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Introduction
In RAN1 #109e meeting, the following agreements have been achieved towards XR power saving techniques[1]:
	Agreement:
Rel-17 evaluation methodology for XR power saving captured in TR 38.838 is used as the baseline evaluation methodology for UE power evaluation of Rel-18 SI on XR enhancements.
Agreement:
Companies are encouraged to compare performance of the following Rel-15/16/17 features with the proposed enhancements for Rel-18 XR power saving evaluations. Power saving gain is calculated w.r.t. the AlwaysOn baseline. 
· Rel-15/16 CDRX including long DRX cycle, short DRX cycle and DRX command MAC CE and DCP
· Rel-17 PDCCH adaptation including PDCCH skipping and SSSG switching
Note: up to companies to report the configuration of the Rel-15/16/17 features
Agreement:
For power saving study of Rel-18 XR SI, CDRX enhancements to evaluate in this study item are to be selected from the following:
· High priority Issue 1-1: Alignment between CDRX and XR traffic for resolving the mismatch between CDRX cycle and XR traffic periodicity for each flow
· High priority Issue 1-2: C-DRX enhancements to handle jitter
· Medium priority Issue 1-3: CDRX enhancements for multiple XR traffic flows [Note 2]
· Low priority Issue 1-4: CDRX enhancements to adjust to variable burst sizes and frame rate
· Note: Some companies think the adjustment for variable burst sizes can be realized by existing spec already
· Low priority Issue 1-5: low latency handling 
· Low priority Issue 1-6: SFN wraparound mismatch (if handled in RAN1)
FFS: how the solutions or the combination of the solutions can handle all the identified issues.
Note 1: Other considerations are not precluded
Note 2: It can also be adopted for addressing issue 1-1
Note 3: Companies are encouraged to clarify or provide more details of the proposed solutions, for addressing concerns from the group.
Additional details can be found in R1-2205411.
Agreement:
For power saving study of Rel-18 XR SI, PDCCH monitoring enhancements to evaluate in this study item are to be selected from the following
· Low priority Issue 2-1: Alignment between PDCCH monitoring and XR traffic to resolve the mismatch between PDCCH monitoring periodicity and XR traffic periodicity. 
· Note: some companies think Rel-17 PDCCH monitoring adaptation can solve issue 2-1 or achieve similar intended outcome
· Note: Solutions proposed for Issue 2-1 and those proposed for Issue 1-1 are motivated by the same issue, namely non-integer XR traffic periodicity. It is to be studied how they compare in in terms of power saving gain and capacity, (a) solutions proposed for Issue 1-1; (b) solutions proposed for Issue 2-1.
· Low priority Issue 2-2: XR-dedicated PDCCH monitoring window to supplement CDRX for multi-flow traffic. 
· Note: some companies think Rel-17 PDCCH monitoring adaptation can solve issue 2-2 or achieve similar intended outcome
· Note: Solutions proposed for Issue 2-2 and those proposed for Issue 1-3 are motivated by the same issue, namely multiple XR traffic flows. It is to be studied how they compare in in terms of power saving gain and capacity, (a) solutions proposed for Issue 1-3; (b) solutions proposed for Issue 2-2.
· High priority Issue 2-3: Enhancements to Rel-17 PDCCH monitoring adaptation. 
· Note: Discussion on some enhancements may depend on the outcome of Rel-17 PDCCH monitoring adaptation maintenance
· Note: The study on enhancement to R17 PDCCH monitoring adaptation should focus on the techniques that are used for addressing XR-specific issues, e.g., jitter
Note 1: Other considerations are not precluded
Note 2: Companies are encouraged to clarify or provide more details of the proposed solutions, for addressing concerns from the group. 


