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1	Introduction
In RAN1#110bis-e initial 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 proposal was discussed in RAN1#110bis-e to characterize different use cases.
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, hundreds of milliseconds to several seconds. Latency requirements for XR are typically in few tens of milliseconds range. 

[bookmark: _Toc118667557][bookmark: _Toc118693224]Latency requirements for use cases mentioned in the SID such as industrial wireless sensors, 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 irregular and infrequent event-driven transmissions. I.e., for periodic data the MR must be started anyway 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 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, energy savings from LP-WUS/WUR are expected to be lower compared to cases where main radio can be in deep sleep or ultra-deep sleep states.
[bookmark: _Toc118667558][bookmark: _Toc118693225][bookmark: _Hlk118612959]WUS operation for RRC_IDLE/RRC_INACTIVE mode is suitable for use cases with latency requirements > ~0.4s. For other use cases, operation in RRC_CONNECTED mode is generally more applicable.

[bookmark: _Toc118667376][bookmark: _Toc118693235]Study further the following
· [bookmark: _Toc118667377][bookmark: _Toc118693236]Applicability of RRC IDLE/INACTIVE vs. RRC CONNECTED mode operation of LP-WUS/WUR considering latency requirements for different use cases mentioned in the SID
· [bookmark: _Toc118667378][bookmark: _Toc118693237]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 previous meeting. 
For idle/inactive mode, a range of paging rates are considered for the evaluation baseline (option 1) and the heartbeat traffic model is listed as an optional choice (option 2) as shown in below excerpt from RAN1#110bis-e agreement.
	Traffic
	Option 1 (baseline):
Per UE paging rate (R_E)= ([1%]) or ([0.1%]) or ([0.01%]) or ([0.001%]) within duration Y, [FFS Y is an i-DRX cycle length or an absolute time duration length]
· R_G denotes as the group paging rate and R_E denotes as UE paging rate, and 1-R_G=(1-R_E)^N, where N is the number of UEs in the group, and N is [TBD]
· FFS: how (R_G, R_E) for e-DRX derived from
 
FFS: Option 2 (optional):
Reusing TR 38.875 heart beat traffic model
	Model
	FTP3

	Packet size
	100 Bytes

	Mean inter-arrival time
	60s (per UE paging rate≈2%)


 
Model RRC connection phase power consumption as follows,
	RRC connection duration
	[30ms]

	Relative energy consumption of RRC connection block (Relative power x ms)
	[=3000]


 
Other options are not precluded can be reported by companies.



Regarding paging rate, frequent state transitions are very costly and WUR is expected to have the largest gains for use cases where DL triggering is infrequent, e.g. for IoT use cases above, and during periods of inactivity for more active cases such as MBB and wearables. Example paging rates for a range of low to high mean-interarrival times assuming the agreed 1.28s I-DRX cycle and 20.48s eDRX cycle for evaluations would be as below:
	Mean DL data inter-arrival time:
	UE paging rate per PO (R_E) for 1.28s DRX cycle:
	UE paging rate per PTW (R_E_PTW) for 20.48s eDRX cycle:

