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1. Introduction
In the WID for XR [1], there are the following descriptions 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 RAN2#125bis, there were the following agreements regarding LCP enhancements:
	RAN2 will study whether/how to resolve the issue of data with low remaining time being delayed due to other data from LCHs with higher LCH priority when using the existing LCP procedure. At least the following alternatives will be studied:
· Alternative 1: Enhance LCP restrictions/LCH selection.
· Alternative 2: Enhance LCH prioritization.
RAN2 should consider potential impact on traffic from SRBs.


 In RAN2#125bis, there were the following agreements regarding DSR enhancements:
	RAN2 will study enhancing existing DSR with additional information, e.g. multiple pairs of remaining time/buffer information, importance. FFS whether this only includes more information on delay-critical data or also information about non-delay critical data.


In this contribution, the following scheduling enhancements to meet the delay requirement and improve the XR user experience are discussed:
· LCP enhancements based;
· DSR enhancements;
· Additional scheduling enhancements for XR in relation to PDB/PSDB.
2. Discussion
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
In RAN2#125bis meeting, there are two candidate solutions were recognized: 
· Alternative 1: Enhance LCP restrictions/LCH selection.
· Alternative 2: Enhance LCH prioritization.
In order to successfully transmit all the data with low remaining time (referred to as urgent data below) in time for one UE, the following two conditions should be both fulfilled:
Condition 1: The corresponding LCH can get radio resources for urgent data upon MAC PDU construction without restricted by the LCP parameters (priority, Bj) of this LCH.
Condition 2: The gNB allocates enough UL grants that fulfill the related LCP restriction parameters (e.g. allowedSCS-List) of the corresponding LCHs for the UL grant selection.
Only when both conditions in above are fulfilled, all the urgent data for an LCH can be transmitted to the gNB in time. In case the LCH priority for urgent data is too low to ensure enough radio resource allocation for urgent data upon the corresponding MAC PDU construction, Alt.2 (Enhance LCH prioritization) should be considered. In case there are no enough UL grants that fulfil the LCP restrictions (e.g. allowedSCS-List), Alt.1 (Enhance LCP restrictions/LCH selection) should be considered to allow the UE to select other UL grants for urgent data transmission.
Proposal 1 [bookmark: _Toc166254576]Both Alt.1 (Enhance LCP restrictions/LCH selection) and Alt.2 (Enhance LCH prioritization) should be considered as candidate solutions for scheduling enhancements.

When the UE has a large amount of urgent data to be transmitted within a short period, there could be high risk of urgent data loss even the gNB allocates enough UL grants for the urgent data within the short period due to:
A. If there is a first LCH of higher priority than a second LCH with urgent data, the UE has to allocate the radio resource for the first LCH first and the rest resource may be not enough to contain all the urgent data for the second LCH;
B. If there is a first LCH of lower priority than a second LCH with urgent data, after the UE has allocated radio resource up to Bj for the urgent data of the second LCH, it will allocate the remaining resource for the first LCH though there are still remaining urgent data for the second LCH. After radio resource allocation for the first LCH, the rest capacity of the MAC PDU may be not enough to contain all the remaining urgent data of the second LCH. 
Observation 1 [bookmark: _Toc166254529]For MAC PDU construction, if there is a first LCH with higher priority than the second LCH with urgent data, the rest capacity after radio resource allocation for the first LCH may be not enough to contain all the urgent data for the second LCH.
Observation 2 [bookmark: _Toc166254530]For MAC PDU construction, the LCH with urgent data may not be allocated enough radio resource due to its buckets (Bj) exhausted.
In order to meet the latency requirements and avoid too late transmission for XR service, LCP priority and rate restriction enhancements should be considered as a candidate direction, e.g. adapting the LCH priority and/or adjusting the rate restriction for LCH with urgent data. That is, the LCP parameters for an LCH with urgent data can be adapted aiming at transmitting all urgent data in time.