In this contribution, we discuss XR specific power saving techniques, focusing on C-DRX enhancements and PDCCH monitoring enhancements.
Discussion 
1. 
2. 
2.1. XR traffic characteristics 
In 3GPP, there have been lots of work on XR and CG on various aspects, e.g., use case, service architectures, service flow, traffic characteristics, performance requirement, gap analysis and so on. TR 26.928 collects information on XR in the context of 5G radio and network services, where use cases and device types are classified, and processing and media centric architectures are introduced.  In Rel-17 XR SI, the traffic models of XR and CG were widely discussed. From the agreed traffic models of XR and CG, we could see that the XR and CG have the following characteristics: 
· High data rate (up to 60Mbps) with limited latency (around 10-30ms)
· Non-integer periodicity plus jitter
· Large and various packet sizes
Observation 1: XR and CG have the following characters:
· High data rate (up to 60Mbps) with limited latency (around 10-30ms)
· Non-integer periodicity plus jitter
· Large and various packet sizes
1. 
2. 
2.2. C-DRX enhancements
1. 
2. 
1. [bookmark: _Hlk101365079]
2. 
2.1. 
2.2. 
2.2.1. C-DRX enhancements to handle non-integer periodicity
As agreed in Rel-17 XR SI, the packet arrival rates of XR could be {30, 60, 90, 120} fps, so the corresponding traffic periodicities of XR are {33.33, 16.67, 11.11, 8.33}ms. In the current specification, the long DRX cycle can be configured as {10ms, 20ms, 32ms, 40ms, 60ms, 64ms…} while the candidate cycle values for short DRX cycle are {2ms, 3ms, 4ms,5ms, 6ms…}. Obviously, there exists mismatch between the traffic arrival interval and the DRX cycle. Even if the DRX cycle is configured with finer granularity and more candidate cycle values are provided, the mismatch problem cannot be completely solved since the arrival interval is not divisible by the time duration of radio resource allocation unit, e.g. symbol or slot. The mismatch would lead to larger latency for data scheduling and further reduce the XR/CG capacity. Figure 1 illustrates the mismatch issue between DL video with 60bps and 16ms DRX cycle with 2ms on-duration timer. It can be observed that with the following DRX configuration, the mismatch issue appears every three traffic arrival intervals. In general, for a video traffic frame rate equal to FPS milliseconds, the mismatch pattern repeats in every  radio frames, which corresponds to  traffic arrival cycles. 

Figure 1: Mismatch between DL video @60fps and 16ms DRX cycle with 2ms on duration timer
Observation 2: The mismatch between non-integer XR traffic arrival cycle and integer DRX cycle may lead to larger scheduling latency and/or excessive UE power consumption.
One solution is to configure the DRX in a new way to effectively allow two DRX cycle lengths in one DRX configuration. Take Figure 2 as an example, the traffic arrival interval and DRX configuration are the same as above, except that two DRX cycles are observed: 17ms and 16ms. 


Figure 2: Two DRX cycles are applied in a semi-static pattern {17ms, 17ms, 16ms}
Proposal 1: The following DRX enhancement can be further studied to solve periodicity mismatch issue:
· To generate a DRX cycle pattern with two inter-DRX interval lengths, either by derivation from configured parameters or by configuration directly;

In the RAN1 #109e discussion, one method is to determine the starting slot of DRX-ON as drx-SlotOffset from the beginning of the subframe satisfying 
floor{[(SFN × 10) + subframe number] modulo (drx-Cycle)} = drx-Offset                 (1)
Equation (1) has two issues: 
· The starting slot is always the slot with a given fixed slot offset (drx-SlotOffset) from the beginning from a subframe. However, a single traffic stream with non-integer periodicity may have different burst occasions falling into different subframes with different slot offsets. For example, assume 60fps traffic on a 30kHz SCS carrier. In case a first traffic burst emerges at time=0 that aligns to the beginning of frame #0 corresponding to slot #0 of subframe #0 in frame #0, a second traffic burst occurs at time=16.667ms corresponding to slot #1 of subframe #6 in frame #1, and a third burst occurs at time=33.33ms corresponding to slot #0 of frame #3 in frame #3.  So in order to have DRX-ON to cover all traffic burst,  drx-SlotOffset has to be 0 which however causes one PDCCH monitoring occasion in slot #0 of subframe #6 in frame #1 where the traffic has not yet occur. In order to keep the power consumption minimum, the above DRX-ON formula should be modified from subframe level to slot level.     
· The parameter drx-Offset that is placed outside floor() function may cause incorrect subframe determination. For example, assume 60fps traffic on a 15kHz SCS carrier, and the first traffic burst arrives at 0.5ms after the starting boundary of frame #0. As shown in Table 1,
· If  drx-Offset is set to 0, the DRX-ON for the occasions {1,2} starts in the same subframe as traffic arrives in, which means the gNB may not get enough time to prepare the PDCCH for these two occasions in the corresponding subframes and therefore the UE may spend power to decode PDCCH for nothing;
· If  drx-Offset is set to 1, the DRX-ON for the occasions {1,2} starts in the next subframe after the one in which traffic arrives, so the gNB can get enough time to prepare PDCCH; however, the occasion #3 has an issue of one more subframe delay.
[bookmark: _Ref110727256]Table 1 Example of mismatch between traffic arrival and DRX-ON
	Traffic arrival/DRX-ON occasion index
	Traffic arrival time
	Subframe in which the traffic arrival falls
	Subframe in which DRX-ON starts

