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Introduction

In 3GPP TSG RAN#86 meeting, a new WID was approved [1]. It includes the following objectives.

Specify enhancements for idle/inactive-mode UE power saving, considering system performance aspects [RAN2, RAN1]

Study and specify paging enhancement(s) to reduce unnecessary UE paging receptions, subject to no impact to legacy UEs [RAN2, RAN1]

NOTE: RAN1 to check and update, if needed, evaluation methodology in RAN1 #100 meeting

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

Study and specify, if agreed, enhancements on power saving techniques for connected-mode UE, subject to minimized system performance impact [RAN1, RAN4]

Study and specify, if agreed, extension(s) to Rel-16 DCI-based power saving adaptation during DRX Active Time for an active BWP, including PDCCH monitoring reduction when C-DRX is configured [RAN1] 

NOTE: Rel-15 and Rel-16 available power saving solutions should be supported by the UE and included in the evaluation. RAN1 will ask the confirmation from RAN2 that Rel-15 and Rel-16 available  power saving solutions are properly utilized.

Study the feasibility and performance impact of relaxing UE measurements for RLM and/or BFD, particularly for low mobility UE with short DRX periodicity/cycle, and specify, if agreed, relaxation in the corresponding requirements [RAN4]

NOTE: Supplementary RAN2 work, if needed, can be triggered by RAN4 LS

In this contribution, the aspects of power saving enhancement for Rel-17 are discussed.

Enhancements for idle/inactive-mode UE power saving

 Power model

To estimate the UE power consumption and the effect of different enhancement schemes in RRC_IDLE or RRC_INACTIVE mode, a unified power model is required. 

To obtain the power model of RRC_IDLE or RRC_INACTIVE mode, the power states in TR 38.840[2], such as paging (including paging monitoring and paging decoding ), SIB1 decoding, SSB measurement, sleep and sleep state transition to and from active state should be considered as a baseline. 

The UE power consumption of each power state and the state transition in TR 38.840 are based on RRC_CONNECTED mode. And the bandwidth is assumed to be 100 MHz. In RRC_IDLE/RRC_INACTIVE mode, the required bandwidth is smaller, so the power consumption of each power state is lower. 

Table 1. UE power consumption model for FR1 in RRC_IDLE/RRC_INACTIVE mode

	Power state
	Relative power
	Note

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

	SSB
	50
	

	Additional RS proc.
	50
	

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

	Micro sleep
	45
	Scaling applies only to non-sleep power states.

	Light sleep
	20
	

	Deep sleep
	1
	


According to the conclusion in 38.840, the power consumption scaling factor caused by bandwidth change is 0.4 + 0.6 * (X - 20) / 80. Therefore, when the bandwidth used by the RRC_IDLE mode is 20MHz, the power consumption is 0.4 times of the RRC_CONNECTED mode. According to the conclusion in SI phase, if the power after scaling is smaller than the BWP transition power, the output of scaling is assumed to be the BWP transition power. Furthermore, the slot-average power of BWP transition is 50 power units.

Based on the above analysis, the power consumption of each power state in RRC_IDLE/RRC_INACTIVE mode is provided in Table 1.

 Reduction of unnecessary paging reception

In NR, UE uses DRX in RRC_IDLE and RRC_INACTIVE mode to reduce power consumption. UE in RRC_IDLE or RRC_INACTIVE needs to monitor one Paging Occasions (PO) per DRX cycle. According to the current mechanism, UE needs to monitor each paging occasion to check whether there is paging DCI or not. If the PDCCH is successfully decoded, UE receives the PDSCH to check whether it is paged or not. When the paging probability is low, the unnecessary reception of paging message may cause a lot of power consumption. 

Observation 1: When the paging probability is low, the unnecessary reception of paging message may cause a lot of power consumption. 
One candidate solution to reducing of unnecessary paging reception can be described as the following Figure 1. There is a paging indication before the Paging Occasion (PO). The paging indication is used to inform UE to whether there is 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 (PDCCH / PDSCH).
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Figure 1  Reduction of unnecessary paging reception

The paging indication can work similarly as the UE-group wake-up signal (GWUS) in MTC [3]. That is, for NR UE, a group of UE will be signaled whether they need to receive paging or not.  

