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1 Introduction
The SID “Study on XR Enhancements for NR” [1] includes the following objectives for power savings:
	Objectives on XR-specific Power Saving (RAN1, RAN2):
· Study XR specific power saving techniques to accommodate XR service characteristics (periodicity, multiple flows, jitter, latency, reliability, etc...). Focus is on the following techniques:
· C-DRX enhancement.
· PDCCH monitoring enhancement.



In RAN2#119-e meeting, the following agreements were reached for XR-specific power saving [2]:
	1: RAN2 to focus on the following issues for power saving, as well necessary parameters XR-awareness to support such enhancements, i.e.: 
· DRX enhancements to address the issues of DRX cycle mismatch and jitter
· Identify necessary parameters from CN for XR-awareness for power saving 
Enhancements to Rel-17 PDCCH adaptation can be discussed based on RAN1 feedback, if they have any RAN2 impact
RAN2-specific aspects can be studied based on contributions (e.g. multiple XR traffic flows with different periodicities, SFN wrap-around, RAN2-specific CDRX aspects, …).



In this contribution, we discuss the impact of XR service characteristics on power saving and list some potential C-DRX enhancements to support XR traffic. 
2 Discussion
2.1 Aligning C-DRX on-duration with XR traffic
In TR 38.838 [3], XR traffic is modelled as packets belonging to media frames arriving with a periodicity based on the frame rate and with a random jitter. The jitter follows truncated Gaussian distribution. The traffic model can be illustrated as below:

[image: ]
Figure 1 XR traffic model

For XR, it is crucial that the C-DRX on-duration occasions match the traffic periodicity. Otherwise, the packets arriving at the transmitter will need to wait for the next on-duration, causing some packets to miss the target packet delay budget (PDB), therefore reducing the capacity. Both the PDB and the capacity are very limited in XR.
For example, with a frame rate of 60fps and jitter range of [-4,4]ms, the C-DRX on-durations aligned with the arrival of XR traffic would look like below.
[image: ]
Figure 2 C-DRX on-duration aligned with the XR traffic

In legacy (up to Rel-17) C-DRX, the DRX cycle can only take integer values between 10ms and 10240ms. Even if new integer values are introduced, such as 16ms to approximately match the 60fps frame rate (with traffic periodicity 1000/60=50/3~16.67ms), the DRX on-duration would gradually drift out of sync with XR traffic as illustrated below. This can be observed as a drop in capacity due to the misalignment with traffic and the increase in latency in Table 1 below.
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Figure 3 C-DRX on-duration drift using integer DRX cycles

Observation 1: It is not possible to align DRX on-duration occasions with XR traffic using legacy DRX cycles with integer values.
Instead, the DRX on-duration occasions can be aligned with XR traffic by introducing rational number (integer division) values for DRX cycles, for example 50/3ms.
The system level simulation (SLS) evaluation results for baseline (always-on), legacy C-DRX, and eC-DRX with rational number DRX cycle schemes are presented in Table 1 and Figure 4 below. We reuse the traffic model and evaluation assumptions agreed in Rel-17 for XR [3] and for detailed SLS parameters used in these evaluations, please refer to Appendix A – SLS parameters.

	Power saving scheme
	CDRX cycle (ms)
	ODT (ms)
	IAT (ms)
	#UE /cell
	floor (Capacity)
	% of DL satisfied UE
	Mean PSG of all UEs (%)

	AlwaysOn - baseline
	0
	0
	0
	12
	12
	94.6%
	0%

	R17 CDRX
	16
	12
	8
	12
	12
	92.7%
	5.4%

	eCDRX (rational DRX cycle)
	(50/3)
	12
	8
	12
	12
	94.3%
	9.9%


[bookmark: _Ref110242789]Table 1 SLS evaluation results with eC-DRX, FR1, DL-only, DU, CG 30Mbps
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[bookmark: _Ref110244818][bookmark: _Ref110244806]Figure 4 Comparison of SLS evaluation results with eC-DRX

