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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, evaluation results of LP-WUS are provided and corresponding observations are made accordingly.
[bookmark: _Ref129681832]Remaining issues on evaluation methodologies and assumptions
[bookmark: _Ref133595145]Carrier frequency offset and frequency/timing drift modelling
In RAN1 #112bie-e meeting, the previous working assumption on time/frequency error model was confirmed and a new working assumption to report Fr value was made [1].
	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
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




For Model 1, as captured in the working assumption, there can be two ways to determine the residual frequency error Fr. We provide our analysis regarding the values of the Fr in each case as following:
· Assumption #1: In this assumption, the UE has capability to use MR to calibrate the LP-WUR’s oscillator. When UE switches from MR to LP-WUR, before the MR goes to ultra-deep sleep, MR can assist LP-WUR to calibrate the clock. A typical case is UE can do the calibration when UE receives the paging message. Under such an assumption, the Fr can be the same as the residual frequency error of MR after synchronization. According to the requirement in [2], in this case Fr can be 0.1ppm.
· Assumption #2: in this assumption, MR does not assist LP-WUR to calibrate the clock. Under such an assumption, the Fr depends on the design of LP-WUR synchronization signal for frequency error estimation/correction. According to one design of frequency synchronization in the companion paper [4], we observe that for SNR = 5~15dB and initial frequency error is 10ppm, with 95 probability Fr is within ±2.5 ppm, which is shown in Figure 1. For evaluation purpose, some margin can be added, and 5ppm can be used as the starting point.
[image: C:\Users\x00416197\AppData\Roaming\eSpace_Desktop\UserData\x00416197\imagefiles\33FF861B-8EE6-483C-8546-5D18A77A2578.png]
[bookmark: _Ref130464927]Figure 1 Residual frequency error after synchronization with reference signal by LP-WUR
Proposal 1: For Model 1 of frequency error, Fr is:
a) 0.1 ppm, if MR can assist to calibrate LP-WUR to correct the frequency error 
b) 5 ppm, if LP-WUR can only correct the frequency error based on LP-WUS synchronization signal

[bookmark: _Ref133585156]Remaining issues on power modelling of LP-WUR
In RAN1#112bis-e, the following proposal on power modelling of LP-WUR was discussed.
	#8: [H] Proposal 1C-2-v12:
· For LP-WUR power evaluation, 
· Relative Power (unit) for LP-WUR OFF state,
· 0.001/ Y1/ [Y2], [FFS value(s) of Y1, Y2 e.g., 0.1, 0.01, 0.005]
· Relative Power (unit) for LP-WUR ON state,
· 0.01/0.05/0.1/0.2/0.5/1/2/4/10/20/30
· 10/20/30 for LP-WUR ON power state are not used for receiver types based on envelope detection for MC-ASK and MC-FSK, 
· For other values, the mapping between power value and receiver type are FFS
· Note: Up to companies to report whether same or different values are assumed for WUS monitoring and time/frequency synchronization.


In our view, the relative power values for LP-WUR ON state are for different receiver architectures to monitor LP-WUS. Based on our investigation, if envelope detection is used for MC-ASK/MC-FSK, the power consumption should be 0.1 for a single branch-based receiver. For multiple branches, the power consumption shall increase but still within the order of 0.1.  For the case that time domain correlation is performed by LP-WUR, the relative power value can be as low as 0.2 depending on the sliding window size [3]. The high power consumption values 10/20/30 is mainly for the OFDMA receivers with FFT and high accuracy modules. The power consumption due to the synchronisation should be considered in addition, and the power consumption due to synchronization should be averaged across the periodicity of the synchronization operation. 
For LP-WUR OFF state, 0.001 is used for the case that most of the modules of LP-WUR is turned off while maybe only RTC is running. Other values Y1 and Y2 are used for the case that both RTC and oscillator are running, in which case the initial time/frequency error after LP-WUR turns on can be smaller than the case that only RTC running. Due to different accuracy of oscillator, i.e. option 1/2 vs option 3/4, two different values need to be defined. We propose to agree the proposal discussed in the last meeting.
Proposal 2: For LP-WUR power evaluation.
· Relative Power (unit) for LP-WUR OFF state,
· 	0.001/ Y1/ Y2
· FFS value(s) of Y1, Y2, where Y1 corresponds to oscillator option 1/2, and Y2 corresponds to oscillator option 3/4
· Relative Power (unit) for LP-WUR ON state,
· 0.01/0.05/0.1/0.2/0.5/1/2/4/10/20/30
· 10/20/30 for LP-WUR ON power state are not used for receiver types based on envelope detection for MC-ASK and MC-FSK, 
· For other values, the mapping between power value and receiver type are FFS
· Note: Up to companies to report whether same or different values are assumed for WUS monitoring and time/frequency synchronization.

