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Introduction
The relaxation of number of Rx antenna from 4 Rx to 2 Rx antenna due to form-factor limitation of XR wearable devices in the NR band with 4 Rx antenna as the baseline of the UE performance was discussed since RAN#98.  The concerns from operators are the degradation of system capacity with the relaxations of the Rx antenna from 4Rx to 2Rx in the band where UE 4Rx antenna is mandated.  It is commonly understood the form-factor limitation of XR wearable devices to have Rx antenna relaxation from 4Rx to 2Rx.  Two step approaches had been discussed with conclusion reached in identifying the XR wearable devices to have antenna relaxation to 2Rx and the assessment of the system impact with the 2Rx antenna relaxation as in RAN#99 [1] and RAN#101[2].  
This paper discusses the system impacts in relaxation of 2Rx antenna for the XR wearable devices and the way forward for the system analysis of XR wearable devices with 2Rx antenna.
  
[bookmark: _Hlk120868788]Discussion and way forward of 2Rx XR Devices
RAN#99 had outlined 2 steps towards progressing discussions on 2Rx XR devices in summary of offline discussion in  RP-230740 [1]
· Step-1: Recognize that form factor limitations of a subset of XR devices can make it impossible for these devices to support 4 antenna ports
· Exact characterization and form factor limitations of these devices are to be studied in RAN plenary. Contributions are invited to TSG-RAN#100 to address this. 
· Step-2: Contingent on the outcome of the Step-1:
Recognize the importance of identifying these devices in the network, and potential network impact (e.g. performance, coverage, capacity) and UE impact
· Details of Step-2 will be further defined following the maturity of Step-1

In RAN#101, the way forward of XR wearable device with 2 Rx antenna relaxation was further discussed offline of the Step-1 and Step-2 from the summary of RAN#99 with the proposed resolutions in the offline summary in [2] as follows,

Proposed resolution for Step-1 for the purpose of continuing discussions to Step-2:
· Handheld smartphone UEs are excluded from any 2Rx relaxation for XR wearables.
The default for non-RedCap XR-wearable UEs is 4Rx (for frequency bands where 4Rx is mandated).
A non-RedCap XR-wearable UE can be considered for 2Rx relaxation (for frequency bands where 4Rx is mandated) if and only if: 
· Intended to be worn on the human head;
· When in use, is intended to be supported only by/behind the ears and by a nose-bridge resulting in a constrained form factor with limited volume available for Rx chains; 

        -	No other relaxation is being considered apart from number of Rx antennas.
________________________________________________________________________________________
Step-2 is outlined as follows (cf. RP-230740):
“Step-2: Recognize the importance of identifying these devices in the network, and potential network impact (e.g. performance, coverage, capacity) and UE impact
· Details of Step-2 will be further defined following the maturity of Step-1”

Proposed scope for Step-2 for RAN#102:
Address the impacts to RF and OTA requirements for non-RedCap 2Rx XR devices, and their potential network impact (performance, coverage, capacity, etc…) and the mitigation techniques.
It is assumed that there is a need for the network to clearly identify non-RedCap XR devices with 2Rx restriction.

From the offline discussion in RAN#99 and RAN#101, the identification of the XR wearable device with form-factor limitation and demanding relaxation in Rx antenna in Step-1 had been achieved as the new device (non-RedCap XR wearable device).   The proposed scope for Step 2 is to address the potential impact of 2Rx XR devices to the system performance and the possible solutions
We have evaluated the impact of the XR system capacity caused by the 2Rx XR devices comparing to the baseline of XR device with 4 Rx with the evaluation assumption of XR traffic generation and simulation parameters in Annex Table 3 and Table 4.   The system simulation is based on the assumption of UE always on in monitoring the PDCCH for dynamic scheduling XR-specific traffic.   The baseline of NR system capacity for XR is for all XR devices with 4 Rx antenna and SU-MIMO scheduling.   

