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1	Introduction
In [1], a new SI on XR was agreed, with objectives covering three main areas, i.e. XR awareness in RAN, XR-specific power saving, and XR-specific capacity improvements. In this contribution we discuss topics for UE power saving, related to the following objectives in [1]:
“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.”
[bookmark: _Ref178064866]2	Discussion on Power Saving Enhancements for XR
[bookmark: _Ref101347218]2.1 General discussion on power saving solutions
Numerous XR power saving enhancements were proposed by different companies in Rel-18 RAN1 so far. However, for many of these enhacements, evaluation results are not presented, the evaluation results neglect entirely the agreed simulation methodology, and/or their performance is not compared with any existing R15/16/17 power saving feature. Consequently, we do not see the benefit of studying such enhancements any further, since there is no indication that these enhancements could be useful.   
[bookmark: _Toc115430720]Do not study further any L1 and L2 solutions for which there are no evaluation results based on the agreed simulation methodology. 
Furthermore, XR traffic is overall full of describable features (based on characteristics agreed in [3]), so if the statistics information about traffic flows is known, (semin-)static configurations are suitable. This is the case especially when handling the non-integer XR periodicities and aligning DRX with these periodicities, where the traffic periodicity is assumed to be known and RAN1 does not consider dynamic frame rate switching, as agreed in [2].
[bookmark: _Toc115430721]Prioritize power saving enhancements based on semi-static configurations.
Also, the following agreement was made in RAN1#110 [2].
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.
Since instantaneous jitter value is not known to the gNB, thus it is not possible for the gNB to dynamically adjust CDRX Active Time parameters unless the packet has arrived. Therefore the following low-priority issues (as agreed in RAN1#109) under CDRX enhancements should be deprioritized from Rel-18 study item.
· Low priority Issue 1-4 (13% support as high priority): CDRX enhancements to adjust to variable burst sizes and frame rate
· Dynamic adjustment of CDRX Active Time parameters
· Note: Some companies think the adjustment for variable burst sizes can be realized by existing spec already
Consistently, we believe that solutions based on enhanced L1 signaling outside DRX Active Time (e.g., enhanced WUS or new DCIs) are not suitable to handle jiitter, due to the following. The network does not know the exact moment when traffic arrives (due to random jitter), so cannot know in advance when to send a DCI indication to the UE, to indicate flexible start of drx-onDurationTimer, unless the packet arrives before the DCI opportunity. 
· If the packet arrives before the DCI opportunity, there is no need to introduce a configurable duration after which onDuration should start; onDuration should simply start immediately. In this case existing WUS (DCP based on DCI 2_6) without configurable duration until onDuration is sufficient. 
· The situation in which the packet arrives after the DCI opportunity should be avoided in the first place by, e.g., configuring several DCI opportunities covering the jitter range. This case would thus be similar to sparse PDCCH monitoring in DRX Active Time, which can be handled with minor enhancements to DRX (see Section 2.2.2), or minor enhancements to Rel-17 SSSG switching (see Section 2.3.1). As such, there is no need to consider more complex enhancements for DCI signaling outside DRX Active Time.
Current PDCCH monitoring adaptation at L1 is also already suitable to handle power saving when packet sizes are variable. Specifically, PDCCH skipping can be indicated after traffic transmission in a current DRX cycle, to interrupt PDCCH monitoring until the next DRX cycle. Thus, there is no need for major enhancements using frequent L1 dynamic signalling, that deviate significantly from R17 supported features; this is more complex and unnecessary.
Accordingly, the two low-priority issues (as agreed in RAN1#109) under PDCCH monitoring enhancements should be deprioritized from Rel-18 study item.
· 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.

In summary, the following is proposed.
[bookmark: _Toc115430722]Deprioritize issues 1-4, 2-1, 2-2 from power saving study of Rel-18 XR SI.

In terms of terminology, we note that in this contribution we adopt the term “application packet”, consistent with the term “packet” in [2], where “a packet models the set of IP packets belong to the same video frame”. Nonetheless, an application packet refers also to other types of XR flows and not only video.  
2.2 C-DRX enhancements
In this section we discuss potential C-DRX enhancements. We present extensive simulation results for these enhancements, showing overall that, depending on the network load and the traffic generation rate, different C-DRX solutions need to be applied, to maximize power savings and also achieve a high percentage of satisfied UEs. We discuss each solution in the subsequent sections.
[bookmark: _Toc115430712]Depending on the network load and the traffic generation rate, different C-DRX solutions need to be applied, to maximize power savings and also achieve a high percentage of satisfied UEs.
[bookmark: _Toc115426209][bookmark: _Toc115426210]

[bookmark: _Ref105678701]2.2.1 Align DRX to non-integer traffic periodicity
In this section we present a solution to align the DRX cycles with non-integer traffic periodicities, in order to ensure that the users are in DRX Active Time when application packets are expected to arrive. The goal of this is thus to limit the delay. Additionally, the drx-onDurationTimer value could be set to cover only the time when traffic is expected, to make best use of the sleeping opportunities and also save power.
2.2.1.1 Solution to align DRX cycle with non-integer traffic periodicity
Aligning the DRX should be done in sync with the network to avoid further issues. Thus, we propose a simple solution to match the DRX cycle with the traffic period based on adding a time offset after a number of cycles. The network provides these two parameters to the UE:
· traffic_time_offset: indicates a fixed time shift for the start of drx-onDurationTimer;
· drx_offset: a number of cycles after which the new shift traffic_time_offset should be added. 
With this solution, the DRX cycle length would be approximated to the next lower supported cycle value w.r.t. the non-integer traffic periodicity. The formula and conditions to start the drx-onDurationTimer would then be modified to:
(i) initialize the following variables when DRX starts the first time: tmp_cycle=0 and drx_cycle=-1;
(ii) check the condition:
[(SFN × 10) + subframe number] modulo (drx-LongCycle) = 
                                                             (drx-StartOffset + n × traffic_time_offset) modulo (drx-LongCycle);
(iii) if the condition in (ii) is true and (tmp_cycle+1) modulo drx_offset=0, increment n and tmp_cycle;
(iv) otherwise, if the condition in (ii) is true, start drx-onDurationTimer and increment drx_cycle and assign tmp_cycle=drx_cycle. 
In Table 1 below we show an example for video traffic with generation rate 60 fps and no jitter. We set drx_offset=3, traffic_time_offset=2 ms, drx-LongCycle=16 ms, and drx-onDurationTimer=10 ms. In other words, after the  3rd DRX cycle, a time offset of 2 ms is added. The midle columns show how the difference between the data arrival and start of DRX cycle increases as a result of the non-integer periodicities. The right-side column shows the result after the proposed solution is applied.  
[bookmark: _Ref110957557]Table 1: Example of proposed DRX alignment with traffic arrival
	Application packet arrival [ms]
	
