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1 Introduction

In RAN1#102-e meeting, the evaluation methodology and potential techniques of reducing PDCCH monitoring had been discussed. The following agreements were reached [1].

Agreements:

· Reusing power model in TR38.840 for evaluation of DCI-based power saving adaptation schemes.

Note: company reporting additional power model for missing state or update is not precluded.

Agreements:

· Company should report assumptions used for periodic measurement activities for the Rel-17 DCI-based power saving adaptation evaluation.

· The periodic activities defined in TR38.840 can be reused.

Measurement for RLM/BFD every C-DRX cycle can be optionally modelled.

Agreements:

· The performance metrics described in TR38.840 section 8.2 is reused for power saving evaluation of Rel-17 DCI-based power saving adaptation during Active Time.

· The following Rel-15 / 16 features is recommended of the power consumption as reference for baseline. Company can report the feature(s) being used in the baseline.

· DRX

· C-DRX cycle 40msec for VoIP

· 10ms IAT, 8ms On-duration

· Assume max two packets bundled

· C-DRX cycle 160msec for FTP

· Alt 1: 20 msec IAT, 8ms On-duration

· Alt 2: short DRX

· 20 ms [or 40ms as optional] IAT, 8ms On-duration

· 20 ms for short DRX cycle, 4 cycles

· Note: 100 msec IAT, 8ms On-duration can also be used with sufficient justifications that available Rel-15/16 Techniques being used to reduce UE power saving

· DCP for DRX adaptation,

· DCP offset  to DRX ON = 2 ms, other values are not precluded

· Cross-slot scheduling adaptation

· Minimum K0 can be adapted from 0 to 1 for FR1, 0 to [4] for FR2

· BWP switching, including

· MIMO layer adaptation,

· Max # of MIMO layer can be adapted from 4 layer to 2 layer for FR1, 2 layer to 1 layer for FR2

· PDCCH monitoring period adaptation

· PDCCH monitoring period can be adapted from per slot monitoring to X slot monitoring

· X = [2] for FR1 and [8] for FR2

· Bandwidth adaptation

· Bandwidth can be adapted from 100MHz to 20MHz for FR1,FFS for FR2

· Note: 

· BWP transition time type 2 is assumed, BWP transition duration is

· 5 slot @ 30kHz SCS for FR1, 

· 18 slot@120kHz SCS for FR2

· the slot-average power level for BWP transition duration is according to TR38.840

· BWP transition time type 1 can be optional modelled

· BWP switching is Y (ms) after last packet/data burst. 

· Y = [8], other values are not precluded

· Whether BWP switching is modeled depends on the assumed UE capability and evaluated schemes.

· Scell dormancy assumption for CA capable UEs

· FR1 & FR2: SCell dormancy with [160 ms] periodic CSI measurement and reporting

· Other settings

· CA assumption if configured for CA capable UEs

· For FR1, FFS

· For FR2, 4*100MHz can be considered.

· Assumptions for scheduler

· For FR1, no restriction on the beam assumptions being used in each slot

· For FR2, up to each company, e.g., gNB equally schedule the slots for UEs targeting to different beams. 

· Note: the assumptions does not necessary mean to restrict or precluded any implementation. Other assumptions are not precluded and can be reported by companies.

· Company to report the used assumption for the interruption and also power savings impact due to presence/absence of interruptions.

Agreements:

Legacy traffic models in TR38.840 can be considered for Rel-17 DCI-based power saving adaptation evaluation, other traffic models can be optionally modelled and company report which traffic model(s) is used.
In this contribution, the potential techniques and the evaluation results of extension to Rel-16 DCI-based power saving adaptation during DRX Active Time are discussed.