Regarding how to define the urgent data, e.g. whether to reuse the existing remaining time threshold for delay-critical data determination or introduce a new threshold to determine the urgent data, could be further discussed. Furthermore, in case there is some scheduling restriction, e.g. due to measurement gap (MG) overlapping with the PDB/PSDB window of a frame burst, the actual available time period(s) for the transmission of the frame burst will be further reduced. In such case, the LCP parameters (LCH priority, BSD, PBR) normally configured for LCH assuming the whole PDB/PSDB window is available for UL transmission may not be optimal to ensure enough radio resource allocation for the frame burst. 
Observation 3 [bookmark: _Toc166254531]The available period for a UL frame burst is shorter than the PDB/PSDB when its PDB/PSDB window overlaps with a measurement gap, due to which the LCP parameters (LCH priority, BSD, PBR) for resource allocation turn to be sub-optimal.
Proposal 2 [bookmark: _Toc164948412][bookmark: _Toc166254577]RAN2 to determine the urgent data with low remaining time based on a remaining time threshold, FFS to reuse the existing remaining time threshold for delay-critical data or introduce a new one.
To ensure enough radio resource allocation for urgent data, its LCH priority should be adjusted to ensure the chance for the radio resource allocation, meanwhile the rate limit (Bj) should be raised in certain way.
Proposal 3 [bookmark: _Toc166254578]For Alt.2, the following enhancements should be considered for transmission of urgent data:
· [bookmark: _Toc166254579]adjust the LCH priority to higher priority;
· [bookmark: _Toc166254580]raise the rate limit of the LCH;
In addition, there could be a situation that the gNB cannot allocate enough optimal grants (i.e. the UL grants that fulfil the LCP parameters for frame burst transmission, e.g. SCS, PUSCH duration, Cell list, etc.) for the urgent data or the remaining PDB/PSDB is not enough for the UE to request proper UL grants. In this case, if the UE is not allowed to use the available sub-optimal grants (i.e. the UL grants that does not fulfil some LCP parameters for LCH of the frame burst), there is high risk that some urgent data is 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 transmission 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 urgent data, and the gNB cannot provide enough UL grants over CC1 for all these XR UEs with urgent 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 urgent data transmission in this situation, the radio resources of CC2 would be wasted and at least some urgent data for these XR UEs 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 grants (i.e. grants not fulfilling some all LCP restrictions) for urgent data transmission, when there are no enough optimal grants, should be considered as a potential solution. To ensure short transmission delay, the gNB could take some actions (e.g. transmit power boost, up to gNB implementation) to reduce HARQ retransmissions when the urgent data is transmitted using sub-optimal grants.
Observation 4 [bookmark: _Toc162944612][bookmark: _Toc166254532]It can happen that there are no enough grants fulfilling all LCP restrictions (i.e. optimal grants) for the frame burst TX while there are still UL grants not fulfilling some LCP restrictions (i.e. sub-optimal grants) available.
Observation 5 [bookmark: _Toc166254533]When there are no enough optimal grants while the UE is not allowed to use sub-optimal grants for XR frame burst TX, some urgent data of the frame burst has to be discarded and the remaining sub-optimal grants have to be wasted.   
Proposal 4 [bookmark: _Toc166254581]For Alt.1, RAN2 to study whether to allow UE to select sub-optimal grants (i.e. grants not fulfilling some LCP restrictions, e.g. allowedSCS-List) for urgent data transmission when there are no enough optimal grants (i.e. grants fulfilling all LCP restrictions).
2.2. DSR and BSR enhancement
If there is considerable time spread for the UL frame burst arrival in the UE side, multiple pairs of remaining time/buffer information may help the gNB scheduling. Yet, we are not so sure if this is the typical case that could be happen in the UE side: 
A. If the time spread for the UL frame burst arrival in the UE side is large, and the DSR comprising multiple pairs of remaining time/buffer information is reported, upon reception of the DSR the gNB can know the urgent data sizes with different respective remaining delays and perform the UL scheduling according the respective remaining times. However, based on such DSR, the gNB still does not know the exact total buffer size. The gNB may not allocate enough radio resource to empty the UE buffer, which results in the non-delay critical data in the UE buffer becomes delay-critical and triggers further DSR report. This causes not only overhead due to additional DSR transmission but also potential packet loss risk due to short of radio resource for delay-critical data TX when the corresponding DSR is received. If the UE reports non-delay-critical data together with delay-critical data in the DSR, the gNB can perform UL scheduling to empty the UE buffer in a longer remaining time period, which can not only improve the radio resource efficiency but also avoid the packet loss risk due to short of radio resource in the short remaining time period for delay-critical data.
