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Introduction
In RAN meeting #88e, the Rel-17 power saving enhancements WID identified potential paging enhancements as one of the major areas for RAN1 work [1].

	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]
· NOTE: RAN1 to check and update, if needed, evaluation methodology in RAN1 #100-2 meeting
…


In this paper, we will provide technical discussions and proposals for remaining issues for idle/inactive mode UE paging enhancements.
UE sub-grouping indication 
UE sub-grouping can help the UE reduce idle/inactive mode power consumption by reducing the probability that the UE is not paged but it is still required to process the paging PDSCH if another UE is paged in the same paging occasion. Using UE sub-grouping indication, network can better pinpoint a UE associated with a PO in a finer granularity of UE group size. There can be two methods to provide the UE sub-grouping indication
· In paging PDCCH
· In the paging early indication
The former allows the UE to save power from unnecessary extra paging PDSCH decoding. The latter allows the UE to skip the entire PO including both the paging PDCCH and PDSCH if it is not paged. Processing the paging PDCCH and PEI may have similar power consumption. Besides, PEI has the additional benefit that in poor coverage condition, the UE can also skip some SSBs for tracking loop update if PEI indicates it is not paged in the next PO. This assumes that PEI and paging PDCCH have lower tracking loop accuracy requirement than decoding the paging PDSCH. Note that a paging PDCCH with a large cross-slot scheduling offset can also act as a PEI. Then the two methods above are unified.
In RAN1 #104-e, the following agreements were made on UE sub-grouping for idle/inactive mode UEs.

	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.


As discussed above, the sub-grouping indication can be carried by both the paging PDCCH and the PEI. 
[bookmark: O1]Observation 1: UE sub-groups can be indicated by
· Paging PDCCH
· Unused bits and/or reserved bits of the DCI, this includes cross-slot scheduling based paging PDCCH as PEI
· PDCCH based PEI
· DCI field bits 
· RS or sequence-based PEI
· Different sequences, these sequences can be transmitted in different sets of RBs and symbols.
Note that using the unused or reserved bits of the paging PDCCH for UE sub-grouping indication is backward compatible. PDCCH based PEI design can follow the similar design principle as connected mode wakeup signal (WUS) DCI format 2_6. Then one bit of the DCI payload can indicate whether a UE sub-group is paged. For RS and sequence-based PEI, the design can be similar to NB-IoT for which three dimensions including sequences, time and frequency resources can be used to indicate different sub-groups. For RS/sequence-based PEI, it is not feasible to use sequence with different comb offsets to indicate different UE sub-groups due to its vulnerability to CFO.
[bookmark: P1]Proposal 1: Support UE sub-group indication carried by narrowband sequence-based (e.g., SSS) PEI for Rel-17 idle/inactive mode power saving.
Paging early indication
In RAN1 #104-e, two UE behaviors for PEI design were identified
· Behavior-A: the PEI is a wakeup signal
· Behavior-B: the PEI is a go-to-sleep signal
	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


