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[bookmark: _Ref68628695]Introduction
5G eXtended Reality (XR) and Cloud Gaming (CG) are characterized by the quasi-periodic data generation, tight delay budget and high data rate. In 3GPP Rel-17, performance of the 5G XR service was assessed based on system level evaluation methodology. During the study item, traffic models, deployment scenarios and simulation assumptions were defined for the evaluation of system capacity, UE power consumption, coverage and mobility [1]. In Rel-18, 3GPP will continue with the study of potential enhancement techniques on XR-awareness, UE power saving and capacity improvements for better support of XR services [2]. As indicated by the following SI objectives, focus of Rel-18 study on XR specific power saving is on CDRX enhancements and PDCCH monitoring enhancements.
	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.



In this paper, we will study potential enhancements for XR-specific UE power saving with the focus on CDRX enhancements and PDCCH monitoring enhancements. 
CDRX Enhancements
1.1 [bookmark: _Ref102151188]Enhanced CDRX 
In this clause, we provide CDRX enhancement which allows adjusting DRX on-duration start times to be aligned with XR DL traffic arrival times.
Issue: XR Periodicity Mismatch
R15/16/17 CDRX cycle values mismatch with XR DL frame arrival periodicity. This means that there is a tempo mismatch between the two. The typical XR DL frame rates are 60, 120 frames per seconds (fps), of which frame periodicities are 16.67ms, 8.33ms. The configurable R15/16/17 CDRX long cycle values are 10, 20, 32, 40ms, etc. and short cycle values are 2, 3, 5, 6, 7, 8, 10, 14, 16, 20, 30, 32, 35ms, etc. Since CDRX cycle values support only integer multiples of 1ms, no matter which cycle periodicity is chosen from currently available values from TS38.331, it cannot be exactly aligned with DL frame arrival timing. Figure 1 illustrates the case of XR periodicity mismatch between 60fps and DRX cycle of 16ms and 17ms. This mismatch would lead to XR capacity loss due to larger latency and/or larger UE power consumption to keep the same latency performance. 
[bookmark: o1]Observation 1: There is a time mismatch issue between periodic XR DL traffic and R15/16/17 CDRX configuration. This would lead to XR capacity loss due to larger latency or larger UE power consumption to keep the same latency performance. 
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[bookmark: _Ref101804313]Figure 1 Mismatch between XR DL traffic (60fps) and R15/16/17 CDRX periodicity (16ms or 17ms) 
In RAN1’s evaluation study on XR [1], companies have reported power savings gains if the tempo mismatch can be avoided. Since DRX has been a proven technique for UE power saving and easier for operators to deploy, we believe simple enhancements which can solve the tempo mismatch issue can be an effective way to reduce power consumption for XR and CG applications. 

CDRX Enhancement for XR Periodicity
To resolve this mismatch issue, we propose a simple solution to add a set of new values which correspond to typical periods of XR traffic for both short and long DRX cycles [3].
 for 60Fps
 for 120Fps
The proposed changes are the following:
· [bookmark: _Hlk101820210]In TS38.331, since the legacy drx-Config is not extensible, we need to introduce a new IE under mac-CellGroupConfig. Within this new IE, it is more accurate to specify the new DRX cycles in fractions (e.g., 50/3 instead of 16.66) than in decimals which can only approximate actual traffic periods and introduce rounding errors. The set of values we have included in the TP correspond to the commonly used frame rates of 15, 24, 30, 45, 48, 60, 80, 90 and 120 Hz.
· In TS38.321, we can keep the legacy formula for determining the start time of a DRX cycle as is, with the understanding that when DRX cycle is a rational number, the modulo operation in the formula is the modulo operation on rational numbers. In addition, since the result of the modulo operation can be non-integers, we need to add “floor” operation to both sides of the formula.

Figure 2 illustrates the case of DRX cycles when the DRX cycle is set to 50/3ms. In this example, the XR frame rate is 60Hz. This proposed CDRX enhancement provides the non-uniform DRX cycles of {17ms, 17ms, 16ms}, which can match DRX on-duration start points with the XR traffic arrivals, addressing the tempo mismatch issue in 50ms level.
[bookmark: o2]Observation 2: By adopting the rational number in DRX cycle and adding the floor operations in DRX formulas, DRX cycles could be adjusted to address the mismatch between DL traffic arrival times and DRX on-duration start times.
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[bookmark: _Ref68499845]Figure 2 Enhanced CDRX start offset addressing mismatch problem

In Figure 3, we also illustrate the performance improvement enabled by the proposed enhancement compared to the legacy. In this example, the XR frame rate is 60Hz. The legacy configuration has a DRX cycle of 16ms. For the enhancement, DRX cycle is set to 50/3ms. Each data point in the plot corresponds to one DRX cycle and shows the difference between the start of DRX cycle and XR frame. For example, a data point with y-axis value = -4ms means that in a particular DRX cycle, the XR frame arrives 4ms later than the start of that DRX cycle.
As we can observe from the plot,
· In the legacy configuration, UE would suffer from a large swing in timing mismatches (aka drift). This creates large jitter/latency for UE when frames arrive ahead of DRX cycle and consume extra power when DRX cycles start earlier than necessary.
· With the enhancement, although there are still some mismatches varying over DRX cycles, their magnitudes are limited to a very small range. And more importantly, this range does not to change over time. This property is very desirable, from both latency and power saving perspectives.
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[bookmark: _Ref101872647]Figure 3. Timing between start times of DRX cycles and XR frames - legacy vs enhancement

eCDRX Techniques
Two types of techniques were proposed to achieve the alignment between CDRX cycles and XR traffic cadences including semi-static configuration and dynamic adjustment of DRX start. The semi-configuration can be based on 
· Configuration of CDRX cycle pattern (e.g., periodic pattern of consecutive DRX cycles with different DRX cycle values, e.g., {17, 17, 16} ms for 60fps XR video generation)
· Non-integer CDRX cycle (e.g., 50/3 ms DRX cycle with quantization to slot or symbol boundary) 
· Multiple active CDRX configurations (i.e., multiple active CDRX configurations with same periodicity, e.g., 50ms and staggered start offsets, e.g.., {0, 17, 34} ms). 
· Dynamic adjustment based on PDCCH or MAC-CE. 
Between the two types of techniques, the semi-static configuration is relatively simpler for implementation and can be more robust than missed detection of the dynamic signaling. 

[bookmark: o3]Observation 3: Enhanced CDRX for DRX cycle and XR video periodicity alignment can be based on 
· Dynamic adjustment of DRX start
· Semi-static configuration of DRX cycles, semi-static configuration is simpler for implementation and more robust to missed detection.

Performance Evaluation Results for FR1
[bookmark: _Ref88925752]In this section, eCDRX is evaluated jointly for the power saving performance and the throughput performance. The evaluation uses the following simulation parameters in Table 1.
[bookmark: _Ref110430153]Table 1: Simulation parameters for eCDRX
	Traffic profile

	Direction
	DL Only

	Throughput
	30 Mbps

	Cadence
	60 Hz

	PDB
	10 ms

	Jitter
	Truncated gaussian: min -4ms, max 4ms, std 2ms

	Network Setup

	Layout
	Dense Urban

	Cell Number
	21

	Frequency Range
	FR1

	UE Number 
	13 per cell

	Bandwidth
	100 MHz (1/8 scale for simulation)

	SCS
	30 kHz

	Power Saving settings

	Periodicity 
	CDRX: 16 ms, eCDRX: {16, 17, 17} ms leap cycle

	On duration
	12 ms

	Inactivity timer
	8 ms

	PDCCH skipping
	 For the rest of DRX active time

	SSSGS
	Sparse - every other slot, Dense – every slot



The following schemes are evaluated and compared for FR1 VR traffic with 30Mbps video data rate based on Rel-17 simulation assumptions
· AlwaysOn: CDRX is not configured, UE continuously monitors PDCCH
· CDRX: there is a misalignment between CDRX cycle and the XR video frame periodicity
· Search Space Set Group (SSSG) switching: UE monitors PDCCH in sparse occasions before the first scheduling DCI which indicates UE to switch to dense PDCCH monitoring 
· PDCCH skipping: scheduling DCI for the last PDSCH of the video frame indicates UE to skip monitoring PDCCH in the rest of the active time of the DRX cycle
· eCDRX: CDRX cycles are aligned with XR video frame periodicity  
Figure 4 is an illustration for UE power saving setup when eCDRX, SSSG switching and PDCCH skipping are configured. Simulation results will show that this setup achieve the best power saving gain with marginal throughput loss.
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[bookmark: _Ref110932810]Figure 4 UE power saving scheme when eCDRX is configured

Table 2 presents the power saving gain and throughput results for Rel15/16 CDRX, eCDRX and various schemes when PDCCH skipping and SSSG skipping are enabled. When CDRX is replaced by eCDRX, the CDRX shows slightly better power saving (because of less decoding of the PDSCH) but significantly degradation in UE satisfaction ratio due to the misalignment between on CDRX cycles and data arrivals. For the same reason, PDCCH skipping hurts the throughput of CDRX significantly as there is no one to one mapping between the DRX cycle to video frame cadence. In the meanwhile, SSSG switching between sparse and dense PDCCH monitoring before and after the data arrival brings additional power saving gain with slight throughput loss due to additional delay caused by the sparse PDCCH monitoring. Note that loss in UE satisfaction ratio is considered marginal if it is larger than or equal to 80% for a power saving scheme when the number of UEs per cell is equal to capacity.

