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Introduction
In continuation of the 3GPP work on XR in RAN1 and SA4 in Rel-17 followed by a RAN2 study in Rel-18, RAN has approved a RAN2-led work item on XR enhancements for NR in Rel-18 [1]. According to the work item description, enhanced discard operation of PDU Sets is part of the capacity objective. 
	Specify the enhancements related to capacity:
-	Multiple Configured Grant (CG) PUSCH transmission occasions in a period of a single CG PUSCH configuration (RAN1, RAN2);  
-	Dynamic indication of unused CG PUSCH occasion(s) based on Uplink Control Information (UCI) by the UE (RAN1, RAN2);
-	Buffer Status Report (BSR) enhancements including at least new Buffer Status Table(s) (RAN2);
-	Delay reporting of buffered data in uplink (RAN2);
-	Discard operation of PDU Sets for DL and UL (RAN2, RAN3);


This paper presents our views on PDU Set discarding for Rel-18 XR, including the impacts to PDCP and RLC, as well as the detailed design of PSI-based packet discarding mechanism.
Discussion
Impacts of Packet Discarding to PDCP
During RAN2#122, we have agreed that PDU Set discarding is configured per PDCP entity:
	2: PDU-set discard indication for UL is configured using RRC to handle the PDU Set based discard functionality (i.e. whether UE discards all packets in PDU set when one PDU is discarded). The configuration is per PDCP entity.



Thus, we would like to examine the impacts of packet discarding to the PDCP layer. In the current PDCP operation the discarding of a PDCP SDU already associated with a PDCP SN causes a SN gap in the transmitted PDCP Data PDUs. This increases the PDCP reordering delay in the receiving PDCP entity. This issue may be even more undesirable for XR use cases which requires low delay and low processing overhead, and the use of system resources (including memory at the PDCP receiver) should be minimized. 
While packet discarding typically affects the transmitter, enhancements at the receiver side are worth considering as well. In particular, enhancements to reduce the PDCP reordering delay would be desirable. If the receiver is unaware of packet discarding at the transmitter, how long would it wait for a packet that never comes? Until the reordering timer expires. So, if the receiver can be aware of the packet discarding event at the transmitter it can gracefully handle the situation, for example, by excluding those SNs from the reordering process. Moreover, a SN gap can trigger certain actions in the receiver (e.g., the receiver may infer lost packets and/or call some optimization routine). Such behavior is not desired for PDUs intentionally discarded in XR. Therefore, it might be good to inform the receiver. 
According to RAN2 agreements, a portion of packets (complete PDU Sets or certain PDUs of a PDU Set) may be discarded at PDCP level. To assist the reordering function at the PDCP receiver, we think that a Discard Marker (or an indication of SN gap) can be introduced to inform the receiver about packets discarded at the transmitter, in order to minimize the PDCP reordering delay at the receiver. The range of discarded SNs could be identified based on a separate discard indication. Alternatively, the SN gap could be identified based on the presence of Start PDU and/or End PDU for the PDU Set in the PDU Set Information of a user plane packet header. 
Based on awareness of such packet discarding, the PDCP receiver can consider the last SN before packet discard and the next SN after packet discard as in-sequence (i.e., without considering the SN gap). The PDCP receiver, using a Discard Marker or another discard signalling received, accounts for the PDUs discarded by the transmitter as part of receive operation, reordering and in-order delivery. The SN gap pertaining to the discarded PDUs does not trigger out-of-sequence operation. In other words, the received PDUs are considered in-sequence in spite of the SN gap. This can avoid unnecessary processing and reordering delay in the PDCP receiver.
In addition, for SDUs intended to be discarded but submitted by the transmitter to lower layers, the receiver may perform a discard on its end. Alternatively, the receiver may decide to deliver them to upper layers anyway in spite of the discarding operation (e.g., based on implementation or based on network configuration or operator configuration).
Proposal 1: RAN2 should specify enhancements for reordering delay minimization by making the receiver aware of packet discarding. The following option(s) can be considered:
· A Discard Marker (or another discard signalling) can be used to inform the receiver of any packets that have been discarded at the transmitter. Signalling can be in a data or control PDU. 
· The PDCP receiver considers the last SN before packet discard and the next SN after packet discard as in-sequence (i.e., without considering the SN gap).

