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Introduction
In RAN #88-e, a new work item on UE power saving was approved [1]. The objective of the new WI is:
1) Specify enhancements for idle/inactive-mode UE power saving, considering system performance aspects [RAN2, RAN1]
a) 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 #102-e meeting
b) Specify means to provide potential TRS/CSI-RS occasion(s) available in connected mode to idle/inactive-mode UEs, minimizing system overhead impact [RAN1]
· NOTE: Always-on TRS/CSI-RS transmission by gNodeB is not required
2) Study and specify, if agreed, enhancements on power saving techniques for connected-mode UE, subject to minimized system performance impact [RAN1, RAN4]
a) Study and specify, if agreed, extension(s) to Rel-16 DCI-based power saving adaptation during DRX Active Time for an active BWP, including PDCCH monitoring reduction when C-DRX is configured [RAN1] 
· NOTE: Rel-15 and Rel-16 available power saving solutions should be supported by the UE and included in the evaluation. RAN1 will ask the confirmation from RAN2 that Rel-15 and Rel-16 available power saving solutions are properly utilized.
b) Study the feasibility and performance impact of relaxing UE measurements for RLM and/or BFD, particularly for low mobility UE with short DRX periodicity/cycle, and specify, if agreed, relaxation in the corresponding requirements [RAN4]
· NOTE: Supplementary RAN2 work, if needed, can be triggered by RAN4 LS

In RAN1 #102-e, several agreements were taken including a power consumption model for the evaluations of Rel-17 UE power saving enhancements in idle/inactive mode [2]. These agreements are provided in the Appendix. In this contribution, we discuss potential paging enhancements for idle/inactive mode UEs and provide evaluation results for the paging indication technique.
Discussion
Idle mode DRX and paging in NR
In NR, the UE can be configured with a Discontinuous Reception (DRX) in RRC_IDLE and RRC_INACTIVE states which helps lower the UE power consumption [3]. The UE monitors one paging occasion (PO) per DRX cycle. A PO is defined as a set of PDCCH monitoring occasions where the paging DCI can be sent. If the UE can decode the paging PDCCH, it receives the short message and/or the paging PDSCH which contains the paging message.
In multi-beam operation, the UE assumes that paging PDCCH and the paging message are repeated in all beams associated with SSB. The PDCCH monitoring occasions are related to the corresponding SSBs. The PDCCH monitoring occasions are determined according to paging-SearchSpace. When SearchSpaceId = 0 is configured for pagingSearchSpace, the PDCCH monitoring occasions for paging are same as for RMSI.
A UE in idle/inactive mode can potentially save power by:
· Reducing unnecessary monitoring of the paging PDCCH when paging message is not transmitted which is the most of the case for the idle/inactive mode UEs
· Reducing unnecessary PDSCH decoding when the UE record is not included in the paging message 

Paging indication
One potential method to reduce unnecessary PDCCH decoding is to use a paging indication (also referred to as a wake-up signal (WUS)) that would indicate to the UE whether to monitor an associated PO or omit monitoring the PO. This concept is similar to the wake-up signal designed in Release 16 for connected mode power saving by enabling the UE to omit PDCCH monitoring in an associated DRX Active Time.
There are various possibilities to design the paging indication. The two most promising candidates are a channel-based (e.g., PDCCH based) or a sequence-based structure.

1. PDCCH-based paging indication:

The paging indication could be based on PDCCH and it can use a new DCI format or a DCI format similar to the DCI format 2_6. Within the DCI, one or more bits can be allocated to indicate the paging monitoring status to a group of UEs. The number of UE groups may be increased by increasing the DCI payload size, at the expense of some loss in detection performance. Note that as the number of UE groups increases (and therefore the number of UEs per group decreases), the gNB can more accurately select the UEs to wake-up and let the other UEs stay in sleep mode. This would result in higher overall power saving.
In addition to the above, one paging indication can be used to manage the monitoring status of more than one PO, i.e., UEs allocated to different POs in the same paging frame can monitor the same PDCCH-based paging indication. An example is shown in Figure 1 where a total of 12 bits are used; 4 bits to wake-up 4 UE groups in one PO. 