2 Potential DCI-based power saving techniques 
In Rel-16, DCP was introduced to indicate UE whether to start the drx-onDurationTimer for the next long DRX cycle. UE can save power when DCP indicates to not start drx-onDurationTimer for the next long DRX cycle. However, when the data packet arrives, UE will be indicated to start drx-onDurationTimer and it should monitor PDCCH till the DRX inactivity timer expires. For some data traffic with small packet size or sporadic data arrival interval, it is possible that UE starts drx-onDurationTimer and is scheduled with data during the first several slots. If there is no scheduling in remaining slots during DRX Active Time, some unnecessary PDCCH occasions are monitored, which degrades UE energy efficiency. If the number of monitored slots without data scheduling can be decreased, the UE power consumption can be reduced. 

However, how much power saving gain will be provide by reducing power consumption of PDCCH monitoring still needs to be studied. In [2], the power saving techniques specified in Release 15 and Release 16, including bandwidth and PDCCH monitoring adaptation via BWP switch, cross-slot scheduling, etc., are considered, and the simulation results are shown in Figure 1.
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Figure 1 UE power consumption distribution with Release 15and Release 16 power saving solutions
(Note: PDCCH-only1 denotes the ‘PDCCH-only’ state in BWP-1, PDCCH-only2 denotes the ‘PDCCH-only’ state in BWP-2.)
According to the simulation results, PDCCH-only state consumes 46% and 48% of power for FTP under VoIP traffic model, respectively. Therefore, a technique which can further reduce power consumption in the PDCCH-only state should be studied.

Observation 1: Even configured with power saving techniques specified in Release 15 and Release 16, most UE power is consumed by the PDCCH-only state. 
Proposal 1: Power consumption in the PDCCH-only state should be further reduced. 
Note that in Rel-15, DRX command MAC CE can be used to terminate the DRX Active Time. However, with the help of DRX command MAC CE, UE will enter into DRX-off state, the data packet that arrives later can be only scheduled in the next DRX cycle, which increases the scheduling latency. Hence, more dynamic power saving techniques that have less impact on latency should be considered. PDCCH switching and PDCCH skipping are two promising techniques to save power during DRX Active Time.
· PDCCH switching

The intention of the PDCCH switching is to trigger the UE to switch the PDCCH monitoring behavior, e.g. changing into the PDCCH monitoring parameters with sparse PDCCH monitoring occasions to reduce power consumption. For example, when there is no data scheduled or a power saving scheme is indicated during DRX Active Time, UE can switch to sparse PDCCH monitoring occasions as shown in Figure 2.  
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Figure 2 PDCCH switching
· PDCCH skipping
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Figure 3 PDCCH skipping

The framework of the PDCCH skipping is shown as Figure 3. The UE receives a DCI which indicates the UE whether to perform a PDCCH skipping. If the DCI indicates a PDCCH skipping, UE stops monitoring PDCCH for a number of slots to save power. The number of slots in which UE does not monitor PDCCH is denoted as PDCCH skipping period in this contribution. After the PDCCH skipping period, UE starts to monitor PDCCH. 
These two techniques above can reduce UE power consumption. However, which one provides more power saving gain needs to be evaluated. Therefore, the power saving gains from these two techniques are provided in the following sections.

3 Evaluation results
The simulation assumptions are based on the evaluation methodology of DCI-based power saving techniques agreed in RAN1 #102-e meeting. The detailed simulation assumptions are shown in Appendix A1. The simulation parameters of FTP 3 and VoIP traffic models, PDCCH skipping period and PDCCH switching are provided in Table 1 in Appendix A2.  
The power saving solutions, i.e. PDCCH skipping and PDCCH switching, are simulated separately. In this simulation, scheduling DCI is used to indicate PDCCH skipping or PDCCH switching. UE starts to perform PDCCH skipping or PDCCH switching from the next slot after receiving an indication from DCI.
According to the simulation assumptions, the power saving gain from FTP and VoIP is shown in Figure 4. The corresponding mean power consumption in the case w/o PDCCH monitoring reduction techniques can be found in Table 2 Appendix A3.
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Figure 4 power saving gain for FTP and VoIP

As shown in Figure 4, both PDCCH skipping and PDCCH switching can reduce power consumption. When the PDCCH skipping period is configured as 15 ms for FTP and 8ms for VoIP, power saving gain of PDCCH skipping is larger than the power saving gain of PDCCH switching. Hence, PDCCH skipping should be considered to reduce PDCCH monitoring.

