Page 4
Draft prETS 300 ???: Month YYYY
3GPP TSG-RAN WG1 Meeting #112	R1-2301558
Athens, Greece, February 27th – March 3rd, 2023

Agenda Item:	9.13.1
Source:	Ericsson
Title:	Low power WUS evaluations
Document for:	Discussion, Decision
1	Introduction
In RAN1#111, further agreements were reached on evaluation of low power WUS/WUR. In this document we continue the discussion on use cases, and further details for evaluation methodology and KPIs. 
Detailed objectives of the SI [1] are listed below:
	· Identify evaluation methodology (including the use cases) & KPIs [RAN1]
· Primarily target low-power WUS/WUR for power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables
· Other use cases are not precluded
· Study and evaluate low-power wake-up receiver architectures [RAN1, RAN4] 
· Study and evaluate wake-up signal designs to support wake-up receivers [RAN1, RAN4] 
· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals [RAN2, RAN1] 
· Study potential UE power saving gains compared to the existing Rel-15/16/17 UE power saving mechanisms, the coverage availability, as well as latency impact of low-power WUR/WUS. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]
Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary.



[bookmark: _Ref178064866]2	Use cases and traffic characteristics
The following characteristics for target use cases are considered in the study item:
· IoT cases including e.g., industrial wireless sensors, controllers, actuators and etc, including the following characteristics,
· latency is required within e.g., [TBD: the order of seconds or latency in-sensitive]
· [small form devices]
· [power-sensitive, e.g., the battery should last at least few years.]
· E.g., targeting for limited data activity
· static, nomadic or limited mobility
· Wearable cases including e.g., smart watches, rings, eHealth related devices, and medical monitoring devices etc.,
· latency is required within, e.g., the order of [TBD]
· [small form devices]
· [power-sensitive, the battery should last multiple days (up to 1-2 weeks).]
· E.g., targeting for limited data activity
· low/medium speed
· eMBB cases including e.g., XR/smart glasses, smart phones and etc.,
· latency is required within e.g., the order of [TBD]
· provide even higher power saving gains compared to the legacy solutions with acceptable latency impact of some typical NR services
· E.g., targeting for [typical eMBB traffic(e.g., FTP, IM, VoIP and etc) and intensive traffic arrival with delay requirements (e.g., XR for RRC connected mode) .]
· low/medium speed
Note: other use cases are not precluded if any.
FFS: Note: The study focused on RRC IDLE/INACTIVE for IoT and wearable cases, and CONNECTED for eMBB case.

Service requirements for different 5G use cases are discussed in TS 22.261 [2] and referenced therein. Latency targets for IoT use cases mentioned in the SID such as industrial wireless sensors, controllers, actuators, etc., and wearables range from tens of millisecond to several seconds. Latency requirements for XR are typically in few tens of milliseconds range. 
[bookmark: _Toc118667557][bookmark: _Toc127522005]Latency requirements for use cases mentioned in the SID such as industrial controllers, actuators etc., and wearables range from tens of milliseconds, hundreds of milliseconds to several seconds. For XR, the requirements are in few milliseconds to few tens of milliseconds range.
A significant portion of WUR energy consumption gain, compared to baselines (DRX, PEI), comes from allowing the main radio (MR) to stay in a deeper sleep state such as deep sleep or ultra-deep sleep. Therefore, the most suitable use cases for WUR should be infrequent event-driven transmissions for which the paging probability is low per WUS monitoring occasion. I.e., for frequent data compared to the DL latency requirement, resulting in a high paging probability per WUS occasion, the MR must be started anyway in most WUS occasions and gains will be limited compared to baseline DRX. RRC_IDLE/RRC_INACTIVE mode operation is more suitable for use cases with latency requirements > ~0.4s. For other use cases, operation in RRC_CONNECTED mode may be more applicable. For RRC_CONNECTED mode operation, if the main radio must be in e.g., light-sleep or micro-sleep states to meet tight latency requirements (e.g. < 0.4s). In this case the energy savings from LP-WUS/WUR are expected to be lower compared to cases where the main radio can be in deep sleep or ultra-deep sleep states.

[bookmark: _Toc118667376][bookmark: _Toc127521833]Study the following further:
· [bookmark: _Toc118667377][bookmark: _Toc127521834]Applicability of RRC IDLE/INACTIVE vs. RRC CONNECTED mode operation of LP-WUS/WUR considering latency requirements and expected data activity for different use cases mentioned in the SID.
· [bookmark: _Toc118667378][bookmark: _Toc127521835]Feasible latency at which LP-WUR can wake up MR while still providing power saving gain.

