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[bookmark: _Hlk510705081]At the RAN#94-e meeting, it was agreed to study Wake Up Signal and Receivers designs. These designs are to be primarily targeted at delay and power-sensitive, small form-factor devices, such as industrial sensors, controllers and wearables. Unlike previous power saving study items, the objectives for this study encompasses new signals and receiver architectures [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, the coverage availability, as well as latency impact of low-power WUR/WUS. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]
· Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary. 



In this contribution, we provide our thoughts relating to the first objective regarding the evaluation methodology, specifically the:
•	Potential Use Cases 
•	Deployment Considerations  
•	Simulation needs and assumptions 
•	Power Model Framework 
•	Study Areas of Interest.

Study item scope
As per the SID, the primary target use cases for this new WUS, are those where the devices are power sensitive and where existing power saving techniques (eg eDRX) are less effective given the latency requirements.
· Wearables
· Rings
· eHealth Related devices
· Industrial sensors and controllers

In addition to power and latency sensitivity, the devices for these use cases, are likely to be low cost and have a small form factor, i.e. the same defining features as the Reduced Capability devices at different stages of development for Releases 17 and 18. With this in mind, we feel that this SI should consider the constraints of both release 17 and release 18 Reduced Capability devices. For Release 17 and 18 Redcap devices, the key constraints of those devices that we feel LP-WUS evaluations should consider for assumptions relating to the main radio and various power states, include:
· Reduced Operating Bandwidths
· For Release 17:
· 20 MHz and 100 MHz RF+BB bandwidth for FR1 and FR2 respectively
· For Release 18:
· 5 MHz BB bandwidth only for PDSCH (for both unicast and broadcast) and PUSCH, with 20 MHz RF bandwidth for UL and DL
· The other physical channels and signals are still allowed to use a BWP up to the 20 MHz maximum UE RF+BB bandwidth.
· Reduced number of receiver branches
· For both Release 17 and 18, RedCap devices are only required to support a single receiver chain.
· Half-duplex FDD operation (optional)
· Relaxed maximum modulation order for FR1
· 64 QAM compared to legacy 256 QAM

Observation 1: Many of the target use cases for the new WUS, are the same as those for the Reduced Capability devices developed for Release 17 and the being developed for Release 18.

Hence, to ensure applicability of LP-WUS design to RedCap devices, it is proposed to consider the afore quoted restrictions in the LP-WUS/WUR study.
Proposal 1: 	The SI considers the constraints of RedCap devices.

In addition to the use cases stated above, the SI also makes the point to not preclude other use cases, thus feasibility to more eMBB type of applications, such as XR, could be considered.
In our opinion, these other use cases, open 2 distinct lines of investigation for the study item phase to explore.  These are:
· The use of LP-WUS for Uu connection, e.g. in Connected mode to conserve main radio energy when monitoring for PDCCH
· The use of LP-WUS for sidelink style communications

In our view, the use of WUS for sidelink style communications can be a topic that would requires further evaluation effort, in particular to compare against other alternative short range communications technologies. To complete this evaluation together with other cellular access related applications, it would seem that the time units allocated to this SI might not be sufficient. Therefore it is felt that sidelink related use cases could be down prioritized at this stage in SI. Naturally if the selected LP-WUS signal design/solution is deemed viable, it could be also applied to sidelink communication.
Proposal 2: 	Down prioritize the sidelink related studies for time being.

Deployment Considerations
When considering the design of the LP-WUS and corresponding LP-WUR design, the targeted deployment scenarios would need to be considered. This would have implications on the signal design as well the feasibility of the LP-WUS utilization.  
One aspect having impact to both LP-WUR design as well as the feasibility of LP-WUS deployment is the assumption on frequency location of LP-WUS. In typical licensed band operation, there is lot of flexibility to select the location (and width) of the carrier. As the available spectrum also depends on regulatory aspects and vary also geographically. Thus, it would not seem practical to consider restrictions for the LP-WUS placement in frequency domain, and the LP-WUR (RF) architecture should support this. Hence, it would seem relevant that the LP-WUS/WUR design would support flexible placement of the LP-WUS in frequency domain.
Proposal 3: 	LP-WUS design and LP-WUR architecture support flexible placement in frequency domain.
In context of frequency domain placement of the LP-WUS, similarly as for LTE NB-IoT, it can be considered whether the LP-WUS is deployed as in-band or whether out-of-band (e.g. in guard band) deployments are supported. To facilitate the simple roll-out of the LP-WUS in existing network deployments, we would think that in-band operation should be given priority in the SI. 
The LP-WUS signal design should also be properly selected so that it ensures that the existing gNB hardware can be reused to generate the signal. Also, the LP-WUS design should be such that it can efficiently multiplexed within existing NR signals/channels so that the ‘cost’ of the LP-WUS deployment can be kept small. This may need to be reflected in the LP-WUR design as well. As discussed in [2], certain LP-WUR architectures, e.g. those based on simple comparators instead of ADCs, may be attractive for their simple design and ultra low power consumption, but may prohibit efficient TDM/FDM with other NR signals/channels, which may increase the cost of LP-WUS introduction to operators. Thus, LP-WUS design and LP-WUR architectures should be such that the resource reservation can be minimized.
Given the above reasons we have the following proposals:
Proposal 4:		The wake-up signal design and wake up receiver architecture defined, allows efficient reuse of gNB hardware for signal generation.
Proposal 5:		The LP-WUS signal design and LP-WUR architecture should be defined so that efficient multiplexing with existing NR signals and channels is possible to limit the resource reservation.
Other key deployment issues that we feel the SI should investigate, are coverage and mobility. The attainable coverage is affected by the LP-WUS design and the LP-WUR architecture. Certain architectures and design may offer desirable power consumption values for the LP-WUR, but restrict the applicable coverage of the LP-WUS, requiring more frequent use of main receiver, thereby limiting the overall power efficiency. Impact and implications to mobility and other functionalities related to link quality should be considered. 
Proposal 6:		Coverage and mobility implications should be accounted for in LP-WUS design and LP-WUR architecture assumptions.
Given the smart wearable target use cases in particular, some degree of mobility should be expected and designed for. The baseline for the eDRX mobility, discussed under RedCap, that devices can “experience some low mobility, and this, during some “stationary” periods of time”. Hence, as discussed in [3], the assumption between latency and mobility performance should be aligned so that service interruptions due to limited mobility support can be avoided. Thus the trade-offs between power consumption, latency and resource usage for LP-WUR architecture and LP-WUS design should be considered.
Proposal 7:		Consider in LP-WUS design and LP-WUR architecture the possibility to accommodate use cases with some degree of limited mobility.

