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Introduction
The following objectives on XR-specific Power Saving (RAN1, RAN2) have been identified by the study item description (RP-220285)
· 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.
This contribution expresses our views on the identified power saving enhancements. 
Discussion
C-DRX Enhancements
C-DRX Adjustment 
NR supports integer C-DRX cycles (e.g., 16 ms), however, XR traffic frame inter-arrival time is not integer (e.g., 16.67 ms). Such a mismatch between the C-DRX cycle and the frame inter-arrival time could lead to additional power consumption or scheduling latency. If such a mismatch is not compensated could lead to a significant (even more than maximum XR traffic jitter range) drift of DRX on duration after several cycles. In Rel-17 XR study item, it has been suggested to adjust some of the C-DRX cycle start offset and/or on-duration/inactivation timer value to reduce the additional power consumption or scheduling latency. Such adjustments could be done dynamically or semi-statically.
If a configured DRX parameter such as C-DRX cycle start offset and/or on-duration/inactivation timer value is updated for a DRX cycle, it would be good to check whether such an update would necessitate updating (a) other DRX parameters/timers as well as (b) DRX configuration limitations. For instance, if one or more drx-ShortCycles are prolonged (w.r.t. the configured value) due to the update, it would be good to study how to determine drx-ShortCycleTimer value and drx-LongCycle duration. In addition, currently, there are some configuration restrictions when two DRX groups are configured (such as on drx-onDurationTimer, and drxInactivityTimer). It would be good to study if such restrictions can be temporarily lifted when a DRX cycle is updated (e.g., DRX on-duration for a DRX group is prolonged to accommodate XR traffic).
Proposal 1: Study impact of updating a configured DRX parameter/timer on (a) other configured DRX parameters/timers and (b) DRX configuration restrictions (e.g., when two DRX groups are configured).
If a DRX cycle is updated via a DCI indication, DCI monitoring window (e.g., outside active time if applicable), DRX update timeline aspects, including application time of the update, number of updates per DRX cycle, etc.  need to be studied.
Proposal 2: Study DCI monitoring and timeline aspects for a DCI updating a configured DRX parameter/timer. 
Simultaneous DRX Configurations  
Having multiple simultaneous DRX configurations could help schedule transmissions corresponding to different traffic in a timely manner, e.g., by providing on-durations in several occasions according to expected traffic arrivals. For instance, video traffic can be a pseudo periodic traffic expected with inter-arrival times of about 1/fps (e.g., 16.67 ms corresponding to 60 FPS); and a voice traffic may be a periodic traffic with 10 or 20 ms periodicity. The UE can monitor PDCCH candidates within a union of active times corresponding to each DRX configuration.
To support simultaneous DRX configurations (e.g., on a serving cell), several topics can be studied, including:
1. (de)activation of DRX configurations (by DCI or MAC-CE)
1. WUS (e.g., (a) including DRX configuration ID for wakeup/skip; (b) how to apply Ps_offset and MinTimeGap per DRX configuration)
1. whether to associate a number of HARQ process IDs to a DRX configuration
1. configuring some of RRC parameters (e.g., such as csi-Mask) per DRX configuration 
1. DRX Command MAC-CE (e.g., including DRX configuration ID)
1. limitations on simultaneous DRX configurations (could be useful to reduce complexity of tracking various cycles), e.g., DRX cycle of one DRX configuration can be multiple of DRX cycle of another DRX configuration 
1. Determining inactivity timer to be restarted (e.g., if on-durations of two DRX configurations overlap)
From the above list, items (a)-(d) can have more RAN1 flavor compared to the rest of the items.
Proposal 3: For simultaneous DRX configurations, study the following:
· (de)activation of DRX configurations (by DCI or MAC-CE)
· WUS enhancements
· whether to associate a number of HARQ process IDs to a DRX configuration
· whether to define csi-Mask per DRX configuration
Impact of PDU set dropping on C-DRX
According to SP-211166:
· Packets within a frame have dependency with each other since the application needs all of these packets for decoding the frame. Hence one packet loss will make other correlative packets useless even they are successfully transmitted. For example, XR applications impose requirements in terms of Media Units (i.e., PDU sets according to TR 23.700-60, such as for example a video frame), rather than in terms of single packets/PDUs.