B. If the time spread for the frame burst arrival in the UE side is short, the remaining delay of all UL data of a frame burst is close. For instance, if the time spread of a frame burst is 2 ms, the maximum remaining time difference between PDUs/PDU sets within one frame burst is up to 2ms. In this case, it is not that meaningful to report multiple pairs of remaining time/buffer information.  In this case, it could be more beneficial for the gNB to know the delay-critical data and the amount of non-delay critical data according to which the gNB can determine the exact amount of radio resources to empty the UE buffer.
Observation 6 [bookmark: _Toc166254534]Report non-delay critical data in DSR can help the gNB to perform UL scheduling to empty the UE buffer in a longer remaining time period, which can improve the spectrum efficiency.
Observation 7 [bookmark: _Toc166254535]If the gNB does not allocate enough radio resource to empty the UE buffer in time due to the unawareness of the non-delay-critical data buffer size, the non-delay-critical data can become delay-critical data, the packet loss risk is increased as the gNB cannot always ensure timely scheduling for delay-critical data in a short remaining time period.
Proposal 5 [bookmark: _Ref165990559][bookmark: _Toc166254582]DSR should be enhanced to comprise both delay-critical data information and non-delay-critical data information.
For the option “multiple remaining time/buffer information”, we don’t see the need to introduce multiple delay thresholds for delay status triggering and reporting considering the complexity for both standardization and implementation. Furthermore, as a XR service has tight delay budget, it is less likely that the short PDB/PSDB window can allow multiple iterations of DSR reporting and delay-critical data scheduling for one UL frame burst.  Hence, we think it is not so useful to report more than two pairs of remaining time/buffer information considering within the delay budget. 
Proposal 6 [bookmark: _Toc166254583]For the option “multiple remaining time/buffer information”, only the existing remaining time threshold is used for DSR triggering (i.e. no new threshold for DRX triggering) and no more than two remaining time/data volumes can be reported.
According the study scope, the impact from measurement gap should also be considered. Some measurement gap could be disabled if there is XR frame burst which needs to be transmitted in the time period of the measurement gap. However, as measurement gap is designed for the UE to perform mobility measurement, at least some of the measurement gap should be kept in order to monitor the candidate carrier/cells for mobility purposes. The measurement gap may overlap with the remaining time period of the delay-critical data (see Figure 1), which can result in the DSR report is delayed and/or no enough time for the gNB to schedule the UL transmissions for the delay-critical data.
[image: ]
[bookmark: _Ref165995148]Figure 1 Illustration of MG impact on delay-critical data transmission
Observation 8 [bookmark: _Toc166254536]There is high packet loss risk for the delay-critical data when the MG overlaps with the end part of the corresponding PDB/PSDB window.
Proposal 7 [bookmark: _Toc166254584]RAN2 consider the DSR triggering enhancement (e.g. allowance of earlier DSR triggering) when the measurement gap overlaps with PDB/PSDB window.

The UE may have both delay-critical data of low importance and delay-critical data of PSI high importance.  According the existing data transmission procedure, the delay-critical data that arrives the UE buffer earlier will be transmitted first when there is UL grant available, i.e. the PSI of different delay-critical data is not considered in the resource allocation duration MAC PDU construction in the UE side. This can result in the situation that the delay-critical data of PSI low importance is transmitted first if the delay-critical data of PSI low importance arrives the UE buffer earlier while the delay-critical data of PSI high importance may suffer packet loss due to no enough radio resource. To relieve such situation, one can consider to allow the UE to prioritize the resource allocation for the data of PSI high importance. If there is no enough radio resource for a frame burst at the end, the data of PSI high importance can suffer lower packet loss risk than the data of PSI low importance. 
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 8 [bookmark: _Toc163153161][bookmark: _Toc166254585]RAN2 to study the scheduling enhancements by considering the PSI, details FFS.
When the end packet of a frame burst is received by the UE from its application layer, there will be no new data arrival for the frame burst. If a BSR in relation to the end packet arrival of this frame burst is reported to gNB, the gNB can know exactly how many resources are needed to empty the UE buffer in relation to the frame burst. This will facilitate the gNB to exactly allocate enough radio resources for the UE to finish the transmission of the frame burst without resource overshooting.
