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[bookmark: _Toc116995841]Introduction
In RAN Plenary meeting #101 the objectives of LP-WUS/WUR study item was discussed and following update to objectives was agreed [1]:
	· Study and evaluate wake-up signal designs to support wake-up receivers [RAN1, RAN4] 
· To review the outcome of RAN1 studies on serving cell RSRP/RSRQ measurement offloading to LP-WUR for IDLE/INACTIVE mode for feasibility verification [RAN4]. 
· Consider different LP-WUR architectures:
· LP-SS based RRM measurement for envelop detection-based LP-WUR
· SSS based RRM measurement for OFDM based LP-WUR
· For each of above, to review:
· SNR target X for LP-WUR RRM measurement considering the practical noise figure of LP-WUR




In this paper we discuss the aspects related to the LP-WUS/WUR Study item work in RAN4.
[bookmark: _Toc116995842]Discussion
Scope of RAN4 RRM requirements
As shown by the objectives presented in the introduction, RAN4 is expected to review the RAN1 study outcome. Based on the RAN1 studies, RAN4 is to conclude whether RAN4 can verify the feasibility of offloading the serving cell MR based RSRP/RSRQ measurements to LP-WUR based RRM measurements. 
From the SI description RAN4 is only to consider following scenarios:
· Idle/Inactive modes.
· RSRP and RSRQ.
· Serving cell measurements.
· The two listed receiver architectures:
· Envelope detection based, and
· OFDM based.
It is our understanding when the SI objective discus the ‘serving cell RSRP/RSRQ measurements’ this only includes the actual RSRP/RSRQ measurements and does not include detection evaluation.
[bookmark: _Hlk146718116] RAN4 considers in the feasibility evaluation, robust offloading of IDLE/Inactive mode MR-based serving cell measurements to LP-WUR based measurements, based on RSRP and RSRQ.
In the RAN1 TR section 9.2 there are 5 different LP-WUR in the category of envelope detection receiver in addition to the OFDMA-based:
For the LP-WUR architecture, 
· For OOK waveform, 3 types of receiver architectures have been considered: RF envelope detection, heterodyne architecture with IF envelope detection, and homodyne/zero-IF architecture with baseband envelope detection.
· For RF envelope detection, the reported relative power consumption for ON state is in the range of 0.01~0.2, and the reported noise figure is in the range of 12~22 dB.
· For heterodyne architecture, the reported relative power consumption for ON state is in the range of 0.1~4, and the reported noise figure is in the range of 9~15 dB.
· For homodyne/zero-IF architecture, the reported relative power consumption for ON state is in the range of 0.05~4, and the reported noise figure is in the range of 10~16 dB.
· For FSK waveform, the architectures with parallel OOK receivers and with frequency to amplitude conversion have been considered. Among the architectures that have more than 2 sources providing the analysis,
· For parallel heterodyne architecture, the reported relative power consumption for ON state is in the range of 0.1~1, and the reported noise figure is in the range of 9~15 dB.
· For parallel homodyne/zero-IF architecture, the reported relative power consumption for ON state is in the range of 0.1~1, and the reported noise figure is in the range of 10~16 dB.
· For OFDMA-based signals, sequence-based signals have been considered, where the LP WUR performs either time-domain correlation without FFT or frequency-domain correlation after FFT.
· For time-domain correlation, the reported relative power consumption for ON state is in the range of 0.15~10/30, and the reported noise figure is in the range of 7~25.
· For frequency-domain correlation, the reported relative power consumption for ON state is in the range of 1~30, and the reported noise figure is in the range of 7~12.
· Note that:
· Some of the inconsistent ranges for the architectures for OOK and FSK waveforms (e.g., power consumption for the homodyne/zero-IF architecture for OOK and the parallel homodyne/zero-IF architecture for FSK) is due to the fact that not all sources provided analysis for all the architectures.
· For each individual source, the power consumption for FSK is similar as or slightly higher than the power consumption for OOK with the same architecture type.
· Note that some of the wide ranges for the different architectures is due to the fact that different sources made different assumptions and there is a tradeoff between power consumption and noise figure.

Question is whether RAN4 shall select one of the LP-WUR envelope detection receivers and use that as reference LP-WUR envelope receiver. Alternatively, RAN4 performs the evaluation using all envelope detection receiver options. However, it might not be part of the RAN4 and instead RAN4 could perform the evaluation agnostic to the receiver architecture (and noise figure). Such approach could be done by performing a general feasibility analysis and then accounting the NF separately.
[bookmark: _Hlk146718133] RAN4 to evaluate the offloading feasibility in a LP-WUR agnostic manner and account the NF’s separately.

