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Introduction
Rel-17 Study Item “Study on XR Evaluations for NR” has evaluated the UE power saving and NR capacity performance of eXtended Reality(XR) and Cloud Gaming(CG) on NR and the results are captured on TR 38.838 [1]. Based on the study results, it is recommended to further study and enhance at least the capacity and UE power consumption performance of 5G NR for XR and CG applications. Based on TR 38.838 and corresponding Release 17 SA4 WI, and Release 18 SA2 WI, the objectives of XR study item were agreed as follows [2]:
Objectives on XR-awareness in RAN (RAN2):
· Study and identify the XR traffic (both UL and DL) characteristics, QoS metrics, and application layer attributes beneficial for the gNB to be aware of.
· Study how the above information aids XR-specific traffic handling.
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.
Objectives on XR-specific capacity improvements (RAN1, RAN2):
· Study mechanisms that provide more efficient resource allocation and scheduling for XR service characteristics (periodicity, multiple flows, jitter, latency, reliability, etc…). Focus is on the following mechanisms:
· SPS and CG enhancements;
· Dynamic scheduling/grant enhancements.

In this paper, we provide some possible enhanced UE power saving techniques in NR for supporting XR services.
XR-specific power saving techniques 
Enhancement of Rel-17 PDCCH skipping for XR 
PDCCH skipping was standardized in Rel-17 under UE power saving enhancement to reduce PDCCH monitoring in achieving UE power saving. PDCCH skipping uses the DCI-based signal to indicate UE in skipping the PDCCH monitoring. For delay insensitive traffic with robust data arrival, such as eMBB, gNB can indicate UE to skip PDCCH MOs with a longer duration and ensure its QoS performance. For delay-sensitive traffic, such as XR and CG traffic, the duration of PDCCH skipping for each PDCCH skipping indication should not be large to reduce the scheduling latency in meeting the delay budget of the specific XR service when data arrives. Since XR traffic is periodic with variation of inter-arrival time caused by delay jitter from network transport, unnecessary PDCCH monitoring from the start XR traffic cycle before actual data arrival and after completion of XR data transmission is one of the main factors of UE power consumption when C-DRX or PDCCH monitoring window is configured. Rel-17 PDCCH skipping power saving technique can be used to reduce the PDCCH monitoring. Since PDCCH skipping indication is only carried by scheduling DCI in Rel-17, UE cannot be indicated to skip PDCCH MO before XR data arrival. Therefore, Rel-17 PDCCH skipping adaptation should be enhanced for XR services to support the skipping indication by non-scheduling DCI. The non-scheduling DCI can reduce unnecessary PDCCH monitoring when no XR data could be scheduled for transmission due to late arrival of XR traffic at the beginning of traffic cycle with the detailed adaptation indication procedure in Figure 1. 