	Problem with standard formula
	
	Solution with enhanced formula

	
	
	DRX cycle start [ms]
	Difference (packet arrival – DRX start) [ms]
	
	DRX cycle start [ms]
	Difference (packet arrival – DRX start) [ms]

	0
	
	0
	0
	
	0
	0

	16.66
	
	16
	0.66
	
	16
	0.66

	33.33
	
	32
	1.33
	
	32
	1.33

	50
	
	48
	2
	
	50
	0

	66.66
	
	64
	2.66
	
	66
	0.66

	83.33
	
	80
	3.33
	
	82
	1.33

	100
	
	96
	4
	
	100
	0

	116.66
	
	112
	4.66
	
	116
	0.66

	133.33
	
	128
	5.33
	
	132
	1.33

	150
	
	144
	6
	
	150
	0

	166.66
	
	160
	6.66
	
	166
	0.66

	183.33
	
	176
	7.33
	
	182
	1.33

	200
	
	192
	8
	
	200
	0

	216.66
	
	208
	8.66
	
	216
	0.66

	233.33
	
	224
	9.33
	
	232
	1.33

	250
	
	240
	10
	
	250
	0

	266.66
	
	256
	10.66
	
	266
	0.66

	283.33
	
	272
	11.33
	
	282
	1.33

	300
	
	288
	12
	
	300
	0

	316.66
	
	304
	12.66
	
	316
	0.66



Our solution to enhance the formula for Long DRX cycles has several advantages:
· It is flexible and supports numerous cycle lengths and alignments by means of only two additional parameters (traffic_time_offset and drx_offset) with integer values in ms. Thus, it can easily achieve DRX alignment with currently known and, additionally, future XR non-integer periodicities.
· It is expected that only few values need to be introduced for these two parameters, corrsponding to short of alignment offsets (traffic_time_offset) that need to applied frequently in time (i.e. every few cycles drx_offset). 
· The two new parameters traffic_time_offset and drx_offset are configured at RRC and require no L1/L2 dynamic signaling, thus having a low signaling overhead. 
· This solution has a small impact in terms of specification changes and can be easily configured to work as current DRX with integer cycle lengths, by simply setting traffic_time_offset=0.
· Can be enhanced to work with Short DRX.
In contrast to our alignment solution, another solution modifying the CDRX formula by adding new rational (i.e., not integer) cycle values for each non-integer traffic periodicity would require more specification changes. Namely, the new rational and existing integer DRX cycle values would have to be treated differently and different formulas or operations would be applied to start the drx-onDurationTimer. Additionally, this other solution is less future-proof, since the list of supported DRX cycle lengths at RRC would have to contain and be updated with all the exact rational traffic periodicities of any current/future XR application supported by the system.

2.2.1.2 Results for alignment solution
Table 2 shows results for a high network load, for two solutions of CDRX matched to the non-integer video periodicity of 16.66 ms: 
(i) our proposed solution (drx_offset=3, traffic_time_offset=2 ms, drx-LongCycle=16 ms); and 
(ii) another solution resulting in cycles of 17-17-16 ms, as proposed by other companies. This behaviour can be achieved by e.g., modifying the DRX formula to use rational cycle lengths, or introduce pre-configured cycle patterns (which would also require further DRX operation modifications). 
Additionally, we show results for Always On and standard Long DRX and Short DRX. Both matched DRX solutions achieve a similar performance that is also better than for R15/16 CDRX, namely a PSG of ~9%, while maintaining ~83% satistfied UEs. Consequently, matching DRX to the video traffic periodicity is beneficial, since it maintains a short delay and thus a large fraction of satisfied UEs, while saving UE power. Furthermore, our solution to enhance the CDRX formula performs as well as other CDRX matching solutions based on modifying the DRX procedures.     
[bookmark: _Ref111044940]Table 2: Results for CDRX, for FR1, high load, Dense Urban scenario, and VR multi-stream traffic: DL video (60 fps, 30 Mbps, ±4 ms jitter, 10 ms PDB), DL audio (10 ms periodicity, 30 ms PDB), UL pose (4 ms periodicity, 10 ms PDB)
	Tdoc #
	Power Saving Scheme
	CDRX cycle (ms)
	ODT (ms)
	IAT (ms)
	Load H/L
	avg # UEs/Cell
	floor (Capacity)
	% of satisfied UE
	Mean PSG of all UEs
	Mean PSG of satisfied UEs

