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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In Rel-15 to Rel-17, techniques for NR UE power saving were studied and specified. In Rel-18, to further reduce the power consumption of NR UEs, an SI on low-power wake-up signal (LP-WUS) and receiver (LP-WUR) for NR is starting [1]. NR UEs can be provided with an additional ultra-low power consumption receiver which can be used to detect the LP-WUS. Once LP-WUS is received, LP-WUR triggers the wakeup of the main transceiver.  The objectives of the study are:
	(Copied from RP-213645 [1])
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 and their coverage availability, as well as latency impact. 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 mainly provide our views on the motivation of LP-WUR, the use cases and scenarios of the WUR, and the KPIs to consider in the evaluation methodology on LP-WUS.
[bookmark: _Ref129681832]Motivation of LP-WUR in Rel-18
Figure 1 shows the working state diagram of LP-WUS/WUR and main receiver. In state 1: 
· The wakeup receiver is turned on.
· The main receiver is in ultra-deep sleep where it consumes zero power, or almost zero power. 
In state 2: 
· The wakeup receiver can be either switched off or still kept on.
· The main receiver is on and can perform NR operations.
Transition from state 1 to state 2 is triggered when a LP-WUS is received by the wakeup receiver, the wakeup receiver can trigger the main receiver turning on to perform NR operations.
Transition from state 2 to state 1 happens after main receiver finishes NR traffic transmission. 
[image: ]
[bookmark: _Ref113964582]Figure 1 State diagram on how LP-WUS/WUR works

Observation 1: LP-WUR allows the main receiver to change between off/ultra-deep sleep state, and ‘on’ state.

Figure 2 shows the relative power of the main transceiver and the wakeup receiver of the above procedures. If the relative average power of wakeup receiver is low enough, e.g. lower than the deep sleep of main receiver, significant gain can be obtained. 
[image: ]
[bookmark: _Ref114144823]Figure 2 Relative power of main transceiver and wakeup receiver
Observation 2: The average power consumption of LP-WUR should be lower than the deep sleep power consumption of the main receiver to provide significant power saving gain.
It is noted that the ramp up delay can be longer than the ramp down delay of the main receiver, as shown in Figure 2. The reason is that turning on the modules of main receiver usually needs more time than turning off the modules.
To ensure the power consumption of LP-WUR is low enough, the LP-WUS should be designed to support such ultra-low power detection. More discussion can be found in our companion paper [3]. 
Use case and scenario of LP-WUS
According to the SID [1], LP-WUS/WUR can be used for power-sensitive, small form-factor devices including IoT and wearables. Other use cases are not precluded, e.g. XR/smart glasses, smart phones. In our view, smartphone is another promising use case due to following reasons:
· Power saving gain. In Rel-17, PEI and TRS were specified to provide power saving gain in IDLE/INACTIVE mode. If LP-WUR/LP-WUS is able to provide even higher power saving gains than PEI/TRS in IDLE/INACTIVE mode, with acceptable latency impact of some typical NR services on smart phones, then smartphones can be considered for this SI.
· Feasibility. Among all kinds of normal eMBB traffic, voice service is usually considered as the most latency sensitive. Both smartphones and wearable devices support voice services. Based on the objective, the design of LP-WUS targets to be feasible for wearable devices, which means that LP-WUS would not introduce unacceptable latency for even voice service. Then LP-WUS can be feasible for smartphone since the service with highest latency requirement can already be supported. 

Proposal 1: Evaluations should include traffic models applicable to smartphones.

LP-WUS/WUR study covers many aspects, such as receiver architecture, LP-wakeup signal design including potential new modulation, necessary L1 procedures and higher layer protocol changes, and etc. To have a quick convergence, it is better to focus on some simple, relevant, scenarios. Specifically, we suggest to prioritize IDLE/INACTIVE mode, where the LP-WUS is at least used to carry paging related information. We are also open to CONNECTED mode, but it can be studied later.
Proposal 2: LP-WUS for RRC IDLE/INACTIVE mode is prioritized at first. 

Considering that LP-WUS/WUR can be used for use cases including IoT, wearable devices and smartphone, the typical scenarios where these device types can be deployed should be supported by LP-WUS/WUR. For example, some sensors for environment monitoring may widely deployed in rural macro, and wearable devices and smartphones may travel through dense urban, rural macro and indoor hotspot scenarios. To provide power saving gain for these device types, the deployment scenarios of LP-WUS should at least include dense urban, rural macro and indoor hotspot.
Proposal 3: The deployment scenarios of LP-WUS at least include dense urban, rural macro and indoor hotspot. 