Regarding traffic characteristics for use cases applicable to RRC_CONNECTED mode, existing models from TR 38.840, TR 38.875 and TR 38.838 can be reused according to agreements in the previous meeting. 
For idle/inactive mode, a range of paging rates are considered for the evaluation baseline (option 1) and the heartbeat traffic model One of the remaining open issues is the number of UEs in paging group N for calculating the per group paging probability. To have a reasonable number for this for the evaluations, the number of UEs per cell must be estimated. Considering the most extreme use cases, with many UEs but with a very low traffic activity (one transmission every 2h or 24h), the ITU 5G requirements for mMTC with a connection density of 106 devices per km2 can be considered [3]. In this case, the evaluation assumption for mMTC, according to [4], is an urban macro environment with two configurations with 500m and 1732m inter-site distance, respectively. Assuming 3-sector sites, this corresponds to 72169 and 865974 users per sector or cell, respectively. Further assuming UEs in the cell are distributed over 4 paging frames (PFs) and 8 WUS UE groups/paging subgroups (up to 8 for NB-IoT/LTE-M and for Rel-17 PEI), this leads to N=2255 and N=27061, respectively. The low traffic intensity in the model corresponds to RE=0.001%, which leads to RG=2% and RG=24%. Note the this corresponds to the most extreme massive MTC requirements for the next generation, and it is not realistic that all UEs in the network will support Rel-18 LP-WUS/WUR. In Section 8.2 of the power saving TR 38.840 a group paging rate of 10% is assumed, which is for intense MBB traffic rather than IoT traffic.  Therefore, for Rel-18 LP-WUS/WUR, a realistic upper limit for this could be assumed to be RG=10%. Using N=10 for the agreed range of RE results in the following range for the per group paging probability, RG={10%, 1%, 0.1%, 0.01%}. It can further be noted that for the evaluations, RE and N will not directly impact the results because it is RG (and the false-alarm rate) which will determine how often the UE will need to start the main receiver. Therefore, we propose the following:
[bookmark: _Toc127521836]For evaluations, use N=10 and the resulting range of RG={10%, 1%, 0.1%, 0.01%} for the per group paging probability.
3	Evaluation Methodology
3.1	General framework
As indicated in the SID, all WUS solutions identified shall be able to operate in a cell supporting legacy UEs. In addition to the above requirement captured in the SID, the following general framework should be used as starting point for WUS evaluations. 
· [bookmark: _Hlk115298171]transmission of WUS should not require new gNB hardware and should not trigger new emissions/compliance requirements for gNBs
· it should be possible to dynamically reuse unused WUS resources for other NR transmissions (i.e., dedicated time/frequency resource reservation for WUS should be avoided)
· it should be possible to multiplex WUS with other NR transmissions in time or frequency domain.
· WUS is transmitted on Uu interface from gNB to UE

Without the first three points mentioned above, it is difficult to enable widespread WUS support in existing deployments. 
[bookmark: _Toc115467220][bookmark: _Toc115442422][bookmark: _Toc118667385][bookmark: _Toc127521837]The following general framework should be used as starting point for WUS evaluations:
· [bookmark: _Toc115467221][bookmark: _Toc115442423][bookmark: _Toc118667386][bookmark: _Toc127521838]transmission of LP-WUS should not require new gNB hardware and should not trigger new emissions/compliance requirements for gNBs
· [bookmark: _Toc115467222][bookmark: _Toc115442424][bookmark: _Toc118667387][bookmark: _Toc127521839]it should be possible to dynamically reuse unused LP-WUS resources for other NR transmissions (i.e., dedicated time/frequency resource reservation for WUS should be avoided)
· [bookmark: _Toc115467223][bookmark: _Toc115442425][bookmark: _Toc118667388][bookmark: _Toc127521840]it should be possible to multiplex LP-WUS with other NR transmissions in time or frequency domain without causing interference
· [bookmark: _Toc115467224][bookmark: _Toc115442426][bookmark: _Toc118667389][bookmark: _Toc127521841]LP-WUS is transmitted on Uu interface from gNB to UE
3.2	Power consumption
In RAN1#110bis and RAN1#111, it was agreed to introduce a ‘Ultra-deep sleep’ power state for the main radio.
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


[bookmark: _Hlk127192360]Regarding transition energy and time, an agreement has been reached for the low power high accuracy positioning (LPHAP) study in RAN1#110-bis, where 10000 [units x ms] and 400ms have been assumed. On the other hand, the power saving study in 38.840 assumes the transition power from deep sleep is ~ 22.5 (450/20). For LP-WUR, if we apply the same transition power from deep sleep to the total transition time of 400ms, the additional transition energy will be 9000, which is similar to LPHAP case. Therefore, transition energy of 2000 seems optimistic for a similar type of NR device and transition energy range to [10000 ~ 40000] seems to be more reasonable. We propose use 20000 for evaluation.
[bookmark: _Toc127521842]For 400ms of ramp-up time, RAN1 uses 20000 as the additional transition energy for ultra-deep sleep for evaluations.

