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Introduction

In 3GPP TSG RAN#88-e meeting, the WID for UE power saving enhancements [1] was revised as follows.

	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

     ...


In this contribution, the evaluation methodology and techniques for UE power saving enhancements are discussed.
Evaluation methodology

In general, when a UE is in RRC idle/inactive state, its operation in a paging cycle is shown in Figure 1. According to TS38.304 [2], the UE monitors one paging occasion (PO) per DRX cycle to detect the potential system information change notifications and paging message. Furthermore, the UE should perform SSB-based RRM measurement for cell re-selection. Since the paging cycle might be very long (varies from 320ms to 2560ms), the UE needs to adjust AGC and correct time / frequency offset before RRM measurement and PO detection in order to obtain a good performance of paging reception. Note that UE initiates the neighbor cell measurement which is comprised of intra-frequency measurement and inter-frequency measurement if the serving cell measurement results don’t meet the criteria. 
It is obvious that the UE power consumption is relevant to the power modules involved in the above operations. The configurations such as the duration of paging reception, position of SSB relative to PO, number of processed SSBs in one paging cycle, etc., have the influence on the average power consumption. In order to compare potential paging enhancement schemes to obtain the corresponding power saving gain, the configuration parameters need to be discussed in the evaluation methodology. 
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Figure 1 UE operation in a paging cycle
Paging cycle and duration of paging reception

In RRC idle/inactive state, UE needs to monitor one PO in each paging cycle [2]. The paging cycle and the duration of PO reception determine the power consumption. The paging cycle determines the occurrence of PO detection. In general, a longer the paging cycle leads to longer deep sleep duration and lower average power consumption. For idle/inactive UE, the default paging cycle is 1280ms, which can be used in the evaluation assumption. 

Proposal 1: The paging cycle and the duration of PO should be clarified in evaluation assumption. The default paging cycle of 1280ms can be considered.
Number and duration of SSB 

Different numbers of processed SSBs in one paging cycle for AGC/SYNC or RRM measurement are needed in different scenarios of different UE implementations and/or channel conditions. For example, when the UE locates at cell center, only one SSB might be enough for AGC/SYNC and serving cell measurement because the corresponding SINR is high, as shown in Figure 2. For a UE at cell edge with low SINR or a RedCap UE with reduced Rx, the UE needs to estimate the time/frequency offset with several SSBs to improve the synchronization accuracy and perform intra-frequency / inter-frequency measurement for cell re-selection as shown in Figure 1. What’s more, for a specific UE, the SSB occasion from different cells might be misaligned and RF retuning time for inter-frequency measurement should be considered. Hence, the SMTC duration for RRM measurement in different scenarios might be different.
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Figure 2 UE behavior in high SINR operation

SSB processing is one of the main power contributor in RRC idle/inactive mode. The configurations of different numbers of SSB and the SMTC duration will greatly affect the average UE power consumption. To reflect UE power consumption and calibrate simulation results, it is critical to classify two scenarios such as high SINR scenario and low SINR scenario and differentiate the number of SSB and the SMTC duration in different scenarios.

Proposal 2: Classify two scenarios such as high SINR scenario and low SINR scenario and differentiate the number of SSB and the SMTC duration in different scenarios.
Position of SSB relative to PO

For UEs with different UE IDs, the positions of PO are different because both PF and PO are are associated with UE ID, as shown in the following formulae [2]. Since SSB is transmitted periodically, the time offset between SSB and PO is randomly distributed.

	The PF and PO for paging are determined by the following formulae:

SFN for the PF is determined by:

(SFN + PF_offset) mod T = (T div N)*(UE_ID mod N)

Index (i_s), indicating the index of the PO is determined by:

i_s = floor (UE_ID/N) mod Ns


The impact of time offset between SSB and PO on UE power consumption is simulated in our companion contribution [3].For simplification of simulation, the time offset between SSB and PO can also be set as a fixed number, e.g., half of the periodicity of SSB. 

