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One of the objectives of XR enhancement is XR-specific Power Saving [1]: 

	Objectives on XR-specific Power Saving (RAN1, RAN2):
· Study XR specific power saving techniques to accommodate XR service characteristics (periodicity, multiple flows, jitter, latency, reliability, etc...). Focus is on the following techniques:
· C-DRX enhancement.
· PDCCH monitoring enhancement.



In last RAN2 meeting [2], it was agreed 
	1: RAN2 to focus on the following issues for power saving, as well necessary parameters XR-awareness to support such enhancements, i.e.: 
-	DRX enhancements to address the issues of DRX cycle mismatch and jitter
-	Identify necessary parameters from CN for XR-awareness for power saving 
2: Enhancements to Rel-17 PDCCH adaptation can be discussed based on RAN1 feedback, if they have any RAN2 impact
3: RAN2-specific aspects can be studied based on contributions (e.g., multiple XR traffic flows with different periodicities, SFN wrap-around, RAN2-specific CDRX aspects, …).



This contribution discusses potential enhancements on current C-DRX mechanism to address the issues mentioned above. 
Discussion
2.1 Non integer DRX periodicity

For XR traffic, typical video frame rates are {30, 60, 90, 120} frames per second (fps), where the corresponding frame periodicities (1000/fps) are {33.33, 16.67, 11.11, 8.33} ms. Legacy (up to Rel-17) CDRX cycle only supports integer number of milliseconds, that is, long DRX cycle can be configured as a value between 10 ms to 10240 ms, and short DRX cycle can be configured as a value between 2 ms to 640 ms. Therefore, the integer value of the DRX cycle cannot be perfectly aligned with the non-integer periodicity of XR traffic.

To address the issue caused by the mismatch between XR traffic periodicity and DRX cycle, there are several possible solutions:
· Solution1:  introduce non-integer periodicity. There might be different ways to realize, one way is to add the DRX cycle values which match exactly to the XR traffic periodicity e.g.,50/3ms, consequently it is necessary to change the C-DRX formular where any arbitrary DRX cycle can fit into the formula, example of the new formula can be found in section2.2. 
· Solution 2: configure DRX pattern like 16, 16, 17ms 
· Solution 3: ask UE automatically to apply an adjustment every certain amount of DRX cycles e.g., 1ms after every 3 DRX cycles. 
However, all these solutions are effectively the same, but introducing non-integer periodicity would be most simple and straight forward solution.

Proposal 1: DRX cycle with non-integer values can be introduced to match the XR traffic periodicity. 

We will discuss in another section that L1/L2 DRX (re)configuration solution also can solve this issue to some extent. 

2.2 New C-DRX formulas to avoid SFN wraparound issue
Since the range of SFN is 0~1023 and the range of subframe number is 0~9, SFN wraps around every 10,240 ms. If the value of DRX cycle cannot be divisible by 10240 ms, it will lead to misalignment between XR traffic and DRX cycle when SFN wraparound happens. For example, XR traffic with 60 fps has a DRX cycle of 50/3 ms, and there are 6 ms remaining at the end of a hyper frame (assuming drx-StartOffset = 0).
In [3], the following formulas have been proposed to address the non-integer XR periodicity and SFN wraparound issues.

floor [n – [drx-LongCycle × floor (n / drx-LongCycle) ] ] = drx-StartOffset		(Eq1)
where n = [(H-SFN-M × 10240) + (SFN × 10) + subframe number]

floor [n – [drx-ShortCycle × floor (n / drx-ShortCycle) ] ] =
floor [drx-StartOffset – [drx-ShortCycle × floor (drx-StartOffset / drx-ShortCycle) ] ]	(Eq2)
where n = [(H-SFN-M × 10240) + (SFN × 10) + subframe number]

For the formulas, we propose that a new parameter H-SFN-M is introduced and maintained by the MAC layer. H-SFN-M indicates hyper frame which increments by one when the SFN wraps around (from SFN 1023 to SFN 0). H-SFN-M won’t wrap around and will keep increasing unless DRX configuration is re-configured or re-initialized. Here, a reference H-SFN-M, i.e., H-SFN-M = 0, will be determined as below.
· If DRX configuration is (re-)configured by RRC signaling,
· A new parameter drx-timeReferenceSFN  {0,512} is configured by RRC signalling. drx-timeReferenceSFN indicates SFN used for determination of the reference hyper frame with H-SFN-M = 0 in time domain. The UE uses the closest SFN with the indicated number preceding the reception of the DRX configuration.
· Based on drx-timeReferenceSFN, UE can determine which hyper frame the reference SFN is in, and consider the hyper frame corresponds to H-SFN-M = 0. Figure 1 shows an example for determining the reference hyper frame with H-SFN-M = 0, where drx-timeReferenceSFN (SFNref) is set to 512 in this example.
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Fig 1: determination of hyper frame with H-SFN-M = 0 (drx-timeReferenceSFN = 512)

· Else if DRX configuration is (re-)initialized by DCI or MAC CE, H-SFN-M is set 0 for the first DRX cycle where the DRX configuration was (re-)initialized.

