		
3GPP TSG RAN WG1 #111	R1-2212261
Meeting, November 14th – 18th, 2022
	
Source: 	MediaTek Inc.
Title: 	Evaluation on low power WUS
Agenda item:	9.13.1
Document for:	Discussion
Introduction
[bookmark: _Hlk66110521]In RAN1#110bis-e, evaluation assumptions and methodologies have been agreed upon for the main radio (MR), and low-power wake-up radio (LR). However, the KPI and use cases expected to be concluded are still open. Also, the details of the power consumption model need further study.
In this contribution, we provide our recommendation on KPI and use cases, address the remaining issues on the power consumption models and provide initial evaluations based on the agreed baseline parameters. The endorsed agreements are provided in the appendix for reference.
Use Cases 
In RAN1#110bis-e, there is a common understanding to support at least IoT, wearable, and eMBB use cases since companies have agreed on the power model baselines for IoT, wearable, and eMBB based on TR 38.840 and TR 38.875. The remaining issue is how detailed characteristics should be captured. 
An additional restriction on these three use cases may NOT be needed in TR because 1) LP-WUS can be used to reduce power consumption or latency. It is suitable for power-sensitive and latency-sensitive use cases; 2) LP-WUR could be implemented on-chip or in a small form. It is ideal for small or large-form devices; 3) LP-WUS has the potential to be used as DCI-based power-saving (DCP). It is suitable for limited or busy data activity. On the other hand, mobility support or full coverage should not be required. If cell reselection or handover is needed due to high mobility or bad coverage, the main receiver (MR) should be waked up, and LP-WUS is not needed. Consequently, we recommend considering more general descriptions based on the proposal given in the feature lead summary [1] and precluding the high mobility scenario for eMBB. 
[bookmark: _Toc118660214][bookmark: _Toc118660320]The following use cases and typical characteristics can be considered for LP-WUS/WUR SI.
	Use case
	Examples
	Typical characteristics

	IoT
	industrial wireless sensors, controllers, actuators, etc.
	1) latency in hours, 
2) battery life in years, and 
3) no mobility.

	Wearable
	smart watches, rings, eHealth-related devices, medical monitoring devices, etc.
	1) latency in seconds, 
2) battery life in days, and 
3) low mobility.

	eMBB
	XR/smart glasses, smartphones, etc.
	1) latency in milliseconds, 
2) battery life in hours, and 
3) medium mobility.


MR Power Model
Ultra-Deep Sleep
The summary of our proposal is given in the following table, with detailed discussions in the following sub-sections.
[bookmark: _Toc118660215][bookmark: _Toc118660321]For LP-WUS/WUR evaluation, the following power model for the main receiver can be considered for IoT, wearable, and eMBB use cases. 
	Power State
	Relative power (unit)
	Ramp-up and down transition energy: (unit x ms)
	Ramp-up and ramp-down time
	Time for sync/re-sync

	Ultra-deep sleep
	[0.3]
Note: [0.015] should be the power-off case, which requires serval seconds of ramp-up time 
	[10000]
Note: at least greater than 9000
	[400ms]
Note: include ramp-up and ramp-down time
	X = [82/102/122] ms
Note: X is based on the required number of SSB before PO to converge frequency error from 10 ppm to 0.1 ppm, e.g., 4, 5, or 6.

	Power off
	[0.015]

	[100000]
	Several seconds
	X = [82/102/122] ms



Transition Energy
In RAN1#110bis-e, ultra-deep sleep has been discussed. The transition energy can be based on NB-IoT (value: 20000) or R18 low power high accuracy positioning study item (value: 10000). However, applying the NB-IoT power consumption to NR may not be reasonable, considering different system bandwidths.
In NR, TR 38.840 assumes a deep sleep with one power unit per slot with a total transition time of 20ms, which does not include additional processing time for acquiring synchronization. The additional transition energy of 450 (power unit x ms) includes ramp-up and down energy from deep sleep to micro sleep, by (45-1)1022 450. 
For LP-WUR, given the total transition time of 400ms, the additional transition energy, including ramp-down and up energy, can be determined by the same formulation as 8997 (relative power  ms) for eMBB and RedCap use cases. 
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Figure 1: illustration of additional transition energy for deep sleep and ultra-deep sleep for eMBB for FR1
[bookmark: _Toc118660216][bookmark: _Toc118660322]Additional transition energy for the ultra-deep sleep should be greater than 9000 (relative power times ms) for eMBB UE, given the additional transition time of 400ms. 
[bookmark: _Toc118660217][bookmark: _Toc118660323]For IoT and wearable use cases based on RedCap, the additional transition energy and time can reuse ultra-deep sleep from the eMBB use cases.

