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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: OLE_LINK13][bookmark: OLE_LINK4][bookmark: OLE_LINK5]In RAN1#103-e meeting [1], evaluations and potential power saving techniques for connected-mode UE were discussed, and the followings were agreed.
	Agreements:
· Specify at least one of the following options for Rel-17 dynamic PDCCH adaptation in time-domain for active time,
· [bookmark: OLE_LINK63][bookmark: OLE_LINK64]Option 1: Search space set group switching, e.g., potential adjustments/enhancements for including explicit and implicit search space set group switching specified in R16 for NR-U 
· Option 2: PDCCH skipping for a certain duration / DRX cycle
· FFS: which option(s)(e.g. taking into account additional gain of option 1 over option 2, or vice-versa)
· 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


[bookmark: OLE_LINK1][bookmark: OLE_LINK2]This contribution further analyzes the schemes of dynamic PDCCH adaptation including search space set group switching and dynamic PDCCH skipping. 
[bookmark: OLE_LINK76][bookmark: OLE_LINK77][bookmark: _Ref129681832]DCI-based adaptation of PDCCH monitoring
Analysis on dynamic PDCCH skipping and search space set group switching
Dynamic PDCCH skipping scheme is illustrated in Figure 1. During active time of DRX cycle, when no data is scheduled for the UE, the gNB can send the signaling to indicate the UE to skip PDCCH monitoring during an indicated duration, which is referred as ‘skipped duration’ in the discussion. Within the skipped duration the UE would be in sleep mode, e.g. at least micro sleep, and after the duration the UE can resume to continue monitoring PDCCH in the remaining active time of the current C-DRX cycle. For the dynamic PDCCH skipping, the packets may be delayed for short duration and can be scheduled at once after the short duration. gNB can control the total sleep time of UE more flexibly to achieve a tradeoff between small traffic latency and UE power saving gain. 
[image: ]
[bookmark: _Ref61512947]Figure 1 Illustration of dynamic PDCCH skipping
[bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK117][bookmark: OLE_LINK118]Another way to adapt to PDCCH monitoring is dynamic search space set group switching. Search space set group switching has been supported in Rel-16 NR-U. By this scheme, the search space sets in an active BWP are grouped into two groups and the UE only monitors one of the search space set groups according to explicit or implicit indication, which are shown in Figure 2. When no traffic arrives, the gNB can indicate the UE to monitor PDCCH based on the search space sets configured with search space set group 0. When data traffic arrives, the gNB can indicate the UE to monitor PDCCH based on the search space sets configured with search space set group 1. As PDCCH monitoring periodicity is configured per search space set, the periodicity of PDCCH monitoring can be changed along with the search space set group switching. When the UE monitors PDCCH with larger periodicity, more power saving could be obtained. Dynamic search space set group switching is limited to unlicensed band operation and as discussed in RAN1#103, for licensed band, the mechanism may not be fully applicable and it is expected that more discussion and standard work are expected if the mechanism is introduced for licensed band. The specification impacts are discussed in Section 2.3.
[image: ]
[bookmark: OLE_LINK115][bookmark: OLE_LINK116]Figure 2 Illustration of search space set group switching
The reason that search space set group switching can provide power saving gain is the PDCCH monitoring within the durations between two PDCCH monitoring occasions of search space sets in search space set group 0 are skipped. This is actually the same as PDCCH skipping and can be fully realized by DCI based PDCCH skipping indication. As an example, if multiple bits for PDCCH skipping are introduced, one of the indicated skipped duration can be defined as periodical skipped duration. This can fully implement the effect of search space set group switching.
Observation 1: PDCCH skipping can achieve the power saving effect of search space set group switching.
The search space set parameters including the PDCCH monitoring periodicity are semi-statically configured. Once the search space sets in the search space set group 0 are configured, the skipped PDCCH monitoring pattern is fixed before the RRC reconfiguration. However, for the scheme of DCI based PDCCH skipping, the skipped duration length is configured but the start of the skipped duration depends on the DCI based indication. This allows more flexible skipping operation. 
Furthermore, if multiple values of skipped duration are configured and the gNB can indicate one of the values by DCI signaling. gNB can skip the PDCCH monitoring more flexibility to compromise between UE power saving and latency performance. 
If one of the configured ‘skipped duration’ is configured to be a periodic skipped duration, DCI based PDCCH skipping can achieve the effect to skip a periodic pattern of PDCCH skipping. An example of periodic PDCCH skipping is shown in Figure 3. In Figure 3, gNB can flexibly decide “one-shot” PDCCH skipping or periodic PDCCH skipping based on the traffic arrival.
[image: ]
Figure 3 Illustration of periodic PDCCH skipping
Observation 2: PDCCH skipping can achieve more flexible skipping than search space set group switching.
For an active BWP multiple search space sets can be configured. The parameters including PDCCH periodicity are configured per search space set. An example is shown in Figure 4, even the UE is indicated to monitor PDCCH based on the search space sets configured with search space set group 0 which is used for power saving, the UE needs to frequently wake up to monitor PDCCH as the monitoring occasions based on search space set 1 and the monitoring occasions based on search space set 2 are almost in different slots, which leads to the UE can only enter to “micro sleep” even the PDCCH periodicities of the search space sets are large enough. The power saving gain of search space set group switching is reduced.  However, considering the flexibility of configuration from gNB, it is difficult to specify the PDCCH monitoring occasions of the search space sets within the same group should be in the same slots.
[image: ]
Figure 4  An example of PDCCH monitoring occasions based on the search space sets in the search space set group
For the similar reason, the search space set group switching mechanism is also not good for the scenario of multi-carrier, especially for intra-band CA. In case of CA, a group of serving cells are bundled to switch search space set group, which means that the indication of search space set group switching is applied to all the serving cells within in the same cell group. As the sub-carrier spacing of BWPs in different serving cells are different, it is more difficult to ensure the monitor occasions on different serving cells are aligned in the same slots. For intra-band CC, the UE still needs frequently turn on the RF to monitor PDCCH on the bundled serving cells even the UE switches to the search space set group used for power saving. 
For dynamic PDCCH skipping, the skipped duration can be configured per BWP or per serving cell group or per UE, UE skips PDCCH monitoring in the skipped duration, the power saving is not influenced by the configuration of search space set parameters.
Observation 3: The power saving of search space set group switching may be reduced in case of multiple search space sets in an active BWP. The power saving is also reduced in case of CA, especially intra-band CA.
Evaluations for DCI based PDCCH skipping and search space set group switching
Dynamic PDCCH skipping for a certain duration and search space set group switching are evaluated, which are shown in Table 1. 
[bookmark: OLE_LINK30]Table 1 Power saving techniques of adapting to PDCCH monitoring
	Baseline: DRX
	When C-DRX is configured, UE monitors PDCCH during the active time, which includes onDurationTimer, inactivityTimer and retransmissionTimer etc., and power saving is achieved by not monitoring PDCCH in non-active time.
For simplicity, only long DRX cycle is configured in the simulation.