RAN1 evaluations results
As part of the RAN1 study on LP-WUS/WUR, the main scope of the study was to attain further power saving through LP-WUS/WUR operation. The power saving benefits for IDLE/Inactive mode were shown to be affected by the frequency of MR based measurements. To accommodate larger power saving, offloading serving cell measurements from the MR (based on SSB) to the LP-WUR (based on LP-SS / SSS) and relaxing MR-based RRM measurements (serving and neighbor cells) were considered.  This would enable the MR to be kept longer time in deeper sleep mode, e.g. ultra-deep sleep state (introduced to UE power consumption model in the study). 
In this context RAN1 considered different LP-SS/WUS based measurement metrics for further evaluation [2]: 
· LP-RSSI or Energy detection: linear average of total received power over a RSSI resource.
· FFS RSSI resource.
· LP-RSRP: linear average of received power of resource of reference signal(s) or signal(s) parts.
· FFS resource of reference signal(s) or signal(s) parts
· LP-SINR = LP-RSRP/(power of interference and noise)
· FFS how to define “power of interference and noise”
· LP-RSRQ= [N x] LP-RSRP/LP-RSSI, where N is the factor of resource size difference for evaluation LP-RSRP and LP-RSSI.
Subsequently link level evaluations were done and results for LP-RSRP and LP-RSRQ were captured in [2]. These considered use of possible new additional reference signal, LP-SS for these measurements. It should be noted that as this is being considered in the study, and if adopted, there needs to be formal definition of the measurement metric(s) to TS38.215 in specification/work item phase. 
From the RAN1 conclusions in [2] we see:
LP-SS based RRM measurements and envelope detection-based LP-WUR:
RAN1 studied RSRP and RSRQ measurement accuracy based on LP-SS (based on OOK which can be received by envelop detector) assuming TDL-C channel and observed that depending on SNR target X= {-3, -6, -9, -11} dB as seen by LP-WUR, and depending on 90% accuracy of 3 or 5 dB, different number symbols (1 -70) spread over 1-5 periods is required. Timing and frequency impairments were also considered. RAN1 studied RSRP and RSRQ measurement accuracy based on LP-SS (based on OOK which can be received by envelop detector) assuming AWGN channel and observed that depending on SNR target X= {-9, -11} dB as seen by LP-WUR, and depending on 90% accuracy of 3 or 5 dB, different number symbols (1 -20) spread over 1-3 periods is required. Timing and frequency impairments were also considered. Corresponding SNR observed by MR and LR is different due to NF difference between them. Accuracy of RSRP and RSRQ measurement depends on sampling rate.

SSS based RRM measurements and OFDM based LP-WUR:

RAN1 studied RSRP measurement accuracy based on SSS (OFDMA received by I/Q detector) and observed that depending on SNR target X= [-3, -6] dB as seen by LP-WUR, and depending on 90% accuracy of 3dB, 1 OFDMA symbol in 1 period is required, assuming TDL-C. Timing and frequency impairments were also considered. 

Noise figure for MR is, as reference, assumed being 7 dB in FR1. However, it would need to be confirmed if this is common RAN4 understanding. 
We understand that the NF for the LP-WUR's is part of the work/discussions in RF. These discussions have not yet concluded. Until RF has concluded the work, the NF numbers from the RAN1 study can be used as tentative ranges.
On high level, the RAN1 evaluation results imply that with sufficient number of resources, LP-WUR can attain rather good RSRP or RSRQ accuracy. It can be observed that the simulations showed that the measurement accuracy based on simulations is on similar level as the existing RAN4 requirements for RSRP and RSRQ. However, these simulations do not account all relevant impairments. In context of these evaluations, it is good to note that  different evaluations considered different levels of time and frequency error, as well limited ADC bit width, but not always jointly nor claiming these results to covering practical implementation impairments. In earlier RAN4 requirement work, there has been an implementation margin considered (e.g. 2-2.5dB) to accommodate full range of implementation impairments. This margin would need to be considered also for LP-WUR based operation.

[bookmark: _Hlk146718203]Based on simulation results presented in RAN1 accounting some impairments, and varying amount of measurement reference resources, LP-SS based RRM measurements can achieve reasonable accuracy, in the range of current RAN4 requirements for normal NR receiver. Final attainable accuracy would depend on the needed implementation margin.