Transition Time
In RAN1#110bis-e, the total time for the 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. However, this is different from how deep sleep is defined. 
For deep sleep, UE needs a timer to wake itself up. UE may turn off most components but requires a low-complexity oscillator and controller to maintain the timer and save power. However, after UE wakes up, the oscillator needs re-sync. In R16, the time for re-sync is not included in the total transition time of 20ms but depends on SINR conditions to complete synchronization. The typical timeline can refer to [2]. 
For ultra-deep sleep, the main difference from deep sleep is that the wake-up module is not needed if a dedicated LP-WUR exists. In this case, it seems reasonable to turn off more hardware components than deep sleep, e.g., the controller and the low-complexity oscillator, with a cost of a high ramp-up latency.
[bookmark: _Ref118639062]Table 1: Different usage of hardware among deep sleep, ultra-deep sleep, and power off
	Modem related hardware 
	Latency
	Power off
	Ultra-deep sleep
	Deep sleep
	Comments

	Oscillator (XO)
	Medium
	Off
	Off
	Low power 

	For deep sleep, UE roughly maintains the system frame number (SFN) and the slot number for waking up on time. Resume time takes a few milliseconds. 

	RF/front-end
	Low
	Off
	Off
	Off
	

	Baseband modem
	Medium
	Off
	Off 
	Off
	

	Controller 
	High
	Off 
	Off
	Low power
	For deep sleep, UE needs a controller to keep the time base. Resume time takes hundreds of milliseconds.

	DDR memory
	Very high
	Off 
	Low power 
	Low power
	DDR memory resume time takes a few seconds if it is turned off.


Suppose ultra-deep sleep means that UE turns off the low-complexity oscillator and the controller from a deep sleep. In that case, the ramp-up time of [400ms] should be sufficient for XO and the controller to reboot, initiate, and reload programs and data.  
For power off, considering both cold boot or warm boot (refers to whether RF channel and PLMN ID are still valid), the ramp-up time needs several seconds for a system reboot, initiations, and DDR memory reload. 
[bookmark: _Toc118660324]Hundreds of milliseconds are insufficient for UE to turn off all modem-related components, including DDR memory. Ultra-deep sleep is a power state different from a power-off state.

Relative Power
Given 400ms transition time, ultra-deep sleep cannot be cold or warm boot. Hence, the relative power of [0.015] is unrealistic. We suggest [0.3], considering the on/off and power characteristics in Table 1. 
For power off, the cold or warm boot takes a few seconds, and the relative power of [0.015] is reasonable to include some minor leakage power. The power-off state can be used for IoT and wearable where e-DRX is up to 61.44s. 
[bookmark: _Toc118660325][0.015] relative power cannot be achieved if DDR memory is always on.

Time for Sync
Time for sync refers to the time after ramping up from ultra-deep sleep to active. It includes an SSB search time and a frequency synchronization time because of a loss of SFN timing and switching the local oscillator off. 
When a UE wakes up from ultra-deep sleep, the UE needs additional SSB search time due to a loss of SFN timing, and its frequency error can be up to 5-10 ppm as defined for initial access in chapter 7.1.5 of TR 38. 802 [3]. It differs from a deep sleep, where UE maintains SFN timing, and frequency error is assumed to be less than 2 ppm [4].
For the initial frequency error, NR PSS and SSS sequences have good one-shot detection probability at -6 dB received baseband SNR condition with less than 1% false alarm rate. The designs are robust against initial frequency offset up to 10 ppm [3]. However, it is only for SSB detection, and how many SSB are required to achieve the frequency accuracy within 2ppm from 5ppm is up to UE implementation. We recommend adding another 3 SSB since, in a deep sleep, 3 SSBs are used to sync from 2ppm to 0.1ppm for low SNR.
Table 2: different synchronization assumptions between deep sleep and ultra-deep sleep
	Synchronization assumptions
	Ultra-deep sleep
	Deep sleep

	Initial Frequency error
	Up to 10 ppm 
	2 ppm reported by companies 

	Required SSB to achieve the 0.1 ppm frequency error
	Additional 3 SSB w.r.t. deep sleep
	3 SSB for low SNR 

	Additional SSB search time
	20ms. Assume SFN timing has lost 
	N/A. Assume UE maintains SFN timing


