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Introduction
In SID [1], the following objective is specified regarding UE power savings. 

	Objectives on XR-specific Power Saving (RAN1, RAN2):
· Study XR specific power saving techniques to accommodate XR service characteristics (periodicity, multiple flows, jitter, latency, reliability, etc...). Focus is on the following techniques:
· C-DRX enhancement.
· PDCCH monitoring enhancement.



This contribution discusses aspects related to power saving techniques for XR. 

C-DRX enhancement 
XR services, such as AR, VR, and Cloud Gaming services, over 5G are important vertical applications for 5G commercial deployments. Many of the end user XR and CG devices are expected to be mobile and of small-scale, thus having limited battery power resources. C-DRX mechanism is a legacy power saving mechanism to achieve power saving gain for UE in RRC_CONNECTED state. However, some characteristics of XR traffic are not addressed by the legacy C-DRX mechanism and could result in limited UE power savings.

1.1 Dynamic adaptation on C-DRX configuration
One issue of C-DRX operation for XR services is the misalignment between C-DRX cycle and periodicity of XR traffic. XR service typically has a fixed frame refresh rate resulting in non-integer frame periodicity, such as 16.67 ms. The actual arrival of data frame varies due to the jitter effect caused by the encoding delay and network transfer time. In [2], the jitter effect is modelled as a truncated Gaussian distribution and the time shift of the arrival time can be within a range, such as [-4 ms, 4 ms].  However, configuration of C-DRX, e.g. periodicity, ON duration timer, or inactivity timer, is fixed based on UE-specific RRC signalling. 

As shown in Figure 1, the Rel-17 C-DRX configuration does not fit for quasi-periodic XR traffic. Due to misalignment from the periodicity and the jitter effect, the packet (i.e. third packet), may arrive outside configured ON duration. Then UE could lose data frames as a next available reception occasion is a next DRX ON duration that may exceed that target PDB. In addition, a packet (i.e. second packet) may arrive at a time close to the end of an ON duration. Then active time is extended by start of InactivityTimer. In this case, the total active time within a C-DRX cycle can be larger than the active time required for actual data reception or transmission.  

Observation 1: Current C-DRX configuration does not fit well for XR traffic with i) non-integer periodicity, and ii) varying packet arrival time due to jitter effect. 



(a)


(b)


(c)
Figure 1: Dynamic adaptation on DRX cycle, T, and InactivityTimer, I

A C-DRX enhancement to resolve the above issues can be a dynamic adaptation on C-DRX configuration. The corresponding adaptation aspect(s) can be C-DRX cycle, OnDurationTimer, or InactivityTimer. Figure 1(c) shows dynamic adaptation on DRX cycle, T, and InactivityTimer, I. The dynamic adaptation can be provided via L1 signaling, such as PDCCH within the active time of a C-DRX cycle. When a packet (e.g. second packet) arrives in a time close to the end of ON duration, it’s likely that periodicity of XR traffic is larger than current C-DRX cycle and the gNB can adapt the C-DRX cycle to a larger value, such as from 16 ms to 18 ms. The dynamic adaptation can take effect in the current DRX cycle and the start of next DRX cycle will be postponed to align with the quasi-periodic XR traffic. Alternatively, the dynamic adaptation on C-DRX can be to indicate the start of DRX ON duration. For example, DCI format in a PDCCH can indicate one of multiple candidate ON durations. 

Proposal #1: Study PDCCH triggered dynamic adaptation on C-DRX configuration, including
· C-DRX cycle, 
· OnDurationTimer, 
· InActivityTimer, or 
· Start of ON duration

1.2 Lower power (LP) WUS to indicate dynamic start of ON duration 
XR services can have strict packet delay budget (PDB), such as 10ms. If the data frame cannot be received within PDB, that is equivalent to a packet error and a retransmission does not help in such scenario. To meet the target PDB based on Rel-17 C-DRX, a gNB may have to configure a large ON duration or active time to avoid a large scheduling delay for quasi-periodic XR traffic. The increase of active time in a C-DRX cycle will reduce the UE power saving gain.  

Observation 2: The fixed ON duration configured by higher layer needs to be large enough to handle varying arrival time and meet PDB of XR traffic. However, that would increase UE power consumption due to the increase of ON duration. 

