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Introduction
In RAN1#103e [1], from the evaluation results, it was agreed that Paging Early Indication (PEI) before Paging Occasion (PO) is supported. 
	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


This contribution mainly focuses on details of PEI. This contribution is a revision of R1-2008103.

Paging early indication

Power saving gain
PEI can reduce the wakeup energy overhead. As summarized by FL in RAN1#102e, 
· “Without early indication, in order to decode PDSCH successfully, UE needs to receive multiple SS burst for AGC and time/frequency tracking before PO. And due to the distributive SS bursts, UE needs to wake up multiple times before PO. The high wake-up energy overhead results in UE power consumption waste if the UE is not paged. This method can effectively save UE power by allowing UE to save unnecessary SSB processing if there is no need to receive paging data”.
It is common understanding that PEI can reduce the unnecessary SSB processing or equivalently shorten the time in advance to PO.
DCI based or sequence based
There are two main categories for PEI, i.e. DCI based and sequence-based (SSS or TRS/CSI-RS). We compare DCI based and sequence-based in different aspects as follows.
Table 1: Comparisons between DCI based and sequence-based
	
	DCI based
	Sequence based

	Power saving gain
	UE may only need to process the SS bursts before PEI (the SS bursts are close to PEI enough), if UE group is not paged.
	UE may only need to process the SS bursts before PEI (the SS bursts are close to PEI enough), if UE group is not paged.

	The number of the SS bursts before PEI
	>=1 (depending on performance requirement for PEI reception)
	0 or 1. If the RS is robust for detection (non-coherent detection), the number of the SS burst can be 0.

	Reliability
	High.
Low false alarm due to CRC.
	Depending on length of the RS and the sequence.
False alarm and miss detection are tradeoff for the detection threshold. To guarantee low rate of false alarm, miss detection rate raises.

	Power consumption for transition and detection
	High
	Low. The sequence detector can be a separate module.


It can be observed that DCI based and sequence-based have their Pros and Cons respectively. Due the tight time frame of R17 power saving, DCI based can be prioritized.
Proposal 1: Consider to specify PEI PDCCH, i.e. DCI based PEI.

DCI format
During the previous discussion, the candidate DCI format for PEI could be 
· Candidate-1: Extending DCI format 1_0
· Candidate-2: Extending DCI format 2_6 
· Candidate-3: New DCI format
For Candidate-2, since PEI can be regarded as a Wakeup Signal (WUS), it is straightforward to reuse DCI format 2_6 as much as possible. But DCI format 2_6 is designed for connected mode UE, in which the bit segment for a UE can be dedicated RRC configured. Dedicated RRC cannot configure the bit segment for an idle mode UE, so there could be some standardization efforts to extend DCI format 2-6 from connected mode to idle mode. In fact, extending DCI format 2_6 to idle mode may be equivalent to design a new DCI format. Hence, Candidate-1 and Candidate-2 could be merged as:
· Candidate-3: New DCI format like DCI format 2_6.
It has two interpretations for Candidate-1.
· Interpretation-1: PEI occasion is the same as PO. PEI is indicated in paging DCI in the previous PO.
· Interpretation-2: PEI occasion is newly defined, and the content interpretation of DCI format 1-0 is changed.
In our view, Interpretation-2 will cause Candidate-1 is similar to Candidate-3. Therefore, we will consider Interpretation-1 for Candidate-1, i.e.
· Candidate-1: Extending DCI format 1_0. PEI occasion is the same as PO. PEI is indicated in paging PDCCH in the previous PO.
In our view, Candidate-1 has the following drawbacks:
· gNB should decide whether to page a given UE in the previous PO leading to larger latency.
· UE has to monitor the first PO in each two POs leading to smaller power saving gain. 
Therefore, we slightly prefer Candidate-3.
Proposal 2: Consider to specify new DCI format like DCI format 2_6 for PEI PDCCH.
[bookmark: _Ref494215420]
Evaluation 
Power model
In RAN1#102e, the power model in idle/inactive mode was updated as follows.
	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}.






