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Introduction
In RAN1#102 e-meeting [1], the following were agreed:
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

From GTW session on August 24th,
Agreements:
The following power consumption model for FR1 is utilized for the evaluations of Rel-17 UE power saving enhancements in idle/inactive mode.
· FFS: FR2 power consumption model for idle/inactive mode operations
	Power State
	Relative Power
(FR1 reference from TR 84.840)
	Relative Power 
(Idle/inactive-mode operation with reception bandwidth 20 MHz)

	Deep Sleep (PDS)
	1
	1

	Light Sleep (PLS)
	20
	20

	Micro sleep (PMS)
	45
	45

	PDCCH-only (PPDCCH)
	100
	50Note

	PDCCH + PDSCH (PPDCCH+PDSCH)
	300
	120

	PDSCH-only (PPDSCH)
	280
	112

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

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

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

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



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

From GTW session on August 28th,
Agreement
Send a LS with for evaluation methodology updates related to paging enhancement(s) to RAN2
R1-2007355	Draft LS on evaluation methodology for UE power saving enhancements	MediaTek
Decision: The draft LS is endorsed. Final LS is approved in 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

This contribution discusses techniques of paging enhancements, evaluation methodology, and provide evaluation results on residual frequency error, power saving gain, and reliability of TRS based WUS.

2. Techniques for paging enhancement 
2.1 Power saving signal/channel for early paging indication
For a UE operating in RRC_IDLE/INACTIVE state, the UE can be configured to monitoring Type2-PDCCH with CRC scrambled by P-RNTI for paging message reception. The Type2-PDCCH is referred as paging PDCCH in this paper.  The paging message is sent by a MME to all gNodeBs in a Tracking Area, such that all gNodeBs in a same Tracking Area are transmitting the same paging message. Unlike LTE, NR supports a PO consists of N>=1 PDCCH monitoring occasions (MOs) over multiple time slots (e.g. subframe or OFDM symbol), where paging PDCCH can be sent. The paging PDCCH MOs are determined according to paingSearchSapce as specified in [2].  

One issue of current paging mechanism is unnecessary wake-ups for paging monitoring, including both paging PDCCH and PDSCH. Given a group paging rate, , it indicates the probability that UE receives a paging PDCCH with scheduling information of a PDSCH for paging message. On one hand, the probability that a UE wastes energy to decode paging PDCCH only without PDSCH is (1- ).  On the other hand, when a UE is indicated to receive a PDSCH by paging PDCCH, the UE may still waste energy on decoding the PDSCH, as the UE’s ID is not included in the paging message in the PDSCH. 

To avoid unnecessary wake-ups for paging monitoring in idle mode, a power saving signal/channel can be considered to indicate whether or not the UE needs to wake up for at least paging PDCCH reception in a PO. The power saving signal/channel is referred as idle mode wake-up signal (I-WUS) in this paper. 

For the I-WUS design, both sequence based I-WUS and PDCCH based I-WUS can be considered. The potential advantages and disadvantages of sequence based I-WUS and PDCCH based I-WUS are summarized in Table 1 below. 

Table 1: Comparison on different I-WUS types
	Types
	Advantages
	Disadvantages

	Sequence based I-WUS
	· Low channel resource/signalling overhead
· Low power consumption to receive/monitor,
· Not sensitive to synchronization error
	· Lower reliability


	PDCCH based I-WUS
	· Higher reliability due to CRC check

	· Larger channel resource/signalling overhead, especially considering multi-beam operation 
· Higher power consumption or UE complexity to receive/monitor
· Higher requirement on synchronization error



Observation #1: There is trade-off between detection performance and additional cost, including system overhead and power consumption on monitoring/reception for sequence based I-WUS and PDCCH based I-WUS.

For sequence based I-WUS, on-demand I-WUS can be considered to reduce signalling overhead, such that gNB only transmits I-WUS when there are paging message for UEs to monitor the I-WUS. Both. To avoid impact to legacy PSS/SSS and new sequence design, TRS/CSI-RS resources with high configuration flexibility can be considered for the sequence design of I-WUS.

