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1 Introduction

In Rel-16, several power saving schemes were specified, including wake-up indication as an enhancement to connected-mode DRX (C-DRX), SCell dormancy behavior, cross-slot scheduling, and adaptation to maximum number of MIMO layer. In Rel-17, the latest WID on UE power saving enhancement was agreed in 3GPP TSG RAN #88 e-meeting [1]. The objectives of the RAN1 related enhancements on power saving techniques for RRC connected-mode UE are as follows:

1) …

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

a) 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.

In this contribution, some detailed designs on PDCCH switching and PDCCH skipping technique are discussed. In addition to the simulation results in [2], the evaluation results based on the other traffic models are provided. 
2 PDCCH switching and PDCCH skipping technique
PDCCH switching 
In Rel-16, search space set group switching is introduced in NR-U to reduce PDCCH monitoring. The UE can switch from one search space set group to the other search space set group triggered by a timer or DCI format 2_0. The PDCCH monitoring parameters of each search space set in a search space set group can be configured by higher layer parameters. The UE can be triggered to switch to a PDCCH monitoring behavior which fits the current data traffic to avoid unnecessary PDCCH monitoring operations. Therefore, the search space set group switching technique can be considered in Rel-17 NR. 

However, if the PDCCH switching is considered to be used for the UE in Rel-17 NR, several aspects, e.g. the DCI format triggering the PDCCH switching, the application delay and other triggering methods, should be studied. The designs of PDCCH switching are discussed as follows.

· DCI format
Considering there is data scheduling during DRX Active Time, the PDCCH switching can be indicated by the scheduling DCI e.g. DCI format 0-1/1-1. The PDCCH switching indication could be added to the existing DCI format 0-1/1-1. Optionally, the PDCCH switching indication could be also indicated by reusing the existing fields in DCI. Proposal 1: The PDCCH switching triggered by scheduling DCI can be further studied in Rel-17.
· Application delay

According to above analysis, if the indication of PDCCH switching is indicated by the DCI, an application delay is needed to enable UE to switch the PDCCH monitoring behavior. The application delay of search space set group switching in Release 16 can be considered. 

· Search space set group configuration
The configuration of search space set group in NR-U can be reused. Moreover, the value ‘0’ of the duration parameter in a search space set can be considered to achieve the same purpose as PDCCH skipping.

· Implicit indication

A timer can be used to trigger the PDCCH switching to help the network to reduce the overhead of the L1 signaling. Moreover, it can also assist the network to trigger the UE to switch to a sparse PDCCH monitoring state if the UE does not detect a scheduling DCI for a long time.
Proposal 2: Timer-based PDCCH switching triggering should be further studied.
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Figure 1 PDCCH skipping framework

The framework of the PDCCH skipping is shown as Figure 1. The UE receives a DCI which indicates whether to perform PDCCH skipping. If the DCI indicates PDCCH skipping, UE does not monitor PDCCH for a number of slots after an application delay. The number of slots in which UE does not monitor PDCCH is denoted as PDCCH skipping period in this contribution. The following aspects should be studied for PDCCH skipping.
· DCI format

In Release 16, DCI format 0_0 and DCI format 1_0 are usually used in RRC reconfiguration period. DCI format 0_1 and DCI format 1_1 are used to exploit the sophisticated UE capability. DCI format 0_2 and DCI format 1_2 are designed for URLLC. Considering that the PDCCH skipping indication will be used at least in eMBB, so the DCI format 0_2 and DCI format 1_2 are not a good choice. Since DCI format 0_0 and DCI format 1_1 have a smaller size compared with DCI format 0_1 and 1_1, DCI format 0_1 and DCI format 1_1 are slightly preferred to be used to indicate PDCCH skipping.

Proposal 3: DCI format 0_1 and DCI format 1_1 are preferred to convey PDCCH skipping indication.

