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Introduction
The Rel-17 work item on UE power saving enhancements [1] includes the following objective for paging enhancements targeting enhanced UE power savings:
	· 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



During RAN1 103e[2], the following was agreed in connection to paging enhancements in idle/inactive mode.
	Agreements:
Observation: For NR idle/inactive-mode UEs, UE sub-grouping indication within a PO can provide the following power saving gains w.r.t. Rel-16:
· If the original group paging rate is 10%: 
· [0.3%] - [1.1%] where the baseline assumes 1 SS burst for synchronization before PO reception
· [0.4%] - [0.8%] where the baseline assumes 2 SS bursts for synchronization before PO reception
· [0.3%] - [1.0%] where the baseline assumes 3 SS bursts for synchronization before PO reception
· Some sources also evaluated performance if the original group paging rate is in the range between 20% and 80% and showed following results:  
· [0.7%] - [7.6%] where the baseline assumes 1 SS burst for synchronization before PO reception
· [0.8%] - [3.0%] where the baseline assumes 2 SS bursts for synchronization before PO reception
· [0.5%] - [4.7%] where the baseline assumes 3 SS bursts for synchronization before PO reception
The number of UE sub-groups evaluated ranges from 2 to 16.
Some companies show concern on assuming group paging rate larger than 60%.
Note: It is FFS in RAN1 another group paging rate > 10% for the evaluation of Rel-17 paging enhancement.
 
Agreements:
Observation: For NR idle/inactive-mode UEs, UE sub-grouping indication carried in paging early indication can provide the following power saving gains w.r.t Rel-16:
· If the original group paging rate is 10%: 
· [10.6%] –[19.1%] where the baseline assumes 1 SS burst for synchronization before PO reception
· [16.0%] –[36.0%] where the baseline assumes 2 SS bursts for synchronization before PO reception
· [14.3%] –[46.0%] where the baseline assumes 3 SS bursts for synchronization before PO reception
· Some sources also evaluated performance if the original group paging rate is in the range between 20% and 60% and showed following results:  
· [8.0%] –[19.1%] where the baseline assumes 1 SS burst for synchronization before PO reception
· [18.1%] –[34.0%] where the baseline assumes 2 SS bursts for synchronization before PO reception
· [20.6%] –[42.0%] where the baseline assumes 3 SS bursts for synchronization before PO reception
The additional power saving gains w.r.t. paging early indication without UE sub-grouping are given as follows:
· If the original group paging rate is 10%: 
· [0.6%] –[2.7%] where the baseline assumes 1 SS burst for synchronization before PO reception
· [0.6%] –[4.0%] where the baseline assumes 2 SS bursts for synchronization before PO reception
· [0.6%] –[4.7%] where the baseline assumes 3 SS bursts for synchronization before PO reception
· Some sources also evaluated performance if the original group paging rate is in the range between 20% and 60% and showed following results:  
· [1.3%] –[8.0%] where the baseline assumes 1 SS burst for synchronization before PO reception
· [2.1%] –[13.0%] where the baseline assumes 2 SS bursts for synchronization before PO reception
· [3.3%] –[16.1%] where the baseline assumes 3 SS bursts for synchronization before PO reception
The number of UE sub-groups evaluated ranges from 2 to 16.
The power saving gains are dependent on the assumptions about placement of PEI and PO relative to SSB.
Note: It is FFS in RAN1 another group paging rate > 10% for the evaluation of Rel-17 paging enhancement.
Note: Not all sources providing results for paging early indication without UE sub-grouping also provide results for paging early indication with UE sub-grouping.
 