· eC-DRX: C-DRX matching the traffic periodicity, with DRX cycle = 50/3 ms
· PSG is calculated as: 
PSG = (Baseline power - Power)/Baseline power × 100%
From SLS evaluation, it is observed that eC-DRX using a DRX cycle with a rational value (such as 50/3) matching the CG traffic improves PSG by 4.5%, while improving UE satisfaction rate by 1.6% over Rel-17 C-DRX.
Observation 2: eC-DRX using rational DRC cycle value matching CG traffic improves both power savings and UE satisfaction rate compared to Rel-17 C-DRX.
We therefore propose that the legacy C-DRX formulas should be enhanced to support non-integer (rational number) DRX cycles to match the periodicity of XR traffic.
Proposal 1: Introduce non-integer (rational number) DRX cycles to match typical XR traffic patterns.

In legacy C-DRX, if the Long/Short DRX cycle is used for a DRX group, drx-onDurationTimer is started in subframes where:

[(SFN × 10) + subframe number] modulo (drx-LongCycle) = drx-StartOffset				(Eq1)
[(SFN × 10) + subframe number] modulo (drx-ShortCycle) = (drx-StartOffset) modulo (drx-ShortCycle)	(Eq2)

For example, for drx-LongCycle=10ms and drx-StartOffset=0 in Eq1, drx-onDurationTimer is started at 0ms, 10ms, 20ms… and so on.
If we introduce rational values for drx-LongCycle such as 50/3 ms and assuming drx-StartOffset=0, Eq1 becomes:

[(SFN × 10) + subframe number] modulo (50/3) = 0					(Eq3)

Because the modulo operation with non-integer divisor parameter (e.g., 50/3) can return non-integer values, we need to apply the floor function to both sides of the Eq3 above, so the equation becomes:

floor [(SFN × 10) + subframe number] modulo (50/3) = 0				(Eq4)

When Eq4 is implemented in a common programming language such as C or Python, we get the following values for the left-hand side of the equation:

Table 2 Subframe numbers to start ODT with the legacy C-DRX formula (Ex: DRX cycle = 50/3)
	SFN
	Subframe number
	[(SFN × 10) + subframe number] modulo (50/3)
	floor [(SFN × 10) + subframe number] modulo (50/3)

	0
	0
	0
	0

	1
	7
	0.333333
	0

	3
	4
	0.666667
	0

	5
	0
	16.666667
	16 (ODT not started)

	5
	1
	1
	0



Because the DRX cycle in the example is 50/3 ms, we would expect that drx-onDurationTimer would be started at SFN = 5 and subframe number = 0 (corresponding to 3 cycles of 50/3ms). However, because of the rounding errors in the non-integer modulo operator in Eq4, ODT would not be started at the expected subframes.
Observation 3: Using legacy DRX formulas with non-integer (rational number) DRX cycles do not produce expected results when determining the subframes to start the ODT.
We further note that modulo operator is equivalent to, and can be replaced by the following calculation:
A modulo B = A – [ B × floor (A / B) ]					(Eq5)

Floor function is generally safer to use with non-integer numbers as it always produces integer output. We can therefore rewrite Eq1 as:
floor [n – [drx-LongCycle × floor (n / drx-LongCycle) ] ] = drx-StartOffset			(Eq6)
	where n = [(SFN × 10) + subframe number]

Same arguments can also be applied to the short DRX cycle formula, which can be rewritten as:
floor [n – [drx-ShortCycle × floor (n / drx-ShortCycle) ] ] = 
floor [drx-StartOffset – [drx-ShortCycle × floor (drx-StartOffset / drx-ShortCycle) ] ]	(Eq7)
	where n = [(SFN × 10) + subframe number]

It can be demonstrated that, when Eq6 and Eq7 are implemented in a common programming language such as C or Python, it produces the expected results for the subframe numbers to start the ODT, as below:

Table 3 Subframe numbers to start ODT with the updated C-DRX formula (Ex: DRX cycle = 50/3)
	SFN
	Subframe number
	floor [n – [drx-LongCycle × floor (n / drx-LongCycle) ] ] = drx-StartOffset
where n = [(SFN × 10) + subframe number]

	0
	0
	0

	1
	7
	0

	3
	4
	0

	5
	0
	0 (ODT started)

	5
	1
	1



Following the discussion above, we have the following proposal with regards to supporting the non-integer C-DRX cycles:
Proposal 2: Enhance C-DRX formulas to support non-integer (rational number) DRX cycles, by replacing modulo operation with the floor function as in Eq6 and Eq7 above.


