done.

	TBD: value(s)
	For both LP-WUR OFF and ON
· Time offset cumulated in the off period can be calculated based on the parameter of the oscillator option 1/2 or option 3/4[Note2]. RTC can be used too. 
· Frequency offset calculation can follow the parameter of the oscillator option 1/2 or option 3/4[Note2] (cumulating based on the second value in the value pair and not exceed maximum frequency error). 
When at the time point after LP-WUR is synced with LP-SS/SSB or if MR can assist to calibrate LP-WUR to correct the frequency error
· Frequency offset is the Fr, which is residual frequency error from previous synchronization/calibration


[Note1: Any additional LO/FLL/PLL could start running during LP-WUR On duration. The power consumption of any of those LO/FLL/PLL is captured in LP-WUR On power]
FFS: Note2: option 3/4 can only be assumed when LP-WUR ON power value and LP-WUR OFF power value>=TBD2, option 1/2 can only be assumed when LP-WUR ON power value and LP-WUR OFF power value>=TBD1
Note3: The clock error (of both RTC and LO) could be improved to be less than max ppm error of option 1,2,3,4 with clock calibation based on sync signal such as LP-SS or preamble.

In this contribution, we provide some evaluation results on low power WUS.
Power consumption evaluation
Evaluation Assumptions
In this section, some evaluation results on power consumption and latency are provided, we consider the following assumptions and the power models.
Table 1: UE Power Consumption Model for Main Radio and LP-WUR
	Main Radio

	Power State 
	Characteristics 
	Relative Power

	[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Ultra-deep sleep
	Power state for main radio of UEs with LP-WUS receiver.
	0.015

	Deep Sleep 
	Time interval for the sleep should be larger than the total transition time entering and leaving this state. Accurate timing may not be maintained. 
	1

	Light Sleep 
	Time interval for the sleep should be larger than the total transition time entering and leaving this state. 
	20

	Micro sleep 
	Immediate transition is assumed for power saving study purpose from or to a non-sleep state 
	45

	PDCCH-only 
	No PDSCH and same-slot scheduling; this includes time for PDCCH decoding and any micro-sleep within the slot. 
	100

	SSB or CSI-RS proc. 
	SSB can be used for fine time-frequency sync. and RSRP measurement of the serving/camping cell. TRS is the considered CSI-RS for sync. FFS the power scaling for processing other configurations of CSI-RS. 
	100

	PDCCH + PDSCH 
	PDCCH + PDSCH. ACK/NACK in long PUCCH is modeled by UL power state. 
	300

	LP-WUR

	Power State 
	Characteristics 
	Relative Power

	LP-WUR ‘off’
	The LP-WUR does not perform monitoring.
	0.001

	LP-WUR ‘on’
	The LP-WUR performs monitoring.
	0.01/0.05/0.1/0.5/1/2/4


Table 2: UE Power Consumption for Main Radio during the state transition
	Sleep type 
	Additional transition energy: 
(Relative power x ms) 
	Total transition time 

	Ultra-deep sleep
	15000(1)
	400ms (2)

	Deep sleep 
	450 
	20 ms 

	Light sleep 
	100 
	6 ms 

	Micro sleep 
	0 
	0 ms*

	(1) Ramp-down and ramp-up without sync/re-sync transition energy. 
(2) The total time for main radio transition from ultra-deep sleep to active/micro sleep state is the ramp-up time. Energy consumption for sync/re-sync is separately calculated.
* Immediate transition is assumed for power saving study purpose from or to a non-sleep state.


Table 3: Simulation assumptions (based TR 38.840)
	Parameter
	Values

	Frequency
	4GHz

	Subcarrier spacing
	15 kHz

	System bandwidth
	100MHz

	Link Adaptation (MCS select)
	Off

	Retransmission
	Off

	i-DRX cycle length
	1.28(s)

	Number of POs in Paging Frame
	1

	Number of SSB before PO / PEI
	1, 2,  3, (used for e.g., AGC adjustment, T/F tracking, serving cell and intra-F measurement)

	Number of SSBs for sync/re-sync for MR
	2/4/6

	LP-WUS monitoring
	Option1: Continuously monitoring
Option2: Discontinuously monitoring, with [64] ms as the period for complete an on-and-off cycle, and [64] ms as the active time for monitoring LP-WUS every cycle. And ramp-up time is 10ms.

	Traffic model
	Y
	1.28s

	
	Per UE paging rate RE
	1% within duration Y

	
	The mean arrival time P
	P = Y/RE = 128s

	
	The number of UEs in the group
	10

	
	Per group paging probability RG
	RG = 1 – (1 – RE)N=9.56%

	LP-WUS duration
	1ms

	LP-WUS monitoring duty cycle
	128ms

	The miss-detection rate (MDR) of LP-WUS
	1%

	The false-alarm rate (FAR) of LP-WUS
	0.1%


Evaluation Results
· Processing Timeline
Rel-17 UE paging reception procedure with PEI is used as baseline, which is shown in Figure 1. The number of SSB bursts processed, PEI-O monitoring duration, PO monitoring duration, and intermediate sleep states are shown for three different SNR cases (low, medium, and high) when PEI is configured.


