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1 Introduction
In SID [1], the following objectives are specified, including the evaluation aspects for LP-WUS/WUR:

· 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. 

This contribution discusses evaluation aspects for the low power wake-up signal and receiver.
2 Power consumption evaluation
2.1 Power model for MR
An introduction of ‘Ultra-deep sleep’ power state for MR of UEs with LR was agreed in RAN1#110b-e, because the LP-WUS/WUR allows MR to maintain a deeper sleep state which has less power consumption compared to the deep sleep mode of Rel-16/17 power saving enhancement. In order to consume less power during the ultra-deep sleep state, most of the components in MR can be assumed to be turned off or consume very low power. However, it means that much longer time and higher additional energy are required for state transition from the ultra-deep sleep state to the active state. Therefore, in order to evaluate the impact of additional power consumption and latency from the ultra-deep sleep state, reasonable settings on the relative power value, total transition time, and additional transition energy are needed.
The following agreement was made to determine the power model of MR for ‘Ultra-deep sleep’
	Agreement
For MR, at least for FR1 evaluation,
· Number of SSBs for sync/re-sync for MR is up to 10
· Companies to report timeline and energy consumption
· Companies to provide feasibility analysis for transition time and transition energy with aim to converge to one or two set of values in RAN1#112




When it comes to specific values on the relative power, the transition time, and transition energy, they can vary depending on the hardware implementation, and thus, it may be hard to compromise the different views of each company. Moreover, many types of use cases considered to study LP-WUS/WUR make it harder to determine the converged power model of ultra-deep sleep. For example, relatively lower transition time and energy can be required for ultra-deep sleep state transition of IoT devices. Otherwise, for smartphones, higher transition time and energy can be considered. Therefore, multiple options can be used as the power model of the ultra-deep sleep state.
One possible option is referring to the power model which is used for other study items such as Low Power High Accuracy Positioning (LPHAP) in Rel-18 Positioning item where ultra-deep sleep state was agreed in RAN1#110bis-e. In our view, the values defined for LPHAP can be used for one options of the relative power, the total transition time, and the additional transition energy.
Other options can be made by assuming that more transition energy is required due to the more power-consuming and complex components in MR for some use cases (e.g., smartphone, XR device…) and then can be reported by each company.
Proposal 1: To define new sleep state of MR “Ultra-deep sleep”, the following should be adopted:
· Relative power (unit): 0.015.
· Transition time/energy: 400ms/10000.

2.2 Power model for LR
In RAN1#111, the power model for LR was discussed in order to evaluate the power consumption of LR and agreed as follows:
	Agreement
The following power model for LP-WUR is used for evaluation for FR1,
 
	Power State
	Relative Power (unit)
	Transition energy:
(unit multiplied by ms)
	Ramp-up time
TLR, ramp-up (ms)

	Off
	0.001
	[TLR, ramp-up *(PON+POFF)/2]
	TLR, ramp-up = FFS, and company to report TLR, ramp-up
 
FFS: Relation between Receiver architecture and its relative power and value of TLR, ramp-up

	On
	0.005/0.01/0.02/0.03/0.05/0.1/0.2/0.5/1/2/4
FFS: If other values are needed
	
	


FFS: whether further categorization/sub-categorization is needed and how.



Based on the agreement, the power state of LR consists of two states, the ‘on’ state and the ‘off’ state. In this sub-section, the details of each state of LR and the time/energy for state transition are discussed.
‘On’ state of LP-WUR
During the ‘on’ state, LR performs monitoring of the LP-WUS. The power consumption of monitoring LP-WUS highly depends on the design of LR. Therefore, various candidates for the relative power unit of LR ‘on’ state were suggested as [0.01/0.05/0.1/0.5/1/2/4] considering different types of LR architecture discussed in 9.13.2. e.g., Architecture with RF envelope detection, Heterodyne architecture with IF envelope detection and Homodyne/zero-IF architecture with baseband envelope detection.
However, even if the same type of LR architecture is assumed, the power consumption of LR can vary depending on the design choice. e.g., the presence of LNA/AMP, the choice of LO, BW of the BPF/LPF, the type of BPF/LPF filter and etc. Moreover, these design choices can affect the coverage of LR. In order to study the trade-off relationship between power consumption and coverage of the specific LR architecture, the relative power unit for LR on-state should be selected considering the design choice of LR as well as the type of LR architecture.
Proposal 2: When the relative power value for the on-state of LP-WUR is chosen for the evaluation, the characteristics of the assumed LR architecture should be reflected.
· e.g., the types of receiver architecture, the presence of LNA/AMP, the type of oscillator, the type of BPF/LPF filter and etc.
· The details of LR assumed for the evaluation are up to each company.

It is expected that a lot of effort will be put into discussing which relative power value is appropriate, considering the type of LR architecture and all options for design choice. In order to reduce the efforts in deciding the proper relative power for the on-state of LR, the power level-based categorization and scaling factor can be applied.
For the categorization of the relative power unit of LR on state, three categories may be considered based on the baseline relative power level. e.g., Cat.1 (low power): 0.01, Cat.2 (medium power): 0.1, Cat.3 (high power): 1. The baseline relative power of each category and the number of categories can be discussed further according to the study for LR architecture. For example, which type of receiver architecture corresponds to which category such as Cat 1: Architecture with RF envelope detection, Cat 2: Heterodyne architecture with IF envelope detection and etc. It can be assumed to consider only necessary components without optional components for mapping each type of architecture to the category.
For the scaling factor, the various design choice can be reflected. In the previous study for UE power saving, power consumption scaling was used for reflecting different BWP bandwidth and so on. In a similar way, the scaling method can be also applied to reflect the different design options of each LR. For it, it is necessary to discuss which design choice affects the power consumption of LR and how much it will be. For example, if the heterodyne architecture with IF envelope detection with LNA is assumed as LR, the relative power of LR can be calculated considering the impact of LNA on power consumption. If 0.05 is the assumed relative power consumption for LNA, then the relative power of LR becomes 0.15 (baseline relative power for Cat.2 + LNA relative power).
Proposal 3: For the relative power of the LR on-state to a specific LP-WUR architecture, the followings should be considered:
· Power consumption level-based categorization and baseline relative power unit per category.
· What types of LR architecture can be included in each category.
· Scaling factors to reflect the design choices and scaling value.

