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Introduction
RAN#91 approved a revised SID on XR Evaluations for NR [1]. The XR SI is now ongoing with focus on related system-level performance evaluation to assess how well the currently standardized NR system can support such services. In addition to those ongoing performance evaluations, we want to continue discussing potential areas of improvement to have better XR support over NR. The purpose of this contribution is therefore to raise potential areas of XR improvements for NR that may be further discussed within this SI. 
Semi-persistent scheduler enhancements
Semi-persistent scheduling (SPS) offers the advantage that it reduces the overhead as compared to sending DL dynamic scheduling​ grants (i.e., reduced PDCCH overhead). In addition to the lower PDCCH overhead, use of SPS also helps offload the computational burden from the busy dynamic gNB MAC scheduler. Several DL SPS enhancements were introduced in NR Rel-16, mainly with the purpose of supporting URLLC and TSC use cases with transmission of small payloads. But it is clear that SPS in its current form is not well suited for XR use cases. In short, the main characteristics of NR Rel-16 DL SPS are:
· SPS is a method where DL radio resources for sending one transport block with a regular time-periodicity is configured for a UE.
· Up to 8 simultaneous active SPS configurations can be configured for a UE (configured through RRC signaling) ​
· Periodicity of any integer of a slot (N*14). ​Minimum periodicity in Rel-15 is 10 ms​.
· Separate configuration (RRC-based) and activation/deactivation (PDCCH addressed to CS-RNTI can either signal and activate the configured downlink assignment or deactivate it)​.

As reported by several companies in RAN1#104-e and further, it is evident that current SPS (with integer periodicity) does not support configurations that match the considered values of 60 fps, 90 fps, and 120 fps. Secondly, it is evident that the payloads coming with XR services are rather large; if the average source data rate e.g., equals 45 Mbps with 60 fps, the average payload size per frame equals 750 kbit. This is so large that in many cases will need to be transmitted to the UE in multiple transport blocks. It is therefore desirable to consider SPS enhancements, where each SPS periodicity include resources for transmission of an integer number of transport blocks. Those may be time-domain consecutive resources. Or, if a UE is in Carrier Aggregation (CA) mode, consider enhanced SPS configurations where a single SPS config includes transmissions on multiple Component Carriers (CC). Furthermore, it should be recognized that XR applications may use adaptive encoding schemes where the source data rate (and potentially the number of frames per second) may be occasionally changed. For addressing such cases, it may be worth investigating solutions, where an existing SPS configuration could be (semi-)dynamically reconfigured on the fly, without having to fully release an existing one and setup of a new SPS configuration.

With enhanced SPS (as discussed above) the benefits will be more efficient and simpler resource allocation for the XR users, as compared to conducting new dynamic scheduling actions for every single new arriving XR payload. This offloads not only the busy gNB dynamic MAC scheduler, but also offer advantages at the UE-side for monitoring for receptions. The relative savings in terms of reduced PDCCH transmission overhead from using SPS for XR will be visible as well. The primary benefit of enhanced SPS for XR is therefore more efficiently transmission and corresponding reception of XR for both the gNB- and UE-side leading to lower complexity as compared to using dynamic grant scheduling. Secondly, the overhead reductions from using enhanced SPS have the potential to map to capacity benefits.

Observation 1: It is recommended to further study potential SPS enhancements to better accommodate XR services. Possible enhancements to consider may include support of broader set of periodicities, support for more than one transport block transmission per periodicity, and dynamic change of an existing SPS configuration. Other SPS enhancements may also be considered.
Enhancements related to FR2 operation
In line with the current Rel-17 SI XR agreements, the XR performance will also be evaluated for FR2 at the 30 GHz band. Notice that this include cases where UEs are equipped with multiple antenna panels, and assumptions where the UE may only be able to measure (and Tx/Rx) on a single panel at a time. The UE selects it best antenna panel for Tx/Rx with its serving cell based on local RRM (RSRP) measurements. However, for FR2 operation, it is important to notice that there are additional scheduling restrictions (due to RRM measurements) that may challenge the XR performance unless some enhancements are introduced. 

