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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



Moreover, in last meeting, the following was agreed in connection to evaluation and techniques related to paging enhancements.
	Agreements:
For study of Rel-17 paging enhancement, the following are assumed as a baseline for FR1 and FR2:
· Reference configuration for FR1/FR2 as specified in Section 8.1.1/8.1.2 of TR 38.840
· Note: the setting for some PDSCH parameters may not be applicable for RedCap UEs
· Baseline paging cycle length: [1.28] second 
· SS burst related assumptions:
· 20 ms periodicity
· 2 ms duration for serving cell RRM measurement, which can overlap with the one for synchronization before PO
· FFS time/frequency tracking
· Measurement related assumptions:
· 20 ms SMTC periodicity
· 2 ms SMTC window for intra-frequency RRM measurement, assuming synchronized deployment
· [5 ms SMTC window and 6 ms measurement gap for inter-frequency RRM measurement]
· Note: RAN4 requirement assumes one frequency layer per measurement gap, and 0.5 ms is assumed for switch in/out a frequency layer
· Note: the inclusion of potential TRS/CSI-RS occasions can be considered
Agreements:
The following power consumption model for FR1 is utilized for the evaluations of Rel-17 UE power saving enhancements in idle/inactive mode
· FFS: FR2 power consumption model for idle/inactive mode operations
	· Power State
	Relative Power
(FR1 reference from TR 8438.840)
	Relative Power 
(Idle/inactive-mode operation with reception bandwidth 20 MHz)

	Deep Sleep (PDS)
	1
	1

	Light Sleep (PLS)
	20
	20

	Micro sleep (PMS)
	45
	45

	PDCCH-only (PPDCCH)
	100
	50Note

	PDCCH + PDSCH (PPDCCH+PDSCH)
	300
	120

	PDSCH-only (PPDSCH)
	280
	112

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

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

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

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



Agreements:
Group paging rate of 10% is assumed for the evaluation of Rel-17 paging enhancement
· FFS: Another group paging rate > 10%
· Note: If UE sub-grouping is applied, the sub-group paging rate can be reduced w.r.t. the total sub-group number for a PO
Agreements:
For the study on paging enhancements to reduce unnecessary paging reception, the following metrics are considered:
· UE power saving gain (relative to a given feature or overall)
·  Impact to UE paging detection probability 
·  FFS: Link level simulation assumptions
· System impact, including 
· Additional resource overhead and its implications
· Impact to Rel-15/Rel-16 idle/inactive-mode UEs and connected-mode UEs
· Impact to other legacy functionalities, including SI change and ETWS indication
· [Note: NW energy consumption evaluation is not precluded]

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

Agreements:
For potential paging enhancements, RAN1 to study the following candidate schemes:
· Paging early indication before a target PO to indicate UE whether to monitor PDCCH scrambled with P-RNTI at the PO. Potential candidate indication methods include 
· DCI-based indication, e.g., based on 
· Extending existing DCI format 1_0 or 2_6 
· New DCI format
· RS-based or sequence-based indication, e.g., based on TRS/CSI-RS or SSS
· Sub-grouping for paging, based on 
· Legacy paging DCI
· Paging early indication
· Additional reception occasions in time/frequency domain
· Multiple P-RNTIs
· Cross-slot scheduling for paging PDSCH
· Other proposal is not precluded


Agreements:
For the study on paging enhancements, the following LLS assumptions are considered.
· For investigating the residual frequency error after one or multiple SS burst processing, at least -6 dB SNR should be considered
	Parameters
	Values
	Note

	Carrier Frequency
	4GHz (FR1)
	

	Transmission BW
	20MHz (FR1)
	

	Antenna Configuration
	1/2TX and 2/4 RX
	Companies to report

	Channels
	TDL-C or CDL-C
300 ns delay spread
100 Hz Doppler shift
	

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

Companies to report the utilized X value(s) with justification
	Modelled at the input of the considered paging channel/early indication design(s)

	Paging PDCCH configuration
	AL8, 41 info + 24 CRC bits, REG bundle size 6
	Companies to report additional setting(s), e.g., CORESET duration, etc.

