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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.




Use cases and other 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. In RAN1#112 following agreement was made for the target use cases:
	Agreement
The following characteristics for target use cases are considered in the study item:
· IoT cases including e.g., industrial wireless sensors, controllers, actuators and etc, including the following characteristics,
· FFS: latency
· primary for small form devices
· power-sensitive
· static, nomadic or limited mobility
· Wearable cases including e.g., smart watches, rings, eHealth related devices, and medical monitoring devices etc., 
· FFS: latency
· primary for small form devices,
· power-sensitive
· low/medium speed, FFS: high speed
· eMBB cases including e.g., XR/smart glasses, smart phones and etc.,
· FFS: latency
· devices form is various and not restricted
· power-sensitive
· low/medium speed, FFS: high speed
Note: other use cases/characteristics are not precluded if any



In context of afore noted use cases, the latency target was discussed in last meeting.It was considered to determine this on basis of RRC state, i.e. IDLE/Inactive versus CONNETED mode. While this could be viable approach, it is good to note that certain applications have certain limitations to ensure satisfactory user experience. Also, the latency requirement is driven by the use case, not whether the device is supporting/using LP-WUS.
Observation 1: Use case determines the latency requirement, and is agnostic to RRC state and device type. 
In addition to the use cases stated above, the SI also makes the point to not preclude other use cases, e.g. leaving open also possibility to investigate the use of LP-WUS for sidelink type of communication. 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 1: 	Down prioritize the sidelink related studies for time being.
In RAN1#110bis-e an agreement was made on performance metrics, but the NW power consumption / Energy Efficiency metric was left open. Network energy efficiency related considerations are being investigated under Rel-18 work item [6]. The WID aims to introduce different methods to enable more energy efficient operation of network, covering e.g.  time and spatial domain and other procedures. Therefore, in order not to undermine the methods considered in network energy saving WID, the implication of introducing LP-WUS and possible periodic LP-SS should also be considered from this perspective under the LP-WUS/WUR study. 
Proposal 2:		Consider implications to network energy efficiency in studied LP-WUS related designs.
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. Furthermore, adopting an LP-WUS design or LP-WUS architecture that limits or forces the LP-WUS placement on a carrier to a particular location, may affect negatively to the attainable peak capacity for NR data users e.g. by fractioning the available DL resources. As the available spectrum also depends on regulatory aspects and vary also geographically. Additionally it would be necessary to be able to avoid overlap with the SSBs. As initial cell selection synchronisataion raster locations are limited, the placement of PCell SSB in carrier is restricted. Furthermore, the possible offsets from SSB to CORESET#0 are also limited, setting futher restrictions for the SSB placement. 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 shall 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 be efficiently multiplexed within existing NR signals/channels so that the ‘cost’ of the LP-WUS deployment can be kept small. Furthermore the LP-WUS transmission should not affect the performance of legacy receivers. This may need to be reflected in the LP-WUR design as well. As discussed in [3], certain LP-WUR architectures, e.g. those based on 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/WUR design shall ensure that legacy receiver performance is not affected and 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.

Evaluation results and related assumptions            
[bookmark: _Hlk115268925]                    
[bookmark: _Ref115438413]Power saving evaluations and assumptions
Over the past meetings, agreements have been made on the assumptions for power saving evalautions. In RAN1#111 following agreements were made in relation of power saving assumptions:
	Agreement
Update the IDLE/INACTIVE state traffic model option 1 as follows and remove traffic model option 2,
· 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 i-DRX cycle duration Y second, 
· Per UE paging probability RE = 1 – (1 – RE, REF )Y/YREF
· Per group paging probability RG = 1 – (1 – RE)N, where N is the number of UEs in the group
· For e-DRX with K i-DRX cycles duration, L 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 )LY/YREF for each of the remaining L-1 i-DRX cycles within the PTW
· Per group paging probability RG = 1 – (1 – RE)N, where N is the number of UEs in the group
· L=4 (as agreed in RAN1#110bis)

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.




In context of the paging probability, RE, for eDRX, in RAN1#112bis-e following correction for the first i-DRX cycle of PTW was made:
	Agreement
Update as followings for the e-DRX paging probability
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+1)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




Further in RAN1#112bis-e, the MR transition time and energy where further discussed and following agreement was made:
	Agreement
For evaluation, at least for FR1 MR ultra-deep sleep state, (Ramp-up and down transition energy, ramp-up time) is as follows,
· Alt 1: (15000, 400ms) as baseline
· Alt 2: ([40000], [800ms])
Company to report which alternative they use for which use cases.





In Table 1 below, we present the power consumption model accounting the agreements made. The table below, includes the power consumption assumptions for LP-WUR with continuos evaluation and duty-cycle based evaluation (e.g. where monitoring windows are defined). Also the lower power state for the main receiver, ultra-deep sleep is accounted. Where applicable relative power values for both eMBB device and RedCap device type are listed.  
[bookmark: _Ref115432437]Table 1. UE power consumption model for Idle/Inactive-mode operation with 20MHz BW
	Power State
	Power model
(Idle/inactive-mode operation with reception bandwidth 20 MHz)

	
	Relative power 
(eMBB/Redcap) 
	Transition time and energy
(if applicable)

	Main receiver
	
	

	Ultra-deep sleep 
	[0.015] *
	{400ms, 15000} *

	Deep Sleep (PDS)
	1 / 0.8
	{40ms, 450}

	Light Sleep (PLS)
	20 / 18
	{6ms, 100}

	Micro sleep (PMS)
	45 / 31
	{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}.
· Power scaling from 2RX to 1RX follows the rule in Section 6.2 of TS38.375 i.e. scaling factor '0.7' is used for 2 Rx to 1Rx power scaling.
 Power accounted only for boot-up and sub-systems bring-up including internal calibration. Ramp down transition not considered. 



Furthermore we have considered different power levels for P-WUR to account different architectures/receiver designs as illustrated in Table . Firstly we have assumed very low power LP-WUR design that could be envisioned to be used in Always-On manner. Secondly for duty cycle type of operation where LP-WUR is monitoring in discontinuous manner only during specific time windows, we have considered one receiver design with 4.0 relative power and another with 12.0 relative power.
Table 2. WUR power consumption assumptions
	LP-WUR
	Relative power 

	Transition time and energy
(if applicable)

	LP-WUS monitoring, always-on receiver 
	 [0.1]*
	

	LP-WUS monitoring, duty cycled receiver
	Monitoring: [4.0] or [12.0]
Off: [0.001]
	{ 10ms, TLR, ramp-up *(PON - POFF)/2 }

	[]* : Values are preliminary and to be considered further based on the LP-WUR architecture discussion.