Proposal 3: The time offset between SSB and PO should be clarified. Furthermore, the time offset can be assumed to be randomly distributed or fixed.
UE paging probability
According to the above formulae, multiple UEs may have the same PF and PO index (these UEs are called a UE group). Therefore, when any one of these UEs is paged, the PDCCH with paging message scheduling information will be detected by all UEs within the UE group. The probability that one UE is paged is denoted as per-UE paging probability. The probability that the paging message scheduling information is detected is group paging probability. The group paging probability is 
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According to the simulation results in [3], the per-UE paging probability and the number of UE within the group will affect the power consumption of paging reception. 

Proposal 4: The per-UE paging probability and the number of UE within the group which impact the group paging probability should be clarified in the simulation assumption.
Power model 

Table 1. UE power consumption model for FR1 in idle/inactive state
	Power state
	Relative power
	Note

	PDCCH-only
	50
	0.4 times of the power consumption in RRC_CONNECTED state is 40, which is less than the BWP transition power. Therefore, the BWP transition power is used.

	SSB
	50
	

	Additional RS proc.（if any）
	50
	

	PDCCH + PDSCH
	120
	0.4 times the power consumption in connected state.

	RRM measurement
	60
	In RRC_CONNECTED state, the UE power consumption for the RRM measurements is 150 when the number of cells for intra-frequency measurement equals to 8. The UE power consumption for inter-frequency measurements is also 150. Therefore, 0.4 times the power consumption in connected state is 60.

	Micro sleep
	45
	Scaling is only applied to non-sleep power states.

	Light sleep
	20
	

	Deep sleep
	1
	


To estimate the UE power consumption of different enhancement schemes for RRC Idle/Inactive state, a unified power model is required. 

To obtain the power model of RRC Idle/Inactive state, the power states in [4], such as paging including paging monitoring and paging decoding , SSB measurement, sleep and sleep state transition can be considered as a baseline. 

The relative power of the power states and the sleep state transition in [4] are based on the configurations of RRC connected state UE, where the bandwidth is assumed to be 100 MHz. In RRC Idle/Inactive state, a smaller bandwidth is required, the relative power of the power states needs to be scaled. 

According to the conclusion in [4], the power consumption scaling factor caused by bandwidth adaptation is 0.4 + 0.6 * (X - 20) / 80. Therefore, when the bandwidth of the RRC Idle/Inactive sate UE is 20MHz, the power consumption is 0.4 times of the RRC connected state. According to the conclusion in SI phase, if the power after scaling is smaller than the BWP transition power, the output of scaling should be BWP transition power. Furthermore, the slot-average power of BWP transition is 50 power units.

Similarly, the RRM measurement is also performed with a smaller bandwidth. Hence, a scaling factor should also be applied to the power of RRM measurement.

Based on the above analysis, the power consumption of all power states in RRC Idle/Inactive state is provided in Table 1. 

Proposal 5: For RRC Idle/Inactive state, the power model (including the relative power for RRM measurement) can be derived by scaling down the relative power of RRC connected state. The power model in Table 1 can be considered as a starting point.
Preliminary simulation results

Based on the assumed operation in Figure 1, Figure 2, power model in Table1 and the simulation assumption in Table 2, the simulation results of UE in RRC idle/inactive state are shown in Figure 3. 

Table 2. Simulation assumptions for FR1 in idle/inactive-mode
	Paging cycle
	1280ms

	Group paging rate
	10%

	Periodicity of SSB
	20ms

	SMTC duration
	2ms

	Duration for PO reception
	2ms

	Offset between SSB and PO
	10ms 
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Figure 3 UE power consumption distribution in idle/inactive mode

 (The left figure corresponds to Figure 1 and the right figure corresponds to Figure 2)

As shown in Figure 3, besides the power consumed by deep sleep, the light sleep and SSB reception (for AGC/SYNC and RRM measurement) contribute a large proportion of power consumption. Therefore, to improve UE power efficiency in RRC idle/inactive state, if the number of processed SSB is decreased in addition to reduction of paging reception, the proportion of deep sleep will be increased and large power saving gain will be achieved.

