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Introduction
In RAN1#104 e-meeting [1][2], the following are agreed in order for companies to conduct evaluations and comparisons for all Paging Early Indication (PEI) candidate designs:
	Agreements:
For the evaluation and comparison of PEI candidate designs based on PDCCH, TRS/CSI-RS and SSS, the following are assumed:
· Behv-A:  
· PEI indicates UE should monitor a PO if UE’s group/subgroup is paged
· UE is not required to monitor a PO if UE does not detect PEI at all PEI occasion(s) for the PO
· Behv-B:  
· PEI indicates whether or not UE should monitor a PO 
· UE is required to monitor a PO if UE does not detect PEI at all PEI occasion(s) for the PO


	Agreements:
For the evaluation and comparison of PEI candidate designs, companies to report
· Description of how PEI design can co-exist with existing channels/signals, and impact to legacy UEs. 
· Rel-15 designs for multiplexing PEI with legacy channels/signals are assumed as baseline
o   Other multiplexing method with legacy channels/signals can be additionally reported with justification


	Agreement:
· Take Alt 1 as mandatory, and Alt 2 as optional
Alt 1 
For the performance evaluations of PEI candidate designs based on PDCCH, TRS/CSI-RS and SSS, 
1. The following are assumed, at the SNR where the Miss-Detection Rate (MDR) of paging PDSCH is 1%, 
0. When Behv-A is assumed: 
0. The joint miss-detection rate (MDR) of PEI and paging PDCCH defined below should be no worse than 1%: 
MDR_Joint_A = MDR_PEI + (1 – MDR_PEI) MDR_PagingPDCCH
0. The False-Alarm Rate (FAR) of PEI should be no larger than [1%]
0. When Behv-B is assumed: 
1. The joint miss-detection rate (MDR) of PEI and paging PDCCH defined below should be no worse than 1%: 
MDR_Joint_B = FAR_PEI + (1 – FAR_PEI) MDR_PagingPDCCH
1. The MDR of PEI should be no larger than [1%]
0. Note: The CFO is modeled at the input of PEI detection and based on LLS assumptions agreed in RAN1 #102-e. Companies should justify the applied random range for the CFO.
1. Companies to provide:
1. Information on the utilized detection method for each PEI candidate design (e.g., non-coherent detection or coherent detection)
1. The required #REs to comply with the performance assumptions
1. The maximum number of subgroups that can be carried in PEI, subject to the performance assumptions

Alt 2 
For the performance evaluations of PEI candidate designs based on PDCCH, TRS/CSI-RS and SSS, 
1. The following are assumed, at the SNR where the Miss-Detection Rate (MDR) of paging DCI is 1%, 
1. When Behv-A is assumed: 
3. The MDR of PEI should be no larger than 0.1% 
3. The False-Alarm Rate (FAR) of PEI should be no larger than 1%
1. When Behv-B is assumed: 
4. The FAR of PEI should be no larger than 0.1%
4. The MDR of PEI should be no larger than 1%
1. Note: The CFO is modeled at the input of PEI detection and based on LLS assumptions agreed in RAN1 #102-e. Companies should justify the applied random range for the CFO.
1. Companies to provide:
2. Information on the utilized detection method for each PEI candidate design (e.g., non-coherent detection or coherent detection)
2. The required #REs to comply with the performance assumptions
2. The maximum number of subgroups that can be carried in PEI, subject to the performance assumptions


	Agreements:
For the evaluation of resource overhead with PEI candidate designs based on PDCCH, TRS/CSI-RS and SSS, companies to provide estimated overheads for PEI candidate designs based on the following factors:
1. Assumption of Behv-A/B
1. Required #REs from performance evaluations 
1. 10% group paging rate per PO as baseline; other group paging rates can be optionally considered
and based on the following assumptions with justification (up to each company)
1. Whether and how coexistence with legacy UEs is considered 
1. Whether and how indication(s) to multiple POs and/or UE subgroups by one PEI is considered
1. Whether and how multi-beam transmission is considered 




In addition to comparing PEI candidate designs, RAN1 also agree to further study how to provide indication for UE subgroups over PEI and/or paging PDCCH:
	Agreements:
· Carrying UE subgroups information is considered in physical layer design for paging enhancement 


	Agreements:
Further study the design on how to provide the indications for UE subgroups over PEI and/or paging PDCCH, subject to the metrics agreed in RAN1 102e.




In this contribution, Section 2 is devoted for the comparison of PEI candidates and Section 3 is devoted for the study of physical layer design for carrying subgroups information. Section 4 finally summaries all observations and proposals.
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[bookmark: _Ref68447539]Comparison of PEI Candidate Designs
There are effectively six PEI candidate designs to be compared, considering Behv-A/B and PDCCH/TRS/SSS-based designs. Before the comparison, the descriptions of Behv-A and Behv-B need to be a bit revised so as to align companies understanding on whether or not UE should monitor a PO if not detecting any PEI out of all PEI occasion(s) for the PO.

[bookmark: _Ref68693775]Proposal 1: Clarify Behv-A and Behv-B with the following underlined updates: 
· Behv-A:  
· PEI indicates UE should monitor a PO if UE’s group/subgroup is paged
· UE is not required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO
· Behv-B:  
· PEI indicates whether or not UE should monitor a PO 
· UE is required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO

With the above clarification, the six PEI candidate designs are listed as follows:

Table 1: List of all 6 PEI candidate designs for further comparison
	Behv-A:  UE is not required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO

	PEI-PDCCH-A
	PEI-TRS-A
	PEI-SSS-A

	Behv-B: UE is required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO

	PEI-PDCCH-B
	PEI-TRS-B
	PEI-SSS-B



In the following subsections, the following metrics will be investigated:
· Subsection 2.1: Coexistence with Rel-15 UEs
· Subsection 2.2: Complying with Paging Detection Performance Requirements
· Subsection 2.3: Resource Overhead
· Subsection 2.4: UE Power Saving Gain

Subsection 2.5 will provide concluding remarks from the above sub-sections.