Assuming RAN/scheduler is aware of such packet dependencies, the already scheduled packets whose reception might not be useful (e.g., either due to their own PDB violation or due to PDB violation of other dependent PDUs) can be discarded/cancelled leading to power saving. The active time of the corresponding DRX cycle can be reduced to potentially save more power. Existing tools such as DRX Command MAC CE and/or PDCCH skipping can be used. It would be good to further check if any additional enhancements needed.
Proposal 4: Study impact of PDUs/PDU set dropping on DRX timers (including drx-InactivityTimer, drx-RetransmissionTimerDL, drx-RetransmissionTimerUL).
In case multiple consecutive TBs of a PDU set are scheduled, and one TB of the associated PDU set is NACK’d afterwards and a potential retransmission of that TB could not meet the delay budget for the PDU set, the rest of the TBs of the PDU set that are already scheduled, but not yet transmitted need to be cancelled, which could help gNB with scheduling new data on the corresponding resources for the UE or help the UE to save power by not processing the cancelled scheduled transmissions (e.g., not generating HARQ-ACK for cancelled DL packets, not preparing PUSCH for cancelled UL packets, and flushing the corresponding HARQ buffers).
Proposal 5: Study the benefits/use-cases of cancelling a scheduled DL/UL transmission when the delay budget of the associated PDU set is expected to be exceeded.       
PDCCH monitoring enhancement
PDCCH skipping enhancement
PDCCH monitoring adaptation and search space set group switching techniques (e.g., via scheduling DCI or group-common DCI indication) can be used to reduce UE’s power consumption by skipping PDCCH monitoring in some slots such as the slots where the network does not expect to schedule an UL and/or DL transmission. To keep the DCI size limited for the DCI indicating the PDCCH skipping duration, only a limited number of PDCCH skipping durations should be indicated. Using Rel-17 PDCCH skipping, the UE can be configured with up-to 3 possible skipping values (depending on whether 1 or 2 bit is configured for skipping).  
In RAN1#110, the following was agreed:
“If the DRX group of the serving cell is configured and enters outside Active Time, the UE terminates PDCCH skipping for the serving cell.” 
Also, the following conclusion was achieved:
“For Rel-17, RAN1 has no consensus in whether UE resumes monitor of PDCCH during skipping duration (i.e., PDCCH skipping is cancelled) when DRX Retransmission timer DL/UL is started.”  
For XR traffic, as shown in Figure 1, a potential range for PDCCH skipping is different from one PDU set (e.g., I video frame) to another PDU set (e.g., P video frame) due to the following:
· the arrival times are quasi-periodic instead of periodic due to traffic jitter
· the video frame/PDU set sizes are different
[image: ]
[bookmark: _Ref94173543]Figure 1: potential range for PDCCH skipping can be different after each video frame or PDU set (ADU). Note: the maximum potential range of skipping in each cycle is the duration of the active time if DRX is configured.
 
In the following, we provide an example to further analyse whether/under what conditions the existing PDCCH skipping may not be sufficient for power saving. 
Assume, the UE is configured with two skipping durations: (e.g., 5 ms and 10 ms). The configured values could be selected based on many parameters including the expected average potential skipping durations.  
· If a duration to be skipped in a cycle (corresponding to one video frame) is ‘2ms’, the network can indicate ‘5 ms’ if active time ends after the first ‘2 ms’. However, if there is any PDCCH monitoring required (e.g., for data scheduling or for potential retransmissions of audio or a periodic fixed-size packet transmission) after the ‘2 ms’, with the configured skipping values, the network cannot indicate ‘5 ms’ as the skipping duration for an actual skipping duration of ‘2 ms’.  In that case, there could be an opportunity to save ‘2ms’, which was not achievable by the configured value of ‘5 ms’. If the data/audio is periodic and have a small payload size, the gNB could use sufficient resources which virtually guarantees no re-transmission needed, but for the cases of aperiodic data/large payload size in between two video frames, there could be potential additional power saving if the PDCCH skipping mechanism is enhanced. If the UE was configured with (1ms, and 5ms) skipping durations, the network could send 2 PDCCH skipping commands of 1ms each for covering a ‘2ms’ skipping range.
