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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]. In RAN1#109-e, the objectives of C-DRX enhancements and PDCCH monitoring enhancements evaluation of XR were agreed as follows: 
	Agreement
Rel-17 evaluation methodology for XR power saving captured in TR 38.838 is used as the baseline evaluation methodology for UE power evaluation of Rel-18 SI on XR enhancements.
Agreement
Companies are encouraged to compare performance of the following Rel-15/16/17 features with the proposed enhancements for Rel-18 XR power saving evaluations. Power saving gain is calculated w.r.t. the AlwaysOn baseline. 
· Rel-15/16 CDRX including long DRX cycle, short DRX cycle and DRX command MAC CE and DCP.
· Rel-17 PDCCH adaptation including PDCCH skipping and SSSG switching.
Note: up to companies to report the configuration of the Rel-15/16/17 features.

Agreement
For power saving study of Rel-18 XR SI, CDRX enhancements to evaluate in this study item are to be selected from the following:
· High priority Issue 1-1: Alignment between CDRX and XR traffic for resolving the mismatch between CDRX cycle and XR traffic periodicity for each flow.
· High priority Issue 1-2: C-DRX enhancements to handle jitter.
· Medium priority Issue 1-3: CDRX enhancements for multiple XR traffic flows [Note 2].
· Low priority Issue 1-4: CDRX enhancements to adjust to variable burst sizes and frame rate.
· Note: Some companies think the adjustment for variable burst sizes can be realized by existing spec already.
· Low priority Issue 1-5: low latency handling.
· Low priority Issue 1-6: SFN wraparound mismatch (if handled in RAN1).
FFS: how the solutions or the combination of the solutions can handle all the identified issues.
Note 1: Other considerations are not precluded.
Note 2: It can also be adopted for addressing issue 1-1.
Note 3: Companies are encouraged to clarify or provide more details of the proposed solutions, for addressing concerns from the group.
Agreement
For power saving study of Rel-18 XR SI, PDCCH monitoring enhancements to evaluate in this study item are to be selected from the following:
· Low priority Issue 2-1: Alignment between PDCCH monitoring and XR traffic to resolve the mismatch between PDCCH monitoring periodicity and XR traffic periodicity. 
· Note: some companies think Rel-17 PDCCH monitoring adaptation can solve issue 2-1 or achieve similar intended outcome.
· Note: Solutions proposed for Issue 2-1 and those proposed for Issue 1-1 are motivated by the same issue, namely non-integer XR traffic periodicity. It is to be studied how they compare in in terms of power saving gain and capacity, (a) solutions proposed for Issue 1-1; (b) solutions proposed for Issue 2-1.
· Low priority Issue 2-2: XR-dedicated PDCCH monitoring window to supplement CDRX for multi-flow traffic. 
· Note: some companies think Rel-17 PDCCH monitoring adaptation can solve issue 2-2 or achieve similar intended outcome.
· Note: Solutions proposed for Issue 2-2 and those proposed for Issue 1-3 are motivated by the same issue, namely multiple XR traffic flows. It is to be studied how they compare in in terms of power saving gain and capacity, (a) solutions proposed for Issue 1-3; (b) solutions proposed for Issue 2-2.
· High priority Issue 2-3: Enhancements to Rel-17 PDCCH monitoring adaptation. 
· Note: Discussion on some enhancements may depend on the outcome of Rel-17 PDCCH monitoring adaptation maintenance.
· Note: The study on enhancement to R17 PDCCH monitoring adaptation should focus on the techniques that are used for addressing XR-specific issues, e.g., jitter.
Note 1: Other considerations are not precluded.
Note 2: Companies are encouraged to clarify or provide more details of the proposed solutions, for addressing concerns from the group. 
Agreement
For Rel-18 XR power saving enhancements, RAN1 further discusses by RAN1 #110 whether the issues below are to be addressed, and if so, which solutions should be selected for evaluation in this study item. These issues are low priority.
· Issue 3-1: Misaligned UE transmission and reception. 
· Issue 3-2: Power saving by XR-aware scheduling.
· Note 1b: XR SI objective has XR-awareness in RAN listed as a specific topic of RAN2 study
· Issue 3-3: Unnecessary data transmission in allocated resources. 
Note 1: Rel-18 XR SI objective only has CDRX enhancements and PDCCH monitoring enhancements explicitly listed as focus of RAN1 study
Note 2: Other considerations are not precluded