As per the current NR specifications, the network configures the UE when to measure RSRP from e.g., SSBs by means of RRC signalling of the so-called SMTC (see section 5.5.2.10 in 38.331). The time-resolution of SMTC is on subframe level, corresponding to 1 ms intervals, while scheduling of latency sensitive (e.g., XR and URLLC/TCS) payloads typically happen on TTI resolutions of 0.1-0.5ms. It should be noted that the SMTC only instruct the UE when (in time domain) it could/should measure RSRP, while it is left completely open for UE implementation exactly when to measure, and which antenna panel to be used for conducting such measurement during those “SMTC measurement windows”. 

Scheduling restrictions apply for the UEs during time-intervals where it may be performing RSRP measurements as per the SMTC configuration appears in 38.133, Section 9.5.6.3. In particular for FR2 and L1-RSRP on SSB, “The UE is not expected to transmit PUCCH/PUSCH/SRS or receive PDCCH/PDSCH/CSI-RS….”. For some networks, SMTC windows of 5 ms duration may occur every 20 ms, meaning that this poses serious scheduling restrictions that likely challenge the networks capability to efficient schedule and serve its XR users according to their QoS constraint. Including limiting the XR capacity if such scheduling restrictions are valid 25% of the time (i.e., 5ms every 20ms time-period). 

Secondly, scheduling restrictions / RSRP measurements does not mention anything related to how/when the UE shall/may measure on different antenna panels, and when to only measure on its currently selected best panel. Scheduling of users during time-periods of SSB transmissions (and UE measurements) can likely not be avoided without violating the QoS constraints for latency critical services such as XR (and URLLC/TSC). It shall therefore be considered to introduce options where the gNB can configure a UE to prioritize decoding of critical PDCCH/PDSCH transmissions from its serving cell, even if colliding with SMTC windows where the UE may perform RSRP measurements. This kind of configuration for the UE also serves as instructing to the UE to prioritize listening to its current best antenna panel for reception from its serving cell during such time-instances, so the UE does not switch panels at those times e.g., for RRM measurements.

Observation 2: Further consider the impact on XR performance in FR2 from SMTC scheduling restrictions (that may occur in windows of 5 ms every 20 ms time-period), incl. options where the gNB may configure a UE to prioritize decoding of critical PDCCH/PDSCH transmissions from its serving cell, even if colliding with SMTC windows where the UE may perform RSRP measurements. Instructing the UE to prioritize listening to its current best antenna panel for Rx from its serving cell during such time-instances.

Moreover (although not currently part of the first phase of the XR simulation agreements), it would be beneficial to also validate that proper XR performance can be guaranteed for use cases where the CA between FR1 and FR2 is applied. Considering cases where the most critical RAN control messages (e.g., RRC and MAC-CE messages for beam management, etc.) is conveyed via FR1, and also the XR application data are divided between FR1 and FR2; considering cases where e.g., different payloads are directed to different CCs (e.g., in accordance with experienced quality) to most efficiently protect the most vulnerable packets. 

The starting point may be to assume PCell at FR1 (i.e. mobility anchor) and the SCell on FR2, considering potential differences in gNB GoB configuration for the two CCs and UE antenna pattern(s). As an example, enhancements that may involve improved time-synchronicity actions such that e.g., beam-switching is conducted at different times for two CCs as there are also some uncertainties and risks involved in gNB beam-switches.

Observation 3: Identify how to most efficiently accommodate XR for UEs with CA between FR1 and FR2, including aspects of most efficient resource allocation and transmission of RAN user- and control-plane messages, as well as policies for handling different payloads, on the different CCs. Including aspect of dynamic MAC-based beam management and RRC-based mobility and SCell configuration/release actions, involving synchronicity between actions for the CC.

QoS and related Layer-2 enhancements
QoS Enhancements
Several XR services such as Virtual Reality (VR), Augmented Reality (AR), and Mixed Realty (MR) use pose information (also known as 6DoF information) to minimize data rate by sending only the visible field of view. Pose information is composed of position (x, y, z) and rotation (yaw, pitch, roll) information. Data rate is adapted according to the accuracy of the pose information. Higher 3D information is transmitted to compensate the pose/6DoF error. Therefore, the lower the pose/6DoF accuracy is, the higher the data rate generated by the XR application is. See illustration in Fig. 1. 
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Figure 1 – Simple illustration of impact of 6DoF error and impact on quality and data rates.
In [2], it was illustrated the relationship between the 6DoF error and bitrate by evaluating the ratio between the information needed to cover all possible displacements and rotations of the Field of View (FOV) due to the 6DoF error and the information covered by the volume of the actual FOV. We call this metric Information Ratio, since it approximates the amount of extra information needed to encode the non-visible 3D space due to the 6DoF error. 

