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1 [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 
A new release 18 study item on low-power wake-up signal and receiver was approved in RANP#94e meeting and revised in RANP#97e, with 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. 



During RAN1#110e-bis meeting, the following agreements related to the first and the fifth objectives were made. 
	For future meetings on LP WUS:
Agreement
For evaluation, 1 Rx chain for LP-WUS receiver is baseline.

Agreement
Both RRC IDLE/INACTIVE and CONNECTED modes are to be studied as part of the LP-WUS/WUR SI. 
· FFS: Further prioritization if needed during the study item.

Agreement
Take the following power model for main radio for evaluation in LP-WUS/WUR SI,
· For IoT and wearable cases, reuse TR38.875 power model as baseline.
· For eMBB and other cases, reuse TR38.840 power model as baseline.
· Introduce ‘Ultra-deep sleep’ power state for main radio of UEs with LP-WUS receiver 
· FFS: The details of ‘Ultra-deep sleep’ power state

Agreement
The following power model for LP-WUR/WUS evaluation is considered,
· Relative power unit for LP-WUR ‘off’ state, i.e., the LP-WUR does not perform monitoring: 
· [0.001]
· Relative power unit for LP-WUR ‘on’ state, i.e., the LP-WUR performs monitoring: 
· [0.005/0.01/0.02/0.03/0.05/0.1/0.2/0.5/1/2/4]
· Other values are not precluded to be evaluated.
· FFS: Mapping from values to a LP-WUR architecture or LP-WUR mode of operation
· No additional transition energy and transition time between ‘on’ and ‘off’ state as start point, FFS any transition energy and transition time if needed.
Note1: A unit of power is defined to be the same for main receiver and LP-WUS receiver.
Note2: the values provided is for the purpose of studying power saving gain, and the values can be further revisit and categorization depending on the receiver architecture discussion.
Note3: For LP-WUR ‘on’ state, more than one values within the above range may be used for evaluation (e.g. for a single LP-WUR architecture)
FFS: LP-WUR power consumption values for FR2.

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

Agreement
For R18 LP-WUS/WUR power evaluation in RRC connected mode, the following can be considered, 
· XR traffic model with evaluation methodologies and assumptions captured in TR 38.838. 
· eMBB traffic model with evaluation methodologies and assumptions captured in TR 38.840
· Heartbeat traffic models in 3GPP TR 38.875.
· Other models are not precluded.
Company to further provide the followings,
· Parameters (e.g., frame rate, data rate, jitter range, DRX configurations and etc if needed.)
· How to use LP-WUS, e.g., LP-WUS to trigger/adapt PDCCH monitoring
· Other details if any

Agreement
· For LP-WUS coverage evaluation, the noise figure of LP-WUR is 
· Options : [9, 12, 15, 18, 21, 24], Other values can be reported by companies
· FFS: how to determine the NF option.
· The values provided is for the purpose of studying coverage of LP-WUS, and it can be further revisited depending on the receiver architecture discussion.

Agreement
For the performance evaluations of LP-WUS candidate designs, it is assumed that
· The miss-detection rate (MDR) of LP-WUS [1%],
· The false-alarm rate (FAR) of LP-WUS
· [0.1%, 1%, 10%]
· Other values are not precluded for studying reported by companies
· Note: if LP-WUS for wake-up indication consists of two parts or even multiple parts, the proposed MDR/FAR should take into account the reception performance of the two or more parts jointly
· The above values applied in both RRC CONNECTED and IDLE/INACTIVE mode.
· FFS FAR requirement based on the study outcome of the impact of FAR on power consumption / power saving gain / system overhead
· FFS: Note: FAR should be evaluated both in the absence of gNB transmissions and in the presence of transmissions from gNB. Proponent to provide the details.

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)

Agreement
The following is assumed for RRC IDLE/INACTIVE evaluation,
	Parameters
	Value

	i-DRX cycle length
	1.28s and other values not precluded and reported by companies, consider both with PEI/ without PEI

	e-DRX cycle length
	20.48s, 61.44s and other values not precluded, company to report which value(s) are used.  Note: ‘ultra-deep sleep’ state can be assumed for eDRX whenever necessary for baseline UE

	Number of POs in Paging Frame
	1

	Number of DRXs per PTW
	4

	Number of SSB before PO / PEI
	1, 2 or 3, (used for e.g., AGC adjustment, T/F tracking, serving cell and intra-F measurement)
company to report which value(s) are used
Note: the assumptions is for MR wakes from ‘Deep sleep’

	Sync/re-sync after ultra-deep sleep
	companies to report the timeline of sync/re-sync and X value, X is the time for sync/re-sync

	RRM Measurement
	Company to report whether and how the RRM measurement is assumed, e.g., whether RRM performed by main radio or LP-WUR, whether RRM is relaxed or not.