In this paper, we provide the PDCCH skipping enhancement schemes and C-DRX enhancement schemes with evaluation results in NR for supporting XR services. The traffic model and simulation assumptions for the simulation results can be found in Appendix.
XR-specific power saving techniques 
In this section, the XR-specific power saving techniques are discussed including enhancement of Rel-17 PDCCH skipping for XR, C-DRX enhancement for XR UE power saving, XR-specific playoutDelayForMediaStarup, UE UL power saving, PUSCH and PUCCH transmission alignment, respectively. And the system-level simulation results are provided.
Enhancement of Rel-17 PDCCH skipping for XR
2.1.1 PDCCH skipping enhanced by non-scheduling DCI
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 MOs 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: _GoBack]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: _Ref100837732]Figure 1: The procedure of the PDCCH skipping with 2 bits indication in non-scheduling DCI
[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 [2], 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.

2.1.2 The enhancement of PDCCH skipping procedure for XR
The PDCCH skipping in Rel-17 is to skipping indication carried by scheduling DCI. UE would skip the indicated interval of PDCCH monitoring and return to the normal PDCCH monitoring.  If there is no packet to be scheduled, gNB needs to send a DCI without resource allocation (dummy DCI) to indicate another PDCCH skipping. The DRX inactivity timer would also be extended when a new DCI is received. The UE power saving by PDCCH skipping is degraded due to the termination of PDCCH skipping after each indicated interval. Since some delay sensitive XR packets would delayed longer than the mean inter-arrival time caused by delay jitter, gNB could not set the interval of PDCCH skipping too large to avoid latency and needs to transmit skipping indication repeatedly for a reasonable PDCCH skipping duration without incurring large latency in XR packet delivery. Therefore, the procedure of PDCCH skipping indication can be enhanced by fixed the skipping duration without termination or change until a new skipping indication is received from PDCCH DCI. gNB can configure a short skipping duration for XR to avoid the latency of XR packet delivery and does not need to continuous transmitting the skipping  indication. UE could continuously skip the PDCCH MOs until the DCI is successfully decoded at the time of packet arrival.  
Proposal 3: The procedure of Rel-17 PDCCH skipping adaptation should be enhanced for delay sensitive XR service to avoid frequent skipping indication signal overhead, e.g. continuous skipping indication.
When the UE completes the reception of the PDSCH of periodic XR packet at each cycle of XR packet generation, UE should be able to stop PDCCH monitoring and go to the sleeping state to save more power. When UE finishes the packet transmission, the PDCCH skipping indication can have one code point to indicate the go-to-sleep to allow UE stopping the PDCCH monitoring and transition to the sleeping state until next PDCCH monitoring occasion at the next DRX ON cycle.  Therefore, Rel-17 PDCCH skipping adaptation should be enhanced for XR services to support go-to-sleep indication.
Proposal 4: Rel-17 PDCCH skipping adaptation should be enhanced to support one code point of go-to-sleep indication for XR.
Furthermore, the above PDCCH skipping enhancement schemes are described in details as shown in Table 1.
[bookmark: _Ref111120464]

Table 1:  PDCCH skipping enhancement schemes
	Schemes
	Procedure

	Baseline 1：Always-on 
	PDCCH monitoring is based on the configured PDCCH monitoring cycle of the search space 

	Baseline 2：C-DRX(16,12,4)
	UE monitor PDCCH based on the configured PDCCH monitoring cycle of the search space in DRX ON and transforms to sleeping state in DRX OFF.

