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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In this contribution, we first discuss the remaining issues on evaluation methodologies and assumptions. Then based on the assumptions, some initial evaluation results of LP-WUS are also provided.
[bookmark: _Ref129681832]Remaining issues on evaluation methodologies and assumptions
Power model

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




One important remaining issue on power model is the transition time and transition energy. In RAN1#111, there were different views on the transition time. For example, one view is that the transition time can be several seconds if some modules (like DDR memory) are turned off, while another view is that some good implementation (e.g., MR wakes up to be only capable of performing paging reception, RRM measurement and RACH) can be helpful to reduce the transition time to ~100 ms. There is also the view that the transition time used in LPHAP, i.e. 400 ms, should be reused. Note that this does mean any relation between LPHAP and LP-WUS procedure or hardware. Rather, the value of 400 ms is acceptable as a reasonable representation of typical transition times for straightforward hardware that can be assumed in LP-WUR implementations (though note that the assumed transition time is only for evaluation purpose). To make progress in RAN1#112, we think 400 ms is a good compromise, whereas a value of 100 ms would represent more-optimized hardware designs. For the transition energy, there seems to be common understanding during RAN1#111 that the transition energy can be linear to the transition time. Hence, transition energy of 10000 (unit*ms) can be used together with transition time 400 ms.
Proposal 1: 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

	Ultra-deep sleep
	0.015
	10000
	400ms



Wakeup procedure and latency definition
Agreement
		 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 the paging message
· alternatively, if UE is not required to monitor a PO after wake-up, company to report detailed procedure and definition of the latency
. In RAN1#111, there are no definitions being precluded
· sync/re-sync for main radio is included


	UPT
	The definition is the same as in [TR38.840]
Note: it is for connected mode purpose.





According to the agreements, for the case when the UE does not need to receive PO after wake-up, the procedure and definition of latency can be reported by companies. During the discussion in RAN1 #111, some companies proposed to define the latency in this case as ‘the time interval between the data arrival time at the gNB and the time the main radio finishes sync/re-sync (i.e., MR is capable for coherent detection)’. But there were also concern from some other companies that ‘finish sync/re-sync’ may be not clear enough. In our view, in this case after wake-up the UE transmits PRACH directly. Therefore, to make the definition of latency more clear, it can be defined as the time interval between the data arrival time at the gNB and the time of the first RO UE can transmit the PRACH after LP WUS detection. An example is shown in Figure 1, where it is assumed that the data arrival and LP-WUS transmission happen at the same time. 
[image: ]
[bookmark: _Ref125791411]Figure 1 The definition of latency when UE does not receive PO after wake-up
Proposal 2: If UE is not required to monitor a PO after wake-up, latency is the time interval between the data arrival time at the gNB, and the time of the first RO UE can transmit PRACH in after LP‑WUS detection.

Carrier frequency offset 
Another important evaluation assumption for coverage is the carrier frequency offset (CFO). As analyzed in our companion paper [1], about 200 ppm is assumed for a ring-type oscillator without RTC as the reference. If higher frequency accuracy is desired, the combination of external Real Time Clock (RTC) and on-chip ring oscillator can reduce the CFO to about 50 ppm, with the price of additional tens of µW power consumption.
Proposal 3: The CFO assumption can be either 200 ppm or 50 ppm depending on different implementation, companies can report what they use.
Phase noise modelling
Phase noise modelling for crystal-free low power LOs is extensively discussed in [3] and the general method were adopted by IEEE 802.11ba. In [3], the phase noise of a free running oscillator is modelled as summation of five distinct noise processes. IEEE 802.11ba agreed to model only the “white frequency” noise process within the five processes. With such approach, phase noise is modelled as a Wiener random process which is an integral of white noise. It is proposed that the same method is adopted for LP-WUS study. A brief description of the method is summarized in Appendix B.
Proposal 4: Adopt the phase noise model defined by IEEE 802.11ba for LP-WUS study.

