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1. Introduction
According to WID on UE power saving enhancements, followings will be studied and specified in this WI; 
	· Study and specify, if agreed, enhancements on power saving techniques for connected-mode UE, subject to minimized system performance impact [RAN1, RAN4]
· 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 considerations for enhancements on power saving techniques for connected-mode UE.
2. Discussion 
As stated in the WID [1], one of Rel-17 power saving techniques is enhancements on power saving techniques for connected-mode UE, more specifically extension(s) to Rel-16 DCI based power saving adaptation during DRX Active Time for an active BWP. 
In NR, a UE performs channel estimations and blind decodes on candidates given by CORESETs and search space set configurations. The channel estimation and blind decoding are one of the main factors of UE’s power consumption on connected-mode. From the power saving perspective, it is useful to reduce unnecessary channel estimations and blind decodes. In the RAN1#104-e meeting, candidate techniques for decreasing power consumption on PDCCH monitoring were narrowed down to PDCCH monitoring skipping and SS set group (SSSG) switching. Both techniques are accepted to strive for a common design for DCI-based PDCCH monitoring adaptation.
In this contribution, we discuss candidate techniques for PDCCH monitoring adaptation for Rel-17 power saving and how to make PDCCH skipping and SSSG switching as a common design. For triggering PDCCH monitoring adaptation, we can consider Scheduling DCI (i.e. DCI format x_1, x_2) or non-scheduling DCI (e.g. DCI format 2_6). We also support SSSG switching in Active Time with DCI format 2_6 outside Active Time.
2.1. Common design for DCI-based PDCCH monitoring adaptation
Search space set group switching
SS set group switching has been introduced for the NR operation with shared spectrum channel access (i.e. NR-U) [2]. SS set group switching mechanism can be a good technique to adapt UE’s PDCCH monitoring periodicity. A UE can be provided a group index for SS sets by searchSpaceGroupIdList for PDCCH monitoring on a serving cell and a timer value by searchSpaceSwitchTimer for a serving cell. At most two groups (group index 0 and 1) per BWP can be configured for operation in unlicensed bands.
A UE operating in unlicensed bands can be indicated search space set group switching explicitly by DCI format 2_0. A UE is provided by SearchSpaceSwitchTrigger a location of a SS set group switching flag field for a serving cell in a DCI format 2_0 .The flag indicates a UE to start monitoring PDCCH according to SS sets with group index 1 and stop monitoring PDCCH according to SS sets with group index 0 for the serving cell at a first slot that is at least  symbols after the last symbol of the PDCCH with the DCI format 2_0, and the UE sets the timer value to the value provided by searchSpaceSwitchTimer. The switching from group index 1 to group index 0 is also indicated explicitly by the flag.
Also, a UE operating in unlicensed bands can be indicated search space set group switching implicitly. In this case, a UE is not provided by SearchSpaceSwitchTrigger for a serving cell. If a UE detects a DCI format by monitoring group index 0, the UE switches monitoring from group index 0 to group index 1. If the timer expires or the channel occupancy duration is over, the UE switches monitoring from group index 1 to group index 0.
For a DCI format 2_0, RB set indicator field, CO (channel occupancy) duration field and SS set switching flag are additionally supported for NR-U. Two fields of those, RB set indication and CO duration, are used only for a special environment like unlicensed bands. The two fields are not needed for power saving of a normal connected-mode UE. Therefore, using a DCI format 2_0 for a power saving purpose may not be appropriate.
If SS set group switching is introduced for power saving, we need to discuss whether to support implicit switching by detecting a DCI format or not. Switching only by detecting DCI formats might be problematic for a normal connected-mode UE considering power saving. For example, if implicit switching is introduced, a UE switches monitoring from group index 0 (periodicities of SS sets are generally long) to group index 1 (periodicities of SS sets are generally short) only by detecting a DCI format according to a SS set with group index 0. However, a network sends a DCI format for other purposes and there can be no need for the UE to monitor PDCCH frequently. The UE monitors PDCCH according to SS sets with group index 1 needlessly, which can be unnecessary power consumption. Thus, implicit switching may not be suitable for the purpose of power saving.