Proposal #1: Support sequence based power saving signal for early paging indication in idle/inactive mode.

To improve the accuracy of wake-up indication, UE sub-grouping for I-WUS reception can be considered. This is equivalent to reduce the group paging rate, so that the probability of decoding paging PDCCH with ineffective paging PDSCH is reduced. The effective power consumption for paging reception, can be computed as:
 =  +,
where  and  are the relative power for receiving PDCCH only, and both PDCCH and PDSCH, respectively. 

According to above equation, since  > , we observe the following:

Observation #2: Power consumption for paging reception decreases with respect to the decrease of paging group rate. 

Therefore, it’s beneficial to consider UE sub-grouping regarding I-WUS design. For sequence based I-WUS, UE sub-grouping can be realized based on multiple orthogonal I-WUS transmissions per PO, where each transmission is associated with a sub-group of UEs from the group of UEs that monitor the PO. The orthogonal I-WUS transmissions can be achieved based on orthogonal time/frequency resources allocation or orthogonality of sequences. For PDCCH based I-WUS, N>=1 DCI fields can be considered, where each field is associated with a sub-group of UEs from the group of UEs receives the PDCCH. 
2.2 UE sub-grouping for paging monitoring in frequency domain
It is observed in Section 2.1 that the smaller group paging rate results in lower power consumption for paging reception. A group paging rate is determined such that, 

where M is the number of UEs per a UE group, and  is UE-specific paging rate. 

Based on above equation, a straightforward way to reduce group paging rate is to reduce UE group size, i.e. M. Since UE group size, M, is determined based on the number of available POs, another method for paging enhancement can be to provide more POs per DRX cycle. 

For current NR paging mechanism, UEs are distributed into multiple POs in time domain, such that there can be N>=1 paging frames (PFs) per DRX cycle, and Ns>=1 PO per PF. N is selected from {oneT, halfT, quarterT, oneEighthT, oneSixteenthT} according to higher layer parameter nAndPagingFrameOffset. When N is set to oneT, it means that every frame is a PF. Therefore, NR Rel-16 already supports high flexibility for UE grouping in the time domain. The resources for more UE groups or UE sub-grouping in the time domain is limited. 

However, there is no UE grouping or distribution for paging monitoring in the frequency domain, considering that UEs in idle/inactive mode operate only in initial DL BWP. 

Observation #3: NR Rel-16 supports UE grouping or distribution for paging monitoring in the time domain, but not in the frequency domain.

Therefore, it’s beneficial to consider paging enhancement by UE sub-grouping in the frequency domain. For idle/inactive mode UE, the UE monitors paging PDCCH in CORESET#0 with configuration indicated in MIB. For UE sub-grouping in frequency domain, as illustrated in Figure 1, CORESET#0 can be divided into multiple sub-CORESET#0 for at least paging PDCCH monitoring. 




Figure 1: Illustration of UE sub-grouping for paging monitoring based on sub-CORESET#0.

In additional to paging enhancement, sub-CORESE#0 is also attractive to RedCap UEs, considering reduced UE operating BW. Multiple sub-CORESE#0 is beneficial to avoid congestion of RedCap use cases with a large number of connectives. during initial access.

Proposal #2: Support UE sub-grouping for paging monitoring in frequency domain.

3. Evaluation methodology for power saving gain in IDLE/INACTIVE mode 
3.1 UE processing timeline for baseline configuration
In order to evaluate power saving performance, it’s essential to model UE processing timeline regarding power consumption for different UE activates in idle/inactive mode. This section discusses UE processing timeline and configurations for the following UE activities in idle/inactive mode:
· (Re)synchronization and loop convergence
· Paging monitoring and reception,
· RRM measurement.

3.1.1 (Re)synchronization and loop convergence based on SS/PBCH blocks
(Re)synchronization in terms of compensating time or carrier frequency offset is essential in order to successfully decode physical layer signal/channel. In NR, idle/inactive mode UEs can perform (re)synchronization based on periodic SS/PBCH blocks transmitted from a serving cell. In practice, idle/inactive mode UE needs to wake up for synchronization either for preparation of data reception or to compensate clock drift error due to a long sleep time. 