Results of the information ratio as a function of error on positioning and the angle of rotation are illustrated in Fig. 2. The figure shows that the Information Ratio varies between 2 to 12 for relative positioning error between 5% to 30% of the horizontal FoV and error of the angle of ration between 5 to 30 degrees. For example, with positioning and rotation errors as low as 5% and 5°, the network should expect a bit rate for the XR connection twice as large as the bitrate of the connection without 6DoF error. The bitrate can increase up to a factor 12 in the case of positioning error and rotation errors as large as 30% and 30°. 

For the RAN to be able to conduct efficient Radio Resource Management (RRM), including scheduling, it is therefore considered useful to have some a priori information on the 6DoF error. This new 6DoF error information is provided to the network by the UE or the Application Function (AF) during the Session Initiation Procedure or Session Modification Procedure. It can be observed that there exists an interplay between the 6DoF error and other QoS characteristics like PER, PDB, and guaranteed bitrate. As an example, a low PER limits the maximum 6DoF error since the additional bitrate needed to transmit the extra-information to compensate the 6DoF error may not be achievable in certain radio conditions.
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Figure 2 – Information Ratio for different values of position error (x-axis) and angle or rotation (curves). The information ratio represents the multiplier of the bitrate due to the 6DoF Error.

Observation 4: 6DoF error and QoS characteristics like Packet Delay Budget (PDB) and Packet Error Rate (PER) depend on each other. For example, a low PER limits the maximum 6DoF error since the additional bitrate needed to transmit the extra-information to compensate the 6DoF error may not be achievable in certain radio conditions.

Observation 5:  Consider including the 6DoF error as a new QoS characteristic for QoS Flows and 5QIs defined for interactive XR and gaming services as this is useful information for the gNB RRM decisions, including scheduling decisions.

 Flow Synchronization in Carrier Aggregation and Multi-Connectivity
XR applications generate multiple types of frames and multiple data streams (such as data and control streams) within the same flow. Different frames and streams may have different QoS requirements. For example, the control stream may typically have much lower data rate, but tighter latency and Packet Error Rate (PER) requirements. Similarly, different type of foveal image tiles or directional sound streams may have different requirements in term of PER and bitrate. For example, tiles in the central/near, mid, and far peripheral FoV of the user have different bitrate and packet error rate requirements given their importance for the final rendered image. Different frames and data streams generated by the same XR application need to be received approximately at the same time, since they need to be processed together to give the user the impression of seamless experience when the 3D media content is displayed to the final user. In contrast, if some frame or packet is delayed, the entire 3D media processing is delayed, and the final user may experience glitches in the multimedia stream.

Multi Connectivity (MC) can be used to bundle radio resources by splitting the data radio bearer (DRB), thus increasing the 5G system capacity. However, possible delay differences between multiple legs affects the end-to-end latency. For example, the path with higher delay may become the bottleneck due to PDCP reordering. Hence, delivery time of different frames and/or data streams in Multi Connectivity (MC) should be synchronized to a certain extent to ensure acceptable Quality of Experience (QoE) for XR, such as e.g., online game streaming applications over 5G-NR. For example, packets of video and audio streams need to be delivered to the application within the same deadline to avoid jitter between video and audio which affects the user QoE. 

[bookmark: _Hlk68082478]Observation 6: XR applications may generate multiple types of frames and/or multiple types of data streams within the same flow with different characteristics and QoS requirements. Different frames and/or streams of the same XR flow may be transmitted on different carriers (in case of CA) and/or different paths (in case of MC) and experience different delay. Therefore, proper synchronization of multiple frames and/or multiple data streams generated by the same XR application should be ensured.

Mobility and Beam Management
Handovers (HO) by means of RRC-based inter-cell changes for Connected Mode UE causes an interruption time at every HO. The requirements for HO interruption times captured in 3GPP TS 38.133, Clause 6.1.1.2.2 (as per earlier agreements in RAN4). The interruption time roughly varies from 40 to 80 ms depending on the conditions and we expect a reduction of approximately 10 ms compared to baseline handover of Rel. 15 if Conditional Handover (CHO) is used along with early data forwarding. In particular, the time for RRC procedure delay can be saved since the UE can still receive data from the source cell while decoding conditional reconfiguration to be executed. 