[bookmark: _Ref110445245]Table 2: Enhanced CDRX, FR1, DL evaluation, DU, VR30
	Power saving scheme
	CDRX cycle (ms)
	ODT (ms)
	IAT (ms)
	Load H/L
	#UE /cell
	floor (Capacity)
	% of satisfied UE
	Mean PSG of all UEs (%)

	Always On
	-
	-
	-
	H
	13
	12
	89.3%
	0%

	Rel15/16 CDRX
	16
	12
	8
	H
	13
	12
	78.8%
	6.04%

	eCDRX
	16/17/17
	12
	8
	H
	13
	12
	90.0%
	3.92%

	Rel15/16 CDRX + PDCCH skipping
	16
	12
	8
	H
	13
	12
	38.3%
	25.7%

	eCDRX + PDCCH skipping
	16/17/17
	12
	8
	H
	13
	12
	87.5%
	24.5%

	Rel15/16 CDRX + PDCCH skipping + SSSG switching
	16
	12
	8
	H
	13
	12
	13.6%
	29.7%

	eCDRX + PDCCH skipping + SSSG switching
	16/17/17
	12
	8
	H
	13
	12
	82.5%
	28.8%

	Always On
	-
	-
	-
	H
	12
	12
	94.6%
	0%

	Rel15/16 CDRX
	16
	12
	8
	H
	12
	12
	86.5%
	6.17%

	eCDRX
	16/17/17
	12
	8
	H
	12
	12
	94.6%
	4.26%

	Rel15/16 CDRX + PDCCH skipping
	16
	12
	8
	H
	12
	12
	47.6%
	26.4%

	eCDRX + PDCCH skipping
	16/17/17
	12
	8
	H
	12
	12
	92.7%
	25.7%

	Rel15/16 CDRX + PDCCH skipping + SSSG switching
	16
	12
	8
	H
	12
	12
	19.8%
	30.6%

	eCDRX + PDCCH skipping + SSSG switching
	16/17/17
	12
	8
	H
	12
	12
	90.4%
	30.1%



[bookmark: o4]Observation 4: For FR1, DL VR 30Mbps in Dense Urban environment, eCDRX achieves 28.8% power saving gain with satisfied UE ratio 83% when PDCCH skipping and SSSG skipping are enabled. CDRX achieves power saving gain of 29.7% but satisfied UE ratio significantly degrades to 14%.
Performance Evaluation Results for FR2
In this section, we evaluate the power consumption using eCDRX for FR2. Simulation parameters are included in Appendix section 8.3. 
Figure 5, Figure 6, and Figure 7 show the capacity evaluation results for CDRX, eCDRX (without jitter), and eCDRX (with jitter), respectively. Table 3 shows the power savings gains and the respective capacity. It can be seen that eCDRX capacity is much better as compared to CDRX with jitter with comparable power saving gains. However, for eCDRX, the number of satisfied UEs degrades when jitter is enabled, and a complementary method may be needed (e.g., dynamic CDRX) to better handle jitter. It can be noted, that Rel-17 enhancements (e.g., PDCCH skipping and SS set switching) are not modeled in these evaluations.
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[bookmark: _Ref111191881]Figure 5:  FR2 CDRX InH Capacity, VR (30Mbps), without Jitter, PDB =10ms
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[bookmark: _Ref111186141]Figure 6:  FR2 eCDRX InH Capacity, VR (30Mbps), without Jitter, PDB =10ms
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[bookmark: _Ref111186167]Figure 7:  FR2 eCDRX InH Capacity, VR (30Mbps), with Jitter, PDB =10ms


[bookmark: _Ref84002077]Table 3:  Summary of InH Capacity and Power Consumption Results for 7UE per Cell, VR (30Mbps), PDB =10ms 
	Power saving scheme
	CDRX cycle (ms)
	ODT (ms)
	Jitter
	IAT (ms)
	% of satisfied UE
	Mean PSG of all UEs (%) relative to Always On

	Always On
	NA
	NA
	No
	NA
	90%
	0%

	Rel15/16 CDRX
	16
	4
	No
	4
	0%
	28.60%

	Rel15/16 CDRX
	16
	8
	No
	8
	42%
	8.70%

	Rel15/16 CDRX
	16
	8
	No
	16
	90%
	0.29%

	eCDRX
	16/17/17
	4
	No
	4
	90%
	18.93%

	eCDRX
	16/17/17
	8
	No
	8
	90%
	7.71%

	eCDRX
	16/17/17
	8
	No
	16
	90%
	0.30%

	Always On
	NA
	NA
	Yes
	NA
	90%
	0%

	Rel15/16 CDRX
	16
	4
	Yes
	4
	0%
	28.44%

	Rel15/16 CDRX
	16
	8
	Yes
	8
	50%
	9.64%

	Rel15/16 CDRX
	16
	8
	Yes
	16
	65%
	4.10%

	eCDRX
	16/17/17
	4
	Yes
	4
	27%
	25.10%

	eCDRX
	16/17/17
	8
	Yes
	8
	84%
	8.28%

	eCDRX
	16/17/17
	8
	Yes
	16
	88%
	2.43%


[bookmark: o5]Observation 5: For FR2, DL VR 30Mbps in Indoor Hotspot environment, eCDRX achieves considerable capacity gains over Re115/16 CDRX (especially in case of jitter) with comparable power saving gains. For eCDRX, the number of satisfied UEs degrades when jitter is enabled, and a complementary method (e.g., dynamic CDRX) may be needed to better handle jitter.
Based on the observations and discussions above, we make the following proposals.
[bookmark: p1]Proposal 11: Introduce non-integer rational numbers in short/long DRX cycles and add floor operations in DRX formulas for CDRX enhancement in Rel-18 with minimal spec impact.
[bookmark: p2]Proposal 2: Capture evaluation results in Table 2 and Table 3 for enhanced CDRX with periodicity alignment with XR traffic in TR 38.835.

In RAN1 #110, the following conclusion was made during discussions on jitter handling techniques. It should be noted that the conclusion also has an impact on the dynamic eCDRX alignment with XR traffic periodicity (e.g., adjustment of DRX On-Duration start based on PDCCH or MAC-CE). The main motivation for the dynamic alignment is that a single signaling can be used to indicate the instantaneous jitter value and to align CDRX cycle with XR traffic periodicity. Proponents of the dynamic alignment believe this has the benefit of reduced configuration signaling overhead (this is also controversial though). Given that the instantaneous jitter value is not assumed predictable, the dynamic signaling can only be used for periodicity alignment which is caused by a semi-static rather than a dynamic mismatch between the CDRX cycle and the XR traffic periodicity. In this case, the dynamic alignment does not have any benefit. Instead, transmission of the dynamic signaling causes additional resource overhead and UE power consumption.
	Conclusion
RAN1 does not assume instantaneous jitter value for a frame is predictable for Rel-18 XR SI power saving study before further input is provided by SA.



[bookmark: o6]Observation 6: The main benefit of the dynamic alignment between the CDRX cycle and the XR traffic periodicity is that a single signaling can indicate the instantaneous jitter value and resolve the periodicity mismatch. Given that RAN1 has concluded the instantaneous jitter value is not assumed to be predictable, the dynamic alignment does not have the benefit anymore but will cause additional resource overhead and UE power consumption.

[bookmark: p3]Proposal 3: Rel-18 XR deprioritizes dynamic alignment between the CDRX cycle and the XR traffic periodicity.

Issue: SFN Wraparound Mismatch 
In R15/16/17 DRX operation, DRX on-duration start time refers to the system parameters of SFN and subframe number. Since SFN and subframe number have the range of 0~1023 frames and 0~9 subframes respectively, DRX reference time of [(SFN × 10) + subframe number] is repeated every 10,240ms, which is equal to the hyper frame period. However, this hyper frame period cannot be aligned with XR periodicity. For 60 and 120Fps, 0.6 and 0.2 frame period of XR traffic are remained at the end of hyper frame (i.e. SFN returns to 0) respectively, and this partial frame causes the mismatch issue between DRX on-duration and XR DL frame arrival in the next hyper frame.
 for 60Fps
 for 120Fps
Figure 8 illustrates the case of SFN wraparound mismatch of 60fps XR DL traffic when DRX start offset is set to 0. At the end of hyper frame, DRX on-duration starts because SFN returns to 0 and subframe number is 0, but the actual XR DL traffic arrives 10ms (i.e., 0.6 frame) later. This mismatch would also lead to XR capacity loss due to larger latency and/or larger UE power consumption to keep the same latency performance.
[bookmark: o7]Observation 7: In R15/16/17 DRX operation, the mismatch happens between DRX on-duration times and XR DL traffic arrivals when SFN returns to 0 every hyper frame 10,240ms. This would lead to XR capacity loss due to larger latency and/or larger UE power consumption to keep the same latency performance.
[image: Graphical user interface, diagram

Description automatically generated with medium confidence]
[bookmark: _Ref101804327]Figure 8 SFN wraparound mismatch between XR DL traffic (60fps) and enhanced CDRX start offset

CDRX Enhancement for SFN Wraparound
To resolve this mismatch issue, we propose a simple solution to replace SFN of DRX formulas with a new parameter of SFN_M which can be aligned with all possible XR periodicities. The proposed changes are the following:
· In TS38.321, we introduce a new timing reference value of SFN_M, which is updated by SFN_M = (SFN_M + 1) mod M when SFN is changed. M is typically configured as 1,000 for XR and CG applications. If SFN_M is set up, the DRX formula uses the new value of SFN_M instead of SFN. 

Since SFN_M and subframe number have the range of 0~999 frames and 0~9 subframes respectively, the new DRX reference time of [(SFN_M × 10) + subframe number] is repeated every 10,000ms. Now, this reference time period can be well aligned with XR periodicity, and no partial frame is remained at the end of SFN_M.
 for 60Fps
 for 120Fps
For the initial value of SFN_M, there could be a timing ambiguity issue due to the HARQ retransmission of RRC message including DRX configuration. To resolve this ambiguity, we also introduce a new 1-bit IE of drx-timeReferenceSFN (0 or 512) to indicate the time reference SFN to SFN_M.