	
	
	
	drx-Offset=0
	drx-Offset=1

	1
	0.5 ms
	Subframe #0 in frame #0
	Subframe #0 in frame #0
	Subframe #1 in frame #0

	2
	17.167 ms
	Subframe #7 in frame #1
	Subframe #7 in frame #1
	Subframe #8 in frame #1

	3
	33.833 ms
	Subframe #3 in frame #3
	Subframe #4 in frame #3
	Subframe #5 in frame #3



Assume the target of DRX-ON is to let UE starts to decode PDCCH in a slot immediately after the slot corresponding to the traffic arrival, i.e., the m-th DRX-ON starts at the slot  , where  is the traffic periodicity in unit of millisecond,  refers to a reference time in unit of slot and e represents the time gap (e.g., in unit of 1/32 millisecond) between a traffic burst arrival and the reference time. Then the final formulation is that, the -th DRX-ON duration for  starts at the -th slot in SFN-th radio frame in the hyper-frame that contains the starting instance of the m-th DRX-ON duration, where SFN and satisfy 
                          (2)
It can be mathematically proved that the interval between two adjacent DRX-ON starting moments based on (2) can only be either  slots or  slots. 

Proposal 2: The two-cycle DRX pattern is configured to UE via {(traffic periodicity),  (reference time in integer multiple of slot), e (traffic arrival offset in relative to referenced time)}. The -th DRX-ON duration for  has the semi-static start at the -th slot in SFN-th radio frame in the hyper-frame that contains the starting instance of the m-th DRX-ON duration, where SFN and satisfy 


2.2.2. C-DRX enhancements to handle Jitter handling
There exists jitter characteristic for XR traffic arrival. According to the previous RAN1 agreements, the jitter can be modeled as truncated Gaussian distribution with varying range of [-4,4] ms (baseline) or [-5,5] ms (optional). If the mismatch between arrival interval and DRX cycle can be regarded as some kind of semi-static mismatch, the jitter impact would be lead to dynamic mismatch between data arrival and UE on duration. 
One way to solve the jitter problem is to configure the DRX on duration timer long enough to cover the jitter range. Then no matter when the packet is arrived, UE maintains awake for data reception. However, considering the jitter range is relatively large, the DRX on duration timer needs to be configured much longer, which is unfavorable for UE power saving. In Rel-17 power saving WI, layer-1 based dynamic PDCCH monitoring reduction schemes, i.e. the PDCCH skipping and search space group switching, are discussed. These schemes can be applied if long DRX on duration timer is configured. 
Proposal 3: In case DRX on-duration timer can be configured long enough to cover jitter range, layer-1 based power saving schemes discussed in Rel-17 power saving WI can be applied to avoid unnecessary power consumption.
Another way to solve jitter problem is to configure DRX on duration timer with a small value. However, with smaller on duration timer, the packet would be possible to arrive too early or too late. If the packet arrives too early, the UE is still outside active time when packet arrives, then the packet cannot be scheduled until UE wakes up. This would bring additional latency for the packet and may result in packet loss within the required time budget. While if the packet arrives too late, UE may have completed its on duration time and no longer stay awake for PDCCH monitoring. In such a case, not only UE would perform unnecessary PDCCH monitoring during on duration timer, but also the late arrived packet cannot get timely scheduling and need to wait for the next on duration instance. This increases the end-to-end latency more significantly compared to early packet arrival because a reasonable DRX configuration is to configure the short DRX on duration timer to cover the most central area of the jitter range. This makes the delay between packet arrival time and next on duration timer caused by late arrival (delay 2 in Figure 3) much longer than that of early arrival (delay 1 in Figure 3), so late arrival issue results in more serious problem. 


