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1. Introduction
According to WID [1] 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


Based on WID, 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. 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.
2. Discussion 
In this contribution, we discuss considerations for enhancements on power saving techniques for connected-mode UE.

2.1. Regarding Type0/0A/1/2-PDCCH CSS set monitoring
There was an issue regarding monitoring PDCCH scrambled by C-RNTI for Type 0/1/1A/2-PDCCH CSS set from the last meeting based on the agreement of RAN1#106-e. To make this issue more clear, we need to define ‘PDCCH skipping’ explicitly. In general understanding, PDCCH skipping means that a UE skips all the PDCCHs in DRX Active Time.
According to TS38.321, the RNTIs controlled by a DRX functionality are listed as follows:
· the MAC entity may be configured by RRC with a DRX functionality that controls the UE's PDCCH monitoring activity for the MAC entity's C-RNTI, CI-RNTI, CS-RNTI, INT-RNTI, SFI-RNTI, SP-CSI-RNTI, TPC-PUCCH-RNTI, TPC-PUSCH-RNTI, TPC-SRS-RNTI, and AI-RNTI. 
Which means some RNTIs including SI-RNTI, RA-RNTI, MsgB-RNTI, and P-RNTI are not controlled by a DRX functionality. If a UE is indicated by a DCI to shut down all the PDCCH monitoring, it is unclear whether the UE should keep monitoring PDCCH candidates for a DCI scrambled by SI-RNTI, RA-RNTI, MsgB-RNTI, and P-RNTI or not. Considering that monitoring adaptation is configured for C-DRX, it seems appropriate that a UE should monitor PDCCH candidates for a DCI scrambled by RNTIs not controlled by a DRX functionality despite of skipping duration. And, in our understanding, a UE should stop monitoring PDCCH candidates for a DCI with CRC scrambled by C-RNTI (and other RNTIs) in skipping duration.
SI-RNTI, RA-RNTI, MsgB-RNTI, and P-RNTI are used to scramble DCI format for a Type0/0A/1/2-PDCCH CSS set. According to TS38.213, UE’s monitoring PDCCH candidates for a DCI with CRC scrambled by C-RNTI (and MCS-C-RNTI, CS-RNTI) is specified as follows:
· the UE monitors PDCCH candidates for DCI format 0_0 and DCI format 1_0 with CRC scrambled by the C-RNTI, the MCS-C-RNTI, or the CS-RNTI in the one or more search space sets in a slot where the UE monitors PDCCH candidates for at least a DCI format 0_0 or a DCI format 1_0 with CRC scrambled by SI-RNTI, RA-RNTI, MsgB-RNTI, or P-RNTI. 
A UE monitors PDCCH candidates for a DCI with CRC scrambled by C-RNTI in a Type0/0A/1/2-PDCCH CSS set. It is specified for SSSG switching 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, Type0/0A/1/2-PDCCH CSS sets do not belong to any group and are always be monitored by a UE. 
Observation 1: Based on TS38.213 and TS38.321, legacy UE monitors PDCCH candidates for a DCI with CRC scrambled by C-RNTI in a Type0/0A/1/2-PDCCH CSS set for a duration.
Observation 2: If monitoring behavior of Observation 1 is applied without modification to a UE indicated to skip for a duration, it will decrease power saving efficiency of monitoring adaptation.

With regard to enhancement of Rel-16 SSSG switching for power saving, emulating PDCCH skipping functionality by supporting SSSG switching which is related to Beh 2B if SSSG#2 is an ‘empty’ group, may not be possible. Even though a UE is indicated to monitor an ‘empty’ group where no SS set(s) is configured, a UE should monitor a DCI with CRC scrambled by C-RNTI in a Type0/0A/1/2-PDCCH CSS set. Thus, SSSG switching to ‘empty’ group and PDCCH skipping does not indicate UE’s identical PDCCH monitoring activity. 
Observation 3: Supporting SSSG switching to emulate PDCCH skipping functionality, i.e. Beh 2B, is impossible if PDCCH skipping shut down UE’s monitoring PDCCH candidates for a DCI with CRC scrambled by RNTIs controlled by a DRX functionality.