	R1-2208401
	Always On
	-
	-
	-
	H
	8
	8
	90.1%
	-
	-

	R1-2208401
	R15/16 DRX (Long DRX)
	10
	8
	4
	H
	8
	7
	82.6%
	4.2%
	4.1%

	R1-2208401
	R15/16 DRX (Short DRX)
	4
	2
	4
	H
	8
	5
	69.8%
	9.8%
	9.7%

	R1-2208401
	Matched CDRX (with our solution)
	16.6 (drx_offset=3, traffic_time_offset=2 ms, drx-LongCycle=16 ms)
	10
	4
	H
	8
	 7
	82.5%
	9.1%
	9.0%

	R1-2208401
	Matched CDRX (solutions from other companies)
	16.6
(17-17-16 equivalent)
	10
	4
	H
	8
	7
	83.7%
	9.5%
	9.4%




Based on the analysis and evaluations above, we have the following observation and proposals.
[bookmark: _Toc115430713]Matching the DRX cycle with the non-integer video periodicity achieves high power saving gains (~9%), while maintaining a high percentage of satisfied UEs (~83%), under the condition of high network loads and high traffic generation rate. 
[bookmark: _Toc115430714]The solution proposed in this section to match DRX with non-integer traffic periodicities achieves the same performance as other semi-static solutions and has several additional advantages. 

[bookmark: _Toc115368389][bookmark: _Toc115426230][bookmark: _Toc115427885][bookmark: _Toc115429904][bookmark: _Toc115430866][bookmark: _Toc110853109][bookmark: _Toc115178992][bookmark: _Toc115430723]Enhance DRX formula to match non-integer (ms) XR traffic periodicities.
[bookmark: _Toc115430724]RAN2 should decide the specifics of the DRX formula changes to align DRX with non-integer periodicities. 

[bookmark: _Ref109646058]2.2.2 Handling traffic jitter 
If the jitter range is not taken into account when configuring DRX, the video traffic may arrive randomly either before or after the onDuration, increasing the delay. A simple solution using existing DRX functionality, is to configure the drx-onDurationTimer to run during the entire jitter range. However, given the long jitter range of 8 ms, the UE would monitor the PDCCH for a long time, which would lead to limited power saving gains. We thus propose to introduce a two-stage DRX solution as follows.       
2.2.2.1 Two-stage DRX solution 
The two-stage DRX concept is illustrated in Figure 2. In principle, the UE does not need to continuously monitor PDCCH over the whole jitter range. It could be sufficient that the UE monitors a few short times during that range. In this case, existing DRX functionality could be used by configuring a Long DRX cycle as stated above, with the difference that the UE would monitor PDCCH only intermittently during that “OnDuration” time. 
To achieve this behavior, two-stage DRX introduces Inner DRX cycles within an Outer DRX cycle. The outer onDurationTimer determines the periodicity over which shorter Inner DRX cycles run. In other words, the inner onDurationTimer is started only when the outer onDurationTimer is running. The UE monitors the PDCCH only during the inner onDuration time of the Inner cycles.      
[image: ]
[bookmark: _Ref101365578]Figure 2. Illustration of two-stage DRX.

The two-stage DRX solution has the following advantages when handling jitter:
· Its parameters (timers, cycle lengths, and offsets) are configured primarily semi-statically at RRC. This reduces the need for L1 dynamic signaling and thus the resulting overhead, as well as potential network-UE synchronization loss due to dynamic signaling misdetection. By contrast, using L1 PDCCH skipping instead of two-stage DRX, to create the intermittent gaps in the onDuration, would require a significant amount of fast signalling. Namely a scheduling DCI with a skipping indication would have to be sent before each gap (every couple of ms), even if there is no data to be scheduled. Furthermore, the wanted skipping duration(s) would have to be included in the set of 2 or 3 duration options, thus leaving very few other duration options for other skipping indications, e.g. after all data has been transmitted.
· It can work jointly with Rel-17 PDCCH skipping at L1 to skip monitoring after complete data transmission and thus save additional UE power, if needed. 
· It could be enhanced with additional L1 signalling that indicates a number of subsequent inner/outer cycles when the two-stage DRX timers should be terminated/not started, if needed.
· It can work jointly with DRX alignment solutions for non-integer traffic periodicities. For instance, the outer DRX cycle can be aligned with the traffic periodicity. 
· It is a simple solution, since both the Outer and Inner DRX cycles are overall based on the concept of Long/Short DRX, which is an existing functionality. Only minor dependency enhancements would be needed.       

2.2.2.2 Results for two-stage DRX  
Table 3 and Table 4 show simulation results for high and low load, respectively, for two-stage DRX, where the outer DRX cycle is configured to match the video traffic periodicity of 60 fps (as presented in Section 2.2.1) and the outer onDurationTimer covers the jitter range. Note that the other results for Always On, Long DRX and Short DRX in Table 3 are repeated from the previous sections. 
Additionally, we show results for standard R17 PDCCH skipping with the following configuration. DRX is matched to the video traffic periodicity and PDCCH skipping indication is sent after complete data transmissions, to stop PDCCH monitoring until next DRX cycle. Namely, PDCCH skipping is sent for the last video PDSCH packet and when the current packet delay is less than 8 ms and the onDuration period for the next cycle has not started. Two skipping durations are configured, i.e., 5 ms and 10 ms, and for each skipping indication the duration is selected such that the skipping period ends before the next onDuration period (i.e., before the next DRX cycle starts).   
We note that the power saving signal DCP based on DCI 2_6 (WUS) would not bring any benefit for the typical XR traffic with multiple flows. Since there is traffic in each Long DRX cycle (even for the shortest cycle duration of 10 ms), the drx-onDurationTimer needs to be started in each cycle to avoid latency increases. Thus, if the DCP signal is sent by NW, it will always indicate to the UE to start the drx-onDurationTimer, so configuring the DCP signal would only increase the UE power consumption, by causing the UE to unnecessarily monitor DCP in non-active time. For this reason we do not show any results for DCP.
The results show that, for high load, two-stage DRX achieves a significant PSG of 14.1%, but only 71.7% satisfied UEs. However, for low load, two-stage DRX achieves an even higher PSG of up to 16.6% (higher than for R15/16 DRX), while satisfying a similar percentage of UEs as R15/16 DRX, matched CDRX, and R17 PDCCH skipping. Consequently, two-stage DRX is superior to standard power saving features and matched DRX especially for low load. 
[bookmark: _Ref111045254]Table 3: Results for two-stage DRX, for FR1, high load, Dense Urban scenario, and VR multi-stream traffic: DL video (60 fps, 30 Mbps, ±4 ms jitter, 10 ms PDB), DL audio (10 ms periodicity, 30 ms PDB), UL pose (4 ms periodicity, 10 ms PDB)
	Tdoc #
	Power Saving Scheme
	CDRX cycle (ms)
	ODT (ms)
	IAT (ms)
	Load H/L
	avg # UEs/Cell
	floor (Capacity)
	% of satisfied UE
	Mean PSG of all UEs
	Mean PSG of satisfied UEs