Impacts of Packet Discarding to RLC
While RAN2 made initial assumptions on XR packet discarding at PDCP level, implications of packet discarding to the RLC layer have not been concluded. If packet discarding occurs more frequently in XR then it seems reasonable to enhance the RLC protocol as well, e.g., to avoid waste of radio resources (which would provide capacity gains and power savings).
A scenario of interest are “in-flight” packets. Following SDU discard in PDCP, the RLC transmitter may continue to transmit or retransmit some of the discarded PDUs even if they are already declared as discarded. For example, this may be the case when packet discarding happens after a PDU has been enciphered or when to be discarded PDUs are already submitted to lower layers and PDUs are part of a time-critical operation in RLC (with state variables assigned) or MAC (e.g., LCP is running, ongoing generation of a MAC PDU, etc.). In such instances, a discarding of packets may be more complicated and so the transmitter may still send those PDUs. For the sake of a description, we identify such to-be-discarded SDUs as “in-flight” packets.
When upper layers indicate the discarding of an RLC SDU, the transmitting side of an RLC entity shall discard the indicated RLC SDU, if neither the RLC SDU nor a segment thereof has been submitted to the lower layers. The transmitting side of an AM RLC entity shall not introduce an RLC SN gap when discarding an RLC SDU. We prefer that this operation continues to hold true for XR. It would be helpful however, if RLC can be aware of discarded RLC SDUs. In particular, a retransmission of in-flight packets is considered a waste of radio resources. 
Proposal 2: The RLC entity should not consider an RLC SDU or RLC SDU segment known to be discarded as eligible for automatic repetition or retransmission.
In the current NR RLC specification (TS 38.322), we have:
	The transmitting side of an AM RLC entity shall prioritize transmission of RLC control PDUs over AMD PDUs. The transmitting side of an AM RLC entity shall prioritize transmission of AMD PDUs containing previously transmitted RLC SDUs or RLC SDU segments over transmission of AMD PDUs containing not previously transmitted RLC SDUs or RLC SDU segments.



However, to prioritize discarded RLC SDUs or RLC SDU segments currently in-flight over RLC SDUs with new data causes a waste of radio resources. It is therefore proposed that AMD PDUs containing discarded RLC SDUs or RLC SDU segments currently in-flight are excluded from the above prioritization rule. 
Proposal 3: Transmission of AMD PDUs containing discarded RLC SDUs or RLC SDU segments should not be prioritized.

PSI-Based Packet Discarding Mechanism
During RAN2 #121, we have concluded that packet discarding based on PDU Set Importance (PSI) should be introduced:
	RAN2 thinks PSI can be useful for PDU set-based discard. RAN2 aims to introduce a mechanism to allow UE to handle discarding of packets with different PSI in case of congestion. FFS for other cases.



Based on further discussions in RAN2#122, we have further agreed that such mechanism for UL should be activated by the network, when e.g. there is a congestion:
	Network indicates UE to apply PSI-based XR discard mechanism via dedicated signalling. 
FFS how/whether to minimize additional UL signalling after this indication.
FFS if the NW indication is a one-shot or also subsequent packets



Before we delve into the details of PSI-based discarding mechanism design, it is better to first clarify whether such indication from the network is one-shot or also appliable to subsequent packets. We must note that, the network sends such indication because UL congestion is observed, and the NW may not know how long the congestion will last. Thus, if the indication is one-shot, and if congestion continues for a long period of time, the network may need to send this indication quite frequently in order to activate PSI-based discarding mechanism for every single UL packet that arrives at the UE buffer, which is quite an overhead for both NW and UE. Thus, we think this makes more sense if the NW can activate and deactivate the PSI-based mechanism for a DRB. Once this is activated by the NW, the UE should continue to apply the mechanism for the subsequent packets, until it further receives a deactivation command from the NW. This allows the NW to flexibly handle congestions with different lengths and/or severity. 
Proposal 4: When PSI-based discarding mechanism is activated, the UE should apply the mechanism to subsequent packets, until the PSI-based discarding mechanism is deactivated.
A key question we need to answer is: What are the UE behaviors when PSI-based mechanism is activated ? First of all, we assume the UE is able to classify all PDU Sets into two categories, namely important PDU Sets and Non-Important PDU Sets, based on the PSI value associated to each PDU Set. It is worth highlighting that, how the UE identifies PSI of each PDU Set is an implementation issue, as agreed previously.
Based on SA2 conclusions, the PSI is only used for the cases of congestion. Thus, when the PSI-based discarding mechanism is deactivated (i.e. when there is no congestion), the UE should not differentiate important and non-important PDU Sets. That is, the UE should have the identical treatment to every PDU Set, regardless of its PSI. 
Proposal 5: When PSI-based discarding mechanism is deactivated, the UE does not treat important and non-important PDU Sets differently.