Unlike eMTC or NB-IoT in LTE, we focus more on mid-tier or high-end UEs with high quality of crystal oscillator, and the DRX cycle is relative short compared with eDRX. Therefore, it’s possible that UE doesn’t need to perform resynchronization every DRX cycle. For power saving evaluation on (re)synchronization, we assume that UE processes  SS/PBCH bursts before decoding paging PDCCH and/or paging PDSCH every  >= 1 DRX cycle(s), where  is the (re)synchronization rate for each DRX cycle.

 is mainly determined by the clock drift rate of local oscillator.can be relatively small for eMBB UEs with high quality chipsets, for example, , while can be relatively large for RedCap UEs with lower quality chipsets, for example, .  will affect the (re)synchronization performance, and is mainly determined by the channel condition, for example  can be assumed for low, medium, and high SINR. 

In addition to , and , other configuration parameters regarding synchronization based on SS/PBCH blocks for power saving evaluation include:
· SS/PBCH burst periodicity = 20ms
· SS/PBCH burst duration = 2ms.

3.1.2 Paging monitoring and reception 
UE monitors a PO per DRX cycle, the PO consists of multiple PDCCH MOs, and has a duration, . UE can perform beam-sweeping based on SS/PBCH blocks during synchronization, it’s not necessary for UE can to decode paging PDCCH in all PDCCH MOs. However, as the power consumption different between micro-sleep and PDCCH only is very small, i.e. 5. We assume that UE performs paging monitoring for all the configured PDCCH MOs, . 

NR provides high flexibility regarding the configuration of idle mode DRX. In practice, UE determines location of PO based on the configuration. For power saving evaluation, the exact location doesn’t matter. However, the time gap between the PO and ON duration for other activities matters.  For example, UE needs to keep micro-sleep between the nearest SS/PBCH block for synchronization and PO. UE can go to deep sleep for power saving after finishing all signal processing during ON duration. 

For the simplicity of evaluation, we assume a PO for an evaluated UE is located in the middle of a SMTC window for intra-frequency RRM measurement and a MG for inter-frequency RRM measurement. 

To sum up, the configuration parameters regarding paging monitoring/reception for power saving evaluation include:
· I-DRX cycle,  = 1.28ms. 
· PO duration,  = 4ms
· Group paging rate, =10%

3.1.3 RRM measurement
UE performs RRM measurement for serving cell, such that UE measures L= 1 L1 samples based on SS/PBCH blocks per measurement period. UE also need to perform neighbouring cell RRM measurement and cell search, so that UE can do cell reselection in case the quality of serving cell becomes bad. 

UE can be configured to perform both intra-frequency and inter-frequency based RRM measurement with cell search. It’s not necessary for UE to perform cell search for every MP. Therefore, we assumes a cell search rate, , such that UE performs neighboring cell RRM measurement and cell search once every  MPs.

For inter-frequency measurement, a measurement gap (MG) is determined for RRM measurement in other frequency layer(s). We assume UE performs inter-frequency RRM measurement only when the SINR is not good, and the serving cell RRM measurement results is poor.

To sum up, the configuration parameters regarding RRM measurement for power evaluation include
· Measurement period (MP), 1.28ms
· Number of L1 samples per MP for serving cell RRM measurement, L = 1.
· SMTC window duration, 2ms
· SMTC window periodicity, 20ms
· Cell search rate,  = 1/4
· Measurement gap (MG), 6ms.

The processing timeline for baseline when UE uses 3 SSBs for (re)synchronization every DRX cycle is illustrated in Figure 2. We assume SS/PBCH blocks for serving cell RRM measurement is within the SMTC window for intra-frequency RRM measurement. The SS/PBCH blocks for serving cell RRM measurement can be reused for synchronization as well. 



Figure 2: Illustration of processing timeline for baseline when 

3.2 UE power consumption for baseline configuration
According to the assumptions in Section 3.1, UE power consumption for baseline configuration can be computed according to Table 2 for different channel conditions. 