[bookmark: _Ref100837732]Figure 1: The procedure of the PDCCH skipping with 2 bits indication in non-scheduling DCI
Proposal 1: Rel-17 PDCCH skipping adaptation should be enhanced to further reduce UE power consumption for XR services, e.g., non-scheduling DCI based PDCCH skipping.
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]For the non-scheduling DCI carried the adaptation indication, the extension of DCI format 1_1 could be used without introducing additional information field, in which the existing information field, i.e. SCell dormancy indication bits in case 2 [3], can be repurposed or joint encoding for mapping or grouping to indicate the PCell and/or SCell. For the case 2 SCell dormancy indication using non-scheduling DCI format 1_1, the scheduling related information fields in DCI format 1_1 without scheduling information can be used to indicate SCell dormancy, including modulation and coding scheme, new data indicator, redundancy version, HARQ process number, antenna port(s), DMRS sequence initialization etc. There are up to 19 bits used for SCell dormancy indication. The 19 bits can be repurposed for joint indication including the PDCCH monitoring adaptation in PCell and/or SCell dormancy when SCell dormancy is configured. Taking 2 out of 19 bits information field in DCI format 1_1 as an example, the 2 bits can be reused for PDCCH skipping indication for PCell and the remaining 17 bits information field can also be used for SCell dormancy indication.
The extension of non-scheduling DCI format design could reuse the existing DCI format 1_1 in Rel-16 and not increase the size of DCI format with additional function in extending the PDCCH monitoring adaptation in PCell without introducing additional information field. 
Proposal 2: The extension of non-scheduling DCI format design could reuse the existing DCI format 1_1 in Rel-16 and not increase the size of DCI format with additional function in extending the PDCCH monitoring adaptation in PCell without introducing additional information field.
C-DRX enhancement for XR UE power saving
[bookmark: _Hlk61896899]2.2.1 XR-dedicated PDCCH monitoring window
The generation of XR packet is characterized by quasi-periodicity nature of source codec output with refined periodicity misaligned with the slot boundary. In addition, the delay jitter of XR packet arrival through network transport creates another uncertainty of XR packet scheduling to meet the desired delay budget. The existing DRX cycle configuration cannot be fully aligned with periodic XR packet generation and delay jitter of packet arrival. If DRX is configured for XR, the misalignment of the XR packet generation and the DRX cycle would impose additional delay of periodic arrival of XR packets for DL data scheduling and decrease the number of XR packets meeting the packet delay budget. This will have the results of the XR capacity reduction. Configuring DRX cycle that matches the XR packet generation at source codec and a large duty cycle can reduce capacity loss to some extents. However, the power saving gain is marginal. Moreover, DRX is a power saving techniques for all types of services. The customized DRX parameters for XR service will reduce the power saving gain of DRX for other data services. 
Proposal 3: DRX enhancement for XR service should not affect other data services.
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]A dynamic scheduling scheme customized for XR-dedicated data transmission is proposed, which is called XR-dedicated PDCCH monitoring window (XR-PMW), as the other alternative of C-DRX enhancement. As shown in Figure 2, UE is configured with a fixed PDCCH monitoring cycle and monitoring window disassociated with DRX. The fixed PDCCH monitoring cycle could be customized for the periodic packet generation of XR service. The window size of PDCCH monitoring at each cycle could be dynamically adapted to the delay variation of packet arrival caused by network jitter. UE monitors only XR scheduled PDCCH during a preconfigured PDCCH monitoring window during both DRX ON and OFF similar to that of DL SPS when C-DRX is configured. The XR-PMW schemes allows UE periodic monitoring PDCCH with resource allocation for various XR packet size through dynamic scheduling grant when C-DRX is configured as the power saving techniques of other services with robust traffic arrival type.


[bookmark: _Ref99799879][bookmark: _Ref100566780]Figure 2: XR-dedicated PDCCH monitoring window scheme
The XR capacity performance of proposed XR-dedicated PDCCH monitoring window scheme was evaluated and discussed in our contribution [4]. In this paper, we focus on the benefits of the proposed scheme with power saving techniques, i.e., PDCCH skipping and go-to-sleep, on XR UE power consumption. We assume that the PDCCH monitoring cycle is fully matched with that of XR packet generation, i.e., length of the cycle is 16.67ms. The PDCCH monitoring window is set to be long enough to cover the variance range of jitter. In each cycle, UE performs PDCCH skipping with certain duration until the packet arrival at the gNB. UE is indicated to sleep state once it completes the reception of the PDSCH of XR packet and reports all ACKs for PDSCH. Table 1 shows the evaluation results of XR-PMW with PDCCH skipping and go-to-sleep.
[bookmark: _Ref100768345]Table 1: Evaluation results of XR-PMW with PDCCH skipping and go-to-sleep compared to Always-on
	Configuration
	Considered UE set
	Mean PSG compared to Always-on
	#satisfied UEs per cell / #UEs per cell