Agreements:
Observation: For NR idle/inactive-mode UEs with 10% group paging rate, cross-slot scheduling with K0 = 1, which can be supported by Rel-15/Rel-16 for Type 2 CSS, can provide the following power saving gains w.r.t. same-slot scheduling (K0 = 0):
· [<1%] –[2.5%] where the baseline assumes 1 SS burst for synchronization before PO reception
· [<1%] -[1.6%] where the baseline assumes 2 SS bursts for synchronization before PO reception
· [<1%] -[1.44%] where the baseline assumes 3 SS bursts for synchronization before PO reception
One source shows that cross-slot scheduling with K0 = 32, which cannot be supported by Rel-15/Rel-16 for Type 2 CSS, can provide the following power saving gains w.r.t. same-slot scheduling (K0 = 0):
· [0%] where the baseline assumes 1 SS burst for synchronization before PO reception
· [6.3%] where the baseline assumes 3 SS bursts for synchronization before PO reception
The power saving gain will become lower with higher group paging rate.

Agreements: For NR idle/inactive-mode paging enhancement, paging early indication before paging occasion is supported from RAN1 perspective
· FFS: Physical layer design based on DCI, SSS or TRS/CSI-RS 
· Send LS to inform RAN2 and kindly ask RAN2 to inform RAN1 if there is anything that RAN1 should take into consideration in the physical layer design for this feature, including any other progress RAN2 has made in this WI which may has RAN1 impact

Agreements:
Observation: For NR idle/inactive-mode UEs with 10% group paging rate, paging early indication without UE sub-grouping can achieve the following power saving gains w.r.t. Rel-16:
· [0%] - [22.8%] where the baseline assumes 1 SS burst for synchronization before PO reception 
· Note: [0%] means UE can apply the baseline behavior if the time offset between the utilized SS burst and PO is small.
· [5.0%] - [32.0%]  where the baseline assumes 2 SS bursts for synchronization before PO reception
· [10.2%] - [67.7%]  where the baseline assumes 3 SS bursts for synchronization before PO reception
The power saving gains will become lower for higher group paging rate.
The power saving gains are dependent on the assumptions about placement of PEI and PO relative to SSB.
The power saving gains may vary with different paging early indication design.




In this contribution, we express our views on different candidate signal/channel to carry the PEI.
Discussion on power consumption

In RAN1 103e, it was agreed that PEI is supported in Rel-17 for idle/inactive mode UE. Potential candidates include PDCCH based design and sequence based design such as TRS or SSS. In this section, we discuss and compare the candidates in terms of relative power consumption.
If a PDCCH based PEI is used, UE may need to process one or more SSBs before PDCCH based PEI to detect the PEI and again before PO to achieve sufficiently low CFO for paging reception. This may result in increased power consumption, depending on the total number of additional SSBs processed leading to the PO. Figure 1-a) shows a possible timeline when PDCCH based PEI indicates the UE to wake up.
On the other hand, if TRS based PEI is used adjacent to PO, UE may be able to stay in deep sleep for a longer duration, and TRS with a preceding SSB may be sufficient to achieve low CFO. Hence, there is a larger potential for increased power saving (PS) gain with TRS based design compared to PDCCH based PEI. Figure 1-b)  shows a possible processing timeline when PEI is received.
However, we also note that depending on the group paging rate and whether UE sub-grouping is indicated in PEI or not, relative power saving gain of TRS based PEI over PDCCH based PEI may not be significant.
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Figure 1. Processing timeline when UE receives PEI.

Observation 1: TRS based PEI may potentially result in more power saving gain than PDCCH based PEI. However, relative gain can be smaller if group paging rate is low and/or PEI includes UE sub-grouping information. 




Detection performance
In this section, we compare the detection performance of PDCCH and TRS or SSS based PEI. 
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 0.1 ppm is assumed as the residual CFO in last paging cycle, input CFO before next PO can be from 0.292 ppm to 1.73 ppm, if paging DRX cycle is increased from 1.2S to 10.24 S.
Proposal 1: Design of paging early indication should take RedCap UEs into consideration.