· Application delay

The purpose of application delay is to make sure UE finishes decoding the DCI before applying PDCCH skipping. In Release 16, cross-slot scheduling was enhanced. When K0min or K2min is applied, the PDCCH decoding time may be relaxed. Therefore, the application delay should carefully be studied. 
· PDCCH skipping period

PDCCH skipping period is an important parameter for PDCCH skipping. It is obviously that the longer the PDCCH skipping period is, the more power saving gain can be achieved. However, the latency is also impacted by the PDCCH skipping period. So the range of PDCCH skipping period needs to be discussed. Since PDCCH skipping can be combined with dynamic BWP adaptation and DRX operation, the configuration of BWP or DRX should be considered when determining the range of PDCCH skipping period.
Proposal 4: BWP or DRX configuration should be considered when determining the range of PDCCH skipping period.

3 Evaluation for Rel-17 DCI-based power saving techniques
Simulation assumption 
To evaluate the additional power saving gain that can be achieved by the candidate Rel-17 power saving techniques, the existing Rel-15 and Rel-16 techniques that are beneficial to UE energy efficiency improvement are considered in the simulation assumption. 

The dynamic BWP adaptation and C-DRX configuration supported in Rel-15 is incorporated in the simulation. The UE is assumed to be configured with two BWPs, where one BWP is used for power saving (BWP1) and the other BWP is used for data transmission. When data packet arrives, UE is indicated by DCI to switch to BWP2 to perform DL/UL data transmission. UE will fall back to BWP1 after BWP inactivity timer expires. The Type-2 BWP switch delay is assumed. To exploit the benefits of dynamic BWP switch, the power saving techniques specified in Rel-16 including smaller number of MIMO layers and cross-slot scheduling are configured for BWP1. More configurations of the two BWPs are shown in Table A.1 in Appendix. 
For SSB measurement, the periodicity is equal to the long CDRX cycle. The SSB measurement duration is one slot in FR1 and 4 slots in FR2. For CSI-RS measurement, the periodicity is equal to max (long CDRX cycle, 160ms). The CSI-RS measurement duration is one slot in FR1 and 4 slots in FR2. The UE performs SSB and CSI-RS measurement in the active BWP.
The power units of the power states for RRC connected mode are shown in Table A.2 in Appendix. The traffic models and the corresponding DRX settings are shown in Table A.3 in Appendix.
The baseline setting which includes the Rel-15 and Rel-16 power saving techniques and the two potential DCI-based power saving schemes are evaluated and the simulation assumption are shown as follows.
· Baseline setting 

The baseline setting includes the Rel-15 and Rel-16 power saving solutions. Moreover, WUS is used to indicate UE to not start DRX OnDuration timer when there is no data transmission. Assume that the minimum time gap for WUS is 1 slot for FR1 and 2 slots for FR2. The WUS monitoring occasion is configured in both BWP1 and BWP2. Hence, UE can monitor WUS in the current active BWP. 

· PDCCH switching scheme

Assume that the UE can switch PDCCH monitoring between a dense PDCCH monitoring behavior (i.e., per-slot monitoring) and a sparse PDCCH monitoring behavior (1-slot monitoring duration every 2 slots in FR1 and 4 slots in FR2, respectively). The PDCCH switching technique is only used in BWP2. 

· PDCCH skipping scheme

Assume that PDCCH skipping scheme is only applied in BWP2. Considering the value of BWP inactivity timer and DRX inactivity timer, skipping period is set as 20ms for IM, FTP 3traffic model, and 4ms for VoIP traffic model.
Simulation results
Based on the above simulation assumptions, simulation results of power consumption distribution of baseline setting, PDCCH switching and PDCCH skipping schemes for all traffic models are shown in Figures 2-4, respectively. 

· Baseline:
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(a) IM power consumption distribution for FR1 and FR2
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(b) FTP power consumption distribution for FR1 and FR2
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(c) FTP 3-100 power consumption distribution in FR1 and FR2
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(d) VoIP power consumption distribution in FR1 and FR2

Figure 2  Baseline power consumption distribution for FR1 and FR2


Observation 1: In the baseline setting, the PDCCH-only state in BWP2 contributes 35%~61% power consumption in FR1 and 54%~71% power consumption in FR2 based on the simulation assumption. 