Figure 1: Rel-17 UE paging reception procedure with PEI (baseline)
Assume UE monitors one paging occasion in a paging cycle for I-DRX cycle length of 1.28s after waking up from deep sleep. The power consumption in a paging cycle for UE operations can be calculated as follows.
Table 4: Power consumption of Rel-17 UE operations in a paging cycle 
	UE operations in a paging cycle
	Duration (ms)
	Relative Power (unit)
	Relative Power Consumption (unit*ms)

	Not Paged

	(1) SSB Processing
	2
	100
	100*2 = 200

	(2) PEI-O Monitoring
	4
	100
	100*4 = 400

	(3) Deep Sleep
	1274
	1
	1*1274 + 450 Transition Energy = 1724

	Total
	1280
	-
	2324

	Average power consumption = Total Energy / Length of I-DRX cycle
	2324 / 1280 = 1.8156

	Low SINR case (Paged)

	[bookmark: _Hlk127451446](1) SSB Processing
	2
	100
	100*2 = 200

	(2) PEI-O Monitoring
	4
	100
	100*4 = 400

	(3) Light Sleep
	14
	20
	20*14 + 100Transition Energy = 380

	(4) SSB Processing
	2
	100
	100*2 = 200

	(5) Light Sleep
	18
	20
	[bookmark: OLE_LINK5][bookmark: OLE_LINK6]20*18 + 100 Transition Energy = 460

	(6) SSB Processing
	2
	100
	100*2 = 200

	(7) Light Sleep
	8
	20
	20*8 + 100 Transition Energy = 260

	(8) PO Monitoring
	4
	300
	300*4 = 1200

	(9) Deep Sleep
	1226
	1
	1*1226 + 450 Transition Energy = 1676

	Total
	1280
	-
	4976

	Average power consumption = Total Energy / Length of I-DRX cycle
	4976 / 1280 = 3.8875

	Medium SINR case (Paged)

	(1) SSB Processing
	2
	100
	100*2 = 200

	(2) PEI-O Monitoring
	4
	100
	100*4 = 400

	(3) Light Sleep
	14
	20
	20*14 + 100Transition Energy = 380

	(4) SSB Processing
	2
	100
	100*2 = 200

	(5) Deep Sleep
	28
	1
	1*28 + 450 Transition Energy = 478

	(6) PO Monitoring
	4
	300
	300*4 = 1200

	(7) Deep Sleep
	1226
	1
	1*1226 + 450 Transition Energy = 1676

	Total
	1280
	-
	4534

	Average power consumption = Total Energy / Length of I-DRX cycle
	4534 / 1280 = 3.5422

	High SINR case (Paged)

	(1) SSB Processing
	2
	100
	100*2 = 200

	(2) PEI-O Monitoring
	4
	100
	100*4 = 400

	(3) Deep Sleep
	44
	1
	1*44 + 450 Transition Energy = 494

	(4) PO Monitoring
	4
	300
	300*4 = 1200

	(5) Deep Sleep
	1226
	1
	1*1226 + 450 Transition Energy = 1676

	Total
	1280
	-
	3970

	Average power consumption = Total Energy / Length of I-DRX cycle
	3970 / 1280 = 3.1016


Rel-18 UE paging reception procedure with LP-WUR is shown in Figure 2. The MR is in ultra-deep sleep state before the trigger from the LP-WUR. We assume ramp-up time is 400ms, and MR need consider SSB search and synchronization after wake-up. In our assumption, the SSB search time is 20ms, while the time of (re-)synchronization is 120ms (6 SSB bursts) in Low SINR case.


Figure 2: Rel-18 UE paging reception procedure with LP-WUR
Assume UE monitors one paging occasion in a paging cycle for I-DRX cycle length of 1.28s after waking up from ultra-deep sleep. The power consumption in a paging cycle for UE operations can be calculated as follows.
Table 5: Power consumption of Rel-18 UE with LP-WUR operations in a paging cycle 
	UE operations in a paging cycle
	Duration (ms)
	Relative Power (unit)
	Relative Power Consumption (unit*ms)

	Not Paged

	MR Power Consumption:

	(1) Ultra-deep sleep
	1280
	0.015
	1280*0.015 = 19.2

	LP-WUR Power Consumption: (continuously monitoring)

	(1) On state
	1280
	0.5
	1280 * 0.5 = 640

	Total
	-
	-
	19.2MR + 640LP-WUR =659.2

	Average power consumption = Total Energy / Length of I-DRX cycle
	659.2 / 1280 = 0.515