Based on two proposals, the proposed CDRX enhancements can be finalized as below:
· if the Short DRX cycle is used for a DRX group, and floor{[(SFN_M × 10) + subframe number] modulo (drx-ShortCycle)} = floor{(drx-StartOffset) modulo (drx-ShortCycle)}, start drx-onDurationTimer for this DRX group after drx-SlotOffset from the beginning of the subframe.
· if the Long DRX cycle is used for a DRX group, and floor{[(SFN_M × 10) + subframe number] modulo (drx-LongCycle)} = drx-StartOffset, …, start drx-onDurationTimer for this DRX group after drx-SlotOffset from the beginning of the subframe.
· SFN_M is set to (SFN - drx-timeReferenceSFN) mod M when DRX is configured by RRC. if SFN is changed, SFN_M = (SFN_M + 1) mod M. M is configured as 1,000 for XR and CG applications.
· Introduce the new DRX cycles in rational numbers corresponding to typical XR traffic periodicities (e.g. 15, 24, 30, 45, 48, 60, 80, 90 and 120 Hz)

Figure 9 illustrates the case of 60fps XR DL traffic when configured with the proposed CDRX enhancements. By adopting the rational number (50/3ms) for DRX cycle, the set of DRX cycles can be aligned with XR periodicity in 50ms level. Also, even when the timing reference value of SFN_M returns to 0, the mismatch issue does not happen because the period of SFN_M can be aligned with XR periodicity.
[bookmark: o8]Observation 8: By using SFN_M instead of SFN in DRX formulas, the SFN wraparound issue can be resolved with the least spec impact for CDRX alignment with XR periodicities
· SFN_M is updated by SFN_M = (SFN_M + 1) mod M when SFN is changed. The modulo number M can be configured as 1000 for XR and CG applications
· TP in Appendix in 8.1 can be adopted by RAN2
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[bookmark: _Ref101863092]Figure 9 SFM modulo addressing SFM wraparound mismatch problem
As a result, the proposed solutions can address the mismatch issues between DRX cycle and XR periodicity with the least spec impact. Based on the above observations and discussion, we finally propose that

Alternative CDRX Enhancement with XR Cadence
We also propose the alternative option to eliminate the drifts in tempo mismatch. In this option, the solution uses cadence instead of periodicity of XR traffic to calculate the start time of DRX on durations. More specifically, it introduces a new parameter (i.e. drx-ShortCadence and drx-ShortCadence), which takes the same integer values as typical cadences of XR traffic (e.g. 30, 60, 90 or 120 Hz). When this new parameter is configured, UE uses it instead of legacy DRX cycle (i.e. drx-ShortCycle and drx-LongCycle) to determine the subframe in which the next DRX on duration should start, as follows (with short DRX cycle as an example):
· If the Short DRX cycle is used for a DRX group and n = [(SFN_M × 10) + subframe number] and ceiling(n × drx-ShortCadence /1000) +1 = ceiling [(n+1) × drx-ShortCadence/1000]:
· start drx-onDurationTimer for this DRX group after drx-SlotOffset from the beginning of the subframe n + drx-StartOffset.
This option has the merit that it can support XR traffic with any number of frames per second at a cost of slightly more spec changes and the resulting start times of DRX cycles can closely track those of XR frames without drifting.

1.2 Dynamic CDRX Parameter Adaptation
For XR, traffic bursts are periodic with some time jitter in the arrival. These traffic bursts may have different packet sizes (lengths) and different number of packets within each burst. In addition, there may be a tempo mismatch between the XR traffic and the CDRX cycles.
With this kind of traffic characteristics for XR, having preconfigured and fixed CDRX parameters may have some impacts, e.g.:
· PDB violation:
· Case 1: jitter and/or tempo mismatch where the packets may arrive outside the CDRX ON
· Case 2: CDRX ON duration is not long enough to accommodate the burst
· Case 3: CDRX inactivity timer is not long enough
· In these cases, the gNB could buffer those packets and transmit them on the next CDRX ON duration. Even though we may get some power savings, the impact of this will be additional delay and possibly not fitting in the PDB and the user may experience capacity loss
· Power consumption:
· Case 1: in case the CDRX ON duration is longer than what is needed to send the burst, the UE would be awake longer un-necessarily wasting power
· Case 2: in case inactivity timer is longer than any possibility of data arrival, or gNB knows the burst is complete and no other data is arriving, the UE waking up for the inactivity timer will un-necessarily waste power
[bookmark: o9]Observation 9: Using fixed CDRX parameters may have negative impact on delays (PDB) and power consumption for XR traffic.
If the gNB can receive information from the XR application about the bursts (e.g., the number of packets and their lengths in a burst) and their distribution, it can use this information to adapt the CDRX parameters to these bursts and hence avoid delays and un-necessary UE power wastage. Examples of these parameters may include: WUS to CDRX ON offset, CDRX ON duration, inactivity timer, indication to go to sleep after last packet, PDCCH monitoring periodicity, PDCCH skipping, WUS skipping, and scheduling additional WUS.
Several ways can be used to signal the CDRX adaptation (as shown in Figure 10). This includes:
· Using WUS: 
· WUS signal can be modified to indicate parameters changes to the upcoming CDRX
· Using WUS and PDCCH/PDSCH
· Can be utilized to reduce the WUS payload
· CDRX parameters split to part 1 (carried by WUS) and part 2 (carried by PDCCH/PDSCH)
· Using previous PDCCH/PDSCH
· CDRX parameters piggybacked on PDCCH and/or PDSCH in previous CDRX cycle
· Using previous and current PDCCH/PDSCH
· CDRX parameters part 1 (piggybacked in previous CDRX cycle) and part 2 (piggybacked in current CDRX cycle) 
As can be seen from the eCDRX section, for eCDRX, the number of satisfied UEs degrades when jitter is enabled, and a complementary method may be needed to better handle jitter. This is where dynamically adapting the CDRX parameters may be important. 
In addition to jitter, in the case of a congested network, depending on a UE’s priority, it may be scheduled in a delayed slot within the ON duration. In this case, a Rel-17 UE would still need to monitor PDCCH from the start of the ON duration until the slot it is scheduled in, wasting power.



[bookmark: _Ref115349595]Figure 10: CDRX parameter adaptation
Figure 11 and Table 4 show the power saving gains for dynamically adapting the ON duration start for eCDRX for FR2, for (a) PDCCH skipping applied within ON duration only and (b) PDCCH skipping within ON duration and for IAT (early IAT termination). Simulation parameters are included in Appendix section 8.3. Jitter is enabled. eCDRX was chosen as the default baseline based on the following from RAN1#110: 
	For future meetings: Companies are encouraged to account the enhancement of CDRX to align with XR traffic periodicity in their further evaluations for XR power saving enhancements.  


As can be seen from the results, considerable power saving gains are achieved by adapting the ON duration start. These gains can be attributed to:
· Adaptation to tempo difference between CDRX and XR traffic
· Adaptation to jitter
· Adaptation to delayed DCIs within the ON duration (the power saving opportunity in the 3rd row of Figure 10) 
It can be noted that Rel-17 power saving tools (PDCCH skipping and SSSG switching) can achieve some, but not all, of the adaptation needed to optimize the power saving gains for XR traffic. 
In addition to the gains for ON duration start adaptation (as seen from the simulations), we consider the PDCCH skipping quantization issue. PDCCH skipping is defined in Rel16/17, where RRC configures a list of up to 3 values for the number of slots that the UE can skip PDDCH monitoring. The scheduling DCI includes a field to indicate one of these 3 values. The issue is that the possible values that DCI can select from (up to 3) is semi-statically configured in RRC and has a large range which leads to large quantization and hence unoptimized power savings. Hence, some adaptation may be needed. For example, for the inactivity timer (IAT), the gNB may indicate PDCCH skipping while the timer is running, but due to quantization of the value for the skipping, the PDCCH skipping may not align with the IAT and some opportunity for power saving may be missed. In this case, dynamically changing the IAT timer or early stoppage of the timer may yield more power saving gains.
In addition, Rel-17 only allows PDCCH skipping to be indicated using a scheduling DCI which can be very limiting and may cause power saving gain opportunities to be missed (for example, during the IAT, the gNB cannot indicate PDCCH skipping if it decides no data is available). Hence, it may be reasonable to study introducing PDCCH skipping indication using a non-scheduling DCI. 
It should be noted that although RAN1 concluded that gNB’s knowledge of the instantaneous jitter cannot be assumed, the other delays mentioned above may be known to the gNB and contribute to the power savings. Also, for jitter, we can handle it as a best effort case, where if the gNB knows such delays it can make use of this feature, it not, then it falls back to default operation. 
[bookmark: o10]Observation 10: For FR2, DL VR 30Mbps in Indoor Hotspot environment, dynamically adapting some of the (e)CDRX parameters can achieve considerable capacity gains over (e)CDRX
[bookmark: p4]Proposal 4: For XR, consider studying methods to dynamically adapt the CDRX parameters to the traffic bursts, specifically: 
· ON duration start
· Inactivity timer early termination
· PDCCH skipping/SSSG switching indication using a non-scheduling DCI
	[image: ]
(a) PDDCH skipping inside ON duration only
	[image: ]
(b) PDCCH skipping inside ON duration and for IAT


[bookmark: _Ref111193938]Figure 11: FR2 InH Relative Power Consumption, VR (30Mbps), with Jitter, PDB =10ms
[bookmark: _Ref111193951]Table 4:  Summary of FR2 InH Power Consumption Results for 7UE per Cell, VR (30Mbps), PDB =10ms 
	Power saving scheme
	CDRX cycle (ms)
	ODT (ms)
	IAT (ms)
	% of satisfied UE
	Median PSG of all UEs (%) relative to baseline
	Mean PSG of all UEs (%) relative to baseline

	[note 1] Baseline: 
eCDRX + PDCCH skipping
	16
	4
	4
	27%
	0%
	0%

	
	16
	8
	8
	84%
	0%
	0%

	
	16
	8
	16
	88%
	0%
	0%

	[note 1] Enhancement:
eCDRX + PDCCH skipping + Adaptive ON Start
	16
	4
	4
	27%
	43.8%
	42.4%

	
	16
	8
	8
	84%
	38.6%
	38.1%

	
	16
	8
	16
	88%
	34.6%
	34.4%

	[note 2] Baseline: 
eCDRX + PDCCH skipping
	16
	4
	4
	27%
	0%
	0%

	
	16
	8
	8
	84%
	0%
	0%

	
	16
	8
	16
	88%
	0%
	0%

	[note 2] Enhancement:
eCDRX + PDCCH skipping  + Adaptive ON Start
	16
	4
	4
	27%
	54.7%
	53.3%

	
	16
	8
	8
	84%
	56.1%
	55.3%

	
	16
	8
	16
	88%
	54.1%
	53.3%

	Note 1: PDCCH skipping inside ON duration only
Note 2: PDCCH skipping inside ON duration and for IAT (early IAT termination)
	



[bookmark: _Ref118385760]Table 5:  Summary of FR2 InH Power Consumption Results for 7UE per Cell, VR (30Mbps), PDB =10ms 
	Power saving scheme
	CDRX cycle (ms)
	ODT (ms)
	IAT (ms)
	% of satisfied UE
	Median PSG of all UEs (%) relative to baseline (ALWAYS ON)
	Mean PSG of all UEs (%) relative to baseline (ALWAYS ON)

	Baseline: ALWAYS ON
	N/A
	N/A
	N/A
	90%
	0%
	0%

	[note 1] 
eCDRX + PDCCH skipping
	16
	4
	4
	27%
	29.4%
	31.5%

	
	16
	8
	8
	84%
	16.0%
	17.4%

	
	16
	8
	16
	88%
	11.7%
	12.7%

	[note 1] Enhancement:
eCDRX + PDCCH skipping + Adaptive ON Start
	16
	4
	4
	27%
	60.3%
	60.5%

	
	16
	8
	8
	84%
	48.4%
	48.9%

	
	16
	8
	16
	88%
	42.3%
	42.7%

	[note 2] 
eCDRX + PDCCH skipping
	16
	4
	4
	27%
	44.3%
	45.5%

	
	16
	8
	8
	84%
	42.3%
	43.1%

	
	16
	8
	16
	88%
	43.0%
	43.7%

	[note 2] Enhancement:
eCDRX + PDCCH skipping + Adaptive ON Start
	16
	4
	4
	27%
	74.8%
	74.5%

	
	16
	8
	8
	84%
	74.7%
	74.6%

	
	16
	8
	16
	88%
	73.8%
	73.7%

	Note 1: PDCCH skipping inside ON duration only
Note 2: PDCCH skipping inside ON duration and for IAT (early IAT termination)
	



[bookmark: p5]Proposal 5: Capture evaluation results in Table 4 and Table 5 for adaptive On Duration Start in TR 38.835.