Proposal 2: New C-DRX formulas and H-SFN-M can be introduced to address the non-integer XR periodicity and SFN wraparound issues.

We will discuss in another section that L1/L2 DRX (re)configuration solution also can solve this issue to some extent. 

2.3 L1/L2 DRX adjustment
With current DRX mechanism, gNB can configure a very precise start of a DRX cycle i.e., the position of on duration. Even though drx-StartOffset is also in ms granularity, but a drx-SlotOffset can be configured in addition to delay the start of the on-duration window for multiple times of 1/32 ms. 

However, mismatch of the packet arrival time and on duration window still can happen often and cause extra delay. This issue exists already as of today. RRC can at any time reconfigure DRX parameters when mismatch happens. But this might become problematic for XR type of service which has tight PDB requirement. Same principle as for CG, L1/L2 signaling could be used to configure/adjust some of DRX parameters in addition to RRC signaling, to make the DRX is more adaptive.

Because DRX is pre-configured by gNB via RRC signalling based on the nominal periodicity and packet arrival timing. When the XR traffic arrivals, the frame arrival timing may not exactly fall in on-duration window. gNB lower layer can quickly advance the on duration based on the buffer time of the first data burst, see following figure:


Fig 2: on-duration adjustment via L1/L2 signaling (general)


Another reason of timing mismatch is the SFN wraparound. When SFN wraparound happens, it may lead to a shorter/longer gap between the two on durations, while the arriving time between two packets are still the same. If the packet arrival timing matches the timing of on-duration before SFN wraparound, it will become mismatch after SFN wraparound happens. this is predictable, a L1/L2 signaling can send to adjust the offset value before or immediately after SFN wraparound. 

For non-integer periodicity XR traffic configured with an integer periodicity, the data arrival timing will slowly draft away from the on-duration window, as shown in following figure, after several cycles, gNB should adjust the on-duration to compensate the drafting, with L1/L2 signaling.




Fig3: on-duration adjustment via L1/L2 signaling (non-integer periodicity data case)

Proposal3:  L1/L2 DRX adjustment solution can be considered to make DRX configuration more adaptive to the data arrival timing and to solve the DRX mismatch issue caused by SFN wrapping around and non-integer periodical data flow



2.4 Multiple DRX configurations

Another requirement from XR on C-DRX is to support multiple XR traffic flows. From TR38.838, especially in dual eye buffer model, the left and right eye frames arrive separately with a time offset but the same periodicity. Moreover in certain two stream model, e.g. video + audio/data, the video and audio streams may have different periodicity (e.g., 16.6 and 10ms), different PDB (e.g., 10ms vs 30ms) and different packet size.  

With current C-DRX mechanism, for all serving cells of a MAC entity, they may be configured by RRC in two DRX groups, both DRX group have common short and long DRX cycle, same on-duration window starting point but can have different length of on-duration timer and DRX inactivity timer, these could enable serving cells in one DRX groups switch from on to off earlier.  As we only support one DRX cycle and one on-duration in a cycle. Current mechanism does not solve the multiple flow issue.

To support multiple flow well, different DRX configurations (with different DRX periodicity and offset) should be configured to match the traffic characteristics of different flows. 

Proposal 4 multiple DRX configurations (with different DRX periodicity) could be considered to support multiple XR traffic flows   


