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1 Introduction

Following RAN#101, the list of potential objectives of the XR evolution in Rel-19 was captured by the RAN chair as follows in the summary of the overall RAN Rel-19 package [1]:

· Potential objectives:
· Study and if justified, specify aspects related to multi-modality(intra-UE)/multi-QoS flow (intra-UE) (with coordination with SA2/SA4), and other aspects requiring coordination w/ SA initiated work as necessary (e.g., SA2/SA4 task list which may potential have RAN impact) 
· Check in RAN#105
· Measurement Gaps / Scheduling restrictions: Specify enhancements for reducing the impact to capacity and impact to individual UEs with respect to scheduling restrictions for FR1 and FR2 inter-frequency RRM measurements with measurement gaps and FR2 intra-frequency measurements w/o measurement gaps. [RAN1, RAN2, RAN4]. 
· UTO-UCI: support multiple CG config 
· CQI/CSI link adaption enhancement
·  FFS exact scope: PDSCH reception based, Traffic related, Soft-HARQ
·  FFS CBG enh. 
· Delay aware / Delay adaptive (remaining time) scheduling 
· PDCP Discard enhancements for PDU set discard enhancements for inter-PDU Set dependencies
· Coordination with SA2
· Power saving, DRX and PDCCH skip (excluding power saving for Multi-modal)

Also, a more detailed discussion and the companies views about the potential Rel-19 XR topics are captured by the moderator during RAN #101 in [2]. 

In this Tdoc, we share our views on the scope of XR evolution for Rel-19 XR.

2 Discussion
XR stands out as a highly promising service within the landscape of future cellular systems. The diverse XR use cases ranging from virtual reality (VR) and augmented reality (AR) to mixed reality (AR) and advanced cloud gaming, present opportunities for immersive human experiences in collaborative gaming, telepresence and hybrid workspaces. The success of widespread XR adoption however hinges on the efficient support provided by future cellular systems, addressing the intricate QoS and computing demands unique to XR applications. Recognizing this need, 3GPP has undertaken substantial specification efforts, particularly within the RAN working groups in Rel-18. 
Key focus areas of research and specification work in Rel-18 included: 
· Support of multi-PUSCH CG configuration: enabling multiple CG PUSCH occasions per CG period for both type-1 and type-2 CG. This involves the UE indication of unused transmit occasion UCI (UTO-UCI) optimizing network scheduling and enhancing system capacity. Updates have also been made to the HARQ process ID determination for a CG PUSCH in a multi-PUSCH CG. 
· XR awareness: facilitating awareness through UE assistance information, aiding the network in acquiring knowledge about UL XR traffic characteristics. This includes details such as traffic periodicity, Burst Arrival time and traffic jitter. 
· XR specific power saving: defining rational number DRX cycles aligned with the XR traffic most common periodicities. Additionally, it tackles the SFN wrap-around issue.
· Retransmission-less CG: building on NTN solution, the retransmission-less CG in XR is supported by disabling HARQ RTT per CG configuration.
· BSR enhancement: the introduction of a new BSR table and a new BSR MAC-CE mainly for XR traffic to reduce BSR quantization error to better accommodate XR service with generally large packets.
· DSR signalling: the UE signalling the Delay Status Report (DSR) per LCG conveying the remaining time before the expiry of the PDCP discard timer and indicating the size of the remaining PDUs in the PDU Set associated with the remaining delay. Threshold-based DSR reporting triggers DSR signalling.
· PSI-based Discard when congestion is indicated to the UE.

Significant progress has been made in Rel-18 to enhance the support of XR traffic and disseminate XR awareness throughout RAN. Nevertheless, the emphasis in Rel-18 was predominantly on a singular flow with limited attention to interdependency between different QoS flows of the same XR service which can improve the system capacity and power saving.
Inter-dependency within the same flow should also be addressed in Rel-19. The successful decoding of some PDU-Sets or some data bursts (mapping to video slices/frames) at the codec level or the XR server level depend on the successful reception of some other PDU-Sets or some other data bursts. This is due to the dependency between the different video frames/slices