	Baseline: Always-on
	-
	-
	11.5 / 12

	XR-PMW
with go-to-sleep
	All UEs
	24.01%
	10.8 / 12

	
	Satisfied UEs
	24.39%
	

	XR-PMW
with PDCCH skipping and go-to-sleep
	All UEs
	29.44%
	10.7 / 12

	
	Satisfied UEs
	29.92%
	


Based on the results in Table 1, XR-PMW with PDCCH skipping and go-to-sleep can achieves pretty high power saving gain comparing to Always-on i.e., 24.01%~29.92%. XR-PMW is customized with the flexibility for XR traffic. The PDCCH skipping and go-to-sleep mechanism can effectively reduce the unnecessary PDCCH monitoring without degradation of capacity.
Moreover, we compare the power saving performance of our scheme with C-DRX, which is shown in Table 2. Even compared to C-DRX, up to 13.08%~19.68% PSG can be achieved by XR-PMW with PDCCH skipping and go-to-sleep.
[bookmark: _Ref101690564]Table 2: Evaluation results of XR-PMW with PDCCH skipping and go-to-sleep compared to C-DRX
	Configuration
	Considered UE set
	Mean PSG compared to C-DRX
	#satisfied UEs per cell / #UEs per cell

	Baseline: C-DRX(16,8,4)
	-
	0.0%
	6.5 / 12

	XR-PMW
with go-to-sleep
	All UEs
	13.08%
	10.8 / 12

	
	Satisfied UEs
	13.34%
	

	XR-PMW
with PDCCH skipping and go-to-sleep
	All UEs
	19.30%
	10.7 / 12

	
	Satisfied UEs
	19.68%
	


Proposal 4: The XR-dedicated PDCCH monitoring window should be studied and supported for XR UE power saving due to the good balance between system capacity and UE power saving.
[bookmark: _GoBack]In Rel-17 XR SI, some enhanced schemes [4][5][6][7] have been proposed to reduce UE power consumption. The performance comparison between these schemes and our proposed scheme is summarized in the Table 3. 
[bookmark: _Ref100233933]Table 3: The performance comparison between some enhanced schemes and XR-PMW with PDCCH skipping and go-to-sleep
	Scheme
	Power saving
	System capacity
	Impact on existing service
	Note

	
	Mean PSG (%)
	 Mean percentage of DL satisfied UE
	Capacity (#UEs per cell)
	Dedicated to XR services
	

	XR-PMW with PDCCH skipping and go-to-sleep
	29.68%
	89.2%
	12
	Yes
	Note1

	Traffic arrival offset staggering[5]
	2.64~9.94%
	100%
	7~9
	Yes
	Note2,Note 3

	e-PDCCH monitoring[6]
	5.08%~21.84%
	60%~84%
	5
	No
	Note2

	eDRX[7]
	9.36%~23.84%
	91.25%~91.94%
	10
	No
	Note1

	eDRX with additional active time[8]
	29.43%
	86.36%
	11
	No
	Note1

	Note1: The evaluated scenario is indoor hotspot.   
Note2: The evaluated scenario is dense urban.
Note3: With different traffic arrival offset, i.e., random or evenly spaced, system capacity is different.