	PDCCH skipping enhancement scheme 1
(go-to-sleep)
	When the XR packet transmission is completed, a code point of skipping duration is configured as the go-to-sleep to allow UE fast transition to the sleeping state and return to normal PDCCH monitoring afterward.  

	PDCCH skipping enhancement scheme 2
(PDCCH skipping and go-to-sleep)
	UE can be indicated by non-scheduling and scheduling DCI to skip one or more MOs continuously; When the XR packet transmission is completed, a code point of skipping duration is configured as the go-to-sleep to allow UE fast transition to the sleeping state.   



The performance of above enhanced PDCCH schemes: go-to-sleep indication, non-scheduling DCI based PDCCH skipping and go-to-sleep indication are evaluated in our contribution. Table 2 and Table 3 show the evaluation results of PDCCH skipping schemes compared to always-on and C-DRX(16,12,4),  respectively.
[bookmark: _Ref110945564]Table 2:  Evaluation results of PDCCH skipping schemes compared to always-on
	Schemes
	Considered UE set
	Mean PSG compared to always-on
	#satisfied UEs per cell / #UEs per cell

	Baseline: Always-on
	-
	-
	11.5/12

	PDCCH skipping enhancement scheme 1
(go-to-sleep)
	All UEs
	24.01%
	10.8/12

	
	Satisfied UEs
	24.39%
	

	PDCCH skipping enhancement scheme 2
(PDCCH skipping and go-to-sleep)                                                                            
	All UEs
	29.44%
	10.7/12

	
	Satisfied UEs
	29.92%
	



Based on the results in Table 2, PDCCH skipping and go-to-sleep indication can achieve large power saving gain comparing to that of always-on in the range of 24.01%~29.92%. UE can skip the indicated interval of PDCCH monitoring occasions. The skipping interval should be reasonable to avoid latency in scheduling data transmission when XR packet arrives and achieve power consumption of continuous skipping without receiving a new skipping indication before packet arrival. If the PDCCH skipping interval is too long, the XR packet would be delay in scheduling and might not meet the XR latency requirement. Furthermore, the go-to-sleep indication can allow UE fast transition to the sleeping which can obtain 24.01%~24.39% power saving gain. 
[bookmark: _Ref111121281]Table 3:  Evaluation results of PDCCH skipping schemes compared to C-DRX(16,12,4)
	Schemes
	Considered UE set
	Mean PSG compared to C-DRX(16,12,4)
	#satisfied UEs per cell / #UEs per cell

	Baseline: C-DRX(16,12,4)
	-
	-
	10.9/12

	PDCCH skipping enhancement scheme 1
(go-to-sleep)
	All UEs
	22.79%
	10.8/12

	
	Satisfied UEs
	23.1%
	

	PDCCH skipping enhancement scheme 2
(PDCCH skipping and go-to-sleep)                                                                            
	All UEs
	28.34%
	10.7/12