Table 2A: UE power consumption for high SINR 

	UE operations in a paging cycle
	Time duration (ms)
	Energy contribution
(relative power * ms)

	SSB processing and 
intra-frequency RRM measurement
	2
	(PSSB +(Pintra, search+meas * 1/4Note1 + Pintra, meas-only * (1 – 1/4 Note1) ) ) * 0.85Note2 * 2*
(Pintra, search+meas * 1/4Note1 + Pintra, meas-only * (1 – 1/4 Note1) )  * 2 * (

	Light sleep
	8
	PLS * 8 + 100 Note3

	PO reception
	4
	(PPDCCH * (1 – RG) +
PPDCCH+PDSCH * RGNote4) * 4

	Deep sleep
	1266
	PDS * 1266 + 450Note5

	(Total)
	1280
	Total Energy 

	Average power consumption = Total Energy / 1280

	Note 1: Cell search rate for intra/inter-frequency RRM measurement 
Note 2: Scaling convention to combine two different types of UE operations as in Section 8.1.3 of TR 38.840
Note 3: Additional transition energy (relative power * ms) for light sleep as specified in Table 19 of TR 38.840
Note 4: RG is the paging rate to the UE group
Note 5: Additional transition energy (relative power * ms) for deep sleep as specified in Table 19 of TR 38.840




Table 2B: UE power consumption for medium SINR

	UE operations in a paging cycle
	Time duration (ms)
	Energy contribution
(relative power * ms)

	SSB processing 
	2*
	PSSB * 2 *

	Light sleep
	18*
	(PLS * 18 + 100 Note1) *(1/)

	SSB processing and 
intra-frequency RRM measurement
	2
	(PSSB +(Pintra, search+meas * 1/4Note1 + Pintra, meas-only * (1 – 1/4 Note1) ) ) * 0.85Note2 * 2*+
(Pintra, search+meas * 1/4Note1 + Pintra, meas-only * (1 – 1/4 Note1) )  * 2 * (1-)

	Light sleep
	8
	PLS * 8 + 100 Note1

	PO reception
	4
	(PPDCCH * (1 – RG) +
PPDCCH+PDSCH * RGNote4) * 4

	Light sleep
	6
	PLS * 6 + 100

	Switch to another frequency layer
	0.5
	PMS * 0.5

	Inter-freq. RRM measurement
	5
	(Pinter, search-only * 1/4Note2 
+ Pinter, meas-only * (1 – 1/4 Note2) ) * 5

	Switch back to serving frequency
	0.5
	PMS * 0.5

	Deep sleep
	1254 - 20* 
	PDS * (1254 - 20*)+ 450Note5

	(Total)
	1280
	Total Energy 

	Average power consumption = Total Energy / 1280

	Note 1: Additional transition energy (relative power * ms) for light sleep as specified in Table 19 of TR 38.840
Note 2: Cell search rate for intra/inter-frequency RRM measurement 
Note 3: Scaling convention to combine two different types of UE operations as in Section 8.1.3 of TR 38.840
Note 4: RG is the paging rate to the UE group
Note 5: Additional transition energy (relative power * ms) for deep sleep as specified in Table 19 of TR 38.840




Table 2C: UE processing timeline and power consumption for Low SINR 

	UE operations in a paging cycle
	Time duration (ms)
	Energy contribution
(relative power * ms)

	SSB processing 
	2*
	PSSB * 2 * 

	Light sleep
	18*
	(PLS * 18 + 100 Note1) *

	SSB processing 
	2*
	PSSB * 2 * 

	Light sleep
	18*
	(PLS * 18 + 100 Note1) *

	SSB processing and 
intra-frequency RRM measurement
	2
	(PSSB +(Pintra, search+meas * 1/4Note1 + Pintra, meas-only * (1 – 1/4 Note1) ) ) * 0.85Note2 * 2*+
(Pintra, search+meas * 1/4Note1 + Pintra, meas-only * (1 – 1/4 Note1) )  * 2 * (1-)