Simulation needs and assumptions            
As implied by the objectives of the LP-WUS and LP-WUR study, there is a need for different types of evaluations to compare and contrast different LP-WUS architectures and signals.   A list of Key Performance Indicators that we believe that these evaluations should target is listed below:
Power Consumption
· The primary aim of this work item is to reduce the overall power consumption of the combined device. The attainable power saving should be evaluated accounting 
Latency
· One justification for LP-WUS introduction was to reduce the paging latency, and enable the use of eDRX also for latency sensitive services. However, as we discuss in the next sections in context of power saving modelling, there are also other aspects that may affect the actual service latency with LP-WUS operation.  
Coverage
· One of the goals of the study should be to understand how the LP-WUS coverage relates to the coverage of other existing NR signals (with main radio). 
Selectivity/robustness 
· While the miss-detection and false alarm probabilities also affect the coverage and power saving evaluations, they should also be assess in terms of the robustness/capacity accounting different possible LP-WUR architectures in presence interference.
Data Rate/capacity
· Different type of approaches for the LP-WUS operation may require different data rate support from LP-WUS, and thereby effect the design. A trade-off is expected between sensitivity, power-consumption, and data-rate. Capacity should also be considered from system perspective to accounting the implied overhead.

Observation 2: Different key performance indicators need to be considered in the study should cover: power consumption, latency, coverage, selectivity/robustness data rate/capacity (from LP-WUS and system perspective). 
[bookmark: _Hlk115268925]Firstly, there is need to evaluate the potential power saving gain offered by the LP-WUS, thus developing the Rel-16/17 frame work for UE power saving evaluation further is needed. We discuss this and the related assumptions in Section 2.1.1. Also, as noted by the SID, the coverage of LP-WUS/ sensitivity of LP-WUR is to be considered. For this purpose, link level simulations and comparison would seem appropriate. In context of RAN#97e discussions it was raised the need to consider the mobility. Depending on the approach selected, this could imply system level evaluations to determine the mobility performance aspects and additional link level simulations to determine the possible accuracy impact (e.g. due to lower number of samples). 
[bookmark: _Hlk115268907]Power saving evaluations                              
In Rel-16 UE power saving studies the model for evaluation the power saving gains was developed and captured in TR38.840. As a part of Rel-17 UE power saving studies the model was further updated to reflect better the Idle/Inactive mode (see Annex A). In terms of evaluating the Rel-17 baseline operation this would seem as suitable starting point. 
In addition to the existing modelling, evidently there needs to be further assumptions made. Most importantly, assumptions to enable evaluation of the power saving enhancement via LP-WUR need to be introduced. In this context the relative power level of LP-WUR is needed, and if different sleep states or operation are considered for LP-WUR, the transition time and energy need to be determined. These modelling assumptions may need to be updated as the LP-WUR architecture discussion [2] progresses, so that the model reflects the assumed LP-WUR reference architecture.
Observation 3: The power consumption model developed in Rel-16 and Rel-17 would need to be updated to account LP-WUR power consumption, based on the selected LP-WUR reference architecture 
For the evaluation purpose, it should be also further discussed what is the assumption for the main receiver. I.e. is the main receiver kept in deep sleep state for the periods of inactivity, when LP-WUR is used in Idle/Inactive mode or in light sleep, when LP-WUR is used in Connected mode depending on the time line. In Rel-17 early paging indication studies it was assumed that (main) receiver was in deep-sleep in between the paging etc. monitoring. As also discussed in Rel-17, there would be need to assume some re-synchronisation prior resuming full reception e.g. of paging PDSCH. Three different scenarios were assumed, low, medium and high SNR corresponding to 3, 2 and 1 SSB, respectively.
Observation 4: For Idle/Inactive mode enhancements, if main receiver is assumed to be in power off state deep sleep for the duration of inactivity, the time line would need to accommodate the time taken to detect a number of SSBs for re-synchronization prior full reception capabilities are resumed.