	R1-2208401
	Always On
	-
	-
	-
	H
	8
	8
	90.1%
	-
	-

	R1-2208401
	R15/16 DRX (Long DRX)
	10
	8
	4
	H
	8
	7
	82.6%
	4.2%
	4.1%

	R1-2208401
	R15/16 DRX (Short DRX)
	4
	2
	4
	H
	8
	5
	69.8%
	9.8%
	9.7%

	R1-2208401
	Matched CDRX (with our solution)
	16.6 (drx_offset=3, traffic_time_offset=2 ms, drx-LongCycle=16 ms)
	10
	4
	H
	8
	  7
	82.5%
	9.1%
	9.0%

	R1-2208401
	Matched CDRX (solutions from other companies)
	16.6
(17-17-16 equivalent)
	10
	4
	H
	8
	7
	83.7%
	9.5%
	9.4%

	R1-2208401
	R17 PDCCH skipping & matched CDRX
	16.6
(matched with our solution)
	10
	4
	H
	8
	6
	72.2%
	10.5%
	10.4%

	R1-2208401
	Two-stage DRX
	outer DRX: 16.6 (matched with our solution);
inner DRX: 4
	outer ODT: 10; inner ODT: 2
	4
	H
	8
	 5
	71.7%
	14.2%
	14.1%



[bookmark: _Ref108451435]Table 4 Results for two-stage DRX, for low load, FR1, Dense Urban scenario, and VR multi-stream traffic: DL video (60 fps, 30 Mbps, ±4 ms jitter, 10 ms PDB), DL audio (10 ms periodicity, 30 ms PDB), UL pose (4 ms periodicity, 10 ms PDB)
	Tdoc #
	Power Saving Scheme
	CDRX cycle (ms)
	ODT (ms)
	IAT (ms)
	Load H/L
	avg # UEs/Cell
	floor (Capacity)
	% of satisfied UE
	Mean PSG of all UEs
	Mean PSG of satisfied UEs

	R1-2208401
	Always On
	-
	-
	-
	L
	2
	8
	99.5%
	-
	-

	R1-2208401
	R15/16 DRX
(Long DRX)
	10
	8
	4
	L
	2
	-
	98.3%
	4.6%
	5.0%

	R1-2208401
	R15/16 DRX
(Short DRX)
	4
	2
	4
	L
	2
	 -
	96.5%
	10.8%
	11.7%

	R1-2208401
	Matched CDRX (with our solution)
	16.6 
(drx_offset=3, traffic_time_offset=2 ms)
	10
	4
	L
	2
	-
	97.0%
	10.2%
	10.9%

	R1-2208401
	R17 PDCCH skipping & matched CDRX
	16.6 
(matched with our solution)
	10
	4
	L
	2
	 -
	96.6%
	11.2%
	11.9%

	R1-2208401
	Two-stage DRX
	outer DRX: 16.6 (matched with our solution);
inner DRX: 4
	outer ODT: 10; inner ODT: 2
	4
	L
	2
	 -
	96.4%
	15.7%
	16.6%




Based on the simulation study and analysis above, we have the following observation and proposal.
[bookmark: _Toc115430715]Two-stage DRX is suitable for low network loads, where it saves up to ~17% power, while also achieving a high percentage of satisfied UEs (96.4%).

[bookmark: _Toc115178993][bookmark: _Toc115430725]Adopt the two-stage DRX solution to handle jitter for quasi-periodic XR traffic flows. 
[bookmark: _Toc115430726]RAN2 can address the details of the DRX specification changes for supporting two-stage DRX.

2.2.3 Handling multiple traffic flows
Single DRX configuration cannot match the traffic characteristics of all XR flows. Thus, it cannot closely follow the irregular and short sleep opportunities and can result in either low power saving gains, or in a long traffic delay. A solution to this issue is to support multiple simultaneous DRX configurations. We refer to this as multi-flow DRX and we present this solution in the following subsections. 

2.2.3.1 Multi-flow DRX solution
In the multi-flow DRX solution, the NW provides multiple DRX configurations to a UE, all running in parallel for a serving cell. By doing so, the network could use XR traffic information such as traffic periodicity or jitter characteristics, provided e.g. by the core network, to configure DRX in a way that the DRX parameters in each configuration match each individual (quasi-)periodic traffic flow. For instance, each DRX configuration can be configured with the traffic periodicity and the DRX cycle start can be aligned with the expected application packet arrival (or start of the jitter range) of one specific traffic flow. 
Regardless of the DRX parameter values selected for each configuration, the multi-flow DRX solution works as follows:
· The UE monitors the PDCCH while the drx-onDurationTimer (or drx-InactivityTimer) is running in any of the DRX configurations on the serving cell, i.e. the overall active time is a logical ‘OR’ of the active times given by each DRX configuration.
· If a PDCCH is received for a new transmission, then any drx-InactivityTimer that is running at that time  for the serving cell could be re-started.   
An example illustration is shown in Figure 2, for two DRX configurations that are selected to match the parameter values (periodicity and alignment) of two traffic flows. The DL time slots in the TDD pattern (DL: shaded, UL: not shaded) in which the UE monitors the PDCCH are shaded in black, while no PDCCH monitoring is performed in the DL time slots shaded in gray. Thus, if configured with suitable parameter values, the multi-flow solution is able to follow the irregular time gaps due to the interleaved traffic flows and save UE power, while ensuring a low delay.  