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 3. 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 SSB beams
	8

	Paging

	DRX cycle
	1.280 seconds (2560 slots) or as indicated

	eDRX cycle
	48 DRX cycles

	PTW
	4 DRX cycles

	Paging probability per UE over DRX cycle
	{0, 0.1, 1} %

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

	Number of EPI slots used for detection
	1

	Number of UEs per subgroups 
	{1,4, 8 or 12 } as indicated.

	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

	LP-WUS monitoring window length (for discontinuous monitoring) prior PO. LP-SS is assumed to sent in LP-WUS monitoring window.
	4 ms 

	LP-WUS monitoring window offset to PO (for discontinuous monitoring) 
	640 ms

	LP-SS periodicity
	{ 1280ms (in most cases), 640ms, 320ms, 160ms}?


	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.



As per agreements in last meeting, in afore mentioned tables, time and energy required by the main receiver to move from ultra-deep sleep to active state is covered in two parts. At first, in Table 1 accounts the time and energy needed for bringing the receiver hardware up from power off, and in Table 2 we have 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. In following we further discuss the assumption.
The time needed for re-synchornisation of MR after ultra-deep sleep was discussed in RAN1#111 and following agreement was reached:
	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




For the MR re-synchronsiation, upon waking from ultra deep sleep, we have illustrated the assumed behaviour in Figure 1 and related discussion is presented in [2]. In Table 4 below we further summarice the assumptions used (for SSS search time and PBCH DMRS acquisition) together with the resulting energy and time for different SINR levels.

 [image: ]
[bookmark: _Ref115432793]Figure 1: Timeline of process followed by 5G modem upon receiving wake-up interrupt from LP-WUR.
[bookmark: _Ref118294180]Table 4. Summary of re-synchornisation total energy and time for different SINR levels
	SINR level
	SSS search time 
(slots)
	Number of SSBs for confirmation/PBCH DMRS acquisition 

	Total energy 
(relative units)
	Total time
(ms)

	Low
	[240]*
	[3]
	[36600]
	[180]

	Medium
	[160]*
	[2]
	[24400]
	[120]

	High
	[80] *
	[1]
	[12200]
	[60]

	Note: 30kHz sub-carrier spacing is assumed



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:
· For eMBB device 2RX is assumed, while for RedCap device 1RX is used (with 0.7 scaling for the MR power values)
· During eDRX sleep, UE (main receiver) is in ultra-deep sleep, which mandates re-synchronization to serving cell at wake-up.
· (If used) EPI monitoring occssion is located right after the SSB transmission, i.e., with an offset of  from start of SSB
· Only a single SSB burst is used for synchronization prior EPI. Then the neighbor search is performed (if needed) directly by skipping 2nd and 3rd SSB burst on all SNRs.
· While using LP-WUR, main UE receiver is assumed to be in ultra-deep sleep or Deep sleep state.
· While main receiver wakes-up from power-off state, time duration for re-synchronization is used depending on the operating SNR, as illustrated in Table 3, is accounted in addition to the ramp-up time (400ms). 
· In the LP-WUR evaluation, it is assumed that miss-detection probability of LP-WUR is 0
· LP-SS (or synchronisation preamble) is assumed to be sent in LP-WUS monitoring occassions

Based on the afore listed assumptions we have carried out evaluations for different aspects of the LP-WUS and LP-WUR design. 
3.1.1 False alarm impact evaluation
In RAN1#112 the definition of false alarm rate, FAR, was clarified as follows:
	Conclusion:
The FAR definition does NOT include the impact of the falsely alarmed for wake-up due to the detection of a LP-WUS which is intended to wake-up/alarm the LP-WUR of another UE within the same UE group.



In RAN1#112bis-e the definition was further discussed, reaching following agreement:
	Working Assumption
For evaluation purpose, FAR target is determined across a reference time duration T of one or multiple LP-WUS attempts/trials,
· UE have N attempts within T, 
· Company to report (FAR target, T, N)
· For example, 
· if UE makes a single decision based on multiple correlations for a sequence in the monitor occasion, these correlations are considered as UE implementation in ONE trial/attempt.
· if UE performs decoding in a monitor occasion, a single decoding is considered as ONE trial/attempt.
· If UE performs N non-overlap attempts within the reference time duration, the false alarm event for the attempts are assumed as independent.
Companies to provide the assumed side conditions to attain the used FAR over T or per one attempt e.g. CRC/sequence length in LP-WUS design.




For evaluating the FAR impact, in context of simple detectors it could be that the CRC added to the LP-WUS is the only form of confirming the correctness of detected message. Of course, the correctness of received message could be confirmed based on e.g. other metrics instead or additionally, such as preamble correlation, but for the simpler detectors e.g. envelope detector based, the realized false alarm probability would still be set by the sequence length. Thus, in this context we carried some evaluations to identify the impact of FAR to the power performance with different LR assumptions. 
In Figure 2 we present the results for the impact of non-zero FAR for LP-WUS detection to the power saving performance. We considered different FAR, PFAR, for LP-WUR (), as a function of CRC/preamble sequence length. It was also assumed that evaluation/detection of LP-WUS is done over one slot. For discontinuous reception (duty cycled) it was assumed that the LP-WUS monitoring window was 8 slots (4ms) per DRX cycle and for always-on operation it was also assumed that the evaluation was done at slot rate for sake of simplicity.  Average power consumption of different legacy options are showed for reference but the false alarm is not considered for these. No mobility measurements were assumed to be done and the probability of UE paging, RE,REF, was 1%, and number of UE per group was N=8. It can be seen from the figure that for always-on type of LP-WUR operation and LP-WUS detection, the FAR needs to be very kept low, well below 0.001%, in order to maintain the good power performance. This is due to the high cost of activating the MR (transition energy). As expected the duty cycled operation, where LR is ON over 8 slots once per DRX cycle (1.28s), is less sensitive to the FAR. (The impact increasing the duty cycle and assuming more frequent monitoring to the power consumption is evaluated in next section.) 
It can be observed that to ensure good power performance, the FAR needs to be kept very low for always-on LR or frequent LR monitoring. Alternatively the cost of activating MR (transion energy) needs to be optimized, but this may of course affect power saving attainable via the ultra-deep sleep power state.
Observation 2: For always-on or frequent LP-WUS monitoring, FAR needs to be kept very low or the MR transition energy needs be reduced to ensure good power saving gain. 
In order to achieve very low FAR the LR performance needs either to be enhanced, or/and the LP-WUS size would need to be increased to accommodate longer sequence for verification. Also if SNR dependency is assumed for the FAR, the operation area of LR would need to be limited. 
Observation 3: If non-zero FAR is assumed, assuming constrained time occasions for LP-WUS monitoring can offer better power saving performance.
[image: ]
[bookmark: _Ref127281522]Figure 2: Average power consumed with different false alarm probabilites without mobility measurements, RE,REF=1%, N=8