After waking up the MR from legacy deep-sleep mode, the UE needs to receive SSBs to obtain time and frequency synchronization for the paging reception. In Rel-17 PEI discussions it was assumed that 1, 2 or 3 SSBs are required for high, medium and low operating SNR correspondingly. When MR is in ultra-deep sleep state, it is hard to have an accurate oscillator running under the relative power of 0.015 units. Therefore, the MR can hardly maintain a fine time and frequency tracking and should experience much more drift after waking up from ultra-deep sleep state, thus it will take longer time to get time and frequency synchronization. When MR is in deep sleep if WUR is still performing synchronization, it should be possible for WUR to inform the MR about the synchronization knowledge when triggering the MR and the MR may wake up and perform sync as in legacy deep-sleep mode.
In summary, the time X for MR to sync/resync depends on the following aspects:
· MR sleep period.
· MR sleep state.
· Operating SNR: higher SNR requires shorter X. 
· Extent to which the MR can start from the sync acquired by WUR (up to UE implementation). 

[bookmark: _Toc118667559][bookmark: _Toc127522006]The time X for MR to sync/resync depends on MR sleep period, MR sleep state, operating SNR and sync starting point (i.e., UE ability to pass on WUR acquired sync to MR)
3.3	Coverage
If the lowest SNR at which LP-WUS can be reliably detected (required SNR for LP-WUS) matches the lowest operating SNR level for PDCCH (e.g., ~ -6dB), and if LP-WUR has same noise figure (NF) as main radio, then it would be possible to operate LP-WUS with similar MIL (maximum isotropic loss) as that of PDCCH. However, if the LP-WUR has larger NF compared to main radio, then the lowest SNR at which LP-WUS can be reliably detected must be lower than the lowest operating SNR level for PDCCH in order to achieve the same MIL operation range of PDCCH. If LP-WUR has worse NF and LP-WUS can only be operated at same or worse required SNR than PDCCH then achievable coverage for LP-WUS would be lower than that of PDCCH. 
LP-WUS reception impacts paging performance for Idle mode UEs and DL scheduling assignment/UL grant reception when configured for Connected mode UEs since these procedures are based on PDCCH monitoring. Considering this, the LP-WUS/WUR designs should strive to match the coverage for NR PDCCH as reception of LP-WUS impacts critical DL procedures.
[bookmark: _Toc115467236][bookmark: _Toc115442438][bookmark: _Toc118667391][bookmark: _Toc127521843][bookmark: _Toc115467237][bookmark: _Toc115442439]For coverage evaluations, LP-WUS/WUR designs that strive to match the coverage for NR PDCCH should be considered.

3.4	Link level evaluations
For WUS link level evaluations several aspects need to be taken into account including:
· WUS parameters (e.g., waveform details, BW)
· Receiver parameters (e.g., filter parameters (bandwidth, roll-off), ADC, clock error, sampling rate)
· Handling of other non-WUS transmissions in adjacent PRBs 
· Handling of inter-cell interference. 

In Table 1 we provide list of possible evaluation assumptions

[bookmark: _Ref127280451]Table 1: Simulation parameters for link-level evaluations.
	Parameters 
	Value

	Carrier frequency 
	2.6 GHz

	Channel 
	AWGN and TDL-C

	SCS
	30 kHz

	Delay spread 
	300 ns

	UE speed
	3 km/h

	UE Rx antennas 
	1

	WUS details
	Waveform and modulation,
Bandwidth (11 PRBs can be used as baseline)
Number of WUS coded bits per OFDM symbol (1bit per OFDM symbol used as baseline)
Assumed guard-band configuration
Receiver assumption (e.g., correlation-based detection)
FAR assumption (e.g., 0.1%)

	WUR architecture related assumptions
	Receiver filter (e.g., 3rd order Butterworth, filter BW=K*(WUS BW), where K={1, 1.2, 1.5, 2})
Assumed sampling rate
Number of ADC bits (4 bits can be used as baseline)
Clock accuracy (max freq. error, freq. drift)
· (200ppm, 0.1 ppm/s), 
· (20ppm, 0.1 ppm/s)
· (10ppm, 0.05 ppm/s)
· (5ppm, 0.05 ppm/s)

	Non-WUS transmissions in same carrier
	Adjacent channel interference from other NR transmissions is considered. 

	Inter-cell cell interference 
	Impact of inter-cell interference should be considered



3.5	System impact
The following agreements related to system impact were updated in RAN1#111
Agreement
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.
Capacity impact
Evaluate the system capacity impact due to introducing of LP-WUS
Note: it is for UEs which are in connected mode. Definition is the same as in XR TR.
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 definitions provided for future study.
 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
For CONNECTED state, TBD
UPT
The definition is the same as in [TR38.840]
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)

