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1		Introduction
During RAN1 #103-e meeting, the following was agreed:
Agreements:
· Specify at least one of the following options for Rel-17 dynamic PDCCH adaptation for active time
· Option 1: Search space set group switching, e.g., explicit and implicit search space set group switching.
· Option 2: PDCCH skipping for a certain duration/DRX cycle
· FFS: which option(s)
· Candidate DCI formats for dynamic PDCCH adaptation include DCI formats 1_1(including scheduling and non-scheduling DCI), 0_1, 1_2, 0_2, 2_0, 2_6.
· Note:
· Companies are encouraged to provide analysis on specification impact, power saving benefit and system impact (e.g., packet latency, system overhead)
· FFS: other schemes are not precluded for further study

In this paper, the PDCCH-skipping and SS-set group switching are discussed, including the possible triggering commands. In addition, the FFS from the above agreement is also addressed.
[bookmark: _Ref178064866]2	Discussion
2. 1	PDCCH monitoring adaptation
In RAN1 #103e, it was agreed that at least one of SS-set group (SSSG) switching or PDCCH-skip will be specified in Rel-17. It is important to first clarify the schemes under discussion. While SSSG is specified in Rel-16 NR-U, PDCCH skipping has several variants.
2. 1. 1	PDCCH-skipping
For one variant PDCCH skipping, NW configures a certain skip duration, and informs in a scheduling DCI that a UE can skip PDCCH monitoring for the skip duration. Thus, if NW does not expect the UE to be scheduled in a certain number of subsequent slots (or does not expect any data for the UE until a certain duration), this scheme allows the UE to save power by omitting PDCCH monitoring in those slots. After the skipping duration ends, the UE follows regular PDCCH monitoring. 

[image: ]
Figure 1. PDCCH-skipping

To reduce impact on UPT, the skipping duration needs to relatively short, and NW must keep sending the skip command frequently for the UE to be able to save power. Since skipping is a one-shot command, if NW has no data to be scheduled for the UE, UE cannot save power when IAT is running unless the skip command is sent continuously to the UE as shown in Figure 2 below.
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Figure 2. NW needs to keep sending PDCCH skip command to reduce power consumption during running of IAT.
Another variant of PDCCH skipping allows the NW to tell a UE in active time to stop PDCCH monitoring until next DRX On duration. Thus, UE skips PDCCH monitoring inside Active time even when Inactivity timer is running. Supporting such long duration skipping would have undesirable impact on system performance, and would interfere with the DRX functionality, which allows UE to come out of DRX under specific circumstances such as when UE transmits SR.
Another variant is to set the skipping duration to a large value, possibly larger than inactivity timer, i.e., the skipping might include skipping one or more DRX on-duration. This, however, could be very risky as the NW might need to wait for several DRX on-duration before it could send any PDCCH, i.e., when the data burst comes. This will certainly degrade UPT significantly. On top of that, Rel. 16 already introduced wake-up signal (WUS) which could notably reduce power consumption of the DRX on-duration. Skipping the on-duration, therefore, is not required.
In summary, only the variant where PDCCH-skipping duration is limited to a relatively short time duration (e.g. much smaller than typical IAT values) would avoid adverse system performance impact.
2. 1. 2	SS-set group switching
Rel. 16 NR-U introduced SS-set group switching (SSSGS) in which a UE can be configured with two SS-set groups and switches between monitoring according to those SS-set groups. Both explicit switching (e.g. via DCI 2_0) and implicit switching (based on timer or detection of a DCI) are specified. 
Explicit SS switching 
 
The UE can be switched between the two search space groups through detection of DCI format 2_0. This is done by configuring the UE with the RRC parameter searchSpaceSwitchTrigger-r16 which provides a location for the search space switching field (for a serving cell) in the DCI format 2_0. The search-space-set- switching field is one bit in size, where a bit value of zero indicates one group and a value of one indicates the second group. We refer to these two groups by group0 and group1, where the search-space-set-switching field takes the values zero and one, respectively.    
 