[bookmark: _Ref68447682]Coexistence with Rel-15 UEs
From RAN1 #104-e agreement, Rel-15 multiplexing schemes are the baseline designs for PEI coexistence with Rel-15 channels/signals:
	Agreements:
For the evaluation and comparison of PEI candidate designs, companies to report
· Description of how PEI design can co-exist with existing channels/signals, and impact to legacy UEs. 
· Rel-15 designs for multiplexing PEI with legacy channels/signals are assumed as baseline
o   Other multiplexing method with legacy channels/signals can be additionally reported with justification




In Table 2, there summarize the available Rel-15 schemes for the PEI coexistence. The following are observations:
[bookmark: _Ref68693822]
Observation 1: PEI-PDCCH-A can co-exist with all Rel-15 channels/signals by sharing a CORESET of legacy PDCCHs. By virtue of UE blind decoding, there requires no gNB indication for whether the control resource is occupied by PEI-PDCCH or not.
[bookmark: _Ref68693892]
Observation 2: PEI-TRS-A can conditionally co-exist with Rel-15 PDSCH channels by utilizing up to 3 rate-matching pattern(s) provided by aperiodic-ZP-CSI-RS-ResourceSetsToAddModList. gNB can indicate whether or not a Rel-15 UE should skip the indicated aperiodic ZP-CSI-RS resources, and Rel-15 UE is mandated to support the dynamic gNB indication via DCI format 1_1. On the other hand, For UE receiving PDSCH scheduled by DCI format 1_0 or PDSCHs with SPS activated by DCI format 1_0, the UE assumes the REs corresponding to configured resources in aperiodic-ZP-CSI-RS-ResourceSetsToAddModList are available for PDSCH. There is performance impact to the UE if PEI-TRS-A is transmitted (Sec. 5.1.4.2 TS 38.214 [3]).
[bookmark: _Ref68694047]
Observation 3: PEI-SSS-A can co-exist with Rel-15 PDSCH channels by leverage Rel-15 RB symbol rate-matching patterns. However, according to TS 38.822 UE feature list (Release 15) [4], UE is only mandated to support “Semi-static rate-matching resource set configuration for DL” (feature 5-26), and thus static resource occupation by PEI-SSS-A should be taken into account.

[bookmark: _Ref68694084]Observation 4: With Behv-B assumed, gNB can have the flexibility to drop PEI when conflicting with a legacy PDCCH or PDSCH channel. However, for PEI-TRS-B or PEI-SSS-B, the PEI signal may not be present when UE is required to monitoring PO, and UE processing timeline will be the same as with PEI-PDCCH-B.
[bookmark: _Ref68686837][bookmark: _Ref68686808]Table 2: Comparison of available Rel-15 coexistence schemes for PEI candidate designs
	Metric
	Behv-A: UE is not required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO

	
	PEI-PDCCH-A
	PEI-TRS-A
	PEI-SSS-A

	Coexistence
	Dynamic occupation of control resource
· No need of gNB indication by virtue of 
UE blind decoding
	Dynamic occupation of PDSCH resource
· Use of aperiodic ZP-CSI-RS rate-matching pattern
· It requires DCI format 1_1 indication and UE will assume the resources available for PDSCH scheduled by format 1_0.
	Static (dynamic) occupation of PDSCH resource 
· R15 UE is only mandated to support semi-static RB symbol rate-matching via RRC configuration 
(Optional support for dynamic rate-matching)

	Metric
	Behv-B: UE is required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO

	
	PEI-PDCCH-B
	PEI-TRS-B
	PEI-SSS-B

	Coexistence
	Dynamic occupation of control resource
· gNB trade-off in resource priority and UE power saving when PEI conflicts with other PDCCH(s)
	Dynamic occupation of PDSCH resource
· gNB trade-off in resource priority and UE power saving when PEI conflicts with other PDSCH(s)
· PEI presence is not guaranteed if UE is required to monitor PO





[bookmark: _Ref68447690][bookmark: _Ref68540234]Complying with Paging Detection Performance Requirements
From RAN1 #104-e agreement, we first clarify the assumptions for the performance comparison:

· Residue carrier frequency offset (CFO): 
· We assume UE uses at least 1 SS burst for serving cell measurement and that can be utilized for coarse time/frequency tracking before detecting PEI. Up to [-0.5 0.5] ppm residue CFO can be ensured at PEI detection input. In [5], it is shown residue CFO of [-0.25 0.25] ppm (or STD < 600 Hz) can readily be achieved at -6 dB SINR. For lower SINR or UE antenna setting, the CFO tracking performance margin and potentially increased SS burst number for serving cell measurement accuracy can ensure residue CFO of up to [-0.5 0.5] ppm. It is safe to assume residue CFO within [-0.5 0.5] ppm before PEI detection. 
 
· For PO detection, we assume UE can utilize at least 3 total SS bursts so that residue CFO has little performance impact to the detection of paging PDCCH and PDSCH. For Alt 1 performance metric, paging PDSCH performance defines the requirement, and the assumption of little CFO at PO will pose stricter requirement to PEI performance. 