3.1.2 LR monitoring cycle impact 
In RAN1#112 it was agreed to further consider duty cycle based and always-on type of operation:
	Agreement
Study further pros and cons of the following monitoring behaviors of LP-WUR
· Option1: Duty cycle, corresponds to LP-WUR switches between ON/OFF states 
· Option2: Continuous monitoring, corresponds to LP-WUR is ON all the time 



Furthermore, to account the LP-SS in power saving evaluations following agreement was made in RAN1#112bis-e:
	Agreement
The period of synchronization signal that LP-WUR used for at least power evaluation can be
· Existing SSB periodicity can be used from gNB transmission perspective for evaluations assuming SSB, companies to report how often used for LP-WUR
· For evaluations assuming LP-SS
· {320ms, 640ms, 1280ms, 2560ms, 5120ms, 10240ms}
· Companies to report other important assumptions if any, e.g., durations of LP-SS to achieve enough T/F accuracy
· Other values are not precluded
Note: companies to report the purpose of the synchronization signal along with evaluations, e.g. can be for LR synchronization (i.e., time and/or frequency tracking) and/or measurement.




In this section we consider the benefit from latency perspective for assuming different PO cycles, i.e. shorter DRX cycles so that UE can monitor PO sooner after the triggering. We also consider the cost, in terms of power saving the impact of increased duty cycle e.g. to reduce the latency or to do more frequent LP-SS monitoring. Assuming that LR needs to wake-up to monitor LP-SS to re-acquire synchronisation can also be considered via duty cycle operation. In our evaluations we consider that the LP-SS is sent in the LP-WUS monitoring window. 
  
In Table 5 we have summariced the average latency for different cases. As could be expected the MR transition time and synchronisation time determine the lower bound for the latency together with the DRX cycle (i.e. LR average latency = DRX_cycle/2+ Max sync time + MR transition). Hence, increasing the frequency of paging occasions associated with the LP-WUS does reduce the latency, but the latency benefit is restricted by the MR wake-up related procedures, if MR is assumed to be in ultra-deep sleep (for maximum power saving benefit). 
The impact of increasing the duty cycle of LR monitoring, e.g. due to more frequent LP-WUS monitoring occasions or LP-SS monitoring, to the power saving impact is illustrated in Table 6. No paging (RE,REF =0%), nor (MR based) mobility measurements were assumed and the FAR is kept low (0.001%, N=1, T=1 slot). It can be seen from the results that the duty cycled approach benefit on power saving over always-on approach is reduced/removed if applied LP-WUS monitoring periodicity is reduced to below 320ms, depending on the LR power assumption. However, for the scenarios where latency target is more typical for IDLE/Inactive mode, the duty cycled approach provides benefits in terms of power saving. If lower latency is needed, the MR would need to be kept in deep sleep, which would imply loss in power saving gain. Correspondingly, LP-SS monitoring periodicity up to 320ms   
Observation 4: Accounting both LP-WUS and L-SS monitoring, power saving benefit of LR duty cycled operation over always on LR operation can be maintained to 320ms monitoring periodicity.
Noting also the FAR related analysis in Section 3.1.1, we would propose to focus on duty cycled operation:-
Proposal 7: Consider LP-WUS operation assuming defined monitoring occasions i.e. duty cycled operation.


[bookmark: _Ref131511172]Table 5. Average latency with different DRX cycle lengts, MR transition time = 400ms.
	
	Average latency [ms]

	DRX cycle length
	1280ms
	640ms
	320ms
	160ms

	R15
	640
	320
	160
	80

	R18 LR (AO/DS-4/DS-12)
	1280
	960
	800
	720



[bookmark: _Ref131511194]Table 6. Relative power saving of different schemes over Rel15 eMBB (DRX) with 1280ms DRX cycle, RE,REF=0%, N=8, PFAR=0.001%. No MR based mobility measurements.
	
	Relative power saving gain

	DRX cycle length
	1280ms
	640ms
	320ms
	160ms

	R15 
	0
	-59%
	-178%
	-416%

	R18 (AO)
	86%
	-
	-
	-

	R18 (DS-4)
	98%
	97%
	94%
	76%

	R18 (DS-12)
	96%
	93%
	86%
	59%




In this context, it is good to observe, that if similar approach as earlier is taken, the selection whether to use LR to monitor LP-WUS or MR to monitor normal paging, should be left for UE implementation (e.g. based on radio conditions), as long as UE behaviour is transparent from network perspective. With this approach if the target isbe to achieve consistently lower latency, it would be necessary to configure also corresponding i-DRX cycle operation for the case when UE does not monitor LP-WUS e.g. the PO would need to correspond to the LP-WUS.
Observation 5: Assuming that decision whether to monitor LP-WUS or normal PO, is left for UE implementation and is transparent to the network, the paging configuration used in the deployment would need to reflect the targeted latency of the applied use cases. 

3.1.3 Mobility measurements impact
The impact of mobility measurements were discussed in last meeting and it was agreed to further evaluated:-
	Agreement
For a UE support LP-WUR in IDLE/INACTIVE mode, 
· Study how to reduce UE power consumption due to existing RRM measurement requirements at least for mobility support, 
· study feasibility of RRM measurements performed by LP-WUR, at least for serving/camping cell, based on signals detected by LP-WUR
· FFS: measurement metric
· FFS: whether and how to identify cell/ tracking area 
· FFS: need for neighbouring cells
· FFS: need for relaxation of existing RRM measurement requirements (for UE)