2.2 SFN wraparound issue with new DRX cycles
As mentioned above, legacy (Rel-17) C-DRX uses the following formulas to determine the subframe to start drx-onDurationTimer:

[(SFN × 10) + subframe number] modulo (drx-ShortCycle) = (drx-StartOffset) modulo (drx-ShortCycle)
[(SFN × 10) + subframe number] modulo (drx-LongCycle) = drx-StartOffset

The SFN range is [0…1023], and subframe number range is [0…9], therefore the term on the left has a range [0…10239], i.e., wraps every 10240ms:

0 ≤ [(SFN × 10) + subframe number] < 10240

The C-DRX cycle values in Rel-17 are selected such that they are always a factor of 10240ms, i.e.:

	10240 = N × DRX cycle, 	where N=integer

Therefore, when the SFN wraps at every 10240ms, the end of the DRX cycle aligns with the start of the next DRX cycle (i.e., the DRX cycles do not overlap) as illustrated below.
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Figure 5 SFN wraparound using legacy DRX cycles

However, for XR it is necessary to support some DRX cycle values that are not factors of 10240ms, and even non-integer DRX cycles, such as 50/3 ms. In this case, the DRX cycles will overlap at the SFN wraparound as illustrated below.
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Figure 6 SFN wraparound for DRX cycles that are not a factor of 10240ms

In XR, the traffic periodicity and therefore the DRX cycle are not factors of 10240ms but can take values such as 50/3 ms. Therefore, DRX on-durations will be out of sync with XR traffic after the SFN wraparound if legacy C-DRX formulas are re-used.

Observation 4: If C-DRX cycle values that are not factors of 10240ms are introduced in XR and legacy C-DRX formulas are used, DRX on-duration will go out of sync with XR traffic after the SFN wraparound.

Therefore, the legacy C-DRX formulas should be enhanced to support DRX cycles that are not factors of 10240ms.

Proposal 3: Enhance legacy C-DRX formulas to resolve the issue with SFN wraparound when DRX cycle is not a factor of 10240ms.


As a solution, a new SFN called E-SFN (extended SFN) can be introduced in the C-DRX formulas. E-SFN can be broadcast by the network as the existing SFN in a system information and incremented by one when legacy SFN wraps around. The maximum value, i.e., the wraparound for E-SFN can be selected by the network such that, at the E-SFN wraparound, the DRX cycles will not overlap. The network can indicate the maximum value of E-SFN to the UE via signalling (e.g., dedicated or broadcast RRC signalling).
The C-DRX formulas can then be updated to use E-SFN as below:

[(E-SFN × 10240) + (SFN × 10) + subframe number] modulo (drx-ShortCycle) = 
(drx-StartOffset) modulo (drx-ShortCycle)
[(E-SFN × 10240) + (SFN × 10) + subframe number] modulo (drx-LongCycle) = drx-StartOffset

For example, for DRX cycle = 50/3 ms, maximum E-SFN value can be selected as 9, which means the term on the left has range [0…102399], i.e., wraps every 102400ms:

0 ≤ [(E-SFN × 10240) + (SFN × 10) + subframe number] < 102400

Because the E-SFN is broadcast by the network, the UE can always read the E-SFN value from the system information and ensure to be in sync with the network respect to the DRX on-durations.
An example for DRX cycles at E-SFN wraparound using E-SFN with max value = 9 are illustrated below.
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Figure 7 E-SFN wraparound with the updated C-DRX formulas