[bookmark: _Ref68694188]Observation 5: Given that at least 1 SS burst used for serving cell measurement purpose can be utilized for coarse time/frequency tracking before PEI detection, [-0.25 0.25] ppm residue CFO before PEI detection is already extreme. For lower SINR or UE antenna setting, the CFO tracking performance margin and potentially increased SS burst number for serving cell measurement accuracy will ensure residue CFO up to [-0.5 0.5] ppm. There is no need to assume residue CFO out of [-0.5 0.5] ppm before PEI detection.
· Note: If [-0.5 0.5] ppm cannot be guaranteed with 1 SS burst processing, baseline UE behaviour will also require more than 3 SS bursts before PO, which is not a consensus scenario for idle-mode power saving. 
If paging detection performance is prioritized, Behv-B can be configured to trade off UE power saving gain for paging detection performance for such extreme case.
·  Detection algorithm:
· For PEI-PDCCH, DMRS resource overhead is counted, and coherent detection can realized by estimating the frequency-domain channel response using DMRS.
· For PEI-TRS, non-coherent detection is assumed since there is no additional RS for channel estimation. It is noticed that sub-band-wise combining is utilized to minimize the impact of frequency-domain channel phase difference to the decision statistics.
· For PEI-SSS, non-coherent detection is also assumed. Because of the localized allocation nature, no sub-band-wise combining is utilized. On the other hand, in case of multi-symbol repetition, non-coherent combining is utilized over the symbol decision metrics since the residue CFO will cause degradation to coherent combining performance. 

In Figure 1, there compare the joint miss detection rate (JMDR) performance for Behv-A, the blue solid curves are paging PDSCH performance which serves as the targeted performance upper bound. We considered paging PDSCH of TB scaling factors 1 and 0.5 with paging PDCCH of AL8 and AL 16, respectively. Paging PDSCH of TB scaling factor 0.25 is not considered since there is no PDCCH AL beyond 16 to support it. As can be observed from Figure 1, PEI-PDCCH-A and PEI-TRS-A can achieve better JMDR than paging PDSCH with available Rel-15 designs, while PEI-SSS-A requires a new “3-symbol” format to provide better JMDR than paging PDCCH of TB scaling 0.5.

For the maximum number of subgroups that can be carried in PEI, PEI-PDCCH-A can indicate 12 bits, PEI-TRS-A and PEI-SSS-A can both provide 4-bit-equivalent indication capacity. Note that, by “4-bit-equivalent”, we mean gNB can transmit one of 16 candidate sequences to indicate one of all possible realizations of 4 subgroups.
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[bookmark: _Ref68531081]Figure 1: JMDR Performance comparison of PEI candidate designs with Behv-A
 
In Figure 2, there compare the JMDR performance of PEI candidate designs for Behv-B. Since UE misses PO only when UE falsely detects “not-to-monitor” indication, JMDR is dominated by false-alarm rate (FAR) performance of PEI for Behv-B. As can be observed in Figure 2, PEI FAR needs to set sufficiently lower than 1% so as to comply with the JMDR performance requirement. In our evaluations, the detection threshold for PEI-TRS/SSS-B is optimized subject to 0.1% FAR. It is noticed that, JMDR for PEI-TRS-B and PEI-SSS-B are overlapped in Figure 2 because of the common targeted FAR.

Since the detection threshold is targeted for lower FAR, PEI MDR performance will be degraded somehow. For Behv-B, there also requires PEI MDR no larger than 1% at the SNR where paging PDSCH MDR is 1%. In Figure 3, one can observe that PEI MDR degradation will reduce the subgroup indication capacity for PEI-TRS-B (from 4 bits to 2 bits) and PEI-SSS-B (from 4 bits to 1 bit). For PEI-SSS-B, “3-symbol” SSS is not precisely sufficient to support TB scaling factor of 0.5. But, as the MDR is lower than 2%, we still calculate the resource requirement with “3-symbol” SSS.


[image: ]
[bookmark: _Ref68531813]Figure 2: JMDR Performance comparison of PEI candidate designs with Behv-B
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[bookmark: _Ref68532858]Figure 3: PEI MDR comparison of PEI candidate designs with Behv-B

From the above performance comparisons, the following can be concluded for the performance investigation:

[bookmark: _Ref68694234]Observation 6: To comply with the performance requirements, the required resources and the maximum (sub)group indication capacity for PEI candidate designs are summarized as in Table 3 below.
[bookmark: _Ref68534550][bookmark: _Ref68694254]Table 3: Required resources and maximum (sub)group indication capacity for PEI candidate designs
	Reference 
Paging 
Setting
	Behv-A: UE is not required to monitor a PO if UE does not detect any PEI 
out of all PEI occasion(s) for the PO

	
	PEI-PDCCH-A (Coh. Det.)
	PEI-TRS-A (Non-Coh. Det.)
	PEI-SSS-A (Non-Coh. Det.)

	PDSCH TB scaling 1.0,
PDCCH AL 8
	288 REs (AL4)
12 bits for UE (sub)groups
	300 REs (2 symb.50 RBs 
1 slot)
4 bits for UE (sub)groups
	396 REs (3 symb.11 RBs 1 slot)
4 bits for UE (sub)groups

	PDSCH TB scaling 0.5,
PDCCH AL 16
	576 REs (AL8)
12 bits for UE (sub)groups
	300 REs (2 symb.50 RBs
1 slot)
4 bits for UE (sub)groups
	396 REs (3 symb.11 RBs 1 slot) 
4 bits for UE (sub)groups

	Reference 
Paging 
Setting
	Behv-B: UE is required to monitor a PO if UE does not detect any PEI 
out of all PEI occasion(s) for the PO

	
	PEI-PDCCH-B (Coh. Det.)
	PEI-TRS-B (Non-Coh. Det.)
	PEI-SSS-B (Non-Coh. Det.)