Also note that target MDR or BLER for PEI should be 0.1% so that detection of paging DCI and paging PDSCH remain unimpacted.
Proposal 2: MDR target for PEI should be 0.1%.
TRS or SSS-based PEI detection

For TRS or SSS detection, we consider two approaches for modelling input CFO at the time of PEI detection: 1) Input CFO is modelled as uniformly distributed with +/- 1ppm, 2) Input CFO is modelled as the residual CFO remaining after SSB detection, where it is assumed that 5ppm CFO is present when SSB is detected. The latter targets to emulate a more realistic scenario, i.e., TRS is processed following detection of a SSB. For both schemes, it is assumed that CFO is estimated and compensated by assuming state-of-the-art algorithm at the receiver.
In Figures 1 and 2, we provide the MDR performance for the above two assumptions. Detail simulation parameters are provided in Table 1 in the Appendix. For SSS-based PEI, we assumed same SSS sequence is repeated in a second symbol in the slot. As it turns out, detection performance is almost similar. We also assume that PEI may include sub-grouping information. We assumed indication for 4 sub-groups maybe conveyed by PEI, i.e., UE would try from 16 possible sequences to identify the correct sequence. We observe that MDR performance of TRS and SSS is well tolerated against CFO values that can be potentially present at the time of detection. As number of sequences increases, MDR degrades by a small margin, at least considering up to 16 sequences. We observe from Figure 2 that for 1 slot TRS, performance worsens by about 0.5dB when number of sequences (groups) increases from 2 (1) to 16 (4).

Observation 3: The required SNR to reach 0.1% target for 1-slot based TRS when up to 4 UE sub-groups can be indicated is about -10.5 dB, assuming TDL-C channel with 300ns DS, 2 Tx/4Rx, input CFO +/- 1ppm.

Observation 4: The required SNR increases by about 0.5dB to meet 0.1% MDR target for 1 slot based TRS when number of UE sub-groups increases from 1 to 4, assuming TDL-C channel with 300ns DS, 2 Tx/4Rx, input CFO +/- 1 ppm.
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Figure 1: TRS and SSS detection with input CFO modelled from uniform distribution +/- 1ppm.
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Figure 2: TRS and SSS detection with input CFO modelled from residual CFO of one SSB detection.
PDCCH-based PEI detection

Next,  in Figure 3, we observe PDCCH detection performance for up to 0.5ppm CFO, assuming DCI payload of 12 or 40 bits,  TDL-C channel with 300ns DS, 2 Tx/4Rx. Detail simulation parameters are provided in Table 2 in the Appendix. We observe that about 0.5dB performance loss is observed when CFO is increased to 1ppm. To reach 0.1% BLER target below -6dB SNR, AL 8 seems to be necessary for both 12 and 40 bits payload.

Observation 5: AL 8 is typically necessary to meet 0.1% BLER target for PDCCH detection below -6 dB SNR for 12 or 40 bits payload.

Observation 6: TRS or SSS-based PEI requires lower SNR to reach 0.1% MDR or BLER target compared to PDCCH-based PEI assuming AL = 8.
                         
                     [image: ]
         Figure 3: PDCCH BLER for different DCI payload and input CFO.


PDSCH detection
In Figure 4, we observe PDSCH detection performance for up to 0.5 ppm CFO, assuming TB scaling 0.5 and 0.25, TDL-C channel with 300ns DS, 2 Tx/4Rx. Detailed simulation parameters are provided in Table 2 in the Appendix. We observe that PDSCH detection cannot tolerate high CFO values such as 0.5 ppm even with TB scaling. Hence, it is necessary that, at the time of PDSCH detection, input CFO is contained within 0.1ppm.

Observation 7: Even with TB scaling, PDSCH performance can be quite sensitive to high CFO such as 0.5ppm. Hence, it is critical to ensure input CFO is contained within 0.1 ppm when PDSCH is received.

[image: ]
Figure 4: PDSCH detection with TB scaling for up to 0.5 ppm CFO.
Consideration on overhead and system impact

We provide relative overhead comparison in the following Table 3.


