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Introduction
The RAN WG approved work item on Power Saving Enhancements [1]. The work item includes the following objective for paging enhancements targeting increased power saving:
	· Specify enhancements for idle/inactive-mode UE power saving, considering system performance aspects [RAN2, RAN1]
· Study and specify paging enhancement(s) to reduce unnecessary UE paging receptions, subject to no impact to legacy UEs [RAN2, RAN1]
· NOTE: RAN1 to check and update, if needed, evaluation methodology in RAN1 #100 meeting



In this contribution, we express our views on evaluation methodology and considerations for designs for paging enhancements.
Discussion on paging enhancements for UE power saving
Unnecessary paging reception is a major source of power consumption for NR UE in idle/inactive mode. If the UE would only wake-up when paging message is to be delivered, potential power saving can be achieved as UE could skip the PO. However, as PO duration is relatively short, such as 1 slot, and UE would only wake up to monitor it’s own PO, power saving by skipping a PO only would not be significant, specially when paging DRX cycle is long. 
Unlike RRC-connected mode, there is no TRS configured in idle/inactive mode and achieving synchronization is solely dependent on SSB reception. Our companion paper [2] discusses on providing TRS configuration to idle/inactive mode.  Signal detection performance evaluation in idle/inactive mode should take into account CFO and/or timing error.
Observation 1: For idle/inactive mode operation, sensitivity to CFO and timing error are critical factors for consideration while evaluating signal detection.
In order to properly detect paging DCI with low CFO and/or timing error, UE may need to detect a certain number of SSBs before waking up to receive the paging DCI during PO. Hence, in our view, the preparation period for monitoring a certain number of sync signals before PO needs to be taken into account for power consumption evaluation.
In Figure 1, we show PDCCH detection performance for AL = 8 and 16 assuming CFO = 0, 0.1, 1ppm. Simulation parameters are provided in the appendix in Table 1. As can be observed, PDCCH detection performance is acceptable at 0.1ppm but deteriorates at higher CFO. This implies PDCCH detection can be quite sensitive to CFO. In figure 1, no CFO compensation was assumed. In particular, it may not always be possible to compensate CFO after PDCCH reception, since CORESET can be 1 OS as well.
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Figure 1: PDCCH miss-detection rate with CFO.

[bookmark: _Hlk47741539]Observation 2: PDCCH detection works well at 0.1ppm but deteriorates beyond 0.1ppm. At 1ppm, PDCCH MDR is close to 1. 
Observation 3: CFO compensation based on PDCCH detection may not always be feasible.

If the requirement on detection of a certain number of SSBs can be relaxed without scarifying PDCCH detection performance, potentially more power saving gain can be achieved. To this end, if wake-up signal is used before PO which can also be used for tracking, number of SSBs require to monitor before PO could be decreased, cf. Figure 2.
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Figure 2: (a) K SSBs need to be monitored before PO so that paging DCI can be received with synchronization in place, (b) With WUS that can be used for tracking, M SSBs (2 in figure) need to be monitored which can be quite less than K.
Observations 4: One potential way to save power would be to reduce the number of SSBs necessary, if possible, that need to be processed before detecting the paging DCI, i.e., shorten the preparation time.

In Figure 3, we show detection performance of sequence-based wake-up signal. In particular, we consider SSS and TRS-based wake up signal (WUS) as a starting point. We consider transmission duration of 1 slot and either 1 or 2 OS can be used for wake-up signal transmission. If two OSs are used, we assume they 4 OSs apart. Simulation parameters are provided in the appendix in Table 1. As can be observed from Figure 2, detection performance degrades with CFO, but seem to be less sensitive compared to PDCCH. Note that these results are obtained without CFO compensation. 
For 2OS wake-up signal structure, non-contiguous allocation can be exploited at the UE receiver to estimate and compensate for CFO, and thereby, UE may not need to monitor as many SSBs as it would be monitoring without a tracking signal before PO. UE would be able to sleep longer, resulting in more power saving.
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Figure 3: TRS and SSS-based wake up signal detection performance.

Observation 5: TRS and SSS-based sequence detection performance seems to degrade as CFO is increased from 0.1ppm, but sensitivity to higher CFO seem to be less compared to PDCCH at least up to 1ppm.

Observations 6: Sequence based WUS can be designed with multiple non-contiguous symbols in a slot so that CFO can be compensated. If WUS can also aid in tracking, preparation time can be reduced so that paging DCI can still be detected with low CFO sensitivity and consequently, it may lead to increased power saving gain.
Based on these observations, we have the following proposals:

[bookmark: _Hlk47741830]Proposal 1: At least CFO sensitivity should be taken into account for evaluating different candidates for WUS
· FFS: timing error

Proposal 2: RAN1 to consider CFO compensation as part of evaluation of signal detection, wherever applicable.