Baseline assumptions
The baseline assumptions are also agreed, e.g. SS burst configuration, paging configuration.
	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:
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



Initial proposal for UE processing timeline
According the above baseline assumptions, FL proposed initial proposal 3 and 4 for UE processing timeline as follows, but some companies thought some points are largely related to UE implementation, so the proposed UE processing timeline is just for reference, see Appendix.

Some clarifications
The above UE processing timeline may be realistic due to lack of assumptions, e.g. PEI placement.
In [2], some questions on the companies’ assumptions are listed for alignment purpose.
	Proposal: For describing a paging early indication (PEI) design, the following information should be provided:
· Assumption on PEI placement with justification on the feasibility.
· How to maintain the same level of synchronization performance as Rel-16 for PO reception when UE is indicated by PEI to receive paging?
· How to coexist with Rel-15/Rel-16 channels/signals and ensure no functional impact?
· How to maintain legacy paging functionalities, including notification for SI change and ETWS indication?
· Feasibility and limitation, if any, for carrying UE sub-group indication
· Note: It is not yet decided whether to carry UE sub-group indication in PEI


We list our answer for each above question:
· Q1: Assumption on PEI placement with justification on the feasibility.
· Answer: PEI placement depends on the search space set configuration for PEI PDCCH. In general, it is up to gNB implementation. Typically, gNB will not consume too much resource for PEI PDCCH.
· Q2: How to maintain the same level of synchronization performance as Rel-16 for PO reception when UE is indicated by PEI to receive paging?
· Answer: UE needs to process 3 SS bursts for PO reception. If UE has processed 1 SS burst for PEI reception ahead of PO, UE should process 2 SS bursts for PO reception.
· Q3: How to coexist with Rel-15/Rel-16 channels/signals and ensure no functional impact?
· Answer: Search space set of paging PDCCH and PEI PDCCH can coexist.
· Q4: How to maintain legacy paging functionalities, including notification for SI change and ETWS indication?
· Answer: Small impact if PEI PDCCH applied.
· Q5: Feasibility and limitation, if any, for carrying UE sub-group indication.
· Answer: Carrying UE sub-group indication in paging PDCCH has marginal power saving gain. Carrying UE sub-group indication in PEI PDCCH has non-trivial power saving gain, but if UE sub-group indication has large overhead, robustness of PEI reception is not present and the power saving gain will be significantly reduced. Hence, bits number of UE sub-group indication should be conservative.
Observation 1: The following factors influence the power saving gain of PEI, such as PEI placement, the number of SS bursts to be processed by UE for PO/PEI reception, DCI size of PEI PDCCH.

Time offset between PEI and PO
In [2], companies are encouraged to declare the time offset between PO and the start of the nearest SS burst. 
	Proposal: For characterizing the power saving gains with a PEI design without UE sub-grouping, companies are encouraged to report the power saving gains w.r.t. Rel-16 for the following cases, assuming at least 10% group paging rate,
· When the time offset between PO and the start of the nearest SS burst is T (ms): 
· S1 (%) where the baseline assumes 1 SS burst for synchronization before PO reception 
· S2 (%) where the baseline assumes 2 SS bursts for synchronization before PO reception
· S3 (%) where the baseline assumes 3 SS bursts for synchronization before PO reception
· Note: Considered value(s) for T is by company report.


In our view, there could be two different UE implementation if PEI indicates UE to wake up. 
· Implementation-1: UE should process the 2 SS bursts immediately after PEI and enter light sleep until PO.
· Implementation-2: UE should enter light sleep and wake up to process the 2 SS bursts close to PO.
For Implementation-1, the time offset between PO and the start of the nearest SS burst does not affect power consumption. Hence, the time offset between PEI and PO should be a key factor influencing power consumption and declared by companies. Indeed, the time offset reflects PEI placement.
Observation 2: The time offset between PEI and PO should be declared by companies in evaluations to reflect PEI placement.

Performance requirement for PEI reception
In [2], companies are encouraged to declare the desired PEI performance requirement.
	Proposal: For characterizing the impact to paging detection performance with a PEI design, companies are encouraged to report the following values w.r.t. the required SINR for paging PDSCH without frequency error:
·  When the target miss detection probability is P (%):
· V (dB) lower SINR is required for detecting PEI with indication for N UE sub-group(s) and subject to F ppm frequency error
· … (result for another set of evaluated N and F values)
· Note: Considered values for P, N and F are by company report with justification.