	
	Satisfied UEs
	28.64%
	



Moreover, we compare the enhanced PDCCH skipping schemes with the configuration of C-DRX(16,12,4), which is shown in Table 3. The enhanced PDCCH skipping can allow UE discontinuous monitor PDCCH before data arrival in DRX ON, and go-to-sleep indication can early terminate DRX on-duration and inactivity timer as packet transmission is completed. 22.79%~28.64% PSG can be achieved by PDCCH skipping and go-to-sleep with negligible capacity loss compared to C-DRX(16,12,4).
Observation 1: The enhanced PDCCH schemes including: non-scheduling DCI based PDCCH skipping, continuous PDCCH skipping and go-to-sleep indication can obtain 22.79%~29.92% power saving gain with negligible capacity degradation. 
When UE is configured with services of different latency requirements, such as eMBB with delay insensitive and XR with delay sensitive, the dynamic indication of PDCCH skipping duration in the DCI needs be mapped to the skipping duration with different skipping intervals to meet the different latency requirements of mixed services. If skipping duration does not map to the individual intervals for these services with different latency requirements, UE could not achieve the desired power saving gain with the skipping duration of PDCCH monitoring meeting the latency requirements of one type of service, e.g. eMBB, for power saving but not the other type of service, e.g. XR. 
Henceforth, UE should be indicated with skipping duration mapping to different skipping interval for eMBB and XR via different scheduled DCI formats, i.e. DCI format x_1 and DCI format x_2 or same DCI format with different RNTI, e.g. C-RNTI and XR-RNTI. The procedure of PDCCH skipping for the different services is shown in Figure 2. When PDCCH skipping duration is configured per BWP, UE can be indicated with the skipping duration mapping to different intervals by the adaptation indication in DCI to meet the latency requirements of the different service types and optimize the UE power saving gain with PDCCH monitoring reduction by skipping different intervals of PDCCH monitoring for different DCI formats. For instance, the adaptation indications in DCI format x_1 and DCI format x_2 are “10” and “01”, which denote “8 slots” and “1 slot”, respectively. While UE receives the adaptation indication from a given DCI format, e.g. DCI format x_1, with value “10”, the PDCCH skipping duration would be applied in the search spaces associated to DCI format x_1 for 2 slots interval. While UE receives the adaptation indication from DCI format x_2 with the value “01”, UE would skip the PDCCH monitoring occasions associated to DCI format x_2 for 1 slot interval.


[bookmark: _Ref110850998]Figure 2: The PDCCH skipping for the different DCI formats
Thus, the adaptation indication of PDCCH skipping duration should be mapped to different intervals in DCI format x_1 and DCI format x_2 for services with different latency requirements. In order to avoid misalignment for the adaptation indication in the different type of DCI format, the bit size of adaptation indication in the scheduling DCI should be fixed based on the RRC configuration. For the same DCI format with the adaptation indication of PDCCH skipping, the interval of adaptation indication should be the same to avoid the ambiguous for the PDCCH monitoring adaptation.
[bookmark: OLE_LINK4]Proposal 5: The adaptation indication for PDCCH skipping should be separately between XR and other indicated to avoid different services latency requirements.

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 6: 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 3, 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: _Ref111197337][bookmark: _Ref100566780]Figure 3: 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 [3]. 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. 
The evaluated performance of XR-PMW power saving schemes compared to always-on and C-DRX(16,12,4) are shown in Table 5 and Table 6,  respectively. The XR-PMW power saving schemes are introduced in Table 4.
[bookmark: _Ref111128371]Table 4: XR-PMW power saving schemes
	Schemes
	Procedure

	XR-PMW scheme 1
	UE is configured with the XR-PMW which has the fixed PDCCH monitoring cycle and monitoring window disassociated with DRX. 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. 

	XR-PMW scheme 2
(XR-PMW with go-to-sleep):
	UE is configured with the XR-PMW, which the PDCCH monitoring cycle and window are based on XR traffic generation cycle and network delay jitter. When traffic transmission is completed, UE would be indicated to go to sleep until the next XR-PMW cycle.

	XR-PMW scheme 3
(XR-PMW with enhanced PDCCH skipping and go-to-sleep)
	UE is configured with XR-PMW and would be indicated to skip the PDCCH monitoring at the beginning of the XR-PMW if XR packet arrives late. UE skips monitoring the PDCCH at the Monitoring Occasion (MO) until the traffic packet arrives. When traffic transmission is completed, UE would be indicated to go to sleep until the next XR-PMW cycle.


[bookmark: _Ref110327197]
[bookmark: _Ref111128378]Table 5: The evaluation result comparison between the XR-PMW with skipping and go-to-sleep and UE always-on
	Evaluation Schemes
	Capacity
	Power saving

	
	#satisfied UEs per cell 
	% of satisfied UEs
	Capacity Enhancement Gain
	Power Saving Gain (PSG) 

	[bookmark: _Hlk110785489]DG scheduling and UE always-on 
	11.5
	95.83%
	0.0%
	0.0%

