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1. [bookmark: _Toc120549591]Introduction
In the last RAN1#110bis-e meeting [1], the following agreements and conclusions are made:
Agreement
For enhancement of C-DRX to align with XR traffic periodicity (i.e., Issue 1-1)
· [bookmark: _Hlk118561584]Prioritize semi-static solutions
· FFS: Whether dynamic solutions will be also needed
Conclusion
“Retransmission-less CG for UL pose transmission (Item 3.3-5)” is a RAN2 issue, leave the discussion to RAN2, RAN1 does not further investigate the issue.
· Note: how to capture evaluation results and findings will be separately discussed
Conclusion
RAN1 does not further study jitter handling by LP-WUS (Item 2.2-4) in Rel-18 XR SI
· Note: how to capture evaluation results and findings will be separately discussed
Conclusion
In addition to the values for jitter in Table 5.1-2 in TR 38.838, the following statistical parameters for jitter can also be optionally evaluated in Rel-18 XR SI.
· Note: This optional assumption is not applicable to the evaluation of 90 FPS and above
	Parameter
	unit
	Optional value for evaluation

	Mean
	ms
	0

	STD
	ms
	5

	Truncation range
	ms
	[-8, 8]


Conclusion
RAN1 deprioritizes DCP indicated SSSG switching (Item 3.3-4)
· Note: how to capture evaluation results and findings will be separately discussed
In this contribution, we provide our views on XR-specific power saving techniques, including C-DRX enhancements to handle the non-integer periodicity as well as the jitter of XR traffic, and enhancements to Rel-17 PDCCH monitoring adaptation.
2. Discussion
2.1 C-DRX enhancement
2.1.1 High priority Issue 1-1: Alignment between C-DRX and XR traffic
For XR video traffic, the frame rate is assumed to be F fps, where the typical value of F is selected in {30, 60, 90, 120}. Accordingly, the periodicity of frame arrival is 1/F second, where 1/F is obviously a non-integer. However, the current C-DRX solution only supports integer cycle values, i.e., the C-DRX cycle is configured with the granularity of millisecond. As a result, there exists a misalignment between XR DL traffic arrival time and C-DRX On Duration starting point, which results in unnecessary PDCCH monitoring and extra power consumption if the DL traffic arrives after the C-DRX ON or large latency even packet loss for UE if the DL traffic arrives before the C-DRX ON.
To align C-DRX On Duration with XR traffic arrival time, various C-DRX enhancement solutions have been provided in contributions of previous RAN1 meetings, which can be categorized into the following directions.
Category #1：Semi-static solutions based on RRC configurations：
Scheme #1-1: Configure a periodic C-DRX cycle set or pattern that contains multiple C-DRX cycles.
Scheme #1-2: Configure single C-DRX configuration with multiple drx-StartOffset values.
Scheme #1-3: Configure multiple C-DRX configurations with different drx-StartOffset values.
Scheme #1-4: Configure a non-integer C-DRX cycle.
Scheme #1-5: Periodic semi-static configurations of drx-StartOffset.
Category #2: Dynamic solution based on L1 or L2 signaling:
Scheme #2-1: Dynamic adjustment of C-DRX parameters based on L1/L2 signaling.
Category #3: PDCCH monitoring solution:
Scheme #3-1: XR-dedicated PDCCH monitoring window
In Scheme #3-1, for the sake of not affecting other types of services of UE, UE is configured with a fixed PDCCH monitoring cycle and XR-dedicated PDCCH monitoring window (XR-PMW) disassociated with C-DRX, where the fixed PDCCH monitoring cycle could be customized for the periodic packet generation of XR service while the window size of PDCCH monitoring at each cycle could be dynamically adapted to the delay variation of packet arrival caused by network jitter. In other words, UE performs periodic XR-specific PDCCH monitoring for XR service in both C-DRX ON and OFF based on XR packet generation cycle and network delay jitter.
This scheme seems to be a competing solution to the multiple active C-DRX configurations, which is proposed to serve multiple traffic flows with stringent PDB requirements. However, the most critical issue in Scheme #3-1 is allowing UE monitoring PDCCH outside C-DRX ON to handle the non-integer periodicity and jitter issues is not aligned with the current NR C-DRX framework and may bring huge specification impacts. Maybe the co-existence of this XR-PMW and the C-DRX framework should be discussed in RAN2 first.
In Scheme 2-1, the C-DRX StartOffset and On Duration can be dynamically adjusted based on L1/L2 signaling to align C-DRX On Duration with XR traffic arrival time. This solution gains flexibility at the cost of large dynamic signaling overhead. Meanwhile, the dynamic adjustment of C-DRX parameters risks missing detection of the dynamic signaling.
Compared to the dynamic solutions and XR-PMW, semi-static solutions based on RRC configurations have a lower signaling overhead and simpler implementation, an agreement has been also reached in the last RAN1#110bis-e meeting that prioritizing semi-static solutions for enhancement of C-DRX to align with XR traffic periodicity. Therefore, we provide detailed descriptions of the semi-static solutions in category #1 as follows.
In Scheme #1-1, a periodic C-DRX cycle set or pattern that contains multiple C-DRX cycles is configured for UE. For example, for the XR video traffic with a 60fps frame rate, a C-DRX cycle pattern of {16ms, 17ms, 17ms} can be used to align with XR traffic periodicity, as illustrated in Figure 1.
In Scheme #1-2, single C-DRX configuration with multiple drx-StartOffset values is configured for UE. Given the XR video frame rate of 60fps, an illustration of this scheme is provided in Figure 2, where the C-DRX cycle is 50ms and three drx-StartOffset values, i.e., 0ms, 16ms and 33ms are configured. It can be easily concluded that Scheme #1-1 and Scheme #1-2 can achieve equivalent PDCCH monitoring occasion patterns.
In Scheme #1-3, multiple active C-DRX configurations with different drx-StartOffset values are configured. It is a C-DRX pattern based on time division multiplexing, where only one C-DRX configuration is used at a time. In addition, supporting multiple C-DRX configurations simultaneously for UE may bring extra impacts on specification, e.g., the specification modifications of UE behaviour when the On Duration timers of different C-DRX configurations are overlapped.
In Scheme #1-4, a new rational C-DRX cycle is added for each non-integer traffic periodicity and floor operations need to be added in C-DRX formulas, which would result in more specification changes and more complex implementation.
In Scheme #1-5, a fixed time shift for the start of drx-onDurationTimer is periodically added after a fixed number of C-DRX cycles to match the traffic periodicity. An example of this solution is shown in Figure 3, where the XR video frame rate is 60fps and the C-DRX cycle equals to 16ms. As shown in Figure 3, a fixed time shift of 2ms, denoted by “traffic time offset”, is added for the start of drx-onDurationTimer after every three C-DRX cycles. Compared to the first two semi-static solutions given above, the periodic RRC reconfiguration in this solution may introduce an extra delay in the transmission because RRC configuration is a relatively slow process. 