On PAPR
During RAN1#112bis-e, it was discussed whether PAPR is taken as one of the KPIs for evaluation. Usually, PAPR value mainly impacts the back off on PA, however, for WUS, gNB is not expected to use a separate PA to send LP-WUS. On the other hand, when LP-WUS is transmitted, it is usually transmitted together with other NR legacy signals in other frequency locations. In this case, the PAPR is not only impacted by LP-WUS, but also impacted by other NR legacy signals. Due to the limited BW of LP-WUS (<= 5MHz is recommended as agreed in RAN1 #112bis-e), the dominate part of PAPR will be other NR legacy signals instead of LP-WUS. Compared with other metrics, PAPR is not a critical issue. Therefore, to avoid the loss of other performance benefit, PAPR should not be considered as a KPI that would impact the choice of LP-WUS design.
There could be arguments that in some cases, at the same time there could be only LP-WUS transmitted and no other NR legacy signal transmitted, which is FDM multiplexed with LP-WUS. However, in this case, the total transmitting power from gNB should not approach to the maximum transmission power of gNB considering the limited BW of LP-WUS (e.g. <= 5MHz). Therefore, the back off on PA is not relevant for this case and PAPR is also not relevant metric we should consider in this case. 
The PAPR among different OOK symbols are usually higher than the PAPR within one OOK symbol since proper sequence to generate OOK is expected to be selected and there will be ON/OFF switching between different OOK symbols.
Based on the above reasons: 
Proposal 3: Do not consider PAPR as a KPI for LP-WUS design, considering it is not a critical issue for LP-WUR.

Phase noise modelling
It is FFS in the working assumption regarding the phase noise in RAN1#112. Phase noise modelling for crystal-free low power LOs is extensively discussed in literature [5] and the general method were adopted by IEEE 802.11ba. In [5], 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.

Modelling of interference
There are proposals that the adjacent subcarrier interference and other cell interference should be modelled and simulated in the link level simulation. There are some discussions in the last meeting, but there is no clear proposal on how to model the interference. 
	Adjacent subcarrier interference
	· PDSCH mapped on resources other than that for WUS and guard band; 
EPRE of LP-WUS / EPRE of PDSCH =ρ, where ρ=0 dB as baseline, ρ= {3, 6} dB as optional

	Sampling Rate
	· Companies to report.

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

	Channel Model
	See link coverage assumption table (will copy and paste here)

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



Regarding the adjacent subcarrier interference, on resources mapped with PDSCH, the random 16-QAM symbols can be mapped on the REs of the PDSCH to model the neighboring subcarrier interference.
Regarding other cell interference, it can be modelled by considering one or two neighboring cells to transmit random 16QAM symbols on REs within the cell bandwidth in the link simulation. 
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 clearer, 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 2, where it is assumed that the data arrival and LP-WUS transmission happen at the same time. 
[image: ]
[bookmark: _Ref133595186]Figure 2 The definition of latency when UE does not receive PO after wake-up
Proposal 5: 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.