[bookmark: _Ref110327210][bookmark: _Ref110327197]Table 1: The evaluation results for dynamic grant scheduling and UE always on with UE 4Rx and 2Rx antenna
	Evaluation Schemes
	Capacity

	
	#satisfied UEs per cell
	% of satisfied UEs
	System Capacity Impact

	DG scheduling for SU-MIMO with UE 4Rx (Baseline)
	5.8
	96.7%
	N/A

	DG scheduling for SU-MIMO with UE 2Rx 
	3.75
	93.8%
	-35.3%

	DG scheduling for MU-MIMO with UE 2Rx
	4.69 
	93.8%
	-19.1%



[bookmark: _Hlk152198488]We evaluated the performance degradation of UE with 2Rx antenna with SU-MIMO and MU-MIMO scheduling with the results shown in Table 1.   From Table 1, the system capacity of 2Rx XR devices with SU-MIMO scheduling degrades 35.3% comparing to the baseline of 4Rx XR devices with SU-MIMO scheduling.   However, the system capacity degradation of 19.1% for the 2Rx XR devices with MU-MIMO scheduling comparing to the baseline 4Rx XR devices with SU-MIMO.   We could see from Table 1 that 2Rx XR device with MU-MIMO scheduling could mitigate the 16.2% performance degradation of 2 Rx XR devices with SU-MIMO.   The MU-MIMO is a technique to mitigate the system performance degradation for 2Rx XR devices.   

[bookmark: _Hlk152252342]Proposal 1: The MU-MIMO is a technique to mitigate the system performance degradation for 2Rx antenna XR devices.   

The other XR capacity techniques is the UE feedback of its XR playout buffer to give the gNB scheduler additional delay budget for the XR packet scheduling and in-order delivery of out-of-order packet arrival as in [3].   The additional information on the XR services from higher layers, e.g. the XR QoS flow association, frame-level QoS, ADU-based QoS, XR specific QoS etc, would be beneficial to facilitate the selection of radio parameters for radio resource allocation as study of XR-awareness in Rel0-19. XR application awareness would help gNB to improve the user experience, the resource allocation to increase the NR system capacity in supporting XR services, and reduce the UE power consumption.
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]The specification of the playoutDelayForMediaStartup and appLayerBufferLevel are two important QoE metrics for operator to evaluate the quality of its service offer, where the playoutDelayForMediaStartup is the waiting time that the user experiences for media start-up to battle the network delay jitter for real-time periodic service. The other QoE metric appLayerBufferLevel is the buffer level, which indicates the playout duration for which media data of all active media components is available starting from the current playout time. A XR device  may initiate the procedure when configured with application layer measurement, i.e. when appLayerMeasConfig and SRB4 have been configured by the network. The QoE metrics with XR-awareness papplication can be included in the specific application layer measurement report in TS38.331[4], i.e. MeasurementReportAppLayer and appLayerBufferLevel, and reported to gNB. 
 

The UE report of XR-specific playoutDelayForMediaStartup and appLayerBufferLevel to the gNB can be used for the capacity enhancement. Especially, the XR-specific playoutDelayForMediaStartup and appLayerBufferLevel need to be enhanced to incorporate the information of XR-awareness for improving XR capacity, which is shown Figure 1. The detailed procedure is provided as following.
· [bookmark: _Hlk118282378]The XR-specific playoutDelayForMediaStartup scheme is for UE to feedback the XR-application awareness information including XR-application type, XR-specific playoutDelayForMediaStartup and appLayerBufferLevel at application layer to the gNB, which can be used to enhance the scheduling XR specific traffic in gNB. The rate adaptation of XR application agreed in SA2 is to reduce the buffer required for low-latency, low loss, scalable XR traffic. The XR-specific playoutDelayForMediaStartup and appLayerBufferLevel are part of resolution in the SA2 study of XR awareness and congestion control. 
· [bookmark: OLE_LINK36][bookmark: OLE_LINK37]The feedback of XR-specific playoutDelayForMediaStartup and appLayerBufferLevel from UE would give the gNB scheduler additional delay budget in scheduling the XR data transmission, which would increase the link adaptation gain. For example, when the reported appLayerBufferLevel is 3 frames, it implies that the playout time of the XR media data is about 50ms for 60FPS available after the scheduled XR arrival time. This implies that gNB scheduler has the extended PDB for scheduling the XR packet on PDSCH. The more time for scheduling XR packet transmission in the XR-specific playoutDelayForMediaStartup scheme could increase the link adaptation gain and improve the system capacity performance.
· [bookmark: OLE_LINK24][bookmark: OLE_LINK29]The XR-specific playoutDelayForMediaStartup and appLayerBufferLevel in the application layer at UE are used to defend the delay jitter and out-of-sequence XR packet arrival. The XR-specific playoutDelayForMediaStartup and appLayerBufferLevel at UE could ensure the in-sequence and time interval alignment of XR video frames when it plays out to the user. Especially for the larger jitter range, [-8, 8] ms as proposed in SA4 and over, the out-of-order XR packets arrival can be re-arranged and scheduled in order transmission to the UE with the extended delay budget. Thus, the XR-specific playoutDelayForMediaStartup scheme could improve the capacity of XR specific traffic for solving the packet out-of-order arrival problem.
· Based on the XR-specific playoutDelayForMediaStartup scheme, UE PDCCH monitoring time for dynamic scheduling would cross over multiple XR packet generations over the extended delay budget period. The alignment of C-DRX cycle to the XR packet generation cycle would be ineffective since the scheduling interval of XR packets could cross the enhanced DRX cycle. In order to reduce the PDCCH monitoring in achieving the UE power saving, the power saving schemes including PDCCH skipping and Go-to-sleep indication can be used for UE saving consumption. Since the gNB scheduler considers the XR-specific playoutDelayForMediaStartup and appLayerBufferLevel reported from UE to extend the delay budget of XR packet scheduling, gNB could optimize the link adaptation for each UE to improve the overall XR system capacity.  UE would be indicated the PDCCH skipping interval by the gNB to reduce the PDCCH monitoring occasion for the XR specific traffic transmission during the period of extended delay budget to improve the UE power saving as well as the link adaptation optimization through the CSI feedback. The L1 procedure needs to be enhanced with XR-specific PDCCH monitoring control with the extended PDB by incorporating the UE power saving techniques when the UE reports the buffer in the XR-specific playoutDelayForMediaStartup. 
· The XR-specific playoutDelayForMediaStartup scheme based delay aware scheduler is considered for improving the capacity performance of XR specific traffic. Different UE might have different length of playout delay for XR starting up or buffer level based on the UE implementation. gNB could prioritize the UE scheduling based on the extended delay budge from the reported playout delay size and buffer level, in which a group UEs in the same priority queue are with the same length of playout delay. 