	LP-WUR Power Consumption: (discontinuously monitoring)

	Duty Cycle
(128ms, 50%)
	(1) On state
	64
(Transition time = 10ms)
	0.5
	64 * 0.5 + 2.495 Transition Energy = 34.495

	
	(2) Off state
	64
	0.001
	64 * 0.001 = 0.064

	
	(3) cycle of (1)&(2)
	10 times
	34.495+0.064 = 34.559
	34.559 * 10 = 345.59

	Duty Cycle
(128ms, 0.9375%)
	(1) On state
	1
(Transition time = 10ms)
	0.5
	1 * 0.5 + 2.495 Transition Energy = 2.995

	
	(2) Off state
	127
	0.001
	127*0.001 = 0.127

	
	(3) cycle of (1)&(2)
	10 times
	2.995 + 0.127 = 3.122
	3.122 * 10 = 31.22

	Duty Cycle
(128ms, 50%)
	Total
	
	19.2MR + 345.59LP-WUR = 364.79

	
	Average power consumption
	364.79 / 1280 = 0.2850

	Duty Cycle
(128ms, 0.9375%)
	Total
	
	19.2MR + 31.22LP-WUR = 50.42

	
	Average power consumption
	50.42 / 1280 = 0.0394

	Low SINR case (Paged)

	(1) SSB Search
	20
	100
	100*20 = 2000

	(2) Freq. sync
	60 (3 SSB bursts)
	200 + 460 = 660
	660*3 = 1980

	(3) SSB Processing
	2
	100
	100*2 = 200

	(4) Light Sleep
	18
	20
	20*18 + 100 Transition Energy = 460

	(5) SSB Processing
	2
	100
	100*2 = 200

	(6) Light Sleep
	18
	20
	20*18 + 100 Transition Energy = 460

	(7) SSB Processing
	2
	100
	100*2 = 200

	(8) Light Sleep
	8
	20
	20*8 + 100 Transition Energy = 260

	(9) PO Monitoring
	4
	300
	300*4 = 1200

	(10) Ultra-deep Sleep
	1146
	0.015
	0.015*1146 + 15000 Transition Energy = 15017.19

	Total (continuously monitoring)
	1280
	-
	21977.19MR + 640LP-WUR = 22617.19

	Average power consumption = Total Energy / Length of I-DRX cycle
	22617.19 / 1280 = 17.6697

	Duty Cycle
(128ms, 50%)
	Total (duty cycle monitoring)
	21977.19MR + 345.59LP-WUR = 22322.78

	
	Average power consumption 
	22322.78 / 1280 = 17.4397

	Duty Cycle
(128ms, 0.9375%)
	Total (duty cycle monitoring)
	21977.19MR + 31.22LP-WUR = 22008.41

	
	Average power consumption
	22063.3 / 1280 = 17.1941

	Medium SINR case (Paged)

	(1) SSB Search
	20
	100
	100*20 = 2000

	(2) SSB Processing
	2
	100
	100*2 = 200

	(3) Light Sleep
	18
	20
	20*18 + 100 Transition Energy = 460

	(4) SSB Processing
	2
	100
	100*2 = 200

	(5) Light Sleep
	18
	20
	20*18 + 100 Transition Energy = 460

	(6) SSB Processing
	2
	100
	100*2 = 200

	(7) Light Sleep
	18
	20
	20*18 + 100 Transition Energy = 460

	(8) SSB Processing
	2
	100
	100*2 = 200

	(9) Light Sleep
	8
	20
	20*8 + 100 Transition Energy = 260

	(10) PO Monitoring
	4
	300
	300*4 = 1200

	(11) Ultra-deep Sleep
	1186
	0.015
	0.015*1186 + 15000 Transition Energy = 15017.79

	Total (continuously monitoring)
	1280
	-
	20657.79MR + 640LP-WUR = 21297.79

	Average power consumption = Total Energy / Length of I-DRX cycle
	21297.79 / 1280 = 16.6389

	Duty Cycle
(128ms, 50%)
	Total (duty cycle monitoring)
	20657.79MR + 345.59LP-WUR = 21003.38

	
	Average power consumption 
	21003.38 / 1280 = 16.4089

	Duty Cycle
(128ms, 0.9375%)
	Total (duty cycle monitoring)
	20657.79MR + 31.22LP-WUR = 20689.01

	
	Average power consumption
	20743.9 / 1280 = 16.1633

	High SINR case (Paged)