PEI repetition may be adopted in the following scenarios  
· Repetition for SNR boosting 
· Multiple locations to account for different UE implementations that require different numbers of SSBs for tracking loop update.
The RAN1 #104-e agreements have the wording “if UE does not detect PEI at all PEI occasion(s) for the PO”. However, it is possible that due to collision with legacy channel, network may have to drop the PEI on certain occasions, e.g., when the PEI collides with a URLLC UL transmission from a connected mode UE. In the meanwhile, it can be up to UE implementation which PEI occasions are optimal for power saving under the channel condition. It should be clarified that the UE is not mandatorily required to decode the PEI on all configured occasions. 
[bookmark: P2]Proposal 2: Regarding the following Behv-A and Behv-B in RAN1 #104-e agreements, it should be clarified that the UE is allowed to choose a subset of PEI occasions to detect the PEI based on the wording in red color 
· 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) chosen by the UE for PEI detection 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) chosen by the UE for PEI detection for the PO
· Note: It is up to UE implementation which PEI occasion(s) is chosen by the UE for PEI detection. 
[image: ]
Figure 1: PEI collision with legacy channel
Paging rate of a network is normally low (e.g., 10% assumed by Rel-17 power saving evaluations). Then the go-to-sleep signal will require network to more frequently send the PEI than the wake-up signal design. This makes Behv-B more network power consuming and resource inefficient. For very high network load scenario, network may better just drop the PEI due to the lack of available resources, i.e., disable PEI.
[bookmark: O2]Observation 2: Regarding Behv-A and Behv-B for PEI
· When group paging rate for each PO is below 50% (e.g., 10%), Behv-A allows network to less often transmit PEI (10% of the time), and Behv-B requires network to more often transmit the PEI (90% of the time)
· In a heavily loaded network, if network has to often drop PEI transmissions due to the lack of resources, network should better just disable PEI
· NB-IoT has assumed Behv-A type of wake-up signal design
· In Rel-16 connected mode WUS design, network can configure which behavior the UE should assume. This unnecessarily increases the UE implementation complexity.
Based on these, we think it is desirable to just support Behv-A if PEI is defined.
[bookmark: P3]Proposal 3: Only support Behv-A for Rel-17 PEI design from the two UE behaviors identified in RAN1# 104-e.

Power saving gain
For power saving gain evaluation, the following power consumption model agreed in RAN1 #102-e [2] is assumed. The other assumptions are based on related RAN1 #102-e agreements. Group paging rate of all UEs in the same PO is 10%. The UE processing timelines for 1 to 3 SSB bursts are based on [5]. In [5], PO duration is assumed to 4ms for low, medium and high SINR. For high SINR, it is reasonable to assume that UE can receive paging message from the best SSB beam. Based on this, we also evaluated 1ms PO duration for the high SINR scenario. 
	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
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:
· For the study of paging enhancement, 1, 2, or 3 SS burst processing is assumed before PO
· Note: in choosing one or more values (1, 2, or 3) for the evaluations, companies to provide justification



	· Power State
	Relative Power 
(Idle/inactive-mode operation with reception bandwidth 20 MHz)

	Deep Sleep (PDS)
	1

	Light Sleep (PLS)
	20

	Micro sleep (PMS)
	45

	PDCCH-only (PPDCCH)
	50Note

	PDCCH + PDSCH (PPDCCH+PDSCH)
	120

	PDSCH-only (PPDSCH)
	112

	SSB/CSI-RS proc. (PSSB)
	50

	Intra-frequency RRM measurement (Pintra)
	· [60] (synchronous case, N=8, measurement only; Pintra, meas-only)
· [80] (combined search and measurement; Pintra, search+meas)

	Inter-frequency RRM measurement (Pinter)
	· [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



The power saving evaluation applies to both PDCCH based PEI and RS/sequence-based PEI assuming processing power for PDCCH and SS/sequence is the same. We compared six different locations for PEI transmission for different SINR conditions.
[image: ]
Figure 2: PEI locations for different SINR conditions

The evaluation results show that essential power saving gain can be achieved by skipping of SSB bursts and reduction of UE light sleep time when the UE is not paged. Optimal location is different for different SINR conditions. Besides, for PDCCH-based and RS/sequence-based PEI, the usable location can be different. For example, if PDCCH decoding has higher timing and frequency synchronization requirement than RS/sequence reception, the UE may have to receive an SSB burst first to have tracking loops updated for PDCCH. 
[bookmark: O3]Observation 3: PEI can provide essential power saving gain for idle and inactive mode UEs
· Optimal location of PEI transmission can be different for different SINR conditions
· Optimal location of PEI transmission can be different for PDCCH-based and RS/sequence-based PEI due to potential different requirement of time and frequency synchronization and AGC accuracy. PDCCH-based PEI may have lower power saving gain than RS/sequence-based PEI
· When UE sub-grouping is adopted, it provides about 2% additional power saving gain.
· Table 1: Power and power saving gain vs. number of UE subgroups at different locations
	SINR condition
	Low
	Medium
	High with 4ms PO
	High with 1ms PO