For IDLE/Inactive operation new deeper sleep states for the main receiver could be envisioned, which might be viable for certain device types. This new sleep state would require  assumptions of the relative power level as well the transition time. As discussed above, for deep sleep mode (of the existing power consumption mode as per TR38.840) it was assumed that the accurate timing may not be maintained, which was reflected in the timeline in Rel-17 evaluations where reception of 1-3 SSBs prior full reception capabilities can be assumed. If  a sleep state that allows more power efficient inactivity than deep sleep would be assumed/introduced, it would seem necessary to assume that UE/main receiver needs to fully re-acquire the synchronisation prior actual reception. This could imply that UE would need to re-acquire the PSS, SSS and PBCH DM-RS, basically similarly as UE does in cell selection phase. Currently there are no time domain requirements for cell selection (i.e. detecting a cell from cold-boot), but RAN4 determines requirements for new neighbour cell identification for CONNECTED mode in TS38.133. The minimum time for PSS/SSS detection, SSB index acquisition and SSB measurement (Tidentify_intra_with_index = (TPSS/SSS_sync_intra + TSSB_measurement_period_intra + TSSB_time_index_intra)) is 600ms+120ms+200ms(=960ms), or greater if SMTC period is long. However, these requirements are only for the situation that UE is already synchronised to a (serving) cell in CONNECTED mode and searching for a new neighbouring cell. Hence, it is assumed that the UE already has a fine synchronisation to the network. Thus, it would seem that rather long time may need to be reserved for the main receiver to re-acquire synchronisation. This would of course depend on for example on the LP-WUR architecture and LP-WUS design, if they can facilitate e.g. tracking the timing and oscillator accuracy.
Observation 5: If power off state (below deep sleep state) is considered for the main receiver, sufficient time would need to be assumed to allow the (main) receiver to acquire synchronization. This would be dependent on the time tracking capability/support of the LP-WUR/WUS.

In context of timeline for the evaluations, also the measurement activity would need to be accounted. We have discussed the measurement activity related aspects in companion contribution [3]. Depending on the assumed coverage, there maybe need to consider also neighbouring cell measurements, but at least serving cell evaluations would need to be maintained to ensure that service interruptions e.g. due to delayed re-selection or beam failure/RLM can be avoided. For Connected mode there has not been any detailed consideration for the CSI measurements. Depending on the considered use cases these may need to be considered in the evaluation.  
Observation 6: For both, Idle/Inactive and Connected mode evaluations, the needed serving cell evaluations would need to be accounted.

[bookmark: _Ref115438413]Power saving evaluations and assumptions
In this section discuss about the assumptions for the power saving evaluation and also present preliminary power saving evaluations for the Idle/Inactive mode operation. In Table 1 below, we present the power consumption model. In the table below, we have considered few placeholder rows for additional power states that may need to be considered, e.g., based on the LP-WUR architecture (as discussed in [2]). It includes the power consumption assumptions for LP-WUR with LNA ON or OFF, and also whether the LP-WUR is assumed to be always on or whether sleep state could be considered. In addition the consideration for futher lower power state for the main receiver is given. 
[bookmark: _Ref115432437]Table 1. UE power consumption model
	Power State
	Power model
(Idle/inactive-mode operation with reception bandwidth 20 MHz)

	
	Relative power
	Transition time and energy
(if applicable)

	LP-WUR
	
	

	LP-WUS monitoring (LNA ON)
	[0.1]*
	[TBD]

	LP-WUS monitoring (LNA Off)
	[0.05]*
	[TBD]

	LP-WUR sleep
	[TBD]
	[TBD]

	Main receiver
	
	

	Power off 
	[0.015] *
	{[200ms], [10000]} *

	Deep Sleep (PDS)
	1
	{40ms, 450}

	Light Sleep (PLS)
	20
	{6ms, 100}

	Micro sleep (PMS)
	45
	{0ms, 0}

	PDCCH-only (PPDCCH)
	50Note
	0

	PDCCH + PDSCH (PPDCCH+PDSCH)
	120
	0

	PDSCH-only (PPDSCH)
	112
	0

	SSB/CSI-RS proc. (PSSB)
	50
	0

	Intra-frequency RRM measurement (Pintra)
	·        60 (synchronous case, N=8, measurement only; Pintra, meas-only)
·        80 (combined search and measurement; Pintra, search+meas)
	

	Inter-frequency RRM measurement (Pinter)
	·        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}.
[]* : Values are preliminary and to be considered further based on the LP-WUR architecture discussion.
 Power accounted only for boot-up and sub-systems bring-up including internal calibration. Ramp down transition not considered. 



