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Introduction
In RAN1#103 e-meeting, it is agreed that paging early indication before paging occasion is supported [1][2], and it remains for RAN1 to specify physical layer design: 
	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


[bookmark: OLE_LINK41][bookmark: OLE_LINK24][bookmark: OLE_LINK17][bookmark: OLE_LINK16]
In this contribution, we first introduce the candidate designs in Section 2, based on existing Rel-15 channel/signals. Since whether UE needs to monitor PO when UE misses paging early indication (PEI) contributes to fundamental difference in the following design considerations:
· Impact to paging detection performance 
· Resource occupation (per PO/UE group)
· UE power saving gain 
We will separately discussion the following two cases in Sections 3 and 4, respectively:
Case 1: UE monitors PO if missing PEI (Section 3)
Case 2: UE skips PO if missing PEI (Section 4)
With the comprehensive characterization and comparisons, the suggested physical layer design for PEI is finally concluded in Section 5.



Candidate Designs for Paging Early Indication (PEI)
For paging early indication candidate designs, we consider the following three designs based on Rel-15 channel/signals. This is to take advantage of existing resource multiplexing methods and avoid coexistence issue with legacy (Rel-15/Rel-16) UEs. For PO/UE group indication functionality, we first consider the basic design that can represent all paging combination of the PO/UE groups sharing the same PEI. 

For PDCCH-PEI, the minimum DCI payload size without zero padding, i.e., 12-bit, is assumed with aggregation level 4/8/16. For PO/UE group indication, each DCI bit can be used to indicate one PO/UE group. For TRS-PEI, we consider 1-slot or 2-slot versions. In a slot, two symbols are assumed in order to provide functionality of fine CFO estimation. For SSS-PEI, it will occupy 127 REs (1 symbol of 12 RBs). The PO/UE group indication with TRS/SSS-PEI is based on sequence selection as no sequence overlapping is specified within a serving cell. To represent all paging combinations, candidate sequence number will exponentially grows with the targeted PO/UE group number. The above considerations are summarized in Table 1.



[bookmark: _Ref61958440]Observation 1: For Rel-17 paging early indication candidate designs, reusing Rel-15 channel/signals should be prioritized to avoid coexistence issue with legacy UEs.
[bookmark: _Ref61938495][bookmark: _Ref61958464]
Table 1: PEI Candidate Designs based on Rel-15 channel/signals
	Candidate Design
	Resource Occupation
	PO/UE Group Indication

	PDCCH with 12-bit DCI payload
	288 REs (AL4), 576 REs (AL8), 1152 REs (AL16)
	1 bit per PO/UE group
(up to 12 groups)

	TRS
	300 REs (3 REs x 2 symbols x 50 RBs x 1 slot)
600 REs (3 REs x 2 symbols x 50 RBs x 2 slot)
	Select one of 2m sequences 
for m PO/UE groups

	SSS
	127 REs (1 symbol x 12 RBs)
	Select one of 2n sequences 
for n PO/UE groups





Case 1: UE Monitors PO if Missing PEI

For this case, PEI should be detected earlier so that, if PEI is missing, UE can still utilize sufficiently many SS bursts for low SNR condition, which is illustrated in Figure 1. 
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[bookmark: _Ref61816662]Figure 1: PEI design assuming UE monitors PO when missing PEI

In the following sub-sections, the PEI candidate designs will be characterized over the agreed design considerations, and the best candidate will be suggested for Case 1 UE behavior.

Impact to Paging Detection Performance and UE Power Saving
Since UE will monitor legacy PO in case of missing PEI, PEI mis-detection rate (MDR) becomes irrelevant to paging detection performance. However, when PEI is to indicate UE not to monitor PO while being miss-detected by UE, there is penalty in UE power saving. To ensure at least 99% UE power saving gain, PEI MDR of 1% should still be required. 

To check the feasibility of achieving MDR of 1%, we compare the MDR of PEI candidates of PDCCH, TRS and SSS with paging PDSCH MDR in Figure 2. Targeting the extreme -10 dB SNR where paging PDSCH performance with TB scaling 0.5 can reach 1% MDR, we see PDCCH-PEI and TRS-PEI can achieve 1% MDR while SSS-PEI cannot achieve 1% MDR if reusing Rel-15 design.

[bookmark: _Ref61958709]Observation 2: For the case UE monitors PO if missing PEI, PEI mis-detection rate (MDR) becomes irrelevant to paging detection performance. But, PEI MDR will reduce UE power saving, and 1% MDR should still be required to secure most of UE power saving gain.

