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1 [bookmark: _Ref40465791]Introduction
A new study item was agreed in RAN plenary meeting #97-e which targets further reduction of power consumption with limited impact on latency [1]. Specifically, the following objectives are RAN1 related. 
	As opposed to the work on UE power savings in previous releases, this study will not require existing signals to be used as WUS. All WUS solutions identified shall be able to operate in a cell supporting legacy UEs. Solutions should target substantial gains compared to the existing Rel-15/16/17 UE power saving mechanisms. Other aspects such as detection performance, coverage, UE complexity, should be covered by the evaluation.
The study item includes the following objectives:
· 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. 



In this contribution, we provide our views on evaluations that can be used to justify the potential designs for LP-WUS/WUR operation. 
2 General framework for LP-WUS/WUR
DRX operation is the basic solution for power consumption that is adopted in NR. In brief, a UE periodically monitors DL channels/signals only a short interval within a DRX period. The above short interval is also referred as DRX ON, while the remaining time in the period is DRX OFF. For example, if DRX ON duration is of 10% of the DRX period, it reduces UE power consumption to around 10%. The longer the DRX periodicity, the larger the power saving gain at UE. On the other hand, DRX only achieves a power saving gain at the sacrifice of latency of the transmission. To further reduce power consumption, extended DRX (eDRX) is currently under specification, with even longer latency as sacrifice. For a use case that requires both low power consumption and low latency, other solutions need to be introduced. 
Based on the above analysis, the DRX based solution cannot achieve low power consumption and low latency at the same time. To achieve both design targets, it was proposed that a main radio can be turned off or in a deeper sleep mode when there is no traffic, while a separate receiver with extreme low power consumption is used to detect a wake-up signal to trigger the main radio for transmission/reception. Specifically, as shown in Figure 1,
· The main radio will be extreme power saving mode, which can be referred as off or deeper sleep comparing with the deep sleep mode that was used in the discussion of power saving in Rel-17. To achieve the extreme power saving, the local oscillator, the control processor and the DDR memory may be turned into ultra-low power mode or off. However, it also means a longer latency is required to wake up the main radio.
· The LP-WUR is to detect a wake-up signal from gNB. If the wake-up signal for the UE is not detected, the UE will not turn on the main radio. On the other hand, only after a wake-up signal for the UE is detected, the UE can turn on the main radio for normal cellular communication.  



Figure 1: Framework of main radio + LP-WUR
3 Power consumption / latency of LP-WUS operation
Multiple solutions based on DRX operations are already supported in NR for power consumption reduction.
In connected mode, the wake-up signal detected by main radio was introduced in Rel-16, which is DCI format 2_6. Right before the start of DRX ON, UE may try to detect a PDCCH with DCI format 2_6 which indicates whether the UE needs to be active in the next DRX ON duration. If valid indication for the UE is detected, the UE starts PDCCH monitoring from the start of next DRX ON. On the other hand, if valid indication is not detected, the UE is still in OFF state and refrain from PDCCH monitoring. 
Within the DRX ON duration for a UE in connected mode, or if DRX is not configured for a UE in connected mode, further enhancement for power saving includes the specification of go-to-sleep indication or search space set group switching by a PDCCH. In general, if there is no traffic for a UE, the UE switches to a mode to not monitoring PDCCH or only monitoring limited PDCCH. Then, after the traffic arrival, the UE switches to normal PDCCH monitoring for better scheduling flexibility. Note: there exists a delay for the switching of states of PDCCH monitoring. 
In idle/inactive mode, another DCI format 2_7 was introduced in Rel-17 which indicates paging early indication (PEI). Instead of waking up at the paging occasion and monitoring PDCCH in Type2 CSS, a UE can wake up early and detect PEI PDCCH. Then, the UE may only detect PDCCH and associated paging PDSCH when PEI indicates the sub-group for the UE is currently paged. To reduce the time for UE to do fine time/frequency synchronization, TRS/CSI-RS can be configured in idle/inactive mode. However, the UE still need to perform SSB-based RRM. 
Ideally in a DRX operation, if DRX ON is x% of the DRX period, it reduces UE power consumption to x%. However, UE must consume a small power in DRX OFF and the transition between DRX ON and OFF also incurs power consumption. As a result, the gain for power saving may be reduced a bit. The transition time is another factor for consideration. In general, the deeper the sleep mode, the longer the transition time. In power saving study in Rel-16/17, the power consumption of various power state and transition time was concluded which is captured in Table 1.   
Table 1: power consumption of various power state and transition time
	Power State
	Characteristics
	Relative Power 
	Additional transition energy:
(Relative power x  ms) 
	Total transition time 

