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1. Introduction
In RAN1 #102 e-meeting [1], the following agreements were made for potential paging enhancements:
	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:
The following power consumption model for FR1 is utilized for the evaluations of Rel-17 UE power saving enhancements in idle/inactive mode
· FFS: FR2 power consumption model for idle/inactive mode operations
	· Power State
	Relative Power
(FR1 reference from TR 8438.840)
	Relative Power 
(Idle/inactive-mode operation with reception bandwidth 20 MHz)

	Deep Sleep (PDS)
	1
	1

	Light Sleep (PLS)
	20
	20

	Micro sleep (PMS)
	45
	45

	PDCCH-only (PPDCCH)
	100
	50Note

	PDCCH + PDSCH (PPDCCH+PDSCH)
	300
	120

	PDSCH-only (PPDSCH)
	280
	112

	SSB/CSI-RS proc. (PSSB)
	100 (synchronization or serving cell measurement)
	50

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

	Inter-frequency RRM measurement (Pinter)
	·        150 (measurement only per freq. layer; Pinter, meas-only)
·        150 (neighbor cell search power per freq. layer; Pinter, search-only)
·        Micro sleep power assumed for switch in/out a freq. layer
	·        [60] (measurement only per freq. layer; Pinter, meas-only)
·        [150] (neighbor cell search power per freq. layer; Pinter, search-only)
·        Micro sleep power assumed for switch in/out a freq. layer

	Note: Power scaling to 20MHz reception bandwidth follows the rule in Section 8.1.3 of TR 38.840, i.e., max{reference power * 0.4, 50}.



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 the study on paging enhancements to reduce unnecessary paging reception, the following metrics are considered:
· UE power saving gain (relative to a given feature or overall)
·  Impact to UE paging detection probability 
·  FFS: Link level simulation assumptions
· System impact, including 
· Additional resource overhead and its implications
· Impact to Rel-15/Rel-16 idle/inactive-mode UEs and connected-mode UEs
· Impact to other legacy functionalities, including SI change and ETWS indication
· [Note: NW energy consumption evaluation is not precluded]
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

Agreements
Send a LS with for evaluation methodology updates related to paging enhancement(s) to RAN2
· Draft LS in R1-2007355, which is endorsed, with final LS in R1-2007356 -> (typo fix) R1-2007425
Agreements:
For the study on paging enhancements, the following LLS assumptions are considered.
· For investigating the residual frequency error after one or multiple SS burst processing, at least -6 dB SNR should be considered
	Parameters
	Values
	Note

	Carrier Frequency
	4GHz (FR1)
	

	Transmission BW
	20MHz (FR1)
	

	Antenna Configuration
	1/2TX and 2/4 RX
	Companies to report

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

	Frequency error
	Uniform distribution in the range [-X, +X]ppm

Companies to report the utilized X value(s) with justification
	Modelled at the input of the considered paging channel/early indication design(s)

	Paging PDCCH configuration
	AL8, 41 info + 24 CRC bits, REG bundle size 6
	Companies to report additional setting(s), e.g., CORESET duration, etc.

	Paging PDSCH configuration
	Mapping type A, MCS 0, 48 PRB, TB scaling 1, DMRS type 1 with 2 additional DMRS
	Companies to report additional setting(s), e.g., other TB scaling factor, other DMRS type(s), etc.

	Paging early indication design(s)
	Companies to report
	



Agreements:
For potential paging enhancements, RAN1 to study the following candidate schemes:
· Paging early indication before a target PO to indicate UE whether to monitor PDCCH scrambled with P-RNTI at the PO. Potential candidate indication methods include 
· DCI-based indication, e.g., based on 
· Extending existing DCI format 1_0 or 2_6 
· New DCI format
· RS-based or sequence-based indication, e.g., based on TRS/CSI-RS or SSS
· Sub-grouping for paging, based on 
· Legacy paging DCI
· Paging early indication
· Additional reception occasions in time/frequency domain
· Multiple P-RNTIs
· Cross-slot scheduling for paging PDSCH
· Other proposal is not precluded


