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1. Introduction
In the WID for XR [1], there are the following description regarding the scheduling enhancements:
	· Specify Enhancements for Scheduling, as follows: 
· For the UL, Study and if justified, Specify enhancements using delay/deadline information, for support of UL scheduling to enable high XR capacity while meeting delay requirements/avoiding too late PDUs. [RAN2].
· Note: LCP implementation complexity need to be taken into account when evaluating solutions.
· Note: Check in RAN#105


In this contribution, the scheduling enhancements to meet the delay requirement and improve the XR user experience are discussed.
2. Discussion
Current scheduling based on LCP schedule the data transmission based on the priority of LCH(s), which may lead some unexpected latency due to the low priority. In Rel-18, DSR was introduced to report the remaining PDB and the corresponding data volume of the delay-critical data to RAN node. But according to the current scheduling mechanism, it is not guaranteed that the delay-critical data could be transmitted before the PDB/PSDB expires, if there is data in LCH with higher priority, as there is no special handling for scheduling considering delay information. 
Considering XR services have very strict latency requirements, it is more beneficial to perform scheduling by using PDB/PSDB information. 
Proposal 1 [bookmark: _Toc163153300]RAN2 to study the scheduling enhancement considering PDB/PSDB information to meet delay requirements for XR service. 
The detailed solutions are discussed below from different perspectives. 
2.1. [bookmark: _Toc131522645][bookmark: _Toc131522564][bookmark: _Toc131522648][bookmark: _Toc133498954][bookmark: _Toc134281634][bookmark: _Toc134284369][bookmark: _Toc134439077][bookmark: _Toc141792788][bookmark: _Toc142039034][bookmark: _Toc142382546][bookmark: _Toc141792789][bookmark: _Toc142039035][bookmark: _Toc142382547][bookmark: _Toc141792790][bookmark: _Toc142039036][bookmark: _Toc142382548][bookmark: _Toc133498957][bookmark: _Toc141792791][bookmark: _Toc142039037][bookmark: _Toc142382549][bookmark: _Toc141792792][bookmark: _Toc142039038][bookmark: _Toc142382550][bookmark: _Toc141792793][bookmark: _Toc142039039][bookmark: _Toc142382551][bookmark: _Toc134281639][bookmark: _Toc134284374][bookmark: _Toc134439082][bookmark: _Toc141792794][bookmark: _Toc142039040][bookmark: _Toc142382552][bookmark: _Toc141792795][bookmark: _Toc142039041][bookmark: _Toc142382553][bookmark: _Toc141792796][bookmark: _Toc142039042][bookmark: _Toc142382554][bookmark: _Toc141792797][bookmark: _Toc142039043][bookmark: _Toc142382555][bookmark: _Toc141792798][bookmark: _Toc142039044][bookmark: _Toc142382556][bookmark: _Toc141793772][bookmark: _Toc141793773][bookmark: _Toc110950146][bookmark: _Toc110960576][bookmark: _Toc146543780][bookmark: _Toc146550402][bookmark: _Toc146636575][bookmark: _Toc146636911]LCP enhancements
One direction to enhance the scheduling is to handle it at the transmitter, e.g. at UE side for UL scheduling. When the UE has large amount of delay-critical data to be transmitted within a short period, there could be high risk of the delay-critical data loss even the gNB allocates enough UL grants for the delay-critical data with the short period due to:
· If there is LCH(s) of higher priority than the LCH for the frame burst, the UE has to allocate the radio resource for the higher priority LCH(s) first;
· If there is LCH(s) of lower priority than the LCH for the frame burst, after the UE has allocated radio resource according the maximum buckets for the delay-critical data of the LCH for the frame burst, it will allocate the remaining resource for the lower priority LCH(s) even though there is still remaining delay-critical data for the LCH for the frame burst. The remaining resource after resource allocation for the lower priority LCH may not be enough to transmit the remaining delay-critical data. 
Observation 1 [bookmark: _Toc163153292]The LCH with higher priority is prioritized for radio resource allocation than the LCH for delay-critical data.
Observation 2 [bookmark: _Toc163153293]The LCH with lower priority can compete the resource with the LCH for delay-critical data when the buckets have exhausted for the LCH for delay-critical data.