	Deep Sleep
	Time interval for the sleep should be larger than the total transition time entering and leaving this state. Accurate timing may not be maintained.
	1 
(Optional: 0.5)
	450
	20 ms

	Light Sleep
	Time interval for the sleep should be larger than the total transition time entering and leaving this state. 
	20
	100
	6 ms

	Micro sleep
	Immediate transition is assumed for power saving study purpose from or to a non-sleep state
	45
	0
	0 ms*

	PDCCH-only
	No PDSCH and same-slot scheduling; this includes time for PDCCH decoding and any micro-sleep within the slot. 
	100
	
	

	SSB or 
CSI-RS proc.
	SSB can be used for fine time-frequency sync. and RSRP measurement of the serving/camping cell. TRS is the considered CSI-RS for sync. FFS the power scaling for processing other configurations of CSI-RS.
	100
	
	

	PDCCH + PDSCH
	PDCCH + PDSCH. ACK/NACK in long PUCCH is modeled by UL power state. 
	300
	
	

	UL
	Long PUCCH or PUSCH. 
	250 (0 dBm)
700 (23 dBm)
	
	



3.1 Power consumption / latency in idle/inactive mode
For larger power saving in idle/inactive mode, a new power state must be introduced which save more power than the deep sleep mode that was used in the discussion of power saving in Rel-17. The power state can be referred as off or deeper sleep. For the extreme power saving, the local oscillator may be completely off. However, it means UE loses time/frequency synchronization at main radio. The control processor and DDR memory may be in very low power mode. It needs clarification whether all or some information in DDR memory are lost. As a result, longer transition time and larger additional transition energy are necessary for switching to/from deeper sleep. The early work item on eMTC/NB-IoT can be referred to determine the proper assumption for power consumption and transition time for the deeper sleep mode. The values in Table 2 are proposed. 
Table 2: Power consumption and transition time for deeper sleep mode
	Power State
	Relative Power
	Additional transition energy
	Total transition time

	Deeper Sleep
	[0.015]
	2000
	[400] ms



The LP-WUR also consumes power though the amount of power consumption is rather small. However, there is no agreement on the target power consumption yet. NR should target a performance that is same or even better than other available specifications. Therefore, we believe target power consumption for LP-WUS should be never exceed 1mW. Considering a trade off between power consumption and the achievable sensitivity, we prefer study the target value in the range of 100uW – 1mW for the active sate of LP-WUR. As to inactive or off state for LP-WUR, it would still consume a minimum power. The value could be 1-10uW depending on the LP-WUR implementation. 
Table 3: Power consumption of LP-WUR
	Power State
	Active state
	Inactive state

	Deeper Sleep
	[100uW – 1mW]
	[1-10uW]



With the agreed power consumption and transition time for main radio and LP-WUR, the overall power consumption and latency for UE (main radio + LP-WUR) can be evaluated. The proper performance metrics include ratio of power consumption reduction and latency reduction. For idle/inactive mode, PEI based operation was supported in Rel-17. The LP-WUR should provide gain over Rel-17 PEI solution. Therefore, we believe one way for evaluation is to use LP-WUS to replace PEI PDCCH and derive the power consumption. For example, Figure 2 illustrate the possible procedure to use LP-WUS to trigger paging occasion monitoring at UE. The different procedures A/B/C/D need to be reflected with a certain probability in the power consumption evaluation. Further, if the LP-WUS can provide more information than PEI, e.g., if LP-WUS can directly indicate a UE that is to be paged [3], the UE may not need to monitor paging occasion after waking up.  
· In Figure 2A, the UE detects a valid indication of the LP-WUS (ON) that the paging sub-group for the UE is triggered. Then, the UE can wake up the main receiver for the detection in the associated paging occasion (PO). The UE may need to detect multiple SSBs for serving cell RRM and/or fine time/frequency synchronization which are required prior to the reception of paging PDSCH. 
· In Figure 2B, the difference from Figure 2A is the availability of TRS for IDLE/INACTIVE state. After the main receiver is turned on, UE may detect one SSB for RRM and one additional TRS for fine time/frequency synchronization for the reception of paging PDSCH.  
· If LP-WUS can provide a RRM measurement or no RRM is necessary in the current paging cycle, the UE may detect only the TRS for fine time/frequency synchronization for the reception of paging PDSCH in Figure 2C.  
· Finally, if a UE doesn’t detect a wake-up signal for the UE in Figure 2D, the UE may not wake up the main receiver at all. 



