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1 [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 
The existing power NR power saving features are not optimized for XR type traffics. To address this, in a new SID [1], the following objectives on XR-specific power saving techniques are specified for Rel-18.
	[bookmark: _Hlk107479571]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 RAN1 #109-e [2], it was agreed to select a suitable solution from the following techniques for the above two objectives, i.e., CDRX enhancements and PDCCH monitoring enhancements.
	For power saving study of Rel-18 XR SI, CDRX enhancements to evaluate in this study item are to be selected from the following:
· High priority Issue 1-1: Alignment between CDRX and XR traffic for resolving the mismatch between CDRX cycle and XR traffic periodicity for each flow
· High priority Issue 1-2: C-DRX enhancements to handle jitter
· Medium priority Issue 1-3: CDRX enhancements for multiple XR traffic flows [Note 2]
· Low priority Issue 1-4: CDRX enhancements to adjust to variable burst sizes and frame rate
Note: Some companies think the adjustment for variable burst sizes can be realized by existing spec already
· Low priority Issue 1-5: low latency handling 
· Low priority Issue 1-6: SFN wraparound mismatch (if handled in RAN1)

For power saving study of Rel-18 XR SI, PDCCH monitoring enhancements to evaluate in this study item are to be selected from the following
· Low priority Issue 2-1: Alignment between PDCCH monitoring and XR traffic to resolve the mismatch between PDCCH monitoring periodicity and XR traffic periodicity. 
· Low priority Issue 2-2: XR-dedicated PDCCH monitoring window to supplement CDRX for multi-flow traffic. 
· High priority Issue 2-3: Enhancements to Rel-17 PDCCH monitoring adaptation. 



In this contribution, we discuss details of our proposed power saving techniques to enhance the C-DRX for XR traffic, following the prioritization order in the list above. We also discuss details on our proposed solution to enhance PDCCH monitoring during C-DRX ON duration.
2 C-DRX enhancement
The existing C-DRX configuration including enhanced C-DRX of Rel-17 are not optimized for XR type traffics. This is due to the following characteristics of XR type traffics 
· variable XR data rate,
· non-integer XR traffic periodicity and 
· quasi-periodic XR periodicity (with possible jitter).
The proposed C-DRX enhancement techniques, described in this section, include adaptation of C-DRX operation based on XR traffic characteristics to reduce the total on duration of the device. 
2.1  Alignment between C-DRX configuration and XR traffic
One of the main characteristics of XR traffic is that it has a periodic arrival time. In order to save UE power consumption, ideally, the UE should be configured with the DRX configuration in which the DRX ON duration is aligned with the packet arrival timing and rate from the application/network. The duration of the DRX ON duration should be arranged that match with the packet transmission time. With the existing CDRX configuration, the DRX configuration may not be aligned with the packet arrival time, due to the non-integer arrival rate of XR applications. This causes misalignment as the downlink packet may arrive prior or after the scheduled DRX ON duration. This misalignment increases the packet transfer delay and has negative impact on delivering packets within a given delay bound. An example of this is shown in Figure 1. In this example, XR traffic has packet frame arrival of 60 fps which gives a non-integer arrival rate of 16.67 msec. CDRX cycle values support only integer multiples of 1 msec and here it is configured to 16 msec.
[image: ]
[bookmark: _Ref102029768]Figure 1 - Illustration of misalignment between XR traffic arrival time and existing DRX configuration
As we can see, DRX ON duration cannot be exactly aligned with DL frame arrival timing. This would mean that the packets would arrive further and further outside the DRX active window or ON duration after the first two transmission, assuming we have a 1 msec DRX ON duration window. Extending the DRX ON duration may ensure the reception of the packets at the UE. However, it will increase the power consumption. All above means when deciding on enhanced C-DRX configuration we need to also take the XR non-integer periodicity into account.
[bookmark: _Toc102030935][bookmark: _Toc102031113]Observation 1 – An XR application may have a traffic rate that is not aligned with any integer DRX periodicity in the order of msec. This causes misalignment as the downlink packet may arrive outside of the DRX ON duration.
[bookmark: _Toc102030936][bookmark: _Toc102031114]Observation 2 – UE power saving can be optimally obtained by arranging the DRX configuration:
· The starting of ON duration is aligned with periodic XR traffic 
· The duration of ON duration is matched with the packet transmission time