[bookmark: _Ref61958760]Observation 3: At extreme -10 dB SNR (where paging PDSCH with TB scaling 0.5 can still achieve 1% MDR), PDCCH-PEI and TRS-PEI can achieve 1% MDR by reusing Rel-15 designs.

[image: ]
[bookmark: _Ref61958636]Figure 2: MDR of PEI candidate designs targeting 1% MDR at -10 dB for Case 1 UE behavior


Exclusive Resource Occupation 
For resource occupation, we define a resource is exclusively occupied if it cannot be used by legacy UEs for data scheduling. It is noticed that, if resource contention can arise in PDSCH region, network needs to inform UE a proper rate-matching pattern so that UE can skip the resources before PDSCH decoding; otherwise, there is performance impact to legacy connected-mode UEs.

We further characterize the exclusive resource occupation for each PEI candidate design:
· PDCCH-PEI: 
· There is no exclusive resource occupation by PDCCH-PEI
· If PDCCH-PEI shares existing control region(s), network can drop PDCCH-PEI whenever all resources are occupied by legacy PDCCHs. Therefore, no resource are exclusively reserved for PDCCH-PEI.
· TRS-PEI: 
· There is exclusive resource occupation by TRS-PEI
· Network can reuse ZP-CSI-RS rate-matching pattern for legacy UE to skip the resources for TRS-PEI. Since mandatory UE capability only supports rate-matching per higher-layer configuration, the resources will be excluded for connected-mode UEs once configured by network for potential TRS-PEI transmission in PDSCH region.
· SSS-PEI: 
· There is exclusive resource occupation by SSS-PEI
· Network can reuse RB-symbol rate-matching pattern for legacy UE to skip the resources for SSS-PEI. For the same reason that mandatory UE capability only supports rate-matching per higher-layer configuration, the resources will be excluded for connected-mode UEs once configured by network for potential SSS-PEI transmission in PDSCH region.


[bookmark: _Ref61958926]Observation 4: PDCCH-PEI requires no exclusive resource occupation by sharing existing control region(s). On the other hand, TRS-PEI and SSS-PEI will induce exclusive resource occupation in order for legacy connected-mode UEs to skip the occupied resources in PDSCH region.

Table 2 summarizes the above comparisons, and proposal 1 is provided for Case 1 UE behavior:
 
[bookmark: _Ref61959009]Proposal 1: For the case UE monitors PO if missing PEI, PDCCH-PEI is recommended for no impact to paging detection performance, no exclusive resource occupation and securing most of UE power saving gain

[bookmark: _Ref61958956][bookmark: _Ref61959032]Table 2: Characteristics of PEI candidate designs for Case 1: UE monitors PO if missing PEI
	Case 1: UE monitors PO if missing PEI

	PEI candidate design
	Impact to paging detection performance
	Exclusive resource occupation
	Impact to UE power saving

	PDCCH
	





No impact since UE will monitor PO in case of PEI miss-detection
	No exclusive occupation of control resources as network can drop PDCCH-PEI whenever it conflicts with legacy PDCCH. 
	Can ensure 99% power saving gain even at -10 dB extreme low SNR by reusing Rel-15 PDCCH design

	TRS
	
	Exclusive occupation of resources in ZP-CSI-RS rate-matching pattern(s) to ensure no impact to any legacy connected-mode UE 
	Can ensure 99% power saving gain even at -10 dB extreme low SNR by reusing Rel-15 TRS design

	SSS
	
	Exclusive occupation of resources in RB-symbol rate-matching pattern(s) to ensure no impact to any legacy connected-mode UE
	Cannot ensure 99% power saving gain even at -10 dB extreme low SNR by reusing Rel-15 SSS design





Case 2: UE Skips PO if Missing PEI
For this case, network needs to dedicate resource for ensuring PEI performance; otherwise UE can miss PO even when it is paged. Therefore, we will first check the detection performance and then other design aspects in the following sub-sections.

Impact to Paging Detection Performance
To ensure no impact to final paging detection performance, we will compare paging indication performance and paging PDSCH performance, where paging indication performance is the joint MDR considering PEI and paging PDCCH. It is noticed that random CFO bounded within [-0.5, 0.5] ppm is added to PEI while there is no CFO included for paging PDCCH and PDSCH, assuming fine synchronization can be done before PO. We will require joint paging indication performance to be no worse than paging PDSCH performance at 1% MDR, and paging PDSCH performance without CFO will tighten the requirement on PEI. Since different paging PDSCH performances will imply different requirements, TB scaling of 1.0 and 0.5 are considered in the comparison. As TB scaling of 0.5 can already achieve 1% MDR at -10 dB SNR, the results of TB scaling 0.25 are not included; but we can estimate the requirement resources for PEI candidate designs to ensure better performance.