	Baseline power
	3.238
	2.816
	1.875
	1.743

	Early paging indication without UE sub-grouping power (gain)
	Location 1: 2.66 (17.8%)
Location 2: 2.728 (15.7%)
Location 3: 3.053 (5.7%)
Location 4: 3.095 (4.4%)
Location 5: 3.095 (4.4%)
Location 6: 3.095 (4.4%)
	Location 1: 2.655 (5.7%)
Location 2: 2.651 (5.8%)
Location 3: 2.639 (6.3%)
Location 4: 2.673 (5%)
Location 5: 2.673 (5%)
Location 6: 2.673 (5%)
	Location 1: 1.93 (-2.9%)
Location 2: 1.93 (-2.9%)
Location 3: 1.954 (-4.2%)
Location 4: 1.917 (-2.2%)
Location 5: 1.579 (15.7%)
Location 6: 1.578 (15.8%)
	Location 1: 1.90 (-9.1%)
Location 2: 1.90 (-9.1%)
Location 3: 1.93 (-10.5%)
Location 4: 1.89 (-8.3%)
Location 5: 1.55 (11.04%)
Location 6: 1.55 (11.09%)

	Early paging indication with UE sub-grouping with 8 sub-groups (gain)
	Location 1: 2.583 (20.2%)
Location 2: 2.658 (17.9%)
Location 3: 3.015 (6.9%)
Location 4: 3.061 (5.5%)
Location 5: 3.061 (5.5%)
Location 6: 3.061 (5.5%)
	Location 1: 2.582 (8.3%)
Location 2: 2.582 (8.3%)
Location 3: 2.601 (7.7%)
Location 4: 2.639 (6.3%)
Location 5: 2.639 (6.3%)
Location 6: 2.639 (6.3%)
	Location 1: 1.881 (-0.3%)
Location 2: 1.881 (-0.3%)
Location 3: 1.904 (-1.6%)
Location 4: 1.867 (0.4%)
Location 5: 1.529 (18.4%)
Location 6: 1.529 (18.4%)
	Location 1: 1.877 (-7.7%)
Location 2: 1.877 (-7.7%)
Location 3: 1.901 (-9.0%)
Location 4: 1.864 (-6.9%)
Location 5: 1.526 (12.5%)
Location 6: 1.526 (12.5%)



Figure 3 provides the power saving gain by PEI and UE subgrouping for different SINR conditions as the number of UE subgroups increases from 1 to 12. For low, medium and high SINR conditions, locations 1, 3 and 6 are chosen respectively as the optimal location to generate the curves. When the number of UE sub-groups is larger than 8 as mentioned by RAN2 [7], the power saving gain has nearly no further increase as shown by the flat slope. 
[image: ]
[bookmark: _Ref71394893]Figure 3: Power saving gain vs. number of UE subgroups at optimal location
The following table contains values for power consumption and power saving gain corresponding to Figure 3. 
Table 2: Power and power saving gain vs. number of UE subgroups at optimal location
	Number of UE subgroups
	Low SINR
	Medium SINR
	High SINR with 4ms PO processing
	High SINR with 1ms PO processing

	1 
	2.660 (17.9%)
	2.639 (6.3%)
	1.578 (15.8%)
	1.550 (11.1%)

	2 
	2.617 (19.2%)
	2.617 (7.1%)
	1.551 (17.3%)
	1.536 (11.9%)

	3 
	2.602 (19.7%)
	2.610 (7.3%)
	1.541 (17.8%)
	1.532 (12.1%)

	4 
	2.594 (19.9%)
	2.606 (7.5%)
	1.536 (18.0%)
	1.529 (12.3%)

	5 
	2.590 (20.0%)
	2.604 (7.5%)
	1.534 (18.2%)
	1.528 (12.4%)

	6 
	2.587 (20.1%)
	2.603 (7.6%)
	1.532 (18.3%)
	1.527 (12.4%)

	7 
	2.585 (20.2%)
	2.601 (7.6%)
	1.530 (18.4%)
	1.526 (12.5%)

	8 
	2.583 (20.2%)
	2.601 (7.7%)
	1.529 (18.4%)
	1.526 (12.5%)