3GPP TS 38.133 also defines the interruption time for DAPS, which can be down to 2 ms for intra-frequency synchronous case in FR1. But, although the radio interruption on the Uu interface is down to 2 ms in some DAPS scenarios, there is an additional end-to-end delay for UL only since the target cell cannot forward the buffered UL packets to UPF/Serving Gateway before it receives the final SN Status Transfer message. 

For XR cases, the HO interruption can be a real problem if it causes violation of the PDB for multiple XR frames. If we e.g., consider 60 fps with ~16ms between frames, and a HO interruption of X seconds, the PDB for Floor{X/16ms} to Ceil{X/16ms} XR frames will be violated. As an example, for X=40ms, this means that the PDB will be violated for 2-3 XR frames, while for X=10ms the PDB will be violated for 0-1 XR frames, depending on the timing of HO interruption as compared to XR frame arrivals. By controlling the timing of the handover execution, and thereby the time-window where interruption is experienced, one can minimize the number of impacted XR frames, and thereby reduce the potential temporal XR QoS degradation during HO events. This may e.g. be realized for CHO by allowing the NW to inform the UE of the eligible time instances where the UE may initiate a HO. For DAPS cases, it may involve having the NW control the timing of the different steps of process to avoid collisions with desirable time instances for XR payload transmissions. This may e.g. be realized by having the source-cell communicate a time-raster to target cell and the UE where different steps of the DAPS procedure are allowed to take place (e.g. timing of RA towards the target cell).

[bookmark: _Hlk77771329]Observation 7: It is desirable to consider potential optimizations where the network can control the timing of HO, CHO, and DAPS as a mean to minimize the number of impacted XR frames from interruption times for those functionalities.

Moreover, it shall be noted that DAPS is only specified for FR1-FR1, FR1-FR2, FR2-FR1 scenarios but not for intra-frequency FR2-FR2. As DAPS is the handover method resulting in the shortest handover interruption times, and hence impacting the fewest number of XR frames, it is an important feature for XR FR2 operation. We therefore recommend that this is also captured in the XR TR 38.838

Observation 8: It would be beneficial to have standardized DAPS also for intra-frequency FR2-FR2 handovers to fully enable XR services on FR2 deployments. DAPS have the potential to offer very low interruption times, and hence impacting the fewest number of XR frames. This shall be captured in the XR TR 38.838.

For MAC-based gNB beam management there is in principle no interruption times when a UE is switched from one gNB beam to another. However, as the experienced channel quality is different for different beams, it may temporarily affect the link adaption performance when beam switching is appearing. For the typical XR applications with 60 fps, i.e.  ~16ms between XR frames, it is therefore desirable to control the beam switching so it appears in-between XR frames, and not colliding with XR frame transmissions where short temporary link adaptation problems may occur. We therefore suggest:

[bookmark: _Hlk77771363]Observation 9: It is desirable to control the timing of MAC-based gNB beam management such that beam switches appear in-between XR frame transmission to avoid potential temporary radio performance degradation as a result of beam switching.

Power saving enhancements
Discontinuous Reception (DRX) enables UE to stop monitoring PDCCH during periods of expected UE inactivity. For example, if no DL traffic is expected for a certain number of consecutive subframes, the network can configure the UE to let it enter in sleep mode and save energy. In addition to reduce energy, DRX reduces the computational load of the gNB MAC scheduler, since UEs in sleep mode can be temporarily removed from scheduling decisions. Several DRX enhancements have been introduced in NR Rel-16 to support different configurations across different carriers and cells when Carrier Aggregation (CA) and Dual Connectivity (DC) are enabled, respectively. Furthermore, new features are currently under investigation in the ongoing Rel-17 WI on UE power saving [4]. However, limitations on the number of parameters that can differ across different DRX groups and on the on-the-fly reconfiguration still exists. Therefore, the current specification of DRX mechanism does not fit well XR use cases. In short, the main characteristics of NR Rel-16 DRX are as follows:
· DRX is a method to enable a UE to enter in sleep mode to stop monitoring and sending information on control channels. This enables to save UE energy during periods of inactivity. 
· Periodicity of any integer of a subframe duration (1ms).
· Separate configuration (RRC-based) and activation/deactivation (MAC CE commands).

