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Introduction
[bookmark: _Hlk510705081]The release 17 work item on UE power saving enhancements [1] includes the following objective:2) Study and specify, if agreed, enhancements on power saving techniques for connected-mode UE, subject to minimized system performance impact [RAN1, RAN4]
a) Study and specify, if agreed, extension(s) to Rel-16 DCI-based power saving adaptation during DRX Active Time for an active BWP, including PDCCH monitoring reduction when C-DRX is configured [RAN1] 
· NOTE: Rel-15 and Rel-16 available power saving solutions should be supported by the UE and included in the evaluation. RAN1 will ask the confirmation from RAN2 that Rel-15 and Rel-16 available power saving solutions are properly utilized.


In this contribution we discuss on the PDCCH monitoring adaptation design.
Design of PDCCH monitoring adaptation
In RAN1#105e following agreement were made:
	Agreement:
· PDCCH schedules data and also indicates PDCCH monitoring adaptation by SSSG switching and PDCCH skipping for a duration is supported.
· At least DCI format(s) 1-1, 0-1, 1-2 and 0-2 can be used for the indication(s)
Agreement:
At least SSSG#0 and SSSG#1 switching is supported for Rel-17 SSSG switching indicated by PDCCH scheduling data and/or timer.
· FFS: support of more than 2 SSSGs




In RAN1#106e it was further discussed and following package agreement was made:
	Package 1
       UE behavior after receiving PDCCH indication of monitoring adaptation can be one of the followings,
· Working Assumption: Beh 1: PDCCH skipping is not activated
· Beh 1A: PDCCH skipping means stopping PDCCH monitoring for a duration X
· FFS the possible values for X
· FFS: Whether and how to support more than one skipping duration(s)
· FFS: whether to continue monitoring PDCCH scrambled by C-RNTI for Type 0/1/1A/2 CSS or not
· Beh 2: stop monitoring SS sets associated with SSSG#1 and SSSG#2 (if confirmed) and monitoring  of SS sets associated to SSSG#0 (legacy behaviour)
· Beh 2A: stop monitoring SS sets associated with SSSG#0 and SSSG#2 (if confirmed)  and monitoring  of SS sets associated to SSSG#1 (legacy behaviour)
· Working Assumption: Beh 2B(if confirmed): stop monitoring SS sets associated with SSSG#0 and SSSG#1 and monitoring  of SS sets associated to SSSG#2 (if confirmed)
       Note: The number of supported SSSG is left to UE feature discussion.
       FFS: UE capability of supported UE behaviors
       Indication of Beh 1A when SSSG(s) are not configured is supported.
       Working assumption: Indication of  Beh 1A for current SSSG when two SSSG(s) are configured is supported
       FFS: Indication of  Beh 1A when three SSSG(s) (if supported) are configured
       Y bits is configured for scheduling DCIs (i.e., DCI format 1-1/0-1/1-2/0-2) indicating PDCCH schedules data and also PDCCH monitoring adaptation
· FFS how the UE behavior(s) defined above mapping to Y bits
  Note: at most Y = 2
       Working Assumption at most 3 SSSGs is supported to be configured.
· FFS: whether or how SSSG can be configured to be monitored conditionally (e.g., depending on HARQ NACK or RTT/ReTx timers)
· FFS: whether or how non-default SSSG to another non-default SSSG
       FFS details of timer(s) for switching between SSSG(s)
· UE fallbacks to default SSSG (i.e., SSSG#0) after timer expiration.
· R16 timer for SSSG switching and the corresponding behavior is as baseline
       FFS whether the timer(s) is configured per SSSG, or per BWP or other approaches.
       FFS whether the skipping duration(s) is configured per SSSG, per BWP, or other approaches.
       FFS PDCCH monitoring adaptation indicated by non-scheduling DCI
       PDCCH based monitoring adaptation is limitedapplied to USS and type-3 CSS.