The C-DRX formulas updated for non-integer DRX cycles (using the floor function) can be adapted to use the E-SFN as below:

floor [n – [drx-LongCycle × floor (n / drx-LongCycle) ] ] = drx-StartOffset			(Eq8)
	where n = [(E-SFN × 10240) + (SFN × 10) + subframe number]

floor [n – [drx-ShortCycle × floor (n / drx-ShortCycle) ] ] = 
floor [drx-StartOffset – [drx-ShortCycle × floor (drx-StartOffset / drx-ShortCycle) ] ]	(Eq9)
	where n = [(E-SFN × 10240) + (SFN × 10) + subframe number]

Proposal 4: To solve the SFN wraparound issue, introduce a new SFN (E-SFN) and update the C-DRX formulas as in Eq8 and Eq9 above.

[bookmark: _Ref110247021]2.3 Reduce C-DRX On-Duration after data arrival
According to the XR/CG traffic model, the packet arrival time includes a jitter. The jitter follows truncated Gaussian distribution and as baseline is within range [-4, 4] ms. 
The UE needs to monitor PDCCH during the jitter period, which means that the UE will be awake for most of the DRX cycle. Therefore, drx-onDurationTimer (ODT) in C-DRX, which is started at the beginning of every DRX cycle, may need to be configured with a large value (e.g., 8ms).
On the other hand, after the first packet for a media frame is detected, the subsequent packets belonging to the same frame would usually be transmitted within a relatively short period of time. Therefore, drx-InactivityTimer (IAT), where the UE is waiting for a subsequent PDCCH indicating a new DL or UL transmission, can be configured with a relatively small value compared to the ODT. Note the UE monitors PDCCH during Active Time, which includes the time while either timer (ODT or IAT) is running.
To save the UE power, it can be beneficial to reduce the duration where the UE monitors for PDCCH as much as possible. As a potential enhancement, the UE can stop the ODT at the first data arrival and can rely on IAT while waiting for the next packet for the same media frame, as illustrated below. This can save power for UEs where the first packet for a media frame arrives early during the on-duration. Note that the IAT can still be running so that the UE monitors the PDCCH for any subsequent packet(s) belonging to the same media frame.
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Figure 8 Stopping ODT early after data arrival

The system level simulation (SLS) evaluation results for this enhancement are presented in Table 4 and Figure 9 below.

	Power saving scheme
	CDRX cycle (ms)
	ODT (ms)
	IAT (ms)
	#UE /cell
	floor (Capacity)
	% of DL satisfied UE
	Mean PSG of all UEs (%)

	AlwaysOn - baseline
	0
	0
	0
	12
	12
	94.6%
	0%

	R15/16CDRX
	16
	12
	8
	12
	12
	92.7%
	5.4%

	eCDRX (rational DRX cycle)
	(50/3)
	12
	8
	12
	12
	94.3%
	9.9%

	eCDRX + stop ODT early
	(50/3)
	12
	8
	12
	12
	92.4%
	16.6%


[bookmark: _Ref110246175]Table 4 SLS evaluation results with stop ODT early, FR1, DL-only, DU, CG 30Mbps
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[bookmark: _Ref110246200]Figure 9 Comparison of SLS evaluation results with Stop ODT early

· [bookmark: _Hlk101858202]Stop ODT: Stop ODT early + eC-DRX with DRX cycle = 50/3 ms

From SLS evaluation, it is observed that stopping ODT early on traffic arrival + eC-DRX improves PSG by 11.2% with marginal reduction in UE satisfaction rate by 0.3% compared to Rel-17 C-DRX.
Observation 5: Stopping ODT early + eC-DRX provides significant power savings with marginal impact on UE satisfaction rate compared to Rel-17 C-DRX.
We therefore propose that the enhancements to reduce DRX on-duration after traffic arrival should be adopted by RAN2.
Proposal 5: Reduce DRX on-duration after the arrival of data by stopping ODT to enable the UE to go to sleep early.