UE power saving mechanisms for XR may be improved to support dynamic start of ON duration in order to align with actual frame arrival time of XR traffic. A L1 WUS can be used to indicate the start of ON duration and align with actual frame arrival time of XR traffic. As shown in Figure 2, a UE can perform blind detection for the L1 WUS in respective PDCCH monitoring occasions. The actual start of ON duration can be determined based on a fixed gap relative to the actual reception occasion of WUS. The gNB can transmit the WUS in one of the multiple candidate occasions according to actual arrival time of XR traffic. 
[image: ]
Figure 2: LP WUS indicating dynamic start of DRX ON duration

To achieve alignment with high resolution, a UE has to frequently monitor WUS with a short gap between two consecutive monitoring occasions, e.g. less than 1ms. Using the Rel-16 PDCCH based WUS can result in large UE power consumption when monitoring is frequent. In addition, the Rel-16 PDCCH based WUS cannot achieve short monitoring gap when UEs support only slot based PDCCH monitoring. For XR-specific power saving, it is practically necessary to consider a lower power (LP) WUS to support fast and dense monitoring. The LP WUS can be based on a Rel-17 sequence, such as a CSI-RS. UE power consumption for detecting a sequence-based WUS is much lower than a PDCCH-based WUS since no coherent detection or channel decoding is necessary for sequence-based WUS. 

Proposal 2: Study sequence-based LP WUS using Rel-17 signals to indicate start of ON duration for C-DRX.


1.3 Other enhancements for C-DRX
SPS and CG enhancements are being considered for XR capacity enhancements. If a CG PUSCH overlaps with a PUCCH providing HARQ-ACK, the UE would multiplex the HARQ-ACK in the CG PUSCH even when there is no UL-SCH on the CG PUSCH. There is no need for the UE to monitor the PDCCH scheduling the retransmission of the PUSCH as there would not be any TB retransmission. Also, for SPS PDSCH, there may not be any actual SPS PDSCH transmission and whether to monitor the PDCCH scheduling SPS PDSCH retransmission in such case can also be studied.
A delay aware scheduler is one candidate solution for XR capacity enhancements. If the latency of a packet would exceed the PDB, there is no need to schedule (re)transmissions. Then, there is no need for the UE to monitor the PDCCH scheduling (re)transmissions. The corresponding enhancement for C-DRX can also be considered
Proposal 3: Study C-DRX enhancements to reduce PDCCH monitoring time considering enhancements for the following
· SPS PDSCH/CG PUSCH 
· Delay aware scheduler


PDCCH monitoring enhancement
In Rel-17 UE power saving enhancements, NR supports PDCCH monitoring adaptation for both search space switching group (SSSG) switching and PDCCH skipping based on a unified triggering method. For the unified triggering method, a PDCCH monitoring adaptation indication is provided by a field of a scheduling DCI format within C-DRX active time. 

1.4 PDCCH monitoring adaptation enhancements 
For XR service considered with C-DRX, the ON duration or active time of C-DRX can be short considering ideal alignment between C-DRX cycle and a fixed frame refresh rate of XR traffic. For example, a UE may only receive one PDSCH for a XR traffic frame per DRX ON duration. Then, using a scheduling DCI format for triggering adaptation within DRX active time as in R17 may not work. 

Observation 3: Rel-17 PDCCH monitoring adaptation triggered based on scheduling DCI format within active time of C-DRX may not work considering a short ON duration for XR service.  

For XR, it can be more appropriate to trigger PDCCH monitoring adaptation outside active time of C-DRX. For example, the triggering can be a GC-PDCCH, such as DCI format 2_6, before the next DRX ON duration. A UE can be indicated an ideal SSSG for PDCCH monitoring before the start of next ON duration for scheduling PDCCH starting from the beginning of ON duration. Then, the delay for SSSG will not impact reception of XR traffic within a short ON duration. 

Proposal 4: Support PDCCH monitoring adaptation triggered outside C-DRX ON duration for XR.

For XR service with quasi-periodic traffic, a gNB may not need to adapt time domain configuration for search space sets, such as the PDCCH monitoring periodicity. However, the gNB may need to adapt beam(s) for PDCCH reception within active time of C-DRX due to change of preferred beam direction during OFF period of C-DRX cycle. Operation in FR2 is critical for XR deployments as the BW requirements may not be available, or may not be preferable for an operator to provide while blocking all other traffic in FR1. In Rel-17, performing beam management during active time of C-DRX is not a major issue as the C-DRX ON duration can be long and absorb the beam alignment procedure. For UE power savings with XR, a short C-DRX ON duration is preferable and, with alignment between C-DRX cycle and a fixed frame refresh rate of XR traffic, the gNB may not able to complete beam adaptation for PDCCH reception within active time of C-DRX. 

Observation 4: XR-specific power savings need fast adaptation on spatial domain resources rather than time domain resources for PDCCH reception. 

Adaptation on spatial domain resources for PDCCH monitoring can be achieved based on enhancement of SSSG switching such that a SSSG can be predetermined per TRP or per group of CORESETs according to associated CORESETPoolIndex. To support SSSG switching per TRP outside C-DRX active time, support of corresponding channel measurements, for example based on the SSBs of the serving cell, and CSI report, such as L1-RSRP, are needed before or at the start of DRX ON duration. 