Figure 1. Configure a C-DRX cycle pattern of {16ms, 17ms, 17ms}


Figure 2. Configure single C-DRX configuration with multiple drx-StartOffset values
[image: ]
Figure 3. Periodic semi-static configurations of drx-StartOffset
Based on the above analysis, for enhancement of C-DRX to align with XR traffic periodicity, the semi-static solutions including Scheme #1-1 and Scheme #1-2 should be prioritized.
Proposal 1. The following semi-static C-DRX solutions can be considered for alignment between C-DRX and XR traffic:
· Scheme #1: Configure a periodic C-DRX cycle set or pattern that contains multiple C-DRX cycles;
· Scheme #2: Configure single C-DRX configuration with multiple drx-StartOffset values.
2.1.2 High priority Issue 1-2: Jitter handling
Due to variable video frame encoding time, network transfer time, etc, XR traffic arrival time at gNB may have an unpredictable jitter. In TR 38.838 [2], the jitter is modelled as a random variable that follows truncated Gaussian distribution with truncation range [-4, 4]ms (Mean: 0, STD: 2). If XR traffic arrives outside the C-DRX On Duration due to the jitter, the gNB could buffer the traffic packets and transmit them on the next C-DRX On Duration, which increases the latency for the packet transmission as illustrated in Figure 4(A). To align the C-DRX Active Time with actual DL traffic arrival time as much as possible, one straightforward solution is configuring a larger drx-onDurationTimer to cover the time range of jitter as shown in Figure 4(B), which unfortunately will bring extra PDCCH monitoring power consumption. Therefore, to minimize the impact of jitter as well as reduce power consumption, the following C-DRX enhancements have been proposed.
Scheme #1: Configure PDCCH monitoring occasions associated with XR jitter distribution within C-DRX On Duration.
Scheme #2: Dynamic adaptation of C-DRX active time to accommodate the jitter.
Scheme #3: LP-WUS-based jitter handling scheme.


