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1 Introduction
The schemes in UE Power Saving Enhancements for connected-mode are to further reduce PDCCH monitoring based on DCI indication. Options of DCI-based indication has been evaluated and discussed. Then, agreements made in the last meeting:
Agreements:
· Strive for a common design for DCI based PDCCH monitoring adaptation in active time for an active BWP to support functionalities inclusive of both SSSG switching and PDCCH skipping for a duration. 

· Details FFS
Agreements:
· Further study whether and how to minimize the impact to data scheduling for new transmissions and retransmissions.
· FFS details

· Further study the application delay for PDCCH adaptation indication

Agreements:
For DCI based PDCCH skipping in active time for an active BWP (if supported), the following can be further considered,

· Explicit indication of PDCCH adaptation

· Scheduling DCI

· Format 1_1

· Format 0_1

· Format 0_2/1_2

· Non-scheduling DCI

· Format 2_6 in active time

· Format 2_0

· Format 1_1 (SCell dormancy case 2)

· additional indication mechanism

· By reusing Rel-16 SCell dormancy indication when CA is configured, FFS details

· By reusing Rel-16 cross-slot scheduling indication when R16 cross-slot scheduling is configured, FFS detailds

· DCI dynamically indicates a duration/periodic interval for skipping

· FFS: how to indicate the duration/period interval, e.g., number of slots or skipping current DRX

· PDCCH skipping for a duration indicated by minimum scheduling offset

· Others are not precluded
 
Agreements
· For DCI based SSSG switching in active time for an active BWP (if supported), the following can be further considered,
· Explicit indication of PDCCH adaptation
· Scheduling DCI based
· Format 1_1,
· Format 0_1,
· Format 0_2/1_2
· Format 1_0
· Non-scheduling DCI supported by vivo, Samsung
·  Format 2_6 in active time
· Format 2_0
· Format 1_0
· Format 1_1 (SCell dormancy case 2)
· additional indication mechanism
·  By reusing Rel-16 SCell dormancy indication when CA is configured, FFS details
· By associating Rel-16 cross-slot scheduling indication when R16 cross-slot scheduling is configured, FFS detailds
· DCI dynamically indicates a duration period for the switched SSSG, UE switch back to previous/default SSSG after duration endstimer expried
· Timer-based SSSG switching, including RRC configured a timer, UE switch back after timer expired.
· SSSG activation/deactivation
· FFS: Implicit SSSG switching
· SSSG switching triggered by SR
· SSSG switching triggered by RACH
· Default SSSG that a UE monitors when coming out of DRX to monitor an ON duration.
· FFS: whether/how to support SSSG switching for multiple groups of cell(s).
· FFS: whether/how to support SSSG switching in active time with DCP outside active time
· FFS: whether / how to support more than 2 SSSGs,
· FFS: number of SSSGs
· FFS: a search space set group to emulate PDCCH skipping
· Others are not precluded
Agreements:
· The following alternatives can be considered for DCI based PDCCH monitoring adaptation in active time for an active BWP for power saving

· Alt 1: Enhancement of Rel-16 SSSG switching to support PDCCH monitoring adaptation including skipping for a duration

· Alt 2a: Enhancement of DCI(s) utilized for Rel-16 power saving adaptation for supporting both skipping PDCCH monitoring for a duration and SSSG switching

· Alt 2b: Enhancement of DCI(s) utilized for Rel-16 power saving adaptation for supporting both skipping PDCCH monitoring for a duration and PDCCH monitoring periodicity adaptation

· Others not precluded

In this contribution, we further analyze the details of introducing those mechanisms.
2 PDCCH monitoring adaptation schemes
The earlier evaluation has already shown that dynamically reduced PDCCH monitoring within few slots can further save UE power. Considering the complexity, gains and specification impact, method of common design is to be covered. We consider the Alt 2a for the balance of both performance and complexity. 