In addition to the power model shown above, we have listed the other assumptions used in our preliminary evaluations in table below.
[bookmark: _Ref115432452]Table 2. Power saving evaluation assumptions.
	Parameter
	Value

	Numerology

	Subcarrier spacing
	30 kHz

	Bandwidth
	20 MHz

	TDD frame structure
	6 DL : 4 UL, repeated every 5 ms

	Number of beams
	8

	Paging

	DRX cycle
	1.280 seconds (2560 slots)

	eDRX cycle
	48 DRX cycles

	PTW
	8 DRX cycles

	Paging probability per DRX cycles
	[10/48] % (unless noted otherwise)

	Number of PDCCHs/PDSCHs/EPI received per PEI-O/PO
	8

	Number of EPI slots used for detection
	1

	Number of subgroups 
	1 (unless noted otherwise)

	Synchronization

	SSB periodicity
	20 ms

	SSB burst duration
	2 ms (4 slots)

	Number of SSB bursts received prior to PO 
	1/2/3 for high/med/low SINR

	Time duration for serving cell SSS acquisition if main receiver was in power off state Note1
	4(80)/8(160)/12(240) SSB periods (slots) 

	Number of SSB bursts received prior to PEI-O
	1

	Offset from SSB to PO
	10 ms

	Offset from SSB to PEI-O
	2 ms

	Measurements

	SMTC window for intra-frequency RRM measurements
	2 ms (4 slots)

	SMTC window for inter-frequency RRM measurements
	5 ms (10 slots)

	Time to switch frequency layer
	0.5ms (1 slot)

	Cell search rate 
	25 %

	Note1: Power based on neighbor cell search power per freq. layer, Pinter, search-only, per slot is assumed for the duration.



In afore mentioned tables, we have proposed to account the main receiver power state wake-up time (from power off) and energy in two different parameters. At first, we have suggested in Table 1 to account the time and energy needed for bringing the receiver hardware up from power off, and in Table 2 we suggested the time in number of slots needed by the main receiver to acquire synchronisation. This is aligned with the approach used in Rel-17 evaluations, where the timeline accounted for the number of SSBs used for re-synchronisation.
For re-synchronisation, there are some differences that need to be accounted when compared to earlier work e.g. in LTE. In LTE, the PSS/SSS has the period of 5ms, and CRS are present in every slot, thus enabling fast re-synchronisation. However, in NR, the search and synchronisation would need to be based to SSBs and  SSB periodicity is typically assumed to be of 20ms. This will increase the time required by UE to re-acquire the synchronization to NR network. Thus, when/if assuming new additional power state, i.e., power-off state, where the main receiver is shut-down, and the UE cannot maintain nor update the fine time/frequency tracking, the time line would need to account the needed effort to achieve synchronisation. In order to make the LP-WUR also power efficient, it may not be possible to assume any accurate clocks in LP-WUR either [2]. Thus, we have assumed for the main receiver that, upon waking up from power off state, an initial synchronization time of 300ms + 200ms (<<960ms[footnoteRef:2] ) is assumed for stored cell re-synchronization (frequency location and Cell ID are assumed know). This behaviour is illustrated in the time-line diagram presented in Figure 1. For the re-synchronisation purposes, it is assumed that UE would search for SSS in time domain to obtain frame boundary and possible frequency corrections. If needed PSS can be searched before proceeding with SSS search, however, since the cell-ID is already known in the re-synchronization case, performing SSS search could be deemed sufficient and be beneficial as it reduces the processing overhead. Thus, the power consumption for the time-domain search would cover number of slots based on the SSB periodicity during which power would be consumed based on the inter-frequency neighbour cell search (150 (power units) × N (slots)), where N refers to the actual number of slots used for correlation, which depends on the SNR. In high SNR case, it is assumed that SSS can be found with fewer attempts as the peak is more prominent. On the contrary, it can take more attempts to validate the peak search at low and medium SNRs. This would be followed by PBCH DMRS acquisition, where 4 slots per SSB period are assumed (50 (power units)× 4 (slots)× SSB period). In Table 2, the number of slots/SSB periods used for combining depends on the operating SNR, i.e., high, medium or low. It is worth noting that the LP-WUR can monitor for LP-WUS in either continuous or discontinuous mode, however, in Figure 1, the LP-WUR is assumed to operate in the continuous mode. Upon detecting LP-WUS, LP-WUR activates main receiver, which then performs boot-up, all sub-systems wake-up and the self-calibration before proceeding with re-synchronization procedure. [2:  The minimum time requirement in RAN4 requirements for CONNECTED mode UE is (for PSS/SSS detection, SSB index acquisition and SSB measurement): Tidentify_intra_with_index = (TPSS/SSS_sync_intra + TSSB_measurement_period_intra + TSSB_time_index_intra) =  600ms+120ms+200ms=960ms.] 