2.1. Intra-UE multi-modality enhancements 

XR is a multi-modal service creating a more immersive and engaging XR experience. For example, the XR flow could use head-mounted display (HMD) to provide the user with a visual view of the environment, speakers to provide audio, and haptic gloves to provide tactile feedback. The flow could also use scent emitters to provide olfactory feedback. The traffic flows could be terminated at different endpoints, for example the audio and video stream may be processed by VR glasses, while the haptic feedback may be processed by haptic gloves.
These traffic flows are generally related and they are played out at the endpoint in a synchronized manner. This also means that the network has to deliver them with a similar delay.
 Thus, XR service consists of several data flows called as well multi-modal flows. They are related to each other and may come from different sources. Each data flow may be seen as one type of data, for example audio, video, positioning, haptic data, etc [TR 23.501]. But they are all associated with the same XR service. Data flows that comprise a multi-modal service may come from a single UE, either via a single device or via multiple devices connected to the single UE that can access the 5GS, or from multiple UEs. For the single UE case, the expected multi-modal application behaviour is that those data flows that are closely related and require strong application coordination for correct delivery of the multi-modal application data, are transmitted in a single PDU session [TR 23.501].

Therefore, rules and specific QoS policies could be defined for data flows that are part of a specific multi-modal application. RAN could use this information for better synchronization between the different XR flows.

5G NR defined the concept of PDU Set and the concept of Data Burst. 5G TR 23.700-60 defines the PDU Set and the Data Burst as 
· PDU Set: A PDU Set is composed of one or more PDUs carrying the payload of one unit of information generated at the application level (e.g. a frame or video slice for XRM Services, as used in TR 26.926). In some implementations all PDUs in a PDU Set are needed by the application layer to use the corresponding unit of information. In other implementations, the application layer can still recover parts all or of the information unit, when some PDUs are missing.
· Data Burst: A set of multiple PDUs generated and sent by the application in a short period of time. NOTE :	A Data Burst can be composed by one or multiple PDU Sets.

The concept of PDU-Set has been introduced in 3GPP mainly to model the concept of video slice at the network level. Also, the concept of Data-burst has been introduced mainly to model the concept of video frame at the network level.
5G TR 23.700-60 had also introduced QoE requirements for PDU-Sets like: 

· PSDB	PDU-Set Delay Budget
· PSER	PDU-Set Error Rate

The above concepts and new QoE requirements are very important and very relevant for a single modality traffic. However, for a multi-modal communication, new concepts and new QoE requirements are needed in addition for better user experience for the XR service.

According to the SA1 definition in TR 22.847, tactile and multi-modal communication services enable multiple modal interactions, combining ultra-low latency with extremely high availability, reliability and security. 
For a typical tactile and multi-modal communication service/application, there can be different modalities affecting the user experience, e.g.:
· Video/Audio media;
· Information perceived by sensors about the environment, e.g., brightness, temperature, humidity, etc.;
· Haptic data: can be feelings when touching a surface (e.g., pressure, texture, vibration, temperature), or kinaesthetic senses (e.g., gravity, pull forces, sense of position awareness).

An XR user requires synchronous arrival of different multi-modal flows, e.g., video, audio and haptic data for a pleasant user experience. Delay in one of the flows, e.g., audio flow, although could be tolerable by the user for that specific flow could be intolerable if not synchronized with the video or the haptic flows. The more asynchronous different modalities are, the less present and immersed users will feel.

For example, in real-time remote virtual reality, a user can use a variety of independent devices to collect and receive video, audio, environmental, and haptic data for a single VR application. For example, a user could wear VR glasses to receive images and sounds, a touch glove to receive touch feedback, a camera to collect video input, a microphone to collect audio input, and multiple wearable sensors to provide haptic and environmental information.

 SA1 has studied use cases about the immersive multi-modal VR application including video, audio and haptic for a single UE and for multiple UEs cases and defined new requirements captured in TR 22.847.
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Figure 1: Multi-modal interactive system [3GPP TR 22.847]
As shown in Figure 1 above from 3GPP TS 22.261, in a multimodal interactive system, multiple sources of input can be used to generate multimodal outputs. A modality is a type or representation of information in a specific interactive system. Multimodal interaction is the process of exchanging information between multiple modalities. Modal types include motion, sentiment, gesture, etc., while modal representations include video, audio, tactition, etc.