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 3. 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 3 (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 3 (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 3 means the measurement is not performed every I-DRX cycle)
4) UE goes back to deep sleep

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


[bookmark: _Ref114159163]Figure 3 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 4
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 4 (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 4 (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 4 (c)
3) MR goes back to ultra-deep sleep
	[image: ]
(a)
	[image: ] (b)
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(c)


[bookmark: _Ref117694106]Figure 4 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 5 and Figure 6, 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 5, 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 5 Evaluation results of power saving gain for per UE indication vs. per UE group indication
[image: ]
[bookmark: _Ref121473015]Figure 6 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 [4]. Therefore, the latency can be reduced.
Observation 1: Compared with per-group indication, per-UE indication can have larger power saving gain due to smaller false wakeup rate, which is helpful to reduce the the number of MR transitions. 
Observation 2: If UE can receive paging in the nearest PO, the power saving gain can be higher due to less time waiting for its legacy PO.
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 and ramp-up time
The simulation results comparing different transition energy and ramp-up time are shown in Figure 7. Different power saving gain for different RRM measurement assumptions (see the explanation in Section 3.1.3) are also provided. Note that per-UE indication by LP-WUS is assumed here.
[image: ]
[bookmark: _Ref121423975]Figure 7 Evaluation results of power saving gain for different transition energy
[image: ]
Figure 8 Evaluation results of latency reduction for different ramp-up time
The results show that the larger transition energy leads to less power saving, and larger ramp-up time leads to larger latency. Therefore, if large power saving gain and small latency is expected, good implementation of MR is necessary to reduce the transition energy and ramp-up time.
Observation 4: If large power saving gain and small latency is expected, good implementation of MR is necessary to reduce the transition energy and ramp-up time.

The more RRM measurement performed by MR, the less power saving gain can be obtained. 
Observation 5: 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 9 (power saving gain) and Figure 10 (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 or 10ms, without making an assumption on LP-WUS design). Different results for different LP-WUS ON power consumptions are also provided. In this simulation, the periodical LP-SS is assumed to assist LP-WUR to get time/frequency synchronization, where the periodicity of LP-SS is assumed as 400ms based on our analysis in Section 2.2. When LP-WUR performs continuous monitoring, LP-WUR either monitors LP-SS or LP-WUS. when LP-WUR performs duty-cycle monitoring, LP-WUR needs to wakeup earlier than its monitoring duration to perform pre-sync, and keeps ON status until its monitoring duration. Therefore, for duty-cycle monitoring, on average LP-WUR needs to keep ON status 320ms*0.5= 160ms longer than its monitoring duration due to pre-sync.
 [image: ]
[bookmark: _Ref121424615]Figure 9 Evaluation results of power saving gain for continuous monitoring vs duty cycle based monitoring
[image: ]
[bookmark: _Ref121424669]Figure 10 Evaluation results of latency reduction for continuous monitoring vs duty cycle based monitoring
Figure 9 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 power saving gain, and middle power consumption of LP-WUR (e.g. 1 unit) also provides good power saving gain. However, when the power consumption of LP-WUR is high (e.g. 4 unit), only with duty cycle monitoring with small monitoring ratio (e.g. <=1/8) can provide power saving gain. Figure 10 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 6: If the power consumption of LP-WUR is low or middle (e.g. ~0.1 unit or ~1 unit), good power saving gain can be achieved for both continuous monitoring and duty-cycle monitoring.
Observation 7: If the power consumption of LP-WUR is high (e.g. ~4 unit), , 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.
[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 11 (power saving gain) and Figure 12 (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 [4]. Some different results for different indication information (per UE vs per UE group) and whether UE monitors legacy PO are also provided. 
[image: ]
[bookmark: _Ref121475957]Figure 11 Evaluation results of power saving gain for different time requirement on sync/re-sync
[image: ]
[bookmark: _Ref121475967]Figure 12 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 12% 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 8: With shorter required time on sync/re-sync, larger power saving gain and smaller latency can be obtained.
Different FAR
The simulation results comparing different FAR in Figure 13 (power saving gain), where different per-UE paging rate and per-UE/per-group indication is also considered. The FAR value varies {0, 0.1%, 1%} per DRX cycle, and per-UE paging rate varies {1%, 0.1%}. Continuous monitoring and RRM offloading to LP-WUR are assumed.
[image: ]
[bookmark: _Ref133595025]Figure 13 Evaluation results of power saving gain for different time requirement on sync/re-sync
It is observed that if the FAR is no larger than 0.1%, its impact to power saving gain is marginal. The reason is that the FAR can equivalently contributes to wakeup rate, if FAR is no larger than 0.1% it means the wakeup rate is increased to by <0.1%. Therefore, the impact is marginal. However, when FAR=1%, the power saving gain can be reduced by ~7%.
Observation 9: If the FAR is no larger than 0.1%, its impact to power saving gain is marginal; while if the FAR is 1%, the power saving gain reduced by ~7%.
· The FAR is defined as the total false alarm rate per DRX cycle (1.28s)
Proposal 6: The FAR of LP-WUS is no larger than 0.1% per DRX cycle.
Coverage evaluation
General consideration
In RAN1 #112bi-es, the following agreement on coverage design was made [1].
	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.