Figure 1 Sample DCI format for paging indication

2. Sequence-based indication

Another possibility is to use a sequence-based paging indication, e.g., one using a Zadoff-Chu sequence, given as

where u is the root index, n = 0:N-1 is the sample index, N is the sequence length, g is a phase shift parameter, and  is the scrambling sequence. The scrambling sequence and/or the phase shift parameter can be used to indicate a UE group.
A quantitative comparison of the PDCCH-based and sequence-based paging indication methods are provided in Table 1. Although sequence-based WUS consumes less power to detect and is less sensitive to synchronization, it has a higher false alarm rate and is less flexible than PDCCH-based indication. It should be noted that a higher rate of misdetection (possibly combined with lack of higher degree flexibility to increase the number of UE groups) would reduce the overall power saving. Besides, the power needed to detect the paging indication is not expected to meaningfully change the overall power consumption.
Based on this comparison, we believe that PDCCH-based paging indication is more suitable to reduce power consumption for idle/inactive mode UEs.
Table 1 Comparison of PDCCH-based and sequence-based paging indication
	
	Advantages
	Disadvantages

	PDCCH-based
	· Lower false alarm rate due to CRC
· Higher flexibility/capacity
(Separate paging indications can be transmitted for different UE groups and POs)
	· Slightly more power needed to detect
· More sensitive to synchronization

	Sequence-based
	· Slightly less power needed to detect
· Less sensitive to synchronization
	· Less flexibility/capacity (Addition of more sequence resources are needed to target a larger number of UE groups/POs)
· Higher false alarm rate



Observation 1: PDCCH-based paging indication can provide lower false alarm rate and higher flexibility/capacity over sequence-based paging indication.

Power saving evaluation
The power saving of the paging indication technique has been evaluated using the methodology agreed in [2].

Paging indication in low SNR:
Figure 2 shows the timeline of the paging procedure for high and low SNR scenarios. It is assumed that, for low SNR, three SSBs are used for synchronization, serving cell and intra-band measurements; inter-band measurements are performed after the PO. The WUS is placed just after the first SSB although the exact location of the WUS can be further analysed; for example it can also be multiplexed with the SSB blocks within the burst. If the WUS indicates “not to wake-up”, the UE can skip performing measurements using the remaining SSBs, and monitoring the PO. So, it can enter deep sleep state until the MTC arrives. When the WUS indicates “to wake-up”, on the other hand, the UE should carry the same procedures as in the baseline scenario.
When the SNR is high, one SSB may be sufficient to perform synchronization and carry out other necessary measurements. In addition, intra-band measurements are not needed and a shorter PO is used since the UE can receive only the best beams.


Figure 2 Paging timelines for high SNR and low SNR scenarios
Using the timelines above, the power saving gain provided by the paging indication technique is given in Table 2. In the calculations, PDCCH-based WUS is assumed; the duration of the WUS is set to 2 slots in low SNR and to 1 slot in high SNR. We can see from the table that, for 10% paging rate, about 33% power saving gain can be achieved in low SNR. The gain decreases to 12.5% as the paging rate increases. When the SNR is high, gains of 11% and 3.7% can be achieved for 10% and 60% paging rates, respectively. This gain can be increased if the processing of the one SSB in high SNR can be avoided (e.g., by using a sequence based paging indication).


Table 2 Power saving gain of paging indication
	
	Gain over baseline

	
	10 % paging rate
	60 % paging rate

	Low SNR
	32.8 %
	12.5 %

	High SNR
	1 SSB
	11 % 
	3.7 %

	
	No SSB
	22.8 %
	14.8% 



It can be observed from the results that paging indication can provide significant power saving benefit for idle/inactive mode UEs. Based on the above discussion, we have the following observation and proposals:
Observation 2: Significant power saving gain is observed for idle/inactive mode UEs when paging indication is used and the gain becomes more significant when the paging rate goes lower.
Proposal 1: Paging indication is used to indicate to an idle/inactive mode UE the monitoring status of an associated paging occasion.
Proposal 2: PDCCH-based paging indication is adopted.

Summary
In this contribution, we have discussed paging enhancements for idle/inactive mode UEs. The following are observed and proposed:
Observation 1: PDCCH-based paging indication can provide lower false alarm rate and higher flexibility/capacity over sequence-based paging indication.
Observation 2: Significant power saving gain is observed for idle/inactive mode UEs when paging indication is used and the gain becomes more significant when the paging rate goes lower.
Proposal 1: Paging indication is used to indicate to an idle/inactive mode UE the monitoring status of an associated paging occasion.
Proposal 2: PDCCH-based paging indication is adopted.
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Appendix




Agreements from RAN1 # 102-e:
Summary for potential paging enhancements	MediaTek
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

From GTW session on August 24th,
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 84.840)
	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

From GTW session on August 28th,
Agreement
Send a LS with for evaluation methodology updates related to paging enhancement(s) to RAN2
R1-2007355	Draft LS on evaluation methodology for UE power saving enhancements	MediaTek
Decision: The draft LS is endorsed. Final LS is approved in R1-2007425.

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
	



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
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