SA1 introduced the following concepts in TR 22.847 (V18.2.0):
· Multi-modal Data: Multi-modal Data is defined to describe the input data from different kinds of devices/sensors or the output data to different kinds of destinations (e.g. one or more UEs) required for the same task or application. Multi-modal Data consists of more than one Single-modal Data, and there is strong dependency among each Single-modal Data. Single-modal Data can be seen as one type of data.
· Synchronization threshold: A multi-modal synchronization threshold can be defined as the maximum tolerable temporal separation of the onset of two stimuli, one of which is presented to one sense and the other to another sense, such that the accompanying sensory objects are perceived as being synchronous.
SA1 also captured the following table in TS 22.261 for the typical synchronization thresholds for immersive multi-modal VR.
Typical synchronization thresholds for immersive multi-modal VR applications:
	Media components
	synchronization threshold (note 1)

	audio-tactile
	audio delay:
50 ms
	tactile delay:
25 ms

	visual-tactile
	visual delay:
15 ms
	tactile delay:
50 ms

	NOTE 1:  for each media component, “delay” refers to the case where that media component is delayed compared to the other.




Also, 3GPP TS 22.261 captured the following:
· Synchronization threshold: A synchronization threshold can be defined as the maximum tolerable temporal separation of the onset of two stimuli, one of which is presented to one sense and the other to another sense, such that the accompanying sensory objects are perceived as being synchronous.

· The audio-video synchronization requirements: To support VR environments the 5G system shall support audio-video synchronization thresholds:

·  in the range of [125ms-5ms] for audio delayed and

·  in the range of [45ms-5ms] for audio advanced.

SA2 introduced a common ID for a multi-modal service that can be used to identify a group of QoS flows and map them to the same multi-modal service. 
3GPP Rel-18 RAN focused on enhancements for single modal communication during the XR study and work items both in RAN1 and RAN2. Currently, the multi-modal traffic flows have generally different QoS requirements and they are mapped to different QoS flows. These QoS flows belong to the same XR service and they are dependent and correlated. Therefore, coordinated transmission and time synchronization of these QoS flows is required to allow for better user experience.
Current user plane protocol does not support coordinated handling for multiple QoS flows. This means that there is no guarantee that different QoS flows will be synchronized in the cellular network, which can lead to poor user experience for the XR service. For example, if one QoS flow is delayed or is prioritized over another, the user may experience degraded performance for the second flow and for the experience in general. This could manifest as stuttering or delay in the XR experience.
To improve the user experience for the XR service, the user plane protocol should be enhanced to support coordinated handling of multiple QoS flows. This would ensure that all QoS flows are synchronized and the transmission latencies of the multiple QoS flows are jointly controlled, providing a consistent and reliable experience for the user.
Proposal 1: The awareness at RAN/AS of the multi-modality information such as the multi-modality service common ID introduced by SA2 to distinguish a set of QoS flows and associate them with the same multi-modal XR service is beneficial to identify correlated flows and enable coordinated treatment [RAN2].
The type of dependency should also be indicated to RAN/AS, for example audio-tactile dependency is different from visual-tactile dependency and this means different synchronization requirements. 
Proposal 2: The type of dependency should be indicated to RAN/AS [RAN2].
Compared to legacy, awareness about the dependency and the type of dependency between the multi-modal flows allow for a better scheduling, increased resource efficiency and for enhanced discard and prioritization mechanisms, e.g., 5G RAN and the UE can discard some specific packets from flow 1 if some specific packets from flow 2 are discarded, … where flow 1 and flow 2 belong to the same multi-modal service. 
Proposal 3: The dependency and the type of dependency between the multi-modal flows to be used by RAN/UE to enhance scheduling, discard and prioritization [RAN2].

The concept of Multi-Modal Data Set (MMDS) can be introduced, where an MMDS is composed of one or more PDUs or PDU-Set(s) carrying information payload from multiple multi-modal QoS flows that are associated with the same service (e.g., XR service). And all PDUs and PDU-Set(s) in a MMDS are needed by the application layer to be able to use the corresponding unit of information across multiple QoS flows. The MMDS can be considered as the unit of data used to calculate the synchronization error/delay. The MMDS contains data from across multiple QoS flows of a multi-modal service. For example, MMDS can be composed of multiple PDU-Sets associated to a video flow, and multiple PDUs associated to audio and haptic data flows, which are equivalent in practice to a video frame and the associated audio, haptic packets required by the user at the same time instant…etc.

Proposal 4: The concept of Multi-Modal Data Set can be introduced to link PDUs and PDU-Sets of different QoS flows that need to be synchronized [RAN2].