	DG scheduling with C-DRX(16,12,4) 
	10.9
	90.83%
	-5.2%
	2.4%

	XR-PMW scheme 1:
XR-PMW (16,12)
	10.8
	90.00%
	-6.09%
	4.13%

	XR-PMW scheme 2:
XR-PMW (16,12) with go-to-sleep
	10.8
	90.00%
	-6.09%
	24.39%

	XR-PMW scheme 3:
XR-PMW (16,12)
with PDCCH skipping and go-to-sleep
	10.7
	89.17%
	-6.96%
	29.92%



[bookmark: _Ref110327217]From the evaluation results in Table 5, the power saving gain and less capacity loss are observed when C-DRX is configured. The UE power saving gain with C-DRX (16, 12, 4) is only about 2.4% with slightly capacity loss, where the power saving gain is from the reduction of PDCCH monitoring during short DRX off. The capacity loss would be intensified when the network jitter increases. The XR-PMW can get 24.39%~29.92% power saving gain compared to that of the always-on dynamic grant scheduling and slightly capacity performance loss in the range of 6%-7%. 
Observation 2: Under the same system load,  the XR-PMW could obtain the less than 10% capacity performance gap than that of the UE always-on for DG scheduling and obtain 24.39%~29.92% PSG compared to that of the UE always-on for DG scheduling.
We also compile the evaluation results comparing to baseline scheme 2, which is C-DRX (16, 12, 4) shown in Table 6. 

[bookmark: _Ref111123450]Table 6: The performance comparison between and C-DRX (16,12,4) XR-PMW with PDCCH skipping and go-to-sleep
	Evaluation Schemes
	Capacity
	Power saving

	
	#satisfied UEs per cell 
	% of satisfied UEs
	Capacity Enhancement Gain
	Power Saving Gain (PSG)

	DG scheduling with C-DRX(16,12,4) 
	10.9
	90.83%
	0.0%
	0.0%

	XR-PWM scheme 1:
XR-PMW with (16,12)
	10.8
	90.00%
	-0.92%
	1.69%

	XR-PWM scheme 2:
XR-PMW with go-to-sleep
	10.8
	90.00%
	-0.92%
	21.47%

	XR-PWM scheme 3:
XR-PMW
with PDCCH skipping and go-to-sleep
	10.7
	89.17%
	-0.93%
	26.88%



We observe from the evaluation results in Table 6 that the XR-PMW with go-to-sleep and XR-PMW with PDCCH skipping and go-to-sleep can obtain 21.47% and 26.88% power saving gain over that of the C-DRX(16, 12, 4), respectively. The power saving gain is because the PDCCH monitoring window is set to be sufficiently long to cover the variable range of network delay jitter. In order to reduce the unnecessary PDCCH monitoring, UE could be indicated to skip PDCCH monitoring before the packet arrival at the gNB at each cycle. UE is indicated to go-to-sleep state once it completes the reception of the PDSCH of XR packet and reports all ACKs for PDSCH. 
Observation 4: Under the similar capacity performance, the XR-PMW with go-to-sleep and XR-PMW with enhanced PDCCH skipping and go-to-sleep can obtain 21.47% and 26.88% power saving gain than that of the C-DRX (16, 12, 4), respectively.
Proposal 7: The XR-dedicated PDCCH monitoring window should be supported for XR UE power saving due to the good balance between system capacity and UE power saving.
In Rel-17 XR SI and RAN1#109-e, some enhanced schemes [4]~[10] have been proposed to reduce UE power consumption. The performance comparison between these schemes and our proposed scheme is summarized in the Table 7. 

[bookmark: _Ref110945679]Table 7: The performance comparison between other 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[4]
	2.64~9.94%
	100%
	7~9
	Yes
	Note2,Note 3

	Enhanced PDCCH monitoring[5]
	5.08%~21.84%
	60%~84%
	5
	No
	Note2

	Enhanced C-DRX[6]
	9.36%~23.84%
	91.25%~91.94%
	10
	No
	Note1

	Enhanced DRX with additional active time[7]
	29.43%
	86.36%
	11
	No
	Note1

	Early C-DRX[8]
	4.9%
	--
	--
	Yes
	Note4

	Two-stage DRX[9]
	9% ~16%
	--
	--
	Yes
	Note2

	C-DRX and PDCCH skipping enhancement[10]
	21.01%~33.44%
	91.25%~100%
	10
	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.
Note4: 60FPS, jitter [-4, 4] ms .