	LP-WUS monitoring
	Option 1: continuously monitoring
Option 2: discontinuously monitoring, with [T] ms as the period for complete an on-and-off cycle, and [D] ms as the active time for monitoring LP-WUS every cycle.

	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.

	Others
	Reported by companies


 
Agreement
For evaluation of the coverage of LP-WUS, the methodology and assumptions in R17 CovEnh SI (described in TR38.830) is reused as baseline.
· MIL is used as the metric for LP-WUS coverage evaluation
· urban (2.6GHz/4GHz), rural(700MHz) scenario for FR1 are considered to be evaluated, others (e.g., FR2) are not precluded.
Note: For IoT/wearables devices, refer to R17 Redcap SI TR38.875 if the assumptions differ from TR38.830.
Companies report any other assumptions which differ from the TR38.875/ TR38.830, e.g., Tx and Rx loss
Companies are encouraged to compare LP-WUS with at least PDCCH for paging, PUSCH, others are not precluded. FFS: Target coverage of LP-WUS
 



In this contribution we discuss aspects related to target use-cases, perform initial analysis in term of coverage, detection performance, power consumption, latency and system overhead for example an LP-WUS/WUR design. 

2 Use cases
Energy efficiency is one of the key design requirements for IoT type applications since many devices have limited energy resources both due to their small size and their possible locations. In this type of application, the traffic is very low and therefore the cost of idle channel listening is a dominant source of energy consumption. Even without using  LP-WUR we can reach very low power consumption if we just allow the devices to duty cycle and sleep for long-enough periods of time, for instance by configuring them with long DRX or eDRX. This, however, inevitably leads to proportionally longer wake-up delays and devices become less reachable. In time critical applications, such delays cannot be tolerated and the achievable reduction in power consumption becomes limited. By using  LP-WUR, we can largely reduce this limitation and save significant power also in IoT use-cases with tight wake-up delay requirements. In applications such as XR where the device has tight wake-up delay requirements, but the traffic is relatively high, the main receiver needs to be woken up very often to receive or transmit the actual data. In these types of applications, the energy saving from using a low-power WUR is very limited. For these reasons, from the set of use-cases selected to be studied for LP-WUS, i.e., IoT use cases (such as industrial sensors, controllers), wearables and eMBB (such as XR/smart glasses, smart phones), we propose to prioritize studying LP-WUS/WUR for power-sensitive, low-traffic, small form factor devices in IoT use cases and wearables. Additionally, in the previous meeting, it was agreed to study LP-WUS for both RRC IDLE/INACTIVE and CONNECTED modes. As described earlier, using LP-WUS/WUR is more beneficial for scenarios where the traffic is low, and the device needs to be reachable in time quite often. Between the two modes, RRC_IDLE/INACTIVE more closely follows the characteristics described above. We, therefore, propose to prioritize to study LP-WUS/WUR for devices operating in RRC_IDLE/INACTIVE mode.
Proposal 1 – Prioritize studying LP-WUS/WUR for power-sensitive, low-traffic, small form factor devices in IoT use cases (such as industrial sensors, controllers) and wearables where delay requirement or device reachability in time is short. 

Proposal 2 – Prioritize studying LP-WUS/WUR for devices in RRC_IDLE/INACTIVE.