	Paging PDSCH configuration
	Mapping type A, MCS 0, 48 PRB, TB scaling 1, DMRS type 1 with 2 additional DMRS
	Companies to report additional setting(s), e.g., other TB scaling factor, other DMRS type(s), etc.

	Paging early indication design(s)
	Companies to report
	

	
	
	






In this contribution, we express our views on power consumption evaluations, detection performance of paging enhancement signal, and considerations for designs for paging enhancements. This contribution is a revision of R1-2008992 and includes new observations based on results such as Figures 5, 6, and 7.
Power consumption evaluation
In RAN1 # 102e, the following potential paging enhancement schemes were listed:
· Paging early indication (PEI)
· UE receives a signal before PO to determine whether to wake up and monitor for paging DCI in the PO
· UE sub-grouping
· This allows partitioning number of UEs sharing a common PO into sub-groups, so that paging false alarm rate is reduced
· UE sub-grouping can be indicated by either paging DCI or PEI
· Cross-slot scheduling for paging PDSCH
· UE may be configured to receive paging PDSCH in a subsequent slot after paging DCI is received

Next, we evaluate the potential schemes assuming the following parameters, as agreed in RAN1 # 102-e
· PO duration = 4ms, SSB duration: 2ms, periodicity 20ms, DRX cycle 1.28s, PEI duration 1slot, K0 = 1 for cross-slot scheduling, 30kHz SCS, Group paging rate 10%. Number of sub-groups = 5
· One SSB is assumed to be used for Intra-frequency measurement
· PEI is located after last SSB before PO

We compare the four configurations below listed in Table 1, assuming Configuration 1 as the baseline:

Table 1: Configurations for comparison.
	Config Index
	Configuration description

	1
	Paging DCI may include sub-grouping information, Cross-slot scheduling for paging PDSCH and PEI are not configured

	2
	Paging DCI may include sub-grouping information and use cross-slot scheduling. PEI is not configured

	3
	PEI is configured and may indicate sub-grouping information. Cross-slot scheduling for paging PDSCH is not configured

	4
	PEI is configured and may indicate sub-grouping information. Cross-slot scheduling for paging PDSCH is configured




We observe the following power consumption values for the four configurations, which are captured in Table 2. It is obvious from the results that paging early indication yields the most significant power saving gain. UE sub-grouping and cross-slot scheduling only marginally improve the power saving gain for the considered parameters. Note that if PEI is assumed to be located after first SSB, power saving gain would increase more. 
Table 2: Power consumption evaluation of paging enhancement schemes
	# SSBs monitored
	UE sub-grouping used?
	   Config 1
  (avg power/slot)
	Config 2 
(% gain)
	Config 3
(% gain)
	Config 4
(%gain)

	1
	No
	1.73
	1.83
	17.49
	17.69

	2
	No
	1.96
	1.61
	15.39
	15.57

	3
	No
	2.19
	1.44
	13.75
	13.91

	1
	Yes (# 5)
	1.72
	1.82
	18.22
	18.26

	2
	Yes (# 5)
	1.96
	1.60
	16.04
	16.08

	3
	Yes (# 5)
	2.19
	1.43
	14.32
	14.36



Observation 1: Paging early indication provides most significant power saving gain among the candidate schemes.
· UE sub-grouping can further improve the power saving gains when configured in conjunction with PEI.
Based on the promising power saving gain, we have the following proposal:

Proposal 1: Support paging early indication and UE sub-grouping in Rel-17.
· FFS: Details of UE sub-grouping options with sub-group indication as part of PEI and/or during PO.

Next, we evaluate sequence based candidate PEIs, such as TRS and SSS-like sequences.
Sequence-based Paging Early Indication

Considering frequency drift of 0.16ppm/sec and 0.1ppm as the residual CFO in last paging cycle, input CFO before a PO can be from 0.292 ppm to 1.73ppm, if paging DRX cycle is increased from 1.2 seconds to 10.24 seconds. Note that DRX cycle of 10.24 seconds was agreed for idle mode RedCap UEs in RAN2. Hence, it is necessary that paging early indication should be designed keeping the above range of CFO in mind so that developed solutions take RedCap UEs into consideration as well.