	Light sleep
	8
	PLS * 8 + 100 Note1

	PO reception
	4
	(PPDCCH * (1 – RG) +
PPDCCH+PDSCH * RGNote4) * 4

	Light sleep
	6
	PLS * 6 + 100

	Switch to another frequency layer
	0.5
	PMS * 0.5

	Inter-freq. RRM measurement
	5
	(Pinter, search-only * 1/4Note2 
+ Pinter, meas-only * (1 – 1/4 Note2) ) * 5

	Switch back to serving frequency
	0.5
	PMS * 0.5

	Deep sleep
	1254 - 40*
	PDS * (1254 - 40*)+ 450Note5

	(Total)
	1280
	Total Energy 

	Average power consumption = Total Energy / 1280

	Note 1: Additional transition energy (relative power * ms) for light sleep as specified in Table 19 of TR 38.840
Note 2: Cell search rate for intra/inter-frequency RRM measurement 
Note 3: Scaling convention to combine two different types of UE operations as in Section 8.1.3 of TR 38.840
Note 4: RG is the paging rate to the UE group
Note 5: Additional transition energy (relative power * ms) for deep sleep as specified in Table 19 of TR 38.840



Proposal #3: Support UE processing timeline and corresponding power consumption for baseline in Table 2.

The average power consumption for baseline with respect to different number of SS/PBCH bursts, and (re)synchronization rate,  are computed in Table 3. 
Table 3: Average power consumption for baseline
	
	 high SINR 
()
	 Medium SINR 
()
	 Low SINR 
()

	
	2.04
	2.82
	3.24

	
	2.00
	2.46
	2.57



Observation #4: UE power consumption for baseline under different channel conditions are shown in Table 3. 

4. Evaluation results 
4.1 Power saving gain for I-WUS
The processing timeline for paging enhancement based on sequence based I-WUS is illustrated in Figure 3. We assume the I-WUS lasts for N1 ms is located N2 ms before the start of the PO. The sequence based I-WUS can be used for synchronization, so that UE doesn’t need to receive SS/PBCH blocks for synchronization, i.e. . However, UE still receives a burst of SS/PBCH blocks for serving cell RRM measurement. 



Figure 3: Illustration of the processing timeline for paging enhancement with sequence based I-WUS in stationary scenario.
 
The micro sleep duration between I-WUS and PO is 1. The light sleep duration between SSB burst for serving cell RRM measurement and I-WUS is  and the light sleep between PO and MG for inter frequency RRM measurement is . The deep sleep duration can be calculated as without intra-frequency RRM measurement when SINR is high, and  with intra-frequency RRM measurement. 

Two TRS configurations are considered to evaluate PSG for TRS based I-WUS. In the first configuration, the TRS resource duration is 1 slot. In the second configuration, the TRS resource duration is assumed to be 2 slots. For DCI based I-WUS, we assume the duration of PDCCH based I-WUS is 2ms. 

Table 4 shows the evaluation results for both TRS and PDCCH based I-WUS. 

Table 4: PSG for paging enhancement with I-WUS
(  )
	
	Low SINR
(N_SSBs = 3)
	Medium SINR
(N_SSBs = 2)
	High SINR
(N_SSBs = 1)

	TRS based w/ Config 1
(1 slot duration, 20MHz)
	(29.52%, 11.09%)
	(18.96%, 7.28%)
	(16.30%, 14.70%)

	TRS based w/ Config 2
(2 slot duration, 20MHz)
	(28.80%, 10.18%)
	(18.13%, 6.33%)
	(15.15%, 13.52%)

	DCI based
	(-0.29%, -0.37%)
	(-0.33%, -0.38%)
	(10.35%, 10.54%)



According to evaluation results in Table 4, we observe the following:

Observation #5: Paging enhancement of sequence based I-WUS achieves remarkable power saving gain for both cell-center and cell-edge UEs.

Observation #6: Paging enhancement of DCI based I-WUS achieves less power saving gain for cell-edge UEs due to synchronization overhead.