Observation 2: PDCCH skipping provides larger power saving gain than PDCCH switching. 
Proposal 2: PDCCH skipping should be considered to reduce PDCCH monitoring.

4 Details of PDCCH skipping technique
The framework of PDCCH skipping is shown in section 2. According to the evaluation results in section 3, PDCCH skipping can provide larger power saving gain. Therefore, some details of PDCCH skipping are discussed in this section.
· DCI format

In Release 16, DCI format 0_0 and DCI format 1_0 are usually used in RRC reconfiguration period to avoid ambiguity between gNB and UE. DCI format 0_1 and DCI format 1_1 are used to exploit the sophisticated UE capability. The compact DCI, i.e., DCI format 0_2 and DCI format 1_2, are designed for URLLC. Considering that the power saving benefits of PDCCH skipping is achieved at the cost of scheduling latency, the DCI format 0_2 and DCI format 1_2 are not the best choice. Hence, DCI format 0_1 and DCI format 1_1 are preferred to be used to indicate PDCCH skipping. A new field or reusing legacy field can be considered.

Proposal 3: DCI format 0_1 and DCI format 1_1 are preferred to be used to indicate PDCCH skipping.
· Maximum PDCCH skipping period

PDCCH skipping period is an important parameter for PDCCH skipping. It is obvious 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 an appropriate 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.

As DRX command MAC CE is supported in Rel-15 to terminate the inactivity timer, PDCCH skipping does not needed to have a duplicated functionality to skip the whole DRX On period. Besides, if PDCCH skipping period is set to skip the whole DRX On, it may cause more latency as shown in Figure 5.

In Figure 5(a), PDCCH skipping period is less than DRX inactivity timer, UE can be scheduled in the current DRX cycle if data packet arrives after the end of PDCCH skipping period. However, if PDCCH skipping period is larger than DRX inactivity timer, UE can be only scheduled in next DRX cycle as UE skips the remaining period of DRX inactivity timer as shown in Figure 5(b). Therefore, the maximum value of PDCCH skipping period should not be larger than DRX inactivity timer.
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(a) PDCCH skipping period is less than DRX inactivity timer
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(b) PDCCH skipping period is larger than DRX inactivity timer

Figure 5 PDCCH skipping period configuration
Observation 3: The configuration of DRX should be considered when determining the range of PDCCH skipping period.

To present the relationship between PDCCH skipping period and DRX inactivity timer, the mean power and mean latency using different PDCCH skipping periods are shown in Figure 6.

[image: image8.emf]0 5 10 15 20 25 30

skipping period(ms)

10

15

20

25

30

m

e

a

n

 

p

o

w

e

r

FTP

50

75

100

125

150

m

e

a

n

 

l

a

t

e

n

c

y

(

m

s

)

mean power

mean latency

[image: image9.emf]0 2 4 6 8 10 12 14 16

skipping period(ms)

10

15

20

25

30

35

40

m

e

a

n

 

p

o

w

e

r

VoIP

mean power

mean latency

16

17

18

19

20

21

22

m

e

a

n

 

l

a

t

e

n

c

y

(

m

s

)


Figure 6 Mean power and mean latency of different PDCCH skipping periods for FTP and VoIP
According to Figure 6, it can be observed that when PDCCH skipping period is larger than DRX inactivity timer, the latency increases but almost no more power saving gain can be achieved. So the PDCCH skipping period should not be larger than the DRX inactivity timer if DRX is configured. The PDCCH skipping configured with proper skipping period can provide a tradeoff between power saving gain and scheduling latency.

Observation 4: When PDCCH skipping period is larger than DRX inactivity timer, the latency increases and almost no more power saving gain can be achieved.