Proposal 5: Support SSSG switching per TRP for XR


Evaluation of UE power saving gains 
According to the evaluation methodology in [2], UE power saving gains (PSG) can be evaluated for the mechanisms in Section 2. For PDCCH monitoring enhancement in section 3, the PSG for PDCCH monitoring adaptation has been justified in the Rel-17 WI of UE PS enhancements.

For the evaluation, a single stream DL traffic model in [2] is considered. The packet size is modeled based on truncated Gaussian distribution with mean =, STD = 10.5% of M, Max = 150% of M, Min = 50% of M. The periodic arrival without jitter gives the arrival time at gNB for packet with index k (=1,2,3….) as k/F*1000 ms. The jitter effect is modeled based on truncated Gaussian distribution with Mean = 0, STD = 2 ms, and truncated range = [-4, 4] ms. The target packet delay budget and packet success rate requirement are xx, and 99%, respectively. The statistics of the parameters for single DL traffic model used in the evolution are summarize din Table 1. 

Table 1: Statistical parameters for single stream DL XR traffic model
	Parameters
	Unit
	 Value

	Data rate, R
	Mbps
	30

	Frame generation rate, F
	fps 
	60

	PDB
	ms
	10




1.5 FR1, DL only
We evaluate the performance including power saving gain (PSG) and packet success rate for the potential PS schemes. The case of always-on is considered as a bassline to determine the PSG. For packet success rate, a packet is counted as success if packet delivery delay does not exceed the target PDB. 

Table 2: Evaluation results on PSG and packet success rate
	Power saving scheme
	Average PSG
	Packet success rate
	C-DRX configuration
(T, ODT, OAT)

	Always-on
	0
	100%
	(0, 0, 0)

	R15/16 CDRX
	32.3%
	100%
	(16, 8, 4)

	R15/16 CDRX
	42.4%
	97.2%
	(16, 6, 4)

	R15/16 CDRX
	51.5%
	85.9%
	(16, 4, 4)

	Dynamic adaptation on C-DRX cycle
	43.13%
	98.9%
	(16, 6, 4) and (18, 6, 4) 

	LP WUS for dynamic start of onDuration
	63.4%
	100%
	(16, 2, 1)



According to the evaluation results in Table 2, we can observe the following 

Observation 5: R15/16 CDRX requires large ON duration (i.e. about 50% of C-DRX cycle) to meet the PDB requirement of XR traffic.

Observation 6: Dynamic adaptation on C-DRX cycle increase packet success rate by aligning C-DRX cycle with non-integer periodicity of XR traffic.

Observation 7: LP WUS for dynamic start of ON duration allows short onDurationTimer and inactivityTimer, and thus provides large PSG and high packet success rate.


Conclusions
This contribution considered UE power savings enhancements considering XR-specific aspects and proposes the following.
Proposal #1: Study PDCCH triggered dynamic adaptation on C-DRX configuration, including
· C-DRX cycle, 
· OnDurationTimer, 
· InActivityTimer, or 
· Start of ON duration

Proposal 2: Study sequence-based LP WUS using Rel-17 signals to indicate start of ON duration for C-DRX.

Proposal 3: Study C-DRX enhancements to reduce PDCCH monitoring time considering enhancements for the following
· SPS PDSCH/CG PUSCH 
· Delay aware scheduler

Proposal 4: Support PDCCH monitoring adaptation triggered outside C-DRX ON duration for XR.

Proposal 5: Support SSSG switching per TRP for XR


In addition, the following observations are made.

Observation 1: Current C-DRX configuration does not fit well for XR traffic with i) non-integer periodicity, and ii) varying packet arrival time due to jitter effect. 

Observation 2: The fixed ON duration configured by higher layer needs to be large enough to handle varying arrival time and meet PDB of XR traffic. However, that would increase UE power consumption due to the increase of ON duration. 

Observation 3: Rel-17 PDCCH monitoring adaptation triggered based on scheduling DCI format within active time of C-DRX may not work considering a short ON duration for XR service.  

Observation 4: XR-specific power savings need fast adaptation on spatial domain resources rather than time domain resources for PDCCH reception. 

Observation 5: R15/16 CDRX requires large ON duration (i.e. about 50% of C-DRX cycle) to meet the PDB requirement of XR traffic.

Observation 6: Dynamic adaptation on C-DRX cycle increase packet success rate by aligning C-DRX cycle with non-integer periodicity of XR traffic.

Observation 7: LP WUS for dynamic start of ON duration allows short onDurationTimer and inactivityTimer, and thus provides large PSG and high packet success rate.
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