Observation 1: To improve UE power efficiency in RRC idle/inactive state, if the number of processed SSB is decreased in addition to reduction of paging reception, the proportion of deep sleep will be increased and large power saving gain will be achieved.
Proposal 6: The techniques that can reduce paging reception and number of SSB processing can be considered in power saving enhancement for RRC idle/inactive state UE. 
Paging enhancement
According to the current mechanism, UE needs to monitor paging occasions to check whether there is paging DCI or not in each paging cycle. If the PDCCH is successfully decoded, UE receives the PDSCH to check whether it is paged or not. When the UE is not paged, the unnecessary reception of paging DCI and message causes a lot of power consumption. 

Observation 2: The unnecessary reception of paging DCI and message contributes to UE power consumption.

3.1 Potential paging enhancement schemes
Paging indication before paging occasion
One candidate solution to reduce unnecessary paging reception can be described as the following Figure 4. There is a paging indication before the PO. The paging indication is used to inform UE whether there is a paging message or not in the subsequent PO. If the paging indication indicates “no paging message”, UE can reduce the unnecessary operations of paging reception including PDCCH / PDSCH reception.
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Figure 4 Reduction of unnecessary paging reception with paging indication

Paging indication requires a short detection time and low additional power consumption. When the paging indication indicates there is no paging message, the UE can reduce the power consumed by PO processing. What is more important, the UE can skip SSB-based synchronization operation and reduce the ramp up/ramp down energy if there is no paging message. Hence, the paging indication can reduce the average power consumption of the UE. 
The paging indication can work similarly as the wake-up signal (WUS) in MTC or similarly as DCI 2_6 for the RRC Connected state UE. That is, both the signal-based paging indication and channel-based indication can be considered.
Observation 3: A signal/channel-based paging indication before PO can reduce the unnecessary paging reception.

Paging indication within paging DCI
Similar to the paging indication before PO, a paging indication embedded in the PDCCH that schedules paging message can also reduce unnecessary paging reception, as shown in Figure 5. When paging indication indicates that the next paging cycle has no paging message, the processed SSB before the PO in next paging cycle of the UE can be reduced in of the scenario of low SINR.

An explicit indication or implicit indication can be considered in this scheme. As there are some reserved bits in the DCI format 1_0 with CRC scrambled by P-RNTI, these reserved bits can be used to explicitly inform whether there is a paging message or not. The DM-RS of PDCCH can be applied to implicitly indicate which UE or UE group is paging. 

Observation 4: A paging indication carried by a paging DCI can be used to reduce the unnecessary paging reception.
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Figure 5 Reduction of unnecessary paging reception via a paging DCI
UE sub-grouping

UE sub-grouping means that UEs within one group can be divided into multiple sub-groups, which can reduce the group paging rate. As a result, it can reduce unnecessary paging reception for UE. 
Observation 5: UE sub-grouping may reduce unnecessary paging reception for UE.
3.2 Simulation results for paging enhancement
In this section, the simulation results for several paging enhancement schemes introduced in section 3.1 are provided. Herein, it is assumed that paging indication is located in the position of  40 ms before PO in the case that paging indication is before PO. The per-UE paging probability is 0.1% and the number of UEs of each group is 100. Hence. the group paging probability is 10%. When the UE sub-grouping scheme is applied,  it is assumed that the number of UEs in each sub-group is 25. The sub-group paging probability is around 2%. 