 [image: ]
[bookmark: _Ref101429467]Figure 2. Illustration of multi-flow DRX with two configurations, each matching a DL traffic flow: the cycle and drx-onDurationTimer in green follow the video flow (16.66 ms periodicity) and the DRX configuration in magenta follows the audio flow (10 ms periodicity). The video traffic experiences a random jitter in the range of ±4 ms with a truncated Gaussian distribution around the mean traffic periodicity.

Importantly, multi-flow DRX can be combined with two-stage DRX, where the two-stage concept can be applied on top of one or multiple DRX configurations in multi-flow DRX. We show an example in Figure 3, where there are two DRX configurations: the first one (green) also has two-stage DRX on top, while the second one (magenta) is a single-stage DRX configuration. In this case, the UE monitors the PDCCH whenever:
· the inner onDurationTimer (or drx-InactivityTimer) of the first DRX configuration (green) is running; 
OR
· the drx-onDurationTimer (or drx-InactivityTimer) of the second DRX configuration (magenta) is running.

The resulting DL time slots in which the UE monitors the PDCCH are shaded in black, while no PDCCH monitoring is performed in the DL time slots shaded in gray. Furthermore, we note that the inner onDurationTimer of the first DRX configuration is triggered periodically only when the outer onDurationTimer of this configuration is running.



[image: ]
[bookmark: _Ref101970075]Figure 3. Illustration of multi-flow DRX with two configurations. The first configuration (green) is combined with two-stage DRX and is matching a video flow (16.67 ms periodicity). The video traffic experiences a random jitter in the range of ±4 ms with a truncated Gaussian distribution around the mean traffic periodicity, where the outer onDurationTimer covers the jitter range. The second DRX configuration (magenta) follows an audio flow (10 ms periodicity). 

The parameter values for multi-flow DRX are intended to be configured by RRC. However, if different values for the drx-InactivityTimer are required for different DRX configurations, the UE also needs some additional rules or indication to determine which value to apply, when traffic is being scheduled. Note that the drx-InactivityTimer is (re-)started by the UE upon reception of a PDCCH scheduling a new data transmission, namely before the UE knows what data is being scheduled and which DRX configuration it is associated with. This could be solved by a simple implicit rule, or L1 indication.  A few other DRX parameter values (e.g., drx-HARQ-RTT-TimerDL) should be handled as well, so that UE knows what to set when multiple values could potentially exist due to multiple DRX configurations for multi-flow DRX. 
Overall, the advantages of multi-flow DRX are as follows:
· It is based on semi-static RRC configuration, thus reducing the need for dynamic L1 signaling and overhead.
· It can work jointly with DRX alignment solutions for non-integer traffic periodicities, where the alignment solutions can be applied individually per DRX configuration.
· It can work jointly with two-stage DRX to handle jitter efficiently for those traffic flows that suffer from jitter.
· It requires only moderate changes in the standard, consisting primarily of several sets of DRX parameters at RRC and limited procedural text to determine the active time durations of the different DRX configurations, in order to monitor the PDCCH. 

2.2.3.2 Results for multi-flow DRX
Table 5 shows example results for (i) multi-flow DRX with two DRX configurations and (ii) multi-flow combined with two-stage DRX. Furthermore, the results for R15/16 Long and Short DRX configurations and a single matched DRX configuration are also shown, as a reference. A single DRX configuration matched to the video flow cannot satisfy the PDB of the audio flow in this example, resulting in zero capacity.
Multi-flow DRX achieves a PSG of 13.6%, which is significantly higher than for R15/16 Long DRX, while decreasing the fraction of satisfied UEs by only 2.3 percentage points. Multi-flow DRX is also superior to R15/16 Short DRX, in terms of both fraction of satisfied UEs (3.5 percentage points higher) and PSG (6.4 percentage points higher). The combined solution of multi-flow and two-stage DRX achieves an even higher PSG of 17.2%, at the expense of only a 6.6 percentage points decrease in the fraction of satisfied UEs vs. multi-flow DRX.
[bookmark: _Ref106028568]Table 5 Results for multi-flow DRX, for FR1, high load, Dense Urban scenario, and VR multi-stream traffic: DL video (30 fps, 30 Mbps, ±4 ms jitter, 10 ms PDB), DL audio (10 ms periodicity, 10 ms PDB), UL pose (4 ms periodicity, 10 ms PDB)
	Tdoc #
	Power Saving Scheme
	CDRX cycle (ms)
	ODT (ms)
	IAT (ms)
	Load H/L
	avg # UEs/Cell
	floor (Capacity)
	% of satisfied UE
	Mean PSG of all UEs
	Mean PSG of satisfied UEs

	R1-2208401
	Always On
	-
	-
	-
	H
	5
	5
	94.0%
	-
	-

	R1-2208401
	R15/16 DRX
(Long DRX)
	10
	8
	4
	H
	5
	 5
	90.7%
	3.0%
	3.3%

	R1-2208401
	R15/16 DRX
(Short DRX)
	4
	2
	4
	H
	5
	 4
	85.9%
	6.9%
	7.2%

	R1-2208401
	Matched CDRX (with our solution)
	33.3 
(drx_offset=3, traffic_time_offset=1 ms, drx-LongCycle=33 ms)
	10
	4
	H
	5
	 0
	0%
	18.4%
	-