In following sections we discuss the aspects related to DCI format design, timer based adaptation and general configuration and behavioural aspects like CSS monitoring, interaction with C-DRX etc.
[bookmark: _Ref83903010]DCI format design
For DCI design for PDCCH monitoring adaptation following agreement was also made in RAN#106e:
	Agreement
· At most 2 bit indication in self-scheduling DCIs (i.e., DCI format 1-1/0-1/1-2/0-2) can be specified for triggering the PDCCH monitoring adaptation in a single cell
· FFS: the bit size of the indication is configurable 
· FFS: bit mapping to the PDCCH monitoring behaviour 
· FFS: details of indication of multiple cells case




Based on the last meeting agreements, self-scheduling DCI formats 1-1/0-1/1-2 and 0-2 shall support configuration of PDCCH monitoring adaptation with 2 bit indication. This results in that the PDCCH adaptation indication if both, SSSG switching and stopping of PDCCH monitoring, can be configurated simultaneously needs to cover both behaviours. Based on the Behaviour 2, 2A and 2B, it should be possible to indicate a state transition from any SSSG to any other SSSG. Hence, for SSSG switching it would be simplest if the DCI field directly indicates the applied SSSG index, i.e. field values {00,01,10} could map to SSSG {#0,#1,#2}. If the active SSSG is kept, the value in PDCCH monitoring adaptation field is not changed. If the field value in DCI does not correspond to the active SSSG i.e. is changed, then UE behaviour according to Behv 2/2A/2B is triggered. By determining that the DCI indicates the SSSG index to be applied, it is possible to avoid any ambiguity on the applied SSSG based in the case that DCI is missed. 
Proposal: For SSSG switching, the DCI field directly indicates the applied SSSG index, e.g. field values {00,01,10} map to {SSSG#0(default), SSSG#1, SSSG#2}.
Then, the field value {11} could indicate PDCCH skipping for a duration, i.e. Behv1A. After the duration has expired, two alternative behaviours could be considered; either to resume the monitoring according to the last applied SSSG, or return to the default SSSG, SSSG#0. It could be considered that, as with skipping of the PDCCH monitoring, especially if it is done for a long duration, has always some uncertainty in terms future traffic activity, it might be preferable to assume that UE shall always resume the ‘normal’ PDCCH monitoring based on e.g. SSSG#0. This could also align with the considered timer based SSSG adaptation, as proposed in next sections, aligning the UE behaviour. Therefore, it is slightly preferred that when the PDCCH monitoring is resumed, UE should resume ‘normal’ monitoring. Of course, it could be considered to allow network to configure which group is applied once the PDCCH monitoring is resumed.
Proposal: DCI field directly indicates the PDCCH monitoring skipping for a duration, e.g. via field value {11}. After the duration, UE shall resume the PDCCH monitoring based on the default SSSG, SSSG#0.
The considered Behv1 (PDCCH skipping not activated) would correspond to the case when DCI field indicates the SSSG to be applied. If no SSSGs are configured, default value (i.e. {00}) can be applied to indicate Behv1. Also, if only SSSG switching (Behv2/2A/2B) or stopping the PDCCH monitoring (Behv1A) is configured, the unused filed values would not be valid. 
Observation: If no SSSGs are configured, default value (i.e. {00}) can indicate that no skipping is applied.
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Figure 1. Illustration of DCI based PDCCH monitoring adaptation