In this contribution, we first give the evaluation results based on the power consumption model agreed in RAN1 #102 e-meeting [1], followed by potential paging enhancement schemes in this contribution.
2. [bookmark: _Hlk25060711][bookmark: _Ref498564494][bookmark: _Hlk521582650]Evaluation methodologies and assumptions for IDLE mode paging
2.1 Assumptions for IDLE mode SSB related measurement before paging occassion
For idle mode, UE need to perform CFO (carrier frequency offset) compensation, AGC and T/F tracking based on SSB for paging PDCCH/PDSCH reception. For power consumption evaluation, the number of SSBs UE needs to receiver before PO is a crucial assumption, which depends on both channel conditions and the requirement for compensating the frequency error. For CFO evaluation, the number of SSBs UE need to receive is concerned with the CFO before calibration and target residual CFO after calibration.
The target residual CFO depends on the performance of paging with CFO. If paging PDCCH and paging PDSCH can be detected reliably with certain CFO, then it can be considered as the target residual CFO. To this end, we evaluated the performance of paging PDCCH and PDSCH with residual CFO and the performance are provided in Figure 1. The simulation assumptions are provided in Table 1.
[bookmark: _Ref53480030]Table 1 Simulation Assumptions for Paging PDCCH and PDSCH
	Parameters
	Value

	Carrier frequency
	4 GHz

	Channel model
	TDL-C 300ns 100Hz

	Antenna number at BS
	1

	Antenna number at UE
	4

	Subcarrier spacing
	30 kHz

	PDCCH configuration
	DCI size: 40 bits (format 1-0)
Aggregation level: 4, 8 or 16

	PDSCH configuration
	Number of RBs: 48
Number of symbols: 12
MCS: 0

	CFO when paging detection
	Uniformly distributed within [-X, X] ppm, 
where X = 0, 0.1, 0.2, 0.3, 0.5, 1



[image: ][image: ]
(a): Paging PDCCH                                                           (b):Paging PDSCH
[bookmark: _Ref53956488]Figure 1: Performance of paging PDCCH and paging PDSCH with uniformly distributed CFO
As shown Figure 1, PDCCH suffers less from frequency error, while PDSCH is very sensitive to the frequency error. If the max residual CFO for PDSCH decoding is more than 0.1ppm, the paging PDSCH performance will deteriorate obviously. Hence, to make sure paging PDSCH can be detected with high reliability, UE need to calibrate carrier frequency to make sure the residual CFO is limited within about [-0.1ppm 0.1ppm].
Observation 1: To make sure paging PDSCH can be detected with high reliability, UE need to calibrate carrier frequency to limit the residual CFO within about [-0.1ppm 0.1ppm].
Although initial CFO of UE oscillator before frequency calibration is typically up to -/+ 5ppm, the CFO will be greatly reduced after UE camped to a cell, since UE have already calibrated the oscillator based on several SSB burst sets before PBCH/SIB is successfully decoded. Hence, the CFO before fine calibration based on SSB(s) is assumed to be -/+ 0.5 ppm in our simulation. According to time frequency drift model in [2], the frequency drift is only about 0.05ppm/s, additional frequency drift accumulated before PO is ignored.
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 (a): Residual CFO at low SNR (-6dB)                                                (b): Residual CFO at medium SNR (6dB)
[bookmark: _Ref53848793]Figure 2 Performance of CFO calibration with SSB
As discussed earlier, the residual CFO is expected to be limited within about -/+ 0.1ppm, which is -/+ 400Hz for 4GHz carrier frequency. As shown in Figure 2, UE need to receive 2 SSBs to limit the residual CFO to -/+ 400Hz with high probability at low SNR(-6dB), considering additional 1 SSB needed for AGC in advance of CFO calibration or to further suppress the residual CFO, 2 or 3 SSBs can be assumed to be received before PO. Of course, 2 or 3 SSBs can also be used for serving cell and intra-frequency RRM measurement meanwhile. Another reason to support this view is that compared with eMBB UE, reduced capability (RedCap) UE need more SSB measurement for time-frequency synchronization because of its limited capability of Rx antenna number. Hence, three SSBs configuration before PO reception is reasonable. 
For UEs with High SINR, 1 SSB is sufficient to achieve residual CFO even lower than -/+ 0.1ppm. Hence, UE can receive 1 SSB per paging cycle before PO in High SINR case.
Observation 2: In idle and inactive state, UE need to receive 2 or 3 SSBs before PO in Low SNR case, and 1 SSBs before PO in High SNR region.
Proposal 1: The evaluation should assume the number of SSBs for IDLE mode loop convergence / time-frequency tracking can be 1, 2 or 3.
2.1 Paging assumption for the baseline scheme
As the agreements given in the last e-meeting, for study of Rel-17 paging enhancement, the assumptions of paging cycle and measurement related have been adopted as a baseline for FR1 [1]. Besides, according to TS 38.304 [3], it is up to UE implementation to select beam(s) for the reception of the paging message and Short Message in multi-beam operations of paging procedure. We assume it is 1ms in High SINR case, i.e. UE can receive PO using the best two Tx beams and 4ms in Low SINR case, i.e. UE needs to receive PO from all the candidate beam directions.
The gap between PO and the nearest SSB is assumed as [8~13ms]. Other assumptions are shown in Table 2. Figure 3 intuitively depicts the baseline paging power consumption model. 
[bookmark: _Ref47347176][bookmark: _Hlk46949243]Table 2: Paging assumptions for FR1
	Parameter
	value