As shown in Table 7, 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 [4] in 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. Enhanced PDCCH monitoring proposal in [5] 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. Enhanced DRX proposed by [6] adjusts DRX On duration start time offset to be aligned with the lower boundary of jitter range or with quasi-period arrival time point.  Enhanced DRX with additional active time proposed by [7] changes DRX startoffset per 100ms and configures additional active time to trigger additional PDCCH monitoring for XR packet during DRX OFF. These enhanced DRXs get some power saving gain without capacity loss. However, the modification of DRX configuration makes the DRX non-periodic and the customized enhanced DRX for XR was only good for a known XR service but not robust enough for other services.
Unlike C-DRX where UE keeps on monitoring PDCCH for the entire ON duration, early C-DRX in [8] puts UE into DRX mode as soon as the DL packets are served and the early C-DRX conditions are met. The power saving gain is 4.9%  for  60FPS with jitter [-4,4] ms. Two-stage DRX  is proposed by [9] configure inner DRX cycles within an outer DRX cycle, the UE does not need to continuously monitor PDCCH over the whole jitter range with little power saving gain. The enhancement for the indication of PDCCH skipping is proposed by [10] to match the integer period of XR traffic, UE can skip PDCCH monitoring until the target position by one indication.  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.
Proposal 8: 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 [3]. In [3], 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 4. 


[bookmark: _Ref110945771][bookmark: _Ref110945766]Figure 4:  Illustration of enhanced SPS with PDCCH skipping and go-to-sleep.
Proposal 9:  The SPS enhancement with PDCCH skipping and go-to-sleep should be supported for XR UE power saving.
In this section, we evaluate the capacity performance and the power saving gain of the SPS enhancement that the PDCCH monitoring window introduced after the SPS occasion. Two baseline schemes including the DG scheduling with UE always on and C-DRX are both considered in the Table 8 and Table 9, respectively. Furthermore, the PDCCH skipping and go-to-sleep are both considered in the SPS enhancement for the power saving purpose. For the multiple SPS configurations, the 4ms periodicity is considered and the detailed evaluation assumptions are provided in Appendix.
[bookmark: _Ref110946141]Table 8: Evaluation results of SPS enhancement schemes compared to always-on
	Schemes
	Considered UE set
	Mean PSG compared to always-on
	#satisfied UEs per cell / #UEs per cell

	Baseline: Always-on
	-
	-
	12/12

	SPS enhancement
	All UEs
	12.5%
	10.8/12

	
	Satisfied UEs
	12.6%
	

	Multiple SPS configurations
	All UEs
	47.4%
	0/12

	
	Satisfied UEs
	--
	

	SPS enhancement with go-to-sleep
	All UEs
	39.8%
	10.6/12

	
	Satisfied UEs
	39.9%
	



From the evaluation results in Table 8, multiple SPS configurations can achieve best power saving performance as no PDCCH power consumption. The additional transmission delay is introduced for periodic SPS resources, when the packets are not completely transmitted at the current SPS occasion, it will wait for the next SPS occasion(s). The misalignment of the XR packet arrival time and the reserved resource of SPS occasion(s) would have the multiple SPS resource utilization in disarray, when the XR packet does not arrive at the reserved SPS resource in time and delay it to the next SPS occasion(s). Thus, it can hardly satisfy requirement of delay sensitive XR traffic as evaluation results shown in Table 8.
The SPS enhancement schemes introduce a pre-configured PDCCH monitoring window for dynamic scheduling after the reserved SPS resources to transmit remaining packets. The pre-configured monitoring window can cover the whole jitter range which can meet 90% satisfied UE. Furthermore, when the data transmission is completed, UE can be indicated to go-to-sleep for power saving purpose until next SPS occasion(s). It can obtain up to 39.9% power saving gain, which close to that of multiple SPS configurations. Moreover, the capacity of SPS enhancement schemes is near to that of DG scheduling. 
Observation 5: The SPS enhancement schemes can obtain the up to 39.9% power saving gain, which close to that of multiple SPS configurations. Moreover, the capacity of SPS enhancement schemes is near to that of DG scheduling.
[bookmark: _Ref110946152]Table 9: Evaluation results of SPS enhancement schemes compared to C-DRX 
	Schemes
	Considered UE set
	Mean PSG compared to C-DRX
	#satisfied UEs per cell / #UEs per cell

