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1 Introduction

In this contribution, we discuss some candidate techniques for XR power saving from the aspect of how to deal with non-integral periodicity and random jitter, and how to reduce PDCCH monitoring.
2 Discussion
In R17 SI for XR, we have done extensive study on the characteristics of XR traffic. Generally a DL traffic model can be established as in [1], the XR DL traffic is modelled as a sequence of video frames arriving at gNB according to the considered video frame rates and random jitter. The size of each frame is also random according to a certain distribution.

[image: image1.png]Packet size follows a probability distribution

1/fps on average

Jitter follows a probability distribution

|

packet k (representing IP packets
belonging to video frame A)

packet k+7 (representing IP packets
belonging to video frame & +1)




Fig.1 Single stream DL traffic model
Typically, the frame rate can be 30/60/120 frame per second (fps), that is 30.33/16.67/8.33ms periodicity, which are the non-integral periodicities we refer to, and additionally, there is a random jitter that is around the periodical point. In the following, we provide our analysis and views on how to deal with non-integral periodicity and random jitter, and how to reduce PDCCH monitoring for XR power saving.    
2.1 Enhancements on C-DRX/PDCCH skipping for non-integral periodicity
Many companies has proposed to enhance C-DRX configuration to deal with the non-integral periodicity issue for XR traffic. And basically, there are two alternatives, Alt 1 is to configure multiple C-DRX configurations with different offset for a single XR flow.  For example, for 60 fps XR flow, it can be accommodated by 3 C-DRX configurations all with 50ms periodicity and 0/16/33/ms offset separately. Alt 2 is to configure only one C-DRX configurations but with multiple on durations that can be located by a flexible setting. As an example, for 60 fps XR flow, it can be accommodated by one C-DRX configuration with 50ms periodicity and with 3 on durations, each with 0/16/33/ms offset separately. Alt1 and Alt 2 are very similar in essence, but Alt 2 may be able to avoid keeping multiple sets of timers(drx-onDurationTimer/ drx-InactivityTimer ) inside UE, thus can reduce UE complexity.
Proposal 1: For enhancements on C-DRX for non-integral periodicity, two alternatives can be considered:
Alt 1, configure multiple C-DRX configurations with different offset for a single XR flow;
Alt 2, configure only one C-DRX configurations but with multiple on durations that can be located by a flexible setting.

And Note that the C-DRX configurations we mentioned above are designed specifically only for XR traffic, which may not be suitable to other type of traffic flows, it is reasonable that another separate C-DRX configuration can be configured for traffic flows other than XR.
Proposal 2: Multiple C-DRX configurations can be configured for traffic flows of XR and other types.
PDCCH skipping is another potential solution to address the non-integral periodicity issue. When gNB find it will finish PDSCH transmission, it will send out a PDCCH skipping indication to UE, and in an ideal situation, gNB can indicate the accurate time of the next periodical point. However, in R17 PDCCH monitoring adaptation, there is only up to 3 candidate PDCCH skipping durations configured by RRC signaling for gNB to indicate in DCI, gNB may not be able to find a suitable PDCCH skipping duration between the configured values. As an example, if XR traffic periodicity is 16.67ms, and PDCCH skipping duration candidate values is 14/12ms. when gNB finishes the transmission of one frame, there is only  9ms left before the next periodical point, so an ideal indication is to indicate 9ms for PDCCH skipping duration, but gNB can only indicate 12ms for PDCCH skipping, which increase transmission delay in some cases, or otherwise, not indicate any PDCCH skipping at all, which increase power consumption.

The current specification allows extensive range of candidate PDCCH skipping duration (in unit of slot) values as follows “{1,2,3,…,20,30, 40, 50, 60, 80, 100} are valid for the 15 kHz SCS, {1,2,3,…,40, 60, 80, 100, 120,160,200} are valid for 30 kHz SCS, {1,2,3,…,80, 120, 160, 200, 240, 320,400} are valid for 60kHz SCS, and {1,2,3,…,160, 240, 320,400, 480, 640,800} are valid for 120kHz SCS , {4,8,12,…,640, 960, 1280,1600, 1920, 2560,3200} are valid for 480kHz SCS, and {8,16,24,…,1280, 1920, 2560,3200, 3840, 5120,6400} are valid for 960kHz SCS.” and this leaves the possibility to gNB to configure more candidate values by RRC signaling to allow for ideal PDCCH skipping duration indication. For example, 4 values by RRC configuration can be adopted to allow gNB indicate a proper PDCCH skipping duration. 

Below we give the evaluation results of PDCCH skipping with 2 candidate durations(8/10ms) and 4 candidate durations(6/8/10/12ms) separately. From Table 1, it can be seen that the PDCCH monitoring but without actual scheduling has been reduced by 8%, and is replaced by light sleep. Compared with baseline, PDCCH skipping with 4 candidate durations has 6% more power saving gain, and satisfied UE is increased by 1.5%. Although the average delay is increased a little, which is because we introduce a larger duration 12ms, it is still within the PDB range(10ms in this case).   