	Scheme 1: PDCCH skipping for a certain duration
	During the DRX active time, when DL buffer of a UE is empty, gNB indicates the UE to sleep for a skipped duration.
In these evaluations, multiple values of skipped duration are supported and the skipped duration is dynamic indicated by PDCCH skipping signaling. 
For simplicity, signaling of PDCCH skipping is accounted as non-scheduling PDCCH.

	Scheme 2: Search space set group switching
	[bookmark: OLE_LINK19][bookmark: OLE_LINK20]During the DRX active time, assuming the UE monitors PDCCH per 1 slot by default. When the DL buffer of a UE is empty, the UE will be switched to monitor PDCCH per X slots (X>1). When there is DL buffer of the UE, the UE will be switched to monitor PDCCH per 1 slot from per X slots.



The corresponding assumptions on the DRX setting and traffic model are listed in Table 2.
Table 2 Traffic model for power saving scheme evaluations
	
	Intensive eMBB traffic
	VoIP

	Model
	FTP model 3
	As defined in R1-070674.
Assume max two packets bundled.

	Packet size
	100Kbytes
	

	Mean inter-arrival time
	30ms
	

	DRX setting
(DRX cycle, Inactivity timer, On duration timer)
	 (20, 10, 5)ms
	 (40,10,8)ms