2.2. Inter-PDU-Sets dependency
Inter-PDU-Sets correlation has not been addressed in Rel-18. In most XR traffic, the decoding of the P-frames or the B-frames rely on the decoding of the previous I-frame, which is the reference video frame (in the instantaneous decoding refresh model). This also apply to the slice model, as the decoding of the P-slices or the B-slices rely on the decoding of the previous I-slice, which is the reference slice (in the gradual decoding refresh model).
PDU Set importance indication (PSI) was specified in Rel-18. The main usage of the PSI is to indicate a higher importance to some PDU-Sets, mainly PDU-Sets carrying I-frames/slices and will be used by the UE in the case of congestion for the discard of low importance PDU-Sets.
Awareness about inter-PDU-Sets correlation/dependency, in addition to PSI, can be used for better PDU-Sets prioritization and discarding of PDU-Sets. For example, information whether one or some specific PDU-Sets are needed to decode other PDU-Sets or whether all PDU-Sets in a specific group are needed to decode the video frame/slice can be used for better optimization for resource allocation, discard and prioritization.  Hence, PDU-Sets or data-bursts that have dependency should no longer be treated independently in the RAN/AS. This type of XR awareness propagated to RAN/AS can help improve the system capacity and make the design more future proof to support increased data rates. 

Proposal 5: A new dependency/correlation information between PDU-Sets or between Data-Bursts of the same flow is to be introduced and to be signalled to RAN/AS. This information can be exploited for better prioritization and discard to guarantee better system capacity and optimized quality of service [RAN2].

The concept of PDU-Set group (PSG) could be introduced to consider the dependency and correlation between PDU-Sets. It could be used by both the network and the UE for better scheduling, prioritization and discard.
A PSG could be defined as a group of dependent/correlated PDU-Sets in the same flow. For example, the PSG could reflect an I-slice in a video frame and the dependent P-slices in the following video frames. As an enhancement, if reference PDU-Set associated with the I-slice is lost or dropped, then PDUs belonging to the dependent PDU-Sets are also dropped.

2.3. Enhancement to relax Measurement Gaps scheduling restrictions
Measurement gaps are periodic pauses in transmission and reception configured in certain cells to facilitate inter-frequency handover measurements, intra-frequency measurements, CSI measurements, and PRS measurements.
During measurement gaps, the UE temporarily ceases communication with the serving cell and conducts various measurements: Inter-frequency measurements: these measurements are essential for handover from one frequency band to another, ensuring seamless connectivity. Inter-RAT measurements: these measurements allow the UE to evaluate the quality of different RATs and facilitate handover between them. FR2 Rx beam search: this process optimizes the UE's reception performance within the same frequency band for intra-frequency handover. CSI measurements: these measurements provide insights into the downlink channel quality for intra-frequency and inter-frequency scenarios, enabling adaptive modulation and coding schemes. PRS measurements: these measurements utilize PRS for localization services.
Network-initiated measurement gaps take precedence over PDSCH and PUSCH transmissions, with the exception of Msg2/3/4/A/B. Also, during measurement gaps, the UE cannot transmit UL data on CG resources. 
The gNB configures the UE with measurement gaps through RRC signalling. Measurement gaps enable the UE to perform measurements that cannot be completed while connected to the current serving cell. These gaps should be judiciously employed by the network as they can impact the system performance and the system capacity.
Event A2, indicating a weakening of the current serving cell, serves as a common trigger for initiating measurement gaps. This triggering of this event indicates the need for an inter-frequency or inter-RAT handover, prompting the UE to gather necessary information for seamless network transition.
Compared to LTE, NR expands the scope of measurement gaps to include intra-frequency measurements, particularly in FR2. When the UE needs to measure a neighboring cell, it retunes its beam towards that cell. This retuning necessitates the UE to halt transmission or reception on the serving cell.
Measurement gaps are also required when the UE's active BWP doesn't contain the intra-frequency SS/PBCH blocks. In this scenario, the UE must retune its transceiver to receive these blocks, similar to the re-tuning involved in inter-frequency measurements.

Current UE measurement procedures for RRM, measurement gaps for positioning, CSI acquisition, MUSIM, NTN, … introduce scheduling constraints that impact the latency, reliability, and overall system capacity for high-priority traffic like XR traffic.
For RRM, scheduling restrictions apply to SSBs to be measured, starting one symbol before and ending one symbol after each SSB. This restricts scheduling in every slot where SSBs are to be measured, according to RAN4 restrictions. In extreme cases, this can render UEs unavailable for scheduling by the network for nearly 25% of the time, assuming SMTC windows of 5 ms occurring every 20 ms.
RAN1 evaluations in Rel-17 SI indicate that capacity loss can range from 5% to over 50%, depending on the SMTC configuration and the evaluated scenario.