‘Off’ state of LP-WUR
During the ‘off’ state, LR does not perform monitoring of the LP-WUS and most of the components used for monitoring LP-WUS can be assumed to be turned off. Therefore, the same value can be applied to the off state of LR regardless of the type of architecture with different components used to monitor LP-WUS.
The relative power unit for the off-state of LR can be calculated based on the power consumption of components which should be turned on during the off-state of LR. Therefore, it should be assumed that the same components are turned on during off-state in order to apply the same relative power unit for off-state regardless of the type of architecture for LR. If the power consumption of components turned on during the off-state of LR can be neglected, then the relative power unit of the off-state can be zero.
Ramp-up time and transition energy between ‘on’ and ‘off’ state of LP-WUR
If the same value is used for the off-state of LR, the ramp-up time and transition energy can be different depending on the power consumption of the on-state of LR. It is because components to be turned on/off for state transition can be different depending on the kind of LR architecture. It can be assumed that the more power consumed for on-state, the more transition time and energy are required. Therefore, different ramp-up time should be assumed according to the power level of the relative power unit for on-state. Then, transition energy can be calculated based on the equation given in the agreement from RAN1#111.
Proposal 4: Ramp-up time and transition energy from ‘off’ to ‘on’ states should be different according to the power level of ‘on’ state for LR.
· E.g., on state for 1/2/4 relative power unit, ramp-up time should not be neglected.

2.3 Assumption for latency evaluation
In the last meeting, the definition of latency for the RRC_IDLE/INACTIVE state was agreed, but that for the RRC_CONNECTED state was not determined. Considering the main purpose of the wake-up is to guarantee a data reception in time with the minimum power consumption, the latency should be defined including the UE-specific data reception. However, re-transmission is not related to the performance of LP-WUS/WUR. Therefore, the latency for the RRC_CONNECTED state can be defined as the time interval between the data arrival time at the gNB and the time of the first UE-specific data channel reception. This is also consistent with the definition of the latency for RRC_ IDLE/INACTIVE state.
Proposal 5: The latency for RRC_CONNECTED state is defined as the time interval between the data arrival time at the gNB and the time of the first UE specific data channel reception.

2.4 Evaluation results and assumptions
Evaluation assumptions
Based on the power evaluation assumptions agreed in the last meeting, we compare the power saving gain of the LP-WUS/WUR with that of the Rel-17 UE power saving enhancement schemes (i.e., PEI). The assumptions for our evaluation are shown in Table 2.1. Note that we only consider a single sub-group for each paging group. 
Table 2.1: Evaluation assumptions
	Parameters
	Value

	i-DRX cycle length
	

	e-DRX cycle length
	

	Number of POs in Paging Frame
	1

	Number of SSB before PO after deep sleep (Rel-17 UE)
	Low SINR: 3, Medium SINR: 2, High SINR: 1.
Note: Number of SSB before PEI is 1 for all SINR case.

	Sync/re-sync after ultra-deep sleep
	The number of SSBs is up to 10 (used for e.g., turn on the RAM, AGC adjustment, T/F tracking, serving cell and intra-F measurement)

	RRM Measurement
	Option 1: performed by main radio (same as Rel-17 UE)
Option 2: performed by LP-WUR

	LP-WUS monitoring
	Continuously monitoring

	Traffic
	· The traffic arrival is modeled as a Poisson Arrival Process where inter-arrival times are exponentially distributed, the mean arrival time is P = YREF / RE, REF, where
· RE, REF= 1%, 0.1%, 0.01% or 0.001% and YREF = 1.28s
· Per group paging probability RG = 1 – (1 – RE)N, where N is the number of UEs in the group
· FFS: Value of N
· For LP-WUS
· Both per group and UE paging can be assumed.
Note：
· For i-DRX with cycle duration Y second, 
· Per UE paging probability RE = 1 – (1 – RE, REF )Y/YREF
· For e-DRX with K i-DRX cycles duration, PTW duration of L i-DRX cycles, and an i-DRX cycle duration Y second
· Per UE paging probability is
· RE = 1 – (1 – RE, REF )(K-L)Y/YREF for the first i-DRX cycle within the PTW
· RE = 1 – (1 – RE, REF )Y/YREF for each of the remaining L-1 i-DRX cycles within the PTW
· L=4 (as agreed in RAN1#110bis)



During Rel-17 UE power saving enhancement, the power state for the evaluations of Rel-17 UE in RRC_IDLE/INACTIVE state was agreed in RAN1#102-e meeting [2]. Because the power model for i-DRX operation was not captured in TR 38.840 [3], it is captured in Table 2.2 and we assumed the power model in Table 2.2 for evaluations of i-DRX.
Table 2.2: Relative power model for i-DRX operation
	Power State
	Relative Power
(FR1 reference from TR 38.840)
	Relative Power 
(Idle/inactive-mode operation with reception bandwidth 20 MHz)