1.3 Early CDRX
In this clause, we introduce Early CDRX which is a powerful power saving feature. Early CDRX was originally conceived for the best effort applications and is known to provide significant power savings for many different CDRX schemes in use with or without short cycles. For XR use cases, it leverages the benefits of eCDRX and provides extra power saving with extra DRX.
It is well known that jitter in cellular networks creates uncertainty regarding the time position of periodic data bursts. For example: In XR application with 60 FPS, the interval between frames on an average is 16.67 ms, but because of jitter ([-4, +4] ms from Rel 17 definition) the interval between frames can vary. For periodic applications (e.g., XR), the CDRX cycle length can be made equal to the applications traffic periodicity (eCDRX is the solution to this) to provide optimal power saving while ensuring minimal packet latency.
When jitter is present, the active part of the CDRX cycle needs to be set long enough to wait for the tail distribution of the jitter to avoid premature transition to the inactive part of the cycle before receiving the burst of data. This extended duration of the active part of the CDRX cycle increases UE power consumption. Hence, even though eCDRX perfectly solves the issue of traffic periodicity, it still is not optimal from power consumption perspective due to the need of extended duration of the active part of the CDRX cycle to ensure PDB. The solution to this problem is early CDRX which completely avoids the need of extended duration of the active part of the CDRX cycle introduced due to eCDRX and hence is capable providing further power saving. We also want to emphasize here that the power saving provided by early CDRX for XR type of traffics comes without any impact on PDB.
[bookmark: o11]Observation 11: In presence of jitter, the active part of the CDRX cycle needs to be set as long as the jitter tail distribution to avoid premature transition to the inactive part of the cycle before receiving the burst of data. This extended duration of the active part of the CDRX cycle increases UE power consumption.
Description of the Design
For XR-like apps, the condition for triggering the early transition to DRX state is based on the following 3 conditions where 4 new RRC parameters will be used
· Condition 1: If the current slot is less than or equal to early_cdrx_advance ahead of the location of an upcoming drx-OnDuration,
· Condition 2: There has been inactivity for at least early_cdrx_inactivity slots, and
· Condition 3: If the early_cdrx_advance falls inside the ON duration,
· In the current CDRX cycle, the number of DL grants be at least early_cdrx_DL_grants [0, …]
· In the current CDRX cycle, the number of UL grants be at least early_cdrx_UL_grants [0, …]
When all three conditions are satisfied, the UE immediately transitions to the DRX state. [Condition 3 can be evaluated considering only XR QoS flow]
We want to emphasize here that for the best effort apps, the Early CDRX comprises of only Condition 1 and Condition 2 and is known to provide extensive power savings for all CDRX options in use (Simulation results summary is provided in the Appendix section).
[bookmark: p6]Proposal 6: UE can transition to the CDRX inactive state after reception of the DL frame. The transition can happen within the configured active part of the CDRX cycle if the Early CDRX conditions are satisfied.
The pictorial idea of Early CDRX and how it provides benefits over eCDRX is illustrated below. As depicted, unlike eCDRX where UE keeps on monitoring PDCCH for the entire ON duration, early CDRX puts UE into DRX mode as soon as the DL packets are served and the early CDRX conditions are met. This, hence, gives additional DRX, i.e., more power saving by avoiding unnecessary PDCCH monitoring. The power savings provided by early CDRX for various scenarios are also provided and discussed in the simulation results section.
[image: Timeline, bar chart

Description automatically generated]Figure 12: Comparison between eCDRX and Early CDRX
Note 1: For XR, early_cdrx_advance can be made long enough to start as early as at the beginning of the ON duration.
Note 2: For XR, early_cdrx_inactivity can be the same as inactivity timer. For non-XR, early_cdrx_inactivity is mostly much smaller than inactivity timer. 
[bookmark: o12]Observation 12: Early CDRX reduces the active part of the CDRX cycle without impacting packet latency resulting in UE power saving.
Simulation Results for Early CDRX
In this section, we provide the simulation results showing the power savings that Early CDRX can provide when implemented on top of eCDRX.

The assumptions used for the simulations are as follows:
· Traffic model: Single stream DL traffic model
· CDRX setup: X-Y-Z / A-B in ms, where X = Inactivity timer, Y = On duration, Z= Long cycle duration, A = Early CDRX Inactivity, B = Early CDRX Advance
· For 60 FPS, CDRX used is: 
· 2-5-17 / 2-15 for jitter [-5, +5] ms 
· 2-4-17 / 2-15 for jitter [-4, +4] ms
· Leap cycle is 16 ms with periodicity of 3 with the pattern {17, 17, 16} ms
· For 120 FPS, CDRX used is: 
· 2-5-8 / 2-6 for jitter [-5, +5] ms
· 2-4-8 / 2-6 for jitter [-4, +4] ms
· Leap cycle is 9 ms with periodicity of 3 with the pattern {9, 8, 8} ms
· Jitter = [-5, +5] ms or [-4, +4] ms (mean = 0, STD = 2 ms)
· Channel BW = 100 MHz, 1CC
· TDD = DDDSU
· SCS = 30 KHz
· RF condition: Near Cell (1047/105) [DL/UL Mbps]
· Network loading = 20%
Table 6: Simulation results for Early CDRX power saving
	FPS
	Jitter
	Power saving 
due to Early CDRX

	60
	[-5, +5] ms
	7.8%

	120
	[-5, +5] ms
	13.3%

	60
	[-4, +4] ms
	4.9%

	120
	[-4, +4] ms
	10.4%



The power saving provided by the early CDRX is depicted in the table above. We see that for 60 and 120 FPS, power savings are 7.8% and 13.3% respectively when [-5, +5] ms jitter is considered. Similarly, for [-4, +4] ms jitter, the respective savings are 4.9% and 10.4% respectively.
[bookmark: o13]Observation 13: The power savings achieved by Early CDRX on top of eCDRX are 4.9% and 10.4% for 60 and 120 FPS respectively for [-4, +4]ms jitter. Similarly, for [-5, +5] ms jitter, these savings are 7.8% and 13.3% respectively. 
Additional Simulation Results for Early CDRX 
The following table provides additional simulation results showing the power saving that Early CDRX provides when used on top of eCDRX for 48 and 30 FPS systems.
The assumptions used are as follows:
· Traffic model: Single stream DL traffic model
· For 48 FPS, CDRX used is: 2.5-7.5-21 / 2-18 and Leap cycle is 20 ms with periodicity of 6
· For 30 FPS, CDRX used is: 2.5-7.5-33 / 2-31 and Leap cycle is 34 ms with periodicity of 3
· Jitter = [-10, +10] ms (mean = 0, STD = 2.5)
· Channel BW = 100 MHz, 1CC
· TDD = DDDSU
· SCS = 30 KHz
· RF condition: Near Cell (1047/105) [DL/UL Mbps]
· Network loading = 20%
Table 7: Additional simulation results for Early CDRX power saving
	FPS
	Jitter
	Power saving 
due to Early CDRX

	48
	[-10, +10] ms
	13.1%

	30
	[-10, +10] ms
	19.5%



As presented in the table above, we see that the power savings provided by the early CDRX for 48 and 30 FPS are 13.1% and 19.5% respectively when [-10, +10] ms jitter is considered.
Simulation Results: Early CDRX vs Rel. 17 PDCCH Skipping with 3 Skip Durations
In this section, we compare the Early CDRX with Rel. 17 PDCCH skipping with 3 skip durations scheme and provide the results. The results focus on the average number of additional PDCCH slots per frame required by the PDCCH skipping (with 3 skip durations) compared against Early CDRX for 60 FPS with different jitter values and are provided in the table below.
The assumptions used for the simulations are as follows:
· Traffic model: Single stream DL traffic model
· Inactivity timer = 2 ms
· TDD = DDDSU, SCS = 30 KHz, FPS = 60
· Jitter model: Mean = 0, STD = 2 ms
· PDCCH skipping durations = {15, 14, 11} ms for [-4, +4] ms jitter, {15, 14, 10} ms for [-5, +5] ms jitter, and {15, 11, 6}ms for [-10, +10] ms jitter

Table 8: Results showing the cost of PDCCH Skipping compared against Early CDRX
	Jitter
	Additional PDCCH slot per Frame
required by PDCCH Skipping

	[-5, +5] ms
	1.35 (22.2 % more per frame)

	[-4, +4] ms
	0.78 (12.9 % more per frame)

	[-10, +10] ms
	2 (29.1 % more per frame)



As shown in the above table, PDCCH skipping with 3 skip durations requires on an average 1.35 additional slots per frame (i.e., 22.2% more PDCCH monitoring per frame) when [-5, +5] ms jitter is considered and 0.78 slots per frame (i.e., 12.9% more PDCCH monitoring per frame) if [-4, +4] ms jitter is used.
It is very important to note that the jitter may be larger than [-4, +4] ms or [-5, +5] ms assumed here. Hence, the gains with Early CDRX will be higher for higher jitters as can be seen in the table where [-10, +10] jitter required 2 additional slots per frame (i.e., 29.1% more PDCCH monitoring per frame) on an average.
We also want to emphasize that the best performance that PDCCH skipping can provide even if the maximum required skip durations are allowed is theoretically the same as eCDRX + Early CDRX solution.
[bookmark: o14]Observation 14: Compared to Early CDRX, Release 17 PDCCH skipping with 3 skip durations scheme requires 12.9% and 22.2% additional PDCCH slots per frame for [-4, +4] ms and [-5, +5] ms jitter respectively resulting in higher power consumption.