	(1) SSB Search
	20
	100
	100*20 = 2000

	(2) SSB Processing
	2
	100
	100*2 = 200

	(3) Light Sleep
	18
	20
	20*18 + 100 Transition Energy = 460

	(4) SSB Processing
	2
	100
	100*2 = 200

	(5) Light Sleep
	8
	20
	20*8 + 100 Transition Energy = 260

	(6) PO Monitoring
	4
	300
	300*4 = 1200

	(7) Ultra-deep Sleep
	1226
	0.015
	0.015*1226 + 15000 Transition Energy = 15018.39

	Total (continuously monitoring)
	1280
	-
	19338.39MR + 640LP-WUR = 19978.39

	Average power consumption = Total Energy / Length of I-DRX cycle
	19978.39 / 1280 = 15.6082

	Duty Cycle
(128ms, 50%)
	Total (duty cycle monitoring)
	19338.39MR + 345.59LP-WUR = 19683.98

	
	Average power consumption 
	19683.98 / 1280 = 15.3781

	Duty Cycle
(128ms, 0.9375%)
	Total (duty cycle monitoring)
	19338.39MR + 31.22LP-WUR = 19370.61

	
	Average power consumption
	19424.5 / 1280 = 15.1333


Different SINR levels, e.g. low, medium and high could be assumed to evaluation. UE need different number of SSB bursts to acquire synchronization. LP-WUR can monitor LP-WUS under “continuously monitoring” manner or “duty cycle” manner. We assume the length of “duty cycle” is 128ms, i.e. there are 10 cycles in one paging cycle. In this contribution, we evaluate the power consumption at the assumption of “LP-WUS duty cycle ration” with 50% and 0.78%. We assume RRM measurement performed by “LR+MR”, the measurement period of MR is 6400ms, i.e. MR performs measurement every 5 IDRX cycles, and the measurement period of LR is 1280ms. The RRM measurement period of PEI is 1280ms.
Table 5: Power Saving Gain of LP-WUS compared to DRX with PEI (Per UE Paging) 
Additional transition energy from ultra-deep sleep is 15000
	DRX settings
	SINR
	Paging Rate
(Per UE)
	Scheme
	Relative Power for LP-WUR on
	Average power
	PS gain

	I-DRX = 1.28s
(107 Cycle)
(FAR = 0.1%)
	Low
	1%
	Rel-17 UE with PEI
	-
	3.3806
	-

	
	
	
	LP-WUR continuously monitoring
	0.01
	2.8425
	15.92%

	
	
	
	
	0.05
	2.8825
	14.74%

	
	
	
	
	0.1
	2.9325
	13.26%

	
	
	
	
	0.5
	3.3325
	1.43%

	
	
	
	
	1
	3.8325
	-13.36%

	
	
	
	
	2
	4.8325
	-42.95%

	
	
	
	
	4
	6.8325
	-102.11%

	
	
	
	LP-WUR discontinuously monitoring
(LP-WUS duty cycle ration is 50%)
	0.01
	2.8383
	16.04%

	
	
	
	
	0.05
	2.8599
	15.40%

	
	
	
	
	0.1
	2.8868
	14.61%

	
	
	
	
	0.5
	3.1024
	8.23%

	
	
	
	
	1
	3.3720
	0.26%

	
	
	
	
	2
	3.9110
	-15.69%

	
	
	
	
	4
	4.9892
	-47.58%

	
	
	
	LP-WUR discontinuously monitoring
(LP-WUS duty cycle ration is 0.78%)
	0.01
	2.8339
	16.17%

	
	
	
	
	0.05
	2.8358
	16.11%

	
	
	
	
	0.1
	2.8381
	16.04%

	
	
	
	
	0.5
	2.8569
	15.49%

	
	
	
	
	1
	2.8803
	14.80%

	
	
	
	
	2
	2.9272
	13.41%

	
	
	
	
	4
	3.0209
	10.64%

	
	Medium
	
	Rel-17 UE with PEI
	-
	3.3768
	-

	
	
	
	LP-WUR continuously monitoring
	0.01
	2.8311
	16.16%

	
	
	
	
	0.05
	2.8711
	14.97%

	
	
	
	
	0.1
	2.9211
	13.49%

	
	
	
	
	0.5
	3.3211
	1.65%

	
	
	
	
	1
	3.8211
	-13.15%

	
	
	
	
	2
	4.8211
	-42.76%

	
	
	
	
	4
	6.8211
	-101.99%

	
	
	
	LP-WUR discontinuously monitoring
(LP-WUS duty cycle ration is 50%)
	0.01
	2.8269
	16.28%

	
	
	
	
	0.05
	2.8484
	15.64%

	
	
	
	
	0.1
	2.8754
	14.84%

	
	
	
	
	0.5
	3.0910
	8.46%

	
	
	
	
	1
	3.3606
	0.48%

	
	
	
	
	2
	3.8996
	-15.48%

	
	
	
	
	4
	4.9777
	-47.40%

	
	