We evaluated the implications to the power saving for LR based operation when MR is used for the mobility measurements based on eDRX operation. We considered following cases:
· No measurements (with MR) are done
· MR is used to do mobility measurements in every eDRX cycle over the PTW in {4,2} consecutive DRX cycles (from the start of the PTW)
· MR is used to do mobility measurements in every 2nd eDRX cycle over the PTW 4 consecutive DRX cycles (from the start of PTW)
It was assumed that doing measurement in every DRX cycle during the PWT would correspond the baseline operation of current specification. Doing measurement over 4 or 2 DRX cycles were considered to be possible ways to reduce the measurement activity, while having less impact to the evaluation latency and thereby to mobility. In addition the reduction of measurements to every second eDRX cycle was considered as possible relaxation. The results are summarized in Table 7. The table shows the attainable relative power saving gain over the MR only operation in DRX where MR power consumption is based on the RedCap assumptions. Same LR assumptions as above were considered.  Similarly, also for these evalations per UE paging probability was assumed to be 0.1% and number of UEs per group was 8. Paging did not affect to the UE scheduling of mobility measurements. False alarm probability was assumed to be 0.001% for all LR receiver types. It can be seen from the results that the impact of the measurements to the attainable power saving gain is limited ~5%-units when we account RE,REF=0.1% with N=8 and PFAR=0.001%. Reducing the amount of measurement activity from 4 DRX cycles in PTW to 2 DRX cycles, or performing the measurements only in every second eDRX cycle limits the impact to attainable power saving gain to ~3%-units compared to operation without MR measurements. 
Table 8 presents further results for the impact of MR based measurements with afore described cases, with the difference that paging probability was reduced (RE,REF=0.1% with N=1, FAR was kept unchaged at PFAR=0.001%). The impact of MR based mobility measurements impact does not change compared to the case with higher paging probability.
Observation 6: For eDRX based operation the power saving benefits can be maintained with relaxed MR based measurements. 
Hence, it would seem possible to maintain the power saving benefits, just by optimizing the needed MR measurements.
Proposal 8: Evaluate further possible ways to relax MR mobility measurement activity to maintain power saving benefits.
[bookmark: _Ref127442365]Table 7. Relative power saving of LR based operation over Rel15 eMBB (DRX) with different measurement assumptions, RE,REF=0.1%, N=8, PFAR=0.001%
	
	Assumed LR operation [relative power]

	Case
	Always-on [0.1]
	Duty cycled [4]
	Duty cycled [12]

	No MR based measurements
	81%
	93%
	91%

	Measurement in 4 DRX cycles in every PTW
	77%
	88%
	86%

	Measurement in 2 DRX cycles in every PTW
	79%
	91%
	89%

	Measurement in 4 DRX cycles in every second PTW
	79%
	91%
	89%



[bookmark: _Ref131445171]Table 8. Relative power saving of LR based operation over Rel15 eMBB (DRX) with different measurement assumptions, RE,REF=0.1%, N=1, PFAR=0.001%
	
	Assumed LR operation [relative power]

	Case
	Always-on [0.1]
	Duty cycled [4]
	Duty cycled [12]

	No MR based measurements
	85%
	98%
	95%

	Measurement in 4 DRX cycles in every PTW
	81%
	92%
	90%

	Measurement in 2 DRX cycles in every PTW
	83%
	95%
	93%

	Measurement in 4 DRX cycles in every second PTW
	83%
	95%
	92%




3.1.4 Paging rate impact
The impact of the paging rate to the attainable power saving gain was also evaluated. We considered different approaches, from UE specific LP-WUS indication to PO specific LP-WUS indication with different number of UEs per group N={1, 4, 8,12}. Also the case where the UE of interest has dedicated group, which is never paged, was evaluated as a reference (RE,Ref=0%). False alarm probability was assumed to be 0.001% for all LR receiver types. In the results presented in Table 9 relative power saving gain over Rel15 DRX operation (eMBB) with different paging  probabilities where the impact of MR based mobility measurements is removed. As expected, the attainable power saving gain is reduced as function of the group paging probability (or as a function of increasing RE,Ref and N). Correspondingly Table 10 presents the relative power saving gains with MR based mobility measurements. For LR cases in Table 10 it is assumed that MR is used to carry out the measurements every PTW. Also with mobility measurements the LP-WUS power saving is impacted by the increase in group paging probability. Depending on the case the largest impact ranges between ~6%-units to ~15%-units. Hence similarly as shown with false alarm, the high cost of activating MR (transition energy) makes the LP-WUS design sensitive to unnecessary wake-ups
Thus, in order to ensure good power saving performance, the unnecessary wake-ups due to paging would needs to be minimized or the cost of MR wake-up would need to be reduced. Considering the LP-WUS design, assuming UE specific LP-WUS would enable minimizing the unnecessary paging wake-up probability. However, this would however imply that the footprint of LP-WUS could increased (depending on the data rate) and depending on feasibility of the multiplexing different LP-WUS signals, the overall overhead and latency of transmitting LP-WUS could also increase.
Observation 7: Reducing paging probability via LP-WUS design would need to account the impact to overhead, feasibility of multiplexing (LP-WUS) and latency of transmitting LP-WUS. 
Proposal 9: Evaluate further the need and ways to limit the paging probability impact to power saving gain, while considering the other implications.
[bookmark: _Ref127443735]Table 9. Relative power saving of different schemes over Rel15 eMBB (DRX) with paging probabities and number of UEs per sub-group without mobility measurements
	Per UE paging probability, RE,Ref
	0 %
	
	0.1%
	
	1 %

	Number of UEs per subgroup, N
	-
	
	1
	4
	8
	12
	
	1
	4
	8
	12

	R15 (EPI)
	23 %
	
	23 %
	23 %
	23 %
	23 %
	
	23 %
	22 %
	22 %
	21 %

	R15 (eDRX)
	78 %
	
	78 %
	78 %
	78 %
	78 %
	
	78 %
	78 %
	78 %
	78 %

	R15 (EPI+eDRX)
	80 %
	
	80 %
	80 %
	79 %
	79 %
	
	79 %
	79 %
	79 %
	79 %

	R18 (AO)
	86 %
	
	85 %
	84 %
	81 %
	80 %
	
	81 %
	74 %
	72 %
	72 %

	R18 (DS-4)
	98 %
	
	98 %
	96 %
	93 %
	92 %
	
	92 %
	86 %
	84 %
	84 %

	R18 (DS-12)
	96 %
	
	95 %
	93 %
	91 %
	90 %
	
	90 %
	83 %
	82 %
	82 %




[bookmark: _Ref127444548]Table 10. Relative power saving of different schemes over Rel15 eMBB (DRX) with paging probabities and number of UEs per sub-group with mobility measurements.
	Per UE paging probability, RE,Ref
	0 %
	