In the following we focus our LP-WUS evaluation on IoT type and wearable use-cases and for devices in RRC_IDLE/INACTIVE mode.
3 Evaluation of LP-WUS
Low-power low-complexity design of a  LP-WUR typically leads to a higher noise figure and degraded sensitivity, compared to the main receiver. Depending on the  LP-WUR architecture, the level of power consumption vs noise figure and sensitivity can vary [2][3]. Even though the power consumption of LP-WUR is much lower than the main receiver, the associated performance loss compared to the main receiver needs to be taken into account in the design of LP-WUS/WUR scheme. For instance, when transmitting the LP-WUS, transmit power may have to be increased Another approach is to transmit a longer LP-WUS, for instance by employing spreading, allowing LP-WUS to carry more energy without increased transmit power. In this contribution, we focus on the latter one when evaluating the LP-WUS. 
We perform the evaluation in steps, starting with a high-level coverage analysis based on required SNR, and then follow up with a more detailed analysis of detection performance, power consumption, latency and system overhead.
3.1 Coverage 
For our analysis, we use high-level link budget comparison for an example LP-WUS/WUR design, shown in Table 1.
Table 1 – Link budget analysis
	
	MC OOK LP-WUS

	Carrier BW (MHz)
	20

	DL PSD (dBm/MHz)
	33

	Occupied BW (MHz) 
	1

	TX antenna gain (dB)
	12

	TX EIRP (dBm)
	45

	
	

	RX antenna gain (dB)
	0

	Thermal noise density (dBm/Hz)
	-174

	Noise figure (dB) 
	12

	Effective noise power (dBm)
	-102

	RX interference density (dBm/Hz)
	-169.3

	Effective interference power (dBm)
	-109.3

	Total noise plus interference (dBm)
	-101.2

	Required SNR (dB)
	3.8

	RX sensitivity (dBm)
	-97.4

	Maximum isotropic loss (MIL) (dB)
	142.4



The required SINR when the receiver is the LP-WUR translates to the lowest SINR, as we show in the next section, at which the LP-WUS can reach certain detection and false-alarm rates.  
As we observe, the MIL of the example MC OOK LP-WUS link is the same level as can be achieved for the PUSCH link, resulting in a coverage level that is the same as PUSCH for the example LP-WUR.
Observation 1 –  MIL of example MC OOK LP-WUS link is similar to what we can achieve for the PUSCH link, resulting in the same associated coverage for the example LP-WUR.
3.2 Detection performance analysis

Manchester coded OOK-based LP-WUS - Before we discuss LP-WUS detection performance, let us describe the LP-WUS design, used in this initial LP-WUS evaluation, and some of the important properties it needs to have. The most important property, as indicated also in the previous meeting, is that it can be detected with low miss detection and false-alarm probabilities, by a LP-WUR. We consider receivers for non-coherent modulation types, similar to LP-WUR architectures 1 to 3 agreed in the previous meeting, that are insensitive to frequency errors. This allows, the LP-WUR to operate without costly time and frequency synchronization circuitry. We have chosen Manchester-coded OOK, which can be detected at extremely low power levels by envelope detectors using excess bandwidth to relax sensitivity to frequency errors. A consequence of this choice is, as described earlier, this LP-WUR has an inferior sensitivity level, compared to an OFDM-based main receiver. This inevitably leads to higher raw bit error rates. To compensate for the resulting high BER on the channel, we use longer signal sequences containing more total energy and suitable low power digital base-band processing (DBB), allowing for low detection error probabilities. This lengthening of the signals can also be used for carrying additional information, beyond the pure wake-up trigger. We use this to embed cell identity and a wake-up group identity, which will significantly reduce unnecessary wake-ups. Figure 1 shows the general LP-WUS signal structure used in this contribution containing sequences of length M and L bits, representing cell identity and wake-up group identity, respectively. The address spaces of these two sequences are typically much smaller than the M and L bits in the sequences, providing a degree of spreading that reduces error probabilities. 

[image: ]
[bookmark: _Ref118361096]Figure 1 - Low power wake-up signal (LP-WUS) structure

The employed LP-WUR DBB design, consisting of two detector units, is shown in Figure 2. The detectors contain a cell identity correlator (CIC) of length M and a wake-up group identity correlator (GIC) of length L. First the CIC is active and whenever its output exceeds the threshold, the cell identity is detected, then the next L incoming bits are sent to the GIC for group identity detection. If the output of the GIC also exceeds its threshold we declare LP-WUS detection, and the main receiver is woken up.