[bookmark: OLE_LINK29][bookmark: OLE_LINK31][bookmark: OLE_LINK21][bookmark: OLE_LINK22]The evaluation results are shown in Figure 5 and Figure 6. In the evaluations, multiple UEs per cell are evaluated. For search space set group switching, monitoring occasions are fixed once the parameters of search space set are configured. Hence, when the UE switches to X slots from 1 slot, the UE skips PDCCH monitoring during the slots which may be smaller than (X-1).
Evaluation results for intensive eMBB traffic
[image: ]
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Figure 5 Intensive eMBB traffic, DRX configuration (20, 10, 5), 4 UEs per cell
[bookmark: OLE_LINK27][bookmark: OLE_LINK28]For intensive eMBB traffic, the skipped duration is in the range of 2/4/6/8/10ms. Comparing with the search space set group switching scheme with a small value X, e.g., X=5, the dynamic PDCCH skipping gives the UE more opportunities entering to light sleep or even deep sleep, and therefore has better power saving performance. Meanwhile, the latency performance of dynamic PDCCH skipping is similar as the search space set group switching with X=5 slots.
Comparing with the search space set group switching with larger value X, e.g. X=10 or 20, the power saving gains of dynamic PDCCH skipping is still better than search space set group switching, meanwhile the latency performance of dynamic PDCCH skipping out performs than search space set group switching with X=10 and 20 slots. This is due to the better flexibility of PDCCH skipping.
[bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK26]Observation 4: Dynamic PDCCH skipping provides more power saving gains than search space set group switching for intensive eMBB traffic, meanwhile with similar or even better the latency performance.
Evaluation results for VoIP traffic
[image: ]
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Figure 6 VoIP, DRX configuration (40, 10, 8), 10 UEs per cell
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]For VoIP, the skipped duration is in the range of 2/4/6/8ms. Due to same reasons for intensive eMBB traffic, the power saving gains of dynamic PDCCH skipping is better than search space set group switching for VoIP traffic. And the latency of dynamic PDCCH skipping and search space set group switching are similar.
[bookmark: OLE_LINK32][bookmark: OLE_LINK33]Observation 5: Dynamic PDCCH skipping provides more power saving gains than search space set group switching for VoIP. The latency of dynamic PDCCH skipping and search space set group switching are similar.
Specification impacts and open issues
Dynamic PDCCH skipping
[bookmark: OLE_LINK36][bookmark: OLE_LINK38]Indication of PDCCH skipping
For the DCI based PDCCH skipping, the following options can be considered:
· Option 1: group common DCI format, e.g., DCI format 2_6
· Option 2: existing UE specific DCI format, e.g. DCI format 0_1/1_1
For Option 1, it is preferred not to introduce new DCI format considering to reduce the specification impact. For example, DCI format 2_6 can be considered. DCI format 2_6 can have different function within the active time and outside active time. Outside active time DCI format 2_6 is used to indicate wake-up and SCell dormancy, and within the active time DCI format 2_6 is used to indicate PDCCH skipping.
For Option 2, new DCI field and reusing the existing field can be possible. A straightforward way is to add a new DCI field to scheduling DCI and the field would be always-existed if the feature is configured. Another way is reusing the existing field in UE specific DCI format to save the signalling overhead. Combination of new field and the existing field can also be considered. 
The detailed design of PDCCH skipping signalling should be further specified.
When to apply the PDCCH skipping signaling
Another specification impact is the application delay for the PDCCH skipping signaling. The UE and gNB should have the same understanding on when the UE starts to skip PDCCH after the PDCCH skipping signaling is received. Before the UE starts to skip PDCCH, UE needs time to decode DCI carried the PDCCH skipping signaling. Therefore, the application delay for PDCCH skipping should at least satisfy the time needed for PDCCH processing. In Rel-16, the time needed for PDCCH processing was studied when specify the application delay for K0min/K2min indication and the conclusion on PDCCH processing time can be considered to reuse to PDCCH skipping signaling. If cross slot scheduling is enabled, i.e., K0min>0, the PDCCH processing speed may be slow down, K0min may also be considered for the application delay for PDCCH skipping. Other factors, e.g., HARQ-ACK feedback, can also be considered.
Observation 6: For dynamic PDCCH skipping, the detailed design of PDCCH skipping signaling and the application delay should be further studied.
Search space set group switching
Indication of search space set group switching
In Rel-16 NR-U, search space set group switching is explicitly indicted by DCI format 2_0. Additionally, implicit switching rules are also supported for search space set group switching. One is timer based mechanism, which means that search space set group is switched when the timer expires. Another is triggered by detecting any DCI format, which means that if the UE detects a DCI format by monitoring PDCCH according to a search space set with group index 0, the UE starts monitoring PDCCH according to search space sets with group index 1, and stops monitoring PDCCH according to search space sets with group index 0. These mechanism is not fully applicable to licensed band. 
As pointed out by several companies in RAN1#103, group common DCI format may not be suitable to licensed band. It is because that several UEs may share the same bit in group common DCI format while the traffic arrival is different for the UEs. Another reason is that the periodicity of CSS may be large and the monitor occasions based on CSS may be sparse, which leads search space set group switching signaling cannot be indicated quickly. Other DCI format, e.g., scheduling DCI format, should be considered to  indicate search space set group switching. 
In NR-U, any DCI format is detected, which means the channel is occupied successfully, the UE can switch to another search space set group. This motivation is not existed in licensed band, so triggered by detecting any DCI format is not applicable to licensed band. In licensed band, it is expected that the UE monitors PDCCH with large periodicity when there is no traffic and monitors PDCCH with small periodicity when the traffic is arrived. So, instead of triggered by detecting any DCI format, it can be considered that the UE switches to another search space set group when the UE detects a scheduling DCI format.
Observation 7:  The design of explicit signaling and implicit switching rule should be further studied to support search space set group switching for licensed band.
Impact on DCI miss-detection
The UE switches to another search space set group after P symbols from the last symbol of explicitly indication and implicitly indication, in which the value of P is configured by RRC. Taking DCI indication as an example, the UE may miss-detect the DCI indicating search space set group switching, which would lead to the miss-match between the behavior of gNB and the UE. When the gNB indicates to switch to another search space set group from one search space set group, if the DCI is miss-detected, gNB will switch to another search space set group while the UE still keeps PDCCH monitoring based on the search space set in the current search space set group. As the monitoring occasions based on the search space sets between the search space set groups are different, if the behavior of gNB and UE is miss-matched, the UE cannot detect DCI for several PDCCH periodicities. The performance of latency and UPT will be impacted. 
Observation 8: The issue of DCI missed detection needs to be resolved to support search space set group switching.
Based on the discussions, the mechanism of search space set group switching supported by NR-U cannot be directly applied to licensed band because of the different background and motivations. Table 3 lists the specification impacts of dynamic PDCCH skipping and search space set group switching. 
[bookmark: _Ref61364749]Table 3 Summary of specification impacts of dynamic PDCCH skipping and search space set group switching
	Schemes
	Dynamic PDCCH skipping
	Search space set group switching