	I-DRX cycle
	1.28 sec

	paging rate for a PO4
	10%, 20%, 40%

	Total number of SSB burst
	3 or 4 in Low SINR case (2 or 3 SSBs before PO reception and 1 SSBs after that);
1 in High SINR case.

	PO reception duration
	8 slots/4 ms per DRX cycle in Low SINR case;
2 slots/1 ms per DRX cycle in High SINR case.

	Note 4: paging rate for a PO (per PO paging rate) means the overall paging rate for all UEs of one PO. It depends on the number of UEs for one PO and the average paging rate for one UE.





[bookmark: _Ref47347226]Figure 3: The baseline paging assumption model
[bookmark: _Ref47348171][bookmark: _Ref47465587]Proposal 2: Confirm the paging assumptions in Table 2 in R1-2007673.
3. Potential paging enhancement schemes
In one paging cycle, UE need to wake up to do AGC, T/F/beam tracking, RRM, paging monitoring, etc., and if CRC scrambled with P-RNTI fails, UE will go to sleep, e.g., deep sleep in the remaining time of this paging cycle. In LTE, consecutive CRS can be used for AGC, T/F/beam tracking, RRM in idle mode. In NR, the SSB is used and SSB is transmitted with periodicity, e.g., 20ms. There will cause a time gap between SSB and PO. What’s more, in NR, SSB and paging are transmitted in a beam-sweeping fashion while in LTE, CRS and paging are transmitted in a broadcast way as shown in Figure 4. All the above will make UE in NR wake up a longer time in each paging cycle than UE in LTE. Below figure shows the current distribution for a paging wake-up for 4G and NR. The wake-up time of NR is about 2 times of wake-up time of LTE. According to our measurements, the average power for idle mode in NR is at least 30% higher than the power in LTE. This will reduce the UE’s battery life. For smart phones, the time ratio for idle mode is about 80% while for wearables, there is a more than 90%-time ratio for idle mode. So, paging in idle/inactive mode of NR need to be enhanced to minimize the UE wake-up time for power saving.
[image: ]
Figure 4: UE current distribution for paging in idle mode
For potential paging enhancements, we give our evaluations and analyses for the following candidate schemes given in [1]:
· Sub-grouping for paging, including
· Legacy paging DCI: this scheme has the least specification impact.
· Paging early indication.
· Paging early indication before a target PO to indicate UE whether to monitor PDCCH scrambled with P-RNTI at the PO. Potential candidate indication methods include 
· DCI-based indication: dedicated DCI format design is required for this option.
· [bookmark: _Hlk54029100]RS-based or sequence-based indication, e.g., based on TRS/CSI-RS or SSS.
3.1 Sub-grouping for paging by using legacy paging DCI
It is obvious that given one per PO paging rate, more paging group will lead to lower per group paging rate. As mentioned in our companion’s contribution [4], there are 11 bits reserved in legacy paging PDCCH and some of the reserved bits can be used to indicate which group is to be paged. Assuming the number of paging group is N and per PO paging rate is X = [10%, 20%, 40%]. The per group paging rate Y can be calculated by formula: 1- (1-Y) ^N=X, as shown in Table 3. However, comparing with the baseline scheme in Figure 3, the power saving gain given in Table 4 is much limited, because the difference between relative power of the case with paging reception (wake up) and that with no paging reception (sleep) is negligible. Even the group paging rate decreases to 0, the power saving gain compared with baseline scheme is no more than 3% for Low SINR case and 2 SSBs before PO reception. Besides, the power saving gain will increase gradually with the increment of PO paging rate.
In addition, as analysis in Section 2.1, due to the flaws of bandwidth scaling method, the power consumption of PDCCH-only for cross-slot scheduling is the same as that of PDCCH-only for same-slot scheduling. Based on this fact, legacy paging PDCCH for cross-slot scheduling is not considered into Option 1.
[bookmark: _Ref47347376]Table 3: Per group paging rate
	The Number of paging groups per PO
	4
	8
	16