Initial evaluation results
In this section, some initial evaluation results are provided, and it would be further updated based on the discussion and alignment of evaluation assumptions.
[bookmark: _Ref113979079]Power saving gain and latency 
Rel-17 Baseline reception for evaluation of power consumption in Idle/inactive mode
Rel-17 UE paging reception procedure is used as baseline, which is shown in Figure 2. Specifically, the procedures are as follows:
1) UE stays in deep sleep (1 power unit)
2) UE wakes up before PEI occasion. After the UE wakes up from deep sleep, UE first receives one SSB for T/F sync (as well as intra-frequency measurement), then receives PEI
a) If the corresponding bit in PEI indicates there is paging, UE monitors the corresponding PO of the UE, as shown in Figure 2 (a). Then, UE performs random access procedure if the UE being paged in a paging PDSCH transmitted in the PO. To simplify the evaluation, we ignore the RACH procedure in the analysis.
b) Else, UE does not monitor PO, as shown in Figure 2 (b)
3) UE performs RRM measurement in some I-DRX cycles. According to Rel-16 RRM measurement relaxation, the RRM measurement can be relaxed to once per 3 I-DRX cycles in certain conditions defined by RAN2. (the shadow block in  Figure 2 means the measurement is not performed every I-DRX cycle)
4) UE goes back to deep sleep

	[image: ]
(a)
	[image: ]
(b)


[bookmark: _Ref114159163]Figure 2 Rel-17 UE paging reception procedure
Enhanced LP-WUS reception procedure for evaluations of power consumption in Idle/inactive mode
For the enhanced scheme, the procedures and power consumption states of MR are as follows, which is also shown in Figure 3
1) MR stays in ultra-deep sleep (0.015 power unit). 
2) The MR wakes up, and then performs re-sync to obtain the DL timing of gNB. There can be two reasons to cause the MR wake-up:
a) Reason 1: UE is indicated by LP-WUS to wake up 
i. If LP-WUS indicates per UE information, then UE does not need to receive PO, as shown in Figure 3 (a)
ii. Else if LP-WUS indicates per UE group information, after re-sync UE needs to receive PO. The duration between when a UE will complete re-sync after receiving an LP-WUS and the relevant next PO is random, and T/F tracking is needed before PO (like in Rel-15), as shown in Figure 3 (b)
iii. Note: No matter per UE or per group information is indicated by LP-WUS, UE potentially performs inter-frequency measurement (marked as the shadow block).
b) Reason 2: UE periodically wake-up to do RRM measurements. Then UE performs inter-frequency measurement, as shown in Figure 3 (c)
3) MR goes back to ultra-deep sleep
	[image: ]
(a)
	[image: ] (b)
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(c)


[bookmark: _Ref117694106]Figure 3 Working procedures and power consumption states of MR when LP-WUR is used

Based on the above procedures, it is easy to understand that in order to maximize the power saving gain, it is expected to minimize the number of MR transition from/to ultra-deep sleep since the transition costs much energy. To reduce the number of MR transitions, RRM measurement is expected to be reduced, e.g. by performing measurement by LP-WUR, or relaxing the RRM measurement period, if possible.
The evaluation assumptions are listed in Table A 1 in Appendix A, where in the following subsections, if not explicitly mentioned, the values in the second column are used, and if explicitly mentioned some values in the third column are used for comparison purposes. The initial evaluation results for power saving gain are shown in Section 3.1.3~ Section 3.1.6.
[bookmark: _Ref121424419]Per UE indication vs. per UE group indication
The simulation results comparing per UE indication and per UE group indication are shown in Figure 4 and Figure 5, where the LP-WUS is continuously monitored. When per UE group indication is used, 10 UEs in a group is assumed. Note that for per UE group indication, two cases are considered: 1) legacy PO is monitored after LP-WUS; 2) the next PO in the system, i.e. UE monitors the nearest PO from system perspective after sync/re-sync.
In Figure 4, different power saving gain for different RRM measurement assumptions are also provided, where three cases are considered: 1) no MR wake-up due to RRM measurement ( RRM measurement is performed by LP-WUR); 2) RRM measurement is performed by MR every 20 DRX cycles; 3) RRM measurement is performed by MR every 10 DRX cycles. 
[bookmark: _Ref117696222]
[image: ]
[bookmark: _Ref118233199]Figure 4 Evaluation results of power saving gain for per UE indication vs. per UE group indication
[image: ]
[bookmark: _Ref121473015]Figure 5 Evaluation results of latency reduction for per UE indication vs. per UE group indication