2.1 Adaptation indication DCI formats

As the DCI bases scheme can be different type of DCI format including 1_1, 0_1, 1_2, 0_2, 2_0 and 2_6, we need to select one or two of the formats to indicate PDCCH monitoring adaptation. The non-scheduled DCI formats would bring more PDCCH monitoring and would not be desirable from our point of view in saving UE detection power. It is also not clear how format 2_6/2_0 can be reused without increasing the DCI size budget in the active time. For dormant BWP indication, the non-scheduling format is used in CA case and may not be applicable to single carrier.
The scheduling DCI of URLLC would also require higher UE capability than eMBB. In URLLC case, there is no strong motivation for reducing PDCCH monitoring, as it targets for less latency and would like more frequent control channel and data channel transmission/reception.  

The better candidates of adaptation triggering DCI format are 1_1 and 0_1. The gNB knows if this instance of downlink data scheduling is the last one in short term. PDCCH monitoring adaptation would be naturally supported by downlink data scheduling. For uplink data scheduling, the UE side may have more knowledge about data to be sent. However, the gNB can also have the overall information of cell. Also in some CSI only UL grant, it can ask UE to do PDCCH monitoring adaptation. Thus, we can support both format 1_1 and 0_1.
Proposal 1: Triggering PDCCH monitoring adaptation by DCI format 1_1.

DCI format 0_1 can optionally triggering PDCCH monitoring adaptation.
It is also applicable for the different variants of PDCCH monitoring adaptation schemes.
2.2 Indicating skipping of PDCCH monitoring occasions
The main solution for PDCCH monitoring adaptation is to help the UE skipping the PDCCH monitoring when there is no traffic for the UE. 
In the evaluation phase, direct indication of skipping of PDCCH monitoring occasions has shown up to 74.13% power saving gain under IM traffic model. In other traffic models, the skipping also outperforms other candidate solutions. Thus, it should be supported in Rel-17.
In regards of the indication PDCCH skipping, it is mainly about for the time the UE has no scheduling and how to indicate omitting the following PDCCH monitoring occasions.

2.2.1 Skipping mechanism and setting
The gNB side may decide it will not schedule a UE in near term. The network scheduler has enough knowledge and could decide how many occasions the UE can skip the PDCCH monitoring in such cases. Then, gNB scheduler indicate the skipping as illustrated in the Figure1, based on the predicated data arrival and other scheduling information. It is better to allow more than one skipping period for a UE.
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Figure1: Dynamic indication of skipping PDCCH monitoring
In previous meetings, sets of evaluations are provided by companies and results help to confirm the benefit of skipping schemes. In our contribution [3], we also shown comparison of different PDCCH skipping schemes, all with dynamic PDCCH indications.

With FTP and IM traffic model as introduced for Power Saving study, differences are reflected by the evaluation. 

Case1: FTP IAT20ms, Case2: IM IAT20ms, Case3: FTP IAT100ms, CA with 4CC.

Table 1. Simulation results for FTP, instant messaging
	Cases
	R15
	R16
	R17 skip
	gain over R16
	R17 skip delay
	gain over R16
	R17 switch (2)
	gain over R16
	R17 switch (4)
	gain over R16

	Case1
	23.4482
	18.7071
	14.5303
	22.33%
	15.4193
	17.58%
	18.3937
	1.68%
	18.249
	2.45%

	Case2
	7.9043
	3.4327
	2.8706
	16.37%
	3.0027
	12.53%
	3.386
	1.36%
	3.3645
	1.99%

	Case1 CA
	45.8948
	33.6
	19.759
	41.19%
	22.8669
	31.94%
	32.5021
	3.27%
	31.9954
	4.78%

	Case2 CA
	26.7735
	15.2044
	13.2959
	12.55%
	13.7449
	9.60%
	15.0458
	1.04%
	14.9726
	1.52%

	Case3
	46.359
	32.7706
	15.0891
	53.96%
	15.7874
	51.82%
	31.1949
	4.81%
	30.4145
	7.19%

	Case3 CA
	122.28
	80.1409
	20.7361
	74.13%
	23.1935
	71.06%
	74.8237
	6.63%
	72.1924
	9.92%


As can be seen from the table. PDCCH skipping schemes are associated with different power saving gains. In the evaluation, we give 4 schemes.
R17 skip: The PDCCH skipping is right after the PDCCH skipping indication. UE re-start PDCCH monitoring right after new data arrival.