	Per PO paging rate
	10%
	20%
	40%
	10%
	20%
	40%
	10%
	20%
	40%

	Per group paging rate
	2.60%
	5.40%
	11.99%
	1.30%
	2.80%
	6.19%
	0.70%
	1.40%
	3.14%



[bookmark: _Ref47347738]Table 4: Power saving gain by using Option 1
	Cases
	Average relative power in a slot (sleep / wake up)
	Power saving gain (vs the baseline scheme)

	
	
	PO paging rate: 10%
	PO paging rate: 20%
	PO paging rate: 40%

	
	
	4 groups 
	8 groups
	16 groups
	4 groups 
	8 groups
	16 groups
	4 groups 
	8 groups
	16 groups

	Low SINR
	Two SSBs before PO: 
2.613/2.832
	<0.77%
	<1.53%
	<2.99%

	
	Three SSBs before PO:
3.035/3.254
	<0.72%
	<1.4%
	<2.58%

	High SINR
	1.663/1.718
	<0.33%
	<0.66%
	<1.2%



[bookmark: _Ref47348146]Observation 3: The power saving gain is marginal by configuring the group paging indication in legacy paging PDCCH.
3.2 Paging early indication
3.2.1 Performance analysis of physical signal/channel design for paging early indication
· RS-based or sequence-based indication
As specified for Rel-15 NB-IoT/eMTC wake up signal, sequence based signaling has been adopted for paging early indication (PEI). 
For NR, SSS-like sequence is one candidate solution for paging early indication signal. Multiplexing with existing channels and signals, e.g. PDSCH/PDCCH, CSI-RS, etc., should be defined if SSS-like sequence is introduced. CSI-RS is already existing signal, and the multiplexing rule with other channels has already been defined in Rel-15. However, CSI-RS for power saving purpose may be different with the existing CSI-RS configuration, thus additional overhead is needed.
As mentioned earlier, SSB and TRS (multiple CSI-RS resources) can be used for carrier frequency error calibration. If SSS-like sequence or TRS-like sequence are also supported for PEI, UE can perform CFO calibration based on the PEI sequence. The premise for CFO calibration for sequence-based PEI is that it should be transmitted in more than 1 symbols, and UE can estimate the frequency error based on the phase difference among the RS symbols. The sequence pattern can be carefully designed to facilitate CFO calibration. Furthermore, with more symbols allocated for PEI, the reliability of PEI can be further improved. An example is shown in Figure 5. 