Observation 2: If frequency drift is 0.16ppm/sec and 0.1ppm is assumed as the residual CFO in last paging cycle, input CFO before next PO can be from 0.292 ppm to 1.73ppm, if paging DRX cycle is increased from 1.2S to 10.24S.

Proposal 2: Design of paging early indication should take RedCap UEs into consideration.

In our view, sequence-based PEI is preferable as it is not only robust against high input CFO values (as will be seen from results below), but also can aid in tracking before the PO. It has been already agreed that periodic TRS will be supported in idle/inactive mode. Hence, a TRS configuration can be provided to the UE where UE monitor occasions before PO. If TRS is detected, UE would expect to receive paging DCI during the PO.
Moreover, it was suggested in RAN1 # 102-e that UE may be assumed to process up to 3 SSBs before PO so that finer tracking can be achieved before UE receives the paging DCI. In our view, configuring a TRS occasion before PO may reduce synchronization efforts. Typically it is more power efficient to process signals consecutively then non-consecutive signals. 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 1. Since TRS can be configurable, its occasions can be flexibly placed right after SSB before a PO. 

[image: ]
Figure 1: (a) K SSBs need to be monitored before PO so that paging DCI can be received with synchronization in place, (b) With PEI that can be used for tracking, M < K SSBs (2 in figure) need to be monitored.
Observation 3: 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.

Next, we observe comparative performance of PSS/SSS detection and TRS detection at -6dB SNR in estimation of residual CFO in Figures 2 and 3, respectively. Simulation parameters are provided in Table 3 in the appendix. As can be observed from Figures 2-3, TRS 1-slot and PSS/SSS has similar CFO estimation performance. Hence, in one option, UE could avoid waking up early, going through multiple light sleep states and transitions between SSBs and instead could increase deep sleep and wake up to the SSB(s) close to the PO and monitor subsequent TRS to achieve finer tracking. 

Observation 4: TRS 1-slot and PSS/SSS can achieve similar CFO estimation performance.

Observation 5: Monitoring a TRS after the closest SSB before PO could help UE save power as UE may not need to wake up long before PO to process a  larger number of SSBs.


                          [image: ] 
                                                  Figure 2: CDF of residual CFO after TRS detection at -6dB. 
 
                            [image: ]
                                                Figure 3: CDF of residual CFO after PSS/SSS detection at -6dB.

Next, we consider miss-detection performance of TRS, assuming legacy TRS design. Figure 4 shows miss-detection rate of TRS considering certain range of input CFO. CFO estimation and compensation is performed before detection of the TRS sequence. Figure 4 shows that TRS detection performance is very robust at low SNR.  On the other hand, other channels such as PDCCH may not leverage CFO compensation unless multiple symbols are used in the CORESET.
In Figure 5, we consider miss-detection performance of SSS-like sequences. Two options are considered for duration such as 1 and 2 slots. In each slot, SSS sequence is repeated twice, i.e., each slot has two symbols containing SSS-like sequences and they are 4 symbols apart. Figure 5 shows miss-detection rate of SSS-like sequences considering certain range of input CFO. From the performance, it is observed that SSS detection is very robust at low SNR for a wide range of CFO at least up to 1ppm.  

[image: ][image: ]                 
  Figure 4: Miss-detection rate of TRS.                                Figure 5: Miss-detection rate of SSS.


Observation 6: Sequence-based PEI can be designed with multiple non-contiguous symbols in a slot so that CFO can be compensated. For PDCCH-based PEI, such compensation may not be always feasible. 

In order to ensure that paging DCI and PDSCH detection performances are not impacted by PEI, low MDR needs to be guaranteed for a target SNR such as -6dB. In our view, if PEI MDR target is set to 10‑3 , SNR requirements for meeting 10-2 BLER target for paging DCI and/or paging PDSCH is not expected to change.     

Observation 7: Both TRS and SSS-like sequences can provide 10-3 MDR at less than -6dB SNR target.

Based on the observations above, we have the following proposal:

Proposal 3: Sequence-based paging early indication, that can be used for CFO-estimation purposes, are prioritized. 
· Options at least include TRS and SSS.