Figure 4. Illustration of jitter and implementation method to configure larger drx-onDurationTimer
In Scheme #1, different PDCCH monitoring patterns are configured to match the jitter distribution of XR traffic, e.g., non-uniform PDCCH monitoring occasions within C-DRX On Duration, and a two-stage C-DRX with an inner onDurationTimer and an outer onDurationTimer, where the PDCCH monitoring is running only during the inner On Duration time. In these solutions, non-uniform PDCCH monitoring occasions and the parameters including C-DRX cycle length and timers are semi-statically configured at RRC, which reduces the dynamic signaling overhead. However, it seems that similar PDCCH monitoring occasion patterns also can be achieved by the Rel-17 PDCCH monitoring adaptation methods. For example, a semi-statically configured SSSG switching pattern can be used to match the jitter distribution of XR traffic.
For Scheme #2, there are several cases. First, if the traffic packet arrives later than the end of C-DRX On Duration due to the jitter, gNB sends a new DCI signaling to trigger another On Duration or extend the On Duration time for receiving the traffic packet, as illustrated in Figure 5. In this scheme, gNB can configure a proper original drx-onDurationTimer to cover most of the jitter time range, e.g., for jitter with 2ms STD and [-4, 4]ms truncation range, the original drx-onDurationTimer can be configured as 4ms since the probability of the jitter falling into the time range [-2, 2]ms is almost 70%. If the packet arrival is beyond the original drx-onDurationTimer, gNB can use this new DCI to extend the C-DRX On Duration. Since the probability of jitter beyond the original drx-onDurationTimer is small, the total power consumption of this scheme is reduced compared with the implementation method in Figure 4(B). Besides, a competing solution to this DCI based scheme is the UE autonomous extension of C-DRX active time, in which UE autonomously extends C-DRX active time if the XR video frame does not arrive before the On Duration timer expires. However, UE autonomous extension of C-DRX active time may falsely miss extending active time if a UE specific non-XR video data is scheduled before XR video frame arrival.


Figure 5. DCI to indicate extension of C-DRX ON
Second, if the traffic packet arrives before the start of C-DRX On Duration due to the jitter, gNB can send a WUS to indicate UE to wake up early from C-DRX On Duration, as illustrated in Figure 6. In this scheme, a new “Early Wake-up Indication” filed can be carried in DCI format 2_6 and UE can start monitoring PDCCH after receiving the “Early Wake-up Indication” to reduce the service latency. Furthermore, if DL data arrives earlier than the expected arrival time and no more data is expected to be sent on the next C-DRX cycle, gNB can indicate UE to wake up early by the “Early Wake-up Indication” field and not to start the next On Duration timer by the “Wake-up Indication” field in DCI format 2_6. As the DCI for the data is sent during the “Early active time” and the duration of which is expected to be shorter than that of “On Duration”, the overall UE power consumption will be reduced.
[bookmark: _GoBack]Regarding Scheme #3, LP-WUS monitoring occasions are configured within C-DRX active time. The UE first detects LP-WUS instead of monitoring PDCCH from the beginning of the C-DRX On Duration. Once the LP-WUS is detected, the UE starts to monitor PDCCH. However, since the study of LP-WUS just began from the last meeting, it was concluded that RAN1 does not further study jitter handling by LP-WUS in Rel-18 XR SI.
In a summary, the dynamic adaptation of C-DRX active time can be considered to handle the XR jitter issue.