	
	LP-WUR discontinuously monitoring
(LP-WUS duty cycle ration is 0.78%)
	0.01
	2.8226
	16.41%

	
	
	
	
	0.05
	2.8244
	16.35%

	
	
	
	
	0.1
	2.8268
	16.28%

	
	
	
	
	0.5
	2.8455
	15.73%

	
	
	
	
	1
	2.8690
	15.03%

	
	
	
	
	2
	2.9158
	13.65%

	
	
	
	
	4
	3.0096
	10.87%

	
	High
	
	Rel-17 UE with PEI
	-
	3.3720
	-

	
	
	
	LP-WUR continuously monitoring
	0.01
	2.8197
	16.37%

	
	
	
	
	0.05
	2.8597
	15.19%

	
	
	
	
	0.1
	2.9097
	13.70%

	
	
	
	
	0.5
	3.3097
	1.84%

	
	
	
	
	1
	3.8097
	-12.98%

	
	
	
	
	2
	4.8097
	-42.63%

	
	
	
	
	4
	6.8097
	-101.94%

	
	
	
	LP-WUR discontinuously monitoring
(LP-WUS duty cycle ration is 50%)
	0.01
	2.8155
	16.50%

	
	
	
	
	0.05
	2.8371
	15.86%

	
	
	
	
	0.1
	2.8641
	15.06%

	
	
	
	
	0.5
	3.0797
	8.66%

	
	
	
	
	1
	3.3492
	0.67%

	
	
	
	
	2
	3.8883
	-15.31%

	
	
	
	
	4
	4.9664
	-47.28%

	
	
	
	LP-WUR discontinuously monitoring
(LP-WUS duty cycle ration is 0.78%)
	0.01
	2.8112
	16.63%

	
	
	
	
	0.05
	2.8131
	16.57%

	
	
	
	
	0.1
	2.8154
	16.50%

	
	
	
	
	0.5
	2.8342
	15.94%

	
	
	
	
	1
	2.8576
	15.25%

	
	
	
	
	2
	2.9045
	13.86%

	
	
	
	
	4
	2.9982
	11.08%


Observation 1: Under the assumption of RRM measurement performed by “LR+MR”, while the measurement period of MR is 6400ms, and the measurement period of LR is 1280ms. When compared with legacy measurement period is 1280ms. For I-DRX cycle length of 1.28s, with FAR = 0.1%, Paging Rate Per UE= 1% and per UE paging.
· When relative power for ‘LP-WUR on state’ is 0.01/0.05/0.1/0.5, LP-WUR monitor LP-WUS under “continuously monitoring” manner can have 1.43%~15.92% power saving gain, while have 1.65%~16.16% power saving gain under Medium SINR case, and have 1.84%~16.37% power saving gain under High SINR case compared to I-DRX with PEI (Additional transition energy from ultra-deep sleep is 15000, and  ramp-up time is 400ms).
· When relative power for ‘LP-WUR on state’ is 1/2/4, LP-WUR monitor LP-WUS under “continuously monitoring” manner have not power saving gain compared to I-DRX with PEI (Additional transition energy from ultra-deep sleep is 15000, and  ramp-up time is 400ms).
· When relative power for ‘LP-WUR on state’ is 0.01/0.05/0.1/0.5/1, LP-WUR monitor LP-WUS under “duty cycle” manner with LP-WUS duty cycle ration is 50% can have 0.26%~16.04% power saving gain under Low SINR case, while have 0.48%~16.28% power saving gain under Medium SINR case, and have 0.67%~16.50% power saving gain under High SINR case compared to I-DRX with PEI (Additional transition energy from ultra-deep sleep is 15000, and  ramp-up time is 400ms).
· For I-DRX cycle length of 1.28s, with FAR = 0.1%, Paging Rate Per UE= 1% and per UE paging, when relative power for ‘LP-WUR on state’ is 2/4, LP-WUR monitor LP-WUS under “duty cycle” manner with LP-WUS duty cycle ration is 50% have not power saving gain compared to I-DRX with PEI (Additional transition energy from ultra-deep sleep is 15000, and  ramp-up time is 400ms).
· When relative power for ‘LP-WUR on state’ is 0.01/0.05/0.1/0.5/1, LP-WUR monitor LP-WUS under “duty cycle” manner with LP-WUS duty cycle ration is 0.78% can have 10.64%~16.17% power saving gain under Low SINR case, while have 10.87%~16.41% power saving gain under Medium SINR case, and have 11.08%~16.63% power saving gain under High SINR case compared to I-DRX with PEI (Additional transition energy from ultra-deep sleep is 15000, and  ramp-up time is 400ms).
Assume the number of UEs in the group is 10, when RE is 1%, the per group paging probability RG is 9.56%. Evaluation results on power saving gain is summarized in Table 6.
Table 6: Power Saving Gain of LP-WUS compared to DRX with PEI (Per UE Group Paging) 
Additional transition energy from ultra-deep sleep is 15000
	DRX settings
	SINR
	Paging Rate
(Per Group)
	Scheme
	Relative Power for LP-WUR on
	Average power
	PS gain