In a deep sleep, the number of SSB before PO/PEI can be 1, 2, or 3 for high, medium, or low SNR. Suppose SSB has a period of 20 ms and a duration of 2 ms. In this case, the sync time takes 2ms, 22ms, or 42 ms after UE ramps up from deep sleep before being active for PO monitoring.
In ultra-deep sleep, if we add 60ms of 3 additional SSB and 20ms of SSB search time on top of the deep sleep timeline, the time for sync/re-sync after UE ramps up can be 82 ms, 102ms, or 122ms for high, medium, and low SNR.
[bookmark: _Toc118660218][bookmark: _Toc118660326]Time for sync/re-sync is recommended reusing the timeline of deep sleep with an additional SSB search of 20ms and an additional synchronization time of 60ms.
[bookmark: _Toc118660327]In the deep sleep evaluations, the frequency error before SSB synchronization is up to 2 ppm reported by companies. However, the frequency error for initial access is up to 10ppm.

Processing Timeline
The deep sleep timeline in [4] can be a baseline with an additional SSB search time and synchronization time. 
Assume UE has completed PLMN selection and cell selection, and UE is in either Camped Normally state or Camped on Any Cell state on a cell. After ultra-deep sleep, it is reasonable to assume the PLMN selection and cell selection results are still valid since the SIB validity can last 3 hours. In this case, there is no need for PLMN selection and initial cell search, and the ultra-deep sleep timeline only needs to consider the re-sync process. 
In a paging cycle for I-DRX cycle length of 1.28s, assume UE monitors one paging occasion in the cycle after waking up from ultra-deep sleep. The power model is in the appendix. An example of the UE processing timeline is below. 
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Figure 2: I-DRX timeline for ultra-deep sleep UE processing before PO for low SNR 
Table 3: UE processing timeline for I-DRX in FR1 (low SNR, BW= 100MHZ, and SCS = 15kHz)
	UE operations in a paging cycle
	Duration (ms)
	Energy contribution
(relative power * ms)
	Example values

	Initial SSB search
	20
	PSSB * 20 
	2000

	Additional sync. by 3 SSBs
	60
	PSSB *6 + PLS * 54 + 300
	1980

	(1) SSB processing 
	2
	PSSB * 2
	200

	(2) Light sleep
	18
	PLS * 18 + 100Note1
	460

	(3) SSB processing 
	2
	PSSB * 2
	200

	(4) Light sleep
	18
	PLS * 18 + 100 Note1
	460

	(5) SSB processing and intra-frequency RRM measurement
	2
	(PSSB + (Pintra, search+meas * [1/4]Note2 + Pintra, meas-only * (1 – [1/4] Note2) ) ) * 0.85Note3 * 2
	446.25

	(6) Light sleep
	8
	PLS * 8 + 100 Note1
	260

	(7) PO reception
	4
	(PPDCCH * (1 – RG) +PPDCCH+PDSCH * RGNote4) * 4
	1128

	(8) Light sleep
	6
	PLS * 6 + 100
	220

	(9) Switch to another frequency layer
	0.5
	PMS * 0.5
	22.5

	(10) Inter-freq. RRM measurement
	5
	(Pinter, search-only * [1/4]Note2 + Pinter, meas-only * (1 – [1/4] Note2) ) * 5
	750

	(11) Switch back to serving frequency
	0.5
	PMS * 0.5
	22.5

	Ultra-Deep sleep
	1194 
	PUDS * 1194 + EUDSNote5
	10358.2

	(Total)
	1280
	Total Energy 
	18507.45

	Average power consumption = Total Energy / 1280
	14.46

	Power saving gain to UE operation without ultra-deep sleep (average power consumption = 4.56)
	-217%

	Note 1: Additional transition energy (relative power * ms) for light sleep as specified in Table 19 of TR 38.840
Note 2: Cell search rate for intra/inter-frequency RRM measurement 
Note 3: Scaling convention to combine two different types of UE operations as in Section 8.1.3 of TR 38.840
Note 4: RG is the paging rate for the UE group. Assume RG = 1%.
Note 5: Additional transition energy (relative power * ms) for deep sleep as specified in Table 19 of TR 38.840. Assume ultra-deep sleep power PUDS = 0.3 and total transition energy EUDS = 10000.