  
· In the following, we have performed a simple simulation for a particular XR user to better understand the gain of different PDCCH skipping approaches. The XR traffic follows a multi-stream DL traffic option 2 defined in TR 38.838 (60 FPS video with agreed jitter distribution + audio/data with 10 ms periodicity). The user is assumed to have a fixed channel and hence fixed data rate with the following parameters: 30 KHz SCS, 2 layers, 0.55 code rate, QPSK, 200 RBs, and 14% overhead. The DRX cycle is assumed to be matched to XR traffic (16.67 ms DRX cycle) with 10 ms on-duration, and 4 ms inactivity timer. All video packets are assumed correctly received. It is assumed the UE needs to monitor for PDCCH after arrival time of each audio/data for a small duration (such as 0.5 ms) to cater potential retransmissions. The small duration is not included in the active time calculation for the purpose of power saving. Just the impact of such PDCCH monitoring is that the UE cannot be indicated a larger value of PDCCH skipping (e.g., 10 ms) for a smaller actual range of skipping (e.g., 6 ms) when the audio/data packet arrives within the 6ms. For instance,  Figure 2 shows a DRX cycle with 10ms ODT (on-duration timer), and the video frame ends around 3.9 ms; an audio/data occasion occurs ~8.3 ms. With (5ms, 10ms) configured skipping durations, the gNB cannot indicate 10 ms to cover the skipping of the remaining active time of ~ 6.1 ms since PDCCH needs to be monitored around 8.3 ms. With Rel-17, around 1.6 ms can be saved: after the audio/data, gNB can indicate 5ms skipping and the UE would skip the remaining 1.6 ms; whereas a genie scheme can indicate the UE to skip all the 6.1 ms.
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[bookmark: _Ref115421691]Figure 2:A DRX cycle with 10ms ODT (blue); the video frame (red) ends ~3.9 ms; an audio/data occasion occurs ~8.3 ms.

· Figure 3 shows the CDF of the total skipped time within active time corresponding to three skipping schemes with: a) two skipping values (5ms, 10 ms) shown in black, b) two skipping values (1ms, 5ms) shown in blue, and c) infinite skipping possible values (upper bound for power saving) shown in magenta. Audio/data packets are assumed to have an offset of 5ms with respect to a reference DRX cycle. As can be seen from the figure, the genie scheme at least can save 4 ms, which is the duration of the IAT (in-activity timer), whereas the Rel-17 schemes due to presence of required PDCCH monitoring around audio/data can save less. For instance, with (5ms, 10 ms) configured skipping durations, for 28% of DRX cycles UE could save around ~ 1.7 ms. For (1ms, 5ms) configured skipping durations the gap between the genie scheme and Rel-17 scheme becomes smaller, however, this performance comes at the cost of sending multiple 1 ms PDCCH skipping commands to cover a skipping duration (such cost is not taken into account in the simulation).     
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[bookmark: _Ref115423497]Figure 3: CDF of skipped duration within active time.

To enable network to indicate a more relevant PDCCH skipping duration, 
1. at least one small PDCCH skipping duration (e.g., 1 ms) along with a larger skipping duration can be configured and by sending multiple PDCCH skipping commands within the on-duration, the potential range of skipping can be covered. This approach does not need any specification change. However, it should be discussed if the overhead and power saving degradation of sending multiple PDCCH skipping commands would be of concern, especially for larger SCS.
1. PDCCH skipping duration indication field size can be increased (at the expense of DCI overhead) or 
1. given the limited DCI field size for PDCCH skipping duration indication (e.g., at most 2 bits for PDCCH skipping), UE can determine PDCCH skipping duration from a subset (e.g., containing at most 3 possible PDCCH skipping durations) of a larger set of RRC configured skipping durations. The subset can be determined based on a MAC-CE indication, or based on the XR traffic periodicity, jitter statistics and previous jitter realizations for a DL video transmission (assuming RAN/scheduler is aware of some XR traffic characteristics (e.g., traffic periodicity, jitter statistics for DL video transmissions)). 
Proposal 5: If PDCCH monitoring can be skipped while drx-RetransmissionTimerDL/UL is running, study if overhead and power saving degradation due to sending multiple PDCCH skipping commands within an on-duration of a DRX cycle duration can be of concern.