	I-DRX = 1.28s
(107 Cycle)
(FAR = 0.1%)
	Low
	9.56%
	Rel-17 UE with PEI
	-
	3.4267
	

	
	
	
	LP-WUR continuously monitoring
	0.01
	4.1461
	-20.99%

	
	
	
	
	0.05
	4.1861
	-22.16%

	
	
	
	
	0.1
	4.2361
	-23.61%

	
	
	
	
	0.5
	4.6361
	-35.29%

	
	
	
	
	1
	5.1361
	-49.88%

	
	
	
	
	2
	6.1361
	-79.06%

	
	
	
	
	4
	8.1361
	-137.43%

	
	
	
	LP-WUR discontinuously monitoring
(LP-WUS duty cycle ration is 50%)
	0.01
	4.1420
	-20.87%

	
	
	
	
	0.05
	4.1635
	-21.50%

	
	
	
	
	0.1
	4.1905
	-22.28%

	
	
	
	
	0.5
	4.4061
	-28.58%

	
	
	
	
	1
	4.6756
	-36.44%

	
	
	
	
	2
	5.2147
	-52.17%

	
	
	
	
	4
	6.2928
	-83.63%

	
	
	
	LP-WUR discontinuously monitoring
(LP-WUS duty cycle ration is 0.78%)
	0.01
	4.1369
	-20.72%

	
	
	
	
	0.05
	4.1388
	-20.77%

	
	
	
	
	0.1
	4.1411
	-20.84%

	
	
	
	
	0.5
	4.1599
	-21.39%

	
	
	
	
	1
	4.1833
	-22.07%

	
	
	
	
	2
	4.2302
	-23.44%

	
	
	
	
	4
	4.3239
	-26.18%

	
	Medium
	
	Rel-17 UE with PEI
	-
	3.3919
	

	
	
	
	LP-WUR continuously monitoring
	0.01
	4.0421
	-19.16%

	
	
	
	
	0.05
	4.0821
	-20.34%

	
	
	
	
	0.1
	4.1321
	-21.82%

	
	
	
	
	0.5
	4.5321
	-33.61%

	
	
	
	
	1
	5.0321
	-48.35%

	
	
	
	
	2
	6.0321
	-77.83%

	
	
	
	
	4
	8.0321
	-136.80%

	
	
	
	LP-WUR discontinuously monitoring
(LP-WUS duty cycle ration is 50%)
	0.01
	4.0379
	-19.04%

	
	
	
	
	0.05
	4.0595
	-19.68%

	
	
	
	
	0.1
	4.0864
	-20.47%

	
	
	
	
	0.5
	4.3021
	-26.83%

	
	
	
	
	1
	4.5716
	-34.78%

	
	
	
	
	2
	5.1107
	-50.67%

	
	
	
	
	4
	6.1888
	-82.45%

	
	
	
	LP-WUR discontinuously monitoring
(LP-WUS duty cycle ration is 0.78%)
	0.01
	4.0329
	-18.89%

	
	
	
	
	0.05
	4.0348
	-18.95%

	
	
	
	
	0.1
	4.0371
	-19.02%

	
	
	
	
	0.5
	4.0558
	-19.57%

	
	
	
	
	1
	4.0793
	-20.26%

	
	
	
	
	2
	4.1262
	-21.64%

	
	
	
	
	4
	4.2199
	-24.41%

	
	High
	
	Rel-17 UE with PEI
	-
	3.3474
	

	
	
	
	LP-WUR continuously monitoring
	0.01
	3.9381
	-17.64%

	
	
	
	
	0.05
	3.9781
	-18.84%

	
	
	
	
	0.1
	4.0281
	-20.33%

	
	
	
	
	0.5
	4.4281
	-32.28%

	
	
	
	
	1
	4.9281
	-47.22%

	
	
	
	
	2
	5.9281
	-77.09%

	
	
	
	
	4
	7.9281
	-136.84%

	
	
	
	LP-WUR discontinuously monitoring
(LP-WUS duty cycle ration is 50%)
	0.01
	3.9339
	-17.52%

	
	
	
	
	0.05
	3.9555
	-18.16%

	
	
	
	
	0.1
	3.9824
	-18.97%

	
	
	
	
	0.5
	4.1980
	-25.41%

	
	
	
	
	1
	4.4676
	-33.46%

	
	
	
	
	2
	5.0066
	-49.56%

	
	
	
	
	4
	6.0848
	-81.77%

	
	