	R1-2208401
	Multi-flow DRX
	33.3 (matched with our solution)
	10
	4
	H
	5
	 4
	88.4%
	13.4%
	13.6%

	
	
	10
	2
	0
	
	
	
	
	
	

	R1-2208401
	Multi-flow and two-stage DRX
	outer DRX: 33.3 (matched with our solution);
inner DRX: 4
	outer ODT: 10; inner ODT: 2
	4
	H
	5
	 4
	81.8%
	16.9%
	17.2%

	
	
	10
	2
	4
	
	
	
	
	
	



Setting up a second DRX configuration for the second traffic flow is useful especially when the periodicity of the first DRX configuration is longer than the PDB of the second traffic flow. This is the case in the example above, where the first DRX cycle has a length of 33-34 ms (i.e. matching video rate of 30 fps), which is longer than the considered PDB of 10 ms for the audio flow. Consequently, the audio application packets may exceed the PDB often. In this case, it is thus useful to configure a second DRX cycle to match the audio periodicity, in order to limit the audio traffic delay. Otherwise, a single DRX configuration matched to the video flow cannot satisfy any UE (cf. Table 6). For other configurations where the first DRX cycle has a similar or shorter length than the PDB of the second flow, e.g. first DRX cycle of ~16 ms matching a 60 fps video rate and an audio flow with 30 ms PDB, the first single DRX configuration may be sufficient to ensure the relaxed PDB requirements for the audio flow (as observed in Table 3).  
Based on the evaluation results and analysis above, we have the following observations and proposal.
[bookmark: _Toc115430716]A single DRX configuration matched to one traffic flow may not fulfill the PDBs of other traffic flows, resulting in a capacity of zero UEs/cell.
[bookmark: _Toc110853103][bookmark: _Toc115430717]Multiple simultaneous DRX configurations, each matching a traffic flow, achieves both high UE power saving gains (up to 13.6%) and a high percentage of satisfied UEs (88.4%), if a single DRX configuration matched to one flow does not satisfy the PDBs of other flows.
[bookmark: _Toc110853104][bookmark: _Toc115430718]If multiple DRX configurations are required, combining this with two-stage DRX is the preferred solution to achieve the highest UE power saving gains (17.2%) and a high percentage of satisfied UEs (81.8%).


[bookmark: _Toc115178994][bookmark: _Toc115430727]Adopt multiple simultaneous DRX configurations. 
[bookmark: _Toc115430728]RAN2 can address the details of the DRX specification changes for supporting multiple DRX configurations.

2.3 PDCCH monitoring adaptation enhancements
In Table 3 and Table 4 we showed that R17 PDCCH monitoring adaptation features (i.e., PDCCH skipping) achieve a PSG of up to 12%. In the following sections we discuss a few minor enhancements to Rel-17 SSSG switching and PDCCH skipping.
2.3.1 SSSG switching enhancements
A few minor SSSG switching enhancements could be adopted, for handling traffic jitter by introducing PDCCH monitoring gaps during the jitter range. We note that such a behavior can be overall achieved with R17 SSSG switching features, but a few minor enhancements can speed up the switching process, reduce the amount of DCI signalling, and ensure the same delay distribution among jitter ranges: 
· An SSSG with sparse PDCCH pattern could be associated with DRX, such that the UE implicitly switches to this SSSG when the drx-onDurationTimer starts. 
· Such a switch would be predictable (i.e., the drx-onDurationTimer start is known in advance), so the switching delay Pswitch (if needed) could be reduced, since the UE could prepare in advance. 
· The UE could be configured to implicitly switch to an SSSG with dense PDCCH monitoring (e.g., in every time slot), when a PDCCH scheduling new data arrives during sparse SSSG monitoring. This way, there would be no need of using explicit SSSG switching signalling, so all 1-2 bits introduced in Rel-17 for PDCCH monitoring adaptation could be used for PDCCH skipping instead.       
· In order to ensure the same delay distribution in all DRX cycles, the search space sets (especially those within the SSSG with sparse PDCCH monitoring) could be aligned w.r.t. the start of current DRX cycle. To this end, minor changes can be introduced in the PDCCH monitoring formula, to incorporate the most recent DRX cycle start and thus ensure the same PDCCH monitoring pattern in every DRX Active Time, i.e. with the same offset from the start of the drx-onDurationTimer. The modified PDCCH monitoring formula is presented in Annex B.
We expect these enhancements to achieve a similar performance as two-stage DRX; for results refer to Table 3 and Table 4.
Finally, although PDCCH monitoring gaps can be achieved with this solution, it may not always be straightforward to configure it. This is because there can be several search space sets within an SSSG, each with their own offsets, periodicities, and number of monitored slots. Given that the UE monitors all search space sets within the applied SSSG, the NW would have to make sure that all these search space sets are configured with proper relative timing among each other.
[bookmark: _Toc115178995][bookmark: _Toc115426237][bookmark: _Toc115427892][bookmark: _Toc115429911][bookmark: _Toc115430873][bookmark: _Toc115430729][bookmark: _Toc115368397][bookmark: _Toc115368398][bookmark: _Toc115426239][bookmark: _Toc115427894][bookmark: _Toc115429913][bookmark: _Toc115430875][bookmark: _Toc115430927][bookmark: _Toc115430946][bookmark: _Toc115426240][bookmark: _Toc115427895][bookmark: _Toc115429914][bookmark: _Toc115430876][bookmark: _Toc115430928][bookmark: _Toc115430947]Enhance SSSG switching to address jitter without increasing signaling overhead:
(a) an implicit SSSG applies at the start of drx-OnDuration and another SSSG applies when a PDCCH for data traffic is received. 
(b) align the search space set monitoring pattern w.r.t. the DRX cycle.