	Baseline: C-DRX(16,12,4)
	-
	-
	10.9/12

	SPS enhancement
	All UEs
	9.8%
	10.8/12

	
	Satisfied UEs
	9.9%
	

	Multiple SPS configurations
	All UEs
	46.1%
	0/12

	
	Satisfied UEs
	--
	

	SPS enhancement with go-to-sleep
	All UEs
	38.0%
	10.6/12

	
	Satisfied UEs
	38.1%
	



From Table 9, the SPS enhancement that introducing dynamic PDSCH allocation introduced in a SPS PDSCH periodicity can obtain 9.9%~38.1% power saving gain and similar performance in capacity compared to that of DG scheduling with C-DRX(16,12,4). The SPS enhancement with dynamic scheduling of remaining XR packets in a XR packet cycle can resolve the problems of the SPS configuration especially for the fixed resource size per SPS periodicity. When the XR packet is transmitted at the SPS occasion and there are still remaining packets in the gNB buffer, the SPS enhancement for XR could include monitoring the dynamic scheduling DCI during the pre-configured monitoring window after the reserved SPS resources. The remaining packets can be transmitted in the SPS periodicity and don’t need to wait for the next SPS occasion(s). 
Observation 6: The SPS enhancement scheme can obtain the capacity performance of 10.8 UEs per cell and 9.9%~38.1% power saving gain compared to that of DG scheduling with C-DRX(16,12,4), additionally the multiple SPS configurations hardly provide UE the XR-specific service.
Proposal 10: The SPS enhancement that the pre-configured PDCCH monitoring window bundled with the reserved SPS resource for PDSCH would be provide the resource to meet the QoS requirement  of XR-specific traffic with obvious power saving gain.

XR-specific playoutDelayForMediaStartup 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 buffer 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 [3], 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 10 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 would be 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: _Ref111153943]Table 10: Evaluation of power saving cases with gNB scheduling awareness of UE XR-specific playoutDelayForMediaStartup
	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%
	



[bookmark: _Hlk111068833]Based on the results above with the awareness of UE XR-specific playoutDelayForMediaStartup, the significant UE power saving gain, i.e., 26.43%~34.77%, can be achieved with negligible system capacity degradation. With the awareness of UE XR-specific playoutDelayForMediaStartup, 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 on-duration of C-DRX 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 the awareness of UE XR-specific playoutDelayForMediaStartup with negligible capacity degradation.
Observation 7: Large power saving gain can be obtained by the awareness of UE XR-specific playoutDelayForMediaStartup capacity gain.
Proposal 11: 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 5. 