According to recent traffic modelling of XR applications done by 3GPP working groups SA4 and RAN1 [1,3], XR traffic shows a quasi-periodic and multimodal bursty pattern with high data rate and typically multiple burst types that can be classified by their size. As reported by several companies in RAN1#104-e and further, it is evident that current DRX (with integer periodicity) does not support configurations that match the typical XR traffic periodicity of 30fps, 60 fps, 90 fps, and 120 fps. Secondly, it is evident that the payloads coming with XR services exhibit periodic change of their size. Finally, the jitter makes it challenging to decide a good configuration for long and short DRX cycles to cover the expected arrival time of XR frames. It is therefore desirable to consider DRX enhancements that enable the (semi-)dynamic reconfiguration of DRX parameters, without having to fully release an existing DRX configuration and setup a new one.

[bookmark: _Hlk70591890]Observation 10: It is recommended to further study potential DRX enhancements to better accommodate XR services. Possible enhancements to consider may include supporting periodicity resynchronization, support for DRX adaptation/reconfiguration, and dynamic change of an existing DRX configuration. Other DRX enhancements may also be considered.

Summary
In this contribution we have discussed various directions of possible enhancements that may further help improve the XR performance of 5G NR. Those naturally require further studies and discussions. In summary, those are captured by the following observations:

· Observation 1: It is recommended to further study potential SPS enhancements to better accommodate XR services. Possible enhancements to consider may include support of broader set of periodicities, support for more than one transport block transmission per periodicity, and dynamic change of an existing SPS configuration. Other SPS enhancements may also be considered.

· Observation 2: Further consider the impact on XR performance in FR2 from SMTC scheduling restrictions (that may occur in windows of 5 ms every 20 ms time-period), incl. options where the gNB may configure a UE to prioritize decoding of critical PDCCH/PDSCH transmissions from its serving cell, even if colliding with SMTC windows where the UE may perform RSRP measurements. Instructing the UE to prioritize listening to its current best antenna panel for Rx from its serving cell during such time-instances.

· Observation 3: Identify how to most efficiently accommodate XR for UEs with CA between FR1 and FR2, including aspects of most efficient resource allocation and transmission of RAN user- and control-plane messages, as well as policies for handling different payloads, on the different CCs. Including aspect of dynamic MAC-based beam management and RRC-based mobility and SCell configuration/release actions, involving synchronicity between actions for the CC.

· Observation 4: 6DoF error and QoS characteristics like Packet Delay Budget (PDB) and Packet Error Rate (PER) depend on each other. For example, a low PER limits the maximum 6DoF error since the additional bitrate needed to transmit the extra-information to compensate the 6DoF error may not be achievable in certain radio conditions.

· Observation 5:  Consider including the 6DoF error as a new QoS characteristic for QoS Flows and 5QIs defined for interactive XR and gaming services as this is useful information for the gNB RRM decisions, including scheduling decisions.

· Observation 6: XR applications may generate multiple types of frames and/or multiple types of data streams within the same flow with different characteristics and QoS requirements. Different frames and/or streams of the same XR flow may be transmitted on different carriers (in case of CA) and/or different paths (in case of MC) and experience different delay. Therefore, proper synchronization of multiple frames and/or multiple data streams generated by the same XR application should be ensured.

· Observation 7: It is desirable to consider potential optimizations where the network can control the timing of HO, CHO, and DAPS as a mean to minimize the number of impacted XR frames from interruption times for those functionalities.

· Observation 8: It would be beneficial to have standardized DAPS also for intra-frequency FR2-FR2 handovers to fully enable XR services on FR2 deployments. DAPS have the potential to offer very low interruption times, and hence impacting the fewest number of XR frames. This shall be captured in the XR TR 38.838.

· Observation 9: It is desirable to control the timing of MAC-based gNB beam management such that beam switches appear in-between XR frame transmission to avoid potential temporary radio performance degradation as a result of beam switching.

· Observation 10: It is recommended to further study potential DRX enhancements to better accommodate XR services. Possible enhancements to consider may include supporting periodicity resynchronization, support for DRX adaptation/reconfiguration, and dynamic change of an existing DRX configuration. Other DRX enhancements may also be considered.
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