The results show that the case without RRM measurement and per-UE indication can achieve the largest power saving gain, which confirms the above analysis. However, per-UE indication requires high data rate, which may have impact on the coverage performance. When LP-WUS carries per-group indication, after wake-up from ultra-deep sleep the MR needs to wait for the PO to receive paging, so the latency is larger than R17 baseline. By monitoring next PO in the system, UE doesn’t need to wait for the legacy PO corresponding to the UE, which is determined based on the paging configuration and UE ID [2]. Therefore, the latency can be reduced.
Observation 1: Reducing the number of MR transitions by reducing how often a UE is woken up by LP-WUS can increase the power saving gain, which can be achieved by: 
a) Minimizing the use of UE grouping but maintaining a good trade off with the supported data rate; and/or  
b) Minimizing the FAR value but maintaining a good trade off with the coverage performance.
Observation 2: For the case without RRM measurement and per-UE indication, ~89% power saving gain can be achieved.
Observation 3: If LP-WUS carries per-group indication, the latency is larger than R17 baseline since the MR needs to wait for the legacy PO to receive paging. If UE can receive paging in the nearest PO, the latency is comparable to per-UE indication.
Power saving gain with respect to different assumptions on transition energy
The simulation results comparing different transition energy are shown in Figure 6. Different power saving gain for different RRM measurement assumptions (see the explanation in Section 3.1.3) are also provided. 
[image: ]
[bookmark: _Ref121423975]Figure 6 Evaluation results of power saving gain for different transition energy
The results show that the larger transition energy leads to less power saving. The more RRM measurement performed by MR, the less power saving gain can be obtained. 
Observation 4: Reducing the number of MR transitions by reducing the RRM measurement by MR can increase the power saving gain, which can be achieved by: 
a) Relaxing the RRM measurements requirements; and/or
b) Offloading partially or completely the RRM measurements from MR to be done by LP-WUR. 
Continuous monitoring vs duty-cycle based monitoring
The simulation results comparing continuous monitoring and duty-cycle based monitoring are shown in Figure 7 (power saving gain) and Figure 8 (latency), where T is the length of cycle (assuming to be 1.28s) and D is the length of monitoring duration of LP-WUS (assuming to be 0.64s or 0.16s, without making an assumption on LP-WUS design). Different results for different LP-WUS ON power consumptions are also provided. 
[image: ]
[bookmark: _Ref121424615]Figure 7 Evaluation results of power saving gain for continuous monitoring vs duty cycle based monitoring
[image: ]
[bookmark: _Ref121424669]Figure 8 Evaluation results of latency reduction for continuous monitoring vs duty cycle based monitoring
Figure 7 shows that no matter continuous monitoring or duty cycle-based monitoring is used, low power consumption of LP-WUR (e.g. 0.1 unit) provides significant gain. However, when the power consumption of LP-WUR is high (e.g. 4 unit), only with duty cycle LP-WUS can provide power saving gain. Figure 8 shows that with duty cycle the latency is increased. 
According to the results, it can be observed that LP-WUR with high power consumption cannot serve for the latency sensitive traffics, e.g. voice traffic, since it cannot provide attractive power saving gain without duty cycle. 
Observation 5: when the power consumption of LP-WUR is as high as relative power unit of 4, power saving gain can be only observed with duty cycle based LP-WUS, which has difficulty to support latency sensitive traffics, e.g. voice traffic.
Proposal 5: At least support continuous monitoring for LP-WUS.
[bookmark: _Ref125101205]Different time requirement on sync/re-sync
The simulation results comparing different time needed for sync/re-sync of main radio are shown in Figure 10 (power saving gain) and Figure 11 (latency). As baseline, 6 SSBs are used for sync/re-sync of main radio, where the first 3 SSBs are used to find the coarse DL timing (and/or cell search), and 3 SSBs are used for finer sync. If the LP-WUR can provide some assistance information to the MR, only 1 or 2 SSB is needed for sync/re-sync, more discussion can be found in our companion paper [2]. Some different results for different indication information (per UE vs per UE group) and whether UE monitors legacy PO are also provided. 