2.4 Introduce gaps within the C-DRX On-Duration
As another enhancement for reducing PDCCH monitoring when long DRX on-durations are configured to cover the jitter, the DRX on-duration period can be split into smaller segments with gaps between them. This will give opportunity to the UE to go to sleep (e.g., micro sleep) during the gaps without compromising the packet delay budget significantly.
This enhancement can be applied on top of the early ODT stop enhancement discussed in Section 2.3 above. ODT can be stopped and remaining on-durations in the group can be skipped after the arrival of data as illustrated in Figure 10.

[image: ]
[bookmark: _Ref110246793]Figure 10 ODT gaps + stopping ODT early

The system level simulation (SLS) evaluation results for this enhancement are presented in Table 5 and Figure 11 below.

	Power saving scheme
	CDRX cycle (ms)
	ODT (ms)
	IAT (ms)
	#UE /cell
	floor (Capacity)
	% of DL satisfied UE
	Mean PSG of all UEs (%)

	AlwaysOn - baseline
	0
	0
	0
	12
	12
	94.6%
	0%

	R15/16CDRX
	16
	12
	8
	12
	12
	92.7%
	5.4%

	eCDRX (rational DRX cycle)
	(50/3)
	12
	8
	12
	12
	94.3%
	9.9%

	eCDRX + stop ODT early
	(50/3)
	12
	8
	12
	12
	92.4%
	16.6%

	eCDRX + ODT gaps + stop ODT early
	(50/3)
	12
	8
	12
	12
	91.2%
	17.2%


[bookmark: _Ref110246482]Table 5 SLS evaluation results with ODT gaps + stop ODT early, FR1, DL-only, DU, CG 30Mbps
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[bookmark: _Ref110246498]Figure 11 Comparison of SLS evaluation results with ODT gaps

From SLS evaluation, it is observed that ODT gaps + stopping ODT early on traffic arrival + eC-DRX improves PSG by 11.8% with marginal decrease in UE satisfaction rate by 1.5% compared to Rel-17 C-DRX.
Observation 6: Introducing gaps in ODT + stopping ODT early + eC-DRX provides significant power savings with marginal impact on UE satisfaction rate over Rel-17 C-DRX.
We therefore propose that the enhancements to reduce PDCCH monitoring during DRX on-duration by introducing gaps within on-duration should be adopted by RAN2.
Proposal 6: Split the DRX on-duration into groups of smaller on-durations by introducing gaps to maximize opportunities for the UE to go to sleep.

Proposal 7: Enhancements for stopping ODT early and splitting DRX on-durations can be combined: The ODT is stopped and remaining on-durations in the group are skipped after the arrival of data.

2.5 Disable DRX retransmission timer for CGs reserved for UL pose/control traffic
In XR, UL pose/control information can include: 
· Viewer pose information (describing the state of a viewer of the XR scene as tracked by the XR device)
· Predicted pose
· AR pose tracking
· User’s environment information via sensors
· Gaming /control events.
According to the traffic model in TR 38.838, UL pose/control information has periodicity of 4 ms, PDB of 10 ms, and has no jitter. Due to the deterministic nature of this traffic, configured grant (CG) is suitable for transmitting UL pose/control information.
Observation 7: CG is suitable for transmitting UL pose/control information.
In legacy C-DRX, when a MAC PDU is transmitted in a CG, the UE starts the drx-HARQ-RTT-TimerUL, and when it expires, starts drx-RetransmissionTimerUL, and monitors PDCCH while drx-RetransmissionTimerUL is running. With an UL traffic periodicity of 4 ms, the UE will have to wake up and monitor PDCCH for UL retransmissions after every UL pose/control transmission and will not have a chance to go to sleep very often.