[image: ]
[bookmark: _Ref115432793]Figure 1: Timeline of set of process followed by 5G modem upon receiving wake-up interrupt from LP-WUR.
In below figures, we present preliminary evaluation results for the LP-WUS and different reference scenarios. In order to evaluate the power consumed by the UE for a DRX cycle, we used the configurations provided in Table 1 and Table 2 at three different SNR levels. At high SNR, both intra- and inter-measurements are not performed by the UE, whereas, at medium and low SNR levels, UE performs both intra- and inter-measurements. Thus, the power consumption increases noticeably as the SNR experienced by the UE decreases. This typically is the case, since depending on the SNR, UE may terminate early enough the synchronization procedure and goes to sleep to save the power as the signal quality is good enough. Thus, early termination of synchronization procedure aids UE power saving. Following assumptions are made to obtain the preliminary results provided in below figures:
· During eDRX sleep, UE (main receiver) is in power-off mode, which mandates re-synchronization to serving cell.
· EPI is transmitted right after the SSB transmission, i.e., with an offset of  from start of SSB
· If EPI is not transmitted to a group/UE, only a single SSB burst is used for synchronization and decoding of EPI. Then the neighbor search is performed (if needed) directly by skipping 2nd and 3rd SSB burst on all SNRs.
· The paging probability is aligned among the evaluated cases so that probability is 
· While using LP-WUR, main UE receiver is assumed to be in power-off state.
· While main receiver wakes-up from power-off state,  time duration for re-synchronization is used depending on the operating SNR. The number of combining used for the simulation is provided in Table. 2.
· For the (P/S)SS search relative power of 150 per slot is assumed for N slots (where N = number of SSB period in slots), and for SSS/MEAS etc. acquisition relative power of 50 per slot for M slots (where ).
· Power consumption of  unit is attributed to both main UE bring-up, which includes the powering up of all sub-systems and peripherals + initial calibration. Depending on the SNR experienced by UE, serving cell acquisition lasts for 260ms/320ms/380ms, which includes also the transition time from power-off state.
· In the LP-WUR evaluation, following assumptions are made.
· Measurements are performed only when the main UE is woken-up by the LP-WUR upon detecting the LP-WUS. Thus, no measurements are done in eDRX periods when the LP-WUS is not detected.
· The minimum time interval between each wake-up operation for main receiver is assumed to be , thus allowing the NR modem to utilize power-off state between every wake-up operation.
· In this evaluation, it is assumed that paging probability and eDRX cycle defines the traffic arrival rate.
· Both false alarm and miss-detection probability of LP-WUR receiver is assumed to be 

Figure 2 illustrates the total power consumed by a UE in a DRX cycle, obtained by averaging over all possible SNR conditions. The comparison is made between different power saving features present on Rel-15 baseline. In order to reduce the idle-mode power consumption, enhanced DRX is introduced in NR Rel-17, where the paging monitoring is infrequent and idle-mode neighbour measurements are relaxed, i.e., the measurements are performed only within a paging time window (PTW) spanning few DRX cycles. During this period, UE will follow Rel-15 type idle-mode operations. The idle-mode power consumption reduces significantly, while compromising on the average paging latency.
[image: ]
[bookmark: _Ref115433671]Figure 2: Average power consumption over all SNR scenarios
Since the eDRX mode of operation reduces the idle-mode power consumption significantly by compromising on the latency, there is not much saving in the regular DRX mode of operation within PTW. In or reduce it, early paging indication (EPI) is introduced in Rel.17, before the actual paging occasion (PO). Thus, if the UE will listen for paging message in a PO only when EPI is signalled before the actual PO, thus minimizing the overall power consumption in the DRX cycle. Furthermore, including EPI and eDRX together, UEs can benefit noticeably in both eDRX and regular DRX cycle as shown in Figure 2. It is worth noting that when eDRX is assumed (on Rel-15 baseline) the RRM related measurements are only performed during the eDRX PTW. More importantly, it is assumed that when LP-WUR is used, RRM measurements are done only when the paging monitoring is triggered by LP-WUS.