Conversely, when the PSI-based discarding mechanism is activated, the UE can start to have different treatments to important and non-important PDU Sets. There are many different possibilities about how the UE should behave to achieve such differentiated treatments, but we think RAN2 should focus on the following three approaches:
· Option 1: The UE directly discard all the non-important PDU Sets, but continue to transmit important PDU Sets as usual.
· Option 2: The UE applies different discard timer values to important and non-important PDU Sets.
· Option 3: The UE discards the non-important PDU Set when one of the PDU is already lost, but does not discard important PDU set even when one of the PDU is already lost.
In any of these options, the intention is to make sure the UE can discard the non-important PDU Sets at least more easily/likely when the PSI-based discarding mechanism is activated, in order to free up some radio resources. Apart from radio resource efficieny, the consideration of user experience may also be taken into account. In particular, according to a reply LS from SA4 to SA2 (S4-220505), packet discarding should be minimized, as any packet loss can result in degradation of user experience:
	SA4 would like to point out, that due to its heavy-compression and spatial-temporal prediction, any packet losses in video generally result in degradation of the user-perceived quality of experience. Hence, video applications generally (i) benefit, (ii) are more efficient and (iii) can be simplified, if the network minimizes video packet losses.


Based on this, we provide a quick analysis of the three options tabulated below:
Table 1 An overview of pros/cons of PSI-based discarding mechanism options.
	Options
	Pros
	Cons

	Option 1
	Simple and helpful to alleviate UL congestion more quickly, as the UE can directly discard the non-important PDU Sets even without trying to transmit them.
	User experience can be degraded significantly, e.g. the user may see several frozen video frames.

	Option 2
	This option is more flexible as it gives the UE some opportunities to transmit the non-important PDU Sets, which maintains user experiences under congestion. When the discard timer value for non-important PDU Set is set to zero, it is equivalent to Option 1.
	An addition discard timer value needs to be pre-configured, on top of the default discard timer.

	Option 3
	Same as Option 2, it gives the UE some opportunities to transmit the non-important PDU Sets, which maintains user experiences under congestion. But the configuration of a second discard timer value is not needed. 
	Inter-Operability with PSIHI-based discarding need to be further clarified.



We suggest RAN2 to focus on these three options to decide how a UE should treat important and non-important PDU Sets differently, when the PSI-based discarding mechanism is activated.
Proposal 6: RAN2 should further discuss how the UE should treat important and non-important PDU Sets when PSI-based discarding mechanism is activated, based on the following three options:
· Option 1 – The UE discards non-important PDU Sets directly.
· Option 2 - The UE applies different discard timer to important and non-important PDU Sets.
· Option 3 - The UE discards non-important PDU Sets when at least one PDU is already lost.