Evaluation methodology and KPIs
In the study of LP-WUS, the following KPIs should be considered for evaluation:
1) Power saving gain
2) Coverage of LP-WUS
3) Latency
4) Co-existence with legacy NR signal/channel
5) Resource overhead
In the following subsections, we will provide the evaluation assumption and evaluation methodology for each KPI.
[bookmark: _Ref113979079]Evaluation methodology for power saving gain
For the evaluation methodology of power saving gain, a similar methodology as used in Rel 16 and 17 power saving WI can be utilized, i.e. distribution of slot-types with different power consumptions can be obtained by system level simulation, which is mainly used for the evaluation of connected mode UE, or based on the assumed UE working procedure, which was mainly used for the evaluation of IDLE/INACTIVE UE. The power saving gain is calculated by

where i is the slot index,  is the power consumption of enhanced scheme in slot i, and  is the power consumption of baseline scheme in slot i. The system level simulation assumptions as specified in Table A2.1-1 in TR38.802 [4] can be the basis for system-level simulation evaluation.
Proposal 4: The power saving gain is evaluated by

where i is the slot index,  is the power consumption of enhanced scheme in slot i, and  is the power consumption of baseline scheme in slot i.
Proposal 5: For system level simulation, the assumptions specified in Table A2.1-1 in TR 38.802 can be the starting point, with necessary updates. 

In Rel-16 power saving [6], the first step to evaluate power saving gain was to define the power consumption model. The model is closely related with the receiver used by LP-WUR. As shown in our companion paper [2], some wakeup receiver architectures with simplified modules can have significantly reduced power consumption compared to the main receiver power consumption in IDLE/INACTIVE mode, e.g., 50~100 times less. When the wakeup receiver is on, the main receiver can be turned off or in ultra-sleep state resulting in almost zero power consumption. Based on the above analysis, the power consumption model is summarized in Table 1.
[bookmark: _Ref113976111]Table 1 Power consumption model for LP-WUS evaluation
	Power state
	Relative Power
	Note

	Deep sleep (main receiver)
	1
	Defined in TR 38.840, as the reference

	LP-WUR working state
	0.01 - 0.02
	The architectures proposed in [2] can achieve such a power consumption range, where the one without LO usually consumes more power than the one with LO.

	LP-WUR non-working state
	0
	The wakeup receiver is turned off.

	Ultra-deep sleep (main receiver)
	[0]
	The main receiver sleeps deeper than ‘Deep sleep’, and the power consumption is ultra-low. 




Proposal 6: For evaluation purposes, capture the following table in the TR and reuse other power states of main receiver in TR 38.840.
	Power state
	Relative Power
	Note

	LP-WUR working state
	0.01 ~ 0.02
	The architectures proposed in [2] can achieve such a power consumption range, where the one without LO usually consumes more power than the one with LO.

	LP-WUR non-working state
	0
	The wakeup receiver is turned off.

	Ultra-deep sleep (main receiver)
	[0]
	The main receiver sleeps deeper than ‘Deep sleep’, and the power consumption is ultra-low. 



The state transition energy should also be defined. In [6], during the transition, the average power is modeled as the average value of the first state and the second state. And the transition energy can be further obtained by the average power and the transition time. For example, the additional transition energy for deep sleep state is 450, which is roughly calculated by (45-1)/2*20, where 1 is the relative power of deep-sleep, 45 is the relative power of micro-sleep and 20 is transition time. Note that the power of micro-sleep is used since the transition time between micro-sleep and non-sleep state is modeled as 0ms, which means that micro-sleep is a ‘ready-to-work’ state. The total energy consumption during the transition time is calculated by 
i.e. (450+1*20) = 470.
Similarly, the total energy during transition of main receiver for ultra-deep sleep can be calculated by

where X is the relative power of the first state, Y is the relative power of the second state, and the transition time is the time needed between the two states, which is further discussed in Section 4.3.   
However, since ultra-deep sleep is a new state which requires much longer transition time, simply using the average power of ultra-deep sleep state and ‘ready-to-work’ state (e.g. micro-sleep) may be unsuitable. For example, the average power of ultra-deep sleep state and micro-sleep state is ~22.5 power units, which is even much higher than the power consumption of deep sleep (1 power unit). This is neither reasonable nor realistic. So further discussion is needed to model the transition energy for ultra-deep sleep state of main receiver for evaluation purpose.
Observation 3: Current power model defined in TR 38.840 does not account for how to model the transition for a new deeper sleep state.
Proposal 7: RAN1 to investigate how to model the transition energy for ultra-deep sleep state of main receiver for evaluation purpose.