	1 min
	2%
	~30%

	10 min
	0.2%
	~3%

	2 h
	~0.02%
	~0.3%

	24 h
	~0.002%
	0.024%



The average inter-arrival time for a downlink transmission should be the same independent of the length of the DRX cycle, or the eDRX configuration. E.g., if 1.28s DRX cycle with a 2% paging probability is evaluated, it should be compared to a 2.56s DRX cycle with a 4% paging probability for a fair comparison (resulting in the same DL data intensity). Similarly, for an eDRX configuration of 20.48s length, the probability for a DL data transmission should be the same in 20.48s as for a 1.28s DRX cycle, i.e., approximately 30%. With 4 POs in the PTW, the paging probability is therefore 7.5% per PO for this eDRX configuration.
Above values can be used as input for group paging rate (R_G) computation. At least a combination of R_E and N that results in R_G=10% should be included in the baseline cases for evaluation for comparison with Rel-17 PEI evaluations.
[bookmark: _Toc118667379][bookmark: _Toc118693238]Following paging rates can be considered for RRC IDLE evaluations
· [bookmark: _Toc118667380][bookmark: _Toc118693239]UE paging rate per PO (R_E) = 2%, 0.2%, 0.02%, and 0.002% for 1.28s paging cycle.
· [bookmark: _Toc118667382][bookmark: _Toc118693240]At least one combination of R_E and N (number of UEs in paging group) that results in group paging rate R_G=10% could be included for comparison with Rel17 PEI evaluations
· [bookmark: _Toc118667383][bookmark: _Toc118693241]UE paging rate per PTW (R_E_PTW) = 30%, 3%, 0.3%, 0.024% for 20.48s eDRX cycle
· [bookmark: _Toc118667384][bookmark: _Toc118693242]Note: Above correspond to paging inter-arrival time of 1 min, 10min, 2h and 24h respectively
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: _Toc118693243]The following general framework should be used as starting point for WUS evaluations:
· [bookmark: _Toc115467221][bookmark: _Toc115442423][bookmark: _Toc118667386][bookmark: _Toc118693244]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: _Toc118693245]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: _Toc118693246]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: _Toc118693247]LP-WUS is transmitted on Uu interface from gNB to UE
3.2	Power consumption
In RAN1#110bis, it was agreed to introduce a ‘Ultra-deep sleep’ power state for main radio. Below agreement captures the framework agreed so far
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


After waking up the MR from deep-sleep state, the UE needs to receive SSBs to obtain time and frequency synchronization for the paging reception. In Re17 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. Therefore, the MR can hardly maintain a fine time and frequency tracking and will experience much more drift after waking up from ultra-deep sleep state, thus it will take longer time to get time and frequency synchronization. However, since WUS detection implies knowledge of symbol and possibly frame timing at the WUR, it is possible for WUR to inform the MR about the synchronization. In this case, it may save some effort for the MR to get re-sync.
In summary, the time X for MR to sync/resync depends on the following aspects:
· MR sleep period.
· Operating SNR: higher SNR requires shorter X. 
· UE implementation: extent to which the MR can use the sync from WUR and/or store the previous sync info, e.g., PCID. 

[bookmark: _Toc118667559][bookmark: _Toc118693226]The time X for MR to sync/resync depends on MR sleep period, operating SNR and UE implementation (i.e., ability to share information between MR and WUR)

 
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. 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: _Toc118693248][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	System impact
The following agreements related to system impact were made in RAN1#110bis-e
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.
FFS: Capacity impact
[Evaluate the system capacity impact due to introducing of LP-WUS]
FFS: NW power consumption / Energy Efficiency
[Impact of LP-WUS/WUR operation on gNB energy consumption as performance metric in system impact analysis.]
 For power and latency evaluation of the LP-WUS, the following performance metrics are considered to be provided.
 Performance Metric
Note
Power consumption
Relative power consumption in units. The power consumption includes main radio and LP-WUR. For comparison, the relative power consumption and evaluation period for baseline schemes should also be provided, as well as the power saving gain (i.e., percentage of power consumption reduction of the proposed power saving scheme from the baseline scheme).
Latency
For IDLE/INACTIVE state, the latency is the time interval between the data arrival time at the gNB and the time of the first PO UE can [monitor/detect] the paging message
· FFS: if UE is not required to monitor a PO after wake-up, e.g., latency is the time interval between the data arrival time at the gNB and the time UE transmits the PRACH after LP-WUS detection.
· sync/re-sync for main radio is included
For CONNECTED state, TBD
FFS: UPT
FFS
Note: it is for connected mode purpose.
Companies to report baseline scheme, e.g., PO monitoring with i-DRX, e-DRX, with or without PEI
Companies to report the power consumption / power saving gain considering the FAR impact , latency considering MDR impact
Other performance metrics (e.g., mobility) can be reported by companies (if any)