Considerations on feasible SNR operation point
In order to determine practical SNR target for LP-WUR RRM measurements, the target accuracy should be considered. Like noted above, RAN1 link level simulations can give some guidance, but they do not consider full range of implementation impairments for a practical receiver. Thus, when setting SNR target, the SNR target should be selected such that the attainable measurement accuracy is sufficient even without implementation margin.
The SNR target setting should consider the attainable measurement accuracy, accounting tolerance for practical impairments of LP-WUR 

For the MR RAN4 has some assumption related to impairments. RAN4 assumed 2-2.5 dB for FR1 and up to 4 dB for FR2. RAN4 would need to discuss which impairments RAN4 would assume for a LP-WUR as this would impact the target SNR.
In scope of RAN4 requirements, implementation margin is usually considered to account different receiver impairments. For absolute measurements, such as RSRP, the non-ideal gain setting is accounted in the requirements. As the RSRP estimate is derived in the baseband, some assumption of the RF chain gain setting needs to be taken.  I.e. when the value measured in baseband is related to the received power in the UE antenna port, an assumption needs to be taken on the LNA and/or BB amplified gain. If the receiver assumption is incorrect value (e.g. assume 25dB gain while the actual gain due to process/sample variations and lack of calibration) is 22dB, the reported RSRP will be offset by e.g. 3dB. As noted above, the error can be reduced by calibrating the actual RF chain gain, with different AGC settings in the production. The amount of calibration depends on the component and process variation, mostly in the amplifiers, but also in filters. 

The final attainable accuracy for LP-WUR measurements may deviate from the accuracy shown in simulations due to different impairments. 

It is also assumed that the NF of LP-WUS is higher than that of an MR (to enable lower power consumption), thus the absolute signal levels cannot be as low as with MR affecting the proper SNR target. This may affect the feasibility of the LP-WUR based measurements in cell edge conditions in coverage limited scenarios. This needs to be further accounted when considering feasible range of LP-WUR based measurements.

RAN4 would need to agree which impairments RAN4 would assume for a LP-WUR.

From feasibility point of view following should be ensured to make offloading of serving cell measurements to LP-WUR:
· LP-WUS operation in network does not affect the deployment.
· Measurement accuracies must ensure that UE does not drop from service i.e. UE falls back to MR e.g. when quality observed in LP-WUR degrades.
· Paging reception performance shall not be impacted.
Alternative is that the LP-WUR can be used while the UE is reasonably good conditions while at cell edge the UE cannot use the LP-WUR but would have to rely on using the MR.

The measurement accuracy with LP-WUR needs to be sufficient to ensure that UE fallback to MR based operation when conditions so dictate. 

[bookmark: _Toc116995848]Conclusion
[bookmark: _Toc116995849]In this paper we have discussed the aspects related to the LP-WUS/WUR Study item work related to the newly added objective addressed to RAN4. Based on the discussion we observe and propose:
1. RAN4 considers in the feasibility evaluation, robust offloading of IDLE/Inactive mode MR-based serving cell measurements to LP-WUR based measurements, based on RSRP and RSRQ.
1. RAN4 to evaluate the offloading feasibility in a LP-WUR agnostic manner and account the NF’s separately.

1. Based on simulation results presented in RAN1 accounting some impairments, and varying amount of measurement reference resources, LP-SS based RRM measurements can achieve reasonable accuracy, in the range of current RAN4 requirements for normal NR receiver. Final attainable accuracy would depend on the needed implementation margin.

The SNR target setting should consider the attainable measurement accuracy, accounting tolerance for practical impairments of LP-WUR 

The final attainable accuracy for LP-WUR measurements may deviate from the accuracy shown in simulations due to different impairments. 

RAN4 would need to agree which impairments RAN4 would assume for a LP-WUR.

The measurement accuracy with LP-WUR needs to be sufficient to ensure that UE fallback to MR based operation when conditions so dictate. 

RAN1 evaluations show that LP-WUR based RSRP and RSRQ measurement can attain reasonable accuracy. However, while it appears to be possible (with sufficient measurement resources and SNR operation point) to attain accuracy that is in similar level as the existing measurement accuracy requirements, this does not imply that practical low power receiver with full range of impairments can meet these. Thus, it may be necessary, in possible work item phase consider the accuracy requirement, accounting additional implementation margin.
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