It is common understanding that robustness of PEI reception with frequency error provides power saving gain by reducing wakeup energy overhead. Different assumptions of PEI performance requirement will cause different evaluation results of power saving gain.
From the evaluation results, we find that PEI PDCCH with low code rate can achieve 1% miss detection rate at about -6dB SNR subject to 0.5 ppm frequency error. 
Observation 3: PEI PDCCH with low code rate can achieve 1% miss detection rate at about -6dB SNR subject to 0.5 ppm frequency error.

Resource overhead
In [2], companies are encouraged to the desired resource overhead of PEI.
	Proposal: For characterizing the resource overhead with a PEI design, companies are encouraged to report the required averaged resource number per PO defined as below, assuming at least 10% group paging rate per PO:
· (Required RE number ensuring no paging detection performance impact)  PEI transmission probability  Number of PO sharing the same PEI channel/signal
· When evaluating the needed resource overhead, only mandatory UE capabilities are assumed.


From power saving gain perspective, we always expect PEI is placed close to PO to shorten the sleep time if PEI indicates to wake up. Unfortunately, gNB cannot spend too much resource for PEI PDCCH. From resource overhead perspective, it is better to let the large number of PO share the same PEI PDCCH, which may offset power saving gain of UE due to make some POs far away from PEI PDCCH. Again, we think it is up to gNB implementation to control the resource overhead of PEI PDCCH, and the code rate of PEI PDCCH (related to AL and DCI size) should be restricted to make sure robustness of PEI reception at UE.
Observation 4: The resource overhead is related to the code rate of PEI PDCCH.
As mentioned above, the code rate of PEI PDCCH should be restricted, otherwise the power saving gain of low wakeup energy overhead is gone. Also, it can be up to UE implementation whether to monitor PEI PDCCH, if UE predicts monitoring PEI PDCCH is power consumed, e.g. the code rate of PEI PDCCH is too high.
Proposal 3: It can be up to UE implementation whether to monitor PEI PDCCH, if UE predicts monitoring PEI PDCCH is power consumed, e.g. the code rate of PEI PDCCH is too high.

Evaluation results
In evaluation, we assume the DCI size of PEI PDCCH has been restricted by gNB configurations. The different PEI placement relative to PO is assumed, i.e. different time offset between PEI and PO. For simplicity, we assume the smaller time offset between PEI and PO is about 40ms (2 SS bursts periodicities, 2 contiguous PFs) and the larger time offset between PEI and PO is 100ms (4 SS bursts periodicities, 8 contiguous PFs). For evaluation purpose, we assume UE should process 3 SS bursts before PO and 1 SS burst before PEI.
Legacy operation (no PEI)
The UE processing timeline is shown in the following table.
Table 2: UE processing timeline and power consumption for legacy operation (no PEI)
	Operation in sequence
	Purpose
	Time duration (ms)
	Energy contribution

	
	
	
	(power * time + energy overhead)

	SSB proc.
	AGC, coarse synchronization, serving-cell/intra-freq. RRM measurement
	2
	60 * 2

	Light sleep
	Power saving
	18
	20 * 18 + 100

	SSB proc.
	Coarse/fine synchronization, (additional serving-cell/intra-freq. RRM measurement)
	2
	50 * 2

	Light sleep
	Power saving
	18
	20 * 18 + 100

	SSB proc.
	Fine synchronization, (additional serv.-cell/intra-freq. RRM measurement)
	2
	50 * 2

	Light sleep
	Power saving
	8
	20 * 8 + 100

	PDCCH or PDCCH+PDSCH
	Paging control proc. and data proc. (if paged); 8 slots for diversity reception
	4
	Not paged: 50 * 4

	
	
	
	Paged: 120 * 4 (subject to group paging rate, P)

	Light sleep
	Power saving
	6
	20 * 6 + 100

	Inter-freq. RRM measurement
	Inter-frequency/inter-RAT neighbor cell measurement
	5
	60 * 5

	Deep sleep
	Power saving
	1215
	1 * 1215 + 450

	Total
	1280
	200 * (1-P) + 480 * P + 3685


When P = 10%, the total power consumption is about 3913.