	Deep Sleep (PDS)
	1
	1

	Light Sleep (PLS)
	20
	20

	Micro sleep (PMS)
	45
	45

	PDCCH-only (PPDCCH)
	100
	50Note

	PDCCH + PDSCH (PPDCCH+PDSCH)
	300
	120

	PDSCH-only (PPDSCH)
	280
	112

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

	Intra-frequency RRM measurement (Pintra)
	        150 (synchronous case, N=8, measurement only; Pintra, meas-only)
        200 (combined search and measurement; Pintra, search+meas)
	        [60] (synchronous case, N=8, measurement only; Pintra, meas-only)
        [80] (combined search and measurement; Pintra, search+meas)

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

	Note: Power scaling to 20MHz reception bandwidth follows the rule in Section 8.1.3 of TR 38.840, i.e., max{reference power * 0.4, 50}.



Proposal 6: The power model in the Table 2.2 should be considered as a baseline to evaluate i-DRX/e-DRX operation for eMBB case.

The timeline for i-DRX/e-DRX operation of the Rel-17 UE with low SINR are illustrated in Figure 2.1. 


Figure 2.1. Illustration of the timeline for i-DRX/e-DRX operation of Rel-17 UE

Figure 2.2. Illustration of the timeline for i-DRX/e-DRX operation of Rel-18 UE.

On the other hand, the timeline for i-DRX/e-DRX operation of the Rel-18 UE with low SINR are illustrated in Figure 2.2. Since LP-WUS can replace PEI, it is assumed in Figure 2.2 that Rel-18 UE does monitor LP-WUS instead of monitoring PEI. Therefore, LP-WUS is transmitted only to the paged group, and MR of the non-paged group can keep the sleep state.
Furthermore, we considered (re)-synchronization in terms of compensating time or carrier frequency offset. In practice, UE needs to wake up for synchronization either to the preparation of data reception or to compensate for clock drift errors due to a long sleep time. For instance, in NR, UEs in RRC_IDLE/INACTIVE states can perform (re)-synchronization based on periodic SS/PBCH blocks transmitted from a serving cell.
In our evaluations, unlike eMTC or NB-IoT in LTE, we focus more on mid-tier or high-end UEs with high quality of crystal oscillator. In the case of Rel-18 UE with such high quality of oscillator, even if the MR is in ultra-deep sleep (UDS) state before the triggered from the LR, we think that (re)-synchronization may be possible with additional one SSB burst reception. However, it is noted that in the simulation, additional 7 SSB bursts as agreed in the last meeting was considered in order to check the worst performance.
For the state of LR, it was assumed to monitor LP-WUS continuously with relative power consumption of 0.05. And for the ultra-deep sleep state of MR, the values in proposal 1 were assumed for the relative power, the additional transition energy, and the total transition time.
Evaluation result 1: Average power consumption vs. DRX cycle
Figure 2.3 shows the power consumption evaluation results of the Rel-17 and Rel-18 UE over DRX cycles. Both average power consumption and power saving gain (PSG) are provided. For evaluations of Rel-18 UEs, we categorized them into two types: 'Rel-18 UE w/o RRM offloading' and 'Rel-18 UE w/ RRM offloading'. 'Rel-18 UE w/o RRM offloading' has the same procedure as Rel-17 UE to measure RRM per the i-DRX cycle in the MR regardless of whether the UE is paged or not paged in the MR, while 'Rel-18 UE w/ RRM offloading' assumes that when the UE is not paged, the RRM measurement is entirely offloaded from the MR to the LR instead of waking up periodically to perform the RRM measurement. The accuracy and additional power consumption of RRM measurements performed by the LR are not considered in this evaluation. For UEs in the paged group, the average power for PO (P_po) was calculated according to whether UEs were paged or not. It is assumed that the paged UEs in paged group decode PDCCH+PDSCH and the not-paged UEs in paged group decode only PDCCH: P_po=50*(1-R_E)+120*R_E. Note that the average power consumption was calculated considering both UEs in paged group and UEs in not-paged groups: R_G*(average power consumption of UEs in the paged group)+(1-R_G)*(average power consumption of UEs in the not-paged group). And PSG was calculated as (B-A)/B×100(%) where A is the power consumption of a Rel-18 UE and B is the power consumption of the baseline scheme (Rel-17 PEI).
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Figure 2.3. Average power consumption vs. DRX cycle
In Figure 2.3, the average power consumption of the Rel-18 UE w/o RRM offloading (orange bar) is significantly higher compared to the average power consumption of the Rel-17 UE (blue bar) at. This is because the Rel-18 UE w/o RRM offloading has to go through a ramp-up and (re)-synchronization process that cause large energy consumption for Rel-18 UEs to satisfy the requirement for RRM measurement not only when paged but also when not paged. Therefore, it is observed that there is no gain from UDS in the short time of 1.28s. 
The e-DRX cycle has more time for UDS compared to i-DRX cycle, so higher PSG can be expected than i-DRX cycle. For the average power consumption evaluation of Rel-18 UE w/o RRM offloading in the e-DRX cycle, it is assumed that the UE turns to UDS state after RRM measurement every L i-DRX cycles within the PTW. For an e-DRX cycle of , we observe that Rel-18 UE w/o RRM offloading has lower power consumption compared to 1.28s i-DRX cycle, but still higher power consumption compared to Rel-17 UE due to L times of ramp-up and (re)-synchronization process. On the other hand, for an e-DRX cycle of , we observe that the average power consumption of the Rel-18 UE w/o RRM offloading is slightly lower than that of the Rel-17 UE. This is because the power consumption saved from the longer DRX cycle is more than the transition energy required for the UDS. However, we can see that it still has a very low PSG compared to the Rel-17 UE, so in order to further reduce the power consumption, RRM measurements of the UE can be offloaded to the LR. In this case, we observed that Rel-18 UE w/ RRM offloading (yellow bar) can achieve PSG of 23.74% for i-DRX and {78.58, 90.23}% for e-DRX cycles, respectively, compared to Rel-17 UE.