The power saving gain for high SINR is higher than medium SINR, because UE doesn’t perform inter-frequency RRM measurement when SINR is high. The main UE power consumption contribution for high SINR is paging reception. With early paging indication, UE avoid unnecessary wake-ups for PDCCH reception.
4.2 Power saving gain for UE sub-grouping based on multiple POs in frequency domain 

In this sub-section, power saving gain for paging enhancement based on UE sub-grouping in frequency domain is evaluated, considering different assumption of number of UEs per UE sub-group, , and UE paging rate,. The sub-group paging rate is determined such as 

Table 5: PSG for paging enhancement based on UE sub-grouping in frequency domain
(  )
	UE paging rate
	N_UEs = 40
	N_UEs = 20
	N_UEs = 10
	N_UEs = 5

	1%
	(0%, 0% )
	(1.56%, 1.59%)
	(2.46%, 2.51%)
	(2.95%, 3.00%)

	2%
	(0%, 0% )
	(2.27%, 2.31%)
	(3.79%, 3.86)
	(4.68%, 4.77%)



According to evaluation results in Table 5, we observe the following:

Observation #7: Paging enhancement of UE sub-grouping achieve about 1% to 5% power saving gain, depending on the number of UEs per sub-group and UE paging rate. 

UE achieves power saving gain from UE sub-grouping by avoiding unnecessary paging PDSCH receptions with smaller UE group paging rate. 

4.3 Residual frequency error
Residual synchronization error will affect data reception in idle mode, including paging PDCCH, paging PDSCH and I-WUS. Therefore, we need to evaluate the residual synchronization error for both SSB bursts based synchronization and TRS/CSI-RS based synchronization in order to determine how many RS resources are needed for UE to achieve target synchronization performance in idle/inactive mode. The target residual CFO is assumed to be less 0.1 ppm, which is also the target assumed for synchronization during initial access. 

The CFO before (re)synchronization is assumed to be uniformly distributed in the range of , while the time offset before (re)synchronization is assumed to be uniformly distributed in the range of .  and  are usually determined by the clock drift rate of local oscillator, F’, and the time duration since previous (re)synchronization, T. In [3], it is assumed that   = ± * T (saturated region),   = ±0.5 * F’ * T^2 (transient region). For example, if we assume the clock drift rate, F’ = 0.05ppm/s and T = 1.28s,  = 0.5 * F’ * T^2 = 0.5 * 0.05ppm/s* 1.28s^2 = 0.0410µs < CP duration of 2.34µs, while  = /T = 0.0410µs /1.28ppm = 0.032ppm. 

The time duration since last (re)synchronization, T, is up to UE implementation, and clock drift rate of local oscillator, F’, can be different for different chipsets. So, we evaluate the residual synchronization error for different  assumptions. For , we assume it to be half of CP duration. As OFDM system is not sensitive to time offset less than CP duration, we provide the evaluation results on residual frequency error and ignore the results on residual time offset.
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Figure 4: Residual frequency error for SSB based synchronization

According to simulation results on mean and standard deviation of residual frequency error in Figure 4, we observe the following for SSB burst (use both PSS and SSS) based (re)synchronization.

Observation #8: For max initial CFO = 1ppm or 0.5ppm, 1 or 2 SSB burst is not enough to achieve 0.1 ppm residual error at SNR of -4dB. More RS resources for (re)synchronization are needed.

Observation #9: For max initial CFO = 0.2ppm, 1 SSB burst is enough to achieve 0.1 ppm residual error for SNR > -6dB.

For TRS resources based (re)synchronization, we evaluate the residual frequency error for different configurations. We consider TRS duration in terms of X slots and bandwidth in terms of B RBs.  
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(b) 
Figure 5: Residual frequency error for TRS resources based synchronization

According to simulation results on mean and standard deviation of residual frequency error in Figure 5, we observe the following for TRS based (re)synchronization:

Observation #10: For max initial CFO <=1ppm, TRS can achieve residual error to be less than 0.1ppm for SNR >-6dB.