In RAN1#110bis-e, it was discussed whether latency for connected mode is the time interval from which the data arrival time at the gNB and the time that a) PDCCH scheduling data at UE is received, b) PDCCH scheduling data at the UE is successfully detected 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 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. 
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: _Toc118667392][bookmark: _Toc118693249]For connected mode evaluations on system impact, reuse the capacity metric as in TR 38.838 for XR and reuse UPT metric as in TR 38.840 for other use cases.

[bookmark: _Toc115430322][bookmark: _Toc115430323][bookmark: _Toc115467241][bookmark: _Toc115442443][bookmark: _Toc118667393][bookmark: _Toc118693250]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 from gNB. 
4	Initial Evaluation Results
4.1	Power consumption
In this section, consider different scenarios and evaluate the impact of various parameters on the WUR power saving gain. 
4.1.1	Impact of latency requirement and traffic characteristics
In this section, we provide our power saving evaluations for specific scenarios with different latency targets. We consider different mean inter-arrival times {1 min, 10 min, 100 min} and evaluate the following latency targets:
· Scenario A: 500ms latency target with the following settings
· Baseline: 320 ms DRX
· Per-UE paging rate={0.53%,0.053%, 0.0053%} for mean inter-arrival times {1 min, 10 min, 100 min}, respectively.
· Duty cycled WUR: 400 ms
· Per-UE paging rate={0.66%,0.066%, 0.0066%} for mean inter-arrival times {1 min, 10 min, 100 min}, 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={2.1%,0.21%, 0.021%} for mean inter-arrival times {1 min, 10 min, 100 min}, respectively.
· 
· Duty cycled WUR: 1.45 s periodicity 
· Per-UE paging rate={2.4%,0.24%, 0.024%} for mean inter-arrival times {1 min, 10 min, 100 min}, 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={58%,8.2%,0.85%} for mean inter-arrival times {1 min, 10 min, 100 min}, respectively.
· Ultra-deep sleep for the main radio outside PTW
· Duty cycled WUR: 51.2s periodicity 
· Per-UE paging rate={58%,8.2%,0.85%} for mean inter-arrival times {1 min, 10 min, 100 min}, 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={99.9%, 62.8%, 9.4%} for mean inter-arrival times {1 min, 10 min, 100 min}, respectively.
· Ultra-deep sleep for the main radio outside PTW
· Duty cycled WUR: 593.92s periodicity 
· Per-UE paging rate={99.9%, 62.8%, 9.4%} for mean inter-arrival times {1 min, 10 min, 100 min}, respectively.
· Ultra-deep sleep for the main radio
Following common assumptions are used for all the scenarios
· Power consumption for RRM measurements is not considered.
· Per-UE paging rates per DRX/period are determined based on the Poisson traffic arrival with specific mean inter-arrival times (group paging is not modelled, and per-UE paging rate is the same as group paging rate). 
· Main radio transition energy and time from ultra-deep sleep to ON state are assumed to be 20k energy units and 400 ms. 
· Number of SSBs before paging occasion is assumed to be 3. 
Results are shown for active WUR active power Pwur of {0.5, 4, 10} units.
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 (1 min mean inter-arrival time)
	Baseline power (10 min mean inter-arrival time)
	Baseline power (100 min mean inter-arrival time)
	Power with WUR (1 min mean inter-arrival time)
	Power with WUR (10 min mean inter-arrival time)
	Power with (100 min mean inter-arrival time)

	Scenario A (500 ms latency bound)
	6.35
	6.35
	6.35
	0.85
	0.82
	0.82

	Scenario B (2 s latency bound)
	2.19
	2.19
	2.19
	0.46
	0.086
	0.049

	Scenario C (60 s latency bound)
	0.53
	0.53
	0.53
	0.3
	0.055
	0.019

	Scenario D (10 min latency, latency insensitive)
	0.059
	0.059
	0.059
	0.057
	0.041
	0.019