Observation 1:
· There is no gain from UDS in the short time of .
· For an e-DRX cycle of , Rel-18 UE w/o RRM offloading has lower power consumption compared to i-DRX cycle.
· For an e-DRX cycle of , the average power consumption of the Rel-18 UE w/o RRM offloading is slightly lower than that of the Rel-17 UE . But it still has a very low PSG compared to the Rel-17 UE.
· Rel-18 UE w/ RRM offloading can achieve PSG of 23.74% for i-DRX and {78.58, 90.23}% for e-DRX cycles, respectively, compared to Rel-17 UE.

Proposal 7: Study RRM measurement offloading from MR to LR to achieve a high PSG.

Evaluation result 2: Average power consumption vs. Relative power unit for LP-WUR ‘on’ state 
Figure 2.4 shows the power consumption evaluation results of the Rel-17 and Rel-18 UE according to relative power unit for LP-WUR ‘on’ state, . This simulation is performed to find the appropriate  by comparing it with the average power consumption of Rel-17 UE, assuming continuous monitoring by LR. Figure 2.4(a) shows the average power consumption results as a function of  in i-DRX cycles. As can be inferred from the results in Figure 2.3, regardless of , the average power consumption of Rel-18 UE w/o RRM offloading is significantly higher than that of Rel-17 UE. On the other hand, when the RRM measurement is offloaded to LR, the average power consumption of Rel-18 UE w/ RRM offloading is lower than that of Rel-17 UE regardless of .
Figure 2.4(b) shows the average power consumption results as a function of  in e-DRX cycles. It can be seen that when the RRM measurement is offloaded to LR, the average power consumption of Rel-18 UEs w/ RRM offloading is lower than the average power consumption of Rel-17 UEs regardless of , similar to i-DRX cycle. On the other hand, when the RRM measurement is not offloaded to LR, it can be only observed that the average power consumption of Rel-17 UEs and Rel-18 UEs w/o RRM offloading have a cross point depending on  at . In this case, the cross point occurs at ~0.052. It is noted that in our evaluation, only continuous monitoring was considered and additional power consumption for RRM measurement offloading was not reflected. Further discussion can be made in order to reflect several variables for RRM measurement offloading to LR and discontinuous monitoring at LR in the evaluation.
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	(a) I-DRX cycle
	(b) e-DRX cycle


Figure 2.4. Average power consumption vs. 
Observation 2:
· Regardless of , the average power consumption of Rel-18 UE w/o RRM offloading is significantly higher than that of Rel-17 UE in i-DRX cycle.
· The average power consumption of Rel-18 UE w/ RRM offloading is lower than that of Rel-17 UE regardless of .
· For e-DRX cycle, the average power consumption of all Rel-18 UEs w/ RRM offloading is lower than that of Rel-17 UEs regardless of , similar to i-DRX cycle.

Evaluation result 3: Average power consumption vs. False alarm rate (FAR)
Figure 2.5 shows the power consumption evaluation results of the Rel-17 and Rel-18 UE according to FAR,  in i-DRX cycle. In this evaluation, due to false alarm, not paged UE is waked up as if it is paged UE and then follows the timeline of the paged group in Figure 2.1 and 2.2. Accordingly, we expect the average power consumption of Rel-17 and Rel-18 UEs to increase as  changes from 0% to 10%. As shown in Figure 2.5, we observe that the average power consumption in Rel-17 UE and Rel-18 UE w/o RRM offloading increases only about 2.99% and 9.73%, respectively. This is because the RRM measurement for both Rel-17 and Rel-18 UEs w/o RRM offloading, which has a significant impact on the average power consumption regardless of the FAR, is already performed by the not paged UE, and the power consumption is calculated only for additional PO reception. On the other hand, Rel-18 UE w/ RRM offloading should wake up due to FA, which causes a huge increase in power consumption by ramp-up and (re)- synchronization energy. According to the results of Figure 2.5, when the FAR increases from 0% to 10%, an additional PSG loss of about 94.58% can be observed for Rel-18 UE w/ RRM offloading. Therefore, in order to reduce the impact on the FAR, a tight requirement for the FAR of the LP-WUS is required.
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Figure 2.5. Average power consumption vs. FAR (i-DRX)
Observation 3:
· When FAR increases from 0% to 10%, the average power consumption of the Rel-17 and Rel-18 UE w/o RRM offloading increases only about 2.99% and 9.73%, respectively.
· For Rel-18 UEs w/ RRM offloading, an increase in FAR from 0% to 10% results in an additional PSG loss of approximately 94.58%.
· In order to reduce the impact on the FAR, a tight requirement for the FAR of the LP-WUS is required.