In RAN1#110bis-e, it was discussed whether latency for connected mode is the time interval from which the data arrives at the gNB and the time that a) PDCCH scheduling data is received at the UE, b) PDCCH scheduling data is successfully detected by the UE c) PDSCH with data is successfully received. 
Between these options c) is the most appropriate in our understanding. Further, it is more straightforward to evaluate UPT impact (e.g. Table 7 of section 5.1.4 TR 38.840), or XR capacity impact (as described in TR 38.838) for RRC Connected evaluations as done in earlier SIs as it allows easier alignment of simulations with previous work. 
NW energy efficiency can be impacted by LP-WUS/WUR operation as the gNB needs to perform additional WUS transmission as well as possibly any additional transmission of synchronization signals (LP-SS) for WUS reception. If WUS transmission requires a large amount of time and/or frequency resources compared to PDCCH or if WUS missed detection performance is poor, the NW will need to perform WUS transmission over a longer period of time and thus use more energy. If a separate WUR synchronization signal is required, there will be additional transmissions from the NW which can impact energy efficiency (and system overhead) further, even when there is no paging, or no UEs, in the cell. 
In NR Rel-18, there is an on-going study on network energy saving. Related discussions such as power model for NW and relevant evaluation assumptions, once available, can be reused in this study. The evaluation result can then be compared with legacy scenario with no LP-WUS.

[bookmark: _Toc115430322][bookmark: _Toc115430323][bookmark: _Toc115467241][bookmark: _Toc115442443][bookmark: _Toc118667393][bookmark: _Toc127521844]Impact of LP-WUS/WUR operation on NW Energy Efficiency should be considered especially if LP-WUS transmissions require significantly more time/frequency resources compared to PDCCH or require additional always-on transmissions (e.g., LP-SS) from gNB. 
4	Initial Evaluation Results
4.1	Power consumption
4.1.1	Impact of latency requirement and traffic characteristics
In this section, we provide power saving evaluations for specific scenarios with different latency targets to study WUR power saving gain in RRC IDLE/INACTIVE state. 
The power and transition model of MR and WUR used for these evaluations are summarized Annex A. 
We assume MR reception bandwidth to be 20 MHz, of which the relative power scaling follows the rule in section 8.1.3 of TR 38.840, and the power model for Rel-17 RedCap (TR 38.875) is considered. 
For WUR active power, we select 0.5, 4 and 10 to evaluate a range of values. 
For duty-cycled WUR, we assume 10ms for each WUR monitoring window which can include potential monitoring time for sync, RRM measurement and WUS. Power consumed by MR for RRM measurements is not considered in these evaluations.
We consider RE ={1%, 0.1%, 0.01%}, YREF = 1.28s, N=1 and evaluate the following latency targets:
· Scenario A: 500ms latency target with the following settings
· Baseline: 320 ms DRX
· Per-UE paging rate={0.25%,0.025%, 0.0025%} for RE {1%, 0.1%, 0.01%} and Y = 1.28s, respectively.
· Duty cycled WUR: 320 ms
· Per-UE paging rate={0.25%,0.025%, 0.0025%} for RE {1%, 0.1%, 0.01%} and Y = 1.28s,, respectively.
· No ultra-deep for main radio due to the latency constraint 

· Scenario B: 2s latency target with the following setting
· Baseline: 1.28 s DRX
· Per-UE paging rate={1%,0.1%, 0.01%} for RE {1%, 0.1%, 0.01%} and Y = 1.28s, respectively.
· 
· Duty cycled WUR: 1.28 s periodicity 
· Per-UE paging rate={1%,1%, 0.01%} for RE {1%, 0.1%, 0.01%} and Y = 1.28s, respectively.
· Ultra-deep sleep for the main radio

· Scenario C: 60s latency target with the following setting
· Baseline: 51.2s eDRX and 4 POs per paging time window (PTW)
· Per-UE paging rate={30.36%,3.54%,0.36%} for the first i-DRX cycle for RE {1%, 0.1%, 0.01%} and Y = 1.28s, respectively.
· Ultra-deep sleep for the main radio outside PTW
· Duty cycled WUR: 51.2s periodicity 
· Per-UE paging rate={30.36%,3.54%,0.36%} for the first i-DRX cycle for RE {1%, 0.1%, 0.01%} and Y = 1.28s, respectively.
· Ultra-deep sleep for the main radio
· Scenario D: 10min latency target) with the following setting
· Baseline: 593.92 s eDRX and 4 POs per paging time window (PTW)
· Per-UE paging rate={99.02%, 36.89%, 4.5%} for the first i-DRX cycle for RE {1%, 0.1%, 0.01%} and Y = 1.28s, respectively.
· Ultra-deep sleep for the main radio outside PTW
· Duty cycled WUR: 593.92s periodicity 
· Per-UE paging rate={99.02%, 36.89%, 4.5%} for the first i-DRX cycle for RE {1%, 0.1%, 0.01%} and Y = 1.28s, respectively.
· Ultra-deep sleep for the main radio
The power consumption (power unit) and the power saving gain (%) for different scenarios and parameters are provided in the following tables.
Table 4.1-1: Power consumption evaluation for specific scenarios (WUR active power PWUR=0.5 units).
	Scenario 
	Baseline power (RE =1%)
	Baseline power (RE = 0.1%)
	Baseline power (RE =0.01%)
	Power with WUR (RE =1%)
	Power with WUR (RE =0.1%)
	Power with (RE =0.01%)