TRS based resources have better synchronization performance than SSB. Because there are more two symbols of TRS resources per slot, and it’s possible for UE to do some coherent based detection or correlation. For example, UE can use one symbol of TRS resources to estimate channel, and do coherent detection of the other symbol of TRS resource.
 
4.4 Reliability for TRS based I-WUS
In this sub-section, we evaluate the detection reliability for TRS based I-WUS. We consider performance metrics, including:
· False alarm rate is defined as the probability that a gNB does not transmit a sequence based I-WUS (gNB transmits random QPSK modulated data), but a UE detects presence of sequence based I-WUS.
· Miss-detection rate (MDR) is defined as the probability that a gNB transmits a sequence based I-WUS, but a UE does not detect the signal.

For WUS, MDR is more important than false alarm. So we consider target FA to be 1%, while target MDR to be 0.1%.  The MDR at false alarm of 1% considers residual frequency error of 0.1ppm is provided in Figure 6. Other LLS assumption are provided in Table 6 in Appendix. 
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Figure 6: MDR at false alarm of 1% for TRS based I-WUS (residual CFO = 0.1ppm)

According to simulation results in Figure 6, we observe the following:

Observation #11: TRS based I-WUS can achieve MDR of 0.1% at false alarm of 1% for 
· SNR >= -0.5dB with TRS duration X = 1 slot, and bandwidth of 10MHz
· SNR >= -6dB with TRS duration X = 1 or 2 slot, and bandwidth of 20MHz.
· SNR >= - 1.5dB with TRS duration X = 2 slot, and bandwidth of 10MHz.

5. Conclusion	
This contribution considered techniques of paging enhancement for power saving in idle/inactive mode. 

Following proposals and observation were made:

Observation #1: There is trade-off between detection performance and additional cost, including system overhead and power consumption on monitoring/reception for sequence based I-WUS and PDCCH based I-WUS.

Observation #2: Power consumption for paging reception decreases with respect to the decrease of paging group rate. 

Observation #3: NR Rel-16 supports UE grouping or distribution for paging monitoring in the time domain, but not in the frequency domain.

Observation #4: UE power consumption for baseline under different channel conditions are shown in Table 3.

Observation #5: Paging enhancement of sequence based I-WUS achieves remarkable power saving gain for both cell-center and cell-edge UEs.

Observation #6: Paging enhancement of DCI based I-WUS achieves less power saving gain for cell-edge UEs due to synchronization overhead.

Observation #7: Paging enhancement of UE sub-grouping achieve about 1% to 5% power saving gain, depending on the number of UEs per sub-group and UE paging rate. 

Observation #8: For max initial CFO = 1ppm or 0.5ppm, 1 or 2 SSB burst is not enough to achieve 0.1 ppm residual error at SNR of -4dB. More RS resources for (re)synchronization are needed.

Observation #9: For max initial CFO = 0.2ppm, 1 SSB burst is enough to achieve 0.1 ppm residual error for SNR > -6dB.

Observation #10: For max initial CFO <=1ppm, TRS can achieve residual error to be less than 0.1ppm for SNR >-6dB.

Observation #11: TRS based I-WUS can achieve MDR of 0.1% at false alarm of 1% for 
· SNR >= -0.5dB with TRS duration X = 1 slot, and bandwidth of 10MHz
· SNR >= -6dB with TRS duration X = 1 or 2 slot, and bandwidth of 20MHz.
· SNR >= - 1.5dB with TRS duration X = 2 slot, and bandwidth of 10MHz.

Proposal #1: Support sequence based power saving signal for early paging indication in idle/inactive mode.

Proposal #2: Support UE sub-grouping for paging monitoring in frequency domain.

Proposal #3: Support UE processing timeline and corresponding power consumption for baseline in Table 2.

6. Reference
[1] RAN1 Chairman’s Note, 3GPP TSG RAN WG1 Meeting #102-e
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7. Appendix
Table 6: LLS assumptions
	Parameters
	Values

	Carrier Frequency
	4GHz (FR1)

	Transmission BW
	20MHz (FR1)

	Antenna Configuration
	1/2TX 

	Residual CFO
	0.1ppm

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