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1 Introduction
In this contribution, whether PDCCH-based PEI can achieve the objective of idle/inactive-mode UE power saving enhancement, as quoted below from [1], is examined based on RAN1 agreed observations [2]-[5].

	1) Specify enhancements for idle/inactive-mode UE power saving, considering system performance aspects [RAN2, RAN1]

a) Study and specify paging enhancement(s) to reduce unnecessary UE paging receptions, subject to no impact to legacy UEs [RAN2, RAN1]


2 UE Power Saving Gain
From RAN1 power consumption model for idle/inactive-mode UEs, as quoted in Table 1, the following can be observed:

· UE wake-ups from sleep are most power consuming
· The power values for SSB processing and PDCCH processing are set equal because of the little processing power difference under 20MHz idle/inactive-mode reception bandwidth.

Table 1: RAN1 agreed power consumption model for idle/inactive mode UE

	Sleep type
	Wake-up energy overhead

	Deep sleep 
	450

	Light sleep 
	100


	Power State
	Relative Power

	Deep Sleep (PDS)
	1

	Light Sleep (PLS)
	20

	Micro sleep (PMS)
	45

	SSB/CSI-RS proc. (PSSB)
	50

	PDCCH-only (PPDCCH)
	50


One fundamental difference between NR and LTE is that NR synchronization resources are no longer everywhere and NR UE needs to wake-up multiple times for fine synchronization (CFO < 0.1 ppm). In Figure 1, it shows the CFO sensitivity of paging PDSCH will induce multiple UE wake-ups for fine synchronization, which happens before every PO reception as UE cannot know whether there is paging PDSCH until processing the PO. 
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Figure 1: Performance sensitivity to CFO for paging PDCCH (red curves) and paging PDSCH (blue curves) under TDL-C channel (300 ns mean delay spread), 100 Hz Doppler, 30 kHz SCS, 2T4R and 4 GHz carrier freq.
Solution to resolve the issue is actually simple: Indicate UE earlier whether UE needs to receive PO. Given the paging early indication (PEI) can be robustly detected under coarse synchronization, UE power saving gain can be achieved by reduced UE wake-ups, as illustrated in Figure 2 below: 
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Figure 2: Achieving UE power saving gain for idle/inactive UEs by paging early indication (PEI)
Assuming both PDCCH-based PEI and SSS-based PEI can be reliably detected after 1st SS burst processing that provides coarse synchronisation, the achieved UE power saving gain, based on the UE power saving gain observation in RAN1#105-e [4], can be checked to be comparable, as shown in Table 2.
Observation 1: According to RAN1 agreed power consumption model and UE power saving gain observation, PDCCH-based PEI provides comparable power saving gain with SSS-based PEI, assuming both PEI types can be reliably detected after 1st SS burst processing that provides coarse synchronisation.
Table 2: Achieved UE power saving gain with UE sub-grouping

	#SS bursts before PO
	PDCCH PEI
	SSS PEI

	1 (High SNR)
	11.3% - 18.0%
	12.5% - 15.8%

	2 (Med. SNR)
	6.3% - 31.7%
	6.3% - 28.9%

	3 (Low SNR)
	17.9% - 42.2%
	17.9% - 38.1%


2.1 Reliable Detection under Coarse Synchronization and Minimum Impact to Paging Reception Performance
Whether PEI can be robustly detected under coarse synchronization will also impact paging PDSCH performance. Therefore, in RAN1#104-e [3], RAN1 agreed performance evaluation assumptions for companies to identify PEI configurations that can fulfil the requirement: The joint miss detection rate (MDR) of PEI and paging PDCCH is no worse than 1% at the SNR where MDR of paging PDSCH is 1%. According to the performance observation captured in RAN1#104-bis-e [4], there are multiple PDCCH configurations that fulfil the agreed performance requirement, as quoted in Table 3.
In Figure 1, one can already observe that PDCCH is more robust against CFO than PDSCH. For PDCCH-based PEI, the payload size can be further reduced for dedicated paging indication, which provides additional performance margin to tolerate even larger CFO. 

