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Introduction
In this paper, we propose to study a DRX enhancement for XR and cloud gaming applications, for minimizing the temporal mismatch between legacy DRX cycles and inter-frame periods of those applications. We first explain the reasons why we want to study it in R17 instead of R18. We then propose three options for the enhancement, for RAN2 to discuss and down select among the three options. 
Discussion
Motivations
We have observed that cloud gaming is rapidly expanding from consoles (e.g. Xbox cloud gaming) to smartphones and has become increasingly popular among many users. And VR applications on 5G are actively being trialed out (e.g., ATT 5G Harry Potter Virtual Reality Experience). Many industry players such as device vendors and service providers consider the attachment of 5G cellular modem on head-mounted displays (e.g. AR glass) to be a key technology that allows edge computing access to such devices and enable truly immersive XR user experience. They anticipate these market opportunities being ready to be exploited earlier than the expected Rel-18 timeline.
Observation 1.	There are market opportunities in cellular-enabled XR and cloud gaming products ready to be exploited earlier than the expected Rel18 timeline.
It has been identified that power consumption is one of the most important KPIs for XR and cloud gaming use cases. In particular, for dedicated XR and gaming devices, the device form factor and usability are heavily influenced by thermal design considerations and power dissipation. Reducing power consumption is the key to realizing the target form-factor and battery life necessary for those devices to have mass market appeal and achieve commercial success. Therefore, we think it is important for 3GPP community to take advantage of the strong market interest and standardize critical power savings features ahead of Rel-18.   
Observation 2. 	Low power is the key to realizing the target form-factor and battery life necessary for those products to have mass market appeal and achieve commercial success.
(Note: for the simplicity of presentation, in the rest of paper “XR” refers to both XR and cloud gaming).
In XR applications, frames are generated periodically. Some typical frame rates are 60 or 120 frames per seconds (fps), which correspond to inter-frame intervals of 16.67ms or 8.33ms, respectively.
To save power, network should try to configure UE’s DRX cycle to match the inter-frame cadence of traffic.  However, the configurable values of legacy DRX long cycle are 10, 20, 32, 40 ms, etc, and 2, 3, 5, 6, 7, 8, 10, 14, 16, 20, 30 ms, etc for short DRX cycle. This creates a temporal mismatch between DRX cycles and non-integer inter-frame cadence of XR traffic. It means that as long as DRX cycles take only integer values in msec, the start of DRX cycles cannot always be aligned with the start of XR frames. UE may either wakeup early or later than the start of a new XR frame. As a result, UE may have longer DRX active time or longer latency for its frames. That increases UE’s power consumption or degrades network capacity, which clearly is not desirable. An example of this mismatch is illustrated in Figure 1 in Section 3, in which the timing mismatch causes UE to miss DRX on durations.
In RAN1’s evaluation study on XR, companies have reported 10~20% power savings gains (e.g. [1]) if the temporal 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 temporal mismatch issue can be an effective way to reduce power consumption for XR applications. 
Observation 3.	Aligning DRX cycles and non-integer periods of XR traffic is a simple but effective method to reduce power consumption of XR devices.
We understand that there may be other DRX-related power saving enhancements for XR. But given the limited TU available for TEI17, we think it is more pragmatic to focus only on an enhancement which has the least impact on the current spec but significant benefits. Therefore, we’d make the following proposal:
Proposal 1.	RAN2 study enhancements which have low spec impact but can minimize the temporal mismatch between DRX cycles and non-integer periods of XR traffic in R17.