	9 
	2.582 (20.3%)
	2.600 (7.7%)
	1.528 (18.5%)
	1.525 (12.5%)

	10 
	2.581 (20.3%)
	2.600 (7.7%)
	1.528 (18.5%)
	1.525 (12.5%)

	11 
	2.580 (20.3%)
	2.599 (7.7%)
	1.527 (18.5%)
	1.525 (12.6%)

	12 
	2.579 (20.4%)
	2.599 (7.7%)
	1.527 (18.6%)
	1.524 (12.6%)



Detection probability of PEI
In the next, we provide simulation results for the PEI detection error rate. This part basically recaptures results in our early submission [6]. Simulation setups are based on RAN1 #102-e agreements [2]. Three PEI designs are compared: PDCCH, CSI-RS and SSS based PEIs. Behv-A is assumed in these simulations.
Table 3: Simulation setup for paging PDCCH and PEI
	Parameters
	Values

	Carrier Frequency
	4GHz (FR1)

	Transmission BW
	20MHz (FR1)

	Antenna Configuration
	2TX and 4 RX

	Channels
	TDL-C with
300 ns delay spread
100 Hz Doppler shift

	Frequency error
	0 and 0.5 ppm

	SCS
	30kHz

	Paging PDCCH configuration
	AL8, 41 info + 24 CRC bits, REG bundle size 6, 1 symbol CORESET

	Paging early indication design(s)
	PDCCH based PEI
· AL8, 12 info + 24 CRC bits
· 1 symbol CORESET
CSI-RS based PEI
· Number of RBs = 50 RBs
· Tone spacing = 4
· RS occupies 2 consecutive OFDM symbols
· Detection method
· Energy detection based on the strongest peak of the time domain channel estimate > threshold, threshold is determined by false alarm rate = 1%
· Non-coherent combining of RX antennas
· For 2-symbol RS, frequency offset estimation is performed by correlating the two symbols. Then coherent combine the 2 symbols after frequency offset correction
SSS based PEI
· Number of RBs = 12
· Tone spacing = 1
· SSS occupies 2 consecutive OFDM symbols
· Detection method is same as CSI-RS based PEI


With this simulation setup, the paging PDCCH has a missed detection rate (MDR) close to  at CINR=-6dB in Figure 4. This is used as the performance benchmark for PEI design. For the PDCCH based PEI, the MDR at CINR=-6dB is more than two orders of magnitude lower than MDR for the paging PDCCH. Then the joint MDR of the PEI and paging PDCCH is not impacted by PEI missed detection according to the formula MDR_Joint_A = MDR_PEI + (1 – MDR_PEI) MDR_PagingPDCCH agreed in RAN1 #104-e for Alt 1 [3]. 
[image: ]
[bookmark: _Ref47687688][bookmark: _Ref68364657]Figure 4: Missed detection rate for paging PDCCH and PDCCH based PEI

Performance for the CSI-RS based PEI design is presented in Figure 5. At CINR=-6dB, it has a comparable performance to the PDCCH based PEI design. 
[image: ]
[bookmark: _Ref68283859]Figure 5: Missed detection rate for CSI-RS based PEI

Performance for the SSS based PEI design is presented in Figure 6. At CINR=-6dB, it underperforms the PDCCH and CSI-RS based PEI designs. The difference between SSS and CSI-RS based PEIs is that CSI-RS has wider bandwidth with comb factor 4. There are two reasons that can cause the performance loss for SSB based PEI in comparison to CSI-RS based PEI: SSS based PEI has less frequency diversity and a slightly smaller number of resource elements (REs). 
[image: ]
[bookmark: _Ref68283907]Figure 6: Missed detection rate for SSS based PEI

Based on the simulation results, some observations can be made as follows.