	PDSCH TB scaling 1.0,
PDCCH AL 8
	288 REs (AL4)
12 bits for UE (sub)groups
	300 REs (2 symb.50 RBs
1 slot)
2 bits for UE (sub)groups
	396 REs (3 symb.11 RBs
1 slot) 
1 UE (sub)group only

	PDSCH TB scaling 0.5,
PDCCH AL 16
	576 REs (AL8)
12 bits for UE (sub)groups
	300 REs (2 symb.50 RBs
1 slot)
2 bits for UE (sub)groups
	396 REs (3 symb.11 RBs 1 slot) 
1 UE (sub)group only




[bookmark: _Ref68447706]Resource Overhead 
For resource overhead evaluations, the agreement is quoted below for ease of reference. In particular, factors a, b and d can be readily included based on Subsections 2.1 and 2.2. How factor c and e are incorporated will be clarified later. On the other hand, factor f is not included in the following evaluation because whether beam-forming is applied to PEI can be common for all PEI candidates. Therefore, we assume the same beam-forming as PO is applied to PEI for ease of calculating average resource overhead per PO. If different beam-forming is applied to PEI, the absolute value of average resource overhead will change but the order of PEI resource overheads will remain the same.

[bookmark: _Ref68694311]Observation 7: Whether and how beam-forming is applied to PEI can be common for all PEI candidate design, thus not changing the order of average resource overhead per PO for the PEI candidate designs. 

	Agreements:
For the evaluation of resource overhead with PEI candidate designs based on PDCCH, TRS/CSI-RS and SSS, companies to provide estimated overheads for PEI candidate designs based on the following factors:
a. Assumption of Behv-A/B
b. Required #REs from performance evaluations 
c. 10% group paging rate per PO as baseline; other group paging rates can be optionally considered
and based on the following assumptions with justification (up to each company)
d. Whether and how coexistence with legacy UEs is considered 
e. Whether and how indication(s) to multiple POs and/or UE subgroups by one PEI is considered
f. Whether and how multi-beam transmission is considered 




In the resource overhead evaluation, we assume one PEI can indicate multiple PO/UE groups in order to reduce the resource overhead. On the other hand, there should be some restrictions on PEI occasions, considering replacement close to a SS burst and targeted earliness w.r.t an indicated PO. Consequently, the following proposal is suggested:
 
[bookmark: _Ref68694387]Proposal 2: The occasion of PEI burst (analogous naming as SS burst) is subject to periodicity  of candidate value  ms and of maximum value of, e.g., 320 ms.
· Note: For PEI-SSS utilizing RB symbol rate-matching pattern, maximum periodicity is limited by 40 ms
[bookmark: _Ref68694405]
Proposal 3: For a given PO configuration, the periodicity  is determined so that the number of UE (sub)groups equally partitioned by the total PEI burst occasion number in an idle DRX cycle is maximized subject to the limitations of maximum periodicity and UE (sub)group indication capacity per PEI.
· Note: If UE subgrouping is not available, each PO is regarded as a UE group
[bookmark: _Ref68694424]
Proposal 4: The occasion of PEI burst is allocated close to and after a SS burst, subject to an offset to the start of the earlier and closest SS burst. 
[bookmark: _Ref68694447]Proposal 5: There is minimum time gap between PEI and the associated POs such that, when UE is paged, there can ensure a targeted number of SS burst(s) after PEI reception and before PO reception.

In Figure 4, there illustrated the proposed mapping between PEI and POs/UE groups. For the following evaluation, we assume only one UE group per PO, which estimates the least resource overhead for providing early indication functionality under Rel-15 PO configurations.
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[bookmark: _Ref68599036][bookmark: _Ref68694471]Figure 4: Illustration of proposed and evaluated mapping between PEI and POs/UE groups

It is noticed that, since PEI occasion periodicity  depends on PO configuration, we will provide average resource overhead per PO over all possible PO configurations as listed in Table 4.

[bookmark: _Ref68563772]Table 4: All considered PO configurations for evaluating average resource overhead per PO
	PO configuration
	T
	N
	Ns (PO/PF)

	
	
	
	1
	2
	4

	N=T/2
	128
	64
	64
	128
	256

	N=T/4
	128
	32
	32
	64
	128

	N=T/8
	128
	16
	16
	32
	64

	N=T/16
	128
	8
	8
	16
	32

	
	
	
	Note: #PO per DRX 



In Table 5, there summarize the average resource overhead per PO for PEI candidate designs. In particular, the best average resource overheads for the considered paging PDSCH and PDCCH settings are highlighted in blue color. 

[bookmark: _Ref68694513]Observation 8: With the comparison of average resource overhead per PO in Table 5, the following can be observed:
· When Behv-A is assumed, PEI-PDCCH-A and PEI-TRS-A provide the best average resource overheads for the cases with paging PDSCH TB scaling factors 1.0 and 0.5, respectively
· When Behv-B is assumed, PEI-PDCCH-B provides the best average resource overhead for both cases with paging PDSCH TB scaling factors 1.0 and 0.5.