	0.1%
	
	1 %

	Number of UEs per subgroup, N
	-
	
	1
	4
	8
	12
	
	1
	4
	8
	12

	R15 (EPI)
	23 %
	
	23 %
	23 %
	23 %
	23 %
	
	23 %
	22 %
	22 %
	21 %

	R15 (eDRX)
	78 %
	
	78 %
	78 %
	78 %
	78 %
	
	78 %
	78 %
	78 %
	78 %

	R15 (EPI+eDRX)
	80 %
	
	80 %
	80 %
	79 %
	79 %
	
	79 %
	79 %
	79 %
	79 %

	R18 (AO)
	81 %
	
	81 %
	79 %
	77 %
	76 %
	
	77 %
	70 %
	69 %
	68 %

	R18 (DS-4)
	92 %
	
	92 %
	90 %
	88 %
	87 %
	
	87 %
	81 %
	79 %
	79 %

	R18 (DS-12)
	90 %
	
	90 %
	88 %
	86 %
	84 %
	
	85 %
	79 %
	77 %
	77 %




3.1.5 Power saving results
Finally we present the power saving gains for different cases, averaged over all SNR values and per SNR level. Also the average latency evaluation is presented.
Figure 3 shows the total power consumed by a UE in IDLE DRX (1.28s), averaging over the different SNR conditions using eDRX cycle spanning over 48 DRX durations and PTW assume to be 4 DRX cycles. 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) covering 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. For all the results we assumed false alarm probability of 0.001% and RE,Ref=1% with N=8. Mobility measurements are also accounted assuming that they are done with MR also in case of different LR schemes. As discussed above, due to the combined effect of assuming non-zero false alarm probability, MR based measurements and as well as  paging probility the power saving over the legacy eDRX schemes is not very prominent, even negative. 

	[image: ](a) eMBB device
	[image: ]
(b) RedCap device


[bookmark: _Ref127453165]Figure 3: Average power consumption over all SNR scenarios  with MR based measurements

Figure 4 compares the relative gain of various power saving schemes with respect to Rel. 15 baseline operation with eMBB and RedCap baseline. There is no major difference between the different SNR points in terms of relative gain. 
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[bookmark: _Ref118384366]Figure 4: Average power saving against Rel-15 UE 

Finally, in Figure 5, 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. For LP-WUS case 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 applicable to low SNR values »580ms to the nearest PO. Accounting the boot process and re-synchronisaion results that LR latency exceeds DRX latency, but keeps the latency significantly less than that of eDRX based. 

[image: ]
[bookmark: _Ref115437906]Figure 5: Comparison of average latency to receive paging (eDRX = 48 x iDRX cycle)
Observation 8: The overall service/paging latency including sub-systems boot-up, calibration, and re synchronization, incurs the average delay of approximately 1200ms, which is bit more than DRX latency of 640ms.

Coverage evaluation 
In RAN1#110bis-e the coverage level evaluation was discussed and following agreements were made:
	Agreement
For evaluation of the coverage of LP-WUS, the methodology and assumptions in R17 CovEnh SI (described in TR38.830) is reused as baseline.
· MIL is used as the metric for LP-WUS coverage evaluation
· urban (2.6GHz/4GHz), rural(700MHz) scenario for FR1 are considered to be evaluated, others (e.g., FR2) are not precluded.
Note: For IoT/wearables devices, refer to R17 Redcap SI TR38.875 if the assumptions differ from TR38.830.
Companies report any other assumptions which differ from the TR38.875/ TR38.830, e.g., Tx and Rx loss
Companies are encouraged to compare LP-WUS with at least PDCCH for paging, PUSCH, others are not precluded. FFS: Target coverage of LP-WUS




In RAN1#112 furhter agreement was made on the detailed assumptions:
	
	Number of RX chains at the UE’s MR antenna elements for UE
	Case 1: 1 Rx for Redcap
Case 2: 2 Rx
Case 3: 4 Rx
Company to report which case is being used. Further decision on antenna assumption for coverage is FFS.

	Number of RX chains antenna elements for LP-WUR
	1 Rx
Note: agreed in RAN1#110bis

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

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

	Reference PDCCH configuration
		SCS
	30kHz for TDD, 15kHz for FDD.

	Aggregation level
	8, 16
Company to report which case is being used. Further decision on aggregation level for coverage is FFS.

	Payload
	40 bits

	CORESET size
	2 symbols, 48 PRBs

	Tx Diversity
	Reported by companies

	BLER
	1% BLER,




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

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

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

	Delay spread
	Urban: 300ns, optional: 1000ns and companies to provide descriptions for such scenarios
Rural: 300ns
Rural with long distance: 30ns

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

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

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


Note: The descriptions above does not change the agreements for coverage in the RAN1#110-bis.




In RAN1#112bis it was furher agreed to consider two alternatives in terms of coverage comparison, namely PDCCH (for paging) and Msg#3:  
	Agreement
RAN1 further study the designs [target]/techniques of LP-WUS to have a comparable coverage as NR channel X. The NR channel X is
· Option #1: PDCCH for paging
· Option #2: PUSCH for message3
· FFS other options, e.g., between option1and option2 (better than PUSCH, worse than PDCCH)
· The final design will jointly consider the coverage with other KPIs
· FFS additional detail assumptions for NR channels, e.g., the message size for MSG3 and etc.




In terms of Msg#3 details, those were not concluded, but it would seem applicable to consider the assumptions used in Rel-17 CovEnh study, as agreed in RAN1#110bis-e. Thus we propose confirm for PUSCH for Msg#3, same assumptions as given in Table A.1-5 in TR38.830, as quoted below, are used.
Proposal 10: Use the same channel spesific assumptions for PUSCH for message3 as in TR38.380

Table 11. Channel-specific parameters for PUSCH of Msg.3 for FR1 [TR38.380]
	Parameter
	Value

	Frequency hopping
	w/ or w/o frequency hopping

	Number of UE transmit chains
	1, 2 (optional)

	Number of DMRS symbol
	w/o frequency hopping: 3,
w/ frequency hopping: 2 for each hop

	Waveform 
	DFT-s-OFDM

	SCS
	30kHz for TDD, 15kHz for FDD.

	HARQ configuration
	For eMBB, whether HARQ is adopted is reported by companies. 
For VoIP, w/ HARQ.
The maximum number of HARQ transmission (limited by frame structure and latency requirements) can be reported by companies.

	PUSCH duration	
	14 OS

	Number of PRBs
	2

	TBS
	56 bits

	Other parameters
	Reported by companies.