1.4 Customizable CDRX
The aforementioned techniques can be helpful to resolve the cycle mismatch between CDRX and the XR traffic due to the non-integer XR traffic cycle and/or time jitter. However, these techniques may yield a non-uniform cycle for the CDRX which when combined with other uniform periodic signals or messages (e.g., CSI-RS) can cause these periodic signals or messages to fall outside the CDRX active time and hence cause either delays or performance issues. Measuring/monitoring these signals or messages can be extended to be outside the active time, but this will be at the expense of complicated specifications changes as well as UE power consumption increase. To minimize the specification changes for resolving these issues, multiple CDRXs with different periods can be configured covering both the non-uniform CDRX period and the uniform periodic messages period (while maintaining the same CDRX rules). However, using multiple CDRX cycles where some of them are for specific purpose (e.g., one of them for CSI-RS measurements only) may increase the power consumption un-necessarily since the UE needs to do all the functions within the CDRX cycles (e.g., monitor the search spaces in CDRXs meant only for CSI-RS measurements).
[bookmark: o15]Observation 15: Having a customizable CDRX configured for a specific purpose may be beneficial in terms of re-using rules defined in the current specifications hence minimizing impacts.
Therefore, we propose to have a “customizable” CDRX (cCDRX), where channels/signals/operations that are allowed in this CDRX are configured/customizable, e.g.:
· UE only measures CSI-RS in the ON duration/active time of this cCDRX, i.e., does not monitor PDCCH
· UE only monitors CSS in the ON duration/active time of this cCDRX, i.e., does not monitor USS or measure CSI-RS
[bookmark: p7]Proposal 7: Consider studying a “customizable” CDRX (cCDRX), where channels/signals/operations that are allowed in this CDRX are configured.
PDCCH Monitoring Enhancements
1.5 [bookmark: _Ref114926588]Retransmission-Less CG
When considering only XR DL video traffic, aligning the CDRX active time to the DL burst transmissions can provide significant power saving. However, dynamic grants for frequent UL pose updates (4 ms period, 10 ms PDB) impact these power savings. An alternative would be to use configured grant (CG to transmit pose updates, so that they can be transmitted during CDRX off duration. However, as shown in Figure 13, CG transmission triggers the retransmission timer causing the UE to monitor PDCCH for potential retransmission and thereby increasing power consumption unnecessary.
[bookmark: _Ref102122828]Due to the small packet size and overall throughput of pose update, it is possible to transmit them with good reliability without relying on HARQ by using conservative MCS. Not using retransmission also provides some benefits in terms of latency. But in that case, even if retransmission is not needed, the retransmission timer is triggered and the UE switches to active state.
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Description automatically generated]
[bookmark: _Ref115163714]Figure 13: CG transmission triggers PDCCH monitoring for potential retransmission.

The proposed enhancement is to disable the retransmission timer for set of CG configurations carrying small packets with low latency requirement such as pose/control information. It allows the UE to keep transmitting pose updates reliably by the mean of conservative MCS while staying in inactive state between DL video bursts effectively decreasing the number of slots when the UE has to monitor PDCCH. Retransmission-less CG, by reducing PDCCH monitoring allows significant power saving gains. Due to the small packet size, a single HARQ process can be reserved for the CG to carry the pose/control information. This can be realized by disabling the HARQ retransmission in a similar way to the per HARQ process HARQ-ACK report disabling feature for NTN.
Figure 14 shows the power saving gain from disabling retransmission for pose update and control information over CG. It depicts the CDF of the PSG for Dense Urban Layout. ECDRX is enabled (see section 3.1) with On Duration 4ms, Inactivity timer 4ms and retransmission timer set to 4ms when enabled. Data traffic is 30Mbps, 60Hz video on DL and pose update with 100Bytes packet at 250Hz on UL. Results are provided for 1 UE per cell.
[image: ]
[bookmark: _Ref102125719]Figure 14 CDF of power saving gain (w.r.t. CG with retransmission) by retransmission-less CG – Dense Urban, VR30, 1 UE per cell

[bookmark: _Ref102151332][bookmark: o16]Observation 16: For FR1, 1 UE per cell, joint DL and UL VR 30Mbps in Dense Urban environment, disabling the retransmission allows the reduction of PDCCH monitoring and provides an average power saving gain of 21.0% w.r.t. CG with retransmission.
[bookmark: _Ref117959870]Table 9: Retransmission-less CG, FR1, DL+UL, DU, VR30
	Power saving scheme
	CDRX cycle (ms)
	ODT (ms)
	IAT (ms)
	Load H/L
	#UE /cell
	floor (Capacity)
	% of satisfied UE
	Mean PSG of all UEs (%)

	Always On
	
	
	
	H
	10
	10
	94.60%
	0%

	eCDRX + CG with UL retransmission
	16/17/17
	4
	4
	H
	10
	10
	92.70%
	1.87%

	eCDRX + CG without UL retransmission
	16/17/17
	4
	4
	H
	10
	10
	92.62%
	20.0%

	Note 1: retransmission timer is set to 4ms when HARQ retransmission is enabled



Figure 15 depicts the power saving gain brought by retransmission less CG with eCDRX over AlwaysOn (i.e., DRX is disabled) with DG. Power saving gain is represented for retransmission timer on (magenta curve) and retransmission timer off (blue curve). 
With retransmission, the power saving is low (1.8% on average). This can be explained by the UE being in active time when retransmission timer runs (with these simulations parameters, the retransmission timer runs for 4ms every 5ms). When retransmission timer is disabled, the power saving gain is better (20.0% on average) because the UE can stay in inactive state for most of the time between DL video bursts.

[bookmark: o17]Observation 17: For FR1, high load, joint DL and UL VR 30Mbps in Dense Urban environment, disabling the retransmission allows the reduction of PDCCH monitoring and provides an average power saving gain of 20.0% w.r.t. to AlwaysOn and an average power saving gain of 18.2% w.r.t. CG with retransmission.

[image: ]
[bookmark: _Ref102751929]Figure 15 CDF of the power saving gain over DG + Always On for retransmission-less CG with eCDRX - Dense Urban, VR30, 10 UEs per cell

There are a few potential upper layer solutions to realize the retransmission-less CG. For example, the Rel-17 NTN uplink HARQ Mode feature can be extended to TN, where “uplink-Harq-ModeB” can be redefined such that no retransmission is expected from network after first CG PUSCH transmission from the UE. Another potential solution is to modify the CG configuration to include zero value for the configuredGrantTimer or omit the configuredGrantTimer to enable the retransmission-less CG. In this case, the UE can immediately flush the corresponding UL HARQ buffer after the CG PUSCH is transmitted.
[bookmark: o18] Observation 18: The retransmission-less CG can be realized in RAN2 specification 
· Extend the Rel-17 NTN uplink HARQ Mode feature to TN and redefine “uplink-Harq-ModeB” in the way that no retransmission is expected from network after the first CG PUSCH transmission from the UE, or
· Configure zero value for the configuredGrantTimer or omit the configuredGrantTimer to indicate the retransmission-less CG
[bookmark: p8]Proposal 8: 8Capture evaluation results in Table 9 for Retransmission-Less CG in TR 38.835.

1.6 Additional DCIs within Sparse PDCCHs Configuration
PDCCH monitoring increases the power consumption for the UE and reducing it has always been one of the main goals from power savings point of view. However, there may be a fine balance between power and latency where if the periodicity of PDCCH monitoring is reduced (i.e., sparser), latency is increased, and vice-versa. In 5G NR, several methods can be used to control this including PDCCH skipping and search space set group switching where a unified design was introduced in Rel-17. This can effectively help adapt to the traffic and reduce UE power, however, for XR traffic patterns framework, there may be some other design options that can be better suited in case sparse search space sets need to be configured (e.g., multi-PDSCH/PUSCH scheduling). 
In such cases (i.e., sparse search space set configurations), there may still be the need sometimes to accommodate some low latency traffic that may arise un-expectedly within this sparse SS sets. Hence, along with the sparse SS set occasions, there may be a need to have additional DCIs, where additional temporary DL control occasions are allocated within.
In addition, for FR2 beam management purposes, TCI updates may be sent over DCI or MAC-CE (requiring a DCI grant). Also, aperiodic beam training RSs (CSI-RS and SRS) may also be triggered using DCI. Relying only on sparsely configured PDCCH may have a negative impact on the beam management procedures. Hence, these additional DCI occasions may be also needed for beam management needs.
Given the above discussion, we may need to consider ways to have additional DCI occasions within sparsely configured semi-static SS occasions.
Option A: dynamically allocated SS sets/CORESETs (Figure 16). In this option, additional SS sets/CORESETs can be dynamically allocated by previous DCIs allowing for additional monitoring occasions within the sparsely configured SS set.
[image: ]
[bookmark: _Ref101781506]Figure 16: dynamic allocation of additional SS sets/CORESETs
Option B: DCI Multiplexing with PDSCH/SPS (Figure 17). In this option DCI can be piggy-backed on DG PDSCH or SPS.
[image: ]
[bookmark: _Ref101781651]Figure 17: DCI multiplexing with PDSCH/SPS

[bookmark: p9]Proposal 9: For XR, consider studying ways to have additional DL control signaling opportunities between sparsely configured semi-static SS set occasions by:
· Dynamically configuring SS set occasions
· Piggy-backing/multiplexing DL control signaling on already existing SCH messages (DG or SPS)