Solutions
In the following, we discuss a few possible options for solving the temporal mismatch problem.
Option A:  
This option aims for a solution with the least spec impact. It adds a set of new values which are close approximates to expected periods of XR traffic (e.g. 8.33, 11.11, 16.66 msec) for both short and long DRX cycles. Then it adds floor operation to the formula for determining the start time of DRX on durations. For example, in the formula for short DRX cycle:
1>	if the Short DRX cycle is used for a DRX group, and floor{[(SFN × 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.
The modulo operation in the formula now becomes the modulo operation for rational numbers.
Note that there are still rounding errors between the exact values of traffic periods and the newly added DRX cycles. Hence in this option, the temporal mismatch can still drift with DRX cycles, although at a pace much slower than in legacy.  
Option B:
This option aims to eliminate the drifts in temporal mismatch, but at a cost of slightly more spec changes. We understand that there could be multiple ways to accomplish this design goal. In this paper we describe only one of such solutions, to illustrate how this group of solutions may work.
In this example, the solution uses cadence instead of periods of XR traffic to calculate the start time of DRX on durations. More specifically, it introduces a new parameter, 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 slot/ symbol in which the next DRX on duration should start, as follows (with short DRX cycle as an example):
1> If the Short DRX cycle is used for a DRX group and n = [(SFN × 10) + subframe number] and ceiling(n × drx-ShortCadence /1000) +1 = ceiling [(n+1) × drx-ShortCadence/1000]:
2> 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 and the resulting start times of DRX cycles can closely track those of XR frames without drifting.
Option C: 
In this option, we first need to add a few new integer values to short/long DRX cycles, which are the integers closest to the possible periodicities of XR traffic. When DRX is configured, network use L2 signaling (i.e. MAC-CE) to tell UE what value of drx-StartOffset it should apply to determine the exact start time of the next DRX on duration. This indication does not need to be sent in every DRX cycle. For example, network may choose to send it only when it considers the mismatch between the start of the next data frame and the next DRX on duration is too large. 
This option can be dynamic and hence flexible enough to support any type of traffic. And it can even be adjusted for jitters in traffic and potential overlap with measurement gaps. However, it does introduce extra signaling overhead (~1.5Kbps for 60 fps), compared to the other two options.
In Figure 2 of Section 3, we use an example to illustrate the differences between the performance of legacy, Option A and Option B. In this example, the frame rate is 60Hz. The legacy configuration has a DRX cycle of 16 ms and is used as baseline for the comparison. For Option A, DRX cycle is set to 16.66 ms. For Option B, the cadence is set to be the same as the frame rate, i.e. 60 Hz. 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 = -4 ms means in that in a particular DRX cycle, the XR frame arrives 4ms earlier 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.
· In Option A, because the DRX cycle is closer to the actual frame period (1000/60 ms), the mismatches result in smaller drifts than that in legacy. However, these drifts can accumulate over the time and eventually result in mismatches comparable in magnitude to those in legacy (Note: due to the display limitation, the plot shows only the DRX cycles in a 250 ms segment, starting from 10 sec after traffic starts).
· In Option B, although the mismatches still change over time, but their magnitude are limited to a very small range. And more importantly, this range does not to change over time. This property makes it much more desirable than the other two options (i.e., legacy and option A), from both latency and power saving perspectives.
We think the above three options are all reasonable solutions to the temporal mismatch problem and have their own pros and cons. We therefore suggest RAN2 to discuss and down select between them.
Proposal 2. 	RAN2 discuss and down select from the following three options:
· Option A.  Add new values of DRX cycles which are close approximates of expected periods of XR frames;
· Option B.  Any enhancement for calculating start of DRX cycles which can avoid it drifting apart from start of XR frames, e.g. use cadence instead of period of XR frames to calculate the start of DRX cycles;
· Option C.  Network uses MAC CE to dynamically adjust drx-StartOffset.

[bookmark: _Ref79056351]Figures
In Figure 1, the frame rate of XR traffic is 60 Hz. UE has a DRX configuration of 16 ms cycle and 1 ms on duration. As a result, in the 3rd DRX cycle, XR frame arrives 4/3 ms later than the start of the 3rd DRX cycle and thus misses the on duration. That frame has to wait until the next DRX cycle to be scheduled.


Figure 1. An example of tempo mismatch between DRX cycle and XR frame arrivals.
In Figure 2, the frame rate of XR traffic is 60 Hz. The legacy configuration has a DRX cycle of 16 ms.  Option A uses a DRX cycle of 16.66 ms. Option B is based on a cadence of 60 Hz. For all three options, the DRX start offset =0, and XR traffic starts at time 0. Each data point in the plot corresponds to one DRX cycle. Hence, it illustrates the difference between the start of DRX cycle and XR frame. For example, a data point with y-axis value = -4 ms means that in that DRX cycle, the XR frame arrives 4ms earlier than the start of that DRX cycle. The plot shows only the DRX cycles in a 250 ms long segment, starting from 10 sec after traffic starts. 
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[bookmark: _Ref79056775]Figure 2. Temporal mismatch between start of DRX cycles and XR frames -- a comparison between legacy, Option A and B.
Conclusion
Observation 1.	There are market opportunities in cellular-enabled XR and cloud gaming products ready to be exploited way earlier than the expected Rel18 timeline.
Observation 2. 	Low power is the key to realizing the target form-factor and battery life necessary for those products to have mass market appeal and achieve commercial success.
Observation 3.	Aligning DRX cycles and non-integer periods of XR traffic is a simple but effective method to reduce power consumption of XR devices.
Proposal 1.	RAN2 study enhancements which have low spec impact but can minimize the temporal mismatch between DRX cycles and non-integer periods of XR traffic in R17.
Proposal 2. 	RAN2 discuss and down select from the following three options:
· Option A.  Add new values of DRX cycles which are close approximates of expected periods of XR frames;
· Option B.  Any enhancement for calculating start of DRX cycles which can avoid it drifting apart from start of XR frames, e.g. use cadence instead of period of XR frames to calculate the start of DRX cycles;
· Option C.  Network uses MAC CE to dynamically adjust drx-StartOffset.
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