Evaluation result 4: Average latency vs. DRX cycle
Table 2.4 shows the average latency evaluation results of the Rel-17 and Rel-18 UE according to DRX cycle. We assumed that the Rel-18 UE can perform PO reception according to the legacy DRX cycle even if the traffic is generated and LP-WUS can be transmitted earlier than the legacy PO reception location. Therefore, in the i-DRX cycle, the average latency of the Rel-18 UE is very high compared to that of the Rel-17 UE because of the ramp-up time (400ms) from UDS to MR ON.
In addition, as the e-DRX cycle increases, the time between PTWs increases significantly, resulting in a significant increase in average latency for both Rel-17 and Rel-18 UE. It is noted that the average latency gap between the Rel-17 and Rel-18 UE is reduced as the e-DRX cycle increases since the impact by the ramp-up time from UDS to MR ON become reduced. 
Similar to a consideration of RRM measurement offloading for power consumption reduction as shown in the above evaluation results, how to reduce the average latency when LP-WUS is introduced can be further discussed. (e.g., PO reception behavior for Rel-18 UE)
Table 2.4: Average latency (ms) vs. DRX cycle
	DRX cycle
	
	
	

	Rel-17 UE
	736.37 (0%)
	6555.01 (0%)
	26671.38 (0%)

	Rel-18 UE
	1216.37 (-65.19%)
	7035.59 (-7.33%)
	27151.58 (-1.80%)



Observation 4:
· In the i-DRX cycle, the average latency of the Rel-18 UE is very high compared to that of the Rel-17 UE because of the ramp-up time (400ms).
· As the e-DRX cycle increases, the time between PTWs increases significantly, resulting in a significant increase in average latency for both Rel-17 and Rel-18 UE.

Proposal 8: Study how to reduce the average latency when LP-WUS is introduced.

3 Coverage evaluation
3.1 Evaluation assumptions for LR detection performance
To evaluate link performance of LP-WUS, some assumptions related to transmit LP-WUS at the gNB and receive LP-WUS at the LR are necessary. The detailed assumptions for transmitting and receiving LP-WUS are explained in this section.
How to generate LP-WUS from the gNB transmitter
According to the agreements on the 9.13.3 agenda in RAN1#111, three types of waveform for LP-WUS are considered for the study as follows:
	Agreement
· Study generation and link performance of multi-carrier (MC)-ASK (including OOK) waveform
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS. 
· Note that above does not preclude DFT-S-OFDMA 
· Study generation and link performance of multi-carrier (MC)-FSK waveforms
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS.
· Study link performance of OFDMA-based signals/channels considering at least the existing signal/channel structure (e.g. CSI-RS, SSS)
· Other signal/channel structures are not precluded
· For next meeting, companies to provide input on aspects to consider that might impact link performance



As the starting point of the study, we focus on the MC-OOK based LP-WUS which was adopted for IEEE 802.11ba as well. The following block diagram shows how to generate CP-OFDM based MC-OOK in our evaluation.
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Figure 3.1 How to generate and transmit LP-WUS at the gNB transmitter
We assumed the sequence based LP-WUS and generate 31-length m-sequence for our evaluation. The simplest way to generate ON/OFF pulse of OOK based on CP-OFDM waveform is to transmit 1 OOK pulse per 1 OFDM symbol. Thus, total 31 OFDM symbols are used for transmitting LP-WUS and OOK pulse duration ( time duration per one pulse of OOK) is highly depending on the SCS of LP-WUS. Therefore, the bit rate of LP-WUS (1/: the number of OOK pulses per a second) is limited when low SCS is applied. To overcome the limitation on the bit rate of LP-WUS under the low SCS, the simplest way is to apply high SCS to generate LP-WUS. However, it seems difficult that the gNB applies high SCS only for limited BW of LP-WUS (e.g., less than 5MHz) using different SCS for other frequency BW except for BW of LP-WUS.
Another way to overcome the limitation on the bit rate of LP-WUS is to generate multiple OOK pulses per 1 OFDM symbol with low SCS based CP-OFDM using the least square based subcarrier generation for LP-WUS. In Figure 3.1, subcarrier for LP-WUS () can be founded using least square method so that dedicated LP-WUS is generated in the time domain after IFFT operation. Therefore, relatively high bit rate of LP-WUS can be generated using low SCS based CP-OFDM (e.g., 15kHz, 30kHz). In our evaluation, 30kHz SCS was considered to generate CP-OFDM symbol. The bit rate of LP-WUS was assumed to be 60kbps and 120kbps. Thus, 2 OOK pulses and 4 OOK pulses can be transmitted over 1 OFDM symbol for 60kbps and 120kbps LP-WUS, respectively.
The amplitude of MC-OOK based LP-WUS (X in Figure 3.1) is related to the average power of REs mapped for LP-WUS (). Therefore, the amplitude of transmitted LP-WUS for OOK ‘ON’ pulse can be adjustable according to the total power allocated for LP-WUS. In this evaluation, the same average power for LP-WUS and co-channel interference was assumed. For example, randomly generated QPSK modulated signals were mapped on REs not used for both LP-WUS and guard band as co-channel interference. Then, the average power of  was adjusted to have the same average power of REs mapped for co-channel interference. Note that the total  constituting one LP-WUS was used to calculate the average power if one LP-WUS was transmitted over multiple OFDM symbols.
One thing to consider is that way to generate dedicated LP-WUS () can be different according to how to handle CP at the LR. If LR can remove CP of received LP-WUS,  can be generated as shown in Figure 3.1. If LR doesn’t have the ability to remove CP, however,  should be generated considering CP distortion which can affect MC-OOK detection performance. The detailed method to generate dedicated LP-WUS while reducing the effect of CP distortion is explained in [4]. In our evaluation, we assumed that the LR can remove CP.
How to receive LP-WUS at the LR
According to the agreements on the 9.13.2 agenda in RAN1#110bis-e, at least three types of receiver architecture for LP-WUR are considered for the study as follows:
	Agreement
Study at least the following three types of receiver architectures for LP-WUR:
· Architecture with RF envelope detection 
· Heterodyne architecture with IF envelope detection
· Homodyne/zero-IF architecture with baseband envelope detection
· Note: The details of each type of receiver architecture are discussed separately.
· Note: Above receiver architectures are considered suitable for OOK modulation. Some of the architectures 
can be applicable for other modulations such as FSK.