[bookmark: _Ref68612344][bookmark: _Ref68694541]Table 5: Average resource overhead per PO for PEI candidate designs
	Reference 
Paging 
Setting
	Behv-A: UE is not required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO

	
	PEI-PDCCH-A
	PEI-TRS-A
	PEI-SSS-A

	PDSCH TB scaling 1.0; PDCCH AL 8
	21.8 REs (Dynamic)
	26.0 REs (Dynamic)
	437 REs (Static) to
34 REs (Dynamic)

	PDSCH TB scaling 0.5; PDCCH AL 16
	43.6 REs (Dynamic)
	26.0 REs (Dynamic)
	437 REs (Static) to
34 REs (Dynamic)

	Reference 
Paging 
Setting
	Behv-B: UE is required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO

	
	PEI-PDCCH-B
	PEI-TRS-B
	PEI-SSS-B

	PDSCH TB scaling 1.0; PDCCH AL 8
	51 REs (Static) to 0 RE (gNB always prioritizes legacy PDCCH)
	150 REs (Static) to 0 RE (gNB always prioritizes legacy PDSCH)
	561 REs (Static) to 0 RE (gNB always prioritizes legacy PDSCH)

	PDSCH TB scaling 0.5; PDCCH AL 16
	102 REs (Static) to 0 RE (gNB always prioritizes legacy PDCCH)
	150 REs (Static) to 0 RE (gNB always prioritizes legacy PDSCH)
	561 REs (Static) to 0 RE (gNB always prioritizes legacy PDSCH)




[bookmark: _Ref68615445]UE Power Saving Gain
With PEI-TRS-A or PEI-SSS-A, UE can reduce the processing timeline by utilizing their synchronization functionality. On the other hand, for PEI-PDCCH-A/B, 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 subgrouping), we can therefore conclude similar average power saving gain can be achieved with any PEI candidate design.

[bookmark: _Ref61959694]Observation 9: Average power saving gains of PEI candidate designs are similar since the corresponding processing timelines when UE is not paged are equivalent in power consumption.
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[bookmark: _Ref68694595]Figure 5: UE processing timelines are equivalent for all PEI candidate designs when UE is not paged


[bookmark: _Ref68447909]Concluding Remarks for PEI Candidate Design Comparison
From the previous subsections, Table 6 provides the overall summary for the metric comparisons among the PEI candidate designs. In particular, the following observations and proposals can be concluded:

[bookmark: _Ref68694653]Observation 10: PEI-SSS performs worst in coexistence, det. performance and resource overhead due to:
· (Coexistence) Rel-15 UE is only mandated to support “semi-static” RB-symbol rate-matching patterns
· (Detection performance) Lack of frequency diversity due to localized resource allocation, and compromised time-domain combining gain due to the phase rotation induced by residue CFO ([-0.5 0.5] ppm)
· (Resource overhead) “Semi-static” resource occupation and inferior performance causes highest overhead



[bookmark: _Ref68694714]Observation 11: PEI-TRS performs moderate in coexistence, det. performance and resource overhead due to:
· (Coexistence) Dynamically sharing PDSCH resources requires gNB indication via only DCI format 1_1. For PDSCH resources scheduled by DCI format 1_0 or PDSCHs with SPS activated by DCI format 1_0, the REs corresponding to configured resources in aperiodic-ZP-CSI-RS-ResourceSetsToAddModList are assumed available for PDSCH by Rel-15 UEs.
· (Detection performance) There is no TRS detection performance requirements in RAN4, and new requirements need to be defined for both MDR (related to Behv-B) and FAR (related to Behv-B).

[bookmark: _Ref68694750]Observation 12: PEI-PDCCH performs best in coexistence, det. performance and resource overhead because:
· (Coexistence) UE blind decoding for PDCCH enables dynamic resource sharing for PEI without the need of additional gNB indication
· (Detection performance) MDR performance test can reuse/extend Rel-16 DCP performance requirements, and FAR is guaranteed by CRC
· (Resource overhead) Largest UE (sub)group indication capacity can be utilized to reduce the required PEI number for a given number of UE (sub)groups in an idle DRX cycle.

[bookmark: _Ref68694789]Proposal 6: For Rel-17 paging early indication, PDCCH-based design with the following is selected:
· 12-bit DCI payload with CRC scrambled by P-RNTI
· Behv-A or Behv-B is configurable via a (new) SIB

[bookmark: _Ref68636544][bookmark: _Ref68694827]Table 6: Summary of metric comparisons for PEI candidate designs 
	Metric
	Behv-A: UE is not required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO

	
	PEI-PDCCH-A
	PEI-TRS-A
	PEI-SSS-A

	Coexistence
	   Dynamically sharing PDCCH resources w/o gNB indication
	Dynamically sharing PDSCH resources with gNB indication (via only DCI format 1_1)
	Statically sharing PDSCH resources

	Det. Performance
	Ready with Rel-15 PDCCH design; can reuse/extend Rel-16 DCP performance requirements
	Ready with Rel-15 TRS design; need new RAN4 performance requirements
	“3-symbol” SSS

	Resource Overhead
	Smallest for TB scal. 1.0
	Smallest for TB scal. 0.5
	Largest

	Power Saving
	Comparable since the same proc. timeline when UE is not paged (90% time)

	Metric
	Behv-B: UE is required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO

	
	PEI-PDCCH-B
	PEI-TRS-B
	PEI-SSS-B

	Coexistence
	Dynamically sharing PDCCH resources w/o gNB indication
	Dynamically sharing PDSCH resources 
w/o gNB indication

	Det. Performance
	Ready with Rel-15 PDCCH design; can reuse/extend Rel-16 DCP performance requirements
	Ready with Rel-15 TRS design; need new RAN4 performance requirements
	“3-symbol” SSS

	Resource Overhead
	Smallest
	Medium
	Largest

	Power Saving
	Comparable since the same proc. timeline when UE is not paged (90% time)





[bookmark: _Ref68686441]Physical Layer Design for Carrying Subgroups Information
In RAN1 LS to RAN2 [6], there captured observations on power saving gains with subgroup indication carried within the PO (by paging PDCCH) or before the PO (by PEI), as quoted in Table 7. From the observations, it is clear subgroup indication should be carried in PEI whenever PEI is available/configured.

[bookmark: _Ref68694874]Proposal 7: UE subgroup indication is carried in PEI when PEI is configured.

[bookmark: _Ref68691392]Table 7: RAN1 #103-e observations on power saving gains with subgroup indication in paging PDCCH or PEI
	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.