	
	LP-WUR discontinuously monitoring
(LP-WUS duty cycle ration is 0.78%)
	0.01
	3.9289
	-17.37%

	
	
	
	
	0.05
	3.9307
	-17.42%

	
	
	
	
	0.1
	3.9331
	-17.49%

	
	
	
	
	0.5
	3.9518
	-18.05%

	
	
	
	
	1
	3.9753
	-18.75%

	
	
	
	
	2
	4.0222
	-20.15%

	
	
	
	
	4
	4.1159
	-22.95%


Observation 2: Under the assumption of RRM measurement performed by “LR+MR”, while the measurement period of MR is 6400ms, and the measurement period of LR is 1280ms. When compared with legacy measurement period is 1280ms. For I-DRX cycle length of 1.28s, with FAR = 0.1%, Paging Rate Per Group= 9.56% and per UE Group paging.
· LP-WUR monitor LP-WUS under “continuously monitoring” and “duty cycle” manner both have not power saving gain compared to I-DRX with PEI (Additional transition energy from ultra-deep sleep is 15000, and  ramp-up time is 400ms).
Proposal 1: For I-DRX cycle, the different value of “additional transition energy from ultra-deep sleep” will cause different conclusion of whether LP-WUR has power saving gain compared to I-DRX with PEI or not. Prioritize the case ‘LP-WUR on state’ is smaller than 1.
Proposal 2: Both “continuously monitoring” and “discontinuously monitoring” manner should be further studied.
Observation 3: “LP-WUS duty cycle ration” will cause different power saving gain. Smaller “LP-WUS duty cycle ration” will have more power saving gain.
LP-WUS coverage evaluation
Evaluation Assumptions
· Evaluation methodologies
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.
· General Evaluation Assumption
Table 7: General Evaluation Assumption for LP-WUS Coverage Evaluation
	Number of RX chains at the UE’s MR
	2 Rx

	Number of RX chains for LP-WUR
	1 Rx

	Scenario and frequency
	Urban: 2.6GHz (TDD) 

	Reference data rates for MR
	Urban: PDSCH 10Mbps, PUSCH 1Mbps

	Reference PDCCH configuration
		SCS
	15kHz/30kHz

	Aggregation level
	8

	Payload
	40 bits

	CORESET size
	2 symbols, 48 PRBs

	BLER
	1% BLER,




	Pathloss model (select from LoS or NLoS)
	NloS

	Bandwidth
	100MHz for 2.6GHz.

	Channel model for link-level simulation
	TDL-C

	Delay spread
	300ns

	UE velocity
	3km/h

	Number of antenna elements for BS
	-	Urban: 192 antenna elements for 4GHz and 2.6GHz, 
(M,N,P,Mg,Ng) = (12,8,2,1,1)
-	Rural: 16 antenna elements for 700MHz
(M,N,P,Mg,Ng) = (4,2,2,1,1)

	Number of TxRUs for BS
	gNB architectures to study:
-	2 TXRUs for 700 MHz 
-	64TxRUs for 2.6 and 4 GHz. 


· Evaluation Assumption
Table 8: Simulation assumptions for LP-WUS
	Attributes
	Assumptions

	Carrier Frequency
	2.6GHz

	Waveform
	OOK-1 / OOK-2 / OOK-4 / FSK-1

	Channel structure
	Option 3: Payload (48bits)+CRC(16bits)

	SCS of OFDM generator for NR signal
	30kHz

	Configuration for LP-WUS signal
	For OOK/FSK waveform,
o    Option 1b: M =1 for SCS = 30 kHz (same as NR signal)

	
	o    Option 2b: M =8 for SCS = 30 kHz (same as NR signal)

	
	o    Note: M is referred to the definition of “M” in the agreements for OOK-1/2/3/4 and FSK-1/2

	
	Other options are up to companies to report

	WUS duration
	Number of OFDM symbols: 8/64 symbols 

	MDR/FAR assumption
	         The miss-detection rate (MDR) of LP-WUS 1%,

	
	         The false-alarm rate (FAR) of LP-WUS

	
	o    0.1%

	
	  Companies to report details, e.g., receiver behaviour, how to compute MDR, detection threshold

	
	o    Companies to report the selected reference time duration values and the associated number of WUS attempts/trials

	Code scheme
	Manchester code, code rate (1/2)

	gNB Channel BW 
	20MHz

	LP-WUS BW
	Option 1:

	
	-        5MHz including subcarriers for guard band

	
	-        4.32MHz (i.e.,12 RBs) for LP-WUS transmission for 30kHz SCS

	
	GB is symmetrically placed on each side of LP-WUS

	Filter 
	5-th Order filter (e.g. Butterworth, Chebyshev, …) with 4.32 MHz bandwidth,