Table 1: Relative time fraction of different UE power consumption states
	
	PDCCH without PDSCH
	PDCCH with PDSCH 
	Deep sleep
	Light sleep
	Micro sleep

	Baseline
	91.72%
	8.28%
	0
	0
	0

	genie
	0
	8.28%
	5.35%
	66.84%
	3.80%

	PDCCH skipping case 1
	32.77%
	8.28%
	0
	58.95%
	0

	PDCCH skipping case 2
	24.56%
	8.26%
	0
	67.18%
	0


Table 2: Relative energy of different UE power consumption states
	
	PDCCH without PDSCH
	PDCCH with PDSCH
	Deep sleep 
	Deep sleep transition
	Light sleep
	Light sleep transition
	Micro sleep
	Total
	PSG

	Baseline
	91.72
	24.84
	0
	0
	0
	0
	0
	116.56
	N/A

	genie
	0
	24.84
	0.0535
	1.38
	13.37
	5.65
	1.71
	47.00
	59.67%

	PDCCH skipping case 1
	32.77
	24.84
	0
	0
	2.84
	7.46
	0
	67.91
	41.74%

	PDCCH skipping case 2
	24.56
	24.77
	0
	0
	4.67
	7.31
	0
	61.31
	47.40%


Table 3: Summary of metrics
	
	Total
Energy
	PSG

	Delay(ms)
	% of satisfied UEs

	Baseline
	116.56
	N/A
	2.46
	96.61%

	PDCCH skipping case 1
	67.91
	41.74%
	2.70
	95%

	PDCCH skipping case 2
	61.31
	47.40%
	2.92
	96.56%


Observation1: Compared with baseline, PDCCH skipping with 4 candidate durations has 6% more power saving gain, and 1.5% more satisfied UE rate. Average delay is increased a little but still within the PDB range.

Proposal 3: More candidate PDCCH skipping durations should be supported to be configured by RRC signalling.
2.2 Enhancements on C-DRX/PDCCH monitoring for jitter
Since the existence of jitter, each XR frame may arrive early or later than the periodical point following a probability distribution. For C-DRX configuration, if a XR frame come earlier than the configured on duration, it would be beneficial to start PDCCH monitoring earlier than the on duration. As to how can gNB inform UE to start early PDCCH monitoring, DCI 2-6, which was designed to carrier wake up indication for power saving and is transmitted before every on duration, can be considered to indicate an early start of PDCCH monitoring. However, this solution can only address the situation that XR frame arrive early, at least earlier than the transmission occasion of DCI 2-6, otherwise, gNB will not be able to know whether to have an early start of PDCCH monitoring in DCI 2-6. 
Proposal 4: For C-DRX configuration, DCI 2-6 can be used to indicate whether to start PDCCH monitoring earlier than the on duration.
A very potential solution is to utilize the low-power wake up signal(LP WUS), which will be studied in parallel with XR in R18, to handle jitter issue. UE’s main receiver can keep to micro sleep mode, and UE’s LP WUS receiver will always keep monitoring LP WUS. If UE receive a LP WUS signal, UE’s main radio will wake up immediately from micro sleep mode to do PDCCH monitoring, and the transition time can be short as 0ms, as modeled in TR 38.840. 

LP WUS can also be used combined with C-DRX or PDCCH skipping. For example, when on duration starts or when PDCCH skipping duration ends, UE will not directly monitor PDCCH but start to monitor LP WUS but keep the main radio in micro sleep mode and start monitoring LP WUS. When DL traffic arrives, gNB will send out LP WUS to indicate UE to start PDCCH monitoring. UE can avoid almost all the unnecessary PDCCH monitoring in this LP WUS solution.
Evaluation results for LP WUS combined with PDCCH skipping scheme (denote as Scheme 1) under dense urban scenario are as below, and detailed simulation assumptions see in appendix. Compare Scheme 1 and PDCCH skipping, it can be seen in Table 4 that the PDCCH monitoring but without actual scheduling is largely reduced from 32.77% to 4.31%, at the same time, the micro sleep rate is increase from 0% to 28.46%. Compared to baseline (always on), the power saving gain of Scheme 1 is 54.92%, while the PDCCH skipping scheme is 41.74% shown in Table 5. There is 13% more power saving gain when LP WUS is combined with PDCCH skipping. From our analysis, the gain comes from that most of unnecessary PDCCH monitoring caused by jitter is avoided, and replaced by micro-sleep mode. And as to the delay performance shown in Table 6, Scheme 1 and PDCCH skipping is exactly the same, since we assume UE main radio is in micro sleep mode and can be wake up immediately by LP WUS. 
Table 4: Relative time fraction of different UE power consumption states
	