R17 skip delay: To allow retransmission opportunity, the PDCCH skipping is after 8 slot of the PDCCH skipping indication. UE re-start PDCCH monitoring right after new data arrival.

R17 switch (2): Switching between periodicity of 1slot and 2slot SS sets group.

R17 switch (4): Switching between periodicity of 1slot and 4slot SS sets group.

The first 2 PDCCH skipping are ideal case for skipping and wake up right after new data coming in the buffer. It can show the upper limit of the PDCCH skipping gain. For R17 switch (2) and R17 switch (4), it shows more realistic power saving.  We can see the more inside into the different schemes. Both of them can rely on the scheduling DCI indication. The differences are in skipping span set. The R17 switch (2) only allow 1 or 2 slots skipping of control detection. Small PDCCH reduction is achieve by the scheme. After introduction of skipping with 4 slots, higher power saving gain can be reached. 
If even more skipping periods and higher skipping span introduced, we expect higher gain close to the optimal PDCCH skipping schemes. With a good gNB scheduler, the incoming data can be predicated and a skipping period can be selected in the skipping indication. Further, an even large skipping period could be selected and a larger skipping period can be extended after current DRX_ON duration.
Proposal 2: Indicating skipping of PDCCH monitoring occasions is supported as PDCCH monitoring adaptation:

PDCCH skipping is based on number of slots.

2bits indication in DCI format is introduced to support for non-skipping, 4-slot skipping, 8-slot skipping, 16-slot skipping.
2.2.2 Retransmission handling

Using scheduling DCI cannot avoid the retransmission of the ‘last’ packet. For the downlink as example, UE could successfully receive a DCI with skipping indication and miss the scheduled data by the same DCI. Retransmission after the skipping period will increase the overall data service latency.
As also indicated in the Figure1, a retransmission period can be introduced for the retransmission to allow a retransmission window. The window should depend on the PDCCH-PDSCH-HARQ-ACK timing component and re- scheduling timing component. The first timing component is determined by the K0 and K1 in scheduling instance. The second one is not restricted as a gNB implementation. However, it would be reasonable to assume rescheduling can be done quickly, e.g. within one or two PDCCH occasions.

Proposal 3: Introduce a delay window in the PDCCH skipping indication, which is based on PDCCH-PDSCH-HARQ-ACK timing and re-scheduling timing.

However, if the PDCCH-PDSCH-HARQ-ACK timing is relatively long, the unnecessary PDCCH monitoring will happen in the delay window. For the UE in skipping indication, it should assume only one process needed for that re-transmission. We consider only allowing the few occasions after the PDCCH-PDSCH-HARQ-ACK timing, which is shown in the Figure2.
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 Figure2: Dynamic indication of skipping with retransmission occasions
Proposal 4: In the delay window for retransmission, PDCCH monitoring can be only after PDCCH-PDSCH-HARQ-ACK timing and in few consecutive monitoring occasions.
2.3 Indicating Search Space group adaptation

Rel-16 NR-U has already supported search space set group switching schemes and switching between them. 
In a unified solution, we should not incorporate the group adaptation with skipping. However, unified solution should not copy the NR-U schemes as we analyzed in previous contributions.
2.3.1 Indicating Search Space group adaptation
The Search Space group adaptation can maintain the UE’s PDCCH monitoring behavior within the PDCCH search space as in the specification. The PDCCH search space configurations will be switched based on the service and traffic requirements. As shown in Figure 3, for the time with higher traffic load to the UE. Normal PDCCH search space will be switched. This PDCCH search space could be with small periodicity and short monitoring duration and even higher number of candidates. The first group of PDCCH search spaces shown in Figure 3 represent the configuration. For the time with lower traffic load for the UE, PDCCH search space with long periodicity and short monitoring duration will be switched on.
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Figure3: PDCCH search space adaptation
The unified solution could use the same triggering bits of skipping. It can trigger the SS switching with certain codepoints. One example could be 2 bits for the indication. 2 of the indication states may corresponds 2 different search spaces sets. The 2 other states would mean some skipping periods.
Note that the delay windows for retransmission can also be used in the search space groups switching.