[bookmark: _Ref121475957]Figure 10 Evaluation results of power saving gain for different time requirement on sync/re-sync[image: ]
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[bookmark: _Ref121475967]Figure 11 Evaluation results of latency reduction for different time requirement on sync/re-sync
The results show that with shorter required time on sync/re-sync, larger power saving gain and smaller latency can be obtained. For power saving gain, more than 13% additional power saving gain and more than 13% latency reduction can be provided by shorter required time on sync/re-sync for group-based indication. If UE can monitor the next PO in the system instead of legacy PO, the latency can be further significantly reduced, e.g.  ~100% latency reduction for per group based indication.
Observation 6: With shorter required time on sync/re-sync, larger power saving gain and smaller latency can be obtained.
Coverage evaluation
When we discuss the coverage performance of LP-WUS, the coverage of legacy NR signal/channel can be taken as a good reference. Based on [6] it is observed that the bottleneck channel is the PUSCH. So as the first step we can take PUSCH as the reference for coverage evaluation of LP-WUS. 
Proposal 6: Use the bottleneck channel, i.e. PUSCH, as the reference for coverage evaluation of LP-WUS.
Based on the link budget calculation methods defined in [6], the MIL can be determined directly by the required SNR. For example, if we set the reference MIL = 139.66 (i.e. the MIL of PUSCH), with the simulation assumptions for link level assumptions are summarized in Table A 2 of Appendix A and assuming noise figure to be 15 dB, the required SNR for LP-WUS is 6.14 dB @ 1% BLER. According to the link performance results in our companion paper [2], it can be observed that some configurations of LP-WUS can reach the same coverage level as PUSCH. It is also noted that in the simulation results in [2], no FEC, no power boosting, no special handling to obtain larger time/frequency/space domain diversity is assumed. Therefore, with some further enhancement, the coverage performance of LP-WUS can be further improved.
Observation 7: LP-WUS can reach the same coverage level as legacy PUSCH with certain configurations, e.g. LP-WUS bandwidth.
Observation 8: If further enhancements are used, such as power boosting, FEC, and time/frequency/space diversity, the coverage performance of LP-WUS can be further improved.

Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, we discuss the paging procedure enhancement. Based on the analysis, we have the following observations and proposals:
Observation 1: Reducing the number of MR transitions by reducing how often a UE is woken up by LP-WUS can increase the power saving gain, which can be achieved by: 
a) Minimizing the use of UE grouping but maintaining a good trade off with the supported data rate; and/or  
b) Minimizing the FAR value but maintaining a good trade off with the coverage performance.
Observation 2: For the case without RRM measurement and per-UE indication, ~89% power saving gain can be achieved.
Observation 3: If LP-WUS carries per-group indication, the latency is larger than R17 baseline since the MR needs to wait for the legacy PO to receive paging. If UE can receive paging in the nearest PO, the latency is comparable to per-UE indication.
Observation 4: Reducing the number of MR transitions by reducing the RRM measurement by MR can increase the power saving gain, which can be achieved by: 
a) Relaxing the RRM measurements requirements; and/or
b) Offloading partially or completely the RRM measurements from MR to be done by LP-WUR. 
Observation 5: When the power consumption of LP-WUR is high, only with duty cycle LP-WUS can provide power saving gain, which means that it has difficulty to support latency sensitive traffics, e.g. voice traffic.
Observation 6: With shorter required time on sync/re-sync, larger power saving gain and smaller latency can be obtained.
Observation 7: LP-WUS can reach the same coverage level as legacy PUSCH with some configuration.
Observation 8: If further enhancements are used, such as power boosting, FEC, and time/frequency/space diversity, the coverage performance of LP-WUS can be further improved.