	Scenario A (500 ms latency bound)
	9.66
	9.66
	9.66
	1.05
	1.03
	1.03

	Scenario B (2 s latency bound)
	3.17
	3.17
	3.17
	0.20
	0.04
	0.02

	Scenario C (60 s latency bound)
	0.69
	0.69
	0.69
	0.15
	0.03
	0.02

	Scenario D (10 min latency, latency insensitive)
	0.07
	0.07
	0.07
	0.05
	0.03
	0.02



Table 4.1-2: Power consumption evaluation for specific scenarios (WUR active power PWUR=4 units).
	Scenario 
	Baseline power (RE =1%)
	Baseline power (RE = 0.1%)
	Baseline power (RE =0.01%)
	Power with WUR (RE =1%)
	Power with WUR (RE =0.1%)
	Power with (RE =0.01%)

	Scenario A (500 ms latency bound)
	9.66
	9.66
	9.66
	1.22
	1.20
	1.19

	Scenario B (2 s latency bound)
	3.17
	3.17
	3.17
	0.24
	0.08
	0.07

	Scenario C (60 s latency bound)
	0.69
	0.69
	0.69
	0.15
	0.03
	0.02

	Scenario D (10 min latency, latency insensitive)
	0.07
	0.07
	0.07
	0.05
	0.03
	0.02



Table 4.1-3: Power consumption evaluation for specific scenarios (PWUR =10 units).
	Scenario 
	Baseline power (RE =1%)
	Baseline power (RE = 0.1%)
	Baseline power (RE =0.01%)
	Power with WUR (RE =1%)
	Power with WUR (RE =0.1%)
	Power with (RE =0.01%)

	Scenario A (500 ms latency bound)
	9.66
	9.66
	9.66
	1.51
	1.49
	1.49

	Scenario B (2 s latency bound)
	3.17
	3.17
	3.17
	0.31
	0.15
	0.14

	Scenario C (60 s latency bound)
	0.69
	0.69
	0.69
	0.15
	0.03
	0.02

	Scenario D (10 min latency, latency insensitive)
	0.07
	0.07
	0.07
	0.05
	0.03
	0.02




The power saving gains compared to the baseline (without WUR) are provided below:
Table 4.1-4: Power saving evaluation for specific scenarios (PWUR =0.5 units).
	Scenario 
	Power saving (RE =1%)
	Power saving (RE =0.1%)
	Power saving (RE =0.01%)

	Scenario A (500 ms latency bound)
	89%
	89%
	89%

	Scenario B (2 s latency bound)
	94%
	99%
	99%

	Scenario C (60 s latency bound)
	78%
	95%
	97%

	Scenario D (10 min latency, latency insensitive)
	27%
	59%
	76%



Table 4.1-5: Power saving evaluation for specific scenarios (PWUR =4 units).
	Scenario 
	Power saving (RE =1%)
	Power saving (RE =0.1%)
	Power saving (RE =0.01%)

	Scenario A (500 ms latency bound)
	87%
	88%
	88%

	Scenario B (2 s latency bound)
	92%
	97%
	98%

	Scenario C (60 s latency bound)
	78%
	95%
	97%

	Scenario D (10 min latency, latency insensitive)
	27%
	59%
	76%



Table 4.1-6: Power saving evaluation for specific scenarios (PWUR =10 units).
	Scenario 
	Power saving (RE =1%)
	Power saving (RE =0.1%)
	Power saving (RE =0.01%)

	Scenario A (500 ms latency bound)
	84%
	85%
	85%

	Scenario B (2 s latency bound)
	90%
	95%
	96%

	Scenario C (60 s latency bound)
	78%
	95%
	97%

	Scenario D (10 min latency, latency insensitive)
	26%
	59%
	75%




[bookmark: _Toc118667560][bookmark: _Toc127522007]In general, WUR provides higher power saving for use cases with smaller latency bound relative to mean inter-arrival time of traffic bursts.
[bookmark: _Toc118667561][bookmark: _Toc127522008]For duty-cycled WUR operation, results for the evaluated cases indicate that power savings are possible when assuming WUR active power PWUR = 0.5, 4, 10 units. 

4.1.2	Impact of sync/re-sync time after ultra-deep sleep (X):
Another factor that impacts the power saving gain of WUR is additional time that might be needed for synchronization. For example, when the main radio is in deep sleep for a long time, it may require additional time for time-frequency synchronization. Consequently, if using WUR results in additional energy consumption for synchronization of the main radio, the power saving gain decreases. As an example, Figure 4.1.2-1 shows the potential impact of additional synchronization time on the WUR power saving gain. As we can see, the additional sync/re-sync time has a higher impact on cases with a higher paging rate and the power saving gain is less sensitive to the sync/re-sync time for small paging rates (e.g., 1%). Below are the assumptions for the results shown in the figure. 
Following assumptions are used for this evaluation
· DRX cycle: 1.28s (baseline: without PEI)
· WUR active power: P_wur of 4 units 
· Number of SSB before PO: 1
· LP-WUS monitoring: 
· discontinuous monitoring: 1.28 s the period for complete an on-and-off cycle (DRX cycle), with 10 ms active time
· RRM measurement: when WUR is used, main radio does not periodically wake up for RRM measurements.