Table 4.1-2: Power consumption evaluation for specific scenarios (WUR active power Pwur=4 units).
	Scenario 
	Baseline power (1 min mean inter-arrival time)
	Baseline power (10 min mean inter-arrival time)
	Baseline power (100 min mean inter-arrival time)
	Power with WUR (1 min mean inter-arrival time)
	Power with WUR (10 min mean inter-arrival time)
	Power with (100 min mean inter-arrival time)

	Scenario A (500 ms latency bound)
	6.35
	6.35
	6.35
	0.93
	0.91
	0.90

	Scenario B (2 s latency bound)
	2.19
	2.19
	2.19
	0.49
	0.11
	0.073

	Scenario C (60 s latency bound)
	0.53
	0.53
	0.53
	0.3
	0.056
	0.020

	Scenario D (10 min latency, latency insensitive)
	0.059
	0.059
	0.059
	0.057
	0.041
	0.019



Table 4.1-3: Power consumption evaluation for specific scenarios (Pwur =10 units).
	Scenario 
	Baseline power (1 min mean inter-arrival time)
	Baseline power (10 min mean inter-arrival time)
	Baseline power (100 min mean inter-arrival time)
	Power with WUR (1 min mean inter-arrival time)
	Power with WUR (10 min mean inter-arrival time)
	Power with (100 min mean inter-arrival time)

	Scenario A (500 ms latency bound)
	6.35
	6.35
	6.35
	1.08
	1.06
	1.05

	Scenario B (2 s latency bound)
	2.19
	2.19
	2.19
	0.53
	0.15
	0.11

	Scenario C (60 s latency bound)
	0.53
	0.53
	0.53
	0.3
	0.057
	0.021

	Scenario D (10 min latency, latency insensitive)
	0.059
	0.059
	0.059
	0.058
	0.042
	0.019




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 (1 min mean inter-arrival time)
	Power saving (10 min mean inter-arrival time)
	Power saving (100 min mean inter-arrival time)

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

	Scenario B (2 s latency bound)
	79%
	96%
	98%

	Scenario C (60 s latency bound)
	44%
	89%
	96%

	Scenario D (10 min latency, latency insensitive)
	3%
	30%
	68%



Table 4.1-5: Power saving evaluation for specific scenarios (Pwur =4 units).
	Scenario 
	Power saving (1 min mean inter-arrival time)
	Power saving (10 min mean inter-arrival time)
	Power saving (100 min mean inter-arrival time)

	Scenario A (500 ms latency bound)
	85%
	86%
	86%

	Scenario B (2 s latency bound)
	78%
	95%
	97%

	Scenario C (60 s latency bound)
	44%
	89%
	96%

	Scenario D (10 min latency, latency insensitive)
	3%
	30%
	68%



Table 4.1-6: Power saving evaluation for specific scenarios (Pwur =10 units).
	Scenario 
	Power saving (1 min mean inter-arrival time)
	Power saving (10 min mean inter-arrival time)
	Power saving (100 min mean inter-arrival time)

	Scenario A (500 ms latency bound)
	83%
	84%
	84%

	Scenario B (2 s latency bound)
	76%
	93%
	95%

	Scenario C (60 s latency bound)
	43%
	89%
	96%

	Scenario D (10 min latency, latency insensitive)
	3%
	29%
	67%




[bookmark: _Toc118667560][bookmark: _Toc118693227]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: _Toc118693228]For duty-cycled WUR operation, results for the evaluated cases indicate that power savings are possible when assuming WUR active power P_wur = 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: _Toc118693229]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: _Toc118667563][bookmark: _Toc118693230]The power saving gains estimated for WUR are significantly impacted when RRM measurements are also considered.
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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 #110-bis-e, 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.