· PDCCH switching

PDCCH switching technique can help the UE switch the PDCCH monitoring parameter to adapt to the change of data arrival. For example, when there is a very small amount of data, the UE can switch to a sparse PDCCH monitoring behavior for the purpose of reducing the power consumption of PDCCH-only state, and vice versa.  

In simulation results shown in Figure 3, the sparse PDCCH monitoring parameter for each traffic model is set as 1-slot monitoring duration every 2 slots for FR1 and per 4 slots for FR2. 
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(a) IM power consumption distribution based on PDCCH switching in FR1 and FR2
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(b) FTP 3 power consumption distribution based on PDCCH switching in FR1 and FR2
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(c) FTP 3-100 power consumption distribution based on PDCCH switching in FR1 and FR2
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(d) VoIP power consumption distribution based on PDCCH switching in FR1 and FR2

Figure 3  Power consumption distribution based on PDCCH switching in FR1 and FR2

Observation 2: For PDCCH switching scheme, the PDCCH-only state in BWP2 contributes 20%~37% power consumption in FR1 and 20%~29% power consumption in FR2 based on the simulation assumption. 

The power saving gain from PDCCH switching scheme is shown in Table 1.The power saving gain from PDCCH switching is about 10%~16.9% for FR1 and 30%~39.4% for FR2 relative to power consumption in baseline.
Table 1 power saving gain from PDCCH switching
	mean power
	FTP-100
	IM
	FTP
	VOIP

	
	FR 1
	FR 2
	FR 1
	FR 2
	FR 1
	FR 2
	FR 1
	FR 2

	Baseline
	40.89
	62.7
	5.4471
	7.0253
	31.1722
	49.297
	32.3939
	45.2335

	PDCCH switch
	34.088
	37.9619
	4.9201
	4.8426
	26.9728
	34.4
	28.1216
	27.4494

	Power saving gain
	16.9%
	39.3%
	10%
	31.1%
	13.5%
	30%
	13.2%
	39.4%


Observation 3: The power consumption in PDCCH-only state in BWP2 for all traffic models is reduced significantly by using PDCCH switching scheme. The power saving gain is 10%~16.9% for FR1 and 30%~39.4% for FR2. 

· PDCCH skipping

PDCCH skipping is a method to save power by letting UE stop monitoring PDCCH during a skipping period. It is obviously that the skipping period is an important parameter to determine the power saving gain. For example, if the skipping period is longer, UE may save more energy, but the latency may increase. Hence, how to configure the duration of PDCCH skipping should be considered.

In simulation assumption, the skipping period is configured to ensure that a UE shall not skip all remaining DRX OnDuration(s) in BWP2. So the skipping period should be smaller than min (BWP inactivity timer, DRX inactivity timer). In the following simulation, the skipping period is set as 20ms for IM, FTP3 traffic model, and 4ms for VoIP traffic model.
[image: image18.emf]meanPower:4.7105   IM    skiptime20     fr1

9%

21%

2%

2%

3%

1%

3%

59%

pdcch-only1

pdcch-only2

wus

pdsch

ssb

pucch

bwp-switch

sleep

[image: image19.emf]meanPower:5.1216   IM    skiptime20     fr2

4%

38%

< 1%

5%

6%

< 1%

2%

44%

pdcch-only1

pdcch-only2

wus

pdsch

ssb

pucch

bwp-switch

sleep



(a) IM power consumption distribution based on PDCCH skipping in FR1 and FR2
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(b) FTP power consumption distribution based on PDCCH skipping in FR1 and FR2
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(c) FTP 3-100 power consumption distribution based on PDCCH skipping in FR1 and FR2
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(d) VoIP power consumption distribution based on PDCCH skipping in FR1 and FR2

Figure 4  Power consumption distribution based on PDCCH switching for FR1 and FR2

Observation 4: For power consumption distribution with PDCCH skipping scheme, the PDCCH-only state in BWP2 contributes 21%~38% power consumption in FR1 and 35%~54% power consumption in FR2. 
The power saving gain from PDCCH skipping technique is shown in Table 2. The power saving gain from PDCCH skipping is about 10.5%-39%.