[bookmark: O4]Observation 4:
· At CINR = -6dB, PDCCH, RS and SSS based PEIs all have a MDR much lower than  and hence nearly no impact to the joint paging PDCCH and PEI detection performance
· None of PDCCH, RS or SSS based PEIs is sensitive to CFO up to 0.5ppm 
· SSS based PEI has better future compatibility for even higher power saving gain if the PEI is processed by narrow band front end processor.
Comparison of the three PEI deigns are summarized in Table 1 for MDR and resource usage efficiency. 
[bookmark: _Ref71454811][bookmark: T3]Table 4: Detection performance for PEI
	PEI design
	Number of Info Bits per PEI
	Number of REs per PEI ()
	MDR at SNR=-6dB
	FAR

	PDCCH
	12
	576
	 
	0

	CSI-RS
	1
	300
	
	1%

	SSS
	1
	288
	
	1%


Resource overhead of PEI
When multiple UE sub-groups are paged, a single PDCCH based PEI can be transmitted to provide the indication. The minimum 12 bits of PDCCH payload could be enough for a reasonably large number of sub-groups in the same PO. In comparison, each SSS or CSI-RS based PEI only provides a single bit of information. If multiple UE sub-groups are paged, multiple sequences need to be transmitted by gNB.
[bookmark: O5]Observation 5: Without multiple P-RNTIs, only one PDCCH based PEI can be transmitted in the same CCEs of the CORESET for idle/inactive UEs for the same PO.
In the following, we will compare the resource overhead for the three PEI designs for 2, 4, 6 and 8 UE sub-groups in each PO. For the CSI-RS and SSB based PEI, we assume a design similar to the NB-IoT wakeup signal where in one set of orthogonal time and frequency resources, up to 2 UE sub-groups can be independently paged. Then the corresponding number of sets of resources to carry PEIs is 1, 2, 3 and 4 for a maximum number of 2, 4, 6 and 8 UE sub-groups for a PO. For each UE sub-group, at most 3 sequences are needed to indicate which or both of the two associated sub-groups are paged. A sequence is transmitted within the associated set of time and frequency resources according to the following rules
· Sequence 1: UE sub-group A is paged
· Sequence 2: UE sub-group B is paged
· Sequence 3: Both sub-groups A and B are paged
As a result, if at least one sub-group of UEs is paged, network will transmit one of three sequences in one set of resources. Otherwise, network does not transmit any sequence in the set of resources. We adopted this scheme for the following reasons. If more than 2 sub-groups are associated with PEI sequences in each set of resources, the common sequence may trigger UEs of an unpaged sub-group to process the PO which is not optimal for UE power saving. If multiple sequences are simultaneously transmitted in the same set of resources, additional interference emerges between different sequences. This will impact PEI detection performance.
For up to 8 UE sub-groups, the SSS based PEI or CSI-RS based PEI can be FDM’ed in the entire bandwidth according to Figure 7. For the SSB based PEI, the same set of three sequences can be allocated to the four RB segments. For the CSI-RS based PEI, in presence of carrier frequency offset, energy of a transmitted sequence may leak into adjacent REs and the UE may get confused about which sub-group is paged. Then 12 unique sequences are needed for the CSI-RS based PEI for up to 8 sub-groups. 
[bookmark: O6]Observation 6: In the 20MHz bandwidth, to indicate which UE sub-group(s) of 8 UE sub-groups is paged
· For SSS based PEI, 3 unique sequences are needed
· For CSI-RS based PEI, 12 unique sequences are needed.



[bookmark: _Ref71400640]Figure 7: FDM of UE sub-groups for SSS and CSI-RS based PEI

Table 5 assumes that resources of configured PEI occasions are semi-statically not available for other legacy signals/channels no matter the PEI is transmitted at a configured occasion or not. As mentioned early, Behv-A is assumed so that if the UE does not detect the PEI, it does not process the next PO. With 2, 4, 6 and 8 UE sub-groups, a single PDCCH (12 information bits) is sufficient and the number of REs used by the PDCCH based PEI is fixed at each configured PEI occasion. Number of REs used by the CSI-RS and SSS based PEIs at each configured PEI occasions can be calculated by: 

where  is the number of sets of resources (i.e., 1 to 4 for 2, 4, 6 and 8 UE sub-groups) and  (as shown in Table 4) is the number of REs occupied by each PEI.
[bookmark: _Ref71450716][bookmark: T4]Table 5: Resource overhead for PEI that is semi-statically not available to legacy channels/signals
	PEI design
	No. of UE sub-groups = 2
	No. of UE sub-groups = 4
	No. of UE sub-groups = 6
	No. of UE sub-groups = 8