[bookmark: _Hlk118361792]Proposal 2: The XR-specific playoutDelayForMediaStartup scheme can significantly improve the capacity performance of XR-specific traffic, based on the extended delay budge and realign the XR packet in-order delivery on scheduled PDSCH transmission for out-of-order packet arrival from the reported playout delay size and buffer level.
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]In the evaluation, the size of XR-specific playoutDelayForMediaStartup and appLayerBufferLevel is fed back from the UE to the gNB. The gNB takes the max{the length of the XR-specific playoutDelayForMediaStartup and appLayerBufferLevel, the PDB} as the additional PDB, which could give gNB additional time budget to schedule UE within the delay budget requirement of the XR service with link adaptation gain. gNB knowing the size of playout delay and buffer level can schedule UE with packet within the extended delay budget to get better link adaptation gain.

[image: ]
[bookmark: _Ref152243831]Figure 1:  The XR-awareness gNB scheduler with XR-specific playoutDelayForMediaStartup report from UE
[bookmark: _Hlk152244553][bookmark: _Hlk152251828]In this section, we evaluate the DL capacity performance of the XR-specific playoutDelayForMediaStartup scheme for the VR/AR traffic for 2Rx antenna XR devices comparing to the baseline of the 4Rx antenna XR devices with scheduling of SU-MIMO,  The evaluation results of XR capacity with UE report of  playoutDelayForMediaStartup are shown in Table 2.  In Table 2, the evaluation results of  dynamic grant scheduling with SU-MIMO for 2Rx antenna XR devices   with UE feedback of the XR playout buffer of 3 XR packets had shown the performance degradation of 3.4% over the baseline that 4 Rx antenna XR devices with SU-MIMO scheduling.    The performance gain of XR playout buffer scheme has 31.9% capacity improvement for 2 Rx antenna XR device with SU-MIMO.   The UE report of XR playout buffer would enable the gNB dynamic scheduling scheme to extend the scheduling time of each XR packet for link adaptation optimization.   The extended delay budget of XR packets in the XR-specific playoutDelayForMediaStartup scheme also minimize the probability of XR PDU discard due to insufficient time of scheduling transmission.   Thus, the XR-specific playoutDelayForMediaStartup scheme with UE feedback of XR playout buffer would mitigate the impact of the 2Rx antenna XR devices to the NR system performance in supporting XR.  

Proposal 3:   The XR-specific playoutDelayForMediaStartup scheme with UE feedback of XR playout buffer would mitigate the impact of the 2Rx antenna XR devices to the NR system performance in supporting XR.  