The procedure for explicit switching using DCI format 2_0 is as follows: 
· If the UE is not monitoring PDCCH on search space sets corresponding to group0 and the UE detects DCI format 2_0, then the UE switches to search space sets of group0 provided the search-space-set- switching field indicates a value of zero, and stops monitoring PDCCH on search space sets associated with group1. 
· If the UE is not monitoring PDCCH on search space sets corresponding to group1 and the UE detects DCI format 2_0, then the UE switches to search space sets of group1 provided the search-space-set--switching field indicates a value of one. The UE also stops monitoring PDCCH on search space sets corresponding to group0 and starts a timer with a duration provided by the searchSpaceSwitchingTimer. 
· ​If the UE is monitoring PDCCH on search space sets corresponding to group1, then the UE switches (or starts monitoring on) to search space sets of group0 and stops monitoring on group1 at either expiration of the searchSpaceSwitchingTimer or at the last slot of a remaining channel occupancy duration for the serving cell that is indicated by DCI format 2_0.
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Figure 3. SS-switching with explicit switching.

Implicit SS Switching 
 
Implicit switching happens when the UE is not configured with the RRC searchSpaceSwitchTrigger-r16 parameter. The procedure is as follows: 
-	if the UE detects a DCI format in group0, the UE switches to monitoring PDCCH according to SS set in group1 on the serving cell at a first slot that is at least P symbols after the slot in the active DL BWP. The UE sets the timer value to the value provided by searchSpaceSwitchingTimer-r16 if the UE detects a DCI format by monitoring PDCCH in any search space set. This applies to every subsequent detection of a DCI in any search space; if the timer is running the UE restarts the timer. 
-	if the UE monitors SS sets in group1, the UE switches to monitoring SS sets in group0 at the beginning of the first slot that is at least P symbols after a slot where the timer expires or, if the UE is provided a search space set for DCI format 2_0, after a last slot of a remaining channel occupancy duration for the serving cell that is indicated by DCI format 2_0.  
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Figure 4: SS-switching with implicit switching
 

 
Cell groups are also defined for SS set group switching such that if SS switching is triggered for one cell in the group of cells, it also triggers SS  switching for all cells in the corresponding group. 
How to achieve UE power savings with SSSG switching is described next.
One of the SS-set group can be configured with a denser PDCCH monitoring occasions (MOs) and another SS-set group with a sparser PDCCH MOs. The NW can dynamically indicate the UE to switch between those SS-set groups. For example, when the UE waits for a data burst to arrive, it can be in a sparse PDCCH monitoring state (and thus, saving power); and it can switch to a denser PDCCH monitoring when the data burst arrives.
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Figure 5. Achieving power-saving with SS-switching, i.e., configuring the UE with sparse and dense PDCCH monitoring.
SSSG switching can also be used to achieve PDCCH skipping behaviour. 
NW can configure the SS-set group0 with “normal” PDCCH monitoring (e.g. monitoring PDCCH in each slot) and SS-set group1 with no PDCCH MO (e.g. SS-set group1 is empty). This example can be seen in Figure 6. In the figure, the blue rectangle represents the SS-set group0, in which the UE monitors the PDCCH in every slots; and the light grey rectangle represents the SS-set group1, in which the UE is configured with no PDCCH MO (e.g., SS-set group1 is empty). Note that in here, the explicit switching command is used to transition from group0 to group1, and a timer-expiry based transition from group1 to group0 is used. 
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Figure 6. SS-switching used for PDCCH-skipping
2.1.3 Skipping vs switching
Both PDCCH skipping and SSSG switching target reduced PDCCH monitoring during the time when inactivity timer (IAT) is running. Thus, it is not expected that supporting both schemes would lead to cumulative performance gains. 
As explained in previous section, with suitable parameter settings and configurations, the SSSG scheme can be used to mimic PDCCH skipping. 
PDCCH skipping with long durations (e.g. skip to next On duration) can lead to undesirable system performance as it can nullify benefits offered by DRX functionality (UE comes out of DRX when UL data is received).
The performance of SSSG switching and PDCCH skipping is shown in [2]. The power-saving gain during the active time depends on the DRX configuration, i.e., in some configurations (e.g. when short cycle DRX is enabled), the scope of power-saving gain achievable by SSSG switching or PDCCH skipping is quite limited. The incremental gains by specifying both SSSG switching and PDCCH skipping as opposed to specifying just one of them would be negligible.
Given all the above, it is proposed that RAN1 specifies SSSG switching with suitable extensions and modifications.  