Proposal 3: Power consumption analysis should take into account the preparation time prior to detecting the paging DCI, in addition to duration of WUS, if introduced, and PO
· This includes but not limited to number of SSBs monitored during the preparation time.
· RAN1 discusses # suitable length of preparation time for evaluation purpose.

Proposal 4: Further study whether WUS can be used for tracking purpose as well, so that preparation time for fine tracking before PO can be shorter
Proposal 5: Consider the following parameters as baseline for evaluating different candidate WUS.

	Metrics and
parameters
	Comments

	Detection performance
(one-shot)
	MDR 0.1%, FAR 1%

	Number of info. bits 
	Limited # bits, e.g., 1-2

	Frequency error and compensation
	Consider 0.1ppm, 0.5ppm, 1ppm for evaluation.
• FFS: modeling of frequency drift in addition to frequency errors

	Residual timing error 
	May be assumed to be within CP if tracking based on SSB and/or CSI-RS/TRS is assumed

	Transmission BW 
	Up to 20MHz (FR1)

	Candidate signal/channels 
	Reported by companies, include at least PDCCH, TRS, SSS-like sequences

	Channels 
	TDL-C, with low and high delay spreads; other options/details
FFS

	Other parameters 
	FFS





Conclusions
In summary, we have following list of proposals and observations:

Observation 1: For idle/inactive mode operation, sensitivity to CFO and timing error are critical factors for consideration while evaluating signal detection.
Observation 2: PDCCH detection works well at 0.1ppm but deteriorates beyond 0.1ppm. At 1ppm, PDCCH MDR is close to 1. 
Observation 3: CFO compensation based on PDCCH detection may not always be feasible.
Observation 4: One potential way to save power would be to reduce the number of SSBs necessary, if possible, that need to be processed before detecting the paging DCI, i.e., shorten the preparation time.
Observation 5: TRS and SSS-based sequence detection performance seems to degrade as CFO is increased from 0.1ppm, but sensitivity to higher CFO seem to be less compared to PDCCH at least up to 1ppm.
Observations 6: Sequence based WUS can be designed with multiple non-contiguous symbols in a slot so that CFO can be compensated. If WUS can also aid in tracking, preparation time can be reduced so that paging DCI can still be detected with low CFO sensitivity and consequently, it may lead to increased power saving gain.

Proposal 1: At least CFO sensitivity should be taken into account for evaluating different candidates for WUS
· FFS: timing error
Proposal 2: RAN1 to consider CFO compensation as part of evaluation of signal detection, wherever applicable.
Proposal 3: Power consumption analysis should take into account the preparation time prior to detecting the paging DCI, in addition to duration of WUS, if introduced, and PO
· This includes but not limited to number of SSBs monitored during the preparation time.
· RAN1 discusses # suitable length of preparation time for evaluation purpose.
Proposal 4: Further study whether WUS can be used for tracking purpose as well, so that preparation time for fine tracking before PO can be shorter
Proposal 5: Consider the following parameters as baseline for evaluating different candidate WUS.

	Metrics and
parameters
	Comments

	Detection performance
(one-shot)
	MDR 0.1%, FAR 1%

	Number of info. bits 
	Limited # bits, e.g., 1-2

	Frequency error 
	Consider 0.1ppm, 0.5ppm, 1ppm for evaluation

• FFS: modeling of frequency drift in addition to frequency errors

	Residual timing error 
	May be assumed to be within CP if tracking based on SSB and/or CSI-RS/TRS is assumed

	Transmission BW 
	Up to 20MHz (FR1)

	Candidate signal/channels 
	Reported by companies, include at least PDCCH, TRS, SSS-like sequences

	Channels 
	TDL-C, with low and high delay spreads; other options/details
FFS

	Other parameters 
	FFS
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Appendix


              Table 1: Simulation parameters for PDCCH and Sequence-based Wake up signal detection
	Parameter
	Value

	Carrier Frequency
	4 GHz

	System BW
	20 MHz

	Number of Tx/Rx antennas
	1 / 4

	Modulation
	TRS-QPSK, SSS-BPSK 

	Channel
	TDL-C

	Delay Spread
	300ns

	UE speed
	3 km/hr

	WUS sequence types
	TRS, SSS-based

	SSS OS mapping
	{4, 8}

	TRS/SSS BW
	TRS - 48RB; SSS - 12 PRB (127 REs)

	SSS # of sequences
	3

	Carrier Frequency offset 
	0, 0.1, 1 ppm

	DCI payload
	40bits

	PDCCH AL
	1, 2, 4, 8, 16

	CORESET BW and duration
	48 RBs, 2 OS
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