	PDCCH
	576
	576
	576
	576

	CSI-RS
	300
	600
	900
	1200

	SSS
	288
	576
	864
	1152


Table 6 assumes dynamic resource allocation for the PEI, i.e., the resource of the PEI occasion can be used for other legacy signals/channels if the PEI is not transmitted. Behv-A is also assumed. The group paging rate per PO is 10%. Number of REs used by the PDCCH based PEI does not change. Number of REs used by the CSI-RS and SSS based PEIs can be calculated by: 

where  is the number of sets of resources (i.e., 1 to 4 for 2, 4, 6 and 8 UE sub-groups),  is the number of REs used for each PEI and  is the paging rate for UEs indicated by PEIs transmitted in the same set of resources.  can calculated by , where  = 10% is the UE group paging rate for the PO.
[bookmark: _Ref71450843][bookmark: T5]Table 6: Resource overhead for PEI that is dynamically not available to legacy channels/signals
	PEI design
	No. of UE sub-groups = 2
	No. of UE sub-groups = 4
	No. of UE sub-groups = 6
	No. of UE sub-groups = 8

	PDCCH
	57.6
	57.6
	57.6
	57.6

	CSI-RS
	30
	30.8
	31.1
	31.2

	SSS
	28.8
	29.6
	29.8
	29.9


[bookmark: O7]Observation 7: The number of REs reserved by the PEI at a configured PEI occasion is determined by whether the resource is semi-statically or dynamic not available to legacy channels and signals
· If resource for the configured PEI occasion is semi-statically not available to the other channels and signals, PDCCH based PEI has lower resource overhead than CSI-RS and SSS based PEI.
· If resource for the configured PEI occasion is dynamically not available to the other channels and signals, PDCCH based PEI has higher resource overhead than CSI-RS and SSS based PEI.
Coexistence with legacy channels
In the RAN1 #104bis-e agreement [4], only coexistence with legacy PDSCH was captured but the coexistence with PDCCH and SSS was not. In the next, we will discuss conditions under which resources for the configured PEI occasion are semi-statically or dynamically not available to the other channels and signals, i.e., how to multiplex legacy channels/signals for connected mode UEs with the PEI.
	Agreement:
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  
· For TRS/CSI-RS based PEI, RE-level rate matching can be realized for the PDSCH as per mandatory capability
When PDSCH is not scheduled by DCI format 1_1, it is up to gNB implementation whether and how PEI is transmitted in PDSCH resource