When PEI can provide multi-bit indication capacity for UE subgroups, RAN1 can focus discussing a mapping design that can support as many as possible number of UE (sub)groups. In particular, for PEI-PDCCH-A/B, the following design is useful:

[bookmark: _Ref68685788][bookmark: _Ref68694898]Proposal 8: For PEI-PDCCH-A/B with n bits for UE (sub)group indication in a PO, the following subgroup mapping can be supported:
· Behv-A (PEI indicates UE should monitor a PO if UE’s group/subgroup is paged, and UE is not required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO):
· Use value 0 to (2n – 2) to indicate any of the corresponding indexed UE (sub)group is paged
· Assume each UE (sub)group is indexed by m ranging from 0 to 2n - 2. If UE sees an associated value m from the PEI, UE is required to monitor the PO.
· Use value (2n – 1) to indicate UE is required to monitor its associated PO(s) 

· Behv-B (PEI indicates whether or not UE should monitor a PO, and UE is required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO)
· Use value 0 to indicate that no UE (sub)group is paged
· Use value 1 to (2n – 2) to indicate any of the corresponding indexed UE (sub)group is paged
· Assume each UE (sub)group is indexed by k ranging from 1 to 2n - 2. If UE sees an associated value k from the PEI, UE is required to monitor the PO.
· Use value (2n – 1) to indicate all UE (sub)groups are paged
· If UE sees value (2n – 1) from the PEI, it is required to monitor its associated POs

· Note: Compared with indicating n UE (sub)group by n bits, the above mapping can provide indication of 2n – 1 UE (sub)groups with Behv-A or 2n – 2 UE (sub)groups with Behv-B while maintaining reasonable paging false alarm rate.

For the case UE subgrouping is supported even when PEI is not configured, the spared bits of paging PDCCH can be utilized. The above mapping design can also be applied to minimize the required number spared bits.

[bookmark: _Ref68694993]Proposal 9: If UE subgrouping enhancement can be supported without PEI, the spared bits of paging PDCCH can be utilized for subgroup indication. The mapping design in Proposal 8 can be applied to minimize the required number spared bits.


[bookmark: _Ref68686484]Summary
In this contribution, the following are investigated
· Comparison of PEI candidate designs over coexistence, det. performance, resource overhead and power saving
· Physical layer design for carrying subgroup indication

In particular, the following observations and proposals are provided:

Proposal 1: Clarify Behv-A and Behv-B with the following underlined updates:
· Behv-A:  
· PEI indicates UE should monitor a PO if UE’s group/subgroup is paged
· UE is not required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO
· Behv-B:  
· PEI indicates whether or not UE should monitor a PO 
· UE is required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO

Observation 1: PEI-PDCCH-A can co-exist with all Rel-15 channels/signals by sharing a CORESET of legacy PDCCHs. By virtue of UE blind decoding, there requires no gNB indication for whether the control resource is occupied by PEI-PDCCH or not.

Observation 2: PEI-TRS-A can conditionally co-exist with Rel-15 PDSCH channels by utilizing up to 3 rate-matching pattern(s) provided by aperiodic-ZP-CSI-RS-ResourceSetsToAddModList. gNB can indicate whether or not a Rel-15 UE should skip the indicated aperiodic ZP-CSI-RS resources, and Rel-15 UE is mandated to support the dynamic gNB indication via DCI format 1_1. On the other hand, For UE receiving PDSCH scheduled by DCI format 1_0 or PDSCHs with SPS activated by DCI format 1_0, the UE assumes the REs corresponding to configured resources in aperiodic-ZP-CSI-RS-ResourceSetsToAddModList are available for PDSCH. There is performance impact to the UE if PEI-TRS-A is transmitted (Sec. 5.1.4.2 TS 38.214 [3]).


Observation 3: PEI-SSS-A can co-exist with Rel-15 PDSCH channels by leverage Rel-15 RB symbol rate-matching patterns. However, according to TS 38.822 UE feature list (Release 15) [4], UE is only mandated to support “Semi-static rate-matching resource set configuration for DL” (feature 5-26), and thus static resource occupation by PEI-SSS-A should be taken into account.


Observation 4: With Behv-B assumed, gNB can have the flexibility to drop PEI when conflicting with a legacy PDCCH or PDSCH channel. However, for PEI-TRS-B or PEI-SSS-B, the PEI signal may not be present when UE is required to monitoring PO, and UE processing timeline will be the same as with PEI-PDCCH-B.

Table 2: Comparison of available Rel-15 coexistence schemes for PEI candidate designs
	Metric
	Behv-A: UE is not required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO

	
	PEI-PDCCH-A
	PEI-TRS-A
	PEI-SSS-A

	Coexistence
	Dynamic occupation of control resource
· No need of gNB indication by virtue of 
UE blind decoding
	Dynamic occupation of PDSCH resource
· Use of aperiodic ZP-CSI-RS rate-matching pattern
· It requires DCI format 1_1 indication and UE will assume the resources available for PDSCH scheduled by format 1_0.
	Static (dynamic) occupation of PDSCH resource 
· R15 UE is only mandated to support semi-static RB symbol rate-matching via RRC configuration 
(Optional support for dynamic rate-matching)

	Metric
	Behv-B: UE is required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO

	
	PEI-PDCCH-B
	PEI-TRS-B
	PEI-SSS-B

	Coexistence
	Dynamic occupation of control resource
· gNB trade-off in resource priority and UE power saving when PEI conflicts with other PDCCH(s)
	Dynamic occupation of PDSCH resource
· gNB trade-off in resource priority and UE power saving when PEI conflicts with other PDSCH(s)
· PEI presence is not guaranteed if UE is required to monitor PO




Observation 5: Given that at least 1 SS burst used for serving cell measurement purpose can be utilized for coarse time/frequency tracking before PEI detection, [-0.25 0.25] ppm residue CFO before PEI detection is already extreme. For lower SINR or UE antenna setting, the CFO tracking performance margin and potentially increased SS burst number for serving cell measurement accuracy will ensure residue CFO up to [-0.5 0.5] ppm. There is no need to assume residue CFO out of [-0.5 0.5] ppm before PEI detection.