Other methods, such as, using paging indication embedded in the PDCCH that schedules paging data and UE grouping, can also reduce unnecessary paging reception.

When we design the solutions to reduce unnecessary paging reception, the false alarm rate reduction and power saving gain should be focused. In addition, the other factors, such as compatibility, should also be considered. In summary, we have the following proposal.

Proposal 1: When we design the solution to reducing unnecessary paging reception, we should take the following aspects into consideration.

False alarm rate reduction

Power saving gain
Compatibility with Rel-15/Rel-16 UE

Flexibility

Complexity
Additional RS for idle/inactive UE

In LTE, the operations such as AGC adjustment, T/F tracking, RRM measurement, etc., for idle mode UE are based on cell-specific reference signal (CRS). And the CRS is transmitted in every subframe. In NR, the only reference signal that can be used by idle/inactive mode UE is SSB. And the periodicity of SSB is 20ms by default. With such a restriction, all the operations mentioned above implemented by idle/inactive mode UE are based on SSB. 

For idle/inactive UE, it is required to monitor one PO per DRX cycle to detect for the scheduling of paging and SI update. Meanwhile, UE should perform serving cell measurement and evaluate the cell selection criterion based on SSB according to the requirement in 38.133.
Therefore, the wake-up times for idle/inactive UE is determined by the locations of SSB and PO. It means that if the SSB is not aligned with the PO, UE needs to wake up multiple times. And during the time gap between SSB and PO, UE can not enter into deep sleep, which increase the power consumption. 

An example is shown in Figure 2. In Figure 2(a), SSB and PO are aligned. UE can wake up once to detect paging message and perform RRM measurement. In Figure 2(b), UE needs to wake up to perform RRM measurement, and then monitor the PO. During the period of P1, UE remains in the state of light/micro sleep. 
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Figure 2  Locations of SSB and PO

Another contributor to the power consumption of idle/inactive mode UE is the acquisition of beam correspondence between the SSB and PDCCH monitoring occasions. To receive the paging message, UE needs to wake up first to detect the SSB. Similar to the case in Figure 2, if the SSB and PO are not aligned, the power consumption would be increased.
Observation 2: The power consumption of idle/inactive UE is closely related to the locations of available reference signal and PO.

To resolve the power consumption issue caused by the misalignment, one solution is to introduce additional RS to minimize the gap. And the additional RS can be used to assist idle/inactive UE to adjust AGC, perform RRM measurement, acquire T/F synchronization and beam correspondence.

Observation 3: The additional RS can be studied to be used to assist idle/inactive UE to adjust AGC, perform RRM measurement, acquire T/F synchronization and beam correspondence. 
To trade off between the UE power consumption and network power efficiency, it was agreed in RAN #86 that the TRS/CSI-RS configured to connected mode UE can be broadcasted to idle/inactive mode UE. To provide the additional RS to idle/inactive mode UE, the following issues need to be considered
RS types,

Necessary information to be provided to idle/inactive mode UE

How to provide the necessary information 

Furthermore, the resource overhead caused by the broadcast information is also a key issue to be resolved.

Proposal 2: To provide the additional RS to idle/inactive mode UE, the following aspects need to be considered.

RS types

Necessary information to be provided to idle/inactive mode UE

How to provide the necessary information 

Resource overhead
Enhancements for connected-mode UE power saving

Some power saving functions are specified in Rel-16, but further enhancements on power saving techniques are also required. The analysis is as follows. 

Not all of the existing functions for power saving purpose can be used during Active Time, e.g. wake-up indication is detected outside Active Time and used to indicate UE whether to start the Onduration Timer or not. In the case that it indicates UE to wake up in the next DRX cycle, there are limited power saving schemes available to reduce PDCCH-only monitoring power consumption during Active Time. 