	Explicit DCI signaling or implicit rules
	Need to specify
	Needs further study because of the different background and motivation between unlicensed band and licensed band.

	Application delay
	Need to specify
	In NR-U, it is configured by RRC signal

	DCI miss-detection
	Only impact UE power saving in several slots
	 Need to be resolved as the performance of latency and UPT will be impacted. 



According to Table 3, the following observation is reached.
Observation 9: Search space set group switching in NR-U cannot be directly applied to licensed band. The specification impacts of search space set group switching and dynamic PDCCH skipping is similar.
Summary of dynamic PDCCH skipping and search space set group switching
According to the above discussions, it can observed that search space set group switching can be fully realized by DCI based PDCCH skipping and dynamic PDCCH skipping can achieve more flexible skipping than search space set group switching. Additionally, for an active BWP, the power saving of search space set group switching will be impacted when the PDCCH monitoring occasions based on the search space sets in the same group is not aligned in time domain. The power saving is also impacted in case of CA, especially intra-band CA.
Regarding the specification impacts, the specification impact of search space set group switching and dynamic PDCCH skipping is similar as the mechanism of search space set group switching supported by Rel-16 NR-U cannot be directly applied to licensed band. 
Based on the evaluations, it is observed that dynamic PDCCH skipping can provide more power saving gains than search space set group switching, meanwhile similar or even better performance of latency.
Based on the observations, we have the following proposal:
Proposal 1: Specify DCI based PDCCH skipping.
Conclusion
In this contribution, dynamic PDCCH skipping and search space set group switching are further analyzed. . Based on the discussions, we have the following observations:
Observation 1: PDCCH skipping can achieve the power saving effect of search space set group switching.
Observation 2: PDCCH skipping can achieve more flexible skipping than search space set group switching.
Observation 3: The power saving of search space set group switching may be reduced in case of multiple search space sets in an active BWP. The power saving is also reduced in case of CA, especially intra-band CA.
Observation 4: Dynamic PDCCH skipping provides more power saving gains than search space set group switching for intensive eMBB traffic, meanwhile with similar or even better the latency performance.
Observation 5: Dynamic PDCCH skipping provides more power saving gains than search space set group switching for VoIP. The latency of dynamic PDCCH skipping and search space set group switching are similar.
Observation 6: For dynamic PDCCH skipping, the detailed design of PDCCH skipping signaling and the application delay should be further studied.
Observation 7:  The design of explicit signaling and implicit switching rule should be further studied to support search space set group switching for licensed band.
[bookmark: _GoBack]Observation 8: The issue of DCI missed detection needs to be resolved to support search space set group switching.
Observation 9: Search space set group switching in NR-U cannot be directly applied to licensed band. The specification impacts of search space set group switching and dynamic PDCCH skipping is similar.
Based on the observations, it is proposed that
Proposal 1: Specify DCI based PDCCH skipping.
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