Another discussion point is on the control signalling for the network to activate/deactivate PSI-based discarding mechanism. This could be based on RRC message, PDCP control PDU, or MAC CE.
Due to the dynamic nature of XR traffics and user activities, as well as the dynamic variation of radio link quality, the severity level of congestion can fluctuate over time. With these considerations in mind, we think it makes sense for the gNB to activate or deactivate the PSI-based discarding mechanism of one or more DRBs in a dynamic manner. Thus, RRC message is not so suitable from this perspective. Moreover, a RRC message in downlink can further cause additional feedback from the UE, which is not desirable when UL congestion is already present.
There are also proposals based on PDCP control PDU, where the gNB can control the PDCP entity of each DRB individually. Depending on how severe UL congestion is, the gNB may decide to activate or deactivate the PSI-based discarding mechanism of multiple DRBs simultaneously. In such cases, if the approach based on PDCP control PDU is adopted, the gNB may need to send multiple PDCP control PDUs toward different DRBs. Each PDCP control PDU is at least one octet, and the overall signalling overhead scales with the number of DRBs that the gNB intends to control, which may result in very inefficient operation.
With the approach based on MAC CE, the gNB may use a bitmap to concurrently activate/deactivate PSI-based discarding for multiple DRBs. For instance, a MAC CE with only one octet can already allow the gNB to control up to 8 DRBs simultaneously. Apparently, such approach offers higher flexibility with lighter signaling overhead, as well as allowing faster reaction at the UE side. The example MAC CE format is shown in Figure 1:
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Figure 1 An example MAC CE format for activating/deactivating PSI-based discarding mechanism for multiple DRBs.
In this example MAC CE format, each bit represents a DRB, and the value (0 or 1) indicates whether PSI-based discarding mechanism should be activated or de-activated for the corresponding DRB. Based on the analysis above, it is obvious that MAC CE approach is more advantageous as compared to RRC message and PDCP control PDU. One could argue that it requires some cross-layer interaction between MAC and PDCP, but we do not see this as a problem because in the existing specifications we already have some MAC CEs for controlling the behaviours of PDCP entities, such as the MAC CE for PDCP duplication activation/deactivation which was introduced in Rel-15. 
Proposal 7: A new MAC CE is introduced to jointly activate/deactivate PSI-based discarding mechanism for one or more uplink DRBs.
RAN2 has also agreed whether additional uplink signalling should be minimized when the PSI-based discarding mechanism is activated by the network. From our point of view, when UL is known to be congested, the UE should only try to ask for radio resources when there is an important PDU Set present in the uplink buffer. Thus, we think the UE can check the PSI of the buffered packets, in order to decide if SR, BSR, or RACH should be triggered to get the UL resource. For instance, if only non-important PDU Set is present in the buffer, the UE may refrain from triggering SR, BSR, or RACH for the corresponding LCH of the DRB whose PSI-based discarding mechanism is activated.
Proposal 8: RAN2 can consider modification of SR/BSR/RACH signalling behaviours based on the PSI of buffered data.

Conclusions
This contribution provides our views on impacts of packet discarding on PDCP and RLC operation for XR, as well as a detailed design of PSI-based discarding mechanism. We propose the following:
Proposal 1: RAN2 should specify enhancements for reordering delay minimization by making the receiver aware of packet discarding. The following option(s) can be considered:
· A Discard Marker (or another discard signalling) can be used to inform the receiver of any packets that have been discarded at the transmitter. Signalling can be in a data or control PDU. 
· The PDCP receiver considers the last SN before packet discard and the next SN after packet discard as in-sequence (i.e., without considering the SN gap).
Proposal 2: The RLC entity should not consider an RLC SDU or RLC SDU segment known to be discarded as eligible for automatic repetition or retransmission.
Proposal 3: Transmission of AMD PDUs containing discarded RLC SDUs or RLC SDU segments should not be prioritized.
Proposal 4: When PSI-based discarding mechanism is activated, the UE should apply the mechanism to subsequent packets, until the PSI-based discarding mechanism is deactivated.
Proposal 5: When PSI-based discarding mechanism is deactivated, the UE does not treat important and non-important PDU Sets differently.
Proposal 6: RAN2 should further discuss how the UE should treat important and non-important PDU Sets when PSI-based discarding mechanism is activated, based on the following three options:
· Option 1 – The UE discards non-important PDU Sets directly.
· Option 2 - The UE applies different discard timer to important and non-important PDU Sets.
· Option 3 - The UE discards non-important PDU Sets when at least one PDU is already lost.
Proposal 7: A new MAC CE is introduced to jointly activate/deactivate PSI-based discarding mechanism for one or more uplink DRBs.
Proposal 8: RAN2 can consider modification of SR/BSR/RACH signalling behaviours based on the PSI of buffered data.
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