The search space set group switching function can be used to reduce power consumption of PDCCH-only monitoring behavior. However, the indication of this function is triggered by DCI format 2-0, which does not take the UE-specific data scheduling into account. What’s more, the function is specified for NR-U, which is not applicable to all the UEs.
It is observed in TR 38.840 that the PDCCH-only monitoring behavior for the UE consumes more power than the other behaviors. Hence, some other power saving schemes, e.g. PDCCH skipping or PDCCH monitoring switching schemes, used to reduce power consumption caused by PDCCH monitoring during Active Time also needs to be considered in Rel-17.
Observation 4: Although there are some DCI-based power saving schemes introduced in Rel-15/16, the schemes considering the UE-specific PDCCH monitoring behavior are required to reduce UE power consumption during Active Time. 
PDCCH monitoring reduction
In Rel-16 UE power saving SI phase, it is observed that the PDCCH-only state cost the most UE power consumption. 
Therefore, the PDCCH monitoring reduction such as PDCCH monitoring adaptation and PDCCH skipping can be considered.
PDCCH monitoring adaptation

The intention of the PDCCH monitoring adaptation is to trigger the UE to switch the PDCCH monitoring behavior, e.g. changing into sparser PDCCH monitoring periodicity, to save power consumption.

For example, when there is no data scheduled or other power saving function, such as cross-slot scheduling, is applied during Active Time, UE can switch to sparser PDCCH monitoring occasions as shown in Figure 3. What’s more, other details such as the DCI format, application delay and parameter configuration need to be considered.
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Figure 3  PDCCH monitoring adaptation
PDCCH skipping

The framework of the PDCCH skipping is shown in Figure 4. One or more PDCCH skipping duration can be configured by higher layer parameters and a DCI is used to indicate one of the PDCCH skipping duration. PDCCH skipping duration is a time period which UE does not need to monitor PDCCH. If the indicated PDCCH skipping duration is greater than zero, it means UE is triggered to skip PDCCH. 

When using the technique of PDCCH skipping, the aspects of DCI format, application delay, PDCCH skipping duration, etc., should be considered.
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Figure 4  PDCCH skipping 
Preliminary simulation results
According to the WID, the Rel-15 and Rel-16 available power saving solutions should be included in the evaluation. So the schemes in Table 2 are considered in the simulations based on the traffic models and DRX settings to obtain the power saving gain. 

Table 2  Simulation schemes
	Scheme
	Description

	Baseline 1
	Only long DRX cycle is configured based on Rel-15 DRX mechanism.

	PDCCH skipping 1
	As shown in Figure 5 (a), the PDCCH skipping function based on baseline 1 can be triggered by a timer and DCI with data scheduling. The timer and the skipping duration is equal to the DRX onDuration timer.

	PDCCH switching 1
	As shown in Figure 5 (b), the PDCCH switching function based on baseline 1 can be triggered by a timer and DCI with data scheduling. The timer is equal to DRX onDuration timer, and two different sets of PDCCH monitoring switching parameters are used.

	Baseline 2
	Only long DRX cycle is configured based on Rel-15 DRX mechanism. The WUS PDCCH is transmitted to indicate UE to wake up or not.

	PDCCH skipping 2
	The same PDCCH skipping function as PDCCH skipping 1 is used in baseline 2.

	PDCCH switching 2
	The same PDCCH switching function as PDCCH switching 1 is used in baseline 2.
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PDCCH skipping
[image: image6.png]ion-»|

DRX cycle-

tDRX On durati




(b) PDCCH monitoring switching
Figure 5  Power saving schemes triggered by DCI or timer
The power units for different power states in connected-mode are shown in Table A1 and the traffic models including 3 types of traffic models with the corresponding DRX settings are shown in Table A4. The mean power per slot, the power saving gain and the ratio of increased latency for these schemes in Table 2 relative to the corresponding baseline 1 or baseline 2 are shown in Figure 6~8, respectively. 