In I-DRX, there is no power-saving gain to introduce ultra-deep sleep. The major penalty includes the transition energy of [10000] taking 54%, additional SSB search taking 11%, and additional re-sync taking another 11% of total energy consumption. It seems the transition energy dominates the power-saving gain. However, even if we remove the transition energy, there is still no benefit due to the required energy for SSB search and re-sync.
In e-DRX, given four consecutive DRX cycles within a single PTW and the e-DRX cycle length as 61.44 seconds, we assume UE enters deep sleep within the PTW and ultra-deep sleep outside the PTW, shown below.
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Figure 3: e-DRX timeline for ultra-deep sleep UE processing 
	UE operations in an e-DRX cycle
	Time duration (ms)
	Energy contribution (relative power * ms)
	Example values

	Initial SSB search
	20
	PSSB * 20
	2000

	Additional sync by 3 SSBs 
	60
	PSSB*6+PLS*54+300
	1980

	4 x paging cycle (1) – (11)
	264
	PPO + SyncNote1 *4
	16798.6

	Deep sleep x 3
	3642
	PLS*3642
	3642

	Ultra-Deep sleep
	57454
	PUDS * TUDS + EUDSNote5
	27242.2

	(Total)
	61440 (48 I-DRX)
	Total Energy 
	51662.8

	Average power consumption = Total Energy / Total Time
	0.84

	Power saving gain to UE operation without ultra-deep sleep
	36%

	Note 1: PPO + sync refers to the total energy in a paging cycle after removing the energy of deep sleep, including SSB processing, intra/inter frequency RRM, and PO monitoring. Assume RG = 48%.
Note 5: Assume ultra-deep sleep power PUDS = 0.3 and total transition energy EUDS = 10000.


In e-DRX, the power saving gain of 36% can be observed if ultra-deep sleep replaces deep sleep outside the PTW. If we break down the total energy, the penalty for entering ultra-deep sleep becomes smaller than I-DRX. The power share of the transition energy as [10000] becomes 28%, the initial SSB search is 6%, and re-sync takes 6%. 
[bookmark: _Toc118660219][bookmark: _Toc118660328]Assume UE camps in the same cell after ultra-deep sleep. The following processing timeline can be considered for Idle/Inactive UE in I-DRX for FR1.
	UE operations in a paging cycle
	Duration (ms)
	Energy contribution
(relative power * ms)

	Initial SSB search
	20
	PSSB * 20 

	Additional sync by 3 SSBs
	60
	PSSB *6 + PLS * 54 + 300

	(1) SSB processing 
	2
	PSSB * 2

	(2) Light sleep
	18
	PLS * 18 + 100Note1

	(3) SSB processing 
	2
	PSSB * 2

	(4) Light sleep
	18
	PLS * 18 + 100 Note1

	(5) SSB processing and intra-frequency RRM measurement
	2
	(PSSB + (Pintra, search+meas * [1/4]Note2 + Pintra, meas-only * (1 – [1/4] Note2) ) ) * 0.85Note3 * 2

	(6) Light sleep
	8
	PLS * 8 + 100 Note1

	(7) PO reception
	4
	(PPDCCH * (1 – RG) +PPDCCH+PDSCH * RGNote4) * 4

	(8) Light sleep
	6
	PLS * 6 + 100

	(9) Switch to another frequency layer
	0.5
	PMS * 0.5

	(10) Inter-freq. RRM measurement
	5
	(Pinter, search-only * [1/4]Note2 + Pinter, meas-only * (1 – [1/4] Note2) ) * 5

	(11) Switch back to serving frequency
	0.5
	PMS * 0.5

	Ultra-Deep sleep
	1194 
	PUDS * 1194 + EUDSNote5

	(Total)
	1280
	Total Energy 

	Average power consumption = Total Energy / 1280

	Note 1: Additional transition energy (relative power * ms) for light sleep as specified in Table 19 of TR 38.840
Note 2: Cell search rate for intra/inter-frequency RRM measurement 
Note 3: Scaling convention to combine two different types of UE operations as in Section 8.1.3 of TR 38.840
Note 4: RG is the paging rate for the UE group. Assume RG = 1%.
Note 5: Additional transition energy (relative power * ms) for deep sleep as specified in Table 19 of TR 38.840. Assume ultra-deep sleep power PUDS = 0.3 and total transition energy EUDS = 10000.