2.5 Solutions for Jitter handling

Due to random and unpredictable jitter, XR traffic may arrive earlier or later than the expected time, as illustrated in Figure 4. 
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Fig 4: Impact of Jitter
· Scenario 1: XR traffic arrives earlier than the expected time (i.e., before drx-onDurationTimer starts). 
· Although the traffic shall be delayed until UE wakes up from CDRX OFF, the delay is acceptable as it still meets PDB requirement. Therefore, we think it does not require any enhancements for this scenario.
· Scenario 2: XR traffic arrives within the expected time (i.e., when drx-onDurationTimer is running). 
· In this scenario, UE shall perform unnecessary PDCCH monitoring during DRX on-duration before DL data arrives (period ①). If the PDCCH monitoring overhead during period ① can be reduced, then UE power consumption can be saved.
· XR traffic may finish before the end of DRX active time. To reduce or skip the unnecessary PDCCH monitoring after the end of the traffic (period ②), 2 alternatives are proposed: 
· Alt 1: PDCCH monitoring adaptation mechanism (i.e., PDCCH skipping and SSSG switching) enhancement can be considered and should be discussed by RAN1.
· Alt 2: Send DRX Command MAC CE or Long DRX Command MAC CE to stop drx-onDurationTimer and drx-InactivityTimer, and hence skip the unnecessary PDCCH monitoring.
· Scenario 3: XR traffic arrives later than the expected time (i.e., after drx-onDurationTimer expires).
· In this scenario, UE shall perform unnecessary PDCCH monitoring during DRX on-duration (period ③). If the PDCCH monitoring overhead during period ③ can be reduced, then UE power consumption can be saved.
· In this scenario, XR traffic arrives during DRX OFF and shall be delayed until next DRX cycle, which increases unacceptable latency. To address the issue, new mechanisms can be considered to provide additional PDCCH monitoring opportunities for UE to wake up early from DRX OFF, or extend the drx-OnDurationTimer with sparse monitoring (see solutions below in 2.5.2).
2.5.1 sparse/dense PDCCH monitoring associated with CDRX
To address the issues in scenarios 2 and 3, sparse/dense PDCCH monitoring switching associated with CDRX can be considered. 
For the Active time of a DRX group:
· Once drx-OnDurationTimer starts, and drx-InactivityTimer or retransmission timer is not running, UE could perform sparse PDCCH monitoring. In this way, PDCCH monitoring overhead before data arrival (period ① and ③) can be reduced.
· Once a PDCCH indicates a new transmission is received (i.e., drx-InactivityTimer starts), or retransmission timer starts, UE could switch to dense PDCCH monitoring. 
· When drx-InactivityTimer or retransmission timer expires, there are 2 alternatives for consideration:
· Alt1: Switch to sparse PDCCH monitoring, if only drx-onDurationTimer is running. 
· Alt2: To avoid the delay/overhead of sparse/dense PDCCH monitoring switching, UE could continue to perform dense PDCCH monitoring, regardless of whether the drx-InactivityTimer expires.
Proposal 5: sparse/dense PDCCH monitoring switching associated with CDRX can be considered to support the uncertain traffic arriving timing due to jitter.
2.5.2  low-power monitoring opportunity during DRX off period

[image: A picture containing chart

Description automatically generated]
Fig 5: Solutions for handling data arrives later than expected 
To handle data that arrives after on-duration, 2 solutions are proposed as illustrated in Figure 5.
· Solution 1: Extend on-duration to cover the jitter range. By using PDCCH skipping, DRX Command MAC CE/Long DRX command MAC CE, or sparse/dense PDCCH monitoring switching associated with CDRX, the extra power consumption may be acceptable.
· Solution 2: One or more lower-power monitoring opportunities could be configured after on-duration. If data arrives, UE could wake up early from DRX OFF.
Proposal 6: Extending on-duration or providing lower-power monitoring opportunities after on-duration can be considered to hand data arrives later than expected.

2.6 XR-awareness for power saving
Based on above discussion, following parameters from CN for XR-awareness would be useful for gNB to configure proper C-DRX parameters as precise and timely as possible: 
· Periodicity of PDU sets/data bursts
· Starts offset of the PDU sets/data bursts
· Average jitter and jitter range
· PDB requirement

 Proposal 7: following XR traffic parameter are useful for C-DRX configuration and adaptation
· Periodicity of PDU sets/data bursts
· Starts offset of the PDU sets/data bursts
· Average jitter and jitter range
· PDB requirement

Summary
[bookmark: OLE_LINK3]This contribution provided our analysis on candidate solutions of C-DRX enhancement, and we propose to list all these possible solutions and the issues each solution can solve:

Proposal 1: DRX cycle with non-integer values can be introduced to match the XR traffic periodicity.

Proposal 2: New C-DRX formulas and H-SFN-M can be introduced to address the non-integer XR periodicity and SFN wraparound issues.


Proposal3:  L1/L2 DRX adjustment solution can be considered to make DRX configuration more adaptive to the data arrival timing and to solve the DRX mismatch issue caused by SFN wrapping around and non-integer periodical data flow

Proposal 4 multiple DRX configurations (with different DRX periodicity) could be considered to support multiple XR traffic flows.  

Proposal 5: sparse/dense PDCCH monitoring switching associated with CDRX can be considered to support the uncertain traffic arriving timing due to jitter.

Proposal 6: Extending on-duration or providing lower-power monitoring opportunities after on-duration can be considered to hand data arrives later than expected.

Down selection among above candidate solutions can do done in next meeting.

In term of the XR awareness for power saving:
Proposal 7: following XR traffic parameter are useful for C-DRX configuration and adaptation
· Periodicity of PDU sets/data bursts
· Starts offset of the PDU sets/data bursts
· Average jitter and jitter range
· PDB requirement
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