Based on mean power per slot for the above schemes in Figure 6, it is observed that PDCCH skipping 1 and PDCCH switching 1 have a lower mean power compared with the baseline 1. And PDCCH skipping 2 and PDCCH switching 2 have a lower mean power than baseline 2. 
Observation 5: The mean power of PDCCH skipping 1/2 and PDCCH switching 1/2 schemes are lower than that of baseline 1/2 respectively.
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Figure 6  Mean power per slot for different traffic models

Based on the power saving gain in Figure 7, it is observed that for FTP and VoIP, the PDCCH skipping 1/ PDCCH switching 1 and the PDCCH skipping 2/PDCCH switching 2 have almost the same power saving gain relative to their corresponding baseline schemes. It is also observed that for IM model, the power saving gain from PDCCH skipping 1 and PDCCH switching 1 are smaller than that of PDCCH skipping 2 and PDCCH switching 2.

Moreover, the power saving gain of PDCCH skipping and PDCCH switching based on the same baseline are almost the same. The reason is that the timer and the skipping duration in Table 2 are equal to DRX onDuration timer.  
Observation 6: The power saving gain from PDCCH skipping1/2 and PDCCH switching1/2 schemes is 30%~40% for FTP traffic model, 5%~35% for IM model, and 25%~35% for VoIP model.
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Figure 7  The power saving gain scheme for different models

Based on the ratio of increased latency in Figure 8, it is observed that for PDCCH skipping 1/PDCCH switching 1 and the PDCCH skipping 2/PDCCH switching 2, the DRX settings corresponding to the lower ratio of increased latency are different for the three traffic models. 

Observation 7: The ratios of increased latency of the power saving schemes are lower than 20%for the FTP， IM and VoIP traffic models.
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Figure 8  The ratio of increased latency relative to baseline scheme for different models

From the analysis on the simulation results, it can be observed that the PDCCH skipping and PDCCH switching schemes based on the baseline 1 and baseline 2 can be considered in Rel-17 power saving enhancement . 

Proposal 3: PDCCH skipping and PDCCH switching schemes can be considered in Rel-17 power saving enhancement. 
Furthermore, the short DRX cycle can be configured in DRX operation. Hence, some candidates of short DRX configurations are shown in Table 3.

Table 3  Candidates of short DRX configuration

	ID
	1
	2
	3
	4
	5
	6

	DRX setting

(long DRX cycle, On-duration timer,

Inactivity timer)
	(80,4,5)
	(160,8,5)
	(320,8,5)
	(40,8,40)
	(80,8,40)
	(160,8,40)

	(Short DRX cycle, short DRX timer)
	(20,2)
	(20,2)
	(20,2)
	(20,2)
	(40,2)
	(20,2)


From the simulation results in Figure 9, for FTP traffic model, it can be seen that the mean power for DRX configuration with short DRX cycle is obviously increased compared with the mean power for DRX configuration without short DRX cycle. Furthermore, the percent of time occupied by PDCCH-only is calculated and shown in Figure 10. It is observed that the percent of time occupied by PDCCH-only for DRX configuration with short DRX cycle is much larger than that of DRX configuration without short DRX cycle. 

Therefore, it is necessary to reduce the power consumed by PDCCH-only state even the short DRX is configured.
Observation 8: It is necessary to reduce the power consumed by PDCCH-only state even the short DRX is configured.
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Figure 9 Mean power per slot for FTP traffic model without WUS PDCCH
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Figure 10 The percent of time occupied by PDCCH-only
Conclusion

In this contribution, we discuss some aspects on power saving on Rel-17 Power saving enhancement. We have the following observations and proposals.

Observation 1: When the paging probability is low, the unnecessary reception of paging message may cause a lot of power consumption. 
Observation 2: The power consumption of idle/inactive UE is closely related to the locations of available reference signal and PO.

Observation 3: The additional RS can be studied to be used to assist idle/inactive UE to adjust AGC, perform RRM measurement, acquire T/F synchronization and beam correspondence. 
Observation 4: Although there are some DCI-based power saving schemes introduced in Rel-15/16, the schemes considering the UE-specific PDCCH monitoring behavior are required to reduce UE power consumption during Active Time.