When PEI indicates not wake up
The UE processing timeline, when PEI indicates not wake up, is shown in the following tables.
Table 3: UE processing timeline and power consumption, when PEI indicating not wake up
	Operation in sequence
	Purpose
	Time duration (ms)
	Energy contribution

	
	
	
	(power * time + energy overhead)

	SSB proc.
	AGC, coarse synchronization, serving-cell/intra-freq. RRM measurement
	2
	60 * 2

	Light sleep
	Power saving
	16
	20 * 16 + 100

	PEI
	Early indicate whether the UE is paged
	2
	50 * 2

	SSB proc.
	Inter-frequency/inter-RAT neighbor cell measurement
	5
	60 * 5

	Deep sleep
	Power saving
	1255
	1 * 1255 + 450

	Total
	1280
	2645



When PEI indicate wake up and the time offset between PEI and PO is smaller
The UE processing timeline, when PEI indicates wake up and the time offset between PEI and PO is smaller, is shown in the following table.
Table 4: UE processing timeline and power consumption, when PEI indicating wake up and the time offset between PEI and PO is smaller
	Operation in sequence
	Purpose
	Time duration (ms)
	Energy contribution

	
	
	
	(power * time + energy overhead)

	SSB proc.
	AGC, coarse synchronization, serving-cell/intra-freq. RRM measurement
	2
	60 * 2

	Light sleep
	Power saving
	16
	20 * 16 + 100

	PEI
	Early indicate whether the UE is paged
	2
	50 * 2

	SSB proc.
	Coarse/fine synchronization, (additional serving-cell/intra-freq. RRM measurement)
	2
	50 * 2

	Light sleep
	Power saving
	18
	20 * 18 + 100

	SSB proc.
	Fine synchronization, (additional serv.-cell/intra-freq. RRM measurement)
	2
	50 * 2

	Light sleep
	Power saving
	8
	20 * 8 + 100

	PDCCH+PDSCH
	Paging control proc. and data proc. (if paged); 8 slots for diversity reception
	4
	120 * 4

	Light sleep
	Power saving
	6
	20 * 6 + 100

	Inter-freq. RRM measurement
	Inter-frequency/inter-RAT neighbor cell measurement
	5
	60 * 5

	Deep sleep
	Power saving
	1215
	1 * 1215 + 450

	Total
	1280
	5665


When P = 10%, the total power consumption is about 2645*0.9+5665*0.1, and the power saving gain is about 25%.

When PEI indicates wake up and the time offset between PEI and PO is larger
The UE processing timeline, when PEI indicates wake up and the time offset between PEI and PO is larger, is shown in the following table.
Table 5: UE processing timeline and power consumption, when PEI indicates wake up and the time offset between PEI and PO is larger
	Operation in sequence
	Purpose
	Time duration (ms)
	Energy contribution

	
	
	
	(power * time + energy overhead)

	SSB proc.
	AGC, coarse synchronization, serving-cell/intra-freq. RRM measurement
	2
	60 * 2

	Light sleep
	Power saving
	16
	20 * 16 + 100

	PEI
	Early indicate whether the UE is paged
	2
	50 * 2

	SSB proc.
	Coarse/fine synchronization, (additional serving-cell/intra-freq. RRM measurement)
	2
	50 * 2

	Light sleep
	Power saving
	18
	20 * 18 + 100

	SSB proc.
	Fine synchronization, (additional serv.-cell/intra-freq. RRM measurement)
	2
	50 * 2

	Light sleep
	Power saving
	8+60=68
	20 * 68 + 100

	PDCCH+PDSCH
	Paging control proc. and data proc. (if paged); 8 slots for diversity reception
	4
	120 * 4

	Light sleep
	Power saving
	6
	20 * 6 + 100

	Inter-freq. RRM measurement
	Inter-frequency/inter-RAT neighbor cell measurement
	5
	60 * 5