Next, we discuss PDCCH and PDSCH detection at different CFO values. 
PDCCH and PDSCH detection

In Figures 6 and 7, we show BLER performances of PDCCH and PDSCH at different values of CFO. The Simulations parameters are provided in Table 4. As can be seen from the figures, PDSCH is more prone to large CFO values even with additional DMRS and TB scaling lower than 1. Hence, it is necessary that residual CFO is kept at 0.1ppm or lower when UE decodes the PDSCH.

                     [image: ]
                                                Figure 6: PDCCH BLER for different CFO.

                 [image: ]

[bookmark: _GoBack]                                         Figure 7: PDSCH BLER for different CFOs and TB scaling.

Observation 8: PDSCH is more vulnerable to CFO values larger than 0.1ppm compared to PDCCH and it is necessary that residual CFO of 0.1ppm or less is maintained when UE decodes PDSCH.

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

Observation 1: Paging early indication provides most significant power saving gain among the candidate schemes.
· UE sub-grouping can further improve the power saving gains when configured in conjunction with PEI.

Observation 2: If frequency drift is 0.16ppm/sec and 0.1ppm is assumed as the residual CFO in last paging cycle, input CFO before next PO can be from 0.292 ppm to 1.73ppm, if paging DRX cycle is increased from 1.2S to 10.24S.

Observation 3: 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 4: TRS 1-slot and PSS/SSS can achieve similar CFO estimation performance.

Observation 5: Monitoring a TRS after the closest SSB before PO could help UE save power as UE may not need to wake up long before PO to process a  larger number of SSBs.
Observation 6: Sequence-based PEI can be designed with multiple non-contiguous symbols in a slot so that CFO can be compensated. For PDCCH-based PEI, such compensation may not be always feasible. 
Observation 7: Both TRS and SSS-like sequences can provide 10-3 MDR at less than -6dB SNR target.
Observation 8: PDSCH is more vulnerable to CFO values larger than 0.1ppm than PDCCH and it is necessary that residual CFO of 0.1ppm or less is maintained when UE decodes PDSCH.

Proposal 1: Support paging early indication and UE sub-grouping in Rel-17.
· FFS: Details of UE sub-grouping options with sub-group indication as part of PEI and/or during PO.

Proposal 2: Design of paging early indication should take RedCap UEs into consideration.

Proposal 3: Sequence-based paging early indication, that can be used for CFO-estimation purposes, are prioritized. 
· Options at least include TRS and SSS.
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Appendix


Table 3: Link level Simulation parameters for TRS and SSS.
	Parameter
	Value

	Carrier Frequency
	4 GHz

	System BW
	20 MHz

	Number of Tx/Rx antennas
	2 / 4

	SCS
	30 kHz

	Modulation
	TRS – QPSK, SSS – BPSK

	Channel
	TDL-C

	Delay Spread
	300ns

	UE speed
	27 km/hr

	WUS sequence types
	TRS, SSS

	OS mapping
	{4, 8}

	WUS Burst Length 
	1, 2 slots

	BW
	TRS - 48 RBs, SSS – 127 REs

	# of sequences
	3

	Carrier Frequency offset 
	𝒰(-X, X), X = 0, 0.1, 0.5, 1 ppm of carrier frequency




Table 4: Link level Simulation parameters for PDCCH and PDSCH
	Parameter
	Value

	Carrier Frequency
	4 GHz

	System BW
	20 MHz

	Number of Tx/Rx antennas
	2 / 4

	SCS
	30 kHz

	Modulation
	QPSK for PDCCH, MCS 0 for PDSCH

	Channel
	TDL-C

	Delay Spread
	300ns

	PDCCH configurations
	AL8, 41 info + 24 CRC bits, REG bundle size 6

	PDSCH configurations
	Mapping type A, MCS 0, 48 PRB, TB scaling 1 and 0.25, DMRS type 1 with 2 additional DMRS

	UE speed
	27 km/hr

	Duration
	CORESET: 2OS, PDSCH: 12 OS

	CCE to PRB  / VRB to PRB mapping
	Distributed

	BW
	Up to 48RBs

	Carrier Frequency offset 
	𝒰(-X, X), X = 0, 0.1, 0.5, 1 ppm of carrier frequency
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