In the scenario of high SINR depicted by Figure 2, the simulation results are shown in Table 3.
Table 3. Simulation results of paging enhancement in the high SINR scenario

	Scheme
	Power consumption per slot
	Power saving gain

	Baseline 
	1.54
	/

	Paging indication before paging occasion
	1.49
	3.2%

	Paging indication within paging DCI
	1.48
	3.9% 

	Combine paging indication before paging occasion and UE sub-grouping
	1.47
	4.5%

	Combine paging indication within paging DCI and UE sub-grouping
	1.48
	3.9%


Observation 6: In the scenario of high SINR, the paging indication before PO can derive about 3.2% power saving gain, and the paging indication within a paging DCI can derive about 3.9% power saving gain. Further,  combination of paging indication and UE grouping can derive  about 3.9%-4.5% power saving gain.
In the scenario of low SINR, UE’s operations are shown in Figure 1. The simulation results of various paging enhancement schemes are shown in Table 4.  
Table 4. Simulation results of paging enhancement in the low SINR scenario

	Scheme
	Power consumption per slot
	Power saving gain

	Baseline 
	2.52
	/

	Paging indication before paging occasion
	1.98
	21.4%

	Paging indication within paging DCI
	1.79
	29.0%

	Combine paging indication before paging occasion and UE sub-grouping
	1.93
	23.4%

	Combine paging indication within paging DCI and UE sub-grouping
	1.72
	31.7%


Observation 7: In the scenario of low SINR, the paging indication before PO can derive about 21.4% power saving gain, and the paging indication within a paging DCI can derive about 29.0% power saving gain. Further, the combination of paging indication and UE grouping can derive about 23.4% - 31.7% power saving gain.
Proposal 7: The paging enhancement schemes such as paging indication and UE sub-grouping can be considered for RRC Idle/Inactive state UEs.
Conclusion

In this contribution, we discuss some aspects on pang enhancement for RRC_Idle/Inactive UE. We have the following observations and proposals.

Observation 1: To improve UE power efficiency in RRC idle/inactive state, if the number of processed SSB is decreased in addition to reduction of paging reception, the proportion of deep sleep will be increased and large power saving gain will be achieved.
Observation 2: The unnecessary reception of paging DCI and message contributes to UE power consumption.

Observation 3: A signal/channel-based paging indication before PO can reduce the unnecessary paging reception.

Observation 4: A paging indication carried by a paging DCI can be used to reduce the unnecessary paging reception.
Observation 5: UE sub-grouping may reduce unnecessary paging reception for UE.
Observation 6: In the scenario of high SINR, the paging indication before PO can derive about 3.2% power saving gain, and the paging indication within a paging DCI can derive about 3.9% power saving gain. Further,  combination of paging indication and UE grouping can derive  about 3.9%-4.5% power saving gain.
Observation 7: In the scenario of low SINR, the paging indication before PO can derive about 21.4% power saving gain, and the paging indication within a paging DCI can derive about 29.0% power saving gain. Further, the combination of paging indication and UE grouping can derive about 23.4% - 31.7% power saving gain.
Proposal 1: The paging cycle and the duration of PO should be clarified in evaluation assumption. The default paging cycle of 1280ms can be considered.
Proposal 2: Classify two scenarios such as high SINR scenario and low SINR scenario and differentiate the number of SSB and the SMTC duration in different scenarios.
Proposal 3: The time offset between SSB and PO should be clarified. Furthermore, the time offset can be assumed to be randomly distributed or fixed.
Proposal 4: The per-UE paging probability and the number of UE within the group which impact the group paging probability should be clarified in the simulation assumption.
Proposal 5: For RRC Idle/Inactive state, the power model (including the relative power for RRM measurement) can be derived by scaling down the relative power of RRC connected state. The power model in Table 1 can be considered as a starting point.
Proposal 6: The techniques that can reduce paging reception and number of SSB processing can be considered in power saving enhancement for RRC idle/inactive state UE. 
Proposal 7: The paging enhancement schemes such as paging indication and UE sub-grouping can be considered for RRC Idle/Inactive state UEs.
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