To address this, we propose a method where the DRX cycles are arranged so that the UE power consumption is reduced while ensuring the reception of the packet arrival at the UE side. Our proposed solution will utilize traffic aware technique, or traffic aware information, in optimizing the DRX configuration to XR type service and applications. In our proposed scheme, whenever the packet arrival is occurred outside the ON duration of a DRX, depending on whether the length of DRX cycle is longer or shorter than the packet arrival time, the start of ON duration is delayed or advanced, respectively by a certain period, Δ msec.  

[image: ]
[bookmark: _Ref102029795]Figure 2 - Timing diagram for calculation and evaluation of the start of the DRX ON duration
We decide, as shown in the timing diagram in Figure 2, whether it is needed to delay or advance the start of the ON duration based on the value of . At each upcoming packet arrival, the expected packet arrival time are compared to the expected/configured ON duration, by assessing the value of . 
· If the expected arrival time is within next DRX on duration, i.e., , then there is no need to delay the DRX on duration. 
· If the expected arrival time is earlier than the start of the next ON duration, i.e., the start of the subsequent ON duration needs to be advanced by  msec.
· If the expected arrival time is after the next ON duration, i.e., the start of subsequent ON duration needs to be delayed by  msec.
Details on how to negotiate this between the UEs and gNB, after the evaluation is done, need to be further studied.
[bookmark: _Toc102030946]Proposal 1 – Consider enabling dynamic DRX parameters of the pre-assigned DRX configuration, such as the start of DRX ON duration can be advancing / delaying.

2.2 C-DRX enhancement to handle jitter 
Another traffic characteristic related to XR applications, and their packet arrival rate is the impact from potential jitter that comes from generating and transmitting the video frames. These types of traffic might not be perfectly periodic which can be characterized as jitter. Jitter basically means the arrival of video frames becomes less predictable. This makes the arrival rate not fully deterministic, and some flexibility would be needed to monitor DL channel. With a short DRX ON period, the packet may arrive outside the ON-duration and the packet cannot be received until the subsequent ON duration. This increases the delay. A long DRX ON period can avoid delay, but the drawback is increased UE power consumption. It also does not solve the issue if the packet arrived earlier than the ON duration. When enhancing the C-DRX configuration for XR type traffic, quasi-periodic XR characteristics needs to be taken into account.
Observation 3 – Adjusting only the length of the ON duration can result either in a long delay or unnecessary increased power consumption.
In the following we propose two approaches for handling jitter.
2.2.1 C-DRX configuration adaptation 
With this approach, we address jitter problem by further improving the dynamic DRX parameters of the previous section. In our proposed scheme, the gNB performs measurement on the jitter itself, i.e., jitter deviation, and do an estimation on, e.g., a max jitter and then signals that to the UE. The UE then adjusts the ON duration accordingly, i.e., if the packet due to jitter arrives earlier than the ON duration, calculated based on above techniques, we need to advance the DRX ON duration, and if the packet arrives after the ON duration, then the DRX ON duration needs to be delayed, similar to what is described in the approach above.
[bookmark: _Toc102030947]Proposal 2 – Consider dynamic DRX configuration to delay or advance DRX ON duration based on the experienced jitter.