[image: ]
Figure 4.1.2-1: Power saving gain versus sync/re-sync time after ultra-deep sleep [X] (duty-cycled WUR).

[bookmark: _Toc118667562][bookmark: _Toc127522009]The additional sync/re-sync time for MR has a higher impact on cases with a higher paging rate and the overall power saving gain is less sensitive to the sync/re-sync time for small paging rates (e.g., 1%).

4.1.3	Impact of RRM measurements
The results provided in the previous sections do not consider RRM/mobility measurements in main radio. Here, we show initial results for how the power saving gain of WUR is impacted if the main radio regularly wakes up and performs RRM measurements every K DRX cycles. The assumptions are as follows:
· Main radio performs RRM every K DRX
· ultra-deep sleep state not assumed
· DRX=1.28 s
· Group Paging rate=1%
From Figure 4.1.3-1 we see that the power saving gain estimates are significantly impacted when RRM measurements are also considered. For example, with RRM measurements in every DRX, the power saving gain is less than 5% and with relaxed measurements in every 10 DRX cycles the gain is up to 30%. The reason for such power saving reduction is that the main radio needs to wake up regularly to perform measurements and furthermore it cannot go to the ultra-deep sleep mode due to the latency constraints. 

[bookmark: _Toc127522010]WUR power saving gain is significantly reduced by using the MR for RRM measurements
[image: ]
Figure 4.1.3.-1: Power saving achieved by WUR when main radio performs RRM measurements every K DRX cycle (duty-cycled WUR).
4.2	Overhead
In RAN1 #111, an agreement below was made providing some clarification on the evaluation assumption for system overhead.
	Agreement
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.

	Capacity impact
	Evaluate the system capacity impact due to introducing of LP-WUS
Note: it is for UEs which are in connected mode. Definition is the same as in XR TR.

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






Overhead of LP-WUS/WUR operation depends on resources needed for WUS transmission including any guard bands and resources for WUR synchronization signal. The total overhead then depends on the traffic and typically increases with the number of WUS transmissions needed (e.g., corresponding to the paging rate). It also depends on WUS missed detection rate as more WUS resources will be used to eventually wake up the UE.  
As per agreement, the overhead of a single LP-WUS transmission can be expressed by 

where  includes guard band and others resource used for LP-WUR synchronization if any. 
The overhead will be different for different WUS designs, e.g., how much resources in time and frequency domain are needed for WUS, how much guard bands are used, and whether or not there is an additional WUR synchronization signal and if so, how much resources it needs. 
Below, we evaluate the overhead assuming traffic of 10 packets with different inter-arrival time of 100ms, 1s, and 60s. Different examples of resources used for LP-WUS/WUR operation are considered as follows: 
· WUS resources: 
· Time-domain: 1 slot, 5 slots
· Frequency-domain (incl. guard bands): 12 PRBs, 36 PRBs

The total available resources are calculated assuming carrier bandwidth of 20 MHz (51 PRBs with 30 kHz SCS) and a TDD pattern with 4:1 ratio for DL:UL. The overhead results are shown assuming no WUR synchronization resources in Figure 4.2-1 where PDCCH with AL8 is included as a baseline.

[image: ]
Figure 4.2-1: Resource overhead of LP-WUS/WUR operation. 

When assuming additional WUR synchronization signal resources, the total overhead will be increased. How much it increases depends on the amount of resources needed which itself depends on the periodicity. It is not foreseen that frequent WUR synchronization signal transmission is needed, if any. Thus, the additional overhead is expected to be small. It should be noted however that there will be other impacts of having this additional transmission of WUR synchronization signal, e.g., on scheduling complexity, NW energy efficiency, etc.

[bookmark: _Toc118667564][bookmark: _Toc127522011]Overhead of LP-WUS/WUR operation depends on the amount of resources used for WUS including any guard bands and WUR synchronization resources (LP-SS). 
[bookmark: _Toc118667565][bookmark: _Toc127522012]For the same number of packets, the total overhead becomes larger with shorter inter-arrival time. For inter-arrival time of 100 ms, the overhead of LP-WUS/WUR operation can be up to a few percent of the available DL resources. 
4.3	Latency
Below we provide initial evaluation results for latency impact of WUS in Idle/Inactive mode. Related evaluation assumptions agreed in RAN1#111 are shown below.
	Agreement
For power and latency evaluation of the LP-WUS, the following performance metrics definitions provided for future study
	 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.