When PEI occasion is semi-statically configured, whether PEI is transmitted or not depends on choice of Behv-A and B. We have assumed the former given it has a better resource usage efficiency than Behv-B in typical network deployment. In this case, the higher layer (semi-statically) configured or SPS CSI-RS has to be configured to not conflict with PEI occasions. Otherwise, the UE may inaccurately measure the DL channel. Therefore, resources of configured PEI occasions are semi-statically not available to higher layer configured or SPS CSI-RS. 
For PDCCH and dynamic CSI-RS, a conflict with PEI can be avoided by network not sending or scheduling the legacy channel or signal. On a PEI occasion, if there is no such conflict, the channel or signal can be transmitted by network. In this case, resources of configured PEI occasions are dynamically not available to the channel or signal. However, because even if there is a partial collision the legacy channel or signal cannot be transmitted, the PEI resource overhead shown in Table 6  is a lower bound if the conflict is avoided by not transmitting the channel or signal. 
[bookmark: O8]Observation 8: Depending on network implementation and UE capability
· For higher layer configured or SPS CSI-RS, resources of configured PEI occasions are semi-statically not available 
· For legacy PDCCH or aperiodic CSI-RS, resources of configured PEI occasions can be dynamically not available if the PDCCH or CSI-RS is not transmitted when it collides with a transmitted PEI. Table 6 is the lower bound of amount of unavailable resources
One of the most important for PEI design aspects is whether it should be based on PDCCH, CSI-RS or SSS. This may also depend on the decision on signaling design for the TRS/CSI-RS availability indication in the companion session for Rel-17 idle/inactive power saving design (see RAN1 #104-e agreements below). Similar to UE sub-grouping indication, the TRS/CSI-RS availability can also be carried by PEI or paging PDCCH. If it is by PEI, the number of information bits to be carried by the PEI will further increase in addition to that for the UE sub-grouping indication. In this case, PDCCH based PEI design would be a better choice because it can provide multiple bits (>= 12) in a single PEI transmission. If TRS/CSI-RS availability is carried by paging PDCCH, then SSS based PEI design would be better due to its potential higher power saving gain if the PEI is received by receiver front end narrow band processor. Furthermore, no matter whether the PEI is configured or not, the UE should be allowed to not receive the PEI but the legacy paging PDCCH to determine whether it is paged or not. For example, the UE may find receiving PEI does not reduce its power consumption and hence decides not to use the PEI mechanism at all.
[bookmark: P4]Proposal 4: Rel-17 PEI design is based on narrowband sequence such as the SSS 
· Availability of TRS/CSI-RS at configured occasion(s) is indicated by paging PDCCH
· How paging PDCCH and PDSCH is transmitted follows legacy rules but is not impacted by PEI.
	Agreements:
For a cell with TRS/CSI-RS occasions configured for IDLE/Inactive UEs, IDLE/Inactive UE’s assumption on the availability of TRS/CSI-RS at the configured occasion(s) is informed to the idle/inactive UE based on explicit indication.
· FFS details (e.g., the signalling, detailed information for the TRS/CSI-RS, etc.)
· There is no intended blind detection of the presence/absence of TRS/CSI-RS at the UE side in this feature. That is, the UE assumes TRS/CSI-RS is not present if the network does not indicate it is available (or indicates it is unavailable).


One PEI for multiple POs 
PEI down-sampling was briefly discussed in recent RAN1 meetings. The idea is that PEI is not transmitted in every paging cycle but once in every N >1 paging cycles. It is understood that N should be configured in the broadcast PEI configuration. For NB-IoT, the wakeup signal design adopted one to one mapping for DRX and one to multiple mapping only for e-DRX where latency is not a concern. 
Even when one to multiple mapping is adopted, there is no need for the PEI to further indicate in which of the N paging cycles a UE group is paged, but assume the UE group is paged in the first of the N POs, i.e., the UE only needs to check the paging PDCCH and PDSCH in the first PO after the PEI. The PEI design should be transparent to one to one and one to multiple mapping. Hence there is no need to discuss the one PEI to multiple POs mapping before the basic PEI design is finished.
[bookmark: P5]Proposal 5: PEI design should be transparent to one PEI per PO and one PEI per N>1 POs design. Potential discussion on one PEI for multiple POs can be postponed after the basic PEI design is complete.