For a UE in IDLE/INACTIVE mode, LP-WUS is used to carry at least paging information. After receiving paging, the UE shall perform random access procedures. Among all the procedures in IDLE/INACTIVE mode, the bottleneck channel is PUSCH for Msg3. If the coverage of LP-WUS is better than Msg3 and if a UE is in a location within LP-WUS’s coverage but out of Msg3’s coverage, though the UE can receive LP-WUS it cannot finish random access successfully. Therefore, it is enough that LP-WUS has comparable coverage as NR PUSCH for Msg3. 
There are some remaining issue on the details of Msg3 size. We propose to reuse the assumption used for coverage enhancement, i.e. 56bits TBS for Msg3. For the detailed assumptions, the assumptions used for Coverage Enhancement SI [7] can be reused. For the convenience, it is listed in Table C 1 in Appendix C.
Proposal 7: Msg3 is taken as the reference channel for coverage evaluation/design of LP-WUS, and the detailed assumptions for Msg3 in Coverage Enhancement SI can be reused.
Achieving better coverage performance is always possible if the spectrum efficiency and/or data rate is sacrificed. Therefore, before making down-selection between the above two options, it is reasonable to list the prices to achieve a particular goal. For example, we can first identify the aspects needed to get comparable coverage as PUSCH for Msg3, such as the required coverage enhancement techniques, supported data rate and etc. Then also identify the additional techniques/price, as well as the benefit, to get comparable coverage as PDCCH for paging. After that, we can see the pros and cons for different design targets, and further make decision based on the output.
Proposal 8: RAN1 to identify in TR the techniques/configurations to get comparable coverage as PUSCH for Msg3, and the additional techniques/configurations to get comparable coverage as PDCCH for paging, respectively for further decision regarding the coverage target of LP-WUR .
[bookmark: _Hlk131072520]Link budget of LP-WUS
Based on the link budget calculation methods defined in [7], the MIL can be determined directly by the required SNR. In Table 1, we provide the MIL results for some scenarios based on the link results in our companion paper [4], where no FEC, no power boosting, no special handling to obtain larger time/frequency/space domain diversity is assumed. In these simulations, the following are considered if not extra mentioned.
· The data rate is the fixed to be 56 kbps, i.e. 2-bit per OFDM symbol for 30 kHz SCS.
· The total time/frequency resources are the same, where the BW is 4 RBs, and the transmission time for a LP-WUS is 24 OFDM symbols.
· The total energy across the total time/frequency resources are the same.
· There are some mis-alignment of FAR per 1.28s. This is because OOK and FSK performance is based on Manchester encoding, which has a very low FAR value (<10-12). For other simulations, the FAR target per attempt or accumulated within a DRX are directly set to determine the corresponding threshold. 

[bookmark: _Ref131774189]Table 1 MIL of LP-WUS for different modulation and different condition
	Modulation type
	Receiver  type
	Condition
	MIL
	BW
	FAR per 1.28s
	Note

	PUSCH of Msg3
	
	Te=0us, Fe=0ppm
	149.61
	
	
	As reference

	OOK-2
	Envelope detection
	Te=0us, Fe=0ppm
	138.28
	12RB
	<10-12 
	N=1500 attempts within 1.28s

	
	
	Te=2us, Fe=0ppm
	137.88
	12RB
	<10-12 
	N=1500 attempts within 1.28s

	
	