Thus, we need to define explicitly UE’s monitoring behaviors regarding PDCCH candidates for a DCI with CRC scrambled by C-RNTI in a Type0/0A/1/2-PDCCH CSS set after receiving indication of PDCCH skipping. In order to follow the original intention of skipping meaning that a UE skips all the PDCCHs in DRX Active Time, a UE should stop monitoring PDCCH candidates for a DCI with CRC scrambled by C-RNTI (and other RNTIs) in skipping duration. Monitoring PDCCH candidates for a DCI scrambled by SI-RNTI, RA-RNTI, MsgB-RNTI, and P-RNTI cannot be stopped because these RNTIs are not controlled by DRX functionality. However, it has little impact on UE’s skipping. In the normal connected-mode DRX situation a UE rarely monitors PDCCH candidates for a DCI scrambled by SI-RNTI, RA-RNTI, MsgB-RNTI, and P-RNTI. Therefore, if a UE should not monitor PDCCH candidates for a DCI with CRC scrambled by C-RNTI in a Type0/0A/1/2-PDCCH CSS set for a duration after receiving indication of PDCCH skipping, the UE seems to stop all the PDCCH monitoring. If a situation that a UE should monitor PDCCH candidates for a DCI scrambled by SI-RNTI, RA-RNTI, MsgB-RNTI, and P-RNTI happens, it is more appropriate that a UE should monitor PDCCH candidates and put an end to the situation immediately.
Proposal 1: After receiving indication of PDCCH skipping, a UE should not monitor PDCCH candidates for a DCI with CRC scrambled by C-RNTI (and MCS-C-RNTI, CS-RNTI) in a Type0/0A/1/2-PDCCH CSS set for a skipping duration.

2.2. Configuration of at most 2 bit indication
In the last meeting, configuration of cases for bit mapping of DCI indicating PDCCH monitoring adaptation was agreed as follows.
	Agreement
The bit mapping of DCI indication PDCCH monitoring adaptation is as follows,
· For Case 1 (i.e., PDCCH skipping), the following is supported
· 1-bit in scheduling DCI is supported to indicate PDCCH monitoring adaptation UE behaviors if M=1
· ‘0’ is Beh 1 and ‘1’ is Beh 1A
· 2-bit in scheduling DCI is supported to indicate PDCCH monitoring adaptation UE behaviors if M=2 or 3
· ‘00’ is Beh 1
· ‘01’ is Beh 1A with skipping duration 1
· ‘10’ is Beh 1A with skipping duration 2
· ‘11’ is Beh 1A with skipping duration 3 if M=3, reserved if M=2
· For Case 2  (i.e., 2 SSSG switching) , the following is supported
· 1-bit in scheduling DCI is supported to indicate PDCCH monitoring adaptation UE behaviors
· ‘0’ is Beh 2 and ‘1’ is Beh 2A
· For Case 3 (i.e., 3 SSSG switching) , the following is supported
· 2-bit in scheduling DCI is supported to indicate PDCCH monitoring adaptation UE behaviors
· ‘00’ is Beh 2
· ‘01’ is Beh 2A
· ‘10’ is Beh 2B
· [‘11’ is reserved]
· For Case 4 (i.e., 2 SSSG switching with PDCCH skipping) , the following is supported
· 2-bit in scheduling DCI is supported to indicate PDCCH monitoring adaptation UE behaviors, 
· FFS details bit mapping
· FFS: For Case 5 (i.e., 3 SSSG switching and skipping)
· 2-bit in scheduling DCI is supported to indicate PDCCH monitoring adaptation UE behaviors
· ‘00’ is Beh 2
· ‘01’ is Beh 2A
· ‘10’ is Beh 2B
· ‘11’ is Beh 1A
· FFS Timer behavior when Beh 1A is indicated
· Note: The UE can be configured to be indicated by DCI a value of X slots (i.e., skipping duration) among M RRC configured values by scheduling DCIs indicating PDCCH schedules data
· FFS whether to restrict Skipping duration to be shorter than SSSG initial timer value
· FFS whether the configuration is same or different for DCI format x_1 and DCI format x_2