[bookmark: _Hlk115173160]Figure 6. Enhanced WUS to indicate UE early wake up before next C-DRX ON
Proposal 2. A new DCI can be used to indicate UE the extension of C-DRX ON at the end of C-DRX ON to handle XR traffic jitter, e.g., indicate a new extended drx-onDurationTimer value or indicate UE to restart drx-onDurationTimer.
Proposal 3. A new DCI field in DCI format 2_6 can be used to indicate UE whether to wake up early from C-DRX ON to handle XR traffic jitter.
2.2 PDCCH monitoring enhancement
2.2.1 High priority Issue 2-3: Enhancements to Rel-17 PDCCH monitoring adaptation
In Rel-17, both PDCCH skipping and SSSG switching are supported for licensed band to save PDCCH monitoring power consumption. There are 2 bits in total to indicate PDCCH skipping and SSSG switching and gNB can configure at most three skipping durations and three Search Space Set Groups (SSSGs) which allows UE to change the PDCCH monitoring periodicity in Rel-17. Considering the jitter of XR traffic, the current PDCCH skipping duration candidates may not be sufficient. Meanwhile, PDCCH skipping can only be applied in C-DRX active time. In addition, only scheduled DCI is supported as the PDCCH monitoring adaptation indication DCI in Rel-17, such that UE cannot be indicated to skip PDCCH monitoring occasions and switch SSSG before XR traffic arrival. 
Therefore, the following PDCCH monitoring adaptation enhancements have been provided.
Scheme #1: Extend the PDCCH skipping duration candidates.
Scheme #2: Use non-scheduling DCI as the PDCCH monitoring adaptation indication.
Scheme #3: Extend PDCCH skipping to the non-C-DRX scenario.
Scheme #4: PDCCH skipping with HARQ retransmission interaction.
Scheme #5: Enhancements on SSSG switching. 
For Scheme #1, simply increasing the number of PDCCH skipping duration candidates is not efficient since it needs a longer bitlength of PDCCH skipping indication, which will cause an increase in DCI size. If the gNB/UE can know the earliest possible arrival of each frame, then gNB does not need to specify a skipping duration because UE can stop PDCCH monitoring until the earliest possible arrival of the next frame after completing the transmission of the current frame. However, a reference time should be sent to indicate when the XR service arrives, which causes extra signaling overhead.
Therefore, to further reduce UE power consumption for XR services, non-scheduling DCI in Scheme #2 can be considered as the PDCCH monitoring adaptation indication, for example, repurposing some fields in DL/UL grant as the PDCCH skipping or SSSG switching indication.
On the other hand, since the PDCCH skipping can only be applied in C-DRX active time, it may not be suitable always to configure C-DRX to realize fixed PDCCH monitoring occasions considering some XR services with multiple flows or dense traffic arrival rates. Therefore, the PDCCH skipping can be extended to the non-C-DRX scenario which can also facilitate the adaptive PDCCH monitoring to align with XR DL traffic more accurately.
In the current specification, if PDCCH skipping is indicated to a UE, then the UE should wait for the next PDCCH monitoring occasions for HARQ retransmission. Therefore, it is proposed in Scheme #4 that if there is NACK feedback during the skipping duration, UE resumes PDCCH monitoring to receive corresponding retransmission scheduling within the drx-retransmissiontimer. However, the length of the skipping duration can be restricted so that it will not hinder PDCCH monitoring for retransmissions. Besides, using non-scheduling DCI as PDCCH skipping indication is a competing solution for this scheme.
Some enhancements on Rel-17 SSSG switching are provided to speed up the switching process and reduce the amount of DCI signaling. For example, implicit SSSG switching without using explicit SSSG switching signaling. In this way, all the 2 bits of PDCCH monitoring adaptation indication can be used to indicate PDCCH skipping for different durations. Another example is using DCP (DCI 2_6) to indicate the SSSG to be monitored at the start of On Duration. However, DCP indicated SSSG switching has been deprioritized according to the conclusions in the last RAN1#110bis-e meeting.
Proposal 4. PDCCH skipping can be considered to be applied when C-DRX is not configured to save PDCCH monitoring power consumption.
Proposal 5. Non-scheduling DCI can also be considered as PDCCH skipping and SSSG switching indication, e.g., repurposing some fields in DL/UL grant.
3. Conclusions
In this contribution, some potential XR-specific power saving techniques are discussed, and the following proposals are made.
Proposal 1. The following semi-static C-DRX solutions can be considered for alignment between C-DRX and XR traffic:
· Scheme #1: Configure a periodic C-DRX cycle set or pattern that contains multiple C-DRX cycles;
· Scheme #2: Configure single C-DRX configuration with multiple drx-StartOffset values. 
Proposal 2. A new DCI can be used to indicate UE the extension of C-DRX ON at the end of C-DRX ON to handle XR jitter, e.g., indicate a new extended drx-onDurationTimer value or indicate UE to restart drx-onDurationTimer.
Proposal 3. A new DCI field in DCI format 2_6 can be used to indicate UE whether to wake up early from C-DRX ON to handle XR jitter.
Proposal 4. PDCCH skipping can be considered to be applied when C-DRX is not configured to save PDCCH monitoring power consumption.
Proposal 5. Non-scheduling DCI can also be considered as PDCCH skipping and SSSG switching indication, e.g., repurposing some fields in DL/UL grant.
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