Figure 2: LP-WUS to replace PEI PDCCH
Proposal 1: For idle/inactive mode
· For the deeper sleep mode of main radio, the power consumption, additional transition energy and transition time can be respectively assumed as 0.015, 2000 and 400ms for the evaluation of power saving and latency reduction. 
· The power consumption for the active or inactive state of LP-WUR is assumed to 100uW – 1mW and 1-10uW for the evaluation of power saving and latency reduction
· Performance metrics include ratio of power consumption reduction, latency reduction
· In the modeling, LP-WUS is assumed to replace PEI PDCCH
· Study LP-WUS to provide more information than PEI PDCCH
3.2 Power consumption / latency in connected mode
The discussion on power consumption in active or inactive mode of the LP-WUR applies to connected mode too. On the other hand, the power consumption modelling for main radio will be different. In connected mode, it is expected the main radio is in a state that is time/frequency synchronized to the gNB, which enables fast transmission/reception of the UE once wake-up indication is received by the LP-WUR. Since latency is a key concern, deeper sleep in Table 2 is not suitable for main radio. Deep/light/micro sleep in Table 1 can be considered for the power saving of main radio. As to LP-WUR, it may be preferred to assume LP-WUR is always on for latency reduction. On the other hand, a short cycle may be used for the LP-WUS/WUR for further power consumption reduction with an increased latency. The following two models can be considered for the simulation. 
Model 1
It is to observe power saving gain in DRX ON period. An example is XR operation having periodic traffic with jitter in packet arrival time. In this case, UE may monitor LP-WUS instead of PDCCH monitoring from the start of DRX ON. The LP-WUS then indicate the right timing to start PDCCH monitoring according to the current jitter value. The power consumption of PDCCH detects earlier than the first valid PDCCH is avoided with a small power consumption of the LP-WUR. 
Mode 2
Assuming UE is always active and is configured with an aperiodic traffic, e.g., ftp model, NR in Rel-17 specifies UE behaviour to monitor go-to-sleep PDCCH or PDCCH for SSSG switching to adapt PDCCH monitoring based on the traffic status. When there is no traffic, it still consumes much power for UE to monitor the PDCCH with main radio. Therefore, one model is to let UE to monitor LP-WUS to detect an indicate to start active PDCCH monitoring or switch to a SSSG which allows more scheduling flexibility. One question is whether/how to model the procedure for main radio to maintain time/frequency synchronization and do RRM. 
In the above two models, the LP-WUS may provide a function that is similar to DCI format 2_6 for wake-up indication. Further, the monitoring LP-WUS is further extended in the DRX ON time in the two models. 

Proposal 2: For connected mode
· Two modes can be considered for evaluations
· Model 1: LP-WUS detection in DRX ON for XR operation having periodic traffic with jitter in packet arrival time
· Model 2: LP-WUS to trigger active PDCCH monitoring or SSSG switching assuming aperiodic traffic, e.g., ftp traffic is configured to the UE
· Performance metrics include ratio of power consumption reduction, latency reduction
· LP-WUS may provide a function that is similar to DCI format 2_6
· Monitoring LP-WUS is further extended in the DRX ON time. 
4 Complexity of LP-WUR
Besides power consumption, another key metric for LP-WUR is complexity. However, complexity evaluation for LP-WUR may be much different from the main ratio which was done in MTC/NB-IoT/RedCap. In a companion document [2], the overall architecture and each individual component of LP-WUR is discussed. The Complexity analysis should be done based on a selected receiver architecture. 
5 Link level simulation
The function for LP-WUS is to wake up the main radio of a UE when the traffic for the UEs arrives or there is a change on the network status, e.g., system information update. As discussed in [3], the LP-WUS may contain two parts: Part 1 is for AGC and carries a preamble for synchronization, while Part 2 may be used to carry multi-bit information for wake-up. Both the two parts of LP-WUS needs to be detected for correct wake-up indication. The link performance of the parts may not be same. For example, the preamble detection in Part 1 is normally more robust since it has the function to do synchronization too. The final performance of LP-WUS detection needs to consider the two parts jointly. 
The performance metric includes false alarm rate and mis-detection rate. False alarm ratio defines the possibility that UE considers a LP-WUS is detected if gNB doesn’t transmit LP-WUS at all. False alarm of LP-WUS results waste of power due to useless wake-up main radio. 1% may be considered as the target false alarm rate which is often used for PUCCH detection and other channels. Mis-detection of LP-WUS is for the case that UE doesn’t consider a LP-WUS is detected but gNB actually transmit the LP-WUS. Mis-detection, if happens, results in missing the traffic to the UE or fails to update network status, which is even more harmful to the communication. Therefore, a target rate 0.1% can be considered for mis-detection. Specifically, if multiple bits are carried by LP-WUS, e.g., a payload size similar to a DCI, the mis detection of LP-WUS may be modeled as BLER of the Part 2. 
Once the evaluation is done, a required SINR can be obtained for LP-WUS detection. Then, the sensitivity, e.g., MIL can be derived by the required SINR and other parameters, e.g., noise figure, antenna gain, channel BW of LP-WUS, etc. It may be preferred if the sensitivity of LP-WUS at least not worse than the bottleneck channel of main radio which is PUSCH in many cases. 