	Te=0us, Fe=10ppm
	138.28
	12RB
	<10-12 
	N=1500 attempts within 1.28s

	OOK-4
	Envelope detection
	Te=0us, Fe=0ppm
	142.28
	12RB
	<10-12
	N=1500 attempts within 1.28s

	
	
	Te=2us, Fe=0ppm
	137.08
	12RB
	<10-12
	N=1500 attempts within 1.28s

	
	
	Te=0us, Fe=10ppm
	142.28
	12RB
	<10-12
	N=1500 attempts within 1.28s

	
	
	Te=0us, Fe=0ppm
	142.98
	12RB
	<10-12
	concentrated waveform
N=1500 attempts within 1.28s

	
	
	Te=2us, Fe=0ppm
	139.18
	12RB
	<10-12
	concentrated waveform
N=1500 attempts within 1.28s

	FSK-1
	Envelope detection
	Te=0us, Fe=0ppm
	138.18
	12RB
	<10-12
	N=1500 attempts within 1.28s

	
	
	Te=2us, Fe=0ppm
	137.48
	12RB
	<10-12
	N=1500 attempts within 1.28s

	
	
	Te=0us, Fe=10ppm
	138.18
	12RB
	<10-12
	N=1500 attempts within 1.28s

	FSK-2
	Envelope detection
	Te=0us, Fe=0ppm
	141.18
	12RB
	<10-12
	N=1500 attempts within 1.28s

	
	
	Te=2us, Fe=0ppm
	140.68
	12RB
	<10-12
	N=1500 attempts within 1.28s

	
	
	Te=0us, Fe=10ppm
	141.08
	12RB
	<10-12
	N=1500 attempts within 1.28s

	Joint modulation
	Envelope detection
	Te=0us, Fe=0ppm
	142.31
	12RB
	<10-12
	OOK-4+FSK-2
N=1500 attempts within 1.28s

	
	
	Te=2us, Fe=0ppm
	141.49
	12RB
	<10-12
	OOK-4+FSK-2
N=1500 attempts within 1.28s

	
	
	Te=0us, Fe=20ppm
	142.17
	12RB
	<10-12
	OOK-4+FSK-2
N=1500 attempts within 1.28s

	Sequence detection of LP-WUS
	Sequence correlation based reciever
	Te=0us, Fe=0ppm
	149.67
	10RB
	~ 10-3
	Duty cycle mode, a single attempt within 1.28s

	
	
	Te=0us, Fe=0ppm
	147.96
	10RB
	< 10-3
	Continious monitoring, N=1500 attempts within 1.28s, 10-7 FAR per attempt

	
	
	Te=1us, Fe=0ppm
	146.82
	10RB
	~10-3
	Continious monitoring, N=1500 attempts within 1.28s, 10-7 FAR per attempt

	
	
	Te=0us, Fe=10ppm
	147.61
	10RB
	~10-3
	Continious monitoring, N=1500 attempts within 1.28s, 10-7 FAR per attempt