[image: ]
[bookmark: _Ref115436141]Figure 3: Average power saving against Rel-15 UE
Figure 3 compares the relative gain of various power saving schemes with respect to Rel. 15 baseline. Both eDRX and EPI approach provides noticeable gain in terms of power saving with respect to Rel. 15. The gain from EPI alone at high SNR is not as significant when compared to the gains from medium and low SNR regime (due to the assumed timeline). The inclusion of LP-WUR changes the scenario completely as there is no eDRX or EPI used in the modelling. The LP-WUR constantly monitors   the LP-WUS transmitted by the network. If there is any transmission for the respective UE group, the LP-WUR wakes up the main UE for the paging reception. Upon waking up, i.e., powering on all the sub-systems, peripherals, and performing initial calibrations, the main UE synchronizes to the serving cell by capturing SSBs to identify the frame timing and eventually the paging occasion. In the case of LP-WUR, both with and without low noise amplifier (LNA) models are compared. The usage of LNA improves the overall coverage of LP-WUR while compromising a bit on power consumption. The gain from using LNA based LP-WUR is significant if we consider a densely populated urban scenario, where UE suffers shadowing from buildings.
Finally, in Figure 4, we compare the average latency incurred by various enhancements over Rel-15 framework. The average latency incurred by Rel-15 and EPI is given by half of DRX duration, which in this case is 640ms. In the case of eDRX, the average latency is different when it is measured during eDRX off duration and in PTW. Thus, the average latency experience in the eDRX cycle of 48 DRX cycles with 8 DRX cycles in PTW comes out to be 21.44sec, which is significantly higher than DRX occasion. Thus, there is a trade-off between the average power consumption and the expected latency experienced by a UE to get paged.
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[bookmark: _Ref115437906]Figure 4: Comparison of average latency to receive paging
In case of LP-WUR, since the search for LP-WUS is always ON, the latency involved with the reception of LP-WUS is at the slot interval i.e., 0.5ms, which is assumed to be the length of LP-WUS transmission. However, if we include the actual paging or service latency associated with the main UE, which includes power-on boot process, calibration, and re-synchronization to serving cell, the overall latency over all SNR values averages to 960ms to the nearest PO, which is obtained as follows. Power-on boot-up duration of 200ms + {40,80,120}ms for time-domain correlation (SSS search) + 10ms for average offset to reach SSB in time-domain correlation + {2,22,42}ms for PBCH/MEAS detection + 10ms of PO offset from SSB (i.e., 8ms from final SS reception within SSB burst) + 640ms for DRX latency. Even though it overshoots DRX latency, while keeping the latency significantly less compared to eDRX method, the overall power consumption is the lowest of all the schemes. Thus, the benefit of using LP-WUS/LP-WUR feature reduces both latency and the average power consumption.
Observation 7: The latency involved with LP-WUR reception of LP-WUS is 5ms. However, the overall service/paging latency including sub-systems boot-up, calibration, and re synchronization, incurs the average delay of 960ms, which is bit more than DRX latency of 640ms.
Proposal 8: Account the evaluation assumptions presented in Table 1 and Table 2 for definition of power saving evaluation assumptions including the timeline for re-synchronisation after main receiver wake-up from power off.
Link level simulation assumptions
For the different LP-WUS designs and LP-WUS architecture assumptions, the evaluation of the miss-detection (and false alarm rate) evaluations would be needed for the comparison purposes. This should cover aspects such as coverage estimation and impact of different impairments (of LP-WUR). For this purpose link level simulations would be considered. In below Table 1 we have listed some assumptions that would need to be considered for the evaluations. Evidently many of these would be dependent on the LP-WUR architecture (e.g. NF frequency error), and LP-WUS design. 
As noted, it would seem necessary to consider the robustness of the LP-WUS design, and LP-WUR architecture in the evaluations not just for miss-detection but also for false alarm when multiplexing and resource sharing with other NR signals and channels is assumed. In this context additional assumptions should be made for the guard band/time assumed around the LP-WUS signal and also for co-channel interference. The needed amount of guard band assumption may depend on the LP-WUS bandwidth as well as the LP-WUR architecture/detector. Also to ensure flexible resource sharing and multiplexing with NR channels, the robustness of the LP-WUR/WUS against NR (OFDM) transmission should be considered e.g. when looking the false alarm threshold.
[bookmark: _Ref115424268]Table 3. Link simulation assumptions 
	Parameters
	Values
	Note

	Carrier Frequency
	4GHz (FR1)
	

	Transmission BW
	20MHz (FR1)
	

	Antenna Configuration
	1TX or 2TX (w or wo precoder cycling)  and 1 or 2 RX
	Companies to report the assumed antenna configuration and e.g. use of precoder cycling

	Radio channels
	[AWGN, TDL-C-30ns, TDL-C-100ns and TDL-C-300ns, 
3kmh/ 10 Hz Doppler shift]
	UE velocity could be considered based on the assumed mobility

	Frequency error 
	Uniform distribution in the range [-X, +X]ppm

	Modelled at the input of LP-WUR. Values would need to be reflected by the LP-WUR architecture 

	Guard band
	[Number of RBs on each side of LP-WUS]
	Companies to report the assumed guard band. NR(OFDM) channels assumed outside the guard band. Need for time domain guard time should also be reported.


	Co-channel interference
	[Modulated OFDM signal]
	NR (OFDM signal) channel transmitted before and after the LP-WUS and also instead the LP-WUS signal for false alarm and robustness evaluation.

	NF
	[TBD]
	For coverage/sensitivity analyses

	Reference channels

	Paging PDCCH configuration
	AL8, 41 info + 24 CRC bits, REG bundle size 6, [1,2] symbols, 48RB
	Companies to report additional setting(s) 

	SSS
	127 RE’s
	As per 38.211

	LP-WUS
	[TBD]
	Description of evaluated LP-WUS signal (and LP-WUR) together with other assumptions such as false alarm.