· If such overhead and power saving degradation are of concern, study benefits of selecting a skipping duration from a larger set of RRC configured skipping durations to accommodate XR traffic jitter or varying video frame size.
Enhancements for monitoring DCI format 2_6
If C-DRX is adjusted to XR traffic arrival, a non-uniform DRX pattern maybe created. Currently, monitoring DCI format 2_6 is performed within a window of time, with duration of ps-Offset, that ends when drx-onDurationTimer starts (assuming MinTimeGap is not reported, or otherwise the window ends at MinTimeGap prior to the start of drx-onDurationTimer). As the drx-onDurationTimer can be started according to a non-uniform DRX pattern, it would be good to study if any enhancement is needed for such DCI format 2_6 monitoring. 
The first thing to decide is whether the search space monitoring can be non-uniform similar to DRX (in case of support of a non-uniform DRX pattern). Currently, supporting such PDCCH non-uniform monitoring is a low priority in RAN1 according to 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. 
· Note: some companies think Rel-17 PDCCH monitoring adaptation can solve issue 2-1 or achieve similar intended outcome
· Note: Solutions proposed for Issue 2-1 and those proposed for Issue 1-1 are motivated by the same issue, namely non-integer XR traffic periodicity. It is to be studied how they compare in in terms of power saving gain and capacity, (a) solutions proposed for Issue 1-1; (b) solutions proposed for Issue 2-1.”
If a search space is monitored according to a uniform pattern as before, there could be cases that, depending on search space duration, only a fraction of the search space duration can be monitored according to the existing rules. Figure below shows an example wherein the search space periodicity for DCI format 2_6 is 33ms (a new configured value), and the search space duration is 4ms. The value of ps-Offset is 4ms. For the first three long DRX cycles, DCI format 2_6 is monitored for only 3ms prior to the start of the DRX cycle, whereas for the next three DRX cycles, DCI format 2_6 is monitored for 4ms prior to the start of the DRX cycle. For DRX cycle# 7, 3ms of the monitoring window is available for monitoring, and for DRX cycle#10 only 2ms is available.  
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Figure 4: 9 DRX cycles and the corresponding PDCCH monitoring window for DCI format 2_6 monitoring
  
It would be good to further study if any enhancement is needed for such monitoring (e.g., such as a rule that allows the monitoring window to be shifted for some of the DRX cycles, e.g., in the figure above for DRX cycle#7, and DRX cycle#10, the monitoring window can end 1ms, and 2ms prior to the start of the drx-onDurationTimer, respectively).
Proposal 6: For DCI format 2_6, study if PDCCH monitoring can be aligned with XR traffic/DRX pattern.
· If PDCCH is to be monitored according to periodic search spaces, discuss if any enhancement to determine the PDCCH monitoring window is needed.
Conclusions
This contribution provided our views regarding XR-specific power saving enhancements as follows:
Proposal 1: Study impact of updating a configured DRX parameter/timer on (a) other configured DRX parameters/timers and (b) DRX configuration restrictions (e.g., when two DRX groups are configured).
Proposal 2: Study DCI monitoring and timeline aspects for a DCI updating a configured DRX parameter/timer.
Proposal 3: For simultaneous DRX configurations, study the following:
· (de)activation of DRX configurations (by DCI or MAC-CE)
· WUS enhancements
· whether to associate a number of HARQ process IDs to a DRX configuration
· whether to define csi-Mask per DRX configuration
Proposal 4: Study impact of PDUs/PDU set dropping on DRX timers (including drx-InactivityTimer, drx-RetransmissionTimerDL, drx-RetransmissionTimerUL).
Proposal 5: If PDCCH monitoring can be skipped while drx-RetransmissionTimerDL/UL is running, study if  overhead and power saving degradation due to sending multiple PDCCH skipping commands within an on-duration of a DRX cycle duration can be of concern.
· If such overhead and power saving degradation are of concern, study benefits of selecting a skipping duration from a larger set of RRC configured skipping durations to accommodate XR traffic jitter or varying video frame size.
Proposal 6: For DCI format 2_6, study if PDCCH monitoring can be aligned with XR traffic/DRX pattern. 
· If PDCCH is to be monitored according to periodic search spaces, discuss if any enhancement to determine the PDCCH monitoring window is needed.
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