For LP-WUS in IDLE/INACTIVE mode, the evaluation assumption on traffic model used in earlier releases can be reused as baseline, where the per-UE paging rate is about 1%. And the Rel-17 power saving enhancement, including PEI and potential TRS occasions, can be the baseline mechanism for LP-WUS evaluation.
Proposal 8: For evaluation purposes, the per-UE paging rate is assumed to be 1%, which is the same as in earlier releases.
Proposal 9: Rel-17 PEI and potential TRS occasions are taken as baseline mechanism for power saving gain evaluation.

Evaluation methodology for coverage 
In Rel-17, thorough coverage performance evaluations were made in coverage enhancement SI and RedCap SI [7], where the link budget (e.g. MCL or MIL) was used as a metric. The coverage evaluation of LP-WUS can follow the same way. For example, the MCL of LP-WUS can be evaluated based on required SNR values with the target BLER from link level simulations, considering increased receiver noise figure. 
Proposal 10: For coverage evaluation of LP-WUS, link budget, e.g. MCL or MIL, can be used as the metric.
The basic simulation assumptions in Table A.1-1 of [5] can be taken as starting point, which is also attached as Table A 1 in the appendix for the convenience. Some LP-WUS specific simulation assumptions are listed in Table 2. 
[bookmark: _Ref114061778]Table 2 LP-WUS specific simulation assumptions
	Parameter
	Value
	Note

	Number of UE receive chains for WUS
	1 Rx chains
	To reduce the power consumption of LP-WUS, it is reasonable to assume a single receive chain

	Noise figure
	[18] dB for architecture with LO
[23] dB for architecture without LO
	To keep a low power consumption, usually a lower power LNA would be used and the corresponding noise figure is larger than that of main receiver. A larger noise figure would cause a worse sensitivity, which impacts the coverage of the receiver. More analysis can be found in [2].

	Missed detection rate of wake-up indication

	1%
	LP-WUS is used for carrying paging related information, the same miss-detection rate as legacy paging PDCCH is assumed as starting point.

	False alarm rate of wake-up indication
	Reported by companies
	Depending on the detailed design, e.g. whether CRC is used or just sequence based detection is assumed.

	Duration/payload Modulation/bandwidth/Data rate
	Reported by companies
	Depending on detailed design of the LP-WUS, which shall impact the link budget calculation.
Comparing the coverage of different design, the data rate should be aligned or reported to fulfill the requirement to get fair comparison.



Proposal 11: The following link simulation assumption is used for LP-WUS coverage evaluation 
a. 1 receive chain for LP-WUS
b. Noise figure is [18] dB / [23 ]dB for wakeup receiver with/without LO
c. Missed detection rate: 1%
d. False alarm rate: reported by companies
e. Other parameters are dependent on detailed design and reported by companies
[bookmark: _Ref114823279]Evaluation methodology for Latency
For IDLE/INACTIVE UE, the latency evaluation should mainly focus on the latency of paging reception by the UE. The latency evaluation can be based on the analysis from the agreed baseline of UE procedures in IDLE/inactive mode. For the proposed LP-WUR solution, corresponding UE procedure should be reported and corresponding latency can be calculated based on the LP-WUR UE procedure and the transition time of LP-WUR receiver and main receiver.
Rel-17 UE paging reception procedure can be used as baseline, which is shown in Figure 3. In Rel-17 UE paging reception procedure, the latency mainly comes from the time gap between the traffic arrival time and the PO.
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[bookmark: _Ref114159163]Figure 3 Rel-17 UE paging reception procedure

For LP-WUS, the latency may also be impacted by the transition time from wakeup receiver to main receiver. The more modules are turned off, the lower power consumption of main receiver is, and thus the longer transition time is needed. As we analyzed in Section 4.1, the main receiver is in ultra-deep sleep to get extremely low power consumption, the transition time of main receiver for ultra-deep sleep to deep sleep can be as long as one to several seconds. 
Proposal 12: For evaluation purposes, the transition time of main receiver for ultra-deep sleep is assumed to be about one to several seconds.