Proposal 4: The maximum value of PDCCH skipping period should not be larger than DRX inactivity timer.
· PDCCH skipping period configuration
Different PDCCH skipping periods will result in different power saving gain and latency. So different PDCCH skipping periods can be used to satisfy different traffics and different system requirements. To change the PDCCH skipping period dynamically and reduce overhead, one or more PDCCH skipping periods can be configured by RRC and DCI is used to indicate one of the PDCCH skipping periods.

Proposal 5: A list of PDCCH skipping periods is configured by RRC, DCI is further used to indicate one PDCCH skipping period.
5 Conclusion

In this contribution, we discuss some aspects on extension(s) to Rel-16 DCI-based power saving adaptation for connected-mode UE. We have the following observations and proposals.

Observation 1: Even configured with power saving techniques specified in Release 15 and Release 16, most UE power is consumed by the PDCCH-only state. 
Observation 2: PDCCH skipping provides larger power saving gain than PDCCH switching. 
Observation 3: The configuration of DRX should be considered when determining the range of PDCCH skipping period.

Observation 4: When PDCCH skipping period is larger than DRX inactivity timer, the latency increases and almost no more power saving gain can be achieved.

Proposal 1: Power consumption in the PDCCH-only state should be further reduced. 
Proposal 2: PDCCH skipping should be considered to reduce PDCCH monitoring.

Proposal 3: DCI format 0_1 and DCI format 1_1 are preferred to be used to indicate PDCCH skipping.
Proposal 4: The maximum value of PDCCH skipping period should not be larger than DRX inactivity timer.
Proposal 5: A list of PDCCH skipping periods is configured by RRC, DCI is further used to indicate one PDCCH skipping period.
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Appendix

A 1: Simulation assumptions
In this contribution, only FR1 is evaluated. The following Rel-15 / 16 features of the power saving solutions are used as the baseline. 
· DRX

· C-DRX cycle 40msec for VoIP

· 10ms IAT, 8ms On-duration

· C-DRX cycle 160msec for FTP 3

· short DRX

· 20 ms IAT, 8ms On-duration

· 20 ms for short DRX cycle, 4 cycles

· DCP for DRX adaptation,

· The minimum time gap before DRX OnDuration is 1 slot for FR1
· Power unit is 50 for WUS.
· BWP switching, including

· BWP-1:

· Bandwidth: 20MHz

· Max # of MIMO layer: 2 layer
· Scheduling technique: cross-slot scheduling(Minimum K0 is 1)
· PDCCH monitoring period: per 2 slots
· BWP-2: 

· Bandwidth: 100MHz

· Max # of MIMO layer: 4 layer
· Scheduling technique: same-slot scheduling(Minimum K0 is 0)
· PDCCH monitoring period: per slot
· Note: 

· BWP-1 is a default BWP without data scheduling and BWP-2 is used for data transmission. For example, when data packet arrives, UE is indicated by DCI to switch to BWP-2 to perform DL/UL data transmission. UE will fall back to BWP-1 after BWP inactivity timer expires
· Type 2 BWP switch delay  is assumed

· BWP switching is Y (ms) after last packet/data burst.

· Y is 30 for FTP and 20 for VoIP 
· The CSI-RS measurement and reporting are also considered in the simulation assumption.
·  For CSI-RS measurement, the periodicity is equal to max (C-DRX cycle, 160ms). The CSI-RS measurement duration is one slot.
·  The UE performs CSI-RS measurement in the active BWP.

A2: Traffic models and simulation settings

In this contribution, FTP 3 and VoIP traffic models are used. 

Table 1 Simulation setting
	Traffic model
	FTP 3
	VoIP

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

	Mean arrival time
	200ms
	

	Payload
	0.5Mbytes
	

	PDCCH skipping period(ms)
	15
	8

	PDCCH monitoring period of PDCCH switch
	Per 2 slots
	Per 2 slots


A3: Simulation results
Table 2 Mean power consumption
	mean power consumption
	Baseline
	PDCCH switching
	PDCCH skipping

	FTP 
	27.1506
	24.0874
	19.2641

	VoIP
	33.3061
	29.1428
	23.7469



6/7