[image: ]
[bookmark: _Ref118361346]Figure 2 - Digital base-band (DBB) block diagram
Based on coverage MIL of 142.4 dB, discussed above, 240 kbps Manchester-coded OOK symbol rate and a low-power envelope detector, we end up with a LP-WUR power consumption in the range of 100 uW and a raw channel BER of 0.15. Using the 0.15 BER and the LP-WUS design described above we simulate the digital baseband processing to find LP-WUS detection characteristics. In this initial performance analysis, Kasami sequences of equal length M and L of 63 bits are selected to represent 504 cell identities and 16 group identities. This translates to spreading factors of 7 and 16 for the two parts of the 126-bit WUS, which has a total time duration of 0.52 msec. With these parameter settings the maximum outputs from the correlators are equal to the sequence length of 63. The receiver operating characteristics for the cell identity detector when changing threshold  from 0 to 62 and keeping , is shown in Figure 3. 
[image: ]

[bookmark: _Ref118361451]Figure 3 - Simulated receiver operating characteristics for LP-WUS
There is one curve for the single case cell and one where the LP-WUS interference from neighbour cells is also included. The two curves are, for this parameter setting, essentially identical. The chosen point of operation is at of 46, which gives us an LP-WUS detection probability of 0.985 and a low false-alarm probability of around 10-5. When performing this simulation, we have taken into account a drift compensation, chosen cautiously to be 10 times that of the ultra-deep sleep of the main receiver. 

Observation 2 – To compensate for performance loss of LP-WUR due to its ultra-low power design, longer signal sequences containing more total energy and suitable low power digital base-band processing (DBB), allow for low detection error probabilities.
Proposal 3 –  Support LP-WUS designs compensating for LP-WUR performance loss using spreading.
Proposal 4 – Support LP-WUS structure including cell identity and wake-up group identity. 


3.3 Power consumption evaluation
In this section, we analyze the average UE power consumption for a duty-cycled LP-WUR/WUS scheme. For refence, we compare power consumption of the duty-cycled LP-WUS/WUR scheme with a reference scheme where no wake-up signal is used and the main receiver duty-cycles to monitor the channel for potential paging. The reference scheme is basically a Rel 15/Rel 16 UE in RCC_IDLE/INACTIVE where no PEI is available, operating based on DRX and eDRX. The measure we use is average power consumption, calculated as expected energy per duty-cycle period. In the following, we briefly describe the calculation of energy consumption for the LP-WUS/WUR and reference schemes. 
LP-WUS/WUR scheme – In this scheme, the device always duty-cycles using its LP-WUR, unless it detects a WUS and switches on its main receiver. The average power consumption at a high level is based on the summation of the energy consumptions of the MR in Ultra-deep sleep and of the LP-WUR when listening plus the energy consumption when operating the MR, either correctly or as a result of an  LP-WUS false-alarm,
Average power consumption = (ultra-deep sleep energy consumption + LP-WUR energy consumption when listening + energy consumption when operating the main receiver + LP-WUS false-alarm probability* energy consumption when operating the main receiver) / (e)DRX cycle.
Energy consumption when operating the main receiver also includes the transition energy costs of preparing the main receiver for reception from deep, light and micro sleep states and receiving paging data such as sync.
Reference Scheme – In this scheme, the UE has only the main receiver for its duty-cycling and no LP-WUS/WUR is used to assist the UE in the DRX cycle. Therefore, the total energy consumption is the sleep energy consumption plus the energy cost of listening for paging, including light sleep and micro sleep transition energy cost and sync energy cost, as well as the extra cost resulting from PDCCH/P-RNTI false-alarm, 
 Average power consumption = (sleep energy consumption + paging reception energy consumption + 
MR false-alarm probability* paging monitoring energy consumption) / (e)DRX cycle.
The sleep energy is the energy cost of deep sleep or ultra-deep, for DRX or eDRX, respectively. 
Using the simulation results described above and the power model calculation assumptions from the previous meeting, we calculate the power consumption for the two schemes. For details of the assumptions used, see the Appendix. 
Let us now start with comparing power consumption of the reference scheme and the LP-WUS/WUR in Figure 4 for different duty-cycle lengths where a shorter duty-cycle means reduced wake-up delay and better device reachability in time and for three paging rates. In this analysis, we assume the UE is stationary and/or in good coverage and the UE does not need to do any serving cell or neighbor cell measurements. We observe that introducing a LP-WUS/WUR in DRX results in a 6-10 times power saving for a paging rate of 10% and in 36-43 times power saving when the paging rate is reduced to 0.1%. In eDRX, using LP-WUS/WUR we can reach as high as 27 times power saving for a 10% paging rate and this increases to up to 85 times for a 0.1% paging rate. Another benefit is the large reduction in cycle length that can be done at a fixed power consumption. For example, at 0.1 units, the cycle length can be reduced by 290 times, leading to a correspondingly reduced wake-up delays. 
[image: ]
[bookmark: _Ref118365486]Figure 4 - Average power consumption per UE as a function of duty-cycle length