2.2.2 Two-level C-DRX configuration 
As stated earlier, the eC-DRX mechanisms mentioned in Rel-17 are not optimized for XR traffics since adaptation of DRX ON duration and multi-C-DRX cycle values configuration are almost based on single C-DRX structure. Another approach to improve energy savings is to reduce UE power consumption during DRX ON. Aiming at this direction, a two-level C-DRX configuration scheme, shown in  Figure 3, with extra finer granularity of inactive duration indication is proposed. 
[image: ]
[bookmark: _Ref102029593]Figure 3 – Two-level C-DRX configuration
In this scheme, the 1st level DRX can be configured/adjusted with existing DRX schemes, such as legacy in Rel-15/16 and eC-DRX mechanisms in Rel-17. For the 2nd level DRX configuration, since scheduling DCI for dynamic grant will be sent frequently in the 1st level DRX ON, which inspired us to indicate minor/finer inactive duration by DCI in 1st level DRX ON for extra sleep, and additional/reserved bits or existing field can be used/repurposed for this related indication with either absolute value or index. Through two-level DRX configuration, extra inactive duration in 1st level DRX ON is introduced for further energy saving with less specification impact.
[bookmark: _Toc102030948]Proposal 3 – Two-level DRX configuration with finer granularity inactive indication during DRX ON can be considered for further power saving.
2.3 Application-aware multi-C-DRX configuration 
Another important characteristic of the XR applications is that it has a deterministic traffic pattern, for example it may have one or more data streams in which each stream may have its own periodicity. Each stream may have a fix or a varying data-rate. The current C-DRX parameters and configuration are for regular data traffics and therefore not optimized for XR applications with multi-stream and quasi-periodic traffic periodicity. For instance, if there is no transmission after an activity timer then the OFF duration starts. However, if the UE continues receiving data the ON duration gets continuously extended by restarting the inactivity timer, which is normal and expected legacy behavior, but if the data arrival is known, the On-duration period could be reduced, and unnecessarily activating of the inactivity timer could be minimized or prevented, and hence avoiding unnecessary extra power consumption at the UE. 
[bookmark: _Toc102030934][bookmark: _Toc102031112]Observation 4 -The existing C-DRX configuration is not optimized for XR traffic characteristics, resulting in unnecessary activation of inactivity timer and consequently leading to increased power consumption at the UEs.

We can use the unique “deterministic” characteristic of XR traffic and introduce an application aware multi-C-DRX configuration to reduce the unnecessary on duration.  In this approach, as illustrated in  Figure 4, each stream is associated with a certain DRX configuration(s) and the UE can adaptively switch-off the receiver for a certain period when the UE does not expect to receive the downlink data.

[image: ]
[bookmark: _Ref102029725]Figure 4 - Illustration of multi DRXs operation