2.3.2 Discussion on PDCCH skipping enhancements
In Section 2.2.2.2, R17 PDCCH skipping was used to interrupt PDCCH monitoring in DRX Active Time, after data has been transmitted, and thus save UE power. However, the R17 PDCCH skipping indication supports only two or three skipping durations. We discuss the need to enhance PDCCH skipping to support indication of more skipping durations a duration.
RAN1 agreed in Rel-17 PDCCH monitoring adaptation maintenance agenda item [2]:

	TP to Clause 10.4, TS 38.213
<Unchanged part omitted>

When the PDCCH monitoring adaptation field indicates to a UE to skip PDCCH monitoring for a duration on the active DL BWP of a serving cell, the UE starts skipping of PDCCH monitoring at the beginning of a first slot that is after the last symbol of the PDCCH reception providing the DCI format with the PDCCH monitoring adaptation field. If the UE transmits a PUCCH providing a positive SR after the UE detects a DCI format providing the PDCCH monitoring adaptation field indicating to the UE to skip PDCCH monitoring for the duration on the active DL BWP of the serving cell, the UE resumes PDCCH monitoring starting at the beginning of a first slot that is after a last symbol of the PUCCH transmission. If the DRX group of the serving cell is configured and enters outside Active Time, the UE terminates PDCCH skipping for the serving cell.

<Unchanged part omitted>




Thus, a given skipping indication is applicable only in the current DRX cycle and stops being applied once the next onDuration starts in the next cycle. In this case, even a single long skipping duration (long enough to always each the start of the next cycle) is sufficient and behaves in the same way as enhanced PDCCH skipping with arbitrary skipping duration (i.e., any value that is needed to exactly skip the remaining DRX active time).
Furthermore, in Table 6 we show results for two extreme cases for compare-and-contrast, namely, R17 PDCCH skipping with two durations only (reproduced from previous sections) and enhanced PDCCH skipping with arbitrary skipping duration (i.e., any value that is needed to skip the remaining DRX active time). The results confirm that there are no tangible performance benefits. Consequently, enhancing PDCCH skipping by providing more choices of skipping durations is not necessary. 
[bookmark: _Ref108517488]Table 6 Results for enhanced PDCCH skipping, for FR1, high and low load, Dense Urban scenario, and VR multi-stream traffic: DL video (60 fps, 30 Mbps, ±4 ms jitter, 10 ms PDB), DL audio (10 ms periodicity, 30 ms PDB), UL pose (4 ms periodicity, 10 ms PDB)
	Tdoc #
	Power Saving Scheme
	CDRX cycle (ms)
	ODT (ms)
	IAT (ms)
	Load H/L
	avg # UEs/Cell
	floor (Capacity)
	% of satisfied UE
	Mean PSG of all UEs
	Mean PSG of satisfied UEs

	R1-2208401
	Always On
	-
	-
	-
	H
	8
	8
	90.1%
	-
	-

	R1-2208401
	R17 PDCCH skipping & matched CDRX 
	16.6 (matched with our solution)
	10
	4
	H
	8
	6
	72.2%
	10.5%
	10.4%

	R1-2208401
	Enhanced PDCCH skipping & matched CDRX
	16.6 (matched with our solution)
	10
	4
	H
	8
	6
	72.4%
	10.5%
	10.5%

	R1-2208401
	R17 PDCCH skipping & matched CDRX
	16.6 (matched with our solution)
	10
	4
	L
	2
	 -
	96.6%
	11.2%
	11.9%

	R1-2208401
	Enhanced PDCCH skipping & matched CDRX
	16.6 (matched with our solution)
	10
	4
	L
	2
	 -
	97.3%
	11.2%
	12.0%




Thus, based on the simulation study and analysis above, we have the following observation and proposal.

[bookmark: _Toc115430719]Enhancing PDCCH skipping to support more skipping durations does not outperform R17 PDCCH skipping with two skipping values.
[bookmark: _Toc115178996][bookmark: _Toc115430730]Do not introduce larger duration sets that PDCCH skipping indication selects from.

As agreed in RAN1#109e, for PDCCH monitoring enhancements, only one issue is considered high priority: “Enhancements to Rel-17 PDCCH monitoring adaptation”.  With regard to PDCCH skipping, skipping duration was the most obvious direction to explore. Since the behavior of PDCCH skipping with respect to a given DRX Active Time was clarified in RAN1#110 agreements and also no promising simulation results are observed in this direction, we suggest not to prioritize any enhancements related to PDCCH skipping.

[bookmark: _Toc115178997][bookmark: _Toc115430731]Do not prioritize further enhancements of PDCCH skipping beyond those in R17.