In some scenarios, it may be beneficial to facilitate SSSG switching even though the UE is not scheduled. DCI format 1_1 can be used for this purpose in Rel-16, thus it could be extended to be applied also for Rel-17 SSSG switching.
Proposal: Support Rel-17 SSSG switching, in addition to scheduling DCIs also based on non-scheduling DCI via DCI format 1_1.
One question which has not been discussed much is whether skipping the PDCCH monitoring should be supported also via non-scheduling DCI. Evidently, if via SSSG switching and {empty} SSSG is configured, non-scheduling DCI could be applied also to achieve skipping PDCCH monitoring for a duration with non-scheduling DCI. This could be further considered. 
Observation: The need to support PDCCH skipping for a duration via non-scheduling DCI could be considered.
[bookmark: _Ref83899989]Timer based adaptation and configuration
For PDCCH monitoring adaptation based on timers, different behaviours can be considered. For skipping the PDCCH monitoring for a duration, as discussed in previous section, the one open question is what UE does when the timer is expired and SSSGs have been configured. Shall the UE return to default SSSG, e.g. SSSG#0, or can the SSSG to which UE starts to apply after the duration expires be configured? Like noted in previous section, we have preference to define that the UE always returns to the default SSSG (i.e. SSSG#0) after the timer expiry. This would simplify the possible state transitions.
Proposal: If SSSGs are configured, after the timer for skipping the PDCCH monitoring expires, UE should return to default SSSG, i.e. SSSG#0. 
Corresponding consideration can also be applied for SSSG switching with timer-based adaptation. In our previous paper we presented an option to imitate the C-DRX like behaviour with timer based SSSG switching, where, as timer passes, UE would, based on timer expiry, be able to move to ‘lower’ PDCCH monitoring state. I.e. the timer expiry would trigger a transition to a ‘next’ SSSG. Other considered option was to trigger always change to a default SSSG, e.g. SSSG#0, as illustrated in Figure 2 (b). Evidently, both behaviours could be supported with additional configurability by assuming that the target SSSG for a SSSG#2 timer could be selected to be either SSSG#0 or #1. Also, as the network can, by configuration, determine which SSSG has more frequent PDCCH monitoring, these options could in principle achieve similar behaviour as well. Hence, as discussed for skipping PDCCH monitoring, to simplify the configurations and align the behaviour, it might be preferable to define the target SSSG to be default SSSG, i.e. SSSG#0.
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[bookmark: _Ref83891642]Figure 2. Illustration of the behaviour options for SSSG timer expiry

Proposal: For timer based SSSG switching, upon timer expiry UEs will switch to default SSSG, SSSG#0.
When both, skipping PDCCH monitoring and SSSG switching, are configured the UE behaviour in respect to both timers would need to be considered. As discussed in previous section, if it is agreed that UE shall, upon timer expiry, return to a default SSSG (for both functionalities), the UE behaviour is always consistent. With this assumption it would not need to be further considered whether the timers run independently or whether there is some dependency for the timers.
Observation: Assuming that, for both SSSG switching and stopping PDCCH monitoring, upon timer expiry UE shall return to default SSSG, streamlines, and simplifies the operation.

In scope of the configurations, for skipping the PDCCH monitoring and for timer based SSSG switch, it was to be further considered whether the timers could be SSSG specific or common for SSSGs. Now, having different timer configuration for each SSSG for PDCCH monitoring stopping or SSSG switching timer, it could be assumed to increase the flexibility of the configuration and enable better alignment with the assumed traffic pattern. On the other hand, having multiple different values would complicate the UE operation, thus some consideration should be given. For SSSG switching, there is always the option of triggering the switch based on DCI. Thus, via scheduling DCI, by keeping the field value unchanged, or using non-DCI to indicate field value corresponding to the active SSSG could be used to reset the SSSG switching timer, allowing longer timer duration to be achieved. Correspondingly, if shorter time is needed, DCI can be used to trigger a change. Hence, there would not appear to be strong reason to have different SSSG switching timer per SSSG, but that a common timer value could be considered.
Observation: If UE receives scheduling or non-scheduling DCI indicating no SSSG switch (i.e. field value corresponds to the active SSSG), UE resets the SSSG switching timer.
For skipping the PDCCH monitoring, as proposed earlier it is assumed that UE would return to the default SSSG upon timer expiry. As the skipping of PDCCH monitoring prevents any corrective actions via DCI, it is expected that the applied timer duration is upper bound by the acceptable latency and other traffic KPIs. These values would not be dependent on the active SSSG that is applied when skipping is triggered, thus there would not appear to be needed to have different values for the duration of the PDCCH skipping per SSSG.
Observation: Configuration for the duration for the skipping PDCCH monitoring is affected by the allowed traffic latency and other traffic KPIs, which are not dependent on the SSSG.
Proposal: One common timer value is assumed for SSSG switching. One common value is assumed for skipping duration the PDCCH monitoring for all SSSGs (if configured).
As a part of the package agreement, it was to be further discussed whether the duration/timer configurations for skipping the PDCCH monitoring and SSSG switching would be e.g. per SSSG or per BWP or something else. As noted above, we don’t see necessity to have SSSG specific configurations, thus it would seem appropriate to consider the configurations for skipping of PDCCH monitoring and SSSG switching to be fully BWP based. 
Proposal: Configurations for duration of PDCCH skipping and timer for SSSG switching can be done in BWP specific manner.