In order to meet the latency requirements and avoid too late transmission for XR service, scheduling enhancements on LCP could be considered as a potential direction. For example, adapting the LCH priority or adjusting the rate restriction for delay-critical data by considering the PDB/PSDB information. That is, the LCP parameters configured for the frame burst transmission target to empty the UE buffer in the time period of the PDB/PSDB requirements.
Regarding how to define the delay critical data, e.g. whether to reuse the existing remaining time threshold or introduce a new threshold to determine the delay-critical data, could be further discussed. Furthermore, in case there is some scheduling restriction, e,g. due to MG, during the period of PDB/PSDB of a frame burst, the actual available time period(s) for transmission of the frame burst will be further reduced. In such case, the LCP parameters based on PDB/PSDB requirements may not be enough for the buffered data. The gNB has to allocate the radio resources to empty the UE buffer within the available period(s) that could be much shorter than the actual PDB/PSDB requirements.
Observation 3 [bookmark: _Toc163153294]The available time period for a UL transmission of a frame burst may be shorter than the PDB/PSDB requirements in case of scheduling restriction, e.g. due to MG in the period of PDB/PSDB, the LCP parameters can become not enough to empty the UE buffer.
Proposal 2 [bookmark: _Toc163153301]The scheduling enhancements on LCP (e.g. LCH priority adaptation, rate restriction adjustments) could be considered as a potential solution for UL transmission of delay-critical data.
Proposal 3 [bookmark: _Toc163153302]FFS on how to define delay-critical data, e.g. whether to reuse the existing remaining time threshold or introduce a new threshold to determine the delay-critical data, whether/how to consider the scheduling restriction (e.g. due to MG). 
In addition, there could be a situation that the gNB cannot allocate enough proper grants (i.e. the UL grants that fulfil the LCP parameters, e.g. SCS, PUSCH duration, Cell list, etc.) for the delay-critical data or the remaining PDB/PSDB is not enough for the UE to request desired UL grants. If the UE is not allowed to use the sub-optimal UL grants (i.e. the UL grants that does not fulfil some LCP parameters) even though there are no optimal UL grant available as in legacy, there is high risk that some delay-critical data to be discarded due to the PDB/PSDB exhausted. 
For instance, the UE has been configured with two carriers: Component Carrier 1 (CC 1) and CC 2. CC 1’s SCS is in the allowedSCS-List of LCH for XR frame burst and the UL grants over CC1 are optimal grants for XR frame burst transmission, while CC 2’s SCS is not in the allowedSCS-List, and the UL grants over CC2 is sub-optimal for XF frame burst transmission. However, when there are multiple XR UEs that have delay-critical data, and the gNB cannot provide enough UL grants over CC1 for all these XR UEs with delay-critical data transmission due to congestion/overloading. In the meanwhile, there are still remaining resources in CC2. If these XR UEs without enough UL grants over CC1 are not allowed to use the UL grants over CC2 for XR frame burst transmission in this situation, the radio resources of CC2 would be wasted and the delay-critical data for some XR UEs over CC1 have to be discarded. 
In such case, in order to meet the latency requirements and avoid too late transmission for XR service, scheduling enhancements to allow UE to select sub-optimal UL grants (i.e. grants not fulfilling some all LCP restrictions) for delay-critical data transmission, when there are no enough optimal UL grants (i.e. grants fulfilling all LCP restrictions), could be considered as a potential solution. 
Observation 4 [bookmark: _Toc162944612][bookmark: _Toc163153295]It can happen that there are no enough radio resources which fulfil all LCP restrictions (i.e. optimal grants) for the frame burst transmission while there are still remaining radio resources which do not fulfil some LCP restrictions (i.e. sub-optimal grants) for the XR frame burst.
Observation 5 [bookmark: _Toc163153296]When there are no enough optimal UL grants while the UE is not allowed to use sub-optimal grants for XR frame burst transmission, some packets of the frame burst has to be discarded and the remaining sub-optimal resources of the cell would be wasted.   
Proposal 4 [bookmark: _Toc163153303]RAN2 to study whether to allow UE to select sub-optimal UL grants (i.e. grants not fulfilling some LCP restrictions) for delay-critical data transmission when there are no enough optimal UL grants (i.e. grants fulfilling all LCP restrictions).