· Note: If [-0.5 0.5] ppm cannot be guaranteed with 1 SS burst processing, baseline UE behaviour will also require more than 3 SS bursts before PO, which is not a consensus scenario for idle-mode power saving. 
If paging detection performance is prioritized, Behv-B can be configured to trade off UE power saving gain for paging detection performance for such extreme case.


Observation 6: To comply with the performance requirements, the required resources and the maximum (sub)group indication capacity for PEI candidate designs are summarized as in Table 3 below.
Table 3: Required resources and maximum (sub)group indication capacity for PEI candidate designs
	Reference 
Paging 
Setting
	Behv-A: UE is not required to monitor a PO if UE does not detect any PEI 
out of all PEI occasion(s) for the PO

	
	PEI-PDCCH-A (Coh. Det.)
	PEI-TRS-A (Non-Coh. Det.)
	PEI-SSS-A (Non-Coh. Det.)

	PDSCH TB scaling 1.0,
PDCCH AL 8
	288 REs (AL4)
12 bits for UE (sub)groups
	300 REs (2 symb.50 RBs 
1 slot)
4 bits for UE (sub)groups
	396 REs (3 symb.11 RBs 1 slot)
4 bits for UE (sub)groups

	PDSCH TB scaling 0.5,
PDCCH AL 16
	576 REs (AL8)
12 bits for UE (sub)groups
	300 REs (2 symb.50 RBs
1 slot)
4 bits for UE (sub)groups
	396 REs (3 symb.11 RBs 1 slot) 
4 bits for UE (sub)groups

	Reference 
Paging 
Setting
	Behv-B: UE is required to monitor a PO if UE does not detect any PEI 
out of all PEI occasion(s) for the PO

	
	PEI-PDCCH-B (Coh. Det.)
	PEI-TRS-B (Non-Coh. Det.)
	PEI-SSS-B (Non-Coh. Det.)

	PDSCH TB scaling 1.0,
PDCCH AL 8
	288 REs (AL4)
12 bits for UE (sub)groups
	300 REs (2 symb.50 RBs
1 slot)
2 bits for UE (sub)groups
	396 REs (3 symb.11 RBs
1 slot) 
1 UE (sub)group only

	PDSCH TB scaling 0.5,
PDCCH AL 16
	576 REs (AL8)
12 bits for UE (sub)groups
	300 REs (2 symb.50 RBs
1 slot)
2 bits for UE (sub)groups
	396 REs (3 symb.11 RBs 1 slot) 
1 UE (sub)group only




Observation 7: Whether and how beam-forming is applied to PEI can be common for all PEI candidate design, thus not changing the order of average resource overhead per PO for the PEI candidate designs.

Proposal 2: The occasion of PEI burst (analogous naming as SS burst) is subject to periodicity  of candidate value  ms and of maximum value of, e.g., 320 ms.
· Note: For PEI-SSS utilizing RB symbol rate-matching pattern, maximum periodicity is limited by 40 ms

Proposal 3: For a given PO configuration, the periodicity  is determined so that the number of UE (sub)groups equally partitioned by the total PEI burst occasion number in an idle DRX cycle is maximized subject to the limitations of maximum periodicity and UE (sub)group indication capacity per PEI.
· Note: If UE subgrouping is not available, each PO is regarded as a UE group

Proposal 4: The occasion of PEI burst is allocated close to and after a SS burst, subject to an offset to the start of the earlier and closest SS burst.

Proposal 5: There is minimum time gap between PEI and the associated POs such that, when UE is paged, there can ensure a targeted number of SS burst(s) after PEI reception and before PO reception.
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Figure 4: Illustration of proposed and evaluated mapping between PEI and POs/UE groups
Observation 8: With the comparison of average resource overhead per PO in Table 5, the following can be observed:
· When Behv-A is assumed, PEI-PDCCH-A and PEI-TRS-A provide the best average resource overheads for the cases with paging PDSCH TB scaling factors 1.0 and 0.5, respectively
· When Behv-B is assumed, PEI-PDCCH-B provides the best average resource overhead for both cases with paging PDSCH TB scaling factors 1.0 and 0.5.


Table 5: Average resource overhead per PO for PEI candidate designs
	Reference 
Paging 
Setting
	Behv-A: UE is not required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO

	
	PEI-PDCCH-A
	PEI-TRS-A
	PEI-SSS-A

	PDSCH TB scaling 1.0; PDCCH AL 8
	21.8 REs (Dynamic)
	26.0 REs (Dynamic)
	437 REs (Static) to
34 REs (Dynamic)

	PDSCH TB scaling 0.5; PDCCH AL 16
	43.6 REs (Dynamic)
	26.0 REs (Dynamic)
	437 REs (Static) to
34 REs (Dynamic)

	Reference 
Paging 
Setting
	Behv-B: UE is required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO

	
	PEI-PDCCH-B
	PEI-TRS-B
	PEI-SSS-B

	PDSCH TB scaling 1.0; PDCCH AL 8
	51 REs (Static) to 0 RE (gNB always prioritizes legacy PDCCH)
	150 REs (Static) to 0 RE (gNB always prioritizes legacy PDSCH)
	561 REs (Static) to 0 RE (gNB always prioritizes legacy PDSCH)

	PDSCH TB scaling 0.5; PDCCH AL 16
	102 REs (Static) to 0 RE (gNB always prioritizes legacy PDCCH)
	150 REs (Static) to 0 RE (gNB always prioritizes legacy PDSCH)
	561 REs (Static) to 0 RE (gNB always prioritizes legacy PDSCH)





Observation 9: Average power saving gains of PEI candidate designs are similar since the corresponding processing timelines when UE is not paged are equivalent in power consumption.