In below Table 12 we have summarized results for the paging PDCCH and Msg#3 PUSCH, together with some additional channels. Note that in 1RX and 2RX RedCap UE the 20MHz BW limitation is applied as well as the -3dB antenna gain (in RX and TX). Considering the possible difference in noise figure, the detection performance of LP-WUS (to acceptable missed detection rate) needs to be several dBs better than that of e.g. 1RX RedCap to reach similar coverage DL coverage. When considering the target performance of LP-WUS/WUR, it would be good to note that some deployments maybe targeted to more of a eMBB type of operation while others are considering also to provide service for RedCap devices. I.e. the access and camping of RedCap devices needs to be separately allowed via system information. Thus focusing solely on reference based on RedCap limitations may not result sufficient coverage in all deployments if full cell coverage is targeted. 
Observation 9: There maybe different type of deployments, which assume different type of receiver baseline for cell coverage.
Proposal 11: Regardless of the considered reference channel and receiver baseline for LP-WUS coverage, operation different type of deployments should be ensured.
In broad sense the coverage of the LP-WUS is set by the target data rate. Thus if the interest is to ensure that the power saving and latency benefit (vs eDRX) can be applied in most of the cell area, lower datarate waveform, enabling simpler detector would seem prefeable. Considering the overhead and flexible system operation also smaller payload, limiting the LP-WUS duration to one slot would seem preferable. Assuming smaller payload would be preferable (limiting also the resource reservation of the LP-WUS)
Observation 10: Wider coverage is preferred for LP-WUS. To facilitate this, LP-WUS should consider lower data rate waveform, with limit the payload to facilitate LP-WUS multiplexing with other NR signals/scheduling.
Based on the below noted MIL numbers and with NF assumption the SNR requirement to reach similar coverage in different scenarios for LP-WUS could be determined. Comparing the MIL for paging PDCCH (with AL8 and AL16), depending on the reference the required MIL for LP-WUS could be very different, e.g. beyond 6dB when considering to 1RX RedCap, and beyond 15dB if 4RX UE is considered. Thus, the cost (for LR and LP-WUS design) of reaching higher coverage should be carefully weigted against the benefits of being able to utilize the LP-WUS at full cell coverage.
Observation 11: The cost (for LR and LP-WUS design) of reaching higher coverage should be carefully weighted against the benefits of being able to utilize the LP-WUS at full cell coverage.
[bookmark: _Ref131526640]Table 12. Summary of MIL for different scenarios and channels
	Scenario
	Physical channel
	MIL [dB] for different receiver assumptions

	
	
	1RX (RedCap) device
	2RX (RedCap) device
	4RX device

	Rural, 700MHz
	PDCCH- AL16
	149,5
	151,7
	-1

	
	PDCCH- AL8
	145,5
	149,7
	-1

	
	PDSCH
	148,2
	150,7
	-1

	
	PUSCH
	135,5
	138,47

	
	PUSCH (Msg#3) 2
	137,2
	140,2

	Urban, 2.6GHz
	PDCCH AL-16
	156,6
	159,9
	166,3

	
	PDCCH AL-8
	153,2
	157,7
	164,3

	
	PDSCH
	151,0
	154,4
	161,0

	
	PUSCH 
	134,1
	132,9

	
	PUSCH (Msg#3) 2
	136,7
	136,1

	Urban, 4GHz
	PDCCH- AL16
	156,6
	159,9
	165,7

	
	PDCCH- AL8
	153,2
	157,8
	163,6

	
	PDSCH
	149,0
	152,8
	159,5

	
	PUSCH
	132,0
	135,0

	
	PUSCH (Msg#3)2
	144,2
	147,2

	Note 1: 2RX baseline assumed for 700MHz. MIL would be 3dB (antenna gain) better than for RedCap.
Note 2: For Msg#3, BLER target of 1%, one re-transmission, and frequency hopping



On timing and frequency tracking
In RAN1#112bis-e working assumption was confirmed and furhter aspects were added (as working assumptions) for the evaluation of time and and frequency errors:
	Agreement
Confirm the WA from RAN1#112 and update as followings
Working Assumption
· For evaluation of LP-WUR frequency and time errors, the following is used,
	Parameter
	Value

	Oscillator max frequency error [ppm], Oscillator frequency drift [ppm/s]
	option 1: (200, 0.1)
option 2: (50, 0.1)
option 3: (10, 0.05)
option 4: (5, 0.05)
Other values are not precluded for studying, reported by companies

	RTC max frequency error [ppm], 
FFS: RTC frequency drift [ppm/s]
	(20  FFS:[0.1])
	 


· Company to report how to use the clocks for LR on/off states 
· The above clock assumptions for LR assumes the MR is in ‘ultra-deep sleep’ power state.
· For Option 3/4, 
· FFS applicability when MR is in ultra-deep sleep power consumption state and associated power consumption for LR on state and LR off state,
· e.g., option 3/4 is not applicable
· when MR is in ‘ultra-deep sleep state’ with [0.015] power units and LR is in off state or, 
· when LR monitoring power less than [TBD] power unit, 
· Note: Assumptions important for achieving performance by option 1/2/3/4 clock for LR should be declared, including active on/off power, transition energy/ ramp-up time TLR, ramp-up for LR and etc.
· If MR is in other state than ‘ultra-deep sleep state’, the clock running for MR can be used for LR.
· assumptions important for achieving performance by using MR clock for LR should be declared
· Other clock accuracy options are not precluded. Companies to report options based on a feasibility analysis of clock power consumption and UE power consumption to use the clock accuracy option
· Company to report the frequency error assumption for the detection of LP-WUS/synchronization signal,
· The following are examples for consideration, other approaches are not precluded,
· Model 1:
· The relationship between a drifted frequency error(ΔF), frequency drift ( F’) over a time (T1) is ΔF = ±F’ * T1
· When frequency displacement [Fd] reaches max frequency error, it is assumed to be equaled to max frequency error
· T1 is the time from the previous frequency synchronization. T1 may take different values depending on the chosen frequency synchronization approach.
· FFS: Frequency displacement (Fd), defined as the difference between ideal frequency and frequency due to 1) clock drifting (ΔF); and 2) residual frequency error from previous synchronization/calibration (Fr), is given as Fd (ppm)=ΔF (ppm) +Fr(ppm).
· Model 2: random frequency drifting, FFS details
· Company to report the timing drifting error assumption for the detection of LP-WUS/synchronization signal,
· The following are examples for consideration, other approaches are not precluded,
· Model 1 [R1-2301438] [R1-2301558][R1-1714993]:
· The relationship between the maximum frequency error(Fe) and corresponding timing drift( ΔT) over a time(T) is ΔT = ±Fe * T (linear region)
· The relationship between a frequency drift( F’), and corresponding timing drift(ΔT) over a time(T) is ΔT = Fr*T ±0.5 * F’ *T2 (transient region)
· The transition between transient and linear region (from synchronization or calibration point/time) occurs at time [Ts= (Fe-Fr)/( F’)]

· T is the time from the previous time synchronization. T may take different values depending on the chosen synchronization approach
· FFS: Time error (Te) before detection of a current sync signal is defined as the difference between ideal time of the current sync signal and the time error due to 1) clock time drift (ΔT); and 2) residual time error from previous synchronization/calibration (Tr); Te= ΔT+ Tr
· Model 2: random time drifting, FFS details
· FFS: Phase noise model