	PDCCH without PDSCH
	PDCCH with PDSCH 
	Deep sleep
	Light sleep
	Micro sleep

	Baseline
	91.72%
	8.28%
	0
	0
	0

	genie
	0
	8.28%
	5.35%
	66.84%
	3.80%

	PDCCH skipping case 1
	32.77%
	8.28%
	0
	58.95%
	0

	Scheme 1
	4.31%
	8.28%
	0
	58.95%
	28.46%


Table 5: Relative energy of different UE power consumption states
	
	PDCCH without PDSCH
	PDCCH with PDSCH
	Deep sleep 
	Deep sleep transition
	Light sleep
	Light sleep transition
	Micro sleep
	WUS Monitor
	Total
	PSG

	Baseline
	91.72
	24.84
	0
	0
	0
	0
	0
	N/A
	116.56
	N/A

	genie
	0
	24.84
	0.0535
	1.38
	13.37
	5.65
	1.71
	N/A
	47.00
	59.67%

	PDCCH skipping case 1
	32.77
	24.84
	0
	0
	2.84
	7.46
	0
	N/A
	67.91
	41.74%

	Scheme 1
	4.31
	24.84
	0
	0
	2.84
	7.46
	12.81
	0.2846
	52.54
	54.92%


Table 6: Summary of metrics
	
	Total
Energy
	PSG

	Delay(ms)
	% of satisfied UEs

	Baseline
	116.56
	N/A
	2.46
	96.61%

	PDCCH skipping case 1
	67.91
	41.74%
	2.70
	95%

	Scheme 1
	52.54
	54.92%
	2.70
	95%


Observation2: LP WUS combined with PDCCH skipping scheme shows 13% more power saving gain than PDCCH skipping compared to baseline, and shows no delay performance loss.
Proposal 5: LP WUS combined with C-DRX/PDCCH skipping should be studied to cope with jitter issue.
2.3 Reducing PDCCH monitoring. 
Reducing unnecessary PDCCH monitoring is another effective way to save power for UE. One scheme is to allow multiple PDSCH/PUSCH scheduling by a single DCI, which is already supported for 480/960kHz SCS typically used in 60GHz. Extending this feature to FR1 with SCS as small as 15/30kHz may put extra restriction on channels, such as the feature can only be used when the time variation of channels are very slow. Anyhow, it can be left to gNB implementation to determine whether apply this single DCI schedules multiple PDSCH/PUSCH feature in each specific situation. 
Proposal 6: The feature that multiple PDSCH/PUSCH scheduling by a single DCI should also be allowed to apply in FR1. 
3 Conclusions

In this contribution, we propose the followings:
Proposal 1: For enhancements on C-DRX for non-integral periodicity, two alternatives can be considered:

Alt 1, configure multiple C-DRX configurations with different offset for a single XR flow;

Alt 2, configure only one C-DRX configurations but with multiple on durations that can be located by a flexible setting.

Proposal 2: Multiple C-DRX configurations can be configured for traffic flows of XR and other types.

Observation1: Compared with baseline, PDCCH skipping with 4 candidate durations has 6% more power saving gain, and 1.5% more satisfied UE rate. Average delay is increased a little but still within the PDB range.
Proposal 3: More candidate PDCCH skipping durations should be supported to be configured by RRC signalling.
Proposal 4: For C-DRX configuration, DCI 2-6 can be used to indicate whether to start PDCCH monitoring earlier than the on duration.

Observation2: LP WUS combined with PDCCH skipping scheme shows 13% more power saving gain than PDCCH skipping compared to baseline, and shows no delay performance loss.
Proposal 5: LP WUS combined with C-DRX/PDCCH skipping should be studied to cope with jitter issue.
Proposal 6: The feature that multiple PDSCH/PUSCH scheduling by a single DCI should also be allowed to apply in FR1.
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Appendix
Simulation assumptions are as Table 7, and power model of TR 38.840 is adopted. For LP WUS monitoring mode, the relative power is assumed the same as deep sleep as 1.

Note: simulation results has been attached and provided using the Excel sheet attached with TR 38.838 in RP-213652 (data row index 9/10/11)
Table 7: evaluation assumptions

	Scenario
	Dense urban

	Layout
	21 cells with wraparound, ISD: 200m

	UE number
	3 UE/Cell

	Carrier frequency
	FR1: 4 GHz

	Subcarrier spacing
	FR1: 30 kHz 

	BS height
	25m

	UE height
	hUT=1.5 m

	BS noise figure
	FR1: 5 dB

	UE noise figure
	FR1: 9 dB

	UE speed
	3 km/h

	MCS
	Up to 256QAM

	BS antenna configuration
	FR1,DU/UMa,32TxRU, (8,2,2,1,1:8,2)

	UE antenna configuration
	FR1,2T4R,(1,2,2,1,1,:1,2)

	Traffic model
	VR/AR 45Mbps 60FPS

	Candidate PDCCH skipping durations
	Case 1: 8/10ms
Case 2: 6/8/10/12ms
Scheme 1 applies Case 1

Note: No C-DRX is configured for PDCCH skipping.
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