[image: ]
Figure 8: One PEI to multiple POs mapping

Conclusions
In this paper, we discussed idle/inactive UE paging enhancement techniques for NR Rel-17 power saving. We made the following observations and proposals
Observation 1: UE sub-groups can be indicated by
· Paging PDCCH
· Unused bits and/or reserved bits of the DCI, this includes cross-slot scheduling based paging PDCCH as PEI
· PDCCH based PEI
· DCI field bits 
· RS or sequence-based PEI
· Different sequences, these sequences can be transmitted in different sets of RBs and symbols.
Observation 2: Regarding Behv-A and Behv-B for PEI
· When group paging rate for each PO is below 50% (e.g., 10%), Behv-A allows network to less often transmit PEI (10% of the time), and Behv-B requires network to more often transmit the PEI (90% of the time)
· In a heavily loaded network, if network has to often drop PEI transmissions due to the lack of resources, network should better just disable PEI
· NB-IoT has assumed Behv-A type of wake-up signal design
· In Rel-16 connected mode WUS design, network can configure which behavior the UE should assume. This unnecessarily increases the UE implementation complexity.
Observation 3: PEI can provide essential power saving gain for idle and inactive mode UEs
· Optimal location of PEI transmission can be different for different SINR conditions
· Optimal location of PEI transmission can be different for PDCCH-based and RS/sequence-based PEI due to potential different requirement of time and frequency synchronization and AGC accuracy. PDCCH-based PEI may have lower power saving gain than RS/sequence-based PEI
· When UE sub-grouping is adopted, it provides about 2% additional power saving gain.
Observation 4:
· At CINR = -6dB, PDCCH, RS and SSS based PEIs all have a MDR much lower than  and hence nearly no impact to the joint paging PDCCH and PEI detection performance
· None of PDCCH, RS or SSS based PEIs is sensitive to CFO up to 0.5ppm 
· SSS based PEI has better future compatibility for even higher power saving gain if the PEI is processed by narrow band front end processor.
Observation 5: Without multiple P-RNTIs, only one PDCCH based PEI can be transmitted in the same CCEs of the CORESET for idle/inactive UEs for the same PO.
Observation 6: In the 20MHz bandwidth, to indicate which UE sub-group(s) of 8 UE sub-groups is paged
· For SSS based PEI, 3 unique sequences are needed
· For CSI-RS based PEI, 12 unique sequences are needed.
Observation 7: The number of REs reserved by the PEI at a configured PEI occasion is determined by whether the resource is semi-statically or dynamic not available to legacy channels and signals
· If resource for the configured PEI occasion is semi-statically not available to the other channels and signals, PDCCH based PEI has lower resource overhead than CSI-RS and SSS based PEI.
· If resource for the configured PEI occasion is dynamically not available to the other channels and signals, PDCCH based PEI has higher resource overhead than CSI-RS and SSS based PEI.
Table 5: Resource overhead for PEI that is semi-statically not available to legacy channels/signals
	PEI design
	No. of UE sub-groups = 2
	No. of UE sub-groups = 4
	No. of UE sub-groups = 6
	No. of UE sub-groups = 8

	PDCCH
	576
	576
	576
	576

	CSI-RS
	300
	600
	900
	1200

	SSS
	288
	576
	864
	1152


Table 6: Resource overhead for PEI that is dynamically not available to legacy channels/signals
	PEI design
	No. of UE sub-groups = 2
	No. of UE sub-groups = 4
	No. of UE sub-groups = 6
	No. of UE sub-groups = 8

	PDCCH
	57.6
	57.6
	57.6
	57.6

	CSI-RS
	30
	30.8
	31.1
	31.2

	SSS
	28.8
	29.6
	29.8
	29.9


Observation 8: Depending on network implementation and UE capability
· For higher layer configured or SPS CSI-RS, resources of configured PEI occasions are semi-statically not available 
· For legacy PDCCH or aperiodic CSI-RS, resources of configured PEI occasions can be dynamically not available if the PDCCH or CSI-RS is not transmitted when it collides with a transmitted PEI. Table 6 is the lower bound of amount of unavailable resources

Proposal 1: Support UE sub-group indication carried by narrowband sequence-based (e.g., SSS) PEI for Rel-17 idle/inactive mode power saving.
Proposal 2: Regarding the following Behv-A and Behv-B in RAN1 #104-e agreements, it should be clarified that the UE is allowed to choose a subset of PEI occasions to detect the PEI based on the wording in red color 
· 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) chosen by the UE for PEI detection 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) chosen by the UE for PEI detection for the PO
· Note: It is up to UE implementation which PEI occasion(s) is chosen by the UE for PEI detection. 
Proposal 3: Only support Behv-A for Rel-17 PEI design from the two UE behaviors identified in RAN1# 104-e.
Proposal 4: Rel-17 PEI design is based on narrowband sequence such as the SSS 
· Availability of TRS/CSI-RS at configured occasion(s) is indicated by paging PDCCH
· How paging PDCCH and PDSCH is transmitted follows legacy rules but is not impacted by PEI.
Proposal 5: PEI design should be transparent to one PEI per PO and one PEI per N>1 POs design. Potential discussion on one PEI for multiple POs can be postponed after the basic PEI design is complete.
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