[bookmark: _Toc118660220][bookmark: _Toc118660329]Assume UE is camped in the same cell after ultra-deep sleep. The following processing timeline can be considered for Idle/Inactive UE in e-DRX for FR1.
	UE operations in an e-DRX cycle
	Duration (ms)
	Energy contribution (relative power * ms)

	Initial SSB search
	20
	PSSB * 20

	Additional sync by 3 SSBs
	60
	PSSB*6+PLS*54+300

	4 x paging cycle (1) – (11)
	264
	PPO + SyncNote1 *4

	Deep sleep x 3
	3642
	PLS*3642

	Ultra-Deep sleep
	57454
	PUDS * TUDS + EUDSNote5

	(Total)
	61440 (48 I-DRX)
	Total Energy 

	Average power consumption = Total Energy / Total Time

	Note 1: PPO + sync refers to the total energy in a paging cycle after removing the energy of deep sleep, including SSB processing, intra/inter frequency RRM, and PO monitoring. Assume RG = 48%.
Note 5: Assume ultra-deep sleep power PUDS = 0.3 and total transition energy EUDS = 10000.



LP-WUR Power Model
In RAN1#110-b-e, companies have agreed that the power model for LP-WUR/WUS includes at least two states: LP-WUR OFF and LP-WUR ON. However, relative power values still have a wide range of options.
The relative power values depend on WUR architectures and a mapping rule from relative to absolute power value. The mapping rule will change over time because it is a ratio to deep sleep, and the power consumption of deep sleep decreases as semiconductor manufacturing improves. If the state of LP-WUR ON targets a power range of 0.1mW to 0.5mW, we suggest the relative power unit = 0.05, based on the current technology. 
Another way to determine a reasonable power target is to evaluate potential power-saving gains for MR with LP-WUR ON. The timelines are below, where we assume LP WUR is continually monitoring LP-WUS.
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Figure 4: UE processing timelines considering paged and not paged cases in a paging cycle. 
	DRX settings
	Paging rate
	Scheme
	LP-WUR ON
	Average power
	PS gain

	I-DRX = 1.28s

	1%
	Deep sleep
	N/A
	4.55
	N/A

	
	
	UDS
	N/A
	14.45
	-218%

	
	
	UDS + LP-WUS
	0.005
	10.05
	-121%

	
	
	
	0.01
	10.06
	-121%

	
	
	
	0.02
	10.07
	-121%

	
	
	
	0.03
	10.08
	-121%

	
	
	
	0.05
	10.10
	-122%

	
	
	
	0.1
	10.15
	-123%

	
	
	
	0.2
	10.25
	-125%

	
	
	
	0.5
	10.55
	-132%

	
	
	
	1
	11.05
	-143%

	
	
	
	2
	12.05
	-165%

	
	
	
	4
	14.05
	-209%



	DRX settings
	Paging rate
	Scheme
	LP-WUS ON
	Average power
	PS gain

	e-DRX = 20.48s
PTW = 1.28s
	16%
	Deep sleep
	N/A
	1.22
	N/A

	
	
	UDS
	N/A
	1.19
	3%

	
	
	UDS + LP-WUS
	0.005
	0.96
	22%

	
	
	
	0.01
	0.96
	21%

	
	
	
	0.02
	0.97
	21%

	
	
	
	0.03
	0.98
	20%

	
	
	
	0.05
	1.00
	18%

	
	
	
	0.1
	1.05
	14%

	
	
	
	0.2
	1.15
	6%

	
	
	
	0.5
	1.45
	-19%

	
	
	
	1
	1.95
	-60%

	
	
	
	2
	2.95
	-141%

	
	
	
	4
	4.95
	-305%



	DRX settings
	Paging rate
	Scheme
	LP-WUS ON
	Average power
	PS gain

	e-DRX = 61.44s
PTW = 1.28s
	48%
	Deep sleep
	N/A
	1.07
	N/A

	
	
	UDS
	N/A
	0.60
	45%

	
	
	UDS + LP-WUS
	0.005
	0.55
	49%

	
	
	
	0.01
	0.56
	48%

	
	
	
	0.02
	0.57
	47%

	
	
	
	0.03
	0.58
	46%

	
	
	
	0.05
	0.60
	44%

	
	
	
	0.1
	0.65
	40%

	
	
	
	0.2
	0.75
	30%

	
	
	
	0.5
	1.05
	3%

	
	
	
	1
	1.55
	-44%

	
	
	
	2
	2.55
	-137%

	
	