We can consider [‘11’ is reserved] in case 3 is ‘Beh 1’ (or ‘no indication’). Indicating ‘Beh 1’ and indicating switching to the current SSSG can be two different behavior. For example, if the UE is monitoring PDCCH according to SSSG#1 and indicated ‘Beh 1’, the UE starts to stop monitoring and the timer for SSSG switching still goes on. If the UE is monitoring PDCCH according to SSSG#1 and indicated ‘Beh 2A’ (i.e. switching to the current SSSG), the UE continue monitoring PDCCH according to SSSG#1 but the timer for SSSG switching is reset. In other words, there is a difference between ‘Beh 1’ and indicating switching to the current SSSG depending on whether the timer is reset. 
Proposal 2: For the bit mapping of DCI indication PDCCH monitoring adaptation for case 3, ‘11’ is Beh 1 or ‘no indication’.
· SSSG switching timer is not affected by Beh 1.

Each case from the agreement can be differently configured for DCI formats respectively. For example, the bit fields in DCI format x_1 have relatively large margin, thus, 2 bit indication can be supported. In DCI format x_2, designed to be flexible, the size of the indication field does not need to be fixed. It can be variable at the discretion of a network. For DCI format x_2, either 2 bit or 1 bit can be supported and even 0 bit is possible. 0 bit configuration of DCI format x_2 can be used for implicit indication of monitoring adaptation. We should carefully design at most 2 bit indication field for self-scheduling DCIs considering many possibilities.
Proposal 3: Bit mapping to the monitoring behavior and/or bit size of indication of monitoring adaptation can be differently configured for each DCI format.
Proposal 4: 0, 1, and 2 bit indication of monitoring adaptation can be configured for DCI format x_2 via higher layer signal.

2.3. SSSG switching timer and PDCCH skipping duration
In the last meeting, the value of SSSG switching timer and UE’s fallback behavior were agreed as follows.
	Agreement
-         The value of the SSSG switching timer in slots for SSSG#1 and/or SSSG#2 can be configured as
o    {[1...20,40,60,80,100]} for 15 kHz SCS,
o    {[1...40, 80,100,160,200]} for 30 kHz SCS,
o    {[1...80, 160,200,320,400]} for 60kHz SCS,
o    {[1...160,320,400,640,800]} for 120kHz SCS
 
Agreement
-         If the UE monitors PDCCH according to SSSG#1 and the timer expires, the UE starts monitoring PDCCH according to Beh 2.
-         If the UE monitors PDCCH according to SSSG#2 and the timer expires,
o    Alt 1: the UE monitoring PDCCH according to Beh 2
o    Other alternatives are not precluded
-         Timer can be optionally configured.