Figure 3 jitter issue when short DRX on duration timer is configured
Observation 3: If DRX on duration timer is configured not long enough to cover jitter range, there would exist early/late packet arrival issue, and late packet arrival would lead to longer scheduling latency and additional power consumption.
One solution to cope with late packet arrival issue is to trigger an additional on duration time or extending the current on duration time dynamically. As shown in Figure 4, there is no XR data arriving in the original on duration time, gNB can send a dynamic signaling to UE to indicate another on duration time, in which the UE can perform PDCCH monitoring for the XR traffic. By the way, gNB can also indicate the proper SSSG to monitor. 


Figure 4 Additional on duration time duration DRX off
Proposal 4: An additional DRX on-duration time can be dynamically indicated to UE to solve jitter issue.
2.2.3. Evaluation results for R15/16 C-DRX and enhanced C-DRX schemes
In this section, we provide our evaluation results for the above proposed enhanced C-DRX schemes. For the power saving evaluation, both satisfied UE rate and power saving gain should be considered jointly, which is inline with the methodology in TR 38.838 [2]. In the following simulation, DL single stream AR/VR video traffic with 60fps and 30Mbps is evaluated for FR1 Dense urban scenario. The power consumption results are counted for all UEs following the power consumption model defined in TR 38.840 [3]. The detailed simulation parameters and assumptions can be found in Appendix.
The following schemes are considered for power saving simulation:
· AlwaysOn: it is assumed as the baseline scheme;
· R15/16 C-DRX with parameter set {DRX cycle, On duration timer, inactivity timer} = {16ms, 14ms, 2ms} is evaluated for comparison with the enhanced C-DRX schemes. For the R15/16 C-DRX, the On duration timer is configured to 14ms, which is extremely long in order to cope with the periodicity mismatch issue and jitter impact. 
· For the enhanced C-DRX scheme, two candidate schemes are considered in the evaluation:
1) Semi-static C-DRX enhancements: Non-uniform CDRX cycle pattern with parameter set {DRX cycle, On duration timer, inactivity timer} = {{17ms,17ms,16ms}, 10ms, 2ms}
2) Dynamic C-DRX enhancements: dynamic indication of another DRX On Duration time by DCI, with parameter set {DRX cycle, On duration timer, inactivity timer} = {{17ms,17ms,16ms}, 4ms, 2ms}, another on Duration time = 4ms
The power saving gain and satisfied UE rate of high load case (number of UEs per cell N= floor (Capacity)) are provided in Table 2.
[bookmark: _GoBack]Table 2: Power saving results in FR1 DL Dense Urban with 60fps and 30Mbps traffic model
	Power saving scheme
	CDRX cycle (ms)
	ODT (ms)
	IAT (ms)
	Another ODT (ms)
	#UE /cell= floor (Capacity)
	satisfied UE rate
	Mean PSG of all UEs (%)

	Always On
	-
	-
	-
	-
	5
	89.12%
	/

	R15/16 CDRX
	16
	14
	2
	-
	5
	88.07%
	5.12%

	Non-uniform CDRX cycle pattern
	{17,17,16}
	10
	2
	-
	5
	88.07%
	18.69%

	Non-uniform CDRX cycle pattern with dynamic additional ODT
	{17,17,16}
	4
	2
	4
	5
	90.18%
	30.73%