Proposal 9: 	Account assumptions presented in Table 3 in definition of the link level simulation assumptions
In below, Figure 5, we have presented some preliminary simulation results comparing SSS and PDCCH performance and LP-WUS detection performance. We assumed TDL-C-300ns channel, with 3kmh and 30kHz sub-carrier spacing. SSS was defined as per TS38.211 and PDCCH was assuming 48RB CORESET with 1 symbol (AL8, 41 bits + 24 CRC bits). As a LP-WUS signal a 14 OFDM symbols long MC-OOK sequence (seven on/off symbol pairs) was used, where ‘on’-durations were SSS signals (127-len). For LP-WUS a time domain envelope detector was considered with 6th order Butterworth filter followed by down sampling and averaging to determine the threshold. The sequence envelope is illustrated in Figure 6.

[image: ]
[bookmark: _Ref115440047]Figure 5. Preliminary results on BLER and probability of missed detection (PMD) for PDCCH, SSS and LP-WUS
[image: ]
[bookmark: _Ref115440064]Figure 6. Illustration of considered LP-WUS signal

System level evaluations and analyses
Overhead analysis of the different LP-WUS designs and assumptions should be carried out to acquire understanding the cost of the LP-WUS transmission. This main relates to the footprint of the different LP-WUS designs, but should also account any guard band/time required by the selected LP-WUS design. Also general procedure aspects such as need of LP-WUS beacon would need to be accounted when considering the footprint of the design.  In addition, if mobility support is considered as a part of the LP-WUS design, it maybe necessary to consider some system level simulations to understand the feasibility and performance of considered design. The detailed system level assumptions should be discussed upon agreeing the focus uses cases, scenarios and target devise types with related mobility assumption.
Observation 8: Overhead analysis should be considered for different LP-WUS designs and LP-WUR architectures, accounting any guard needed. Detailed system level simulation assumptions should be discussed once there is consensus on the focus use cases and related assumptions.

Other Study Areas of Interest
Whilst the key goal of this study item is to improve the power consumption of devices when in the Idle and Inactive RRC state, i.e. when they listening for paging, we see that there several other potential uses that should be investigated.  These uses include:
 
Connected Mode
Whilst wake-up signal design for Idle/Inactive mode operation, such as PO monitoring, is assumed to be the priority (as it has been in previous releases for NR and LTE MTC/NB IoT), we are open to exploring the possible use cases of LP-WUS in Connected mode.   For Connected mode, the LP-WUS could be used to trigger PDCCH candidate monitoring, allowing the main radio to power down for longer periods.  Other uses for the WUR in connected mode should not be precluded at this stage
Proposal 10:	Consider the possible use cases of the LP-WUS in Connected mode.
 
Re-Synchronisation Signal
As discussed in Section 4.2, the main receiver will need to perform synchronisation upon waking up from power off state by searching and detecting SSBs to re-establish time and frequency synchronisation. This can imply that main receiver needs to do full search for a number of SSB periods to re-acquire e.g. frame timing. Also as discussed [2] the frequency accuracy of the LP-WUR receiver in maybe restricted/low to reduce the power consumption. In a similar way, that the LTE MTC/NB-IoT WUS has been adapted to support fast resynchronisation, the NR LP-WUS could also be adapted depending on the signal design. A synchronisation signal as a part of the WUS would allow the WUR to keep time and partly frequency tracking. This could facilitate the LP-WUR time/frequency tracking and enable faster time for main receiver synchronisation.  
Proposal 11:	Consider the feasibility of using the LP-WUS to support/assist re-synchronization or time/frequency tracking.
 
Beacon style signal
Unless a device is truly stationery, it is likely that the main radio will need to periodically wake, in order to measure the quality of its serving and neighbouring cells, in order to determine if cell reselection is required.  Depending on the design and configuration of the LP-WUS, the LP-WUS could be used to support mechanism to determine whether UE is coverage area of the LP-WUS thereby relaxing how often the main radio needs to be woken to make full measurements, thereby reducing the device’s overall power consumption [2]. For the IEEE 802.11ba Wifi standard, the WUS can be configured to provide devices with a cell-specific regular “heart beat” style beacon signal that devices can use to determine whether it is in the coverage of STA and trigger associated procedures.
Proposal 12:	Consider the feasibility of using the LP-WUS to support coverage determination.

Paging procedure
As discussed in [3], depending on the design of the LP-WUS, the number of UEs and the expected paging rates, the spectral efficiency of the system could be greatly improved by a group specific LP-WUS, but at the cost of power consumption for those devices belonging the same group but which are not being paged. Power consumption can be optimized by UE ID specific, with the cost of increased payload size and overhead of LP-WUS. 
Proposal 13:	Consider the feasibility of different paging procedures for LP-WUS.