1.7 Window-Based Configurations
XR traffic is bursty and periodic in nature. It may also contain multiple flows with different configurations (period, jitter, etc.). Hence, in time domain, there may be periods of dense traffic followed by periods of less (or no) traffic. A single configuration/behavior for these multiple periods may not be efficient. Example behavior changes during these periods may include:
· CORESET/SS set (more/less/no monitoring is needed depending on the period)
· CSI-RS/TRS/SRS (may not need to track densely between bursts)
· SPS/CG
· Beam management config (e.g., activated TCI states, …)
· SR/PUCCH (more/less/no opportunities is needed depending on the period)
· CDRX (configuration changes depending on period)
· UL:DL ratio (depending on period)
Current NR has the framework to change the configurations for any of the above areas but would require separate signalling which requires additional overhead, latency, and complexity.
To reduce overhead, latency, and complexity, multiple time window configurations can be configured by the gNB, where these windows can have different configurations for messages, signals, and/or operations. Of interest in this section is to use these multiple window configurations to adapt PDCCH monitoring to the XR traffic activity. For example, PDCCH monitoring can be increased around the XR burst durations and reduced outside these bursts (an example shown in Figure 18). In addition, other Rel-18 XR objectives can also benefit from these multiple window configurations (e.g., CDRX enhancements, SPS/CG enhancements, etc.).
[bookmark: o19]Observation 19: using multiple time windows with different configurations can help adapt to PDCCH monitoring density depending on the XR traffic patterns with reduced signaling overhead, latency, and complexity.
Switching between windows can be:
· Configured, e.g., predefined with fixed window lengths and pattern
· Dynamic, e.g., gNB signals a switch using WUS, DCI, MAC-CE, RRC
· This is particularly useful to adjust to jitter and variable traffic burst lengths
· Implicit, e.g., windows are linked to various states
· E.g., SPS/CG, traffic pattern, pose pattern, etc.
· E.g., increased/additional resources (PDCCH, SR, etc…) before and after CG or SPS
[bookmark: p10]Proposal 10: For XR, consider studying a configuration of multiple time windows that have different configurations for messages, signals, and/or operations, where switching between windows can be configured, dynamic, or implicit.
[image: ]
[bookmark: _Ref102121423]Figure 18: Window-based configuration

Conclusions
In this contribution, we have provided the following observations and proposals for XR-specific power saving enhancements for NR Rel-18 XR enhancements:
Observation 1: There is a time mismatch issue between periodic XR DL traffic and R15/16/17 CDRX configuration. This would lead to XR capacity loss due to larger latency or larger UE power consumption to keep the same latency performance. 
Observation 2: By adopting the rational number in DRX cycle and adding the floor operations in DRX formulas, DRX cycles could be adjusted to address the mismatch between DL traffic arrival times and DRX on-duration start times.
Observation 3: Enhanced CDRX for DRX cycle and XR video periodicity alignment can be based on 
· Dynamic adjustment of DRX start
· Semi-static configuration of DRX cycles, semi-static configuration is simpler for implementation and more robust to missed detection.
Observation 4: For FR1, DL VR 30Mbps in Dense Urban environment, eCDRX achieves 28.8% power saving gain with satisfied UE ratio 83% when PDCCH skipping and SSSG skipping are enabled. CDRX achieves power saving gain of 29.7% but satisfied UE ratio significantly degrades to 14%.
Observation 5: For FR2, DL VR 30Mbps in Indoor Hotspot environment, eCDRX achieves considerable capacity gains over Re115/16 CDRX (especially in case of jitter) with comparable power saving gains. For eCDRX, the number of satisfied UEs degrades when jitter is enabled, and a complementary method (e.g., dynamic CDRX) may be needed to better handle jitter.
Observation 6: The main benefit of the dynamic alignment between the CDRX cycle and the XR traffic periodicity is that a single signaling can indicate the instantaneous jitter value and resolve the periodicity mismatch. Given that RAN1 has concluded the instantaneous jitter value is not assumed to be predictable, the dynamic alignment does not have the benefit anymore but will cause additional resource overhead and UE power consumption.
Observation 7: In R15/16/17 DRX operation, the mismatch happens between DRX on-duration times and XR DL traffic arrivals when SFN returns to 0 every hyper frame 10,240ms. This would lead to XR capacity loss due to larger latency and/or larger UE power consumption to keep the same latency performance.
Observation 8: By using SFN_M instead of SFN in DRX formulas, the SFN wraparound issue can be resolved with the least spec impact for CDRX alignment with XR periodicities
· SFN_M is updated by SFN_M = (SFN_M + 1) mod M when SFN is changed. The modulo number M can be configured as 1000 for XR and CG applications
· TP in Appendix in 8.1 can be adopted by RAN2
Observation 9: Using fixed CDRX parameters may have negative impact on delays (PDB) and power consumption for XR traffic.
Observation 10: For FR2, DL VR 30Mbps in Indoor Hotspot environment, dynamically adapting some of the (e)CDRX parameters can achieve considerable capacity gains over (e)CDRX
Observation 11: In presence of jitter, the active part of the CDRX cycle needs to be set as long as the jitter tail distribution to avoid premature transition to the inactive part of the cycle before receiving the burst of data. This extended duration of the active part of the CDRX cycle increases UE power consumption.
Observation 12: Early CDRX reduces the active part of the CDRX cycle without impacting packet latency resulting in UE power saving.
Observation 13: The power savings achieved by Early CDRX on top of eCDRX are 4.9% and 10.4% for 60 and 120 FPS respectively for [-4, +4]ms jitter. Similarly, for [-5, +5] ms jitter, these savings are 7.8% and 13.3% respectively. 
Observation 14: Compared to Early CDRX, Release 17 PDCCH skipping with 3 skip durations scheme requires 12.9% and 22.2% additional PDCCH slots per frame for [-4, +4] ms and [-5, +5] ms jitter respectively resulting in higher power consumption.
Observation 15: Having a customizable CDRX configured for a specific purpose may be beneficial in terms of re-using rules defined in the current specifications hence minimizing impacts.
Observation 16: For FR1, 1 UE per cell, joint DL and UL VR 30Mbps in Dense Urban environment, disabling the retransmission allows the reduction of PDCCH monitoring and provides an average power saving gain of 21.0% w.r.t. CG with retransmission.
Observation 17: For FR1, high load, joint DL and UL VR 30Mbps in Dense Urban environment, disabling the retransmission allows the reduction of PDCCH monitoring and provides an average power saving gain of 20.0% w.r.t. to AlwaysOn and an average power saving gain of 18.2% w.r.t. CG with retransmission.
 Observation 18: The retransmission-less CG can be realized in RAN2 specification 
· Extend the Rel-17 NTN uplink HARQ Mode feature to TN and redefine “uplink-Harq-ModeB” in the way that no retransmission is expected from network after the first CG PUSCH transmission from the UE, or
· Configure zero value for the configuredGrantTimer or omit the configuredGrantTimer to indicate the retransmission-less CG
Observation 19: using multiple time windows with different configurations can help adapt to PDCCH monitoring density depending on the XR traffic patterns with reduced signaling overhead, latency, and complexity.
 Observation 18: The retransmission-less CG can be realized in RAN2 specification 
· Extend the Rel-17 NTN uplink HARQ Mode feature to TN and redefine “uplink-Harq-ModeB” in the way that no retransmission is expected from network after the first CG PUSCH transmission from the UE, or
· Configure zero value for the configuredGrantTimer or omit the configuredGrantTimer to indicate the retransmission-less CG
Observation 19: using multiple time windows with different configurations can help adapt to PDCCH monitoring density depending on the XR traffic patterns with reduced signaling overhead, latency, and complexity.

Proposal 1: Introduce non-integer rational numbers in short/long DRX cycles and add floor operations in DRX formulas for CDRX enhancement in Rel-18 with minimal spec impact.
Proposal 2: Capture evaluation results in Table 2 and Table 3 for enhanced CDRX with periodicity alignment with XR traffic in TR 38.835.
Proposal 3: Rel-18 XR deprioritizes dynamic alignment between the CDRX cycle and the XR traffic periodicity.
Proposal 4: For XR, consider studying methods to dynamically adapt the CDRX parameters to the traffic bursts, specifically: 
· ON duration start
· Inactivity timer early termination
· PDCCH skipping/SSSG switching indication using a non-scheduling DCI
Proposal 5: Capture evaluation results in Table 4 and Table 5 for adaptive On Duration Start in TR 38.835.
Proposal 6: UE can transition to the CDRX inactive state after reception of the DL frame. The transition can happen within the configured active part of the CDRX cycle if the Early CDRX conditions are satisfied.
Proposal 7: Consider studying a “customizable” CDRX (cCDRX), where channels/signals/operations that are allowed in this CDRX are configured.
Proposal 8: Capture evaluation results in Table 9 for Retransmission-Less CG in TR 38.835.
Proposal 9: For XR, consider studying ways to have additional DL control signaling opportunities between sparsely configured semi-static SS set occasions by:
· Dynamically configuring SS set occasions
· Piggy-backing/multiplexing DL control signaling on already existing SCH messages (DG or SPS)
Proposal 10: For XR, consider studying a configuration of multiple time windows that have different configurations for messages, signals, and/or operations, where switching between windows can be configured, dynamic, or implicit.
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1.8 [bookmark: _Ref114902840]Enhanced CDRX Text Proposal
Start of the change for TS38.331
–	MAC-CellGroupConfig
The IE MAC-CellGroupConfig is used to configure MAC parameters for a cell group, including DRX.
MAC-CellGroupConfig information element
-- ASN1START
-- TAG-MAC-CELLGROUPCONFIG-START

MAC-CellGroupConfig ::=             SEQUENCE {
    drx-Config                          SetupRelease { DRX-Config }    OPTIONAL,   -- Need M
    schedulingRequestConfig             SchedulingRequestConfig        OPTIONAL,   -- Need M
    bsr-Config                          BSR-Config                     OPTIONAL,   -- Need M
    tag-Config                          TAG-Config                     OPTIONAL,   -- Need M
    phr-Config                          SetupRelease { PHR-Config }    OPTIONAL,   -- Need M
    skipUplinkTxDynamic                 BOOLEAN,
    ...,
    [[
    csi-Mask                            BOOLEAN                        OPTIONAL,   -- Need M
    dataInactivityTimer                 SetupRelease { DataInactivityTimer } OPTIONAL    -- Cond MCG-Only
    ]],
    [[
    usePreBSR-r16                       ENUMERATED {true}              OPTIONAL,   -- Need R
    schedulingRequestID-LBT-SCell-r16   SchedulingRequestId            OPTIONAL,   -- Need R
    lch-BasedPrioritization-r16         ENUMERATED {enabled}           OPTIONAL,   -- Need R
    schedulingRequestID-BFR-SCell-r16   SchedulingRequestId            OPTIONAL,   -- Need R
    drx-ConfigSecondaryGroup-r16        SetupRelease { DRX-ConfigSecondaryGroup } OPTIONAL    -- Need M
]]
[[
drx-ConfigNonIntegerCycles-r18		SetupRelease { DRX-ConfigNonIntegerCycles }	OPTIONAL, 	-- Need M
]]
}