Proposal 1: 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

	Ultra-deep sleep
	0.015
	10000
	400ms


Proposal 2: If UE is not required to monitor a PO after wake-up, latency is the time interval between the data arrival time at the gNB, and the time of the first RO UE can transmit PRACH in after LP‑WUS detection.
Proposal 3: The CFO assumption can be either 200 ppm or 50 ppm depending on different implementation, companies can report what they use.
Proposal 4: Adopt the phase noise model defined by IEEE 802.11ba for LP-WUS study.
Proposal 5: At least support continuous monitoring for LP-WUS.
Proposal 6: Use the bottleneck channel, i.e. PUSCH, as the reference for coverage evaluation of LP-WUS.
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[bookmark: _Ref117521875]Appendix A
[bookmark: _Ref117696298][bookmark: _Ref113983290]Table A 1 The evaluation assumptions for power saving gain
	Parameter 
	Default value used if not explicitly mentioned
	Optional value for comparison purpose

	I-DRX cycle length
	1.28s
	-

	Per UE paging rate
	1% 
	0.1%

	Number of UEs indicated by LP-WUS
	1 (i.e. per UE information) 
or 
10 (i.e. per group information)
	-

	Number of UEs indicated by each bit of PEI
	 2 (assuming 10 UEs per PO, and 5 sub-groups per PO)
	-

	Length of PO
	4ms 
	-

	Length of SMTC window
	5ms
	-

	Number of frequency layers for inter-frequency measurement
	1
	-

	Ratio of RRM relaxation for R17 baseline scheme
	One measurement per 3 I-DRX cycles
	-

	Length of re-sync/sync
	110ms, corresponding to 6 SSBs
First three SSBs are used to find the DL timing and some kind of sync, where 10+20*2=50ms on average is used for continuously receiving DL signal.
Then three SSBs (60ms) are used for finer sync, where in each SSB periodicity there is 18 ms light sleep and 2ms SSB reception.
Note: the periodicity of SSB is 20ms, so on average UE spends 10ms to find the first SSB to find the coarse DL timing
	10ms, assuming that LP-WUR can help main receiver to get coarse sync, and only 1 SSB is used for finer sync.

	Relative power unit for LP-WUR ‘on’ state, i.e., the LP-WUR performs monitoring
	0.1
	4

	Relative power unit for ultra-deep sleep of MR
	0.015
	

	Ramp-up and down transition energy 
(unit multiplied by ms)
	10000
	20000

	Ramp-up time
	400ms
	-

	How to monitor LP-WUS
	Continuously 
	Duty cycle, where T = 1280ms and D = 640ms or 160ms (i.e. D=T/2 or T/8)

	Paging information carried by LP-WUS
	Per UE information
	Per group information, where 10 UEs are assumed in the same group



[bookmark: _Ref117952887]Table A 2 The simulation assumptions for link budget
	Parameter
	Assumptions

	Scenario 
	2.6GHz dense urban

	Packet size
	48 bit

	Modulation
	4bit-OOK

	Symbol rate
	56 ksps

	Signal Bandwidth
	4RB (1.44MHz)
	12RB (4.32MHz)
	28RB (10.08MHz)

	Required SNR at 1% BLER
	10.7 dB
	4.2 dB
	0.4 dB

	Subcarrier spacing
	30kHz

	Channel model
	TDL-C 300ns

	UE speed
	3 km/h

	Number of RX antennas
	1

	Manchester Code Rate
	1/2

	Channel coding
	Non

	Time/frequency synchronization
	Ideal

	Noise figure
	15dB


[bookmark: _Ref121840100]Appendix B
In this appendix, we provide a brief introduction to the phase noise modelling for a free-running low power oscillator, which is introduced in [3] and adopted by IEEE 802.11ba.
A sinusoidal signal  generated by a local oscillator is expressed as

where  is the nominal frequency in Hz and  is a random process representing phase noise.
 is modelled as summation of five noise processes, with the PSD in the form of

where the  are coefficients that are oscillator specific. The five noise processes corresponding to  model “random walk of frequency”, “flicker of frequency”, “white frequency”, “flicker of phase” and “white phase” respectively. 
IEEE 802.11 agreed to use the “white frequency” noise process only, which greatly simplify the simulation procedure. Therefore, 

To generate a random process that follow such PSD, a Wiener random process is generated by integration of Gaussian noise as

Where  is independent standard Gaussian variable,  is the simulation sampling time interval. The constant  determines the rate at which the variance of an oscillator increases with time due to white frequency noise.
The constant  determine the level of phase noise and it is dependent on the nominal frequency and power consumption of LO. For example, in [3], it is shown that  for a 2.4GHz 75  LO while  for a 2.4GHz   LO.
The approach to determine  from nominal frequency and LO power consumption is described in [4].
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