	Evaluation Schemes
	Capacity

	
	#satisfied UEs per cell
	% of satisfied UEs
	System Capacity Impact

	DG scheduling for SU-MIMO with UE 4Rx (Baseline)
	5.8
	96.7%
	N/A

	DG scheduling for SU-MIMO with UE 2Rx 
	3.75
	93.8%
	-35.3%

	DG scheduling for SU-MIMO with UE 2Rx and 3 XR frame playoutDelayForMediaStartup
	5.60
	93.3%
	-3.4%



[bookmark: _Hlk115249176]
Conclusion 
In this contribution, we have NR system performance impact of 2Rx antenna XR devices comparing to the baseline of 4Rx antenna XR devices.    The NR system capacity degradation of 35.3% is observed for 2Rx antenna XR wearable devices with SU-MIMO scheduling comparing to that of 4Rx antenna XR devices.  We had shown the XR capacity improvement scheme with MU-MIMO and XR-specific playoutDelayForMediaStartup to mitigate the performance loss of the 2Rx antenna XR devices with the following proposals,
· Proposal 1: The MU-MIMO is a technique to mitigate the system performance degradation with reduction of 16.2% for 2Rx antenna XR devices.   
· Proposal 2: The XR-specific playoutDelayForMediaStartup scheme can significantly improve the capacity performance of XR-specific traffic, based on the extended delay budge and realign the XR packet in-order delivery on scheduled PDSCH transmission for out-of-order packet arrival from the reported playout delay size and buffer level.
· [bookmark: _Hlk152253291]Proposal 3:   The XR-specific playoutDelayForMediaStartup scheme with UE feedback of XR playout buffer would mitigate the impact of the 2Rx antenna XR devices with comparable XR system performance to that of the 4Rx antenna XR devices..  
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Annex 1. Traffic model

XR traffic are generated from XR sever/device periodically and are transported to RAN with propagation delay and jitter. Each packet size is generated based on the Truncated Gaussian distribution. The jitter is considered as a variable followed Truncated Gaussian distribution. The detailed traffic parameters for XR evaluations are shown in Table 2. Note that these parameter values are those before the truncation. In SLS, the packet is obtained by capturing the sample from Gaussian distribution within a truncated range.
[bookmark: _Ref111054347][bookmark: _Ref111054294]Table 3: Traffic parameters for XR evaluation
	Parameters for XR packet generated from Truncated Gaussian distribution
	DL AR

	Bit Rate
	---
	30Mbps

	FPS
	---
	60fps

	Packet size
	Mean packet size
	62500bytes

	
	Std. packet size value
	6563bytes

	
	Min packet size
	31250bytes

	
	Max packet size
	93750bytes

	Inter-arrival time
	Packet generated period
	16.7ms

	
	Mean jitter value
	4

	
	STD. jitter value
	2

	
	Max jitter value
	8

	
	Min jitter value
	0



Annex 2. Simulation assumptions
The simulation assumptions of Indoor Hotspot are shown in Table 3.
[bookmark: _Ref111054375]Table 4: Simulation parameters of Indoor Hotspot
	Scenario
	Indoor Hotspot

	Layout
	120m x 50m
ISD: 20m
TRP numbers: 12

	Carrier frequency
	FR1:4GHz

	Bandwidth
	FR1:100MHz

	Subcarrier spacing
	FR1: 30 kHz

	
	

	BS height
	3m

	UE height
	hUT=1.5 m

	BS noise figure
	FR1: 5 dB

	UE noise figure
	FR1: 9 dB

	Receiver
	MMSE-IRC

	UE speed
	3 km/h

	Channel estimation
	Realistic

	MCS
	Up to 64QAM

	BS antenna pattern
	Ceiling-mount antenna radiation pattern, 5 dBi

	UE antenna pattern
	FR1: Omni-directional, 0 dBi,

	TX power
	gNB: FR1: 24dBm/20MHz

	gNB antenna configuration
	gNB:
FR1:32TxRU, (M,N,P,Mg,Ng; Mp,Np)=(4,4,2,1,1;4,4), (dH, dV) = (0.5, 0.5)λ

	UE antenna configuration
	UE: 4Rx, (M, N, P, Mg, Ng; Mp, Np) = (1,2,2,1,1;1,2), (dH, dV) = (0.5, N/A)λ, or
2Rx, (M, N, P, Mg, Ng; Mp, Np) = (1,1,2,1,1;1,1), (dH, dV) = (N/A, N/A)λ,

	TDD configuration
	DDDSU for DL

	MIMO transmission
	MU-MIMO for DL &  SU-MIMO for DL

	Scheduling
	PF, Dynamic scheduled
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