[bookmark: _Ref83903225]General configuration and behaviour 
Number of SSSGs
In last meeting a working assumption was made that SS set group switching functionality with three SSSGs will be supported. This facilitates further adaptation to the traffic for example by enabling gradual relaxation of the PDCCH monitoring depending on the certainty of the expected activity. Three groups would allow network to better account the latency requirements for later arriving packets (of a data burst) i.e. by applying first less aggressive reduction in PDCCH monitoring (e.g. SSSG#1 with PDCCH monitoring every 2nd slot) followed by more aggressive reduction in PDCCH monitoring (e.g. SSSG#2 with PDCCH monitoring every 10th slot), as illustrated in Figure 3. In practical scenarios the configuration of C-DRX and PDCCH monitoring adaptation will be a trade of between latency requirements and attainable power saving, thus most aggressive values cannot be applied without any safe guard. 
Proposal: Confirm the working assumption that 3 SSSGs are supported:
· Working Assumption at most 3 SSSGs is supported to be configured.
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Figure 3. Illustration of gradual PDCCH monitoring reduction to minimize the impact to packet latency

Handling of CSS
In last meeting it was agreed that PDCCH monitoring adaptation is applied to USS and Type-3 CSS. The open question is whether UE monitoring of Type0/0A/1 and 2-PDCCH CSS are accounted or not. The Type0 and Type0A-PDCCH CSS are monitored by CONNECTED mode UEs only when the system information has expired or when SI change has been triggered. Thus, these are not, in practice, monitored very frequently. Type2-PDCCH CSS is monitored by the CONNECTED mode UE based on the configuration, and can carry ETWS and/or SI change indication. As both of these can relate to elementary change in operation, it would seem relevant for the UE to continue monitoring these. In order to limit the related power consumption and candidate reservation, network can configure this CSS with more relaxed periodicity. Type1-PDCCH CSS is monitored for RA response (e.g. when TAT has expired and SR has been triggered). As this process can have latency implications, Type1-PDCCH CSS monitoring should not be relaxed. 
Proposal: PDCCH monitoring adaptation should not be applied to Type0/0A/1 or 2 PDCCH CSS. 
PDCCH monitoring adaptation behaviour with MO triggers
As discussed in context of minimum scheduling offset restriction in Rel-16, initiating certain procedures, transmitting RACH or SR, could also trigger implicit switch from one SS set group to another or re-initiating the PDCCH monitoring (i.e. stopping the PDCCH monitoring reduction). When UE transmit SR, it implies that there is a need for data activity, hence more frequent PDCCH monitoring to support higher scheduling activity would seem justified. Likewise, if BSR could be considered to trigger SSSG switch. Also, if UE transmit RACH e.g. due to BFD, monitoring the response and as well scheduling the new configuration should proceed without delay, hence more frequent PDCCH monitoring should be applied in this case. It could be further also considered how the SSSG switching would be reflected in uplink activity in general.
Proposal: Procedures such as SR transmission, BSR or beam failure recovery should result UE to stop PDCCH monitoring adaptation and resume normal PDCCH monitoring (i.e. stop PDCCH skipping and/or change to default SSSG).

Application delay (and starting point)
The application delay options were discussed in RAN1#105e meeting and different options were listed as below:
	[High] proposal 4-1:
· Further consider the following application delay for PDCCH adaptation indication by DCI,
· Option a: the application timelines provided in Table 10.4-1 in TS38.213 for search-space group switching for unlicensed band form is reused. 
· FFS:  for SCS configuration 
· Option b:  the application delay needed for PDCCH processing for Rel-16 minimum application delay for K0min/K2min indication was reusedis reused/extended.
· Option c: PDCCH skipping command applies after PUSCH transmission if triggered by UL DCI
· Option d: PDCCH skipping command applies after ACK/NACK transmission.
· Option e: after successfully decoding TB.
· Option f:  Application delay should be “ZERO”  for PDCCH monitoring adaptation. PDCCH monitoring adaptation would be applied after UE receive the additional PDCCH monitoring adaptation control signaling bit(s) in DCI
· Others not precluded.
· FFS reference points for the application time
· FFS whether the same or different application delay(s) should be used for SSSG switching and PDCCH skipping functions




