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1. Introduction
In RAN2#121 meeting, agreements [1] on DRX enhancement were made as below: 
	Companies should evaluate the RAN2 specification impacts and any other RAN2 aspects of their proposals for XR DRX.
Companies should evaluate the (high-level) impacts to RAN1/4 specification from their proposals for XR DRX.
Companies should try to coordinate with each other offline and bring joint proposals to next meeting. RAN2 aims to exclude proposals with least support in the next meeting.

Companies should evaluate the RAN2 specification impacts and any other RAN2 aspects of their proposals for SFN wrap-around.
Same as for DRX solutions, companies should try to coordinate with each other offline and bring joint proposals to next meeting. RAN2 aims to exclude proposals with least support in the next meeting.


In this contribution, we will provide our views on DRX enhancement for XR.
2. Discussion
2.1 Non-integer XR periodicity
Non-integer DRX cycle:
It’s well known that the integer value of the legacy DRX cycle cannot be perfectly aligned with the non-integer periodicity of XR traffic. For example, typical video frame rates are {30, 60, 90, 120} fps, where the corresponding frame periodicities are {33.33, 16.67, 11.11, 8.33} ms, which does not match the integer number of DRX cycles. Although several solutions are proposed for this issue by different companies, we think that non-integer DRX cycles with rational number (1000/fps, e.g., 50/3 ms for 60 fps), which match exactly to the XR traffic periodicity, is the most straightforward way to address it.
Proposal 1: RAN2 to introduce DRX cycle with non-integer values (i.e., rational number) to match the XR traffic periodicity. 

If non-integer DRX cycles are introduced, the DRX formula should be enhanced to support any integer and non-integer DRX cycles. In [2], the following formulas (based on equivalence A modulo B = A – [ B × floor (A / B) ])) have been proposed to address the non-integer XR periodicity and SFN wraparound issue.
For long DRX cycle,
floor [n – [drx-LongCycle × floor (n / drx-LongCycle) ] ] = drx-StartOffset	(Eq1)
where n = [(H-SFN × 10240) + (SFN × 10) + subframe number]
For short DRX cycle,
floor [n – [drx-ShortCycle × floor (n / drx-ShortCycle) ] ] =
floor [drx-StartOffset – [drx-ShortCycle × floor (drx-StartOffset / drx-ShortCycle) ] ]	(Eq2)
where n = [(H-SFN × 10240) + (SFN × 10) + subframe number]
Figure 1 shows an example of DRX cycle pattern for XR traffic with 60 fps. Based on the formulas, the pattern of the DRX cycles is {17, 17, 16} ms, which will realign with XR traffic every 50ms.
[image: ]
Figure 1: Alignment between XR traffic and DRX cycle by the new formulas

Proposal 2: New DRX formulas (i.e., Eq1 and Eq2) can be introduced to address the non-integer XR periodicity issues.

2.2 SFN wraparound issue
SFN wraparound:
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 is 6 ms remaining at the end of a hyper frame (assuming drx-StartOffset = 0). To address the SFN wraparound issue, a new hyper frame number H-SFN is introduced in the formulas Eq1 and Eq2. H-SFN indicates hyper frame number which increments by one when the SFN wraps around (from SFN 1023 to SFN 0).
Proposal 3: Hyper frame number (i.e., H-SFN) can be introduced to address the SFN wraparound issues.

In order to determine the value of H-SFN, some companies propose to broadcast it (e.g., 10-bit H-SFN with range 0~1023) in the system information. It should be noted that the hyper SFN (i.e., hyperSFN-r17 in SIB1) has been introduced in Rel-17 to support extended DRX, so it’s better to reuse it rather than broadcast a new one. 
If H-SFN with the range of 0~1023 is used, DRX reference time of [(H-SFN × 1024 × 10) + (SFN × 10) + subframe number] is repeated every (1024 × 1024 × 10) ms. Then the H-SFN cycle shall not be aligned with XR traffic periodicity when H-SFN wraparound happens, which is similar to SFN wraparound issue. Take 60 fps for example, (1024 × 1024 × 10) / (50 / 3) = 629145.6, there is 1 frame period of XR traffic (i.e., 10 ms) remaining at the end of the H-SFN cycle (i.e., when H-SFN returns to 0). 
Observation 1: H-SFN with the range of 0~1023 may bring H-SFN wraparound issue, which is similar to SFN wraparound issue.

Although a new H-SFN with the range 0~999 (or 0~9) can be used to address the issue, it is still a little strange to broadcast 2 hyper frame numbers in the system information. Another alternative solution is to introduce H-SFN without wraparound, that is, the H-SFN keeps increasing unless DRX configuration is re-configured or re-initialized. The solution is similar to the value of Nth in CG type 1 formula, which does not cause any H-SFN wraparound issue. 
Proposal 4: To address the potential hyper frame wraparound issue, H-SFN can keep increasing (i.e., without wraparound) unless DRX configuration is re-configured or re-initialized.