DataInactivityTimer ::=         ENUMERATED {s1, s2, s3, s5, s7, s10, s15, s20, s40, s50, s60, s80, s100, s120, s150, s180}

DRX-ConfigNonIntegerCycles  ::=		SEQUENCE {
	drx-LongCycleStartOffset			CHOICE  {
		twentyFiveThird             		INTEGER(1..7),
		oneHundredNinth					INTEGER(1..10),
		twentyFiveSecond					INTEGER(1..11),
		fiftyThird							INTEGER(1..15),
		oneHundredTwentyFiveSixth			INTEGER(1..19),
		twoHundredNinth					INTEGER(1..21),
		oneHundredThird					INTEGER(1..32),
		oneHundredTwentyFiveThird			INTEGER(1..40),
		twoHundredThird						INTEGER(1..65)
	},
	drx-ShortCycle					ENUMERATE  {
										twentyFiveThird, oneHundredNinth, twentyFiveSecond,
										fiftyThird, oneHundredTwentyFiveSixth, twoHundredNinth,															oneHundredThird, oneHundredTwentyFiveThird,
										twoHundredThird }  OPTIONAL – M
	drx-timeReferenceSFN				ENUMERATED {sfn512}
}

-- TAG-MAC-CELLGROUPCONFIG-STOP
-- ASN1STOP

	MAC-CellGroupConfig field descriptions

	usePreBSR
If set to true, the MAC entity of the IAB-MT may use the Pre-emptive BSR, see TS 38.321 [3].

	csi-Mask
If set to true, the UE limits CSI reports to the on-duration period of the DRX cycle, see TS 38.321 [3].

	dataInactivityTimer
Releases the RRC connection upon data inactivity as specified in clause 5.3.8.5 and in TS 38.321 [3]. Value s1 corresponds to 1 second, value s2 corresponds to 2 seconds, and so on.

	drx-Config
Used to configure DRX as specified in TS 38.321 [3].

	drx-ConfigNonIntegerCycles
Used to configure DRX short and long cycles with non-integer values. Value twentyFiveThird corresponds to 25/3 msec, oneHundredNinth corresponds to 100/9 msec, and so on. Only the last digit is used as the denominator of a value. When this field is configured, drx-LongCycleStartOffset and drx-ShortCycle in drx-Config shall be ignored.

	drx-ConfigSecondaryGroup
Used to configure DRX related parameters for the second DRX group as specified in TS 38.321 [3]. The network does not configure secondary DRX group with DCP simultaneously nor secondary DRX group with a dormant BWP simultaneously.

	lch-BasedPrioritization
If this field is present, the corresponding MAC entity of the UE is configured with prioritization between overlapping grants and between scheduling request and overlapping grants based on LCH priority, see TS 38.321 [3].

	schedulingRequestID-BFR-SCell
Indicates the scheduling request configuration applicable for BFR on SCell, as specified in TS 38.321 [3].

	schedulingRequestID-LBT-SCell
Indicates the scheduling request configuration applicable for consistent uplink LBT recovery on SCell, as specified in TS 38.321 [3].

	skipUplinkTxDynamic
If set to true, the UE skips UL transmissions as described in TS 38.321 [3].

	tag-Config
The field is used to configure parameters for a time-alignment group. The field is not present if any DAPS bearer is configured.



	Conditional Presence
	Explanation

	MCG-Only
	This field is optionally present, Need M, for the MAC-CellGroupConfig of the MCG. It is absent otherwise.


End of the change for TS38.331

Start of the change for TS38.321
When DRX is configured, the MAC entity shall:
1>	if a MAC PDU is received in a configured downlink assignment:
2>	start the drx-HARQ-RTT-TimerDL for the corresponding HARQ process in the first symbol after the end of the corresponding transmission carrying the DL HARQ feedback;
2>	stop the drx-RetransmissionTimerDL for the corresponding HARQ process.
1>	if a MAC PDU is transmitted in a configured uplink grant and LBT failure indication is not received from lower layers:
2>	start the drx-HARQ-RTT-TimerUL for the corresponding HARQ process in the first symbol after the end of the first transmission (within a bundle) of the corresponding PUSCH transmission;
2>	stop the drx-RetransmissionTimerUL for the corresponding HARQ process at the first transmission (within a bundle) of the corresponding PUSCH transmission.
1>	if a drx-HARQ-RTT-TimerDL expires:
2>	if the data of the corresponding HARQ process was not successfully decoded:
3>	start the drx-RetransmissionTimerDL for the corresponding HARQ process in the first symbol after the expiry of drx-HARQ-RTT-TimerDL.
1>	if a drx-HARQ-RTT-TimerUL expires:
2>	start the drx-RetransmissionTimerUL for the corresponding HARQ process in the first symbol after the expiry of drx-HARQ-RTT-TimerUL.
1>	if a DRX Command MAC CE or a Long DRX Command MAC CE is received:
[bookmark: _Hlk49354090]2>	stop drx-onDurationTimer for each DRX group;
2>	stop drx-InactivityTimer for each DRX group.
1>	if drx-InactivityTimer for a DRX group expires:
2>	if the Short DRX cycle is configured:
3>	start or restart drx-ShortCycleTimer for this DRX group in the first symbol after the expiry of drx-InactivityTimer;
3>	use the Short DRX cycle for this DRX group.
2>	else:
3>	use the Long DRX cycle for this DRX group.
1>	if a DRX Command MAC CE is received:
2>	if the Short DRX cycle is configured:
3>	start or restart drx-ShortCycleTimer for each DRX group in the first symbol after the end of DRX Command MAC CE reception;
3>	use the Short DRX cycle for each DRX group.
2>	else:
3>	use the Long DRX cycle for each DRX group.
1>	if drx-ShortCycleTimer for a DRX group expires:
2>	use the Long DRX cycle for this DRX group.
1>	if a Long DRX Command MAC CE is received:
2>	stop drx-ShortCycleTimer for each DRX group;
2>	use the Long DRX cycle for each DRX group.
1>	if the Short DRX cycle is used for a DRX group, and floor{[(SFN_M × 10) + subframe number] modulo (drx-ShortCycle)} = floor[(drx-StartOffset) modulo (drx-ShortCycle)]:
2>	start drx-onDurationTimer for this DRX group after drx-SlotOffset from the beginning of the subframe.
1>	if the Long DRX cycle is used for a DRX group, and floor{[(SFN_M × 10) + subframe number] modulo (drx-LongCycle)} = drx-StartOffset:
2>	if DCP monitoring is configured for the active DL BWP as specified in TS 38.213 [6], clause 10.3:
3>	if DCP indication associated with the current DRX cycle received from lower layer indicated to start drx-onDurationTimer, as specified in TS 38.213 [6]; or
3>	if all DCP occasion(s) in time domain, as specified in TS 38.213 [6], associated with the current DRX cycle occurred in Active Time considering grants/assignments/DRX Command MAC CE/Long DRX Command MAC CE received and Scheduling Request sent until 4 ms prior to start of the last DCP occasion, or during a measurement gap, or when the MAC entity monitors for a PDCCH transmission on the search space indicated by recoverySearchSpaceId of the SpCell identified by the C-RNTI while the ra-ResponseWindow is running (as specified in clause 5.1.4); or
3>	if ps-Wakeup is configured with value true and DCP indication associated with the current DRX cycle has not been received from lower layers:
4>	start drx-onDurationTimer after drx-SlotOffset from the beginning of the subframe.
2>	else:
3>	start drx-onDurationTimer for this DRX group after drx-SlotOffset from the beginning of the subframe.
1> if DRX is configured by RRC:
2> if drx-ConfigNonIntegerCycles-r18 is configured:
3> M = 1000;
3> if SFN >= drx-timeReferenceSFN, SFN_M = (SFN - drx-timeReferenceSFN) mod M;
3> if SFN < drx-timeReferenceSFN, SFN_M = (SFN - drx-timeReferenceSFN + 1024) mod M.
	2> else:
		3> M = 1024;
		3> SFN_M = SFN.
1> if SFN is changed:
2> SFN_M = (SFN_M + 1) mod M.
NOTE 2:	In case of unaligned SFN across carriers in a cell group, the SFN of the SpCell is used to calculate the DRX duration.	
End of the change for TS38.321
1.9 Early CDRX
In this section, we will discuss about the Early CDRX idea that was originally conceived for the best effort applications and is known to provide significant power savings for many different CDRX schemes in use with or without short cycles. Early CDRX is also fully compliant with WUS and provides the expected benefits.
For many cellular applications, the user experience is affected by the tail of the packet latency distribution, i.e., the higher percentiles of the latency distribution (e.g., 95th percentile). Traditionally, large CDRX inactivity timers have been used to avoid transitioning into DRX prematurely since such premature transition can lead to large packet latencies. However, the downside of large inactivity timer is that it reduces the usage of DRX.
The Early CDRX transitions the UE to the DRX state sooner, i.e., enables more DRX usage and while doing so it strictly controls the maximum additional latency introduced by the idea. The larger the CDRX inactivity timer, the larger is the power saving by early CDRX.
Description of Design:
Condition for triggering the early transition to DRX state is based on 2 new RRC parameters:
If the current slot is less than early_cdrx_advance ahead the location of an upcoming drx-OnDuration, and
There has been inactivity for at least early_cdrx_inactivity slots
When both conditions are satisfied, the UE transitions to the Short DRX, if the Short DRX cycle is configured, or to the Long DRX
If the Short DRX cycle is used, the drx-InactivityTimer shall continue to run. If the drx-InactivityTimer expires, the drx-ShortCycleTimer starts to run. This prevents the Long DRX cycle from being used where the Rel.15 CDRX algorithm would have resulted in either the Short Cycle or the Active Time.