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)



For LP-WUS/WUR operation in idle/inactive mode, according to the agreement, latency performance is defined in terms of paging latency, i.e., the time interval between the data arrival time at the gNB and the time of the first PO UE can monitor and detect the paging message. Legacy paging based on DRX with/without Rel-17 PEI mechanism is considered as baseline for comparison.
Overall latency depends on several parameters including the arrival time of the paging message, WUR duty cycle (if WUR is not always-on), potential WUS missed detection performance, main radio wakeup delay, time required for main radio sync/re-synchronization, and configuration of paging occasions. Figure 4.3-1 illustrates these different components of the overall paging delay assuming no WUS miss-detection.
[image: ]
Figure 4.3-1: Timeline of paging latency for LP-WUS/WUR operation in Idle/Inactive mode.

Average latency results of LP-WUS/WUR operation in Idle/Inactive mode are provided based on the assumptions below. The DRX-based latency is also included for comparison.
	Assumptions
	Value

	DRX cycle
	1.28 s

	Paging cycle 
	1.28 s

	WUR duty cycle (when applied)
	1.28 s

	WUS transmission duration
	0.5 ms (e.g., 1 slot @ 30 kHz SCS)

	Main radio waking up delay
	400 ms (from ultra-deep sleep), 
10 ms (from deep sleep, cf. half of total ramp up/down time according to TR 38.840)

	Time for main radio sync/re-synchronization after waking up  
	- from deep sleep state: 20/40/60 ms (i.e., 1/2/3 SSB periods) for high/medium/low SNR
- from ultra-deep sleep state: 40/80/120 ms for high/medium/low SNR

	Offset from SSB to PO
	10 ms

	Paging PDCCH and paging message duration
	0.5 ms (e.g., 1 slot @ 30 kHz SCS)



First, the result is shown in Figure 4.3-2 assuming always-on WUR to illustrate the impact of the main radio waking-up delay. Since WUR is always-on in this case, there is no waiting time for transmitting/receiving WUS once paging message is arrived at gNB. Additional latency of LP WUS/WUR compared to DRX essentially comes from the main radio waking up delay.
[image: ]
Figure 4.3-2: Average latency performance of LP WUS/WUR (assuming always-on WUR) compared to DRX-based latency for different number of SSBs monitored before paging reception. The main radio waking up delays of 400 and 10 ms are considered.

For duty-cycled WUR operation, there is potentially additional waiting time from when the paging message arrives to the WUS monitoring occasion. We assume the same WUR duty cycle as the paging cycle and show the average latency results for different values of offset between WUS monitoring occasion and paging occasion in Figure 4.3-3. When compared to the DRX-based latency, an additional latency of LP WUS/WUR is due to the main radio waking up delay and potential misalignment between paging arrival and WUS monitoring occasions. The results also show that there exists an “optimal” value of the offset from WUS monitoring to the paging occasion, i.e., after WUS reception, there remains just enough time for the main radio waking up delay and maximum SSB acquisition until the paging occasion. This lowest achievable latency is approximately the same as that of the always-on WUR.
Note that in Figure 4.3-3, the latency of LP-WUS/WUR is the same for different numbers of SSB acquisition. This is because SSB acquisition time is captured as part of the misalignment delay due to the assumed offset value.

[image: ]
Figure 4.3-3: Average latency performance of LP WUS/WUR (assuming duty-cycled WUR) compared to DRX-based latency for different number of SSBs monitored before paging reception. The main radio waking up delay of 400 ms is considered.

Regarding latency, when a UE misses a page, the page may be resent (along with WUS) in one of the subsequent paging cycles (e.g. 1 or two additional paging cycles later). With reasonable MDR (1% or smaller), the average latency increase may be negligible.  

[bookmark: _Toc118667566][bookmark: _Toc118669166][bookmark: _Toc127522013]LP-WUS/WUR operation in RRC_INACTIVE/RRC_IDLE incurs additional latency in terms of paging delay compared to DRX-based operation if the main-radio waking-up/ramp up time is large.
[bookmark: _Toc118667567][bookmark: _Toc118669167][bookmark: _Toc127522014]For duty-cycled WUR, value of the offset between WUS monitoring occasion and paging occasion can be adjusted such that the latency is minimized.