Observation 3 – Introducing a LP-WUS/WUR in DRX results in 6-10 times power saving for paging rate of 10% and in 36-43 times power saving when paging rate is reduced to 0.1%. In eDRX, using LP-WUS/WUR we can reach as high as 27 times power saving for 10% paging rate and this increases to up to 85 times for a 0.1% paging rate.
Observation 4 –Introducing an LP-WUS/WUR allows a large reduction in cycle length at a fixed power consumption. For example, at a power consumption of 0.1 units, the cycle length can be reduced by 290 times, leading to correspondingly reduced wake-up delays. 

Now we compare power consumption for scenarios where the UE also needs to perform measurements. The results are shown in Figure 5 for two measurement periodicities, i.e., every DRX cycle and every 10 DRX cycles, and a paging rate of 0.1%. When calculating the power consumption, we assume measurements cannot be supported by the LP-WUS and the main radio needs to wake-up for measurement purposes. We observe that when the  LP-WUS itself does not support mobility measurements, the amount of power saving is limited, and we cannot reach as high a power saving gain as when LP-WUR is also used for measurement purposes, see Figure 4. This also means we cannot have the same reduction in cycle length as can be achieved using an LP-WUR.
[image: ]
[bookmark: _Ref118477747]Figure 5 - Average power consumption per UE as a function of duty-cycle length, measurements in all cases are performed by the main radio.

Observation 5 – Power saving gain is limited if the main receiver needs to wake up to perform measurements.
Proposal 5 – Consider low-power mechanism to support mobility and cell re-selection mechanism for UEs with LP-WUR. 

3.4 Latency
When operating based on a duty-cycled scheme, the average communication delay from when data is available at the gNB until paging/data is correctly received by the UE depends on the sleep duration in the duty-cycle length, contributing error events such as false-alarm or miss-detection, and the transition time before the main receiver is ready for PDCCH reception. At a high level, the average dealy can be expressed as
Average delay = ½ sleep time + transition time + signal miss detection × average time for re-transmission
The average communication delay in the LP-WUS/WUR scheme is longer than the baseline scheme, i.e., Rel. 15/Rel. 16 scheme, if both are configured with the same duty-cycle length to fulfill a certain delay requirement. This is since the main radio goes to ultra-deep sleep state to further save power and therefore a longer transition time is needed to wake-up the main radio from ultra-deep sleep. Additionally, any miss-detection error of the LP-WUS results in an extra delay. 
When designing the LP-WUS/WUR, these aspects need to be taken into account. While duty-cycled operation is necessary to reduce the total power consumption, in certain scenarios with extremely tight delay requirements, the transition time can become very significant and even the shortest DRX cycle can prevent the UE from meeting the tight delay requirement. The use of an always-on LP-WUR can avoid such issues but on the other hand this type of operation is not suitable for all types of use-case scenarios as it leads to unnecessarily high-power consumption. To address this, the operation of the LP-WUR can be configured as an adaptive operation where the LP-WUR can be adaptively operated according to a duty-cycled or an always-on scheme.
Observation 6 -  The operation of LP-WUR based on duty-cycling is necessary to reduce the total power consumption. The long transition time to wake-up the main ratio from ultra-sleep time together with sleep time of the duty-cycle can prevent some UEs from meeting the delay requirement.
Proposal 6 – Support an adaptive configuration where the UE, depending on its delay requirement, can operate based on an always-on or a duty-cycle scheme. 

3.5 System overhead
Introducing new signaling before for instance paging transmission leads to an increase of system resources. As described earlier, a longer LP-WUS is needed to compensate for the LP-WUR performance loss resulting from its ultra-lower power design. Additionally, the length/amount of information being carried by the LP-WUS also influences the number of resources need to be used at the transmitter. At the transmitter side the mechanism used to multiplex the LP-WUS in an OFDM-based transmitter with other NR signals has impact on the number of resources used.