Table 3: Overhead comparison between PDCCH, TRS, and SSS-based PEI
	Candidate Design
	Resource Occupation

	PDCCH with 12-bit
DCI payload
	AL4 (288 REs) or
AL8 (576 REs)

	TRS
	288 REs (2 symbols/slot)

	SSS
	254 REs  (2 symbols/slot)



Since AL 8 is typically needed, we can observe that TRS or SSS based PEI occupies less resources. 
Observation 8: Resource occupation for TRS or SSS based PEI design can be less than PDCCH based PEI for meeting BLER target of 0.1% below -6dB.
Moreover, none of the PEI design seems to impact legacy UE functionality, i.e., legacy paging can be performed as usual.

Design of Paging Early Indication

Considering potential for increased power saving gain, less resource overhead, and better detection performance, we propose that sequence based such as TRS or SSS based PEI can be supported.
Proposal 3: Support TRS or SSS based PEI in Rel-17 for idle/inactive mode UE.

Moreover, we observed that a reasonable number of UE sub-groups can be indicated directly via TRS or SSS-based PEI without any significant degradation in the detection performance. If a large number of UE sub-groups need to be indicated, joint indication by PEI and paging DCI can be considered. PEI may indicate a set of UE sub-groups, and subsequently, paging DCI indicates which sub-groups within the indicated set would receive PDSCH.

Proposal 4: PEI or both PEI and paging DCI may jointly indicate UE sub-grouping information.
 

Conclusions
In summary, we have following list of proposals and observations:
Observation 1: TRS based PEI may potentially result in more power saving gain than PDCCH based PEI. However, relative gain can be smaller if group paging rate is low and/or PEI includes UE sub-grouping information. 
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 1.73 ppm, if paging DRX cycle is increased from 1.2 S to 10.24 S.
Observation 3: The required SNR to reach 0.1% target for 1-slot based TRS when up to 4 UE sub-groups can be indicated is about -10.5dB, assuming TDL-C channel with 300 ns DS, 2 Tx/4Rx, input CFO +/- 1 ppm.
Observation 4: The required SNR increases by about 0.5dB to meet 0.1% MDR target for 1 slot based TRS when number of UE sub-groups increases from 1 to 4, assuming TDL-C channel with 300 ns DS, 2 Tx/4Rx, input CFO +/- 1 ppm.
Observation 5: AL 8 is typically necessary to meet 0.1% BLER target for PDCCH detection below -6 dB SNR for 12 or 40 bits payload.
Observation 6: TRS or SSS-based PEI requires lower SNR to reach 0.1% MDR or BLER target compared to PDCCH-based PEI assuming AL = 8.
Observation 7: Even with TB scaling, PDSCH performance can be quite sensitive to high CFO such as 0.5 ppm. Hence, it is critical to ensure input CFO is contained within 0.1 ppm when PDSCH is received.
Observation 8: Resource occupation for TRS or SSS based PEI design can be less than PDCCH based PEI for meeting BLER target of 0.1% below -6dB.
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Proposal 1: Design of paging early indication should take RedCap UEs into consideration.
Proposal 2: MDR target for PEI should be 0.1%.
Proposal 3: Support TRS or SSS based PEI in Rel-17 for idle/inactive mode UE.
Proposal 4: PEI or both PEI and paging DCI may jointly indicate UE sub-grouping information.
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Appendix


Table 1: 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
	2, 4, 8, 16

	Carrier Frequency offset 
	· 𝒰(-X, X), X = 0, 0.1, 0.5, 1 ppm of carrier frequency
· Modelled based on residual CFO results subsequent to SSB detection




Table 2: 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, 12 or 40 info + 24 CRC bits, REG bundle size 6

	PDSCH configurations
	Mapping type A, MCS 0, 48 PRB, TB scaling 0.5 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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