From the evaluation results, it can be observed that with limited loss of satisfied UE rate (limited to 1%), R15/16 CDRX scheme can only achieve 5.12% power saving gain. This is because for R15/16 C-DRX, the On duration timer needs to be set to a very large value to cover the periodicity mismatch issue and jitter range, only with this the satisfied UE rate can be ensured. With the enhanced C-DRX scheme, the On duration timer can be configured to a much shorter value and align the periodicity by non-uniform CDRX cycle pattern and cover the jitter range by dynamically triggered additional On duration time. In such a case, higher power saving gain (18.69% for semi-static scheme and 30.73% for dynamic scheme) can be obtained. It is noted that with dynamic additional On duration timer, the satisfied UE rate is even higher than AlwaysOn, this is because the dynamic C-DRX scheme is beneficial for resolving the competition among multiple UEs.
Observation 4: In FR1 Dense Urban, AR/VR 30Mbps and 60fps, the following is observed:
· For R15/16 C-DRX, the power saving gain can be 5.12% with loss of satisfied UE rate limited to 1%;
· For non-uniform CDRX cycle pattern, the power saving gain is 18.69% with loss of satisfied UE rate limited to 1%;
· For Non-uniform CDRX cycle pattern with dynamic additional on duration timer, the power saving gain is 30.73% with similar satisfied UE rate.

2.3. PDCCH monitoring enhancements
Similar with DRX, there also exists periodicity mismatch issue and jitter impact for search space set configuration. To be specific, the packet would be possible to arrive out of the duration of the search space set, then the same early arrival and late arrival may happen, leading to additional scheduling delay or unnecessary power consumption.
In addition, as discussed above, the XR packet size is not fixed. Taking AR/VR 30Mbps as example, maximum packet size is 93750 bytes but minimum packet size is 31250 bytes. Obviously, there exists large gap between maximum packet size and minimum packet size. So different XR packets may need different number of slots for transmission and hence different time length of PDCCH monitoring is needed. In such a case, a fixed “duration” value for the search space set cannot work well since it fails to match the various packet size.
One solution to cope with both jitter problem and various packet size issue is to change the value of monitoringSlotPeriodicityAndOffset and duration on the fly. Take Figure 5 as an example, search space set #1 is configured with 16-slots periodicity, 1-slot offset and 2-slot duration; search space set #2 is configured with 16 slots periodicity, 12-slot offset and 2-slot duration. If the packet size is very large and 2 slots are not enough for the scheduling, gNB can indicate UE to extend the duration range via dynamic signaling. If the packet arrives out of the duration time, gNB can also dynamically indicate UE to adjust the monitoring offset. Details can be further studied such as the DCI format used for dynamic indication, the effective time of the dynamic indication and so on.