From Table 1, performance gap is observed between legacy NR signal/channel and LP-WUS, while the gap can be compensated by some coverage enhancement techniques, e.g. FEC, interleaving in time domain, frequency hopping and power boosting. 
On one PRB, 3dB~6dB power boosting is possible. Therefore, power boosting could be directly used to bring 3~6dB coverage gains.
The receiver types used in the simulation are also shown. It should be noticed that if sequence based correlation receiver is used, the performance of OOK/FSK shall be further improved.
Furthermore, as an example shown in Figure 14, where polar coding with 1/4 coding rate is used together with frequency hopping 8.5 dB gain can be achieved. It is noted that we use polar coding in this example just for convenience since it is used for legacy NR control channel. More discussion in RAN1 on the FEC is needed considering the performance, decoding complexity and etc. Besides, identification codes based on [10] could be leveraged to further improve the coding gain.
[bookmark: _GoBack]The MIL provided in the above table assumes 48 bits UEID for WUS indication. If shorter UE ID could be used, the coverage could be also improved. 
Therefore, in total more than 11dB gain can be expected by the coverage improvement techniques.
 [image: C:\Users\x00416197\AppData\Roaming\eSpace_Desktop\UserData\x00416197\imagefiles\E31053EB-37C9-4531-A834-6495255DE655.png]
[bookmark: _Ref134708939]Figure 14 Coverage improvement by FEC and frequency hopping
With relatively wide LP-WUS bandwidth (e.g. 12RB), the performance gap between legacy PUSCH for Msg3 and LP-WUS is about 10dB, which can be compensated by coverage improvement techniques. 
Observation 10: LP-WUS can reach the comparable coverage level as legacy PUSCH for Msg3 with certain configurations and coverage improvement techniques, e.g. 12RB LP-WUS bandwidth, FEC, interleaving in time domain, frequency hopping and power boosting.
Observation 11: 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.
Evaluation on system impact
[bookmark: _Ref133677040]System overhead
For evaluation of system overhead, different scenarios can be considered.
As the lower bound, empty load case can be considered, where only LP-SS is transmitted. The following assumptions are assumed:
· As analyzed in Section 2.2, the periodicity of LP-SS is 320ms. 
· The length of each LP-SS is 1ms, and each LP-SS is transmitted 8 times for beam sweeping.
· BW of a LP-SS is 1.5MHz, and the BW of NR carrier is 100MHz
Based on the above assumptions, the system overhead of LP-WUS for empty load is 0.04%. 

As the upper bound, heavy load case can be considered, where the following are assumed in addition to LP-SS:
· 2 bits are carried in one OFDM symbol, and a LP-WUS carries 48-bit information. Each LP-WUS is transmitted 8 times for beam sweeping.
· The BW of a LP-WUS is 1.5MHz, and two channels of LP-WUS in different frequency resources are configured. Therefore, the total BW for LP-WUS transmission is 3MHz.
· 250 LP-WUSs for IDLE/INACTIVE UE paging are transmitted per second, which is already heavy load based on our observation of real network.
Based on the above assumptions, the system overhead of LP-WUS for heavy load (LP-WUS+LP-SS) is 2.61%. 
Observation 12: The resource overhead of LP-WUS is from 0.04% to 2.61%.
Note that for empty case, at least SSB and SIB1 are transmitted for MR, of which the time domain occupancy is 6.5% and 22.7%, respectively [9]. Assume that the BW of SSB and SIB1 are 20PRBs and 40PRBs respectively, the system overhead in total is about 3.74%. Compared with the overhead of SSB and SIB1, the system overhead of LP-WUS (0.03%) is marginal. For heavy load case, the system overhead of the whole cell is usually dominated by the traffics of CONNECTED UEs, which is approximately approaching 100%. The system overhead of LP-WUS (2.61%) is also acceptable.
Proposal 9: In in-band deployment, the additional overhead due to LP-SS and LP-WUS transmission in a NR cell is considered to be marginal, compared with NR resource overhead transmitted in empty load. .

Network energy consumption

With middle load to heavy load, it is not the target scenario for network energy saving according to the NES SID/WID. Therefore, the evaluation of network energy consumption should focus on the empty load and low load case. As a starting point, empty load is evaluated. 
Proposal 10: For evaluation on impact of network energy consumption, empty load case is considered as the first step.
For empty load case, only LP-SS is transmitted for LP-WUR. With the assumptions listed in Section 3.3.1, the time domain occupancy is 2%, while the time domain occupancy of SSB and SIB1 is 29.2%. Considering that SSB and SIB1 is usually transmitted in a periodic way and the periodicity is usually shorter than LP-SS (320ms), LP-SS can be transmitted FDMed with SSB/SIB1, therefore the transmission time of gNB is not increased by LP-SS. With the same assumption listed in Section 3.3.1 and based on the agreed model for network energy consumption [8], the increase of network energy consumption is only about 0.08% 
Proposal 11: Impact of LP-WUS to network energy consumption is marginal.