As shown in Table 3, XR-PMW with PDCCH skipping and go-to-sleep shows the pretty good performance in aspect of power saving, system capacity and impact on existing service. The traffic arrival offset staggering proposal in [5] intentionally distributed XR traffic arrival at the gNB from different UEs in a staggering way to minimize the contention of radio resource allocation among UEs and achieve the power saving. The results show that the power saving gain is marginal. E-PDCCH monitoring proposal in [6] configures a set of MonitoringSlotPeriodicity pattern with different MonitoringSlotPeriodicity values instead of a single MonitoringSlotPeriodicity value, e.g., {17ms, 17ms, 16ms}. The scheme has slight power saving gain but also has impairment in the system capacity performance because the scheme only aligns the PDCCH monitoring with XR traffic generation without adaptation to the variation of traffic arrival caused by delay jitter. eDRX proposed by [7] adjusts DRX On duration start time offset to be aligned with the lower boundary of jitter range or with quasi-period arrival time point. eDRX with additional active time proposed by [8] changes DRX startoffset per 100ms and configures additional active time to trigger additional PDCCH monitoring for XR packet during DRX OFF. These eDRXs get some power saving gain without capacity loss. However, the modification of DRX configuration makes the DRX non-periodic and the customized eDRX for XR was only good for a known XR service but not robust enough for other services. XR-PMW is designed for XR service with C-DRX configuration in general for other data service. XR-PMW scheme resolves the issue of potential XR system capacity degradation with C-DRX configuration and provides a dynamic adaptation to the network delay jitter with high UE power saving gain. XR-PMW scheme is a reasonable and beneficial enhancement of C-DRX with flexible resource allocation for various XR packet size by dynamic grant. With PDCCH skipping and go-to-sleep, XR-PMW can achieve well balance between system capacity and UE power consumption for XR.
In addition, [5] and [7] also proposed the power saving schemes with performance results in non-realistic assumption. For example, jitter handling scheme proposed by [7] assumes that network is able to align the starting time of DRX ON Duration or the skipping end time with the actual packet arrival time, which is hard for the XR packet generation with network delay jitter. Fast WUS scheme proposed by [5] requires baseband modem to be able to quickly turned on after WUS indication and assume that UE can continuously monitor WUS every slot with small monitoring power, which might not be realistic. 
Proposal 5: The XR-dedicated PDCCH monitoring window should be studied and supported for XR UE power saving due to the advantages that it doesn't affect other data services and is achievable.
2.2.2 SPS enhancement for UE power saving 
In NR, UE needs to decode the PDSCH at the configured SPS resource in DRX ON and OFF if DRX is configured. The DL SPS would not have the additional delay caused by DRX which XR packets are on hold and scheduled for transmission only at DRX ON. However, the periodic reserved resource of DL SPS and UL CG might not fit well for XR service with large variation of packet size and inter-arrival time caused by delay jitter during the network transport. 
An enhanced SPS with additional resource allocation mechanism for XR service at both DRX ON and DRX OFF is introduced in our contribution [4]. In [4], we discussed the benefits of the scheme on system capacity for XR. In fact, the scheme can also achieve XR UE power saving without capacity performance degradation combined with PDCCH skipping and go-to-sleep. The configured period SPS occasion provides wake-up timing for XR UE during DRX OFF, and subsequent dynamic grant window ensures timely transmission of XR packets. When XR packet arrives after the wake-up timing, i.e., SPS occasion, gNB could indicate UE to perform PDCCH skipping until XR packet arrival and to transform to sleep state after XR packet transmission finish, which is shown in Figure 3. 


[bookmark: _Ref100761114]Figure 3: Illustration of enhanced SPS with PDCCH skipping and go-to-sleep. 
Proposal 6: The SPS enhancement with PDCCH skipping and go-to-sleep should be supported for XR UE power saving.
UE playout buffer for XR UE power saving enhancement
[bookmark: _Hlk61897188]XR traffic arrival is not strictly periodic due to the delay jitter caused by the network transport of XR packets. The XR receiver at the UE will have playout buffers to battle the delay jitter and ensure the quality and continuity of the received XR video/audio signals. 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]If the size of the playout buffer is fed back to the gNB scheduler, gNB could have additional PDB for resource allocation of XR packet. Additional PDB can give gNB more time to schedule UE within the delay budget requirements of the XR service and more likely to successfully transmit packets with link adaptation gain. The XR-application awareness of UE playout buffer size at the gNB scheduler can preferentially schedule UE with packet delay close to deadline and better channel conditions. Besides, gNB also has more retransmission chance due to additional packet delay budget. In our contribution [4], the capacity performance of gNB scheduling awareness of UE playout buffer is evaluated and shown with substantial XR system capacity improvement. In this paper, we provide and discuss the power saving performance of UE playout buffer. UE playout buffer can also be used for enhancing the performance of some power saving scheme. gNB that is aware of UE playout buffer has more time to schedule XR data transmission with the additional configuration of power saving mechanisms. Table 4 shows the performance of some power saving gains for 30Mbps AR/VR service with gNB scheduling awareness of UE playout buffer. 
In this evaluation, we assume that UE playout buffer can store up to 3 video frames with 60fps frame rate. gNB preferentially schedule UE whose packet delay is closed with extended delay budget from the UE playout buffer. In particular, packet must be delivered successfully to UE before the video frame at playout buffer runs out. Otherwise the packet is dropped. The number of retransmission depends on the PDB only, i.e., retransmission of packet is allowed before the packet delay budget is expired. 
The details for evaluated cases are:
· Baseline: No power saving scheme is applied, i.e., UE is always in Active Time. 
· C-DRX(16,8,4) with go-to-sleep: UE is configured with C-DRX (16,8,4). UE transforms to sleep state once the all PDSCHs of frame are received successfully and all ACKs for PDSCHs are reported.
· C-DRX(16,8,4) with PDCCH skipping and go-to-sleep: UE is configured with C-DRX (16,8,4). UE performs PDCCH skipping when On Duration starts until UE starts receiving PDSCH. UE transforms to sleep state once the all PDSCHs of frame are received successfully and all ACKs for PDSCHs are reported.
· PDCCH skipping: UE performs PDCCH skipping with certain duration. When the packet arrivals, gNB doesn’t send PDCCH skipping command to the UE until the all PDSCHs of frame are received successfully and all ACKs for PDSCHs are reported.
[bookmark: _Ref101169933]Table 4: Evaluation of power saving cases with gNB scheduling awareness of UE playout buffer
	Power saving cases with UE playout buffer
	Considered UE set
	Mean Power Saving Gain (PSG) compared to Always-on
	#satisfied UEs per cell / #UEs per cell