	
	4
	4.55
	-323%


The power-saving gains become marginal when the relative power of LP-WUR ON increases to 0.5. Although it can still outperform the legacy e-DRX in latency, we recommend deprioritizing the values larger than [0.5]. Also, there is no significant difference when the values are lower than 0.03. It is reasonable to leave more power budget for LP WUR architectures. We recommend deprioritizing the values smaller than [0.03].
[bookmark: _Toc118660221][bookmark: _Toc118660330]Prioritize the following relative power values for LP-WUR ON for LP-WUS/WUR study: [0.03], [0.05], [0.1], and [0.2], based on the following evaluation results.
	DRX settings
	Paging rate
	Scheme
	LP-WUS ON
	Average power
	PS gain

	e-DRX = 61.44s
PTW = 1.28s
	48%
	Deep sleep
	N/A
	1.07
	N/A

	
	
	UDS
	N/A
	0.60
	45%

	
	
	UDS + LP-WUS
	0.005
	0.55
	49%

	
	
	
	0.01
	0.56
	48%

	
	
	
	0.02
	0.57
	47%

	
	
	
	0.03
	0.58
	46%

	
	
	
	0.05
	0.60
	44%

	
	
	
	0.1
	0.65
	40%

	
	
	
	0.2
	0.75
	30%

	
	
	
	0.5
	1.05
	3%

	
	
	
	1
	1.55
	-44%

	
	
	
	2
	2.55
	-137%

	
	
	
	4
	4.55
	-323%


[bookmark: _Toc118660331]There is no gain to the legacy e-DRX if the relative power values are greater than [0.5] and no significant difference if the values are smaller than [0.02] for the LP-WUR ON state.

Conclusion
In this contribution, we have the following observations and proposals.
Proposal 1	The following use cases and typical characteristics can be considered for LP-WUS/WUR SI.
	Use case
	Examples
	Typical characteristics

	IoT
	industrial wireless sensors, controllers, actuators, etc.
	1) latency in hours, 
2) battery life in years, and 
3) no mobility.

	Wearable
	smart watches, rings, eHealth-related devices, medical monitoring devices, etc.
	1) latency in seconds, 
2) battery life in days, and 
3) low mobility.

	eMBB
	XR/smart glasses, smartphones, etc.
	1) latency in milliseconds, 
2) battery life in hours, and 
3) medium mobility.



Proposal 2	For LP-WUS/WUR evaluation, the following power model for the main receiver can be considered for IoT, wearable, and eMBB use cases.
	Power State
	Relative power (unit)
	Ramp-up and down transition energy: (unit x ms)
	Ramp-up and ramp-down time
	Time for sync/re-sync

	Ultra-deep sleep
	[0.3]
Note: [0.015] should be the power-off case, which requires serval seconds of ramp-up time 
	[10000]
Note: at least greater than 9000
	[400ms]
Note: include ramp-up and ramp-down time
	X = [82/102/122] ms
Note: X is based on the required number of SSB before PO to converge frequency error from 10 ppm to 0.1 ppm, e.g., 4, 5, or 6.

	Power off
	[0.015]

	[100000]
	Several seconds
	X = [82/102/122] ms



Proposal 3	Additional transition energy for the ultra-deep sleep should be greater than 9000 (relative power times ms) for eMBB UE, given the additional transition time of 400ms.
Proposal 4	For IoT and wearable use cases based on RedCap, the additional transition energy and time can reuse ultra-deep sleep from the eMBB use cases.
Observation 1	Hundreds of milliseconds are insufficient for UE to turn off all modem-related components, including DDR memory. Ultra-deep sleep is a power state different from a power-off state.
Observation 2	[0.015] relative power cannot be achieved if DDR memory is always on.
Proposal 5	Time for sync/re-sync is recommended reusing the timeline of deep sleep with an additional SSB search of 20ms and an additional synchronization time of 60ms.
Observation 3	In the deep sleep evaluations, the frequency error before SSB synchronization is up to 2 ppm reported by companies. However, the frequency error for initial access is up to 10ppm.
Proposal 6	Assume UE camps in the same cell after ultra-deep sleep. The following processing timeline can be considered for Idle/Inactive UE in I-DRX for FR1.
	UE operations in a paging cycle
	Duration (ms)
	Energy contribution
(relative power * ms)

	Initial SSB search
	20
	PSSB * 20 

	Additional sync by 3 SSBs
	60
	PSSB *6 + PLS * 54 + 300

	(11) SSB processing 
	2
	PSSB * 2

	(12) Light sleep
	18
	PLS * 18 + 100Note1

	(13) SSB processing 
	2
	PSSB * 2

	(14) Light sleep
	18
	PLS * 18 + 100 Note1

	(15) SSB processing and intra-frequency RRM measurement
	2
	(PSSB + (Pintra, search+meas * [1/4]Note2 + Pintra, meas-only * (1 – [1/4] Note2) ) ) * 0.85Note3 * 2