[bookmark: _Ref53951399]Figure 5: Illustration of PEI mapped to multiple symbols
For sequence-based PEI, co-existence with legacy UEs should be considered. SSS like sequence is mapped consecutive in frequency domain, while TRS-like sequence is mapped in comb pattern and mapped to wide bandwidth. However, gNB can properly arrange the resources to make sure the resource for the PEI sequence is orthogonal to legacy signals and channels.
Besides, it is also possible for sequence based signaling to delivery fewer bits like PBCH-DMRS, in which 3 bits can be delivered. In this case, miss-detection performance will be increased and multiple correlation operation is needed. If too much bits are transmitted in a sequence, the sequence-based scheme may lose the advantage of better performance and lower complexity, since the number of sequence candidate will be increased exponentially, and the detection threshold would be higher at the same time, which lead to degraded miss-detection performance. Due to the low capacity of sequence-based signal, the information can be delivered in sequence would be limited.
· DCI-based indication
DCI-based PEI can be used to indicate UE whether to monitor PDCCH in the subsequent PO, which is similar to DCI format 2-6 for C-DRX in Rel-16. Compared with sequence based signaling, more power consumption is needed for PDCCH decoding even if blind decoding on multiple PDCCH candidates is not considered, since channel estimation, detection, and polar decoding is needed for one blind decoding attempt.
For PDCCH, the minimum DCI size is 12bits. To obtain better PEI performance, it is preferred to limit the DCI size for PEI. However, in current mechanism, an idle UE only needs to decoding one DCI size, i.e. DCI 1-0/0-0 size, which is typically around 40bits. If PDCCH with new DCI size need to be monitored by idle UE, it may increase the power consumption. However, if the DCI size of DCI-based PEI is aligned with DCI format 1-0/0-0, it may degrade reliability of paging. 
Observation 4: If the DCI size of DCI based-PEI is less DCI format 1-0/0-0, UE need to decode two DCI size in idle state. If the DCI size of DCI based-PEI is aligned DCI format 1-0/0-0, the performance of DCI-based PEI is less reliable.
We evaluated the performance of sequence-based and DCI-based PEI, the simulation results are shown in Figure 6. The simulation parameters are given in Table 5.
[bookmark: _Ref53993696]Table 5 Simulation Assumptions for PEI
	Parameters
	Value

	Carrier frequency
	4 GHz

	Channel model
	TDL-C 300ns 100Hz

	Antenna number at BS
	1

	Antenna number at UE
	4

	Subcarrier spacing
	30 kHz

	SSS like sequence
	Length: 127
Sequence: same as SSS
Number of symbols: 2 or 4

	TRS like sequence
	Number of RBs: 48
Number of symbols: 
· 2 symbols in a slot
· 4 symbols in 2 slots
Density: 3 REs/RB

	PDCCH
	Aggregation level: 8 or 16
DCI size: 12(minimum) or 40 bits (align with DCI 1-0)



[image: ]
[bookmark: _Ref53952468]Figure 6: Performance of DCI-based PEI and sequence-based PEI
As shown in Figure 6 SSS-like PEI can obtain the better performance than PDCCH and TRS based PEI. Since SSS-like sequence is mapped consecutively in frequency domain, good correlation property can be expected, which leads to lower sequence miss-detecion rate. Performance of TRS is inferior to legacy PDCCH, due to its comb pattern, which is vulnerable in channel with high frequency selectivity.
Observation 5: SSS-like-sequence PEI can obtain the best performance than DCI-based PEI and TRS-like-sequence PEI.
In addition to the dectection performance, the detection complexity, overhead, capacity, and co-existance with existing signals/channels also need to be considered for PEI. Based on the disscussion above, the pros and cons of the potential power saving signals/channels are given in Table 6.
[bookmark: _Ref53952402]Table 6: Comparison of different power saving signals/channels for PEI
	Schemes
	Performance
	Complexity
	Overhead
	Coexistence/
Multiplexing
	Capacity (Number of bits delivered)