[bookmark: _Toc102030945]Proposal 4 - Application aware multi-C-DRX configuration can be considered as an enhanced C-DRX mechanism to further reduce power consumption in UEs with XR traffic. 
3 PDCCH monitoring enhancement
As stated in previous section, scheduling DCI will be sent frequently for dynamic grant in DRX ON, which leads to frequent PDCCH decoding with multi blind detections for each decoding as well as large portion of energy consumption.
3.1 Enhancement to PDCCH monitoring adaptation (DCI linkage)
 A direct way for UE power saving is to reduce PDCCH decoding or BD attempts for each decoding. Taking this into consideration, we propose a scheme with DCI linkage targeting BD attempts reduction for each PDCCH decoding in Figure 5. 
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[bookmark: _Ref102029647]Figure 5 - Linkage of subsequent DCIs for power saving
As shown in Figure 5, an indication between DCI#1 and DCI#2 is inserted in DCI format as the linkage information of two subsequent DCIs. With this information, the whole search space set (SS) can be divided into two sub-sets, where one is PDCCH candidates with same DCI format (set) as previous decoded DCI and the other is that with different DCI format (set). When DCI#1 is successfully decoded, the linkage information will guide the sub-sets selection for the decoding of DCI#2. Compared to normal decoding of DCI#2 in whole SS, proposed scheme can reduce BD attempts to one sub-set. It is also worth noting that, scheduling DCI is more relevant for XR traffic in DRX ON, which means same DCI format (set) indication would probably happens, and sub-set with same DCI format (set) has fewer candidates than that with different DCI format (set). Therefore, proposed linkage indication scheme can show significant BD reductions for each PDCCH decoding, and especially suitable for XR service.
To evaluate the power saving gain (PSG) of prosed scheme over legacy PDCCH monitoring, denoted as PSG_DCIlinkage, We assume that the average ratios of PDCCH candidates in the two subsets to the whole search space sets are x and (1-x) respectively, the ratio of scheduling DCI over all DCI within DRX ON is y. For simplicity, we further assume that each PDCCH candidate consumes same power unit, and each PDCCH detection will traverse all PDCCH candidates. Then the total power consumption of one PDCCH detection can be calculated roughly by BD times multiple power unit, therefore, the ratio of power consumption between two schemes can be represented by the ratio of their BD times. With the definition of PSG in Rel-17 [3], we roughly calculate the theoretical PSG_DCIlinkage represented by BD reductions as,
PSG_DCIlinkage = 1- xy - (1-x)(1-y)  				(1)
We plot the theoretical  PSG_DCIlinkage with formula (1) in Figure 6. From legacy RRC configuration of search space set, it is natural that x is smaller than (1-x), which implies x less than 0.5 inherently. To facilitate UE power saving in XR, dense data scheduling tends to be centralized in DRX ON, which leads to y larger than 0.5. Benefiting from the two features, large PSG_DCIlinkage will be generated. Take the value of (x,y) as (0.3,0.9) as an example, the theoretical PSG_DCIlinkage reaches 0.66. And take the value of (x,y) as (0.2,0.9) as another example, the theoretical PSG_DCIlinkage goes larger to 0.74.
[image: ]
Figure 6 - Theoretical PSG_DCIlinkage
Observation 5: The proposed DCI linkage scheme have large power saving gain theoretically. 
With this observation, we also did simulations with parameters specified in Annex A. Figure 7 shows the simulated PSG_DCIlinkage for a single UE, which well aligned with the theoretical one in Figure 6. In Figure 8, we plot the CDF of PSG_DCIlinkage for multi-UE scenario with 5UE/cell, and Table 1 summarized the 5%, 50% and 95% percentile of PSG accordingly. We observe that 95% UE have a PSG of at least 50.3%, and the mean PSG is around 53.5%.
[image: ]
Figure 7 - Simulated PSG_DCIlinkage
[image: ]
Figure 8 - The CDF of simulated PSG_DCIlinkage for 5UE/cell
Table 1. 5%, 50% and 95% percentile of simulated PSG_DCIlinkage
	 
	Mean
	5%
	50%
	95%

	PSG_DCIlinkage
	53.5%
	50.3%
	53.5%
	56.4%



Observation 6: Simulation results indicated the proposed DCI linkage scheme has at least 50% power saving gain.

[bookmark: _Toc102030949]Proposal 5 - Adding DCI linkage information in DCI can be considered as a mean to reduce PDCCH BD attempts for power saving.

4 Conclusion
In this contribution, we have discussed our view on potential power saving enhancements in XR. Our observations and proposals are listed below:
Observation 1 – An XR application may have a traffic rate that is not aligned with any integer DRX periodicity in the order of msec. This causes misalignment as the downlink packet may arrive outside of the DRX ON duration.
Observation 2 – UE power saving can be optimally obtained by arranging the DRX configuration:
· The starting of ON duration is aligned with periodic XR traffic 
· The duration of ON duration is matched with the packet transmission time
Observation 3 – Adjusting only the length of the ON duration can result either in a long delay or unnecessary increased power consumption.
Observation 4 -The existing C-DRX configuration is not optimized for XR traffic characteristics, resulting in unnecessary activation of inactivity timer and consequently leading to increased power consumption at the UEs.
Observation 5: The proposed DCI linkage scheme have large power saving gain theoretically. 
Observation 6: Simulation results indicated the proposed DCI linkage scheme has at least 50% power saving gain.