Reference hyper frame: 
In the last meeting, some companies concerned that a potential H-SFN boundary ambiguity between the network and UE exists when RRC Reconfiguration message is re-/transmitted across hyper frames. An example is illustrated in Figure 2. If the network sends an RRC message at the end boundary of a hyper frame (e.g., H-SFN n), and due to HARQ/ARQ retransmission, UE successfully receives the RRC message in the next hyper frame (e.g., H-SFN n+1). Then the network shall use H-SFN n as the reference hyper frame, while UE will use H-SFN n+1 as the reference hyper frame, which would lead to a different understanding of start occasions of on Duration.
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Figure 2: Time reference ambiguity caused by RRC signalling retransmission across hyper frame
To determine the reference hyper frame without H-SFN boundary ambiguity, drx-timeReferenceSFN can be introduced, which is like timeReferenceSFN in CG Type 1 formula (see [3]).
If DRX configuration is (re-)configured by RRC signalling,
· A new parameter drx-timeReferenceSFN  {0,512} is configured. drx-timeReferenceSFN indicates SFN used for the determination of the reference hyper frame in time domain. The UE uses the closest SFN with the indicated number preceding the reception of the DRX configuration.
· If the RRC message with DRX configuration is sent after SFN 512 but before the next SFN 0 boundary, drx-timeReferenceSFN = 512 shall be indicated to UE. If the RRC message with DRX configuration is sent after SFN 0 but before SFN 512, then drx-timeReferenceSFN = 0 shall be indicated to UE.
· Based on drx-timeReferenceSFN, UE can determine which hyper frame the reference SFN is in, and consider the hyper frame as reference hyper frame. 
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Figure 3: Reference hyper frame determination without ambiguity
Figure 3 shows an example of determining the reference hyper frame, where drx-timeReferenceSFN is set to 512. The DRX configuration is successfully received by UE in H-SFN n+1, which is one hyper frame later than the initial transmission of the RRC signalling. Based on the value of drx-timeReferenceSFN, UE finds that the closest SFN with the value indicated by drx-timeReferenceSFN that precedes the reception of the DRX configuration is in H-SFN n. Hence, both the network and UE know where the reference hyper frame is (e.g., H-SFN n), and there shall be no H-SFN boundary ambiguity.
Proposal 5: drx-timeReferenceSFN can be introduced to determine the reference hyper frame of DRX configuration without H-SFN boundary ambiguity.

As discussed above, H-SFN broadcast in SIB1 with the range of 0~1023 may bring hyper frame wraparound issues. Here, another alternative solution can be considered. Instead of using the H-SFN value broadcast in SIB1, H-SFN can be maintained by the MAC layer itself. 
Once the reference hyper frame is (re-)determined based on drx-timeReferenceSFN, the corresponding H-SFN can be set to 0.
· If DRX configuration is (re-)configured by RRC signalling, the H-SFN of reference hyper frame shall be (re-)set to 0.
· If adaptive DRX parameter adjustment via L1/L2 signalling (e.g., DCI or MAC CE) is introduced, H-SFN shall be set to 0 for the first DRX cycle where the DRX configuration was (re-)initialized.
After the determination of reference hyper frame with H-SFN = 0, the H-SFN can keep increasing without wraparound as we mentioned before. Figure 4 shows an example of determining the reference hyper frame with H-SFN = 0, where drx-timeReferenceSFN is set to 512.
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Figure 4: Reference hyper frame with H-SFN = 0
Proposal 6: H-SFN can be maintained by the MAC layer only, and the H-SFN of the reference hyper frame is set to 0 when DRX configuration is (re-)configured or (re-)initialized.

Solution summary: 
According to the discussion above, to address the non-integer XR periodicity and SFN wraparound issues, only limited impact on the specification shall be introduced for the solution:
· Introduce new DRX formulas Eq1 and Eq2.
· H-SFN without wraparound is maintained by the MAC layer, and the H-SFN of the reference hyper frame is set to 0 when DRX configuration is (re-)configured or (re-)initialized.
· Non-integer DRX cycle with rational number and drx-timeReferenceSFN shall be configured by RRC signalling. 

2.3 L1/L2 DRX offset adjustment
Adaptive DRX parameters adjustment: 
Currently all DRX parameters including periodicity, on duration timer and offset are pre-configured by gNB via RRC signalling. But we believe that XR service likely has fixed/predictable data burst periodicity but the service can start at any time consequently and the first data burst can arrive at any time. So offset of the DRX cycle is not predictable and needs to be adjusted after receiving the first data burst. In another word, When the XR traffic arrives, the frame arrival timing may not exactly fall in on-duration window. 
RRC can at any time reconfigure DRX offset when on duration start time does not match the data arrival time. But this might become problematic for XR type of service which has tight PDB requirement. It would be better to let MAC layer reconfigure the start time of the on duration based on the arrival time of the first data burst, see an example in the following figure:


Figure 5: on-duration adjustment via L1/L2 signaling (general)
The same framework is used for CG, where RRC configures the periodicity, but PDCCH is used to activate/deactivate CG and determine CG’s offset. This makes the configuration more adaptive.   
Proposal 7:  Introduce L1/L2 signalling to adjust DRX offset.

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

Non-integer DRX cycle:
Proposal 1: RAN2 to introduce DRX cycle with non-integer values (i.e., rational number) to match the XR traffic periodicity. 
Proposal 2: New DRX formulas (i.e., Eq1 and Eq2) can be introduced to address the non-integer XR periodicity issues.

SFN wraparound:
Proposal 3: Hyper frame number (i.e., H-SFN) can be introduced to address the SFN wraparound issues.
Observation 1: H-SFN with the range of 0~1023 may bring H-SFN wraparound issue, which is similar to SFN wraparound issue.
Proposal 4: To address the potential hyper frame wraparound issue, H-SFN can keep increasing (i.e., without wraparound) unless DRX configuration is re-configured or re-initialized.

Reference hyper frame: 
Proposal 5: drx-timeReferenceSFN can be introduced to determine the reference hyper frame of DRX configuration without H-SFN boundary ambiguity.
Proposal 6: H-SFN can be maintained by the MAC layer only, and the H-SFN of the reference hyper frame is set to 0 when DRX configuration is (re-)configured or (re-)initialized.

Adaptive DRX parameters adjustment: 
[bookmark: _GoBack]Proposal 7: Introduce L1/L2 signalling to adjust DRX offset.
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