Observation 5: The mean power of PDCCH skipping 1/2 and PDCCH switching 1/2 schemes are lower than that of baseline 1/2 respectively.
Observation 6: The power saving gain from PDCCH skipping1/2 and PDCCH switching1/2 schemes is 30%~40% for FTP traffic model, 5%~35% for IM model, and 25%~35% for VoIP model.
Observation 7: The ratios of increased latency of the power saving schemes are lower than 20%for the FTP， IM and VoIP traffic models.
Observation 8: It is necessary to reduce the power consumed by PDCCH-only state even the short DRX is configured.

Proposal 1: When we design the solution to reducing unnecessary paging reception, we should take the following aspects into consideration.

False alarm rate reduction

Power saving gain
Compatibility with Rel-15/Rel-16 UE

Flexibility

Complexity
Proposal 2: To provide the additional RS to idle/inactive mode UE, the following aspects need to be considered.

RS types

Necessary information to be provided to idle/inactive mode UE

How to provide the necessary information 

Resource overhead
Proposal 3: PDCCH skipping and PDCCH switching schemes can be considered in Rel-17 power saving enhancement.
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Appendix 
The power states and relative power values are as follows in Table A1 and Table A2. 

Table A1 Power units for different power states in connected mode

	Power State
	Relative Power
	Power State
	Relative Power

	Deep Sleep
	1
	PDSCH
	280

	Light Sleep
	20
	SSB+PDCCH
	170

	Micro sleep
	45
	SSB+PDCCH+PDSCH
	300

	PDCCH-only
	100
	PDCCH-only for DCI format 2-6
	50

	SSB /TRS/ 
CSI-RS proc.
	100
	PDCCH + PDSCH
	300


Table A2 UE power consumption during the state transition

	Sleep type
	Additional transition energy:

(Relative power x  ms) 
	Total transition time 

	Deep sleep
	450
	20 ms

	Light sleep
	100
	6 ms

	Micro sleep
	0
	0 ms*

	* Immediate transition is assumed for power saving study purpose from or to a non-sleep state 


Table A3 UE power consumption scaling for adaptation

	Scaling for FR1
	Proposal
	Comment

	BWP Bandwidth (DL)
	Scaling of X MHz = 0.4 + 0.6 * (X - 20) / 80. Linear interpolation for intermediate bandwidths. Valid only for X = 10, 20, 40, 80, and 100.

Above scaling is applicable for FR1 only.

In case scaling is needed for FR2, companies can report the assumed scaling factor.
	For 10MHz BW, only AL up to 8 can be used for PDCCH

The transition time is the same as DCI-based BWP switching delay for Rel-15.

If the power after scaling is smaller than the BWP transition power, assume the BWP transition power as the output of scaling unless otherwise justified.


-
Note: Scaling applies only to non-sleep power states.

-
Note: latency involved in antenna scaling is FFS

-
For evaluation, when BWP transition duration is one slot or longer, the slot-average power level is 50 power units

-
In case when BWP transition duration is <one slot (if defined), up to each company to report the power level assumed

-
Companies to report the type of BWP transition time (type 1 and/or type 2) assumed in the evaluation

-
Note: When BWP adaptation power scaling is applied, the resultant power should not be smaller than the above power level. Justification should be provided if a different assumption is made (for example, UE is assumed to be in a state that is not fully active).
Table A4 Traffic model

	
	FTP traffic
	Instant messaging
	VoIP



	Model
	FTP model 3
	FTP model 3
	As defined in R1-070674.

Assume max two packets bundled.



	Packet size
	0.5 Mbytes
	0.1 Mbytes
	

	Mean inter-arrival time
	200 ms
	2 sec
	

	DRX setting

(period, On-duration timer,

Inactivity timer)
	(160,8,40)

(160,8,100)
	(320,10,80)

(320,10,200)
	(40,4,10)

	Note1: SSB/CSI-RS/TRS measurement are not considered.

Note2: The data which is not larger than 0.1 Mbytes is assumed to be received in a slot.

Note3: The data which is larger than 0.1 Mbytes is assumed to be processed in a number of slot that is equal to the payload size divided by 0.1 Mbytes.
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