[image: ]
Figure 12 DRX Active Time with UL pose/control traffic

Observation 8: With UL traffic periodicity of 4 ms, UE does not have much opportunity to go to sleep between UL transmissions.
We note that for the UL pose/control traffic, packet success rate of 99% is considered as baseline, whereas 95% and 90% are optional values. Additionally, according to the capacity evaluation results in TR 38.838, more than 30 UEs per cell can be supported for UL pose/control traffic (for DU scenario), while the capacity for media traffic is much more limited. Therefore, UL pose/control traffic is not the bottleneck for capacity in XR deployments.
Observation 9: UL pose/control traffic does not constitute a bottleneck for capacity for XR deployments.
To reduce the PDCCH monitoring in the UE, UL retransmissions can be de-prioritized for UL pose/control traffic that is transmitted on configured grants. This can be achieved by not starting drx-HARQ-RTT-TimerUL and drx-RetransmissionTimerUL timers when a transmission is performed on a configured grant configuration that is reserved for UL pose/control traffic. Even if the one-shot transmission fails, the application can wait for the next CG occasion to send fresh information instead of attempting to retransmit delayed packets. 
Existing LCH restrictions for CGs can be used to map a set of LCHs carrying UL pose/control traffic to a CG configuration and to ensure that no other traffic is transmitted using the CG configuration that is reserved for UL pose/control traffic.
Proposal 8: drx-HARQ-RTT-TimerUL and drx-RetransmissionTimerUL are not started for transmissions performed on specific CG configurations, for example, ones reserved for UL pose/control traffic.

3 Conclusion
In this contribution, we discuss the impact of XR service characteristics on power saving, with some potential enhancements on C-DRX to support XR traffic, and have the following observations and proposals:
Observation 1: It is not possible to align DRX on-duration occasions with XR traffic using legacy DRX cycles with integer values.
Observation 2: eC-DRX using rational DRC cycle value matching CG traffic improves both power savings and UE satisfaction rate compared to Rel-17 C-DRX.
Observation 3: Using legacy DRX formulas with non-integer (rational number) DRX cycles do not produce expected results when determining the subframes to start the ODT.
Observation 4: If C-DRX cycle values that are not factors of 10240ms are introduced in XR and legacy C-DRX formulas are used, DRX on-duration will go out of sync with XR traffic after the SFN wraparound.
Observation 5: Stopping ODT early + eC-DRX provides significant power savings with marginal impact on UE satisfaction rate compared to Rel-17 C-DRX.
Observation 6: Introducing gaps in ODT + stopping ODT early + eC-DRX provides significant power savings with marginal impact on UE satisfaction rate over Rel-17 C-DRX.
Observation 7: CG is suitable for transmitting UL pose/control information.
Observation 8: With UL traffic periodicity of 4 ms, UE does not have much opportunity to go to sleep between UL transmissions.
Observation 9: UL pose/control traffic does not constitute a bottleneck for capacity for XR deployments.

Proposal 1: Introduce non-integer (rational number) DRX cycles to match typical XR traffic patterns.

Proposal 2: Enhance C-DRX formulas to support non-integer (rational number) DRX cycles, by replacing modulo operation with the floor function as in Eq6 and Eq7 above.

Proposal 3: Enhance legacy C-DRX formulas to resolve the issue with SFN wraparound when DRX cycle is not a factor of 10240ms.

Proposal 4: To solve the SFN wraparound issue, introduce a new SFN (E-SFN) and update the C-DRX formulas as in Eq8 and Eq9 above.

Proposal 5: Reduce DRX on-duration after the arrival of data by stopping ODT to enable the UE to go to sleep early.

Proposal 6: Split the DRX on-duration into groups of smaller on-durations by introducing gaps to maximize opportunities for the UE to go to sleep.

Proposal 7: Enhancements for stopping ODT early and splitting DRX on-durations can be combined: The ODT is stopped and remaining on-durations in the group are skipped after the arrival of data.

Proposal 8: drx-HARQ-RTT-TimerUL and drx-RetransmissionTimerUL are not started for transmissions performed on specific CG configurations, for example, ones reserved for UL pose/control traffic.
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[bookmark: _Ref110843504]Appendix A – SLS parameters
The SLS parameters used for evaluation in this contribution are listed in Table 6 below.
[bookmark: _Ref110845798]Table 6 SLS parameters for Dense Urban in FR1
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