	Baseline
	-
	-
	11.5 / 12

	C-DRX(16,8,4) with go-to-sleep
	All UEs
	26.43%
	11.3 / 12

	
	Satisfied UEs
	26.78%
	

	C-DRX(16,8,4) with PDCCH skipping and go-to-sleep
	All UEs
	34.56%
	11.2 / 12

	
	Satisfied UEs
	34.77%
	

	PDCCH skipping
	All UEs
	30.26%
	11 / 12

	
	Satisfied UEs
	30.36%
	


Based on the results above with UE playout buffer, the significant UE power saving gain, i.e., 26.43%~34.77%, can be achieved with negligible system capacity degradation. With UE playout buffer, UE is allowed to easily receive packet with more relaxed packet delay requirements. For power saving schemes that may introduce extra delay, i.e., C-DRX and PDCCH skipping, the configuration can be more radical, e.g., longer duration of PDCCH skipping, shorter OnDuration of CDRX and longer DRX cycle. 
[bookmark: _Hlk101878360]Due to the playout buffer provides additional packet delay budget, the UE has more time to sleep with the additional delay budget. Large power saving gain can be obtained by UE playout buffer with negligible capacity degradation.
Observation 1: Large power saving gain can be obtained by UE playout buffer with negligible capacity degradation.
Proposal 7: gNB awareness of UE playout buffer should be studied and supported for XR UE power saving.
UE UL power saving for XR 

2.4.1 PUSCH and PUCCH transmission alignment 
For high resolution XR services with short periodic and large packet size, UE need to transmit data and feedback HARQ-ACK frequently. UL XR packet has same or even higher frame rate than that of DL XR packets, e.g., UL video traffic at 60fps frame rate and pose/control traffic at 250fps frame rate. The data transmission for frequent XR UL traffic results in huge power consumption for XR UE. In NR, the HARQ-ACK feedback timing of DL PDSCH and PUSCH transmission timing is indicated through K1 and K2 included in the DCI respectively. The HARQ-ACK feedbacks of DL transmission that are independent to the UL data transmission would require UE power consumption at each slot without additional power consumption reduction from micro sleep, as shown in Figure 4. 