	Deep sleep
	Power saving
	1155
	1 * 1215 + 450

	Total
	1280
	6865


When P = 10%, the total power consumption is about 2645*0.9+6865*0.1, and the power saving gain is about 22%. It can be observed that when the time offset between PEI and PO is large, the power saving gain is reduced.
Observation 5: When the time offset between PEI and PO is large, the power saving gain is reduced.
From above observation, if PEI is too far away from PO, UE would skip PEI PDCCH monitoring. As well, if PEI is too close to PO, and UE cannot process 2 SS bursts after PEI, UE would skip PEI PDCCH monitoring. 
Furthermore, we notice there are some factors, e.g. group paging rate, affecting power saving gain. These factors are involved in the discussion for evaluation purpose. These factors may be biased due to wireless environment. 
Therefore, it can be up to UE implementation whether to monitor PEI PDCCH, if UE predicts monitoring PEI PDCCH is power consumed, e.g., the time offset between PEI and PO is too large, or group paging rate is too high.
Proposal 4: It can be up to UE implementation whether to monitor PEI PDCCH, if UE predicts monitoring PEI PDCCH is power consumed, e.g., the time offset between PEI and PO is too large, or group paging rate is too high.

Conclusion
We have the following proposals.
Proposal 1: Consider to specify PEI PDCCH, i.e. DCI based PEI.
Proposal 2: Consider to specify new DCI format like DCI format 2_6 for PEI PDCCH.
Proposal 3: It can be up to UE implementation whether to monitor PEI PDCCH, if UE predicts monitoring PEI PDCCH is power consumed, e.g. the code rate of PEI PDCCH is too high.
Proposal 4: It can be up to UE implementation whether to monitor PEI PDCCH, if UE predicts monitoring PEI PDCCH is power consumed, e.g., the time offset between PEI and PO is too large, or group paging rate is too high.
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Appendix
Initial proposal for UE processing timeline
	[bookmark: _Ref48764630]Initial Proposal 3: When SINR is not high or for reduced capability UEs, the following reference UE processing timeline for a paging cycle and the corresponding evaluation are utilized:
	Operation in sequence
	Purpose
	Time duration (ms)
	Energy contribution
(power * time + energy overhead)

	SSB proc.
	AGC, coarse synchronization, serving-cell/intra-freq. RRM measurement
	2
	60 * 2

	Light sleep
	Power saving
	18
	20 * 18 + 100

	SSB proc.
	Coarse/fine synchronization, (additional serving-cell/intra-freq. RRM measurement)
	2
	50 * 2

	Light sleep
	Power saving
	18
	20 * 18 + 100

	SSB proc.
	Fine synchronization, (additional serv.-cell/intra-freq. RRM measurement)
	2
	50 * 2

	Light sleep
	Power saving
	8
	20 * 8 + 100

	PDCCH or PDCCH+PDSCH
	Paging control proc. and data proc. (if paged); 8 slots for diversity reception
	4
	Not paged: 50 * 4
Paged: 120 * 4 (subject to group paging rate, P)

	Light sleep
	Power saving
	6
	20 * 6 + 100

	Inter-freq. RRM measurement
	Inter-frequency/inter-RAT neighbor cell measurement
	5
	60 * 5

	Deep sleep
	Power saving
	1215
	1 * 1215 + 450

	Total
	1280
	200 * (1-P) + 480 * P + 3685

	Average Power Consumption = Total energy / page cycle (1280)



Initial Proposal 4: When SINR is high, the following reference UE processing timeline for a paging cycle and the corresponding evaluation are utilized:
	Operation in sequence
	Purpose
	Time duration (ms)
	Energy contribution
(power * time + energy overhead)

	SSB proc.
	AGC, Coarse/fine synchronization, serving-cell/intra-freq. RRM measurement.
Note: Due to no a prior of SINR change, assume the same 1st SSB timing w.r.t. PO as the case where SINR is not high
	2
	60 * 2

	Light sleep
	Power saving
	48
	20 * 48 + 100

	PDCCH or PDCCH+PDSCH
	Paging control proc. and data proc. (if paged); 2 slots for more efficient reception
	1
	Not paged: 50 * 1
Paged: 120 * 1 (subject to group paging rate, P)

	Deep sleep
	Power saving
	1229
	1 * 1229 + 450

	Total
	1280
	50 * (1-P) + 120 * P + 2859

	Average Power Consumption = Total energy / page cycle (1280)