[bookmark: _Toc61891276]For Rel-17 UE power savings, specify extension/modification of search space set group switching.
2. 2	Enhancements for SSSG switching 
Using the current NR-U mechanism, switching indication can be initiated both by using implicit indication and explicit command though the latter is limited to DCI format 2_0 indication. One enhancement that should be supported in Rel-17 is including the trigger in the scheduling DCI. This allows a light-weight mechanism for signalling search space switching without incurring large PDCCH signalling overhead. This signalling can be configured in at least the downlink non-fallback DCI format i.e. 1_1. While the indication can also be included in the uplink DCI format i.e. 0_1, it can become a bit cumbersome to manage uplink HARQ retransmissions. This aspect needs to be studied a bit further. For other DCI formats such as 0_2 and 1_2, these compact DCI formats target DCI size reduction for eURLLC use cases and hence increasing their payload size for UE power savings is not preferable. Therefore, we propose to introduce an explicit indication through scheduling DCI 1_1 and study 0_1 further.
[bookmark: _Toc57649587][bookmark: _Toc61891277]Support explicit indication of search space set group switching via scheduling DCI format 1_1. FFS : DCI format 0_1. 
 
2. 2. 1	Multi-cell operation
The PCell should be able to control SSSG switching for itself and the same approach should be extended to SCells. Then, there are also cases where certain group of cells (e.g. cells in a particular band) need to be controlled together. For this kind of multi-cell control, similar approach as Rel16 where the SSSGs are set for a group of cells can be used. Other option is to have an indication on another cell e.g. by reusing Rel16  SCell dormancy indication, wherein PCell DCI format controls the SSSG switching functionality for multiple groups of cells. 
When both FR1 and FR2 are used, for example, it will be beneficial if the UE could use the PCell in FR1 to control the SS-set group in FR2. In one example, after the data burst, the UE may use not-so-sparse monitoring in PCell while using very sparse monitoring (or even no monitoring) in FR2. When the data burst arrives, PCell could immediately switch the FR2 cells to use the dense monitoring, minimizing UPT impact.
[bookmark: _Toc61289712][bookmark: _Toc61540495][bookmark: _Toc61891278]For self-scheduling, PCell’s scheduling DCI format 1_1 can indicate SSSG switching for the primary cell. Details of the indication FFS. 
[bookmark: _Toc61891279]For self-scheduling, an SCell’s scheduling DCI format 1_1 can indicate SSSG switching for the SCell. Details of the indication FFS. 
[bookmark: _Toc61891280]Study further how to support SSSG switching for multiple groups of cell(s). Details including number of groups FFS. 
2. 3. 3	HARQ impact
UE power-saving through SSSG is achieved by switching to a SS-set group with sparse monitoring at the end of data burst. Since the trigger is sent via scheduling DCI format, the gNB would typically send the switching command in a DCI anticipating that the corresponding PDSCH is successfully received. However, this cannot be always guaranteed, and a pre-mature SSSG switching to sparse monitoring increases delays in packet delivery. In DRX, HARQ timers can handle such issues. A similar mechanism is needed for SSSG switching. One option is to specify a timer or application delay for SSSG switching that is large enough to cover the HARQ feedback time, and NW can take any corrective measures to avoid unusual delays in case of NACK. One more option is to add a condition such as successful ACK transmission as a trigger for UE applying the SSSG switching command.  
[bookmark: _Toc61289714][bookmark: _Toc61540497][bookmark: _Toc61891281]HARQ retransmissions should not be delayed due to SSSG switching and mechanisms to avoid this should be supported e.g. a configurable timer-based application delay or HARQ feedback-based application of the SSSG switching command. 
2. 3. 4	Interaction with DRX 
In SS-switching, the power-saving is mostly achieved by setting the SS-set group0 and SS-set group1 with different periodicities. When there is data burst, the NW will command the UE to monitor the SS-set group with dense monitoring and when the data burst ends, the NW will command the UE to monitor the SS-set group with sparse monitoring. This will be very beneficial when the inactivity timer is running. This is because the NW only needs to wait maximum one SS period of sparse monitoring before able to send PDCCH. However, it is preferable if UE can switch to dense monitoring when monitoring PDCCH at the next ON duration, because the UE will otherwise monitor PDCCH sparsely even during On duration, which would be undesirable, due to smaller number of opportunities for addressing the UE. 
[image: ]
Figure 7. The UE might need to use sparse monitoring during DRX on-duration.