Observation 1: SS set group switching by detecting a DCI may cause unnecessary power consumption for a connected-mode UE.
PDCCH monitoring skipping
PDCCH monitoring skipping is also being discussed as one of the candidate techniques for power saving. It is also called go-to-sleep indication which means a DCI indicates a UE to stop monitoring PDCCH and sleep some duration. In this way, a network can indicate the UE not to monitor PDCCH for some duration where there will not be data traffic. Durations may be in units of slots or symbols. For flexible indication of skipping, multiple candidate values of skipping duration including indication of sleeping to the next DRX cycle needs to be configured in RRC signalling.
However, if a UE is configured PDCCH monitoring skipping, there is a possibility a UE cannot handle a sudden data arriving. For example, unexpected traffic might occur after a UE is indicated to go to sleep to the next DRX cycle. In this case, a network has to wait until the next DRX on-duration of the UE and then transmit data. Therefore, not monitoring all SS sets may cause the worst case from latency perspective. Therefore, it seems to be needed for the UE to monitor PDCCH according to the minimal SS set(s) to cope with the worst cases.
Observation 2: Skipping monitoring all SS sets may impact the latency performance for a connected-mode UE.
Common design
As the simplest way of common design for SSSG switching and PDCCH monitoring skipping, we suggest to introduce a DCI field which is composed of 1-bit flag and N-bit contents where 1-bit flag is used for distinguishing between PDCCH skipping and SSSG switching. The first bit of monitoring adaptation field in a DCI is 1-bit flag indicating PDCCH skipping if the flag is set to 0 and SSSG switching if it is set to 1, or vice versa. In case of PDCCH skipping, contents after 1-bit flag in a DCI could be used for indicating multiple durations of skipping. For example, using N=2 bits, no skipping, indication to the next DRX cycle, and two skipping durations (e.g., one is for 5 slots and the other is for 10 slots) can be configured for PDCCH monitoring skipping. In case of SSSG switching, contents after 1-bit flag in a DCI could be used for indicating SSSG indexes. If two bits are added to pair up with the example of skipping, three groups and no switching can be indicated by a DCI. Given that the number of groups is still FFS and two groups are configured in NR-U, only one bit could be enough for SSSG switching indication and one padding bit can be appended to align the size of the DCI field with PDCCH monitoring skipping case. For 1-bit flag, the number of cases that can be indicated by a DCI should be the same or padding bits are needed.
Introducing a DCI field where UE behavior corresponding to each state is configured by RRC signalling (without 1-bit flag) could be another option. Monitoring adaptation by RRC configuration allows a UE to perform more flexible behavior. Without the constraint of the same bit allocation for skipping and switching indications, the network can assign more states to either skipping or switching. In addition to simple indication of skipping durations or SSSG indexes, more stepwise behavior can be indicated. For example, skipping can be indicated with {X slots monitoring, Y slots skipping}. It means that a UE continues to monitor PDCCH during X slots after the slot the UE detects the DCI, and then the UE skips monitoring PDCCH during Y slots. Switching can be indicated with {duration A, SSSG index B}. It means that a UE start monitoring PDCCH according to SS sets with group index B during A slots after the slot the UE detects the DCI and application delay. Furthermore, combined indication of skipping and switching could be configured such as {Y slots skipping, duration A, SSSG index B}. That is, a UE stops monitoring PDCCH during Y slots and after that, monitors PDCCH according to SS set with group index B during A slots.
Proposal 1: Consider supporting the following design for DCI-based PDCCH monitoring adaptation:
· 1-bit flag distinguishing between PDCCH skipping and SSSG switching
· UE behavior corresponding to each state configured by RRC signaling
· FFS: details including the number of bits required.