Depending on the detailed design of LP-WUS, the total latency introduced by LP-WUS and its subsequent procedures is different. For example, if LP-WUS carries per UE paging information, the latency is just the transition time above. As another example, if LP-WUS carries per UE group paging information, after turning on the main receiver the UE may need to receive legacy PO, then latency includes transition time and legacy paging reception.
Proposal 13: RAN1 needs to agree assumptions for the total latency introduced by LP-WUS, depending on the information the signal conveys, i.e. depending on the subsequent procedures assumed in the UE.
Coexistence with legacy NR and compatibility of existing transceivers
For the coexistence evaluation, at least the inter-subcarrier interference should be considered. In our companion paper [3], some candidate design for modulation of LP-WUS can be implemented by legacy gNB transmitter. It is helpful for coexistence if the same numerology from gNB side is used for LP-WUS and legacy NR.
If different numerology is used for LP-WUS signal transmitted by gNB, the performance loss due to the intra-band interference should be reported for both new UEs equipped with LP-WUS receiver and existing UEs.
Proposal 14: Evaluations assuming the same SCS for legacy NR signal and LP-WUS transmitted by gNB are mandatory and the baseline. Evaluations with different SCSs for legacy NR and LP-WUS transmitted by gNB are optional, and companies to report the SCSs used.
Evaluation methodology for resource overhead 
The details of resource overhead evaluations will depend on the designs investigated for LP-WUS. For the principle of resource overhead, it can be calculated by the following general equation:

Where N_RELP-WUS is the number of REs occupied by LP-WUS, and N_REtotal is the number of REs of the carrier. To make fair comparison among different LP-WUS design, the data rate for LP-WUS should be aligned.
Proposal 15: For evaluation purpose, the resource overhead of LP-WUS occupying  REs is evaluated by , in a carrier of  REs

Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, the evaluation methodologies and KPIs for LP-WUS study are discussed and following observations and proposals are made accordingly.
Observation 1: LP-WUR allows the main receiver to change between off/ultra-deep sleep state, and ‘on’ state.
Observation 2: The average power consumption of LP-WUR should be lower than the deep sleep power consumption of the main receiver to provide significant power saving gain.
Observation 3: Current power model defined in TR 38.840 does not account for how to model the transition for a new deeper sleep state.

Proposal 1: Evaluations should include traffic models applicable to smartphones.
Proposal 2: LP-WUS for RRC IDLE/INACTIVE mode is prioritized at first. 
Proposal 3: The deployment scenarios of LP-WUS at least include dense urban, rural macro and indoor hotspot. 
Proposal 4: The power saving gain is evaluated by

where i is the slot index,  is the power consumption of enhanced scheme in slot i, and  is the power consumption of baseline scheme in slot i.
Proposal 5: For system level simulation, the assumptions specified in Table A2.1-1 in TR 38.802 can be the starting point, with necessary updates. 
Proposal 6: For evaluation purposes, capture the following table in the TR and reuse other power stables of main receiver in TR 38.840.
	Power state
	Relative Power
	Note

	LP-WUR working state
	0.01 ~ 0.02
	The architectures proposed in [2] can achieve such a power consumption range, where the one without LO usually consumes more power than the one with LO.

	LP-WUR non-working state
	0
	The wakeup receiver is turned off.

	Ultra-deep sleep (main receiver)
	[0]
	The main receiver sleeps deeper than ‘Deep sleep’, and the power consumption is ultra-low. 