As the starting point of the study, we focused on homodyne/zero-IF architecture with baseband envelope detection. The characteristics of the receiver architecture were also agreed in RAN1#110bis-e as follow:
	Agreement
Study the homodyne/zero-IF architecture with baseband envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is directly down converted into baseband signal via an RF mixer with a LO. 
· Baseband envelope detection can be done either in analog domain or in digital domain depending on design, which is not explicitly shown in the diagram.
· The choice of the LO is one of the major factors that determines the power consumption.
· Lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO. However, such increased frequency offset and phase noise should be taken into account in the design and evaluation.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q matching network and/or RF BPF and/or BB BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· No image rejection filter is required.
· Some component(s), e.g., RF LNA and/or BB AMP, can be optionally applied.
· FFS the support of band and/or carrier tuning




Butterworth low-pass filter can be used as BB LPF. And cut-off frequency of LPF can be set considering bandwidth for LP-WUS and guard band size. Also, detection performance of LR can be affected according to the order of Butterworth filter. The waveform of received LP-WUS that has passed through the filter is shown in Figure 3.2. Note that only co-channel interference was assumed in these plots. Thus, the effect of AWGN and fading channel is not represented in plots. In our evaluation, 3rd order Butterworth filter was assumed.

[image: ]
Figure 3.2. The waveform of received LP-WUS according to the order of Butterworth LPF filter
After passing through the BB LPF, received analog signal can be converted to digital baseband signal. In our evaluation, sampling rate was assumed as 3.84MHz to generate samples. For ADC operation, multi-bit ADC was also assumed as well as 1 bit ADC to compare the detection performance according to the bit-width of ADC operation. To quantize received signal according to the ADC bit-width, we assumed that received signal can be amplified so that the amplitude of received signal can be within the certain range. For example, the received signal was adjusted in order that the minimum value and the maximum value of the received signal became 0 and 1, respectively.
After sampling and quantizing the received signal, OOK demodulation can be performed through digital BB processing. Multiple samples are used for detecting energy of OOK pulse. Specifically, if detected energy for the specific OOK pulse is over a certain threshold, that OOK pulse is determined as an ON pulse. Otherwise, it is decided as an OFF pulse. In our evaluation, the threshold for OOK demodulation was calculated based on the average of the energy for the received samples.
Finally, the demodulated sequence can be correlated with the dedicated sequence and LR wakes up MR if the result of correlation is over the threshold of correlator. In our evaluation, the threshold of the correlator was set based on the required false alarm rate (FAR). Specifically, we found the proper threshold to make false alarm rate less than the required false alarm rate. Generally, threshold of correlator should be larger as the required false alarm rate is tighter. To compare the effect of required FAR, 1% and 0.1% required FAR were assumed. And the definition of false alarm rate will be explained in the section 3.2.
How to model the clock error of LR was discussed during the previous meeting, but not agreed yet. In our evaluation, frequency/timing error due to the inaccuracy of clock was not considered. The impact of the clock error can be evaluated later if further progress is achieved on it.
The assumptions for evaluating the link performance of LP-WUS, including those mentioned above, are summarized in Table 3.1.
Table 3.1: Assumptions for link performance evaluation for LP-WUS
	Attributes
	Assumptions

	Signal/Channel structure
	31-length m-sequence 
※ The number of candidates LP-WUS sharing the same time/frequency resource: 3

	Coding scheme
	None

	LP-WUS modulation
	MC-OOK (CP-OFDM based generation using least square method)

	Bit rate of LP-WUS
	60kbps, 120kbps (1/: the number of OOK pulses per a second)

	SCS used in signal generation
	30kHz for 4GHz carrier frequency
※ same SCS is applied both for LP-WUS generation and co-channel interference

	WUS Bandwidth
	0.96MHz (32REs*30kHz/RE)

	Guard band
	0.36MHz (0.18MHz on each side of LP-WUS bandwidth)

	co-channel interference
	QPSK modulated signal mapped on REs not used for LP-WUS and guard band
same average power to the average power of REs mapped for LP-WUS

	Type of LR architecture
	Zero-IF architecture

	Filter
	3-rd order Butterworth low-pass filter with cut-off frequency at 0.5 MHz

	Sampling Rate
	3.84MHz 

	Frequency error/drifts
	None (assumed perfect synchronized case)

	ADC bit-width
	1, 2, 4 bits ADC

	Assumed FAR
	0.1%, 1%



3.2 Detection performance metric
For the detection performance of the LP-WUS/WUR, the false alarm rate (FAR) and the miss-detection rate (MDR) are ones of the metrics to be evaluated during the study item and the relevant agreement was achieved in RAN1#110b-e:
	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.