2.2. [bookmark: _Ref162366793]Uplink report enhancement
Another direction to enhance the scheduling at gNB side, which manages the scheduling by considering information reported from UE side. Considering the XR traffic has very strict PDB/PSDB requirements, the available time for the gNB to perform UL scheduling is very tight. In this case, if the gNB does not know the exact buffer status and remaining delay budget information in time, it is hard for gNB to know how many resources should be immediately allocated to empty the UE buffer. If the allocated resources are not enough to empty the UE buffer, there is some risk that the gNB does not have enough time to schedule transmissions/retransmissions to empty the UE buffer, which may lead too late PDU(s) and the PDB/PSDB requirements cannot be satisfied.  
In Rel-18, DSR was introduced to report the remaining PDB and the corresponding data volume of the delay-critical data to RAN node. On one hand, even with the DSR report, it is not guaranteed that the delay-critical data could be transmitted before the PDB/PSDB expires, if there is data in another LCH with higher priority, which has higher PSI level. On the other hand, the DSR may not be transmitted in time in some cases, due to triggering or UL transmission restriction, e.g. during MG. 
Thus, RAN2 could study the scheduling enhancements at gNB side by considering the PSI or the enhancements of UE reporting, e.g. via BSR/DSR.  
Proposal 5 [bookmark: _Toc163153161][bookmark: _Toc163153304]RAN2 to study the scheduling enhancements by considering the PSI, details FFS.
Proposal 6 [bookmark: _Toc163153305]RAN2 to study the scheduling enhancements by the enhancements of UE reporting, e.g. via BSR/DSR, details FFS. 

2.3. PDB/PSDB adjustment 
As discussed before, the overlapping between MG and the PDB/PSDB window of a frame burst could happen. Assuming that the MG duration is 6 ms, the PDB/PSDB is 10 ms, and the whole MG locates within the PDB/PSDB window, the actual available time within the PDB/PSDB window for DL/UL scheduling is 4 ms. It is great challenge for the gNB to schedule the DL/UL transmissions to successfully transmit the whole DL/UL frame burst, as 1) the gNB may not be able to allocate enough radio resource & 2) there is no enough time for the gNB to schedule the HARQ retransmissions if the initial HARQ transmissions fail.
Observation 6 [bookmark: _Toc163153297]When the PDB/PDSB window of a frame burst is partly occupied by a MG, the gNB may not be able to allocate enough radio resource for HARQ TX/ReTX within the PDB/PDSB window of the frame burst. 
As discussed above, some XR traffic has very tight PDB/PSDB requirements, the gNB has to schedule the UL transmission to empty UE buffer in a very short period of PDB/PSDB. Due to the interference variation/ channel fading or overloading/congestion, some packet(s) of a frame burst may not be able to be successfully transmitted before the corresponding PDB/PSDB expiration.
Observation 7 [bookmark: _Toc163153298]For XR traffic with tight PDB/PSDB requirements, some packet(s) of a frame burst may not be able to be transmitted before the corresponding PDB/PSDB expiration.
According to the current PDCP protocol, if some packet(s) of the frame burst cannot be transmitted upon the expiration of the discardTimer, these packet(s) will be discarded by the transmitter. However, for real-time XR services, usually GoP picture codec is applied and there is strong encoding/decoding dependency between near frames in order to achieve acceptable compression level of the frame bursts:
· P-frame burst is encoded in relation to the preceding I-frame burst and possibly some preceding P-frame bursts after the preceding I-frame.
· The B-frame burst in relation to neighboring P-frame bursts and the preceding I-frame burst.
[bookmark: _Toc163153186]Due to this inter-frame dependency, the discard of the outdated packets of a frame burst may have the following negative impacts:
· The packet discard of an I-frame burst degrades the video quality of all subsequent P/B frames until the next I-frame;
· The packet discard of a P-frame burst degrades the video quality of the neighboring B framse and the followed P/B-frames until the next I-frame.
During the discussion in Rel-18 SI, SA4 also confirms that the outdated packets may be still useful for application layer. In the above cases, if the outdated packets are not discarded but transmitted to the receiver, the receiver can still use the packets to help the decoding of the subsequent I/P/B frames, which avoid the video quality degradation propagation due to packet loss of a frame burst.