[bookmark: _Ref99799918]Figure 4: Illustration of UE power consumption when UE performs DL and UL transmission.
Therefore, UL power problem caused by UL data transmission and UL control information feedback should be investigated for potential power saving for XR service. 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Proposal 8: How to reduce UL power consumption caused by UL data transmission and UL control information feedback should be studied for potential power saving gain for XR service.
An effective way to solve the problem is aligning PUSCH transmission with HARQ feedback to allow UE micro sleep at other slots for power saving. 
In general, alignment between PUSCH transmission and HARQ feedback can be reached through two possible approaches. 
· Approach 1 implementation solution - gNB configures timing of HARQ feedback (or PUSCH transmission) to align with PUSCH transmission (or HARQ feedback) by adjusting value of K1 (or K2) through gNB implementation. However, the range of values for K1 and K2 is different in the current specification, i.e., the range of value for K1 is [0, 15] slots and the range of value for K2 is [0, 32] slots [9], which may result in PUSCH and HARQ-ACK not being aligned when K1 cannot match with K2. Therefore, exiting NR system cannot ensure the alignment of PUSCH transmission and PUCCH transmission. 
· Approach 2 combing DCI - a single DCI is used to indicate of UL transmission and DL transmission (including HARQ feedback for DL reception) simultaneously through same value of K1/K2, which is shown at Figure 5. Given existing DCI formats indicate independently UL transmission-related information and DL transmission-related information, DCI format should be enhanced for alignment of DL transmission and UL transmission. In detail, there are three methods as follows, 
· enhancing DCI format 0-0/0-1/0-2 to indicate DL transmission, including DL PDSCH timing and HARQ feedback timing; 
· enhancing DCI format 1-0/1-1/1-2 to indicate UL transmission, including UL PUSCH timing; 
· designing a new DCI format to allocate the resources of both DL transmission and UL transmission.


[bookmark: _Ref100566810]Figure 5: Illustration of PUSCH transmission and HARQ feedback indicated by the same DCI.
In Rel-17 XR SI, some power saving schemes for UL are proposed by [8], i.e., SR group switching and UL active time. In [8], SR group switching is considered to save UE power consumption of SR transmission and subsequent PDCCH monitoring for XR UE through switching between dense SR group and sparse SR group. UL active time is defined as a period duration where UE only transmits UL signals/data, and UE doesn’t transmit UL signals/data outside the duration. In fact, UE can decide whether the SR is transmitted or not based on UE implementation and UL data arrival, even though UE is configured with dense SR period. Thus, it should be left to UE implementation.
In addition, some key issues for XR and media services are listed by SA2 in TR 23.700 [10]. One of the key issues is uplink-downlink transmission coordination to meet Round-Trip latency requirements. XR/media services with real-time interaction typically require very low Round-Trip latency which includes unbalanced and variable DL latency requirements and UL latency requirements. How to meet the very low Round-Trip latency requirement with the variable and unbalanced uplink/downlink latency overhead is a challenge for XR/media services. The scheme of single DCI allocating resources of both DL transmission and UL transmission can be a possible solution from RAN1 perspective.
Proposal 9: Alignment between PUSCH transmission and HARQ feedback should be studied and supported to reduce UL power consumption for XR UE, e.g., single DCI indicating UL transmission and DL transmission (including HARQ feedback for DL reception) simultaneously.
Conclusion 
Based on above discussion, we have observation and proposals, as follows:
Observation 1: Large power saving gain can be obtained by UE playout buffer with negligible capacity degradation.
Proposal 1: Rel-17 PDCCH skipping adaptation should be enhanced to further reduce UE power consumption for XR services, e.g., non-scheduling DCI based PDCCH skipping 
Proposal 2: The extension of non-scheduling DCI format design could reuse the existing DCI format 1_1 in Rel-16 and not increase the size of DCI format with additional function in extending the PDCCH monitoring adaptation in PCell without introducing additional information field.
Proposal 3: DRX enhancement for XR service should not affect other data services.
Proposal 4: The XR-dedicated PDCCH monitoring window should be studied and supported for XR UE power saving due to the good balance between system capacity and UE power saving.
Proposal 5: The XR-dedicated PDCCH monitoring window should be studied and supported for XR UE power saving due to the advantages that it doesn’t affect other data services and is achievable.
Proposal 6: The SPS enhancement with PDCCH skipping and go-to-sleep should be supported for XR UE power saving.
Proposal 7: gNB awareness of UE playout buffer should be studied and supported for XR UE power saving.
Proposal 8: How to reduce UL power consumption caused by UL data transmission and UL control information feedback should be studied for potential power saving gain for XR service.
Proposal 9: Alignment between PUSCH transmission and HARQ feedback should be studied and supported to reduce UL power consumption for XR UE, e.g., single DCI indicating UL transmission and DL transmission (including HARQ feedback for DL reception) simultaneously.
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