2.2. Triggering DCI
To make SSSG switching mechanism applicable for licensed band operation, it natural to consider scheduling DCIs (DCI format x_1, x_2) as monitoring adaptation indication DCIs. UE’s power saving is dependent on individual traffic condition, thus, it is recommended that indication of PDCCH monitoring adaptation should be based on UE-specific signaling. UEs can be scheduled and indicated to adapt PDCCH monitoring simultaneously by one scheduling DCI. For this, an additional field of scheduling DCI may be needed or reinterpreting either existing field or unused bits can be considered.
DCI format 2_6 can be another potential DCI format indicating PDCCH monitoring adaptation during DRX Active Time. We can reuse the field of DCI format 2_6 (i.e. wake-up indication and SCell dormancy) and network signaling overhead can be reduced. Unlikely scheduling DCIs, DCI format 2_6 for one UE has only maximum 6-bits of field, therefore it is suitable for only indicating monitoring adaptation. Since DCI format 2_6 is not monitored inside DRX Active Time in Rel-16 system, it may be good to introduce a monitoring window for Rel-17 power saving. It might help to address the potential issue regarding BD/CCE limits. Therefore, we need to discuss whether and how to define the monitoring window for DCI format 2_6 inside DRX Active Time.
Proposal 2: For triggering PDCCH monitoring adaptation during DRX Active Time, the following DCI formats are considered:
· scheduling DCI (DCI format x_1, DCI format x_2)
· DCI format 2_6
· Discuss whether and how to define the monitoring window for DCI format 2_6 inside DRX Active Time.
2.3. DCP outside DRX Active Time to indicate PDCCH monitoring adaptation in DRX Active Time
In Rel-16, new DCI format (i.e., DCI format 2_6) was introduced to indicate whether to wake up or not on next long DRX cycle. Abbreviation “DCP” is used in RAN2 specifications for the RAN1 terminology “DCI with CRC scrambled by PS-RNTI”. It means that the UE is indicated to monitor or skip monitoring all configured SS sets in the corresponding on-duration by wake-up message from the DCI. In addition to wake-up indication, it can be advantageous to inform the UE in advance whether monitoring adaptation techniques discussed in Rel-17 are applied at the beginning of DRX Active Time. 
When the network sends a wake-up message (DCP) to a UE, it can be assumed that there is specific data scheduling for the UE. The network can narrow down candidates of the SS set that the UE should monitor. Therefore, the UE doesn’t have to monitor all configured SS sets, and can monitor only e.g., a subset of them indicated by DCP when starting DRX on-duration. This subset of SS sets can be a SSSG. In this case, it can be beneficial to adjust the number of candidates of the SS sets to be monitored by the UE from the power saving perspective. Thus, DCP outside DRX Active Time can be introduced for indicating PDCCH monitoring adaptation inside DRX Active Time for power saving.
For indicating PDCCH monitoring adaptation, an additional field of DCI format 2_6 may be needed or existing field (e.g. SCell dormancy field for UEs not configured with carrier aggregation) can be reused. SSSG index or switching flag can be added and switching duration may also be needed. We need to discuss whether to support the DCI format 2_6 that indicates PDCCH monitoring adaptation inside DRX Active Time and if supported, which modification of existing DCI format 2_6 is needed.
Proposal 3: Consider supporting DCP outside DRX Active Time indicates PDCCH monitoring adaptation inside DRX Active Time.
2.4. SS set (group) configuration
We should consider missing case of DCI indicating PDCCH monitoring adaptation. For example, a network indicated SSSG switching from index 0 to index 1 and sends a scheduling DCI on SS set in group index 1, however, a UE may not receive a DCI indicating SS set group switching and therefore cannot monitor the SS set group index 1. For handling these error cases, we can consider default SS set(s) which the UE returns to monitor after a certain period time. If a network didn’t receive HARQ-ACK of PDCSH scheduled by a DCI on SS set in group index 1, the network sends a scheduling DCI on the default SS set(s) and the UE can be scheduled successfully. 