 In Figure 3, there include the joint MDR of the three PEI candidate designs. It can be checked that PDCCH-PEI with 12-bit payload can achieve better paging indication performance than paging PDSCH at 1% MDR. For TRS-PEI, Rel-15 design of 1 slot can already support both TB scaling of 1.0 and 0.5. We can further allow UE to detect more candidate sequences so as to enable indication of multiple PO/UE groups. From the evaluation, 4 groups (by selecting one out of 16 TRS-PEI candidates) can be supported. For SSS-PEI, Rel-15 design can, however, support TB scaling of 1.0 only. To support lower TB scaling, physical-layer change will be necessary.
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[bookmark: _Ref61951087]Figure 3: MDR comparison between paging indication (PEI + paging PDCCH) and paging PDSCH 

By the above comparison, the following summary table and observation can be provided:

[bookmark: _Ref61959374]Observation 5: PDCCH-PEI and TRS-PEI can ensure no impact to paging PDSCH performance by reusing Rel-15 channel and signal designs. On the other hand, SSS-PEI cannot support paging PDSCH performance with TB scaling of 0.5 and 0.25 with existing Rel-15 design.

[bookmark: _Ref61959396]Table 3: Required resources and supported PO/UE group number subject to no impact to paging PDSCH performance with different TB scaling factors
	PEI candidate designs
	Impact to paging detection performance

	
	TB scaling 1.0
	TB scaling 0.5
	TB scaling 0.25 (Estimation)

	PDCCH
(12-bit payload)
	AL4
(288 REs for 12 groups)
	AL8
(576 REs for 12 groups)
	AL16
(1152 REs for 12 groups)

	TRS
	1-slot TRS
(300 REs for 4 groups;
1-slot is minimum)
	1-slot TRS
(300 REs for 4 groups)
	2-slot TRS
(600 REs for 4 groups)

	SSS
	1-symbol SSS
(127 REs; for 1 group)
	N/A in Rel-15/Rel-16
	N/A in Rel-15/Rel-16




Average Resource Occupation 
For Case 2 UE behavior, network must transmit PEI when an associated PO/UE group is paged, i.e., exclusive resource occupation is needed. In this regard, we will compare the number of average occupied resource per PO/UE group, as defined below

Average resource occupation per PO/UE group = (Required #REs w/o paging PDSCH performance impact) 
 Resource occupation probability  #PO/UE group sharing the occupied resource

For PDCCH-PEI, the occupied resources are shared by 12 PO/UE groups. Assuming the paging rate per PO/UE group is 10%, resource occupation probability will be 0.7176 (= 1 – (1-0.1)12), and the average resource occupation number per PO/UE group is provided in the “PDCCH-PEI” row of Table 4.

For TRS-PEI, ZP-CSI-RS rate-matching pattern is assumed. By further considering sharing by 4 PO/UE groups and mandatory/optional UE capability for UE rate-matching behavior, we can derive the worst and best resource occupation range corresponding to different assumptions on UEs. For SSS-PEI, RB-symbol rate-matching pattern should be utilized, and similar calculation can also provide a range for average resource occupation. The results are summarized in Table 4 with the following observation:

[bookmark: _Ref61959577]Observation 6: The average resource occupation of TRS-PEI and SSS-PEI depends on the distribution of UE types (supporting DCI-indicated rate-matching or not). Considering the worst case resource occupation, PDCCH-PEI can ensures the lowest average resource occupation per PO/UE group.
[bookmark: _Ref61959505]
Table 4: Average resource occupation per PO/UE group
	PEI candidate design
	Average Resource Occupation

	PDCCH-PEI
(12 groups)
	#Average resource per PO/UE group for TB scaling 1/0.5/0.25 
= 17.2/34.4/68.9

	TRS-PEI
(4 groups)
	#Average resource per PO/UE group for TB scaling 1/0.5/0.25 
= 75/75/150  (rate-matching per RRC configuration; mandatory UE capability) 
to 29.6/29.6/59.2 (rate-matching per DCI indication; optional UE capability)

	SSS-PEI
(1 group)
	#Average resource per PO/UE group for TB scaling 1.0 
= 144 (rate-matching per RRC configuration; mandatory UE capability)
to 14.4 (rate-matching per DCI indication; optional UE capability)





UE Power Saving Comparison
With TRS-PEI or SSS-PEI, UE can reduce the processing timeline by utilizing their synchronization functionality. On the other hand, for PDCCH-PEI, reduced processing timeline can also be achieved by advancing inter-frequency measurement to a SMTC close to PEI when UE is not paged. Since 90% of time UE is not paged (even lower with UE sub-grouping), we can therefore conclude similar average power saving gain can be achieved with either PEI candidate design since their processing timelines when UE is not paged are equivalent in power consumption.