	SSS-like
	Good
	Low
	Low
	Good
	Fewer

	CSI-RS-like
	Bad
	Low
	Low
	Good
	Fewer

	PDCCH channel
	Normal
	High
	Normal
	No impact
	More


As shown by the above table, SSS-like sequence can achieve reliable detection performance with low detection complexity. Although, there would be overhead with new signals introduced, gNB can arrange the resources properly to minimize the impacts to legacy UEs. Hence, SSS-like sequence can be considered for PEI.
Proposal 3: SSS-like sequence can be considered for PEI design.
3.2.2 Power saving evaluation for DCI-based and sequence-based PEI 
[bookmark: OLE_LINK5]For comparison between sequence-based PEI and DCI-based PEI, the crucial metric is the power saving gain. Hence, we further give the evaluation results and analysis from the view of power saving gain. We assume the PEI duration is 2ms and the relative power is 50 which is the same as SSB and PDCCH-only. The gap between PEI and the neatest SSB burst is [0~5ms]. As shown in Figure 7, there are three PEI candidate positions, but not all of them can be applied for DCI-based PEI. At least candidate position 1 cannot be configured for DCI-based PEI, i.e. can only be applied for sequence-based PEI because at least one SSB before DCI-based PEI is required for reception.
Table 7 gives the assumptions for the number of SSB burst that UE need to receive before PO with different PEI indication. In Low SINR case, as shown in Figure 7, when PEI indicates there is no paging, UE will skip two or one SSB bursts and PO reception and only receive the SSB burst before PO for intra-frequency measurement. Otherwise, UE should receive all of them. Especially for sequence-based PEI, we can further consider to reduce reception of the first SSB if the sequence itself can already have the function of SSB. In High SINR case, there is only one SSB burst for serving cell RRM measurement. Furthermore, serving cell RRM relaxation can be considered in High SINR case for power saving. However, there is no power saving gain by using DCI-based PEI configured in position 3 because the SSB cannot be relaxed with the PEI decoding requirement for High SINR case. In contrast, the one SSB burst can be relaxed directly if sequence-based PEI is used, since the sequence itself can be used for CFO calibration, AGC, as well as serving cell measurement function. Hence, we give two kinds of evaluation for High SINR case, i.e. with or without RRM relaxation. 4x serving cell RRM relaxation is assumed which means SSB measurement will be done every four paging cycles. 
[bookmark: _Ref47347533][bookmark: _Hlk46952493]Table 7: The number of SSB burst that UE need to receive before PO reception
	Cases
	Low SINR case
	High SINR case

	PEI indicates to wake up
	2 or 3
	1, without RRM relaxation
0 (3/4) and 1 (1/4), with RRM relaxation

	PEI indicates to sleep
	1
	1





[bookmark: _Ref47347487]Figure 7: Power model for DCI-based and sequence-based PEI
Based on the assumption mentioned above, the power saving gain of different cases are shown in Table 8. It is up to 13.63%~29.2% power saving gain in Low SINR case and 0.6%~11.2% gain in High SINR case. And there is no obvious difference of power saving gain by using DCI-based PEI or sequence-based PEI in Low SINR case. However, sequence-based PEI will have more benefits than DCI-based PEI, if the sequence itself can be further used for measurement. Among all of the candidate positions, the highest power saving gain can be obtained when PEI is configured in position 2, i.e. the within the SSB slot. Besides, for High SINR case, the gain is decreased especially when there is no RRM relaxation. Compared with sequence-based PEI, DCI-based PEI has no benefit or even worse in High SINR case because the SSB burst before it cannot be skipped. Therefore, sequence-based PEI is preferred compared with DCI-based PEI from this perspective.
[bookmark: _Ref47347811]Table 8: Power saving gain by using sequence-based and DCI-based PEI.
	Cases
	Average relative power in a slot
(sleep / wake up)
	Power saving gain
(vs R16 baseline scheme)

	
	
	PO paging rate: 10%
	PO paging rate: 20%
	PO paging rate: 40%

	Low SINR 
	Sequence-based PEI in position 1
or DCI-based PEI in position 3
	2.164 / 3.420 for 3 SSBs before PO;
2.164/ 2.8164 for 2 SSBs before PO
	25.1%;
19.67%

	21.6%;
17.28%

	14.61%;
12.63%

	
	Sequence-based PEI in position 2
	2.039 / 3.284 for 3 SSBs before PO;
2.039 / 2.6914 for 2 SSBs before PO
	29.2%;
23.91%

	25.7%;
21.26%

	18.75%;
16.69%

	High SINR 
	Sequence-based PEI in position 1
	1.4914 for rate=10%, 1.535 for rate=20%
1.582 for rate=40%
	10.6%, 4x RRM relax 

	8.3%, 4x RRM relax

	4.9%, 4x RRM relax

	
	
	1.60/1.87
	2.5%, no relax
	1.3%, no relax
	0.6%, no relax

	
	Sequence-based PEI in position 2
	1.48/1.76
	11.2%, 4x RRM relax
	9.1%, 4x RRM relax
	5.5%, 4x RRM relax

	
	DCI-based PEI in position 3
	-
	-
	-
	-

	Note 5: the result of DCI-based PEI in position 3 is not given because it has no power saving gain.