Dynamically activating and deactivating some measurement gaps when overlapping with XR traffic is one way to address this restriction. However, this should be done carefully to avoid impact to the accuracy of the measurements and to avoid compromising some important decisions to be made by the network like handover. 

Proposal 6: Support dynamic skipping of Measurement Gaps that overlap with the XR traffic to alleviate scheduling constraints while ensuring minimal impact to measurement accuracy [RAN1, RAN2, RAN4].

2.4. Delay aware scheduling

In UL, the conventional LCP procedure at the MAC layer performs prioritization and multiplexing based on the assigned priorities of LCHs. While Rel-18 introduces improvement such as the DSR report indicating remaining time of the buffered data before the PDCP discard timer expiry, to address certain scheduling challenges, it still relies on semi-static LCP priorities which can lead to issues especially with lower priority data exceeding its delay budget. 
To mitigate this restriction, an enhanced LCP mechanism becomes imperative to prevent scenarios where lower priority LCH data faces delays or potential discarding due to the prioritization of higher priority LCHs with ample remaining time for scheduling. Consequently, the support of delay-aware LCP mechanism is crucial, enabling more dynamic prioritization based on the remaining time and ensuring more adaptive and efficient scheduling approach. 
Proposal 7: LCP should be enhanced to support delay aware resource allocation and dynamic prioritization [RAN2].

This mechanism can also be extended to multi-modal flows. For example, a video flow can be mapped to a high priority LCH and an audio flow can be mapped to a low priority LCH. The legacy LCP in this case is agnostic to the correlation between the different multi-modal flows and this can degrade the synchronization between the flows.

Proposal 8: The new delay aware LCP mechanisms should take the multi-modal flows into consideration [RAN2].

2.5. UTO-UCI extension to multiple CG configurations
The support of multi-PUSCH CG configuration was introduced in Rel-18 with multiple CG PUSCH occasions per CG period. UTO-UCI is used by the UE to signal the unused CG PUSCH occasions which assists the gNB in scheduling and recycling unused CG PUSCH occasions to other UEs. This feature allows for a better UL system capacity. 
However, the UE could be configured with multiple CG configurations for the same XR traffic as the non-integer CG periodicities were not agreed to be supported in Rel-18 and multiple CG configurations with different offsets might be needed to support a single XR flow. 
Also, the UE could be configured with multiple CG configurations to support the multi-modal XR flows. 
However, in these cases, UTO-UCI cannot be used across multiple CG configurations as UTO-UCI can only cancel CG PUSCH occasions of the associated CG configuration.
UTO-UCI can be extended to operate across multiple CG configurations which include legacy CG configurations and the Rel-18 multi-PUSCH CG configurations. 
Proposal 9: Support UTO-UCI extension to multiple CG configurations [RAN1].


3		Conclusions
In conclusion, we have the following proposals for Rel-19 XR evolution: 
Proposal 1: The awareness at RAN/AS of the multi-modality information such as the multi-modality service common ID introduced by SA2 to distinguish a set of QoS flows and associate them with the same multi-modal XR service is beneficial to identify correlated flows and enable coordinated treatment [RAN2].
Proposal 2: The type of dependency should be indicated to RAN/AS [RAN2].
Proposal 3: The dependency and the type of dependency between the multi-modal flows to be used by RAN/UE to enhance scheduling, discard and prioritization [RAN2].

Proposal 4: The concept of Multi-Modal Data Set can be introduced to link PDUs and PDU-Sets of different QoS flows that need to be synchronized [RAN2].

Proposal 5: A new dependency/correlation information between PDU-Sets or between Data-Bursts of the same flow is to be introduced and to be signalled to RAN/AS. This information can be exploited for better prioritization and discard to guarantee better system capacity and optimized quality of service [RAN2].

Proposal 6: Support dynamic skipping of Measurement Gaps that overlap with the XR traffic to alleviate scheduling constraints while ensuring minimal impact to measurement accuracy [RAN1, RAN2, RAN4].

Proposal 7: LCP should be enhanced to support delay aware resource allocation and dynamic prioritization [RAN2].
Proposal 8: The new delay aware LCP mechanism should take the multi-modal flows into consideration [RAN2].

Proposal 9: Support UTO-UCI extension to multiple CG configurations [RAN1].
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