[image: ]

Figure 5: UE processing timelines are equivalent for all PEI candidate designs when UE is not paged


Observation 10: PEI-SSS performs worst in coexistence, det. performance and resource overhead due to:
· (Coexistence) Rel-15 UE is only mandated to support “semi-static” RB-symbol rate-matching patterns
· (Detection performance) Lack of frequency diversity due to localized resource allocation, and compromised time-domain combining gain due to the phase rotation induced by residue CFO ([-0.5 0.5] ppm)
· (Resource overhead) “Semi-static” resource occupation and inferior performance causes highest overhead

Observation 11: PEI-TRS performs moderate in coexistence, det. performance and resource overhead due to:
· (Coexistence) Dynamically sharing PDSCH resources requires gNB indication via only DCI format 1_1. For PDSCH resources scheduled by DCI format 1_0 or PDSCHs with SPS activated by DCI format 1_0, the REs corresponding to configured resources in aperiodic-ZP-CSI-RS-ResourceSetsToAddModList are assumed available for PDSCH by Rel-15 UEs.
· (Detection performance) There is no TRS detection performance requirements in RAN4, and new requirements need to be defined for both MDR (related to Behv-B) and FAR (related to Behv-B).


Observation 12: PEI-PDCCH performs best in coexistence, det. performance and resource overhead because:
· (Coexistence) UE blind decoding for PDCCH enables dynamic resource sharing for PEI without the need of additional gNB indication
· (Detection performance) MDR performance test can reuse/extend Rel-16 DCP performance requirements, and FAR is guaranteed by CRC
· (Resource overhead) Largest UE (sub)group indication capacity can be utilized to reduce the required PEI number for a given number of UE (sub)groups in an idle DRX cycle.


Proposal 6: For Rel-17 paging early indication, PDCCH-based design with the following is selected:
· 12-bit DCI payload with CRC scrambled by P-RNTI
· Behv-A or Behv-B is configurable via a (new) SIB



Table 6: Summary of metric comparisons for PEI candidate designs
	Metric
	Behv-A: UE is not required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO

	
	PEI-PDCCH-A
	PEI-TRS-A
	PEI-SSS-A

	Coexistence
	   Dynamically sharing PDCCH resources w/o gNB indication
	Dynamically sharing PDSCH resources with gNB indication (via only DCI format 1_1)
	Statically sharing PDSCH resources

	Det. Performance
	Ready with Rel-15 PDCCH design; can reuse/extend Rel-16 DCP performance requirements
	Ready with Rel-15 TRS design; need new RAN4 performance requirements
	“3-symbol” SSS

	Resource Overhead
	Smallest for TB scal. 1.0
	Smallest for TB scal. 0.5
	Largest

	Power Saving
	Comparable since the same proc. timeline when UE is not paged (90% time)

	Metric
	Behv-B: UE is required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO

	
	PEI-PDCCH-B
	PEI-TRS-B
	PEI-SSS-B

	Coexistence
	Dynamically sharing PDCCH resources w/o gNB indication
	Dynamically sharing PDSCH resources 
w/o gNB indication

	Det. Performance
	Ready with Rel-15 PDCCH design; can reuse/extend Rel-16 DCP performance requirements
	Ready with Rel-15 TRS design; need new RAN4 performance requirements
	“3-symbol” SSS

	Resource Overhead
	Smallest
	Medium
	Largest

	Power Saving
	Comparable since the same proc. timeline when UE is not paged (90% time)





Proposal 7: UE subgroup indication is carried in PEI when PEI is configured.

[bookmark: _GoBack]
Proposal 8: For PEI-PDCCH-A/B with n bits for UE (sub)group indication in a PO, the following subgroup mapping can be supported:
· Behv-A (PEI indicates UE should monitor a PO if UE’s group/subgroup is paged, and UE is not required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO):
· Use value 0 to (2n – 2) to indicate any of the corresponding indexed UE (sub)group is paged
· Assume each UE (sub)group is indexed by m ranging from 0 to 2n - 2. If UE sees an associated value m from the PEI, UE is required to monitor the PO.
· Use value (2n – 1) to indicate UE is required to monitor its associated PO(s) 

· Behv-B (PEI indicates whether or not UE should monitor a PO, and UE is required to monitor a PO if UE does not detect any PEI out of all PEI occasion(s) for the PO)
· Use value 0 to indicate that no UE (sub)group is paged
· Use value 1 to (2n – 2) to indicate any of the corresponding indexed UE (sub)group is paged
· Assume each UE (sub)group is indexed by k ranging from 1 to 2n - 2. If UE sees an associated value k from the PEI, UE is required to monitor the PO.
· Use value (2n – 1) to indicate all UE (sub)groups are paged
· If UE sees value (2n – 1) from the PEI, it is required to monitor its associated POs

· Note: Compared with indicating n UE (sub)group by n bits, the above mapping can provide indication of 2n – 1 UE (sub)groups with Behv-A or 2n – 2 UE (sub)groups with Behv-B while maintaining reasonable paging false alarm rate.


Proposal 9: If UE subgrouping enhancement can be supported without PEI, the spared bits of paging PDCCH can be utilized for subgroup indication. The mapping design in Proposal 8 can be applied to minimize the required number spared bits.
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