Proposal 3: 
· Two performance metrics, false alarm rate of 1% and mis detection rate of 0.1% can be used in LP-WUS evaluation. 
· If LP-WUS consists two parts, the link performance of the two parts need to be jointly considered to derive the final performance metrics
· The sensitivity for LP-WUS can be derived by the required SINR for LP-WUS detection

To derive the required SINR for LP-WUS detection, the link level simulation assumption needs to be determined. To allow easy comparison of the sensitivity/MIL, we prefer to reuse the parameters/values that are often used in study/work item for coverage enhancement or RedCap. 
Table 4: Common evaluation assumptions
	Parameters 
	FR1, Urban
	FR1, Urban
	FR1, Rural

	Carrier Frequency
	2.6 GHz (TDD)
	4 GHz (TDD)
(Low priority)
	0.7 GHz (FDD)

	SCS
	30 kHz
	30 kHz
	15 kHz

	Frame structure for TDD
	DDDDDDDSUU (S: 6D:4G:4U)
	DDDSUDDSUU (S: 10D:2G:2U)
	N/A

	# of gNB TX chains
	4
	4
	2 

	# of gNB RX chains
	4
	4
	2

	Channel Model
	TDL-C, NLOS
	TDL-C, NLOS
	TDL-C, NLOS

	UE antenna correlation
	low
	low
	low

	delay spread
	300 ns
	300 ns
	300 ns

	UE velocity
	3 km/h
	3 km/h
	3 km/h

	Modulation 
	MC-OOK, MC-FSK

	Initial error of LO frequency or sampling clock
	Up to [200ppm]

	Main Radio of UE

	BW
	100MHz (273 PRBs)
20MHz (51 PRBs)
5MHz (11 PRBs)
	100MHz (273 PRBs)
20MHz (51 PRBs)
5MHz (11 PRBs)
	20MHz (106 PRBs)
5MHz (25 PRBs)

	# of TX chains 
	1
	1
	1

	# of RX chains
	4, 1
	4, 1
	2, 1

	LP-WUR of UE

	BW
	[4MHz]
	[4MHz]
	[4MHz]

	# of UE RX chains
	[4, 1]
	[4, 1]
	[2, 1]



Proposal 4: 
· Adopt Table 4 as a start point for the detailed link-level simulation assumptions for LP-WUS detection. 

6 Conclusions
In this contribution, we presented our views on methodology and performance metric for the evaluations for LP-WUS/WUR. We made the following observations and proposals

Proposal 1: For idle/inactive mode
· For the deeper sleep mode of main radio, the power consumption, additional transition energy and transition time can be respectively assumed as 0.015, 2000 and 400ms for the evaluation of power saving and latency reduction. 
· The power consumption for the active or inactive state of LP-WUR is assumed to 100uW – 1mW and 1-10uW for the evaluation of power saving and latency reduction
· Performance metrics include ratio of power consumption reduction, latency reduction
· In the modeling, LP-WUS is assumed to replace PEI PDCCH
· Study LP-WUS to provide more information than PEI PDCCH
Proposal 2: For connected mode
· Two modes can be considered for evaluations
· Model 1: LP-WUS detection in DRX ON for XR operation having periodic traffic with jitter in packet arrival time
· Model 2: LP-WUS to trigger active PDCCH monitoring or SSSG switching assuming aperiodic traffic, e.g., ftp traffic is configured to the UE
· Performance metrics include ratio of power consumption reduction, latency reduction
· LP-WUS may provide a function that is similar to DCI format 2_6
· Monitoring LP-WUS is further extended in the DRX ON time. 
Proposal 3: 
· Two performance metrics, false alarm rate of 1% and mis detection rate of 0.1% can be used in LP-WUS evaluation. 
· If LP-WUS consists two parts, the link performance of the two parts need to be jointly considered to derive the final performance metrics
· The sensitivity for LP-WUS can be derived by the required SINR for LP-WUS detection
Proposal 4: 
· Adopt Table 4 as a start point for the detailed link-level simulation assumptions for LP-WUS detection. 
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