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1 Introduction
In WID [1], the following objective was agreed:
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 #102-e meeting
b) Specify means to provide potential TRS/CSI-RS occasion(s) available in connected mode to idle/inactive-mode UEs, minimizing system overhead impact [RAN1]
· NOTE: Always-on TRS/CSI-RS transmission by gNodeB is not required
This contribution discusses techniques of paging enhancements, and provides evaluation methodology and simulation results on power saving gain.

2 Techniques of paging enhancement 
2.1 Power saving signal/channel for indication of paging reception

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 power consumption to receive/monitor,
· Not sensitive to synchronization error
	· Lower reliability


	PDCCH based I-WUS
	· Higher reliability or lower false alarm

	· Higher power consumption to receive/monitor
· High requirement on synchronization performance, leads to high power consumption




Observation #1: There is trade-off between detection performance (reliability) and additional 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 monitor the I-WUS. 

For PDCCH based I-WUS, a simple solution is to reuse reserved bits of short message included in a paging DCI. For example, a UE can be provided with a bit out from a bitmap included in a paging DCI, wherein the bit indicates whether or not the UE needs to receive a PDSCH for reception of paging message. 

Proposal #1: Support power saving signal/channel for indication of paging reception 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 performance
3.1 Assumptions of UE behaviours in IDLE/INACTIVE mode 

In order to evaluate power saving performance, it’s essential to model UE activities regarding power consumption in idle/inactive mode. This section discusses configuration and UE behaviors for the following activities in idle/inactive mode:
· Time/frequency synchronization,
· Paging monitoring and reception,
· RRM measurement,
· Cell reselection.

3.1.1 Time/frequency synchronization and loop convergence based on SS/PBCH blocks

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 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. So, there is no need to consider periodic resynchronization due to clock drift. For power saving evaluation on synchronization, we assume that UE processes  SS/PBCH bursts before decoding paging PDCCH and/or paging PDSCH. 

For eMBB UEs with high quality chipsets, SS/PBCH bursts for synchronization is small, e.g.  But for RedCap UEs with lower quality chipsets, the required SS/PBCH bursts for synchronization could be larger, e.g. 

In addition to , other configuration parameters regarding synchronization based on SS/PBCH blocks for power saving evaluation include:
· SS/PBCH burst periodicity, e.g. 20ms
· SS/PBCH burst duration, e.g. 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, . Since UE can perform beam-sweeping based on SS/PBCH blocks during synchronization, it’s not necessary for UE to decode paging PDCCH in all PDCCH MOs. We assume that UE performs paging monitoring in effective duration of , wherein , and stays in micro-sleep for the rest of the PO, . 

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 between 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, 
· PO duration, 
· Effective PO duration, 
· Group paging rate, 

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 Gap pattern can be pre-determine, for example, Gap ID = 0 defined in TS 38.133 (i.e., measurement gap length of 6msec and measurement gap periodicity of 40msec). 

To sum up, the configuration parameters regarding RRM measurement for power evaluation include
· Measurement period (MP)
· Number of L1 samples per MP for serving cell RRM measurement, L
· SMTC window duration
· SMTC window periodicity
· Cell search rate, 
· Measurement gap (MG),
· Number of frequency layers for neighboring cell measurement

3.1.4 Cell reselection 

The last UE activities in idle/inactive mode is cell reselection, where UE decodes SIBs (PDCCH + PDSCH). UE is triggered to perform cell reselection. The frequency for cell reselection is mainly determined by mobility status of UE. To model this, we consider a cell reselection rate, , such that UE decodes S1B1 every 1/ MPs.  can be 0 for stationary scenario. 