	(16) Light sleep
	8
	PLS * 8 + 100 Note1

	(17) PO reception
	4
	(PPDCCH * (1 – RG) +PPDCCH+PDSCH * RGNote4) * 4

	(18) Light sleep
	6
	PLS * 6 + 100

	(19) Switch to another frequency layer
	0.5
	PMS * 0.5

	(20) Inter-freq. RRM measurement
	5
	(Pinter, search-only * [1/4]Note2 + Pinter, meas-only * (1 – [1/4] Note2) ) * 5

	(11) Switch back to serving frequency
	0.5
	PMS * 0.5

	Ultra-Deep sleep
	1194 
	PUDS * 1194 + EUDSNote5

	(Total)
	1280
	Total Energy 

	Average power consumption = Total Energy / 1280

	Note 1: Additional transition energy (relative power * ms) for light sleep as specified in Table 19 of TR 38.840
Note 2: Cell search rate for intra/inter-frequency RRM measurement 
Note 3: Scaling convention to combine two different types of UE operations as in Section 8.1.3 of TR 38.840
Note 4: RG is the paging rate for the UE group. Assume RG = 1%.
Note 5: Additional transition energy (relative power * ms) for deep sleep as specified in Table 19 of TR 38.840. Assume ultra-deep sleep power PUDS = 0.3 and total transition energy EUDS = 10000.



Proposal 7	Assume UE is camped in the same cell after ultra-deep sleep. The following processing timeline can be considered for Idle/Inactive UE in e-DRX for FR1.
	UE operations in an e-DRX cycle
	Duration (ms)
	Energy contribution (relative power * ms)

	Initial SSB search
	20
	PSSB * 20

	Additional sync by 3 SSBs
	60
	PSSB*6+PLS*54+300

	4 x paging cycle (1) – (11)
	264
	PPO + SyncNote1 *4

	Deep sleep x 3
	3642
	PLS*3642

	Ultra-Deep sleep
	57454
	PUDS * TUDS + EUDSNote5

	(Total)
	61440 (48 I-DRX)
	Total Energy 

	Average power consumption = Total Energy / Total Time

	Note 1: PPO + sync refers to the total energy in a paging cycle after removing the energy of deep sleep, including SSB processing, intra/inter frequency RRM, and PO monitoring. Assume RG = 48%.
Note 5: Assume ultra-deep sleep power PUDS = 0.3 and total transition energy EUDS = 10000.



Proposal 8	Prioritize the following relative power values for LP-WUR ON for LP-WUS/WUR study: [0.03], [0.05], [0.1], and [0.2], based on the following evaluation results.
	DRX settings
	Paging rate
	Scheme
	LP-WUS ON
	Average power
	PS gain

	e-DRX = 61.44s
PTW = 1.28s
	48%
	Deep sleep
	N/A
	1.07
	N/A

	
	
	UDS
	N/A
	0.60
	45%

	
	
	UDS + LP-WUS
	0.005
	0.55
	49%

	
	
	
	0.01
	0.56
	48%

	
	
	
	0.02
	0.57
	47%

	
	
	
	0.03
	0.58
	46%

	
	
	
	0.05
	0.60
	44%

	
	
	
	0.1
	0.65
	40%

	
	
	
	0.2
	0.75
	30%

	
	
	
	0.5
	1.05
	3%

	
	
	
	1
	1.55
	-44%

	
	
	
	2
	2.55
	-137%

	
	
	
	4
	4.55
	-323%



Observation 4	There is no gain to the legacy e-DRX if the relative power values are greater than [0.5] and no significant difference if the values are smaller than [0.02] for the LP-WUR ON state.