Conclusion
In the previous sections we made the following observations: 
Observation 1	Depending on the network load and the traffic generation rate, different C-DRX solutions need to be applied, to maximize power savings and also achieve a high percentage of satisfied UEs.
Observation 2	Matching the DRX cycle with the non-integer video periodicity achieves high power saving gains (~9%), while maintaining a high percentage of satisfied UEs (~83%), under the condition of high network loads and high traffic generation rate.
Observation 3	The solution proposed in this section to match DRX with non-integer traffic periodicities achieves the same performance as other semi-static solutions and has several additional advantages.
Observation 4	Two-stage DRX is suitable for low network loads, where it saves up to ~17% power, while also achieving a high percentage of satisfied UEs (96.4%).
Observation 5	A single DRX configuration matched to one traffic flow may not fulfill the PDBs of other traffic flows, resulting in a capacity of zero UEs/cell.
Observation 6	Multiple simultaneous DRX configurations, each matching a traffic flow, achieves both high UE power saving gains (up to 13.6%) and a high percentage of satisfied UEs (88.4%), if a single DRX configuration matched to one flow does not satisfy the PDBs of other flows.
Observation 7	If multiple DRX configurations are required, combining this with two-stage DRX is the preferred solution to achieve the highest UE power saving gains (17.2%) and a high percentage of satisfied UEs (81.8%).
Observation 8	Enhancing PDCCH skipping to support more skipping durations does not outperform R17 PDCCH skipping with two skipping values.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Do not study further any L1 and L2 solutions for which there are no evaluation results based on the agreed simulation methodology.
Proposal 2	Prioritize power saving enhancements based on semi-static configurations.
Proposal 3	Deprioritize issues 1-4, 2-1, 2-2 from power saving study of Rel-18 XR SI.
Proposal 4	Enhance DRX formula to match non-integer (ms) XR traffic periodicities.
Proposal 5	RAN2 should decide the specifics of the DRX formula changes to align DRX with non-integer periodicities.
Proposal 6	Adopt the two-stage DRX solution to handle jitter for quasi-periodic XR traffic flows.
Proposal 7	RAN2 can address the details of the DRX specification changes for supporting two-stage DRX.
Proposal 8	Adopt multiple simultaneous DRX configurations.
Proposal 9	RAN2 can address the details of the DRX specification changes for supporting multiple DRX configurations.
Proposal 10	Enhance SSSG switching to address jitter without increasing signaling overhead: (a) an implicit SSSG applies at the start of drx-OnDuration and another SSSG applies when a PDCCH for data traffic is received.  (b) align the search space set monitoring pattern w.r.t. the DRX cycle.
Proposal 11	Do not introduce larger duration sets that PDCCH skipping indication selects from.
Proposal 12	Do not prioritize further enhancements of PDCCH skipping beyond those in R17.
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[bookmark: _Ref101889499][bookmark: _Ref101950256]Annex A: Simulation assumptions
For all simulation results three flows are assumed: one DL video flow (60 or 30 fps, PDB of 10 ms, jitter range ±4 ms), one DL audio flow (10 ms periodicity, PDB of 30 ms), and one UL pose flow (4 ms periodicity, PDB of 10 ms). DG is configured for the two DL flows, whereas CG is configured for the UL pose flow, so this flow does not affect the DRX configuration. 

The UE power consumption model is adopted from [3], with the additional UL power modelling in [2], namely linear interpolation method in linear scale for UE Tx power values other than 0 dBm and 23 dBm. Other parameters are summarized in Tables A.1 and A.2. 

Table A.1: System simulation parameters
	Parameter
	Deployment scenarios

	
	Dense Urban 
(38.913 w/ following parameters)


	Layout
	9cells with wraparound
ISD: 200m

	Channel model
	UMa (38.901)

	UE Distribution
	80% indoor, 20% outdoor

	Carrier frequency
	4 GHz

	Subcarrier spacing
	30 kHz

	BS height
	25m

	UE height
	For Dense urban and Urban Macro, the UE height for indoor UEs is updated as following based on Table 6-1 in TR 36.873.
	UE height (hUT) in meters
	general equation for UE height
	hUT=3(nfl – 1) + 1.5

	
	nfl for outdoor UEs
	1

	
	nfl for indoor UEs
	nfl ~ uniform(1,Nfl) where
Nfl ~ uniform(4,8)




	BS noise figure
	5 dB

	UE noise figure
	9 dB

	BS receiver
	MMSE-IRC

	UE receiver
	MMSE-IRC

	Channel estimation
	Realistic

	UE speed
	3 km/h

	MCS
	Up to 256QAM

	BS Antenna Pattern
	3-sector antenna radiation pattern, 8 dBi

	BS Antenna Configuration 
	64 TxRU, (M, N, P, Mg, Ng; Mp, Np) = (8,8,2,1,1;4,8)
(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 
	12 degrees

	BS Transmit Power
	44 dBm per 20 MHz

Note: For system BW larger than above, Tx power scales up accordingly.

	UE max tx power
	23dBm

	System Bandwidth
	100 MHz



[bookmark: _Ref83715693]Table A.2: Other assumptions
	TDD Configuration 
	DDDSU

	Scheduler
	MU-MIMO PF scheduler 

	PHY processing delay
	UE PDSCH processing Capability #1
DL NACK to retransmission delay 1.5ms

	DMRS overhead
	1 DMRS symbol per PDSCH

	Power control parameter
	alpha: 0.8

	Transmission scheme
	Reciprocity-based precoding 

	Configured Grant
	On




[bookmark: _Ref111046806]Annex B: Enhanced PDCCH monitoring formula for alignment with DRX
We propose to enhance the PDCCH monitoring formula, in order to align the search space sets with the start of each DRX onDuration. This can be achieved by a minor update to the PDCCH monitoring formula in 38.213, as follows:
For a given period of continuous active time for PDCCH monitoring on a BWP of the serving cell, for search space set , the UE determines that PDCCH monitoring occasions exist in a slot with number  [4, TS 38.211] in a frame with number  if 
( +).
Parameter  is the most recent starting time of drx-onDurationTimer in time slots, i.e.,  is updated every time that drx-onDurationTimer starts, by using the formula:
  = ([(SFN × 10) + subframe number] ) + round(drx-SlotOffset/32/,
where SFN and the subframe number are the most recent ones that satisfy the condition for starting the drx-onDurationTimer.
For example, for Long DRX cycle, the reference point for PDCCH monitoring (i.e., SFN and subframe number) are the most recent ones for which the following condition holds: [(SFN × 10) + subframe number] modulo (drx-LongCycle) = drx-StartOffset, i.e., the existing condition for DRX onDuration.
Parameter  is the duration of a time slot in ms. Parameters os, kS, and TS for PDCCH monitoring are obtained as in existing specification.
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