Proposal 9 [bookmark: _Toc162949844][bookmark: _Toc166254586]RAN2 to consider new BSR triggering, e.g. upon the end packet arrival of a frame burst, as a candidate solution for scheduling enhancements.
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 9 [bookmark: _Toc166254537]When the PDB/PDSB window of a frame burst is partly occupied by a measurement gap, 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 10 [bookmark: _Toc166254538]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 frames 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 11 [bookmark: _Toc166254539]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 10 [bookmark: _Toc166254587]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 11 [bookmark: _Toc166254588]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. Based on the discussions, there are the following observations:
Observation 1	For MAC PDU construction, if there is a first LCH with higher priority than the second LCH with urgent data, the rest capacity after radio resource allocation for the first LCH may be not enough to contain all the urgent data for the second LCH.
Observation 2	For MAC PDU construction, the LCH with urgent data may not be allocated enough radio resource due to its buckets (Bj) exhausted.
Observation 3	The available period for a UL frame burst is shorter than the PDB/PSDB when its PDB/PSDB window overlaps with a measurement gap, due to which the LCP parameters (LCH priority, BSD, PBR) for resource allocation turn to be sub-optimal.
Observation 4	It can happen that there are no enough grants fulfilling all LCP restrictions (i.e. optimal grants) for the frame burst TX while there are still UL grants not fulfilling some LCP restrictions (i.e. sub-optimal grants) available.
Observation 5	When there are no enough optimal grants while the UE is not allowed to use sub-optimal grants for XR frame burst TX, some urgent data of the frame burst has to be discarded and the remaining sub-optimal grants have to be wasted.
Observation 6	Report non-delay critical data in DSR can help the gNB to perform UL scheduling to empty the UE buffer in a longer remaining time period, which can improve the spectrum efficiency.
Observation 7	If the gNB does not allocate enough radio resource to empty the UE buffer in time due to the unawareness of the non-delay-critical data buffer size, the non-delay-critical data can become delay-critical data, the packet loss risk is increased as the gNB cannot always ensure timely scheduling for delay-critical data in a short remaining time period.
Observation 8	There is high packet loss risk for the delay-critical data when the MG overlaps with the end part of the corresponding PDB/PSDB window.
Observation 9	When the PDB/PDSB window of a frame burst is partly occupied by a measurement gap, 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 10	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 11	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	Both Alt.1 (Enhance LCP restrictions/LCH selection) and Alt.2 (Enhance LCH prioritization) should be considered as candidate solutions for scheduling enhancements.
Proposal 2	RAN2 to determine the urgent data with low remaining time based on a remaining time threshold, FFS to reuse the existing remaining time threshold for delay-critical data or introduce a new one.
Proposal 3	For Alt.2, the following enhancements should be considered for transmission of urgent data:
-	adjust the LCH priority to higher priority;
-	raise the rate limit of the LCH;
Proposal 4	For Alt.1, RAN2 to study whether to allow UE to select sub-optimal grants (i.e. grants not fulfilling some LCP restrictions, e.g. allowedSCS-List) for urgent data transmission when there are no enough optimal grants (i.e. grants fulfilling all LCP restrictions).
Proposal 5	DSR should be enhanced to comprise both delay-critical data information and non-delay-critical data information.
Proposal 6	For the option “multiple remaining time/buffer information”, only the existing remaining time threshold is used for DSR triggering (i.e. no new threshold for DRX triggering) and no more than two remaining time/data volumes can be reported.
Proposal 7	RAN2 consider the DSR triggering enhancement (e.g. allowance of earlier DSR triggering) when the measurement gap overlaps with PDB/PSDB window.
Proposal 8	RAN2 to study the scheduling enhancements by considering the PSI, details FFS.
Proposal 9	RAN2 to consider new BSR triggering, e.g. upon the end packet arrival of a frame burst, as a candidate solution for scheduling enhancements.
Proposal 10	RAN2 to study whether to transmit the outdated packet(s) to the receiver instead of simply discarding the outdated packet(s).
Proposal 11	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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