It was agreed that timer for Rel-17 SSSG switching is optionally configured as in Rel-16. However, we doubt SSSG switching can be properly operated if switching timer is optionally configured. If SSSG switching timer is not configured, a UE follows Rel-16 SSSG switching behavior when searchSpaceSwitchTimer is not provided. Which allows a UE to switch to the other SSSG by only detecting DCI indicating SSSG switching. 
As discussed in past meetings, a SSSG can be configured to ‘empty’ SSSG where there is no corresponding SS sets. If SSSG#2 is configured to ‘empty’ SSSG and no timer is configured, a UE cannot escape from SSSG#2 after indication of SSSG switching. As SSSG#2 contains no SS set, a UE cannot monitor PDCCH candidates after switching to SSSG#2. And there is no timer configured, a UE should perform SSSG switching based on DCI. Therefore, a UE is indicated to switch to SSSG#2 once, the UE should stay on SSSG#2 until the DRX Active Time is over.
Although we did not discuss how exactly ‘dormant’ SSSG is configured, it is likely to be inefficient if SSSG#2 is configured to ‘dormant’ and timer is not configured.
Observation 4: UE’s behavior after switching to ‘empty’ or ‘dormant’ SSSG should be defined.
Observation 5: If the DCI based indication is an only option for SSSG switching when timer is not configured, fallback behavior from ‘empty’ or ‘dormant’ SSSG to other SSSG may not work properly.
Thus, we introduce default timer. It is fallback timer for ‘empty’ (or ‘dormant’) SSSG or all SSSGs when timer is not configured for the SSSG(s). The UE can start pre-configured default timer when indicated to switch to SSSG with no timer configured. The default timer can be applied to every SSSG or specific SSSG which can be ‘empty’ or ‘dormant’. Or similarly, a UE is set to switch back to default SSSG (or certain SSSG) after pre-configured duration when a UE is indicated to switch to SSSG with no timer configured. We can revert the agreement from the last meeting to ‘Timer should be configured for SSSG which is configured to ‘empty’ or ‘dormant’. 
Proposal 5: For SSSG which is configured to ‘empty’ or ‘dormant’, support one of following alternatives:
· Alt 1: Introduce default timer that can be used when a UE is indicated to switch to SSSG with no timer configured.
· Alt 2: Switching timer should be configured.

Regarding skipping duration, we can consider it to align with switching timer. From the last meeting, switching timer is agreed to have larger than 20ms which is maximum value for Rel-16 SSSG switching although further check for the values is remained. Maximum value of 20ms was determined considering COT. There is no need to consider COT for SSSG switching for power saving, a consensus was reached that values greater than 20ms is required. DRX IAT was taken into account for the values greater than 20ms. We already agreed to strive for common design, and we cannot see the reason that skipping duration is different from switching timer. Therefore, we support skipping duration of {1…20, 40, 60, 80, 100ms}. Same as switching timer, skipping duration can be configured in slots for each SCS.
Proposal 6: Support skipping durations of {1…20, 40, 60, 80, 100ms} that are aligned with switching timer.

2.4. Application delay and HARQ/retransmission
Before a UE starts to skip PDCCH or switch SSSG, the UE needs time to decode DCI carried the signalling. There were several suggested options of application delay in the last meeting. Suggested options of application delay can be into two forms: one is time-based application simply in the form of slots which are based on Rel-16 SSSG switching and cross-slot scheduling, and the other is that the command applied after UE’s UL transmission. 
For application delay, 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 SSSG switching and therefore cannot monitor PDCCH candidates in the SS set in group index 1. If SSSG switching is applied after UE’s UL transmission (PUSCH or ACK) which gives confirmation to the network that the UE successfully received the DCI.
In case of PDCCH skipping, missing case of DCI is not problematic. For example, a network indicated PDCCH skipping and do not transmit any DCI for a skipping duration. A UE may not receive a DCI indicating PDCCH skipping and keep monitoring PDCCH candidates in SS sets. However, it is not the problem in terms of data scheduling, it is just a little loss in terms of UE’s power consumption. The problem is how we can handle HARQ/retransmission when a UE receives PDCCH skipping command. Giving enough application delay may be the solution, but it is difficult to get an accurate reference point as well as not knowing exactly how much application delay is enough. Thus, PDCCH skipping applied after UE’s UL transmission (PUSCH or ACK) can be a suitable option.
Contrary to the previous contribution, time-based application delay is appropriate for monitoring adaptation signalled by a DCI without scheduling information. When the network sends monitoring adaptation signalling to a UE without scheduling information, it can be assumed that there is no or less data scheduling for the UE. As there is no UL transmission and scheduled data, a UE applies monitoring adaptation after a few slots required for a UE to decode a DCI. However, missing case of DCI indicating SSSG switching still be an issue. 
Proposal 7: Application delay enabling the UE and network to handle missing case of DCI indicating SSSG switching should be supported.
Proposal 8: Consider different application delay for two cases:
· Command applied after UE’s UL transmission (PUSCH or ACK) if monitoring adaptation is indicated by a DCI with scheduling information.
· Time-based application delay if monitoring adaptation is indicated by a DCI without scheduling information.
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2.5. DCI format 2_6 triggering PDCCH monitoring adaptation
In the RAN1#105-e meeting, we agreed to adopt DCI formats 0_1, 1_1, 0_2, and 1_2 as indicating PDCCH monitoring adaptation as follows:
	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)