[bookmark: _Ref47348148]Observation 6: By configuring PEI before PO reception, up to 12.63%~29.2% power saving gain in Low SINR case and 0.6%~11.2% gain in High SINR case can be achieved. 
[bookmark: _Ref47348149]Observation 7: For Low SINR UEs, sequence-based PEI could have more benefits than DCI-based PEI, if the sequence itself can be further used for measurement.
Observation 8: There is no power saving benefit by DCI-based PEI for High SINR UEs. 
3.2.3 Power saving evaluation for PEI with sub-grouping paging indication
In Section 3.2.2, both sequence-based PEI and DCI-based PEI are assumed without considering sub-grouping paging indication method. Actually, it can be further enhanced by introducing, e.g., sequenced-based UE grouping method as specified in Rel-16 NB-IoT UE group WUS. That is, different sequences can indicate paging need for different UE groups linked to one PO. Similarly, the sub-grouping method in section 3.1 can be further introduced for PEI, i.e., some sequences in sequence-based PEI or DCI bit in DCI-based PEI to indicate the sub-group information. More power saving gain is expected when UE sub-grouping paging indication is introduced within PEI, with limited complexity. 
Based on the evaluation results given in Section 3.2.2, we further show the additional power saving gain by introducing sub-grouping paging indication in PEI as shown in Table 9. The additional gain is given for Low SINR case with 3 SSBs before PO and High SINR case with 4x RRM relax. The per sub-group paging rate is the lower boundary by using the formula: 1- (1-Y) ^N=X, assuming the number of paging group is N, per PO paging rate is X = [10%, 20%, 40%] and the per sub-group paging rate represents by Y. And it can be definitely reduced by the sub-grouping indication with PEI compared with the column of PO paging rate. Up to 16.1% additional power saving gain can be achieved by introducing the sub-grouping paging indication in PEI. Besides, the greater number of the sub-groups can be divided, the more power saving gain can be achieved by sub-grouping paging indication in PEI.
Table 9: Additional power saving gain by introducing sub-grouping paging indication in PEI.
	Additional power saving gain
	For Low SINR case with 3 SSBs before PO
	For High SINR case w/o RRM relax
	PO paging rate 

	4 sub- groups
	Per sub-group paging rate: 2.6%
	4.07%
	2.3%
	10%

	
	Per sub-group paging rate: 5.4%
	5.9%
	2.5%
	20%

	
	Per sub-group paging rate: 12.0%
	12.74%
	3.03%
	40%

	8 sub- groups
	Per sub-group paging rate: 1.3%
	4.57%
	2.6%
	10%

	
	Per sub-group paging rate: 2.8%
	8.37%
	3.2%
	20%

	
	Per sub-group paging rate: 6.2%
	16.09%
	5.04%
	40%



However, in fact the number of sub-groups is not infinite and it is limited by the DCI bits or sequences for the purpose of sub-grouping indication in PEI. One grouping method based on the sequence with sequence-based PEI is shown in Table 10, which is same with that in Rel-16 NB-IoT UE group WUS. Each sub-group woken individually will corresponding to one sequence value. And we use only one sequence to handle the cases that more than 2 sub-groups need to be woken up. It is a desirable sequence mapping method because the probability that more than 2 sub-groups should prepare for paging is lowest among all the cases (i.e. 0.004) and the false alarm rate is also pretty low.
Table 10: Grouping method for sub-grouping indication in PEI.
	sub-group A
	sub-group B
	sub-group C
	sub-group D
	Sequence index
	probability

	Wake up>= 2 groups
	0
	0.004

	Wake up
	sleep
	sleep
	sleep
	1
	0.024

	sleep
	Wake up
	sleep
	sleep
	2
	0.024

	sleep
	sleep
	Wake up
	sleep
	3
	0.024

	sleep
	sleep
	sleep
	Wake up
	4
	0.024

	sleep
	sleep
	sleep
	sleep
	5
	0.9



[bookmark: _Hlk54260886]Observation 9: Up to 16.1% additional power saving gain can be achieved by introducing the sub-grouping paging indication in PEI.
Observation 10: The more power saving gain can be achieved by sub-grouping paging indication in PEI when the greater number of the sub-groups can be divided.
Observation 11: There is minor difference between the two grouping methods i.e. by Taylor expansion and by limited sequence-based grouping for the power saving gain.
3.3 Summary for different Paging enhancement options
Table 11 shows the power saving gain comparison of the mentioned paging enhancement schemes. It is obvious that the sequence-based PEI with sub-grouping indication can achieve the highest power saving gain. 
[bookmark: _Ref47347937]Table 11: The power saving gain comparison of the three paging enhancement schemes
	[bookmark: _GoBack]Paging enhancement schemes
	Power saving gain
(vs Rel 16 baseline paging method)