For instance, Manchester-coded OOK-based LP-WUS used in the initial analysis in this contribution, will require total 6RBs for its transmission, this including some guard band, to wake up a certain group of UEs when it is OFDM embedded using the mechanism described in [3]. This is translated to 6.5% system overhead compared to the reference scheme, where no LP-WUS is used. Using the same LP-WUS design with a different multiplexing technique, however, can result in different system overhead.

Observation 7 – LP-WUS length, the amount information it carries, and the technique used for its multiplexing in an OFDM transmitter impact the number of resources for LP-WUS transmission and its associated system overhead. 

4 Conclusion
This document has considered the evaluation of LP-WUS. The following observations are made:
Observation 1 –  MIL of example MC OOK LP-WUS link is similar to what we can achieve for the PUSCH link, resulting in the same associated coverage for the example LP-WUR.
Observation 2 – To compensate for performance loss of LP-WUR due to its ultra-low power design, longer signal sequences containing more total energy and suitable low power digital base-band processing (DBB), allow for low detection error probabilities.
Observation 3 – Introducing a LP-WUS/WUR in DRX results in 6-10 times power saving for paging rate of 10% and in 36-43 times power saving when paging rate is reduced to 0.1%. In eDRX, using LP-WUS/WUR we can reach as high as 27 times power saving for 10% paging rate and this increases to up to 85 times for a 0.1% paging rate.
Observation 4 –Introducing an LP-WUS/WUR allows a large reduction in cycle length at a fixed power consumption. For example, at a power consumption of 0.1 units, the cycle length can be reduced by 290 times, leading to correspondingly reduced wake-up delays. 
Observation 5 – Power saving gain is limited if the main receiver needs to wake up to perform measurements.
Observation 6 -  The operation of LP-WUR based on duty-cycling is necessary to reduce the total power consumption. The long transition time to wake-up the main ratio from ultra-sleep time together with sleep time of the duty-cycle can prevent some UEs from meeting the delay requirement.
Observation 7 – LP-WUS length, the amount information it carries, and the technique used for its multiplexing in an OFDM transmitter impact the number of resources for LP-WUS transmission and its associated system overhead. 

The following proposals are made:
Proposal 1 – Prioritize studying LP-WUS/WUR for power-sensitive, low-traffic, small form factor devices in IoT use cases (such as industrial sensors, controllers) and wearables where delay requirement or device reachability in time is short. 

Proposal 2 – Prioritize studying LP-WUS/WUR for devices in RRC_IDLE/INACTIVE.
Proposal 3 –  Support LP-WUS designs compensating for LP-WUR performance loss using spreading.
Proposal 4 – Support LP-WUS structure including cell identity and wake-up group identity. 
Proposal 5 – Consider low-power mechanism to support mobility and cell re-selection mechanism for UEs with LP-WUR. 
Proposal 6 – Support an adaptive configuration where the UE, depending on its delay requirement, can operate based on an always-on or a duty-cycle scheme. 
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6 [bookmark: _Ref118378593]Appendix Simulation and calculation assumption
UE power consumption model for main receiver (FR1), from table 6.2-1 in TR 38.875
	Power State
	Relative power 

	Deep Sleep (PDS)
	0.8

	Light Sleep (PLS)
	18

	Micro sleep (PMS)
	31

	PDCCH-only (PPDCCH)
	50 for same-slot scheduling, 
40 for cross-slot scheduling

	PDCCH + PDSCH (PPDCCH+PDSCH)
	120

	PDSCH-only (PPDSCH)
	112

	SSB/CSI-RS proc. (PSSB)
	50

	Intra-frequency RRM measurement (Pintra)
	[60] (synchronous case, N=8, measurement only)
[80] (combined measurement and search)

	Inter-frequency RRM measurement (Pinter)
	[60] (neighbor cell search power per freq. layer)
[80] (measurement only per freq. layer)
Micro sleep power assumed for switch in/out a freq. layer

	Note: 2 Rx is assumed



Ultra-deep sleep assumption used in the initial calculation
	Power State
	Relative Power (unit)
	Ramp-up and down transition energy:
(unit multiplied by ms)
	Ramp-up time

	Ultra-deep sleep
	0.015
	2000
	100ms
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