Conclusion
In this contribution we have discussed different issues related to the evalautions for study on wake-up signal and receiver designs. 
In section 2 we discussed study item scope and raised following observations and proposals:-
Observation 1: Many of the target use cases for the new WUS, are the same as those for the Reduced Capability devices developed for Release 17 and the being developed for Release 18.
Proposal 1:		The SI considers the constraints of RedCap devices.
Proposal 2:		Down prioritize the sidelink related studies for time being.
In section 3 we looked at the different deployment scenarios and make following proposals:-
Proposal 3: 	LP-WUS design and LP-WUR architecture support flexible placement in frequency domain.
Proposal 4:		The wake-up signal design and wake up receiver architecture defined, allows efficient reuse of gNB hardware for signal generation.
Proposal 5:		The LP-WUS signal design and LP-WUR architecture should be defined so that efficient multiplexing with existing NR signals and channels is possible to limit the resource reservation.
Proposal 6:		Coverage and mobility implications should be accounted for in LP-WUS design and LP-WUR architecture assumptions.
Proposal 7:		Consider in LP-WUS design and LP-WUR architecture the possibility to accommodate use cases with some degree of limited mobility.
Simulation and evaluation assumptions are addressed in section 4, with focus on the power saving and link level assumptions. In section 4 we observe following on the key performance indicators:-
Observation 2: Different key performance indicators need to be considered in the study should cover: power consumption, latency, coverage, selectivity/robustness data rate/capacity (from LP-WUS and system perspective). 
Further in section 4.1 and 4.2 we discuss the assumptions related to the power saving evaluations, together with preliminary results and conclude:-
Observation 3: The power consumption model developed in Rel-16 and Rel-17 would need to be updated to account LP-WUR power consumption, based on the selected LP-WUR reference architecture 
Observation 4: For Idle/Inactive mode enhancements, if main receiver is assumed to be in power off state deep sleep for the duration of inactivity, the time line would need to accommodate the time taken to detect a number of SSBs for re-synchronization prior full reception capabilities are resumed.
Observation 5: If power off state (below deep sleep state) is considered for the main receiver, sufficient time would need to be assumed to allow the (main) receiver to acquire synchronization. This would be dependent on the time tracking capability/support of the LP-WUR/WUS.
Observation 6: For both, Idle/Inactive and Connected mode evaluations, the needed serving cell evaluations would need to be accounted.
Observation 7: The latency involved with LP-WUR reception of LP-WUS is 5ms. However, the overall service/paging latency including sub-systems boot-up, calibration, and re synchronization, incurs the average delay of 960ms, which is bit more than DRX latency of 640ms.
Proposal 8: Account the evaluation assumptions presented in Table 1 and Table 2 for definition of power saving evaluation assumptions including the timeline for re-synchronisation after main receiver wake-up from power off.
Link level simulation assumptions, together with preliminary results are discussed in section 4.3 with a proposal:-
Proposal 9: 	Account assumptions presented in Table 3 in definition of the link level simulation assumptions
In Section 4.4 we discuss on the system level simulation assumptions:- 
Observation 8: Overhead analysis should be considered for different LP-WUS designs and LP-WUR architectures, accounting any guard needed. Detailed system level simulation assumptions should be discussed once there is consensus on the focus use cases and related assumptions.
Finally in section 5 we touch upon on some other potential use cases for LP-WUS:- 
Proposal 10:	Consider the possible use cases of the LP-WUS in Connected mode.
Proposal 11: 	Consider the feasibility of using the LP-WUS to support/assist re-synchronization or time/frequency tracking.
Proposal 12: 	Consider the feasibility of using the LP-WUS to support coverage determination.
Proposal 13:	Consider the feasibility of different paging procedures for LP-WUS.
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Annex
In RAN1#102e following agreements were made in relation of UE power saving model for the evaluations in IDLE/Inactive:
	Agreements:
For study of Rel-17 paging enhancement, the following are assumed as a baseline for FR1 and FR2:
· Reference configuration for FR1/FR2 as specified in Section 8.1.1/8.1.2 of TR 38.840
· Note: the setting for some PDSCH parameters may not be applicable for RedCap UEs
· Baseline paging cycle length: [1.28] second 
· SS burst related assumptions:
· 20 ms periodicity
· 2 ms duration for serving cell RRM measurement, which can overlap with the one for synchronization before PO
· FFS time/frequency tracking
· Measurement related assumptions:
· 20 ms SMTC periodicity
· 2 ms SMTC window for intra-frequency RRM measurement, assuming synchronized deployment
· [5 ms SMTC window and 6 ms measurement gap for inter-frequency RRM measurement]
· Note: RAN4 requirement assumes one frequency layer per measurement gap, and 0.5 ms is assumed for switch in/out a frequency layer
· Note: the inclusion of potential TRS/CSI-RS occasions can be considered



Agreements:
The following power consumption model for FR1 is utilized for the evaluations of Rel-17 UE power saving enhancements in idle/inactive mode
· FFS: FR2 power consumption model for idle/inactive mode operations
	· Power State
	Relative Power
(FR1 reference from TR 8438.840)
	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}.



Agreements:
Group paging rate of 10% is assumed for the evaluation of Rel-17 paging enhancement
· FFS: Another group paging rate > 10%
· Note: If UE sub-grouping is applied, the sub-group paging rate can be reduced w.r.t. the total sub-group number for a PO

Agreements:
· For the study of paging enhancement, 1, 2, or 3 SS burst processing is assumed before PO
· Note: in choosing one or more values (1, 2, or 3) for the evaluations, companies to provide justification
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