According to the agreement, the assumed values of FAR and MDR as performance metrics were agreed, but how to calculate the MDR/FAR is not discussed yet. It is noted that the exact definition of FAR and MDR can be slightly different depending on the structure and characteristics for a signal design. As one reference, the definition of detection performance metric and minimum SNR for coverage evaluation considering the characteristics of the new signal was described in TR [5].
Therefore, in this section, we would like to explain the definition of MDR/FAR and required SNR for coverage evaluation used for our evaluation.
The definition of MDR
Miss detection is defined that LP-WUS for the specific UE or UE group (i.e., target LP-WUS) is not detected during the LP-WUS monitoring window at the LR of that UE although the gNB transmits the target LP-WUS within the LP-WUS monitoring window. Therefore, the probabilities of miss detection for LP-WUS can be expressed as follow:
= 1– Prob. {LP-WUS i is detected in the monitoring window | LP-WUS i is present in the monitoring window}
Note that the LP-WUS i is the target LP-WUS which is generated based on the dedicated sequence.
The definition of FAR
False alarm is defined that the target LP-WUS is detected although it was not transmitted within the LP-WUS monitoring window. There are three cases for something that gNB can transmit within the LP-WUS monitoring window: 1) LP-WUS, 2) Other NR signal(s)/channel(s) (PDSCH, PDCCH, …), 3) the absence of gNB transmission (only considering AWGN). Furthermore, if multiple UEs or UE groups share the frequency/time resource to monitor LP-WUS, then false alarm case due to LP-WUS for other UE (i.e., non-target LP-WUS) also should be considered to calculate the false alarm rate. The probabilities of false alarm for above cases can be expressed as follows:
= Prob. {LP-WUS i is detected in the monitoring window | signal j is present in the monitoring window}
Note that signal j can include three cases: 1) non-target LP-WUS, 2) Other NR signal(s)/channel(s), 3) only AWGN input
Because  can be different value depending on which signal j is transmitted by the gNB, in our evaluation, we defined  used for obtaining required SNR as follow:

Depending on which signals can be transmitted within the LP-WUS monitoring window, the candidates of  can be different as following options:
Option. 1) Only non-target LP-WUS are considered to calculate 
Option. 2) Not only non-target LP-WUS, but other NR signal(s)/channel(s) and/or only AWGN input are also considered to calculate 
For option 1, the number of calculated  is the same to the number of non-target LP-WUS candidates sharing the same resource. And it is assumed that other NR signal(s)/channel(s) cannot be transmitted within the monitoring window. Otherwise, for option 2, other NR signal(s)/channel(s) or only AWGN input can be presented in the monitoring window. 
In our evaluation, the max operation was used to ensure that the  does not exceed the assumed FAR (e.g., 1% or 0.1%) no matter what signal j is transmitted. On the other hand, an option to calculate  by (weight) average operation instead of the max operation may also be considered.
The definition of required SNR
Based on the definition of  and  explained in this section, we obtained the required SNR for coverage evaluation of sequence based LP-WUS. We assumed that the required SNR is the SNR value required for 1% MDR () satisfying the requirement of 0.1% or 1% FAR (). Specifically, the proper threshold of correlator that does not exceed the FAR requirement was determined. Then, the required SNR was obtained based on the MDR performance with the determined threshold of correlator.
According to the evaluation result from the section 3.3, the result of evaluation can be affected by the definition of performance metric. For example, if only non-target LP-WUS for other UEs is considered for the calculation of , the performance is better than the case when other NR signal(s)/channel(s) are also considered. In addition, various definition can be considered according to the structure of LP-WUS (e.g., message based LP-WUS). Therefore, the definition of MDR, FAR and required SNR should be discussed to have common understanding on the metrics between companies and draw reasonable conclusions from evaluation results by companies.
Proposal 9: The definition of MDR, FAR and required SNR should be aligned for evaluation purpose.

3.3 Evaluation results for LR detection performance

In this section, we will analysis the results of evaluation performed under the assumptions explained in the section 3.1 and 3.2. Figure 3.3 and Figure 3.4 show the mainly four factors that affect the detection performance of MC-OOK based LP-WUS: 1) ADC bit-width, 2) the definition of FAR, 3) bit rate of LP-WUS, 4) assumed FAR.

[image: ]
Figure 3.3. Miss-detection probability according to the ADC bit-width/the definition of FAR/assumed FAR

In the Figure 3.3, it is obvious that multiple-bit ADC has better performance than the single bit ADC because more sophisticated energy detection can be possible when determining the ON or OFF pulse of the received signal. However, there is no performance difference between 2 bits ADC and 4 bits ADC in the Figure 3.3. It seems that 2 bits ADC is enough to perform OOK detection which determines whether the received samples represent ON pulse or not. Therefore, unless more complicated digital processing is required, there is no need to use over 2 bits ADC operation for MC-OOK detection.
Observation 5: Multi-bit ADC operation provides better performance compared to 1 bit ADC operation for detection MC-OOK based LP-WUS.

As mentioned in section 3.2, the definition of FAR can be different based on which signals are considered to calculate the probability of false alarms. Figure 3.3(a) and Figure 3.3(b) show the evaluation result when option 1 and option 2 are used to calculated FAR, respectively. In our evaluation,  has a relatively large value when other NR channels or only AWGN inputs were transmitted compared to  from LP-WUS for other UEs. While other UE's LP-WUS is designed to have good cross correlation performance with target LP-WUS, demodulating other NR channels or only AWGN inputs as OOK signals creates random binary sequences, which deteriorates false alarm rate performance. As shown in Figure 3.3, the detection performance can be affected depending on how to calculate probability of false alarms; about 2dB difference for required SNR based on multi-bit ADC operation (comparing green arrows shown in Figure 3.3(a) and Figure 3.3(b)). Therefore, the detailed description about the assumption calculating performance metrics (e.g., FAR, MDR,…) should be provided by companies.
Observation 6: The evaluation result can be affected by the definition of the detection performance metric.