	
	PO paging rate =10%
	PO paging rate =20%
	PO paging rate =40%

	
	Low SINR (with 3 SSBs before PO)
	High SINR
(with/without RRM relaxation)
	Low SINR (with 3 SSBs before PO)
	High SINR
(with/without RRM relaxation)
	Low SINR (with 3 SSBs before PO)
	High SINR
(with/without RRM relaxation)

	Sub-grouping for paging by using legacy paging DCI
	<0.72%
	<0.33%
	<1.4%
	<0.66%
	<2.58%
	<1.2%

	Sequence-based PEI
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]in position 1 or 3
	25.1%
	10.6% / 2.5%
	21.6%
	8.3% / 1.3%
	14.6%
	4.7% / 0.6%

	DCI-based PEI
in position 1 or 3
	25.1%
	-
	21.6%
	-
	14.6%
	-

	Sequence-based PEI with sub-grouping indication (4 sub-groups) in position 1 or 3 
	29.17%
	12.3%/4.8%
	27.5%
	10.4%/3.6%
	27.34%
	9.33%/3.53%

	Note 1: ‘-’ denotes the power saving gain is smaller than 0.



[bookmark: _Ref47348153]Observation 12: Up to 29.2% and 12.3% power saving gain can be achieved by using sequence-based PEI with sub-grouping indication in Low SINR case and High SINR case with RRM relaxation, which is the most power saving gain compared with other paging enhancement schemes.
[bookmark: _Ref47348177]Proposal 4: Sequence-based PEI with sub-grouping indication before PO reception should be supported for paging enhancement.
4. Conclusion
In this contribution, we have discussed the paging evaluation methodologies and the potential paging enhancement schemes, and we have the following observations and proposals:
Observation 1: To make sure paging PDSCH can be detected with high reliability, UE need to calibrate carrier frequency to limit the residual CFO within about [-0.1ppm 0.1ppm].
Observation 2: In idle and inactive state, UE need to receive 2 or 3 SSBs before PO in low SNR region, and 1 SSBs before PO in high SNR region.
Observation 3: The power saving gain is marginal by configuring the group paging indication in legacy paging PDCCH.
Observation 4: If the DCI size of DCI based-PEI is less DCI format 1-0/0-0, UE need to decode two DCI size in idle state. If the DCI size of DCI based-PEI is aligned DCI format 1-0/0-0, the performance of DCI-based PEI is less reliable.
Observation 5: SSS-like-sequence PEI can obtain the best performance than DCI-based PEI and TRS-like-sequence PEI.
Observation 6: By configuring PEI before PO reception, up to 12.63%~29.2% power saving gain in Low SINR case and 0.6%~11.2% gain in High SINR case can be achieved. 
Observation 7: For Low SINR UEs, sequence-based PEI could have more benefits than DCI-based PEI, if the sequence itself can be further used for measurement.
Observation 8: There is no power saving benefit by DCI-based PEI for High SINR UEs. 
Observation 9: Up to 16.1% additional power saving gain can be achieved by introducing the sub-grouping paging indication in PEI.
Observation 10: The more power saving gain can be achieved by sub-grouping paging indication in PEI when the greater number of the sub-groups can be divided.
Observation 11: There is minor difference between the two grouping methods i.e. by Taylor expansion and by limited sequence-based grouping for the power saving gain.
Observation 12: Up to 29.2% and 12.3% power saving gain can be achieved by using sequence-based PEI with sub-grouping indication in Low SINR case and High SINR case with RRM relaxation, which is the most power saving gain compared with other paging enhancement schemes.
Proposal 1: The evaluation should assume the number of SSBs for IDLE mode loop convergence / time-frequency tracking can be 1, 2 or 3.
Proposal 2: Confirm the paging assumptions in Table 2 in R1-2007673.
Proposal 3: SSS-like sequence can be considered for PEI design.
Proposal 4: Sequence-based PEI with sub-grouping indication before PO reception should be supported for paging enhancement.
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