Working Assumption
The following for usage of the clock is assumed for LP-WUR OFF/ON
	Assumption on LP-WUR OFF power
	Assumptions on the clock usage

	0.001
	When LP-WUR is OFF
· Time offset cumulated in the off period cannot be calculated based on the parameters of the oscillator option 1/2/3/4. RTC should be used(Only RTC is running during sleep.)
When LP-WUR is ON, frequency offset and time offset calculation can follow the parameters of the oscillator option 1/2/3/4 [Note2] (cumulating based on the frequency drift and not exceed maximum frequency error)
· The initial frequency offset when LP-WUR switches on can be set to the [FFS: maximum frequency error or a random value within the maximum frequency error] following the parameters of the oscillator option 1/2/3/4[Note2].
· When LP-WUR is synced with LP-SS/SSB or MR is used to assist to calibrate LP-WUR to correct the time/frequency error, residual frequency error Fr is assumed at the time when the synchronization/calibration is done.

	TBD: value(s)
	For both LP-WUR OFF and ON
· Time offset cumulated in the off period can be calculated based on the parameter of the oscillator option 1/2 or option 3/4[Note2]. RTC can be used too. 
· Frequency offset calculation can follow the parameter of the oscillator option 1/2 or option 3/4[Note2] (cumulating based on the second value in the value pair and not exceed maximum frequency error). 
When at the time point after LP-WUR is synced with LP-SS/SSB or if MR can assist to calibrate LP-WUR to correct the frequency error
· Frequency offset is the Fr, which is residual frequency error from previous synchronization/calibration


[Note1: Any additional LO/FLL/PLL could start running during LP-WUR On duration. The power consumption of any of those LO/FLL/PLL is captured in LP-WUR On power]
FFS: Note2: option 3/4 can only be assumed when LP-WUR ON power value and LP-WUR OFF power value>=TBD2, option 1/2 can only be assumed when LP-WUR ON power value and LP-WUR OFF power value>=TBD1
Note3: The clock error (of both RTC and LO) could be improved to be less than max ppm error of option 1,2,3,4 with clock calibation based on sync signal such as LP-SS or preamble.


Working Assumption
For Model 1 of frequency error, Frequency displacement (Fd), defined as the difference between ideal frequency and frequency due to 1) clock drifting (ΔF); and 2) residual frequency error from previous synchronization/calibration (Fr), is given as Fd (ppm)=ΔF (ppm) +Fr(ppm), 
· Companies to report Fr and important assumptions for achieving Fr, e.g., if MR can assist to calibrate LP-WUR to correct the frequency error or if LP-WUR can only correct the frequency error based on LP-WUS synchronization signal





In below figures we look at the evolution of the error based on different clock options considered in the last meeting. We have assumed the initial frequency (or timing) error to be 0, and then depicted the drift either based on assumption that Ts=Fe/(0.5*F’) or Ts=Fe/(F’), in Figure 6. In [5] we have presented simulation results for different frequency and timing error assumptions. From the results it can be seen that the impact of timing error, depending on the number of bits per CP-OFDM symbol can have strong impact to the achievable performance. Hence, it would seem relevant to provide means for the receiver to compensate the timing error to keep it below e.g. 1ppm depending on the number of bits per CP-OFDM symbol and assumed sub-carrier spacing. Frequency error impacts the observed performance less, tolerating up to 10ppm (at 4GHz) without noticeable performance impact. 
With the assumed drift and maximum error models, establishing time and frequency synchornisation that meets for example the afore considered limits, different periodicity of syncronisation is needed. In terms of the largest drift and lowest accuracy, the syncronisation rate would be order of every approximately 4 seconds (<1ppm) and 14 seconds (<10ppm), to meet the afore noted timing and frequency error limits, respectively. 
Considering the working assumption from RAN1#112bis-e, it was discussed what LR relative power limit should be set for different clock assumptions (e.g. Note 2 with TBD1 and TBD2). If such a relative power limit is determined, on basis of the clock power consumption, it would seem appropriate to make this limit agnostic to the LR power state (ON or OFF). Hence, if a lower bound for the assumed LR relative power is set for different clocks, this should cover both conditions, LR ON and LR OFF.
Observation 12: If a lower bound for LR relative power is determined for the different clock assumptions, it should be agnostic to the LR power state (ON or OFF).
Hence, as discussed in last meeting for very low LR ON or OFF relative power level (e.g. duty cycled case with relative LR OFF power 0.01) or in always on with relative LR ON power <<1), only RTC could be assumed. Using RTC (e.g. with 32kHz), would seem mostly appropriate only for determining the approximate time for waking the LR (from OFF to ON) and different clock could be needed for determining the sampling timing and RF frequency for the actual reception. To enable feasible operation with designs where lower rate clock is used as a ‘sleep clock’ to preserve power and additional clocks are used for actual reception, the LP-WUS design would need to enable the UE to re-acquire the timing and frequency synchornisation before LP-WUS reception is needed. This can be achieved by having preamble as a part of  LP-WUS message or having LP-SS sent prior LP-WUS message.  
Proposal 12: Consider LP-WUS designs options that support use of preamble (at least) for timing synchronisation in a LP-WUS or have LP-SS sent prior LP-WUS.




[image: ]
[bookmark: _Ref131683094][bookmark: _Hlk134604830]Figure 6: Illustration of the time offset and frequency offset for diffent frequency drift assumptions, with Ts=Fe/(0.5*F’) and with Ts=Fe/F’


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 13: Overhead analysis should be considered for different LP-WUS designs and LP-WUR architectures, accounting any guard needed.
For evaluations with CONNECTED mode traffic, such as XR, also the possible latency impact of LP-WUS should be properly reflected in system modelling. E.g. depending on the assumed MR activation delay upon reception of LP-WUS would need to be accounted in evaluation on top of any other scheduling delay.
Observation 14: The possible latency impact of LP-WUS should be accounted in system level modelling when e.g. XR traffic is analysed. 
As an outcome of XR Rel-18 study item a work item was opened [7]. One objective of this work is to enhance DRX to support periodicities corresponding to XR frame rates i.e. corresponding to non-integer periodicities. Thus when considering the further evaluations especially for XR type of traffic, it would seem appropriate to consider the enhancements that have been agreed to be introduced as a part of Rel-18 XR work item.
Observation 15: Planned Rel-18 enhancements, such as support of non-integer DRX periods aligned with XR frame rates, should also be accounted in the system level evaluations.