Reference 
[bookmark: _Ref117260670]R1-2210512, FL summary#2 of evaluation on low power WUS, Moderator (vivo)
[bookmark: _Ref117599379]R1-2005615, “Evaluation methodology and paging enhancement for idle/inactive mode UE power saving”, MediaTek Inc.
[bookmark: _Ref118115770]3GPP TR 38.802 V14.2.0 (2017-09), Study on New Receiver Access Technology Physical Layer Aspects, 2017
[bookmark: _Ref118116317]R1-2007063, Summary for Potential Power Saving Enhancements, MediaTek

Appendix 
Power Consumption Model for Idle/inactive Mode Operations
	Power State
	Relative Power (FR1 reference from TR 38.840)

	Deep Sleep (PDS)
	1

	Light Sleep (PLS)
	20

	Micro sleep (PMS)
	45

	PDCCH-only (PPDCCH)
	100

	PDCCH + PDSCH (PPDCCH+PDSCH)
	300

	PDSCH-only (PPDSCH)
	280

	SSB/CSI-RS proc. (PSSB)
	100 (synchronization or serving cell measurement)

	Intra-frequency RRM measurement (Pintra)
	·        150 (synchronous case, N=8, measurement only; Pintra, meas-only)
·        200 (combined search and measurement; Pintra, search+meas)

	Inter-frequency RRM measurement (Pinter)
	·        150 (measurement only per freq. layer; Pinter, meas-only)
·        150 (neighbor cell search power per freq. layer; Pinter, search-only)
·        Micro sleep power assumed for switch in/out a freq. layer



Agreements
RAN1#110bis-e
For future meetings on LP WUS:
Use the following terminology for future discussion,
· Main radio (MR): the Tx/Rx module operating for NR signals/channels apart from signals/channel related to low-power wake-up
· LP-WUR (LR): The Rx module operating for receiving/processing signals/channel related to low-power wake-up.
Agreement in RAN1#110b-e
For evaluation, 1 Rx chain for LP-WUS receiver is baseline.
Agreement in RAN1#110b-e
Both RRC IDLE/INACTIVE and CONNECTED modes are to be studied as part of the LP-WUS/WUR SI. 
· FFS: Further prioritization if needed during the study item.
Agreement in RAN1#110b-e
Take the following power model for main radio for evaluation in LP-WUS/WUR SI,
· For IoT and wearable cases, reuse TR38.875 power model as baseline.
· For eMBB and other cases, reuse TR38.840 power model as baseline.
· Introduce ‘Ultra-deep sleep’ power state for main radio of UEs with LP-WUS receiver 
· FFS: The details of ‘Ultra-deep sleep’ power state
Agreement in RAN1#110b-e
· 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
Agreement in RAN1#110b-e
· 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.
Agreement in RAN1#110b-e
For R18 LP-WUS/WUR power evaluation in RRC connected mode, the following can be considered, 
· XR traffic model with evaluation methodologies and assumptions captured in TR 38.838. 
· eMBB traffic model with evaluation methodologies and assumptions captured in TR 38.840
· Heartbeat traffic models in 3GPP TR 38.875.
· Other models are not precluded.
Company to further provide the followings,
· Parameters (e.g., frame rate, data rate, jitter range, DRX configurations and etc if needed.)
· How to use LP-WUS, e.g., LP-WUS to trigger/adapt PDCCH monitoring
· Other details if any
Agreement in RAN1#110b-e
· For LP-WUS coverage evaluation, the noise figure of LP-WUR is 
· Options: [9, 12, 15, 18, 21, 24], Other values can be reported by companies
· FFS: how to determine the NF option.
· The values provided is for the purpose of studying coverage of LP-WUS, and it can be further revisited depending on the receiver architecture discussion.
Agreement in RAN1#110b-e
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.
Agreement in RAN1#110b-e
For system impact analysis, the following performance metrics are considered to be provided,
	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.

	FFS: Capacity impact
	[Evaluate the system capacity impact due to introducing of LP-WUS]

	FFS: NW power consumption / Energy Efficiency
	[Impact of LP-WUS/WUR operation on gNB energy consumption as performance metric in system impact analysis.]


 For power and latency evaluation of the LP-WUS, the following performance metrics are considered to be provided.
	 Performance Metric
	Note

	Power consumption
	Relative power consumption in units. The power consumption includes main radio and LP-WUR. For comparison, the relative power consumption and evaluation period for baseline schemes should also be provided, as well as the power saving gain (i.e., percentage of power consumption reduction of the proposed power saving scheme from the baseline scheme).

	Latency
	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 CONNECTED state, TBD

	FFS: UPT
	FFS
Note: it is for connected mode purpose.


Companies to report baseline scheme, e.g., PO monitoring with i-DRX, e-DRX, with or without PEI
Companies to report the power consumption / power saving gain considering the FAR impact , latency considering MDR impact
Other performance metrics (e.g., mobility) can be reported by companies (if any)
Agreement in RAN1#110b-e
The following is assumed for RRC IDLE/INACTIVE evaluation,
	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.

	Others
	Reported by companies



Agreement in RAN1#110b-e
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
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