Proposal 1 – Consider enabling dynamic DRX parameters of the pre-assigned DRX configuration, such as the start of DRX ON duration can be advancing / delaying.
Proposal 2 – Consider dynamic DRX configuration to delay or advance DRX ON duration based on the experienced jitter.
Proposal 3 – Two-level DRX configuration with finer granularity inactive indication during DRX ON can be considered for further power saving.
Proposal 4 - Application aware multi-C-DRX configuration can be considered as an enhanced C-DRX mechanism to further reduce power consumption in UEs with XR traffic. 
Proposal 5 - Adding DCI linkage information in DCI can be considered as a mean to reduce PDCCH BD attempts for power saving.
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6     Annex A: Simulation assumptions
For all simulation results, the system simulation parameters are summarized in Table A.1, traffic model assumption are shown in Table A.2 and PDCCH search space configuration are listed in Table A.3. 
Table A.1: System simulation parameters
	Parameter
	Deployment scenarios

	
	Indoor Hotspot

	Layout
	120m x 50m, ISD: 20m, Cell number: 12

	Channel model
	InH (38.901)

	UE Distribution
	100% indoor

	Carrier frequency
	FR1: 4 GHz

	Subcarrier spacing
	30 kHz

	Channel estimation
	Ideal

	UE speed
	3 km/h

	MCS
	Up to 64QAM

	BS Antenna Pattern
	Ceiling-mount antenna radiation pattern, 5 dBi

	BS Antenna Configuration
	32 TxRU, (M, N, P, Mg, Ng; Mp, Np) = (4,4,2,1,1;4,4)
(dH, dV) = (0.5λ, 0.5λ)

	UE Antenna Pattern
	Omni-directional, 0 dBi

	UE Antenna Configuration
	2T/4R, (M, N, P, Mg, Ng; Mp, Np) = (1,2,2,1,1;1,2), (dH, dV) = (0.5, N/A)λ

	Down Tilt
	90° (pointing to the ground)

	BS Transmit Power
	24 dBm per 20 MHz
Note: For system BW larger than above, Tx power scales up accordingly.

	TDD configuration
	DDDSU

	Scheduler
	PF scheduler

	MIMO transmission
	SU-MIMO

	C-DRX cycle
	16.67 ms

	C-DRX On duration
	10 ms

	BS height
	3m

	UE height
	1.5m

	BS noise figure
	5 dB

	UE noise figure
	9 dB

	UE tx power
	23dBm

	System Bandwidth
	100 MHz



Table A.2: Traffic model assumption 
	# of DL streams
	1

	Description of streams
	DL_video

	Traffic arrival offset
	0

	Scenario
	VR

	bit rates (Mbps)
	30

	stream packet generation rate (fps)
	60

	# of DL stream packets per video frame
	1

	mean Packet size (byte)
	62500

	STD / mean of Packet Size
	1.05

	Max packet size / Mean
	1.5

	Min packet size / Mean
	0.5

	Jitter STD (ms)
	2

	Jitter range Min (ms)
	0

	Jitter range Max (ms)
	8



Table A.3: PDCCH monitoring configuration
	Number of SS
	6

	Total number of PDCCH Candidates
	36

	DCI Format
	Format 0_0 or 1_0, Format 0_1 or 1_1, Format 2_0, Format 2_1, Format 2_2, Format 2_3

	Aggregation level and corresponding number of PDCCH candidates
	CSS: AL=[4,8,16]; #PDCCH=[4,2,1]
USS: AL= [1,2,4,8,16]; #PDCCH=[6,5,4,2,1]

	Common DCI / Scheduling DCI in DRX ON
	2 / 3
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