[bookmark: _Ref111140270][bookmark: _Ref111140267]Figure 5:  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 12: 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 [11], 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 6. 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: _Ref111140346]Figure 6:  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 [7], i.e., SR group switching and UL active time. In [7], 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 [12]. 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 13:  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 observations and proposals, as follows:
Observation 1: The enhanced PDCCH schemes including: non-scheduling DCI based PDCCH skipping, continuous PDCCH skipping and go-to-sleep indication can obtain 22.79%~29.92% power saving gain with negligible capacity degradation. 
Observation 2: Under the same system load, the XR-PMW could obtain the less than 10% capacity performance gap than that of the UE always-on for DG scheduling and obtain 24.39%~29.92% PSG compared to that of the UE always-on for DG scheduling.
Observation 3: Under the similar capacity performance, the XR-PMW with go-to-sleep and XR-PMW with enhanced PDCCH skipping and go-to-sleep can obtain 21.47% and 26.88% power saving gain than that of the C-DRX (16, 12, 4), respectively.
Observation 4: Under the similar capacity performance, the XR-PMW with go-to-sleep and XR-PMW with enhanced PDCCH skipping and go-to-sleep can obtain 21.47% and 26.88% power saving gain than that of the C-DRX (16, 12, 4), respectively.
Observation 5: The SPS enhancement schemes can obtain the up to 39.9% power saving gain, which close to that of multiple SPS configurations. Moreover, the capacity of SPS enhancement schemes is near to that of DG scheduling.
Observation 6: The SPS enhancement scheme can obtain the capacity performance of 10.8 UEs per cell and 9.9%~38.1% power saving gain compared to that of DG scheduling with C-DRX(16,12,4), additionally the single SPS configurations hardly provide UE the XR-specific service.
Observation 7: Large power saving gain can be obtained by the awareness of UE XR-specific playoutDelayForMediaStartup capacity gain.

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: The procedure of Rel-17 PDCCH skipping adaptation should be enhanced for delay sensitive XR service to avoid frequent skipping indication signal overhead, e.g. continuous skipping indication.
Proposal 4: Rel-17 PDCCH skipping adaptation should be enhanced to support one code point of go-to-sleep indication for XR.
Proposal 5: The adaptation indication for PDCCH skipping should be separately between XR and other indicated to avoid different services latency requirements.
Proposal 6: DRX enhancement for XR service should not affect other data services.
Proposal 7: The XR-dedicated PDCCH monitoring window should be supported for XR UE power saving due to the good balance between system capacity and UE power saving.
Proposal 8: 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 9: The SPS enhancement with PDCCH skipping and go-to-sleep should be supported for XR UE power saving.
Proposal 10: The SPS enhancement that the pre-configured PDCCH monitoring window bundled with the reserved SPS resource for PDSCH would be provide  the resource to meet the QoS requirement  of XR-specific traffic with obvious power saving gain.
Proposal 11: gNB awareness of UE playout buffer should be studied and supported for XR UE power saving.
Proposal 12: 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 13: 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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5 Appendix 
5.1 Traffic model
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 additional delay is considered as a variable followed Truncated Gaussian distribution. The detailed traffic parameters for XR evaluations are shown in Table 11. 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: _Ref111123118]Table 11: Traffic parameters for XR evaluations
	Gaussian Parameters
	DL AR
	UL AR

	Bit Rate
	---
	30Mbps
	10Mbps

	FPS
	---
	60fps
	60fps

	Packet size
	Mean packet size
	62500bytes
	20800bytes

	
	Std. packet size value
	6563bytes
	2184bytes

	
	Min packet size
	31250bytes
	10400bytes

	
	Max packet size
	93750bytes
	31200bytes

	Inter-arrival time
	Packet generated period
	16.7ms
	16.7ms

	
	Mean jitter value
	4
	--

	
	STD. jitter value
	2
	

	
	Max jitter value
	8
	

	
	Min jitter value
	0
	



[bookmark: _Ref110946061]5.2 Simulation scenario
The simulation assumptions of Indoor Hotspot are shown in Table 12.
[bookmark: _Ref111123131]Table 12: 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: 2T/4R, (M, N, P, Mg, Ng; Mp, Np) = (1,2,2,1,1;1,2), (dH, dV) = (0.5, N/A)λ

	TDD configuration
	DDDSU for DL 

	MIMO transmission
	MU-MIMO for DL 
SU-MIMO for UL

	Scheduling 
	PF, Dynamic scheduling

	SPS Configuration
	Periodicity= 16ms
Mcs-Table ={qam64LowSE}
Pdsch-Aggregation Factor =1
SLIV=223
BWP size=273PRBs
Number of SPS configurations = 4
Note: 4 SPS configurations are considered with the different offset.
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