Regarding PDCCH skipping and SSSG switching, we can consider always-on SS set(s) that the UE always monitors regardless of PDCCH monitoring adaptation. This always-on SS set(s) are already configured implicitly in SSSG switching introduced for NR-U. It is specified that a UE can be provided a group index for a type3-PDCCH CSS set or USS set by searchSpaceGroupIdList for PDCCH monitoring on a serving cell. In other words, type0, type0A, type1, and type2-PDCCH CSS sets do not belong to any group and are always be monitored by a UE. With regard to enhancement of Rel-16 SSSG switching for power saving, SS sets which a UE always monitors can be different from those of NR-U, thus, it could be helpful that always-on SS sets are explicitly configured. The always-on SS set(s) can be used for PDCCH skipping. If always-on SS set(s) is configured, a UE monitors the SS set(s) even though the UE is indicated to go to sleep and stop monitoring PDCCHs. By configuring USS sets as always-on SS sets, a UE always monitors at least more than one SS set(s), and can cope with the worst cases of sudden data transmission.
Special SS set(s) such as default SS set(s) and always-on SS set(s) should be considered for handling error cases or sudden data transmission. These SS sets can be configured in the form of groups such as default SSSG and always-on SSSG.
Proposal 4: For PDCCH monitoring adaptation, the following SS set (group) configurations should be considered for handling error cases or sudden data transmission:
· default SS set(s) which a UE returns to monitor after a certain period of time
· always-on SS set(s) which a UE always monitors
2.5. Implicit PDCCH monitoring adaptation triggered by SR and RACH
A UE can transmit SR even though the UE is indicated to adapt PDCCH monitoring. In this case, several issues may arise. For example, if a UE is indicated to skip all PDCCH monitoring, there may be no SS sets for the UE to expect a UL grant. Or if a UE is indicated to monitor PDCCH according to SS sets with group index 0 where periodicities of SS sets are generally long, there can be latency issue of receiving a UL grant. 
We introduce a monitoring window for a UL grant regarding SR that allows changes to UE’s current monitoring adaptation behavior. For example, a UE monitors all the SS sets in the window regardless of indicated monitoring adaptation. For maintaining power saving as much as possible, a UE monitors specific configured SS sets or SSSG not all the SS sets. We can refer to a RAR window for the configuration of the monitoring window for a UL grant regarding SR.
The situation can be similar in case of UE transmitting PRACH except that a monitoring window is already specified as a RAR window. We only introduce UE’s behavior that the UE monitors a specific SS set which is type1-PDCCH CSS set in case of CBRA or configured for detecting Msg2 RAR with C-RNTI in case of CFRA, regardless of indicated monitoring adaptation during DRX Active Time.
Proposal 5: Consider supporting implicit PDCCH monitoring adaptation triggered by SR and RACH
· Discuss whether and how to define a monitoring window for a UL grant regarding SR
3. Conclusion
In this contribution, reduced PDCCH monitoring for RedCap UEs is discussed, and followings are observed and proposed;
Observation 1: SS set group switching by detecting a DCI may cause unnecessary power consumption for a connected-mode UE.
Observation 2: Skipping monitoring all SS sets may impact the latency performance for a connected-mode UE.
Proposal 1: Consider supporting the following design for DCI-based PDCCH monitoring adaptation:
· 1-bit flag distinguishing between PDCCH skipping and SSSG switching
· UE behavior corresponding to each state configured by RRC signaling
· FFS: details including the number of bits required
Proposal 2: For triggering PDCCH monitoring adaptation during DRX Active Time, the following DCI formats are considered:
· scheduling DCI (DCI format x_1, DCI format x_2)
· DCI format 2_6
· Discuss whether and how to define the monitoring window for DCI format 2_6 inside DRX Active Time.
Proposal 3: Consider supporting DCP outside DRX Active Time indicates PDCCH monitoring adaptation inside DRX Active Time.
Proposal 4: For PDCCH monitoring adaptation, the following SS set (group) configurations should be considered for handling error cases or sudden data transmission:
· default SS set(s) which a UE returns to monitor after a certain period of time
· always-on SS set(s) which a UE always monitors
Proposal 5: Consider supporting implicit PDCCH monitoring adaptation triggered by SR and RACH.
· Discuss whether and how to define a monitoring window for a UL grant regarding SR.
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