Proposal 5: Indicate PDCCH search space group sets by the PDCCH skipping indication bits.
2.3.2 Timer for autonomous adaptation
Fully autonomous adaptation scheme may not be needed for Rel-17. It means UE autonomously monitor one additional PDCCH search space with short PDCCH monitoring periodicity once the UE receive one scheduling grant within the first PDCCH search space. We think the benefit is covered by PDCCH skipping.
Autonomous PDCCH monitoring adaptation by timer has been supported in NR-U by implicit switching between Group1 and Group2 of search space sets. For power saving, it would be good to simply fall back to a sparse search space group one the timer expired. In addition, power saving should have some possible change in parameters, e.g. timer range. 
Regarding the implicit triggering to another group by detection of PDCCH in one group, the motivation is more related to NR-U operation and may not be needed.
Proposal 6: When multiple PDCCH search space groups are switchable, autonomous PDCCH monitoring adaptation is triggered by timer.
2.3.3 With cross-slot scheduling switching
In the Rel-16, cross-slot scheduling switching is supported by normal scheduling DCI. There are complete timing mechanism for determine the assumed cross-slot minimum K0/K2 values. The minimum K0/K2 can be switched to preconfigured larger sets by DCI.
As discussed previously in Rel-16, power efficiency is not maximized when the cross-slot scheduling is enabled and PDCCH have to be monitored in every slot. In the case, the PDCCH-to-PDSCH processing is only saved in power consumption for buffering by cross-slot scheduling. Unchanged PDCCH search space monitoring periodicity will results in unnecessary power consumption. 
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Figure4. PDSCH transmission in all slots with cross-slot scheduling
In Figure4, the UE is configured with scheduling PDCCH in every slot and minimum K0=1. Then, it is possible that the UE receive DL signal for every slot. The buffering of whole band is not needed and thus some power can be saved. However, the power saving effect is not maximized due to the RF of RX turned on in most of time. 

In considering cross-slot scheduling, it would generally require less number of slot to transmit data to a UE and the user throughput can be reduced accordingly. Since the cross-slot minimum K0/K2 can be configure to up to 12, the PDCCH monitoring periodicity for every slot will be very inefficient as shown in Figure4.

We can consider triggering the PDCCH search space groups together with switching of cross-slot minimum K0. Each of the cross-slot scheduling value can be bundled to one search space group. Then the inefficient cross-slot scheduling switching in Figure4 is avoided. In general, the cross-slot scheduling of K0 should be same as the monitoring periodicity of the bundled Search Space group.
To support this, we can reuse the cross-slot scheduling indication bit in the DCI to trigger additionally the search space group switching. With the unified triggering design, the 2 cross-slot states can be mapped to the 2 search space group sets.
Still, the application delay can be applicable to the search space group switching.
Proposal 7: The search space group switching indication states in the DCI can also trigger cross-slot scheduling states.
The application delay can be also applicable to the search space group switching.
3 Conclusion

In this contribution, we discussed the scheme for further reduce PDCCH monitoring based on DCI indication in case of connected-mode UE. 
As summary, we have proposals:
Proposal 1: Triggering PDCCH monitoring adaptation by DCI format 1_1.

DCI format 0_1 can optionally triggering PDCCH monitoring adaptation.

Proposal 2: Indicating skipping of PDCCH monitoring occasions is supported as PDCCH monitoring adaptation:

PDCCH skipping is based on number of slots.

2bits indication in DCI format is introduced to support for non-skipping, 4-slot skipping, 8-slot skipping, 16-slot skipping.
Proposal 3: Introduce a delay window in the PDCCH skipping indication, which is based on PDCCH-PDSCH-HARQ-ACK timing and re-scheduling timing.

Proposal 4: In the delay window for retransmission, PDCCH monitoring can be only after PDCCH-PDSCH-HARQ-ACK timing and in few consecutive monitoring occasions.
Proposal 5: Indicate PDCCH search space group sets by the PDCCH skipping indication bits.

Proposal 6: When multiple PDCCH search space groups are switchable, autonomous PDCCH monitoring adaptation is triggered by timer.
Proposal 7: The search space group switching indication states in the DCI can also trigger cross-slot scheduling states.

The application delay can be also applicable to the search space group switching.
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