Proposal 7: RAN1 to investigate how to model the transition energy for ultra-deep sleep state of main receiver for evaluation purpose.
Proposal 8: For evaluation purposes, the per-UE paging rate is assumed to be 1%, which is the same as in earlier releases.
Proposal 9: Rel-17 PEI and potential TRS occasions are taken as baseline mechanism for power saving gain evaluation.
Proposal 10: For coverage evaluation of LP-WUS, link budget, e.g. MCL or MIL, can be used as the metric.
Proposal 11: The following link simulation assumption is used for LP-WUS coverage evaluation 
a. 1 receive chain for LP-WUS
b. Noise figure is [18] dB / [23 ]dB for wakeup receiver with/without LO
c. Missed detection rate: 1%
d. False alarm rate: reported by companies
e. Other parameters are dependent on detailed design and reported by companies
Proposal 12: For evaluation purposes, the transition time of main receiver for ultra-deep sleep is assumed to be about one to several seconds.
Proposal 13: RAN1 needs to agree assumptions for the total latency introduced by LP-WUS, depending on the information the signal conveys, i.e. depending on the subsequent procedures assumed in the UE.
Proposal 14: Evaluations assuming the same SCS for legacy NR signal and LP-WUS transmitted by gNB are mandatory and the baseline. Evaluations with different SCSs for legacy NR and LP-WUS transmitted by gNB are optional, and companies to report the SCSs used.
Proposal 15: For evaluation purpose, the resource overhead of LP-WUS occupying  REs is evaluated by , in a carrier of  REs
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Appendix A
The general simulation assumptions for FR1 are listed in Table A 1, which is the Table A.1-1 of [5].
[bookmark: _Ref113983290]Table A 1 General simulation assumption for coverage evaluation in FR1
	Parameter
	Value

	Scenario and frequency
	Urban: 4GHz (TDD), 2.6GHz (TDD) 
Rural: 4GHz (TDD), 2.6GHz (TDD), 2GHz (FDD), 700MHz (FDD)
Rural with long distance: 700MHz (FDD), 4GHz (TDD)

	Frame structure for TDD
	DDDSU (S: 10D:2G:2U) only for 4GHz
DDDSUDDSUU (S: 10D:2G:2U) only for 4GHz 
DDDDDDDSUU (S: 6D:4G:4U) only for 2.6GHz
Other frame structures can be reported by companies.

	Target data rates for eMBB
	Urban: DL 10Mbps, UL 1Mbps
Rural: DL 1Mbps, UL 100kbps
Rural with long distance: DL 1Mbps, UL 100kbps, 30kbps (optional)

	Packet size for VoIP
	A packet size of 320 bits with 20ms data arriving interval is adopted.
	 
	Size (bits)

	Payload
	256

	CRC
	16 (TBS size lower than 3824 bits)

	MAC
	16 (with 12 bits SN size)

	RLC
	8 (with 6 bits SN size)

	PDCP
	16

	RTP/UDP/IP
	24 (w RoHC)


If applicable, companies report TB size assumed in evaluation.

For SIP invite message
-	Payload of 1500 bytes can be a starting point.
-	The assumptions (TB size, time period etc.) are reported by companies.
-	Contributions R1-2003464 and R1-2005259 are taken into account for the evaluation
-	In addition, 1 second time period can also be considered.

	Latency requirements for VoIP
	Latency requirements assumed in VoIP evaluation for TDD and FDD are reported by companies.

	Pathloss model (select from LoS or NLoS)
	Urban: NLoS
Rural: NLoS and LoS

	BWP
	100MHz for 4GHz and 2.6GHz.
20MHz for 2GHz (FDD)
20MHz (optional for 10MHz) for 700MHz. (FDD)

	Channel model for link-level simulation
	TDL-C for NLOS, TDL-D for LOS.

	Delay spread
	Urban: 300ns
Rural: 300ns
Rural with long distance: 30ns

	UE velocity
	Urban: 3km/h for indoor
Rural: 3km/h for indoor, 120km/h (optional 30km/h) for outdoor

	Number of antenna elements for BS
	-	Urban: 192 antenna elements for 4GHz and 2.6GHz, 
(M,N,P,Mg,Ng) = (12,8,2,1,1)
(optional) 128 antenna elements for 4GHz, 
(M,N,P,Mg,Ng) = (8,8,2,1,1)
-	Rural: 64 antenna elements for 4GHz and 2.6GHz
(M,N,P,Mg,Ng) = (8,4,2,1,1)
32 antenna elements for 2GHz
(M,N,P,Mg,Ng) = (8,2,2,1,1)
16 antenna elements for 700MHz
(M,N,P,Mg,Ng) = (4,2,2,1,1)

	Number of TxRUs for BS
	gNB architectures to study:
-	2 or 4 TXRUs for 2GHz, 700 MHz 
-	64TxRUs for 2.6 and 4 GHz. 
-	Optional: 32 TXRUs at 2 GHz
gNB modeling in LLS for TDL:
-	Option 1: 2 or 4 gNB RF chains in LLS. 
-	Option 2 (Optional): Number of gNB RF chains = number of TXRUs in LLS. 
-	Companies can report if and how correlation is modelled.
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