Considering the above, the relation between SSSG switching and the DRX needs to be clarified, e.g., a default SS-set group that needs to be assumed at beginning of On-duration. 
[bookmark: _Toc61540499][bookmark: _Toc61540500][bookmark: _Toc61891282]For UE configured with DRX, higher layer signaling can configure SSSG that a UE monitors when coming out of DRX to monitor an ON duration. 
[bookmark: _Toc5022906]3	Conclusion
In section 2, the following observations and proposals were made: 
Proposal 1	For Rel-17 UE power savings, specify extension/modification of search space set group switching.
Proposal 2	Support explicit indication of search space set group switching via scheduling DCI format 1_1. FFS : DCI format 0_1.
Proposal 3	For self-scheduling, PCell’s scheduling DCI format 1_1 can indicate SSSG switching for the primary cell. Details of the indication FFS.
Proposal 4	For self-scheduling, an SCell’s scheduling DCI format 1_1 can indicate SSSG switching for the SCell. Details of the indication FFS.
Proposal 5	Study further how to support SSSG switching for multiple groups of cell(s). Details including number of groups FFS.
Proposal 6	HARQ retransmissions should not be delayed due to SSSG switching and mechanisms to avoid this should be supported e.g. a configurable timer-based application delay or HARQ feedback-based application of the SSSG switching command.
Proposal 7	For UE configured with DRX, higher layer signaling can configure SSSG that a UE monitors when coming out of DRX to monitor an ON duration.
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Annex  (Agreed observation from RAN1#103-e)

Agreements:
Observation: 

· Each of the following schemes is individually shown to be beneficial for UE power saving compared to the baseline.
· Dynamically switching search space set
· Dynamically skipping PDCCH monitoring for a certain duration or until next DRX ON
· At least the following Rel-15 and/or Rel-16 power saving solutions have been utilized for baseline,
· For eMBB traffic,
· DRX setting(including using short DRX or long DRX with a short IAT or long IAT), Wake-up signal, Cross-slot scheduling, CA/Scell dormancy, MAC-CE skipping, BWP switching
· For VoIP traffic,
· DRX setting(only long DRX cycle with a short IAT), Wake-up signal,  Cross-slot scheduling, MAC-CE skipping
· For IM traffic,
· DRX setting(long DRX cycle [with a short IAT]), Wake-up signal
· For intensive eMBB traffic,
· DRX setting(including using short DRX or long DRX with a short IAT), Wake-up signal, Cross-slot scheduling, [CA/Scell dormancy], MAC-CE skipping, BWP switching
· Note: intensive eMBB traffic is optional and companies may use FTP model 3 with different packet size and mean data arrival time, e.g., 15ms, 30ms, 50ms or 100ms. 
· Note 1: For Search space switching, switching from 1slot monitoring to 2, 4, 8, 10, 16 or 32 slot with 30kHz SCS (FR1) and 120kHz (FR2) is utilized.
· Note 2: For PDCCH skipping , skipping 2ms, 4ms, 5ms, 8ms, 15ms, 16ms, 32ms,  64ms or to next DRX cycle is utilized
· Note 3: the baseline assumed may vary across companies

[bookmark: _GoBack]
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