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:
Paging procedure
As discussed in [4], 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. To limit the needed payload, and to enable transparent UE behaviour in terms of MR and LR operation from network perspective, it is proposed to focus on legacy paging procedures with needed enhancements if any
Proposal 13:	To enable transparent UE behaviour in terms of MR and LR operation from network perspective focus further studies on legacy paging procedure, and enhancements if needed.

Small data transmission (SDT)
To accomplish efficient small data tramission from RRC_INACTIVE, in Rel. 17 a Work Item (WI) entitled “NR small data transmissions in INACTIVE state” [RP-201305] introduced procedures to complete small data transmission in RRC_INACTIVE to avoid signalling overhead and delay associated with state transition from RRC_INACTIVE to RRC_CONNECTED to perform a small data transmission. The small data transmission (SDT) functionality is important, since the motivation to introduce the RRC_INACTIVE state itself in NR was to be able to transition UEs with infrequent data transmission to a state with minimum signalling overhead and minimum power consumption. Among use cases envisioned for SDT non-smartphone appplications were considered. Namely traffic from wearables (such as positioning data), inrustrial wireless sensors providing measurements from temperature, pressure etc., either periodically or non-periodically and also other kind of smart meters. These use cases align also with those considred for LP-WUS/WUR. 
The initial PUSCH transmission during the SDT procedure includes at least the CCCH message. When using CG resources for initial SDT transmission, the UE can perform autonomous retransmission of the initial transmission if the UE does not receive confirmation from the network. After the initial PUSCH transmission, subsequent transmissions are handled differently depending on the type of resource used to initiate the SDT procedure:
-	When using CG resources, the network can schedule subsequent UL transmissions using dynamic grants or they can take place on the following CG resource occasions. The DL transmissions are scheduled using dynamic assignments. The UE can initiate subsequent UL transmission only after reception of confirmation (dynamic UL grant or DL assignment) for the initial PUSCH transmission from the network. For subsequent UL transmission, the UE cannot initiate re-transmission over a CG resource.
-	When using RACH resources, the network can schedule subsequent UL and DL transmissions using dynamic UL grants and DL assignments, respectively, after the completion of the RA procedure. 

Hence, the use of LP-WUS could be considered to reduce the power consumption cost by reducing PDCCH monitoring during SDT procedure.
Proposal 14:	Consider feasibility of using LP-WUS to enable power saving with SDT operation from RRC_Inactive.

Conclusion
In this contribution we have discussed different issues related to the evalautions for study on wake-up signal and receiver designs. 
In section 3 we looked at the use cases and different deployment scenarios and make following observation and proposals:-
Observation 1: Use case determines the latency requirement, and is agnostic to RRC state and device type. 
Proposal 1: 	Down prioritize the sidelink related studies for time being.
Proposal 2:		Consider implications to network energy efficiency in studied LP-WUS related designs.
Proposal 3: 	LP-WUS design and LP-WUR architecture should 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/WUR design should ensure that legacy receiver performance is not affected and 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.
Simulation and evaluation assumptions are addressed in Section 3, with focus on the power saving.  
Impact of different assumptions; false alarm, LR monitoring duty cycle, mobility measurements and paging probility are considered in Section 3.1.1, 3.1.2, 3.1.3, and 3.1.4, respectively. Summary of the power saving results is presented in Section 3.1.5. Based on these results we make following observations and proposals:-
Observation 2: For always-on or frequent LP-WUS monitoring, FAR needs to be kep very low or the MR transition energy needs be reduced to ensure good power saving gain.
Observation 3: If non-zero FAR is assumed, assuming constrained time occasions for LP-WUS monitoring can offer better power saving performance.
Observation 4: Accounting both LP-WUS and L-SS monitoring, power saving benefit of LR duty cycled operation over always on LR operation can be maintained to 320ms monitoring periodicity.
Proposal 7: Consider LP-WUS operation assuming defined monitoring occasions i.e. duty cycled operation.
Observation 5: Assuming that decision whether to monitor LP-WUS or normal PO, is left for UE implementation and is transparent to the network, the paging configuration used in the deployment would need to reflect the targeted latency of the applied use cases. 
Observation 6: For eDRX based operation the power saving benefits can be maintained with relaxed MR based measurements. 
Proposal 8: Evaluate further possible ways to relax MR mobility measurement activity to maintain power saving benefits.
Observation 7: Reducing false alarm probability via LP-WUS design would need to account the impact to overhead, feasibility of multiplexing (LP-WUS) and latency of transmitting LP-WUS. 
Proposal 9: Evaluate further the need and ways to limit the false alarm impact to power saving gain, while considering the other implications.
Observation 8: The overall service/paging latency including sub-systems boot-up, calibration, and re synchronization, incurs the average delay of approximately 1200ms, which is bit more than DRX latency of 640ms.

The coverage evaluation is discussed in Section 3.2:-
Proposal 10: Use the same channel spesific assumptions for PUSCH for message3 as in TR38.380
Observation 9: There maybe different type of deployments, which assume different type of receiver baseline for cell coverage.
Proposal 11: Regardless of the considered reference channel and receiver baseline for LP-WUS coverage, operation different type of deployments should be ensured.

Observation 10: Wider coverage is preferred for LP-WUS. To facilitate this, LP-WUS should consider lower data rate waveform, with limit the payload to facilitate LP-WUS multiplexing with other NR signals/scheduling..
Observation 11: The cost (for LR and LP-WUS design) of reaching higher coverage should be carefully weigted against the benefits of being able to utilize the LP-WUS at full cell coverage.
Based on the agreements made in last meeting, aspects of timing and frequency tracking is discussed in Section 3.3:-
Observation 12: If a lower bound for LR relative power is determined for the different clock assumptions, it should be agnostic to the LR power state (ON or OFF).
Proposal 12: Consider LP-WUS designs options that support use of preamble (at least) for timing synchronisation in a LP-WUS or have LP-SS sent prior LP-WUS.

In Section 3.4 we discuss on the system level simulation assumptions:- 
Observation 13: Overhead analysis should be considered for different LP-WUS designs and LP-WUR architectures, accounting any guard needed.
Observation 14: The possible latency impact of LP-WUS should be accounted in system level modelling when e.g. XR traffic is analysed. 
Observation 15: Planned Rel-18 enhancements, such as support of non-integer DRX periods aligned with XR frame rates, should also be accounted in the system level evaluations.

Finally in section 4 we touch upon on some other potential use cases for LP-WUS:- 
Proposal 13:	To enable transparent UE behaviour in terms of MR and LR operation from network perspective focus further studies on legacy paging procedure, and enhancements if needed.
Proposal 14:	Consider feasibility of using LP-WUS to enable power saving with SDT operation from RRC_Inactive.
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