In context of PDCCH monitoring adaptation via SSSG switching, it would seem most straight forward to use the application delay timelines introduced in Rel-16. However, as in difference to Rel-16 operation, the PDCCH monitoring adaptation can be provided by scheduling DCI, thus using the minimum scheduling offset restriction could also be considered. In terms of absolute value from the end of DCI both result in similar processing delay value, hence it could be considered using the time introduced in Rel-16, at least for DL scheduling DCI.
Proposal: Use the application delay timeline introduced in Rel-16 for SSSG switching.
Interaction with C-DRX
Regarding the interaction with C-DRX and SSSG switching, it would need to be agreed what is the UE behaviour. The proposed behavior in Section 2.2 would be that UE upon timer expiry, UEs would fall-back to default SSSG (#0). When UE is configured to monitor DCP outside the active time, and if network sends wake-up signal to the UE, it would imply that UE is to be scheduled during On Duration and therefore frequent PDCCH monitoring is beneficial. Hence, when the UE is to monitor the On Duration (triggered with DCP) it would seem beneficial to assume that UE would monitor PDCCH frequently. If the DCP is not applied/configured, or short DRX cycle (drx-ShortCycle) is applied, the monitoring would then depend on the timer expiry. When considering this, especially short DRX cycle, there could be some benefit to allow the network to define the SSSG that UE applies at the start of the On Duration, until switch is triggered by DCI or timer expires.
Proposal: Consider support configuring of SSSG that is applied at the start of the On Duration.
Interaction with HARQ process
The handling of the HARQ re-transmissions was also discussed in last meeting. In addition the HARQ handling can be considered to have also a relation how the application delay is determined. Now, in principle, for cases when the UE is still monitoring PDCCH, albeit less frequently, it may not be absolutely necessary to have any special handling of HARQ, but the scheduling of the re-transmission can happen based on the periodicity determined by applied SS set(s). Like in case of Rel-15 operation, it is under network configuration how the SS set are configured, thus if network has indicated that less frequent PDCCH monitoring is allowed, UE can monitor based on the applied SS set.
Observation: For PDCCH monitoring adaptation case, where UE still continues to monitor PDCCH, albeit at reduced rate, there may not be any need to have special handling of HARQ re-transmissions scheduling, but scheduling can follow the applied SS set(s).
Only in the case when UE stops the PDCCH monitoring for an extended duration, e.g. via skipping duration that results C-DRX inactivity timer to expire, there can be need for special handling of the HARQ re-transmissions. 
Observation: Special handling of HARQ re-transmissions is only needed when UE stops the PDCCH monitoring for extended time.
Therefore, it is proposed that when UE is triggered to change to {empty} SSSG/skip PDCCH monitoring, special handling of scheduling upon a re-transmission (DL/UL) can be configured. This could be achieved in simplest way by using similar configuration as in C-DRX, so that timers, such as drx-HARQ-RTT-TimerDL and drx-RetransmissionTimerDL, can be provided to the UE, allowing determining time window for handling the possible scheduling of re-transmissions.
Proposal: For stopping PDCCH monitoring based on {empty} SSSG or PDCCH skipping, define timers similarly as in C-DRX operation to enable configuring time windows for handling the open re-transmissions.