Table 2: Assumption on the configuration of UE activities in idle/inactive mode

	UE activities
	Configuration parameters
	Values

	Synchronization
	SSB burst periodicity, 
	20ms

	
	# of SSBs per burst, or burst duration,
	2ms

	
	# of SSB bursts for synchronization, 
	1-3

	Paging Monitoring
	I-DRX cycle, 
	1.28s

	
	PO duration, 
	4 ms

	
	Effective PO duration, 
	1 ms

	
	Group paging rate, 
	10%

	RRM measurement
	Measurement period (MP)
	I-DRX cycle

	
	Number of L1 samples per MP for serving cell RRM measurement, L
	1

	
	SMTC window duration, 
	2ms

	
	SMTC periodicity, 
	20ms

	
	Cell search rate, 
	1/4

	
	Measurement gap (MG), 
	6ms

	
	# of frequency layers for neighboring cell measurement 
	4 
(2 inter, one intra)

	
	# of cells per frequency layer
	8

	Cell reselection
	Cell reselection rate, 
	[1/6] for mobility scenario, 
0 for stationary scenario




To sum up, we propose the following:

Proposal #3: For power saving evaluation of paging enhancement, support configuration of idle/inactive mode UE activities as defined in Table 2.

3.2 Power model  

NR Rel-16 already studies power model for various UE power states. The UE power model in [3] can be reused.

For computing power consumption regarding inter-frequency measurement, UE monitors Nf frequency layers within a measurement gap. The energy consumption for inter-frequency RRM measurement according to [3] can be computed as :
E3 = E* Nf + Et*(Nf+1),
where, Et = Pt*Tt is the switching energy, and E is the energy for RRM measurement per frequency layer. For FR1, the switching time Tt equals to 0.5ms, switching power is assumed to be same as micro sleep power. E = Piner*DSMTC=150*2=300. Therefore, E3 = 300*2 + 45*0.5*3 = 667.5.


For evaluation power saving performance of I-WUS, additional power consumption regarding I-WUS reception should be considered. Therefore, a power model for I-WUS reception is needed. For PDCCH-based I-WUS, it can be same as PDCCH only state. For sequence based I-WUS, there is no channel coding, and UE only needs to do simple signalling processing, such as correlation, the relative power should be less than PDCCH only state. For precious modelling, scaling rule in terms of occupied OFDM symbols can be considered. 

Therefore, we propose the following power model for sequence based I-WUS reception. 

Proposal #4: Support relative power for sequence based I-WUS, , such that , where x is occupied symbols of I-WUS per slot, while and  are relative power for PDCCH only and micro-sleep, respectively. 

For UE operating in idle mode, power scaling with respect to BW can be considered. The scaling factor for BW reduced from 100MHz to 20MHz is 0.4 according to the scaling rule in 38.840. 

Table 3 shows the FR1 power model we considered for evaluation considering scaling with respect to reduced BW. 

Table 3: Assumption of power model with UE operation bandwidth of 20MHz
	Power state
	Relative power
	Duration /ms

	Serving cell RRM measurement, Pmes
	150
	

	Intra-frequency measurement, Pintra
	200
	

	Inter-frequency measurement, Piner
	150
	

	SSB processing, PSSB
	50
	

	PDCCH only, 
	50
	

	PDCCH + PDSCH, 
	120
	

	Sequence based I-WUS, PI-WUS,seq 
	45-50
	0.5-2

	PDCCH based I-WUS, PI-WUS,DCI
	50
	

	Micro-sleep, PMS
	45
	

	Light sleep, PLS
	20
	>=6

	Deep sleep, PDS
	1
	>=30




Proposal #5: Reuse UE power model in TR 38.840.
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4. Evaluation results 

A power saving gain (PSG) for a proposed enhancement scheme can be evaluated according to:
,
where  and  are average power of baseline and proposed enhancement scheme, respectively. 


4.1 Average power consumption for baseline

The processing timeline for baseline 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 the processing timeline for baseline in stationary scenario.

For power consumption regarding paging reception, the average energy consumed based on effective PO,  and averaged over configured PO can be computed as :

== 192

The light sleep duration between two consecutive SSB bursts for synchronization is , the light sleep duration between SSB for serving cell measurement and PO is , and the light sleep between PO and MG for inter frequency RRM measurement is . 

The deep sleep duration can be calculated as without cell search, and  with cell search.