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.
DCI format 2_6 can be a potential DCI format indicating PDCCH monitoring adaptation inside 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 9: Support PDCCH monitoring adaptation indicated by a DCI format 2_6 inside/outside DRX Active Time.
· Discuss whether and how to define the monitoring window for DCI format 2_6 inside DRX Active Time.

2.6. 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 10: Support 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: Based on TS38.213 and TS38.321, legacy UE monitors PDCCH candidates for a DCI with CRC scrambled by C-RNTI in a Type0/0A/1/2-PDCCH CSS set for a duration.
Observation 2: If monitoring behavior of Observation 1 is applied without modification to a UE indicated to skip for a duration, it will decrease power saving efficiency of monitoring adaptation.
Observation 3: Supporting SSSG switching to emulate PDCCH skipping functionality, i.e. Beh 2B, is impossible if PDCCH skipping shut down UE’s monitoring PDCCH candidates for a DCI with CRC scrambled by RNTIs controlled by a DRX functionality.
Proposal 1: After receiving indication of PDCCH skipping, a UE should not monitor PDCCH candidates for a DCI with CRC scrambled by C-RNTI (and MCS-C-RNTI, CS-RNTI) in a Type0/0A/1/2-PDCCH CSS set for a skipping duration.
Proposal 2: For the bit mapping of DCI indication PDCCH monitoring adaptation for case 3, ‘11’ is Beh 1 or ‘no indication’.
· SSSG switching timer is not affected by Beh 1.
Proposal 3: Bit mapping to the monitoring behavior and/or bit size of indication of monitoring adaptation can be differently configured for each DCI format.
Proposal 4: 0, 1, and 2 bit indication of monitoring adaptation can be configured for DCI format x_2 via higher layer signal.
Observation 4: UE’s behavior after switching to ‘empty’ or ‘dormant’ SSSG should be defined.
Observation 5: If the DCI based indication is an only option for SSSG switching when timer is not configured, fallback behavior from ‘empty’ or ‘dormant’ SSSG to other SSSG may not work properly.
Proposal 5: For SSSG which is configured to ‘empty’ or ‘dormant’, support one of following alternatives:
· Alt 1: Introduce default timer that can be used when a UE is indicated to switch to SSSG with no timer configured.
· Alt 2: Switching timer should be configured.
Proposal 6: Support skipping durations of {1…20, 40, 60, 80, 100ms} that are aligned with switching timer.
Proposal 7: Application delay enabling the UE and network to handle missing case of DCI indicating SSSG switching should be supported.
Proposal 8: Consider different application delay for two cases:
· Command applied after UE’s UL transmission (PUSCH or ACK) if monitoring adaptation is indicated by a DCI with scheduling information.
· Time-based application delay if monitoring adaptation is indicated by a DCI without scheduling information.
Proposal 9: Support PDCCH monitoring adaptation indicated by a DCI format 2_6 inside/outside DRX Active Time.
· Discuss whether and how to define the monitoring window for DCI format 2_6 inside DRX Active Time.
Proposal 10: Support 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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