Observation 8 [bookmark: _Toc163153299]If the outdated packets of a frame burst are not discarded but transmitted to the receiver, the receiver can recover the outdated frame for future frame burst decoding, which avoids the video quality degradation propagation until the next I-frame. 
Proposal 7 [bookmark: _Toc163153306]RAN2 to study whether to transmit the outdated packet(s) to the receiver instead of simply discarding the outdated packet(s).
Alternatively, extending the PDB/PSDB period can be considered to avoid the unnecessary packet discard at transmitter, especially when the congestion has already been resolved or there is no congestion but the scheduling restriction, e.g. due to MG, occupies the transmission time.
Proposal 8 [bookmark: _Toc163153307]RAN2 to study the PDB/PSDB adjustment to avoid the discard of outdated packet(s), especially when there is no congestion in air interface. 

3. [bookmark: _Toc127283392][bookmark: _Toc127368534][bookmark: _Toc127457995][bookmark: _Toc127458023][bookmark: _Toc149321483][bookmark: _Toc149321484][bookmark: _Toc149321485][bookmark: _Toc149551561][bookmark: _Toc149553050][bookmark: _Toc149557177][bookmark: _Toc149557285][bookmark: _Toc149557334][bookmark: _Toc149557480][bookmark: _Toc149557497]Conclusion
In this contribution, we have discussed the scheduling enhancements and potential solutions. We have the following observations:
Observation 1	The LCH with higher priority is prioritized for radio resource allocation than the LCH for delay-critical data.
Observation 2	The LCH with lower priority can compete the resource with the LCH for delay-critical data when the buckets have exhausted for the LCH for delay-critical data.
Observation 3	The available time period for a UL transmission of a frame burst may be shorter than the PDB/PSDB requirements in case of scheduling restriction, e.g. due to MG in the period of PDB/PSDB, the LCP parameters can become not enough to empty the UE buffer.
Observation 4	It can happen that there are no enough radio resources which fulfil all LCP restrictions (i.e. optimal grants) for the frame burst transmission while there are still remaining radio resources which do not fulfil some LCP restrictions (i.e. sub-optimal grants) for the XR frame burst.
Observation 5	When there are no enough optimal UL grants while the UE is not allowed to use sub-optimal grants for XR frame burst transmission, some packets of the frame burst has to be discarded and the remaining sub-optimal resources of the cell would be wasted.
Observation 6	When the PDB/PDSB window of a frame burst is partly occupied by a MG, the gNB may not be able to allocate enough radio resource for HARQ TX/ReTX within the PDB/PDSB window of the frame burst.
Observation 7	For XR traffic with tight PDB/PSDB requirements, some packet(s) of a frame burst may not be able to be transmitted before the corresponding PDB/PSDB expiration.
Observation 8	If the outdated packets of a frame burst are not discarded but transmitted to the receiver, the receiver can recover the outdated frame for future frame burst decoding, which avoids the video quality degradation propagation until the next I-frame.
Based on the above discussions and the observations, we have the following proposals:
Proposal 1	RAN2 to study the scheduling enhancement considering PDB/PSDB information to meet delay requirements for XR service.
Proposal 2	The scheduling enhancements on LCP (e.g. LCH priority adaptation, rate restriction adjustments) could be considered as a potential solution for UL transmission of delay-critical data.
Proposal 3	FFS on how to define delay-critical data, e.g. whether to reuse the existing remaining time threshold or introduce a new threshold to determine the delay-critical data, whether/how to consider the scheduling restriction (e.g. due to MG).
Proposal 4	RAN2 to study whether to allow UE to select sub-optimal UL grants (i.e. grants not fulfilling some LCP restrictions) for delay-critical data transmission when there are no enough optimal UL grants (i.e. grants fulfilling all LCP restrictions).
Proposal 5	RAN2 to study the scheduling enhancements by considering the PSI, details FFS.
Proposal 6	RAN2 to study the scheduling enhancements by the enhancements of UE reporting, e.g. via BSR/DSR, details FFS.
Proposal 7	RAN2 to study whether to transmit the outdated packet(s) to the receiver instead of simply discarding the outdated packet(s).
Proposal 8	RAN2 to study the PDB/PSDB adjustment to avoid the discard of outdated packet(s), especially when there is no congestion in air interface.
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