Other aspects
In RAN1 #104 it was discussed that relaxing the PDCCH monitoring can be connected to the minimum scheduling offset. I.e. if minimum cross-slot offset scheduling restriction (e.g. K0min>0) is applied, this would result implicitly to a corresponding reduction in PDCCH monitoring. While in Rel-16 evaluations it was assumed that K0min=1 would be sufficient to ensure power saving, this may not be the case in practice. Therefore, binding implicitly the PDCCH monitoring to e.g. the applied K0min would result in higher overall latency, by delaying both, DCI and the PDSCH. This would also limit throughput that could be achieved with minimum cross-slot offset scheduling restriction, because the network would only be able to schedule the UE according to the minimum scheduling offset x, i.e. every K0min the PDCCH. However, if power saving benefit is seen sufficient, it may be possible to consider to link different SSSGs with different K0,min and/or K2,min. So, for example, for a certain SSSG with relaxed PDCCH monitoring the Kx, min-value(s) could also be larger than 0 slots. One approach can be to associate the Kx, min-value(s) with the SSSG, such that when the UE switches SSSG it will automatically also apply the associated Kx, min-value(s) without need for further configuration signalling. This would enable to separate the ‘periodicities’ assumed for DCI and PDSCH/PUSCH.
Observation: Associating minimum cross-slot scheduling restriction to certain SSSGs could be considered.
Conclusion
This contribution we have presented power saving evaluations for SS set groups switching and PDCCH skipping in different scenarios. 
In Section 2.1 we discussed the aspects related to DCI format design (and related behaviour) for PDCCH monitoring adaptation and made following proposals and observations:
Proposal: For SSSG switching, the DCI field directly indicates the applied SSSG index, e.g. field values {00,01,10} map to {SSSG#0(default), SSSG#1, SSSG#2}.
Proposal: DCI field directly indicates the PDCCH monitoring skipping for a duration, e.g. via field value {11}. After the duration, UE shall resume the PDCCH monitoring based on the default SSSG, SSSG#0.
Observation: If no SSSGs are configured, default value (i.e. {00}) can indicate that no skipping is applied.
Proposal: Support Rel-17 SSSG switching, in addition to scheduling DCIs also based on non-scheduling DCI via DCI format 1_1.
Observation: The need to support PDCCH skipping for a duration via non-scheduling DCI could be considered.
In Section 2.2 we looked the timer based adaptation and related configurations and concluded as follows:
Proposal: If SSSGs are configured, after the timer for skipping the PDCCH monitoring expires, UE should return to default SSSG, i.e. SSSG#0. 
Proposal: For timer based SSSG switching, upon timer expiry UEs will switch to default SSSG, SSSG#0.
Observation: Assuming that, for both SSSG switching and stopping PDCCH monitoring, upon timer expiry UE shall return to default SSSG, streamlines, and simplifies the operation.
Observation: If UE receives scheduling or non-scheduling DCI indicating no SSSG switch (i.e. field value corresponds to the active SSSG), UE resets the SSSG switching timer.
Observation: Configuration for the duration for the skipping PDCCH monitoring is affected by the allowed traffic latency and other traffic KPIs, which are not dependent on the SSSG.
Proposal: One common timer value is assumed for SSSG switching. One common value is assumed for skipping duration the PDCCH monitoring for all SSSGs.
Proposal: Configurations for duration of PDCCH skipping and timer for SSSG switching can be done in BWP specific manner.
In Section 2.3 we considered other open aspects related to the PDCCH monitoring adaptation: 
Proposal: Confirm the working assumption that 3 SSSGs are supported:
· Working Assumption at most 3 SSSGs is supported to be configured.

Proposal: PDCCH monitoring adaptation should not be applied to Type0/0A/1 or 2 PDCCH CSS. 
Proposal: Procedures such as SR transmission, BSR or beam failure recovery should result UE to stop PDCCH monitoring adaptation and resume normal PDCCH monitoring (i.e. stop PDCCH skipping and/or change to default SSSG).
Proposal: Use the application delay timeline introduced in Rel-16 for SSSG switching.
Proposal: Consider support configuring of SSSG that is applied at the start of the On Duration.
Observation: For PDCCH monitoring adaptation case, where UE still continues to monitor PDCCH, albeit at reduced rate, there may not be any need to have special handling of HARQ re-transmissions scheduling, but scheduling can follow the applied SS set(s).
Observation: Special handling of HARQ re-transmissions is only needed when UE stops the PDCCH monitoring for extended time.
Proposal: For stopping PDCCH monitoring based on {empty} SSSG or PDCCH skipping, define timers similarly as in C-DRX operation to enable configuring time windows for handling the open re-transmissions.
Observation: Associating minimum cross-slot scheduling restriction to certain SSSGs could be considered.
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