Table 2  Power saving gain from PDCCH skipping
	mean power
	FTP-100
	IM
	FTP
	VOIP

	
	FR 1
	FR 2
	FR 1
	FR 2
	FR 1
	FR 2
	FR 1
	FR 2

	Baseline
	40.89
	62.7
	5.4471
	7.0253
	31.1722
	49.297
	32.3939
	45.2335

	PDCCH skip
	29.1479
	38.4942
	4.7105
	5.1216
	24.3964
	35.4
	29.0054
	35.8203

	Power saving gain
	28.7%
	39%
	13.5%
	27%
	22%
	28.2%
	10.5%
	20.8%


Observation 5: Power saving gain achieved by PDCCH skipping is 10.5%-39% relative to power consumption in baseline.
4 Conclusion

In this contribution, according to the evaluation for DCI-based PDCCH switching and PDCCH switching techniques, the observations are shown as followings:
Observation 1: In the baseline setting, the PDCCH-only state in BWP2 contributes 35%~61% power consumption in FR1 and 54%~71% power consumption in FR2 based on the simulation assumption.
Observation 2: For PDCCH switching scheme, the PDCCH-only state in BWP2 contributes 20%~37% power consumption in FR1 and 20%~29% power consumption in FR2 based on the simulation assumption. 

Observation 3: The power consumption in PDCCH-only state in BWP2 for all traffic models is reduced significantly by using PDCCH switching scheme. The power saving gain is 10%~16.9% for FR1 and 30%~39.4% for FR2. 
Observation 4: For power consumption distribution with PDCCH skipping scheme, the PDCCH-only state in BWP2 contributes 21%~38% power consumption in FR1 and 35%~54% power consumption in FR2. 
Observation 5: Power saving gain achieved by PDCCH skipping is 10.5%-39% relative to power consumption in baseline.
Proposal 1: The PDCCH switching triggered by scheduling DCI can be further studied in Rel-17.
Proposal 2: Timer-based PDCCH switching triggering should be further studied.
Proposal 3: DCI format 0_1 and DCI format 1_1 are preferred to convey PDCCH skipping indication.

Proposal 4: BWP or DRX configuration should be considered when determining the range of PDCCH skipping period.
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Appendix
Table A.1  BWP setting

	BWP setting
	BWP1
	BWP2

	Bandwidth(MHz)
	FR1
	FR2
	FR1
	FR2

	
	20
	100
	100
	100

	The number of MIMO layer
	2
	1
	4
	2

	Scheduling
	Cross-slot scheduling
	Same-slot scheduling

	PDCCH monitoring duration
	1 slot

	PDCCH monitoring periodicity
	1ms
	1slot

	BWP inactivity timer
	40ms


Table A.2  Power units for different power states in connected mode[3]
	Power State
	Relative Power
	Power State
	Relative Power

	
	FR1
	FR2
	
	FR1
	FR2

	Deep Sleep
	1
	PDCCH-only for DCI format 2-6
	50
	100

	Light Sleep
	20
	PDCCH-only
	100
	175

	Micro sleep
	45
	PDSCH-only
	280
	325

	BWP switch
	50
	PDCCH + PDSCH
	300
	350

	SSB /TRS/ CSI-RS proc.
	100
	175
	UL
	75
	105

	SSB+CSI
	170
	300
	PDCCH+UL
	 175
	 280

	SSB/CSI+PDCCH
	170
	300
	SSB/CSI+PDCCH+PDSCH
	300
	350


Table A.3  Traffic model and DRX configuration
	Traffic model
	IM
	FTP 3
	FTP 3-100
	VOIP

	Model
	FTP model 3
	FTP model 3
	FTP model 3
	As defined in R1-070674.Assume max two packets bundled.

	Mean arrival time
	2s
	200ms
	100ms
	

	Payload
	0.1Mbytes
	0.5Mbytes
	0.1Mbytes
	

	DRX long cycle(ms)
	320
	160
	160
	40

	DRX on duration(ms)
	5
	5
	5
	5

	Inactivity timer(ms)
	80
	100
	100
	10



9/10