[bookmark: _Ref61959694]Observation 7: Average power saving gains of the three PEI candidate designs are similar since the corresponding processing timelines when UE is not paged are equivalent in power consumption.
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Figure 4: UE processing timelines are equivalent for all PEI candidate designs when UE is not paged


PEI sequence detection has also impact to UE power saving if false-alarm rate is high. For TRS-PEI and SSS-PEI, non-coherent detection is assumed and the detection thresholds are properly adjusted to ensure false-alarm rate no larger than 1%. In this regard, power saving difference due to PEI detection false-alarm is ignorable.

[bookmark: _GoBack]

Finally, Table 5 summarizes the above comparisons, and Proposal 2 can be provided:

[bookmark: _Ref61959824]Proposal 2: For the case UE skips PO if missing PEI, PDCCH-PEI is recommended for no impact to paging detection performance, minimum worst-case resource occupation and comparable UE power saving gain
[bookmark: _Ref61959752][bookmark: _Ref61959833]
Table 5: Characteristics of PEI candidate designs for Case 2: UE skips PO if missing PEI
	Case 2: UE skips PO if missing PEI

	PEI candidate design
	Impact to paging detection performance
	Average resource occupation per PO/UE group
	UE Power saving

	
	TB scaling 1.0
	TB scaling 0.5
	TB scaling 0.25 (Est.)
	
	

	PDCCH
(12-bit payload)
	No impact with AL4
(288 REs for 12 groups)
	No impact with AL8
(576 REs for 12 groups)
	No impact with AL16
(1152 REs for 12 groups)
	#Average resource per PO/UE group for TB scaling 1/0.5/0.25 = 17.2/34.4/68.9
 
	


UE power saving is similar for all designs, given that group paging rate is low (10%)
· Equivalent UE processing timelines if UE is not paged

Little impact due to PEI detection false-alarm

	TRS
	No impact with 1-slot TRS
(300 REs for 4 groups;
1-slot is minimum)
	No impact with 1-slot TRS
(300 REs for 4 groups)
	No impact with 2-slot TRS
(600 REs for 4 groups)
	#Average resource per PO/UE group for TB scaling 1/0.5/0.25 = 75/75/150 (rate-matching per RRC; mandatory UE capability) 
to 29.6/29.6/59.2 (rate-matching per DCI indication)
	

	SSS
	No impact with 1-symb. SSS (127 REs; for 1 group)
	N/A in R15/R16
	N/A in R15/R16
	#Average resource per PO/UE group for TB scaling 1.0 
= 144 (rate-matching per RRC; mandatory UE capability) 
to  14.4 (rate-matching per DCI indication)
	





[bookmark: _Ref54383125]Conclusion
In this contribution, we extensively compared PEI candidate designs based on PDCCH, TRS and SSS over the two cases:
· Case 1: UE monitors PO if missing PEI
· Case 2: UE skips PO if missing PEI
The following are provided along the comparisons:

Observation 1: For Rel-17 paging early indication candidate designs, reusing Rel-15 channel/signals should be prioritized to avoid coexistence issue with legacy UEs.

Table 1: PEI Candidate Designs based on Rel-15 channel/signals
	Candidate Design
	Resource Occupation
	PO/UE Group Indication

	PDCCH with 12-bit DCI payload
	288 REs (AL4), 576 REs (AL8), 1152 REs (AL16)
	1 bit per PO/UE group
(up to 12 groups)

	TRS
	300 REs (3 REs x 2 symbols x 50 RBs x 1 slot)
600 REs (3 REs x 2 symbols x 50 RBs x 2 slot)
	Select one of 2m sequences 
for m PO/UE groups

	SSS
	127 REs (1 symbol x 12 RBs)
	Select one of 2n sequences 
for n PO/UE groups



Observation 2: For the case UE monitors PO if missing PEI, PEI mis-detection rate (MDR) becomes irrelevant to paging detection performance. But, PEI MDR will reduce UE power saving, and 1% MDR should still be required to secure most of UE power saving gain.