Observation 2: RAN1 identified feasible configurations for PDCCH-based PEI that can be reliably detected with CFO and ensure minimum impact to paging PDSCH performance. Robustness of PDCCH-based PEI can be ensured by network configuration in the corresponding payload size and aggregation level.
Table 3: Identified Configurations for PDCCH-based PEI that can comply with RAN1 performance criterion
	Paging Setting
	PEI candidate design
	Physical-layer configuration and resource
	UE (sub)group indication capacity 
	Number of companies providing performance results

	PDSCH: MCS0, TB scaling 1.0

PDCCH: AL8,
 41-bit payload
	PDCCH-based PEI
	AL4 PDCCH with 12-bit payload, occupying 288 REs
	12 bits
	5 
(HW/HiSi, OPPO, ZTE, CATT, MTK)

	
	
	AL8 PDCCH with 12-bit payload, occupying 576 REs
	12 bits
	7 
(Xiaomi, Intel, QC, Samsung, IDCC, Ericsson, vivo)

	
	
	AL8 PDCCH with 41-bit payload, occupies 576 REs
	41 bits
	1 (CATT) 

	 

	PDSCH: MCS0, TB scaling 0.5;

PDCCH: AL16, 41-bit payload
	PDCCH-based PEI
	AL8 PDCCH with 12-bit payload, occupying 576 REs
	12 bits
	4 
(OPPO, ZTE, MTK, Intel)



While the residue CFO with coarse synchronization after one SS burst processing is typically assumed within [-0.5 0.5] ppm in RAN1 companies’ performance checks, the following contributions further checked the robustness of PDCCH under 1 ppm CFO which is the largest CFO value RAN1 companies ever tested: Figure 5 of R1-2101217 (Samsung), Table 1 of R1-2103041 (Intel), and Figure 3 (a) of R1-2106987 (CATT). These also show the flexibility of PDCCH-based PEI that can accommodate different use cases or UE implementations.
2.2 Resource Sharing with Legacy UEs and Resource Overhead
The resource overhead is related to how PEI can share the resource of legacy UEs. In particular, RAN1 extensively discussed and captured how to share PDSCH resource or PDCCH resource of legacy UEs, as quoted in the Table 4. 
For sharing PDSCH resource of legacy UEs, both SSS-based PEI and PDCCH-based PEI need to leverage CORESET-wise rate-matching since Rel-15 UE is only mandated to support dynamic RB-symbol rate-matching over control resource. For sharing PDCCH resource of legacy UEs, SSS-based PEI will exclusive occupy a whole interleaved CORESET due to different resource allocation pattern, while PDCCH-based PEI can be multiplexed with legacy PDCCH at candidate-wise granularity.
Observation 3: PDCCH-based PEI achieves comparable to lower resource overhead than SSS-based PEI because both PEI types need to leverage CORESET for multiplexing with legacy UE, and PDCCH-based PEI shows better multiplexing performance and lower resource overhead as a native PDCCH.
Table 4: RAN1 Observations on how to share PDSCH or PDCCH resource of legacy UEs for PEI

	Agreement (RAN1#104-bis-e):

Observation 1a:

For the evaluation and comparison of PEI candidate designs, the following observations for coexistence with legacy PDSCH are identified:
a) For coexistence with legacy PDSCH, semi-static resouce sharing by configuring RB-symbol-level or RE-level rate-matching patterns covering PEI REs is supported for all PEI candidate designs.

b) For coexistence with legacy PDSCH, dynamic resource sharing can be realized for all PEI candidates if PDSCH is scheduled by DCI format 1_1

· For PDCCH based PEI, CORESET-level rate matching can be realized for the PDSCH as per mandatory capability  

· For SSS-based PEI, CORESET-level rate matching may be realized for the PDSCH as per mandatory capability, depending on the design of SSS-based PEI and UE capability regarding number of supported CORESETs  