[image: ]
Figure 3.4. Miss-detection probability according to the bit rate of LP-WUS/assumed FAR
Figure 3.4 shows the impact of OOK pulse duration ( on the OOK detection performance. Since 60kbps LP-WUS has an OOK pulse duration that is twice as long as 120kbps, it is resistant to the effects of fading and noise channels. According to Figure 3.4, about 3~4dB gain for the required SNR (comparing yellow arrows shown in Figure 3.4) can be obtained when comparing 60kbps and 120kbps LP-WUS.
In both Figure 3.3 and Figure 3.4, the performance difference (comparing solid and dotted lines per color in the figures) according to the assumed FAR appears. It means that the relaxation of FAR requirement can improve the detection performance. However, as explained in section 2.3, relaxing required FAR can increase the power consumption. Therefore, the requirement FAR should be determined considering trade-off relationship between detection performance and power saving gain.
As shown in the figures, probability of miss detection is highly depending on the probability of false alarm because the threshold of correlator is determined based on the FAR requirement. Therefore, how to reduce the probability of false alarm from other signal j () can be considered to increase detection performance. For example, if it is possible to reduce false alarm case from other NR channels or only AWGN inputs by digital processing at the LR, the miss-detection probability of Figure 3.3(b) can decrease. Therefore, the study to reduce the probability of false alarm can be necessary.
Observation 7: There are trade-off between the detection performance and the followings.
· Reducing bit rate of LP-WUS.
· The relaxation of FAR requirement.

3.4 Assumption for coverage evaluation
To study coverage according to the architecture of LR, a proper noise figure (NF) should be used for link budget evaluation. Equal to the power consumption of LR, the value of NF of LR is affected by the design choice as well as the type of architecture. At least, since the presence of LNA has a substantial impact on the NF, it should be reflected in selecting the NF value for evaluation. Whether other components should be considered can be studied further.
Proposal 10: The presence of LNA should be reflected to select the NF value for link budget evaluation.
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4 Conclusion
This contribution considered the evaluation aspects for the low power wake-up signal and receiver. 
The following observations and proposals have been made:
Observation 1:
· There is no gain from UDS in the short time of .
· For an e-DRX cycle of , Rel-18 UE w/o RRM offloading has lower power consumption compared to i-DRX cycle.
· For an e-DRX cycle of , the average power consumption of the Rel-18 UE w/o RRM offloading is slightly lower than that of the Rel-17 UE . But it still has a very low PSG compared to the Rel-17 UE.
· Rel-18 UE w/ RRM offloading can achieve PSG of 23.74% for i-DRX and {78.58, 90.23}% for e-DRX cycles, respectively, compared to Rel-17 UE.

Observation 2:
· Regardless of , the average power consumption of Rel-18 UE w/o RRM offloading is significantly higher than that of Rel-17 UE in i-DRX cycle.
· The average power consumption of Rel-18 UE w/ RRM offloading is lower than that of Rel-17 UE regardless of .
· For e-DRX cycle, the average power consumption of all Rel-18 UEs w/ RRM offloading is lower than that of Rel-17 UEs regardless of , similar to i-DRX cycle.

Observation 3:
· When FAR increases from 0% to 10%, the average power consumption of the Rel-17 and Rel-18 UE w/o RRM offloading increases only about 2.99% and 9.73%, respectively.
· For Rel-18 UEs w/ RRM offloading, an increase in FAR from 0% to 10% results in an additional PSG loss of approximately 94.58%.
· In order to reduce the impact on the FAR, a tight requirement for the FAR of the WUS is required.

Observation 4:
· In the i-DRX cycle, the average latency of the Rel-18 UE is very high compared to that of the Rel-17 UE because of the ramp-up time (400ms).
· As the e-DRX cycle increases, the time between PTWs increases significantly, resulting in a significant increase in average latency for both Rel-17 and Rel-18 UE.

Observation 5: Multi-bit ADC operation provides better performance compared to 1 bit ADC operation for detection MC-OOK based LP-WUS.

Observation 6: The evaluation result can be affected by the definition of the detection performance metric.

Observation 7: There are trade-off between the detection performance and the followings.
· Reducing bit rate of LP-WUS.
· The relaxation of FAR requirement.

Proposal 1: To define new sleep state of MR “Ultra-deep sleep”, the following should be adopted:
Relative power (unit) : 0.015.
Transition time/energy: 400ms/10000.

Proposal 2: When the relative power value for the on-state of LP-WUR is chosen for the evaluation, the characteristics of the assumed LR architecture should be reflected.
· e.g., the types of receiver architecture, the presence of LNA/AMP, the type of oscillator, the type of BPF/LPF filter and etc.
· The details of LR assumed for the evaluation are up to each company.

Proposal 3: For the relative power of the LR on-state to a specific LP-WUR architecture, the followings should be considered:
· Power consumption level-based categorization and baseline relative power unit per category.
· What types of LR architecture can be included in each category.
· Scaling factors to reflect the design choices and scaling value.

Proposal 4: Ramp-up time and transition energy from ‘off’ to ‘on’ states should be different according to the power level of ‘on’ state for LR.
· E.g., on state for 1/2/4 relative power unit, ramp-up time should not be neglected.

Proposal 5: The latency for RRC_CONNECTED state is defined as the time interval between the data arrival time at the gNB and the time of the first UE specific data channel reception.

Proposal 6: The power model in the Table 2.2 should be considered as a baseline to evaluate i-DRX/e-DRX operation for eMBB case.

Proposal 7: Study RRM measurement offloading from MR to LR to achieve a high PSG.

Proposal 8: Study how to reduce the average latency when LP-WUS is introduced.

Proposal 9: The definition of MDR, FAR and required SNR should be aligned for evaluation purpose.

Proposal 10: The presence of LNA should be reflected to select the NF value for link budget evaluation.
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