Observation 3: At extreme -10 dB SNR (where paging PDSCH with TB scaling 0.5 can still achieve 1% MDR), PDCCH-PEI and TRS-PEI can achieve 1% MDR by reusing Rel-15 designs.

Observation 4: PDCCH-PEI requires no exclusive resource occupation by sharing existing control region(s). On the other hand, TRS-PEI and SSS-PEI will induce exclusive resource occupation in order for legacy connected-mode UEs to skip the occupied resources in PDSCH region.

Proposal 1: For the case UE monitors PO if missing PEI, PDCCH-PEI is recommended for no impact to paging detection performance, no exclusive resource occupation and securing most of UE power saving gain

Table 2: Characteristics of PEI candidate designs for Case 1: UE monitors PO if missing PEI
	Case 1: UE monitors PO if missing PEI

	PEI candidate design
	Impact to paging detection performance
	Exclusive resource occupation
	Impact to UE power saving

	PDCCH
	





No impact since UE will monitor PO in case of PEI miss-detection
	No exclusive occupation of control resources as network can drop PDCCH-PEI whenever it conflicts with legacy PDCCH. 
	Can ensure 99% power saving gain even at -10 dB extreme low SNR by reusing Rel-15 PDCCH design

	TRS
	
	Exclusive occupation of resources in ZP-CSI-RS rate-matching pattern(s) to ensure no impact to any legacy connected-mode UE 
	Can ensure 99% power saving gain even at -10 dB extreme low SNR by reusing Rel-15 TRS design

	SSS
	
	Exclusive occupation of resources in RB-symbol rate-matching pattern(s) to ensure no impact to any legacy connected-mode UE
	Cannot ensure 99% power saving gain even at -10 dB extreme low SNR by reusing Rel-15 SSS design




Observation 5: PDCCH-PEI and TRS-PEI can ensure no impact to paging PDSCH performance by reusing Rel-15 channel and signal designs. On the other hand, SSS-PEI cannot support paging PDSCH performance with TB scaling of 0.5 and 0.25 with existing Rel-15 design.


Observation 6: The average resource occupation of TRS-PEI and SSS-PEI depends on the distribution of UE types (supporting DCI-indicated rate-matching or not). Considering the worst case resource occupation, PDCCH-PEI can ensures the lowest average resource occupation per PO/UE group.

Observation 7: Average power saving gains of the three PEI candidate designs are similar since the corresponding processing timelines when UE is not paged are equivalent in power consumption.


Proposal 2: For the case UE skips PO if missing PEI, PDCCH-PEI is recommended for no impact to paging detection performance, minimum worst-case resource occupation and comparable UE power saving gain

Table 5: Characteristics of PEI candidate designs for Case 2: UE skips PO if missing PEI
	Case 2: UE skips PO if missing PEI

	PEI candidate design
	Impact to paging detection performance
	Average resource occupation per PO/UE group
	UE Power saving

	
	TB scaling 1.0
	TB scaling 0.5
	TB scaling 0.25 (Est.)
	
	

	PDCCH
(12-bit payload)
	No impact with AL4
(288 REs for 12 groups)
	No impact with AL8
(576 REs for 12 groups)
	No impact with AL16
(1152 REs for 12 groups)
	#Average resource per PO/UE group for TB scaling 1/0.5/0.25 = 17.2/34.4/68.9
 
	


UE power saving is similar for all designs, given that group paging rate is low (10%)
· Equivalent UE processing timelines if UE is not paged

Little impact due to PEI detection false-alarm

	TRS
	No impact with 1-slot TRS
(300 REs for 4 groups;
1-slot is minimum)
	No impact with 1-slot TRS
(300 REs for 4 groups)
	No impact with 2-slot TRS
(600 REs for 4 groups)
	#Average resource per PO/UE group for TB scaling 1/0.5/0.25 = 75/75/150 (rate-matching per RRC; mandatory UE capability) 
to 29.6/29.6/59.2 (rate-matching per DCI indication)
	

	SSS
	No impact with 1-symb. SSS (127 REs; for 1 group)
	N/A in R15/R16
	N/A in R15/R16
	#Average resource per PO/UE group for TB scaling 1.0 
= 144 (rate-matching per RRC; mandatory UE capability) 
to  14.4 (rate-matching per DCI indication)
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