The average power consumption for baseline in stationary scenario, i.e. = 0, is computed as:

 +
)·

Average power consumption for baseline with respect to different number of SS/PBCH bursts used for synchronization, , are evaluated with results are shown in Table 4. 

Table 4: Average power consumption for baseline*
	
	
	
	

	Stationary, w/ 
	2.197
	2.619
	3.041

	Mobility w/ 
	2.203
	2.625
	3.047


*One slot after SMTC window is assumed for SIB1 decoding when cell reselection is triggered.

4.2 Power saving gain for I-WUS signal 

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 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.

For power consumption regarding paging reception with I-WUS configured, the average energy consumed based on effective PO,  and averaged over configured PO can be computed as :

== 97.5

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 cell search, and  with cell search.

The average power consumption for paging enhancement with sequence based I-WUS is computed as:

  +
)·

Table 4 shows the evaluation results for sequence based I-WUS.

Table 4: PSG for paging enhancement with sequence based I-WUS*
(PSGw/ , PSG w/ )
	
	
	
	

	N1 = 1
	(6.24%, 6.23%)
	(21.35%, 21.30%)
	(32.26%, 32.19%)

	N1 = 2
	(5.30%, 5.29%)
	(20.56%, 20.51%)
	(31.58%, 31.51%)


*N2=N1, X=4.


For DCI based I-WUS, we assume N1 =, N2 =0. The I-WUS is monitored in the same PDCCH occasion as paging PDCCH. Table 5 shows the evaluation results for PDCCH based I-WUS. 

Table 5: PSG for paging enhancement with DCI based I-WUS*
(PSG w/ , PSG w/ )
	
	
	

	(3.36%, 3.35%)
	(2.82%, 2.81%)
	(2.43%, 2.42%)




According to evaluation results in Table 4 and Table 5, we observe the following:

Observation #4: Paging enhancement of sequence based I-WUS achieves remarkable power saving gain for both cell-center and cell-edge UEs.

Observation #5: Paging enhancement of DCI based I-WUS achieves less power saving gain for cell-edge UEs due to synchronization overhead.

Observation #6: Paging enhancement of DCI based I-WUS achieves less power saving gain than sequence based I-WUS due to synchronization overhead. 

4.3 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 UE sub-groups, , and group paging rate,. The sub-group paging rate per UE is determined such as:  .

Table 6: PSG for paging enhancement based on UE sub-grouping in frequency domain
(PSGw/ , PSG w/ )
	
	
	
	

	Nsubgroups = 2
	(0.12%, 0.12%)
	( 0.23%, 0.23%)
	(0.43%, 0.43%)

	Nsubgroups = 4
	(0.18%, 0.18%)
	(0.36%, 0.36%)
	(0.69%, 0.69%)

	Nsubgroups = 8
	(0.22%, 0.22%)
	(0.43%, 0.43%)
	(0.84%, 0.83%)


*N2=N1,

According to evaluation results in Table 6, we observe the following:

Observation #7: Paging enhancement of UE sub-grouping achieve about 1% power saving gain.


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 (reliability) and additional 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: Paging enhancement of sequence based I-WUS achieves remarkable power saving gain for both cell-center and cell-edge UEs.

Observation #5: Paging enhancement of DCI based I-WUS achieves less power saving gain for cell-edge UEs due to synchronization overhead.

Observation #6: Paging enhancement of DCI based I-WUS achieves less power saving gain than sequence based I-WUS due to synchronization overhead. 

Observation #7: Paging enhancement of UE sub-grouping achieve about 1% power saving gain.

Proposal #1: Support power saving signal/channel for indication of paging reception in idle/inactive mode.

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

Proposal #3: For power saving evaluation of paging enhancement, support configuration of idle/inactive mode UE activities as defined in Table 2.

Proposal #4: Support relative power for sequence based I-WUS, , such that , where x is occupied symbols of I-WUS per slot, while and  are relative power for PDCCH only and micro-sleep, respectively. 

Proposal #5: Reuse UE power model in TR 38.840.
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