7	Conclusion
In the previous sections we made the following observations: 
Observation 1	Latency requirements for use cases mentioned in the SID such as industrial controllers, actuators etc., and wearables range from tens of milliseconds, hundreds of milliseconds to several seconds. For XR, the requirements are in few milliseconds to few tens of milliseconds range.
Observation 2	The time X for MR to sync/resync depends on MR sleep period, MR sleep state, operating SNR and UE implementation (i.e., ability to share information between MR and WUR)
Observation 3	In general, WUR provides higher power saving for use cases with smaller latency bound relative to mean inter-arrival time of traffic bursts.
Observation 4	For duty-cycled WUR operation, results for the evaluated cases indicate that power savings are possible when assuming WUR active power PWUR = 0.5, 4, 10 units.
Observation 5	The additional sync/re-sync time for MR has a higher impact on cases with a higher paging rate and the overall power saving gain is less sensitive to the sync/re-sync time for small paging rates (e.g., 1%).
Observation 6	WUR power saving gain is significantly reduced by using the MR for RRM measurements
Observation 7	Overhead of LP-WUS/WUR operation depends on the amount of resources used for WUS including any guard bands and WUR synchronization resources (LP-SS).
Observation 8	For the same number of packets, the total overhead becomes larger with shorter inter-arrival time. For inter-arrival time of 100 ms, the overhead of LP-WUS/WUR operation can be up to a few percent of the available DL resources.
Observation 9	LP-WUS/WUR operation in RRC_INACTIVE/RRC_IDLE incurs additional latency in terms of paging delay compared to DRX-based operation if the main-radio waking-up/ramp up time is large.
Observation 10	For duty-cycled WUR, value of the offset between WUS monitoring occasion and paging occasion can be adjusted such that the latency is minimized.
Based on the discussion in the previous sections we propose the following:
Proposal 1	Study the following further:
	Applicability of RRC IDLE/INACTIVE vs. RRC CONNECTED mode operation of LP-WUS/WUR considering latency requirements and expected data activity for different use cases mentioned in the SID.
	Feasible latency at which LP-WUR can wake up MR while still providing power saving gain.
Proposal 2	For evaluations, use N=10 and the resulting range of RG={10%, 1%, 0.1%, 0.01%} for the per group paging probability.
Proposal 3	The following general framework should be used as starting point for WUS evaluations:
	transmission of LP-WUS should not require new gNB hardware and should not trigger new emissions/compliance requirements for gNBs
	it should be possible to dynamically reuse unused LP-WUS resources for other NR transmissions (i.e., dedicated time/frequency resource reservation for WUS should be avoided)
	it should be possible to multiplex LP-WUS with other NR transmissions in time or frequency domain without causing interference
	LP-WUS is transmitted on Uu interface from gNB to UE
Proposal 4	For 400ms of ramp-up time, RAN1 uses 20000 as the additional transition energy for ultra-deep sleep for evaluations.
Proposal 5	For coverage evaluations, LP-WUS/WUR designs that strive to match the coverage for NR PDCCH should be considered.
Proposal 6	Impact of LP-WUS/WUR operation on NW Energy Efficiency should be considered especially if LP-WUS transmissions require significantly more time/frequency resources compared to PDCCH or require additional always-on transmissions (e.g. LP-SS) from gNB.
[bookmark: _In-sequence_SDU_delivery]
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Annex A – Additional details of power consumption evaluations
Table 1: MR power consumption and transition model
	Power State
	Relative Power
	Transition energy and time (if applicable)

	Ultra-deep sleep
	0.015
	{20000, 440ms*}

	Deep Sleep 
	1
	{450, 20ms}

	Light Sleep 
	20
	{100, 6ms}

	Micro sleep 
	45
	{0, 0ms}

	PDCCH-only 
	50
	

	PDCCH + PDSCH 
	120
	

	PDSCH-only 
	112
	

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

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

	Inter-frequency RRM measurement 
	·        60 (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
	

	* Consider 400ms ramp-up time and 40ms ramp-down time.



Table 2: WUR power consumption and transition model
	Power State
	Relative Power
	Transition energy and time (if applicable)

	Off
	0.001
	{[0.5, 4, 10]x11/2, 11ms*}

	On
	0.5, 4, 10
	10ms**

	* Consider 10ms ramp-up time and 1ms ramp-down time.
** Consider WUR monitoring window = 10ms



In addition to the power and transition model above, we have listed the other assumptions used in our preliminary evaluations in Table 3.
Table 3: Evaluation assumptions
	Parameter
	Value

	RE
	{1%, 0.1%, 0.01%}

	N
	1

	SSB periodicity
	20 ms

	SSB burst duration
	2 ms 

	Operating SNR
	Low (3 SSBs needed prior to PO)

	Offset from SSB to PO
	10 ms

	Offset from SSB to PEI-O
	4 ms

	SMTC window for intra-frequency RRM measurements
	2 ms 

	SMTC window for inter-frequency RRM measurements
	5 ms 

	Time to switch frequency layer
	0.5ms 

	Cell search rate 
	25 %



Annex B – Impact of clock error
WUR clock inaccuracy can lead to a timing mismatch which, in turn, impacts the coverage performance. Moreover, frequency error impacts the receiver filtering performance (and design) which can affect the coverage. 
Clock accuracy parameters are as follows: 
· Clock frequency drift (): measures the frequency drift of the clock over time ppm/sec)
· Clock maximum frequency error (): measures the maximum frequency error (ppm)
These clock errors can be translated to the timing error using the following equations ‎[5]:
· Timing drift over period  due to frequency error: 
· Timing drift over period  due to frequency drift: 

Note that frequency error increases over time due to the frequency drift and then saturates at the maximum frequency error. Therefore, timing error depends on the duration  (see Figure below).

[image: ]
Frequency error over time.

The timing error considering both frequency drift and maximum frequency error is given by:

where   is the start time of frequency error saturation. 
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