Role of the new parameters
early_cdrx_advance – it controls the maximum packet latency introduced by the new feature
early_cdrx_inactivity – it is used to prevent the feature from triggering under high scheduling rate, i.e., avoids impacting heavy duty cycle use cases

Illustration of the Idea
The diagram below provides the pictorial depiction of the Early CDRX working principle. It compares the legacy CDRX with early CDRX. The additional DRX that can be achieved due to the implementation of early CDRX is clearly observed in the diagram.
As can be seen, in legacy CDRX, once the traffic packet arrives, the inactivity timer runs for 100 ms before transitioning to DRX. However, with Early CDRX, once the traffic packet arrives, we continuously track for early_cdrx_inactivity and early_cdrx_advance parameters. As soon as these conditions are satisfied as shown in the diagram, UE transitions to DRX even before the inactivity timer expires. This, hence, provides more DRX, i.e., more power saving while strictly controlling the maximum additional latency introduced.
[image: Timeline
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Figure 21: Comparison between Legacy CDRX and Early CDRX. Configurations assumed are: Inactivity timer = 100 ms, On duration = 10 ms, long cycle = 160 ms, early_cdrx_inactivity = 10 ms, and early_cdrx_advance = 100 ms

Early CDRX Power Savings
The following table provides the power savings achieved by early CDRX compared against legacy CDRX for both long CDRX cycles and short CDRX cycles, and across various use cases. Since, for the best effort apps, there is a trade-off between power and latency, the impact on latencies due to extra-power saving by early CDRX is also provided in the table. 
The assumptions used for running the simulations are provided here.
· BWP1 = 20 MHz, 2 RX
· BWP2 = 100 MHz, 4 RX
· Frame Config = DDDSU
· Peak SPEF (BWP1) = 3.9 bps/Hz
· Peak SPEF (BWP2) = 2.3 bps/Hz
· SCS = 30 KHz
· BWP1 switches to BWP2 if Latency > 40 ms
· BWP2 switches to BWP1 if inact timer > 40 ms
Table 11: Early CDRX power savings against Legacy CDRX for long and short cycles across various apps
	
	Baseline CDRX
	Early CDRX

	Long CDRX
	Inact=100, OnDuration=10, LongCycle=160ms
	Inact=100 OnDuration=10, LongCycle=160ms
Early_Inact=10, Early_Advance=50ms

	
	
	DL packet latency
	
	DL packet latency

	Use case
	mA
	Avg. Latency (ms)
	%pkts lat > 50 ms
	Power Saving
	Increment in Average Lat. (ms)
	Increment in %pkts lat > 50 ms

	Map Navigation
	ref.
	28.6
	30.1%
	4.9%
	+ 1.4
	0.0%

	iQIYI
	ref.
	8.7
	5.6%
	7.1%
	+ 3.6
	0.0%

	QQ speed
	ref.
	10.1
	0.0%
	19.6%
	+ 7.9
	3.5%

	TIKTOK
	ref.
	7.8
	2.0%
	8.3%
	+ 3.7
	1.9%

	Web-Browsing
	ref.
	2.7
	0.9%
	14.8%
	+ 4.7
	0.2%

	WeChat Video
	ref.
	1.2
	0.0%
	4.9%
	+ 1.5
	0.4%

	WhatsApp Voice
	ref.
	0.1
	0.0%
	28.1%
	+ 8.1
	0.0%

	YouTube
	ref.
	6.0
	2.3%
	15.2%
	+ 8.5
	0.7%

	Sync and idle
	ref.
	43.2
	38.5%
	0.8%
	+ 1.3
	0.2%

	
	Baseline Short CDRX
	Short CDRX + Early CDRX

	Short CDRX
	Inact=20, OnDuration=10, ShortCycle=40, ShortCycleTimer=2, LongCycle=160ms
	Inact=20, OnDuration=10, ShortCycle=40, ShortCycleTimer=2, LongCycle=160ms
Early_Inact=10, Early_Advance=25ms

	
	 
	DL packet latency
	 
	DL packet latency

	Use case
	mA
	Avg. Latency (ms)
	%pkts lat > 25 ms
	Power Saving
	Increment in Average Lat. (ms)
	Increment in %pkts lat > 25 ms 

	Map Navigation
	ref.
	31.5
	37.6%
	5.0%
	+ 1.7
	0.0%

	iQIYI
	ref.
	9.0
	9.3%
	5.7%
	+ 1.3
	0.0%

	QQ speed
	ref.
	15.0
	19.1%
	8.9%
	+ 1.9
	5.0%

	TIKTOK
	ref.
	8.3
	10.8%
	4.1%
	+ 0.8
	1.1%

	Web-Browsing
	ref.
	3.8
	2.4%
	9.7%
	+ 2.4
	0.3%

	WeChat Video
	ref.
	1.2
	0.2%
	2.9%
	+ 0.4
	0.0%

	WhatsApp Voice
	ref.
	10.6
	1.3%
	13.1%
	+ 0.7
	-0.8%

	YouTube
	ref.
	11.6
	11.9%
	7.4%
	+ 0.8
	-0.9%

	Sync and idle
	ref.
	45.2
	52.6%
	2.2%
	+ 1.0
	0.7%

	
	
	
	
	
	
	

	
	Baseline Short CDRX
	Short CDRX + Early CDRX

	Short CDRX
	Inact=20, OnDuration=10, ShortCycle=40, ShortCycleTimer=2, LongCycle=160ms
	Inact=20, OnDuration=10, ShortCycle=40, ShortCycleTimer=2, LongCycle=160ms
Early_Inact=10, Early_Advance=20ms

	
	 
	DL packet latency
	 
	DL packet latency

	Use case
	mA
	Avg. Latency (ms)
	%pkts lat > 20 ms
	Power Saving
	Increment in Average Lat. (ms)
	Increment in %pkts lat > 20 ms 

	Map Navigation
	ref.
	31.5
	44.1%
	3.0%
	+ 1.4
	2.2%

	iQIYI
	ref.
	9.0
	10.0%
	4.3%
	+ 1.3
	0.7%

	QQ speed
	ref.
	15.0
	28.2%
	6.9%
	+ 1.9
	11.1%

	TIKTOK
	ref.
	8.3
	14.2%
	3.2%
	+ 0.8
	0.9%

	Web-Browsing
	ref.
	3.8
	3.5%
	4.9%
	+ 1.3
	0.0%

	WeChat Video
	ref.
	1.2
	0.2%
	2.7%
	+ 0.3
	0.0%

	WhatsApp Voice
	ref.
	10.6
	30.3%
	1.2%
	+ 0.2
	0.3%

	YouTube
	ref.
	11.6
	13.7%
	5.5%
	+ 0.4
	-1.7%

	Sync and idle
	ref.
	45.2
	56.9%
	1.8%
	+ 0.9
	2.0%

	
	
	
	



1.10 [bookmark: _Ref111183962]eCDRX FR2 Simulation Parameters
The system parameters used for the simulations are presented in Table 12 (Indoor Hotspot as used).
[bookmark: _Ref83941215]Table 12 System Parameters
	Deployment 
	Indoor Hotspot
	Dense Urban 

	Layout
	120m x 50m
ISD: 20m
TRP numbers: 12
	21cells with wraparound
ISD: 200m

	Channel Model
	 Indoor Hotspot
	UMa

	Carrier frequency
	30 GHz

	Subcarrier spacing
	120 kHz

	BS height
	3m
	25m

	UE height
	hUT=1.5 m

	BS noise figure
	FR2: 7 dB

	UE noise figure
	FR2: 13 dB

	BS receiver
	MMSE-IRC

	UE receiver
	MMSE-IRC

	Scheduler 
	SU MIMO PF Scheduler 
Delay Aware Scheduler 

	Channel estimation
	Realistic


	CSI Acquisition
	Model: SRS initiates scheduling, CSI-RS is sent in an aperiodic fashion to only the scheduled UE.
CSI feedback delay = ideal (next PUCCH opportunity), CSI report periodicity = , CSI quantization = No, CSI error model  = Wishart model based error modeling, SRS periodicity = Every PUCCH slot, SRS processing delay =70symbols

	UE speed
	3 km/h

	MCS
	Up to 256QAM

	BS antenna pattern
	Ceiling-mount antenna radiation pattern, 5 dBi
	3-sector antenna radiation pattern, 8 dBi

	BS Antenna Configuration
	· 2 TxRU, 
· (M, N, P, Mg, Ng; Mp, Np) =    
 (16, 8, 2,1,1;1,1)
· (dH, dV) = (0.5, 0.5)λ

	· 2 TxRU,
·  (M, N, P, Mg, Ng; Mp, Np) = (4,8,2,2,2;1,1)
· (dH, dV) = (0.5λ, 0.5λ)


	gNB Tx Power/EIRP 
	100 MHz: Tx = 24 dBm, EIRP = 50 dBm   
400 MHz: Tx = 30 dBm, EIRP = 56 dBm

	100 MHz: Tx = 41 dBm, EIRP = 70 dBm   
400 MHz: Tx = 44 dBm, EIRP = 73 dBm


	UE antenna pattern
	  UE antenna radiation pattern model 1, 5 dBi

	UE Antenna Configuration
	· (M, N, P) = (1, 4, 2), 3 panels (left, right, top), (Mp, Np) = (1,1)

	UE Tx Power/EIRP
	100 MHz: Tx = 23 dBm, EIRP = 34 dBm
400 MHz: Tx = 23 dBm, EIRP = 34 dBm

	100 MHz: Tx = 23 dBm, EIRP = 34 dBm
400 MHz: Tx = 23 dBm, EIRP = 34 dBm


	TDD Format
	DDDSU/DDDUU

	Staggering
	ON, OFF



For our evaluations, we use the stream 1 XR traffic are based on the statistical model in Table 13 .   
[bookmark: _Ref83941170]Table 13 DL XR Traffic Parameters
	Parameters
	Values

	
	Stream 1
	Stream 2

	Bit Rate
	45 Mbps (VR), 30 Mbps (AR, CG),  8 Mbps (CG)
	0.756 Mbps and 1.12 Mbps

	Frame Rate
	60 fps, 120 fps
	1/10 ms

	PDB
	10ms (VR and AR), 15ms (CG)
	30 ms

	Packet Size 
	Truncated Gaussian distribution with 
[STD, Max, Min]: [10.5,150, 50]% of mean packet size
	Truncated Gaussian distribution with 
[STD, Max, Min]: [10.5,150, 50]% of mean packet size

	Packet Error Rate
	1 %
	1 %
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