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: Compared with per-group indication, per-UE indication can have larger power saving gain due to smaller false wakeup rate, which is helpful to reduce the the number of MR transitions. 
Observation 2: If UE can receive paging in the nearest PO, the power saving gain can be higher due to less time waiting for its legacy PO.
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: If large power saving gain and small latency is expected, good implementation of MR is necessary to reduce the transition energy and ramp-up time.
Observation 5: 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 6: If the power consumption of LP-WUR is low or middle (e.g. ~0.1 unit or ~1 unit), good power saving gain can be achieved for both continuous monitoring and duty-cycle monitoring.
Observation 7: If the power consumption of LP-WUR is high (e.g. ~4 unit), , 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.
Observation 8: With shorter required time on sync/re-sync, larger power saving gain and smaller latency can be obtained.
Observation 9: If the FAR is no larger than 0.1%, its impact to power saving gain is marginal; while if the FAR is 1%, the power saving gain reduced by ~7%.
· The FAR is defined as the total false alarm rate per DRX cycle (1.28s)
Observation 10: LP-WUS can reach the comparable coverage level as legacy PUSCH for Msg3 with certain configurations and coverage improvement techniques, e.g. 12RB LP-WUS bandwidth, FEC, interleaving in time domain, frequency hopping and power boosting.
Observation 11: 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: For Model 1 of frequency error, Fr is:
a) 0.1 ppm, if MR can assist to calibrate LP-WUR to correct the frequency error 
b) 5 ppm, if LP-WUR can only correct the frequency error based on LP-WUS synchronization signal
Proposal 2: For LP-WUR power evaluation.
· Relative Power (unit) for LP-WUR OFF state,
· 	0.001/ Y1/ Y2
· FFS value(s) of Y1, Y2, where Y1 corresponds to oscillator option 1/2, and Y2 corresponds to oscillator option 3/4
· Relative Power (unit) for LP-WUR ON state,
· 0.01/0.05/0.1/0.2/0.5/1/2/4/10/20/30
· 10/20/30 for LP-WUR ON power state are not used for receiver types based on envelope detection for MC-ASK and MC-FSK, 
· For other values, the mapping between power value and receiver type are FFS
· Note: Up to companies to report whether same or different values are assumed for WUS monitoring and time/frequency synchronization.
Proposal 3: Do not consider PAPR as a KPI for LP-WUS design, considering it is not a critical issue for LP-WUR.
Proposal 4: Adopt the phase noise model defined by IEEE 802.11ba for LP-WUS study.
Proposal 5: 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 6: The FAR of LP-WUS is no larger than 0.1% per DRX cycle.
Proposal 7: Msg3 is taken as the reference channel for coverage evaluation/design of LP-WUS, and the detailed assumptions for Msg3 in Coverage Enhancement SI can be reused.
Proposal 8: RAN1 to identify in TR the techniques/configurations to get comparable coverage as PUSCH for Msg3, and the additional techniques/configurations to get comparable coverage as PDCCH for paging, respectively for further decision regarding the coverage target of LP-WUR .
Proposal 9: In in-band deployment, the additional overhead due to LP-SS and LP-WUS transmission in a NR cell is considered to be marginal, compared with NR resource overhead transmitted in empty load. .
Proposal 10: For evaluation on impact of network energy consumption, empty load case is considered as the first step.
Proposal 11: Impact of LP-WUS to network energy consumption is marginal.
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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)
	15000
	40000

	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: _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 [5] 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 [5], 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 [6].
[bookmark: _Ref134777059]Appendix C
[bookmark: _Ref134777040]Table C 1 Channel-specific parameters for PUSCH of Msg.3 for FR1
	Parameter
	Value

	Frequency hopping
	w/ or w/o frequency hopping

	Number of UE transmit chains
	1, 2 (optional)

	Number of DMRS symbol
	w/o frequency hopping: 3,
w/ frequency hopping: 2 for each hop

	Waveform 
	DFT-s-OFDM

	SCS
	30kHz for TDD, 15kHz for FDD.

	HARQ configuration
	For eMBB, whether HARQ is adopted is reported by companies. 
For VoIP, w/ HARQ.
The maximum number of HARQ transmission (limited by frame structure and latency requirements) can be reported by companies.

	PUSCH duration	
	14 OS

	Number of PRBs
	2

	TBS
	56 bits

	Other parameters
	Reported by companies.
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