Figure 5 dynamic change of monitoringSlotPeriodicityAndOffset and duration 
Proposal 5: The value of monitoringSlotPeriodicityAndOffset and duration for a search space set can be changed dynamically by gNB to cope with jitter and packet size variation.
As discussed in section 2.2.2, if DRX on duration timer is configured long enough to cover jitter range or if DRX is not configured, Layer-1 based power saving schemes discussed in Rel-17 power saving WI should be the starting point for further Rel-18 XR study. PDCCH skipping was standardized in Rel-17 to use a scheduling DCI to indicate UE to skip PDCCH monitoring for a duration. However, if the PDSCH/PUSCH scheduled by the scheduling DCI indicating PDCCH skipping is not transmitted correctly, there is no chance for PDSCH/PUSCH retransmission since the PDCCH skipping takes effect right after the slot in which the scheduling DCI is received. In addition, if there is SPS PDSCH or CG PUSCH transmission during PDCCH skipping duration, they cannot be retransmitted even if they are not correctly decoded since the retransmission is reliable on PDCCH scheduling. The above would lead to additional latency for retransmission and may further result in reduced XR/CG capacity. Therefore, an additional PDCCH monitoring window for retransmission can be introduced to avoid unnecessary latency for retransmission. The following aspects can be further studied:
· The condition to start the additional PDCCH monitoring window;
· The starting time and length of the additional PDCCH monitoring window;
· The PDCCH monitoring behavior, e.g. the DCI format/search space to be monitored, in the additional PDCCH monitoring window. 
Proposal 6: RAN1 further studies PDCCH skipping interaction with HARQ retransmission by triggering an additional PDCCH monitoring window duration PDCCH skipping duration.
Conclusions
In this contribution, we discuss XR specific power saving techniques and following observation and proposals are made:
Observation 1: XR and CG have the following characters:
· High data rate, up to 60Mbps with limited latency, around 10-30ms
· Non-integer period with jitter
· Large and various packet size
Observation 2: The mismatch between non-integer XR traffic arrival cycle and integer DRX cycle may lead to larger scheduling latency and/or excessive UE power consumption.
Observation 3: If DRX on duration timer is configured not long enough to cover jitter range, there would exist early/late packet arrival issue, and late packet arrival would lead to longer scheduling latency and additional power consumption.
Observation 4: In FR1 Dense Urban, AR/VR 30Mbps and 60fps, the following is observed:
· For R15/16 C-DRX, the power saving gain is 5.12% with loss of satisfied UE rate limited to 1%;
· For non-uniform CDRX cycle pattern, the power saving gain is 18.69% with loss of satisfied UE rate limited to 1%;
· For Non-uniform CDRX cycle pattern with dynamic additional on duration timer, the power saving gain is 30.73% with similar satisfied UE rate.

Proposal 1: The following DRX enhancements can be further studied to solve periodicity mismatch issue:
· To generate a DRX cycle pattern with two inter-DRX interval lengths, either by derivation from configured parameters or by configuration directly;

Proposal 2: The two-cycle DRX pattern is configured to UE via {(traffic periodicity),  (reference time in integer multiple of slot), e (traffic arrival offset in relative to referenced time)}. The -th DRX-ON duration for  has the semi-static start at the -th slot in SFN-th radio frame in the hyper-frame that contains the starting instance of the m-th DRX-ON duration, where SFN and satisfy 


Proposal 3: In case DRX on-duration timer can be configured long enough to cover jitter range, layer-1 based power saving schemes discussed in Rel-17 power saving WI can be applied to avoid unnecessary power consumption.
Proposal 4: An additional DRX-on duration time can be dynamically indicated to UE to solve jitter issue.
Proposal 5: The value of monitoringSlotPeriodicityAndOffset and duration for a search space set can be changed dynamically by gNB to cope with jitter and packet size variation.
Proposal 6: RAN1 further studies PDCCH skipping interaction with HARQ retransmission by triggering an additional PDCCH monitoring window duration PDCCH skipping duration.
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Appendix
Table A1 Simulation parameters for FR1 DL
	Parameters
	Value

	Scenario
	Dense Urban 
hexagonal layout with (19, 3) Sectors

	Inter-BS distance
	200m

	Carrier frequency
	4GHz

	Duplex Mode / Simulation bandwidth
	100MHz

	SCS
	30KHz

	TDD pattern
	DDDSU

	BS Antenna Configuration
	32 TxRU, (M, N, P, Mg, Ng; Mp, Np) = (8,2,2,1,1,8,2)
 (dH, dV) = (0.5λ, 0.5λ)

	UE Antenna Configuration
	4R, (M, N, P, Mg, Ng; Mp, Np) = (1,2,2,1,1;1,2), (dH, dV) = (0.5, N/A)λ

	Transmit Power
	51dBm

	Antenna Height
	3 m for BS and 1.5 m for UE

	Receiver Noise Figure
	5 dB for BS and 9 dB for UE

	UE speed
	3km/h

	Scheduling Algorithm
	SU-MIMO+PF

	Channel estimation
	Realist

	BS receiver
	MMSE-IRC

	Data rate (Mbps)
	30

	Packet size distribution
	Truncated Gaussian distribution

	Packet delay budget (ms)
	10

	Jitter distribution
	Truncated Gaussian distribution

	Jitter range
	[-4ms,4ms]
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