	
	Companies to report any other assumptions if needed

	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

	Sampling Rate
	-        3.84MHz

	ADC bit width
	1,8-bit

	Channel Model
	TDL-C, Delay Spread = 300 ns, UE velocity = 3 km/h


Evaluation Results
[image: ]
Figure 1 Coverage performance of LP-WUS
We provide the coverage comparison between LP-WUS and legacy NR signals. The results are summary as following.
Table 9: Coverage performance for LP-WUS and legacy NR signals
	
	PDCCH AL8
	PUSCH 
	OOK1
	OOK2
	OOK4
	FSK1

	Urban (2.6GHz)
	151.33 dB
	137.38 dB
	146.28
	133.03 
	141.49 
	139.40 



Observation 4: The coverage performance of LP-WUS is worse than PDCCH.
Proposal 3: Channel structure and Waveform should be determined.
Proposal 4: The data rate and payload of LP-WUS should be determined.

Conclusion
In this contribution, we provide some evaluation results on power consumption and coverage performance. We have following observations and proposals:
Observation 1: Under the assumption of RRM measurement performed by “LR+MR”, while the measurement period of MR is 6400ms, and the measurement period of LR is 1280ms. When compared with legacy measurement period is 1280ms. For I-DRX cycle length of 1.28s, with FAR = 0.1%, Paging Rate Per UE= 1% and per UE paging.
· When relative power for ‘LP-WUR on state’ is 0.01/0.05/0.1/0.5, LP-WUR monitor LP-WUS under “continuously monitoring” manner can have 1.43%~15.92% power saving gain, while have 1.65%~16.16% power saving gain under Medium SINR case, and have 1.84%~16.37% power saving gain under High SINR case compared to I-DRX with PEI (Additional transition energy from ultra-deep sleep is 15000, and  ramp-up time is 400ms).
· When relative power for ‘LP-WUR on state’ is 1/2/4, LP-WUR monitor LP-WUS under “continuously monitoring” manner have not power saving gain compared to I-DRX with PEI (Additional transition energy from ultra-deep sleep is 15000, and  ramp-up time is 400ms).
· When relative power for ‘LP-WUR on state’ is 0.01/0.05/0.1/0.5/1, LP-WUR monitor LP-WUS under “duty cycle” manner with LP-WUS duty cycle ration is 50% can have 0.26%~16.04% power saving gain under Low SINR case, while have 0.48%~16.28% power saving gain under Medium SINR case, and have 0.67%~16.50% power saving gain under High SINR case compared to I-DRX with PEI (Additional transition energy from ultra-deep sleep is 15000, and  ramp-up time is 400ms).
· For I-DRX cycle length of 1.28s, with FAR = 0.1%, Paging Rate Per UE= 1% and per UE paging, when relative power for ‘LP-WUR on state’ is 2/4, LP-WUR monitor LP-WUS under “duty cycle” manner with LP-WUS duty cycle ration is 50% have not power saving gain compared to I-DRX with PEI (Additional transition energy from ultra-deep sleep is 15000, and  ramp-up time is 400ms).
· When relative power for ‘LP-WUR on state’ is 0.01/0.05/0.1/0.5/1, LP-WUR monitor LP-WUS under “duty cycle” manner with LP-WUS duty cycle ration is 0.78% can have 10.64%~16.17% power saving gain under Low SINR case, while have 10.87%~16.41% power saving gain under Medium SINR case, and have 11.08%~16.63% power saving gain under High SINR case compared to I-DRX with PEI (Additional transition energy from ultra-deep sleep is 15000, and  ramp-up time is 400ms).
Observation 2: Under the assumption of RRM measurement performed by “LR+MR”, while the measurement period of MR is 6400ms, and the measurement period of LR is 1280ms. When compared with legacy measurement period is 1280ms. For I-DRX cycle length of 1.28s, with FAR = 0.1%, Paging Rate Per Group= 9.56% and per UE Group paging.
· LP-WUR monitor LP-WUS under “continuously monitoring” and “duty cycle” manner both have not power saving gain compared to I-DRX with PEI (Additional transition energy from ultra-deep sleep is 15000, and  ramp-up time is 400ms).
Proposal 1: For I-DRX cycle, the different value of “additional transition energy from ultra-deep sleep” will cause different conclusion of whether LP-WUR has power saving gain compared to I-DRX with PEI or not. Prioritize the case ‘LP-WUR on state’ is smaller than 1.
Proposal 2: Both “continuously monitoring” and “discontinuously monitoring” manner should be further studied.
Observation 3: “LP-WUS duty cycle ration” will cause different power saving gain. Smaller “LP-WUS duty cycle ration” will have more power saving gain.
Observation 4: The coverage performance of LP-WUS is worse than PDCCH.
Proposal 3: Channel structure and Waveform should be determined.
Proposal 4: The data rate and payload of LP-WUS should be determined.
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