	Agreement (RAN1#105-e):

Observation:

Dynamically sharing PDCCH resources of Rel-15 UEs (whether or not this is an important aspect to consider for PEI is FFS)

· For PDCCH-based PEI, 
· PEI can dynamically share resources with PDCCH for Rel-15 UEs within a PDCCH CORESET at granularity of one or more candidates 
· Exact number of multiplexed/impacted Rel-15 PDCCH candidates depends on AL used for PDCCH-based PEI and relative size of PDCCH CORESET, etc.
· For SSS-based PEI and for the case of partial overlap of CORESET and PEI
· For interleaved CORESET (such as CORESET#0), SSS-based PEI can dynamically share resources with PDCCH for Rel-15 UEs only at CORESET-level granularity
· For non-interleaved CORESET, SSS-based PEI can dynamically share resources with PDCCH for Rel-15 UEs within a PDCCH CORESET at granularity of one or more candidates
· Exact number of impacted Rel-15 PDCCH candidates depends on relative size and location of PDCCH CORESET, etc.


3 Conclusion

In the contribution, we investigate PDCCH-base PEI and identify the following:
Observation 1: According to RAN1 agreed power consumption model and UE power saving gain observation, PDCCH-based PEI provides comparable power saving gain with SSS-based PEI, assuming both PEI types can be reliably detected after 1st SS burst processing that provides coarse synchronisation.
Table 2: Achieved UE power saving gain with UE sub-grouping
	#SS bursts before PO
	PDCCH PEI
	SSS PEI

	1 (High SNR)
	11.3% - 18.0%
	12.5% - 15.8%

	2 (Med. SNR)
	6.3% - 31.7%
	6.3% - 28.9%

	3 (Low SNR)
	17.9% - 42.2%
	17.9% - 38.1%


Observation 2: RAN1 identified feasible configurations for PDCCH-based PEI that can be reliably detected with CFO and ensure minimum impact to paging PDSCH performance. Robustness of PDCCH-based PEI can be ensured by network configuration in the corresponding payload size and aggregation level.
Table 3: Identified Configurations for PDCCH-based PEI that can comply with RAN1 performance criterion
	Paging Setting
	PEI candidate design
	Physical-layer configuration and resource
	UE (sub)group indication capacity 
	Number of companies providing performance results

	PDSCH: MCS0, TB scaling 1.0

PDCCH: AL8,
 41-bit payload
	PDCCH-based PEI
	AL4 PDCCH with 12-bit payload, occupying 288 REs
	12 bits
	5 
(HW/HiSi, OPPO, ZTE, CATT, MTK)

	
	
	AL8 PDCCH with 12-bit payload, occupying 576 REs
	12 bits
	7 
(Xiaomi, Intel, QC, Samsung, IDCC, Ericsson, vivo)

	
	
	AL8 PDCCH with 41-bit payload, occupies 576 REs
	41 bits
	1 (CATT) 

	 

	PDSCH: MCS0, TB scaling 0.5;

PDCCH: AL16, 41-bit payload
	PDCCH-based PEI
	AL8 PDCCH with 12-bit payload, occupying 576 REs
	12 bits
	4 
(OPPO, ZTE, MTK, Intel)


Observation 3: PDCCH-based PEI achieves comparable to lower resource overhead than SSS-based PEI because both PEI types need to leverage CORESET for multiplexing with legacy UE, and PDCCH-based PEI shows better multiplexing performance and lower resource overhead as a native PDCCH.
By the above, PDCCH-based PEI is verified complying with the WID objective by providing UE power saving gain, ensuring paging reception performance, and smooth coexistence with legacy UEs. 

	1) Specify enhancements for idle/inactive-mode UE power saving, considering system performance aspects [RAN2, RAN1]

a) Study and specify paging enhancement(s) to reduce unnecessary UE paging receptions, subject to no impact to legacy UEs [RAN2, RAN1]
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