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
· WUR synchronization resources: none 

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 in Figure 4.2-1 where PDCCH with AL8 is included as a baseline.

[image: ]
Figure 4.2-1: Resource overhead of LP-WSU/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 in 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: _Toc118693231]Overhead of LP-WUS/WUR operation depends on the amount of resources used for WUS including any guard bands and WUR synchronization resources. 
[bookmark: _Toc118667565][bookmark: _Toc118693232]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#110bis-e are shown below.
	Agreement
 For power and latency evaluation of the LP-WUS, the following performance metrics are considered to be provided.
	 Performance Metric
	Note

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

	Latency
	For IDLE/INACTIVE state, the latency is the time interval between the data arrival time at the gNB and the time of the first PO UE can [monitor/detect] the paging message
· FFS: if UE is not required to monitor a PO after wake-up, e.g., latency is the time interval between the data arrival time at the gNB and the time UE transmits the PRACH after LP-WUS detection.
· sync/re-sync for main radio is included
For CONNECTED state, TBD

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


Companies to report baseline scheme, e.g., PO monitoring with i-DRX, e-DRX, with or without PEI
Companies to report the power consumption / power saving gain considering the FAR impact , latency considering MDR impact
Other performance metrics (e.g., mobility) can be reported by companies (if any)



For LP-WUS/WUR operation in idle/inactive mode, as a starting point, latency performance can be defined in terms of paging latency. According to the agreement, the paging latency is 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 with/without Rel-17 PEI mechanism can be 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), 20 ms (from deep sleep)

	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

	Time for main radio sync/re-synchronization after waking up 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 20 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.

[bookmark: _Toc118667566][bookmark: _Toc118669166][bookmark: _Toc118693233]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: _Toc118693234]For duty-cycled WUR, value of the offset between paging occasion and WUS monitoring 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 wireless sensors, 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	WUS operation for RRC_IDLE/RRC_INACTIVE mode is suitable for use cases with latency requirements > ~0.4s. For other use cases, operation in RRC_CONNECTED mode is generally more applicable.
Observation 3	The time X for MR to sync/resync depends on MR sleep period, operating SNR and UE implementation (i.e., ability to share information between MR and WUR)
Observation 4	In general, WUR provides higher power saving for use cases with smaller latency bound relative to mean inter-arrival time of traffic bursts.
Observation 5	For duty-cycled WUR operation, results for the evaluated cases indicate that power savings are possible when assuming WUR active power P_wur = 0.5, 4, 10 units.
Observation 6	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 7	The power saving gains estimated for WUR are significantly impacted when RRM measurements are also considered.
Observation 8	Overhead of LP-WUS/WUR operation depends on the amount of resources used for WUS including any guard bands and WUR synchronization resources.
Observation 9	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 10	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 11	For duty-cycled WUR, value of the offset between paging occasion and WUS monitoring 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 further the following
	Applicability of RRC IDLE/INACTIVE vs. RRC CONNECTED mode operation of LP-WUS/WUR considering latency requirements 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	Following paging rates can be considered for RRC IDLE evaluations
	UE paging rate per PO (R_E) = 2%, 0.2%, 0.02%, and 0.002% for 1.28s paging cycle.
o	At least one combination of R_E and N (number of UEs in paging group) that results in group paging rate R_G=10% could be included for comparison with Rel17 PEI evaluations
	UE paging rate per PTW (R_E_PTW) = 30%, 3%, 0.3%, 0.024% for 20.48s eDRX cycle
	Note: Above correspond to paging inter-arrival time of 1 min, 10min, 2h and 24h respectively
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 coverage evaluations, LP-WUS/WUR designs that strive to match the coverage for NR PDCCH should be considered
Proposal 5	For connected mode evaluations on system impact, reuse the capacity metric as in TR 38.838 for XR and reuse UPT metric as in TR 38.840 for other use cases.
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 from gNB.
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