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Introduction
In RAN Plenary meeting #83, the following scope is agreed for Rel-16 UE power saving WI [1]:

	1) Specify power saving techniques with UE adaptation with focus in RRC_CONNECTED mode [RAN1, RAN4] 

a) Specify the power saving techniques with power saving signal/channel 
i) Specify the PDCCH-based power saving signal/channel triggering UE adaptation in RRC_CONNECTED
ii) Note: this objective shall not duplicate DRX operation and impact to DRX is studied at RAN2
iii) Note: Any change of PDCCH channel coding and payload interleaver  is not in the scope
b) Specify the procedure of cross-slot scheduling power saving techniques  
i) Note: The procedure is in addition to Rel-15 cross-slot scheduling procedure
2) Evaluate the required switching and interruption times for UE dynamic adaptation to the maximum number of MIMO layers [RAN4]
a) Note: Switching on/off the RF is part of the evaluation
Note: 
· These objectives are RAN1/RAN4 focus and do not consider RAN2 impact. 
·  The objectives are subject to further update in RAN#84.  The update will be based on recommendations from the completion of RAN2 study and remaining RAN1 recommendations based on the conclusion of RAN1 study.



In this contribution, the following two aspects are addressed:
· Current specification flexibilities that can accommodate cross-slot scheduling and the possible solutions to resolve the limitations that eliminate its power saving benefit.
· Summary of the candidate schemes to dynamically adapt UE processing timeline.

Enabling Cross-Slot Scheduling
Cross-slot scheduling helps UE to achieve power saving gain by allowing UE to receive only PDCCH in a slot based on the a priori information of no additional reception or transmission activity in the same slot. On the other hand, if there is no a priori about the absence of PDSCH, aperiodic CSI-RS, PUSCH, CSI reporting or SRS transmission in the same slot, UE cannot enter micro sleep and realize power saving gain. In this section, we will check the conditions that can enable cross-slot scheduling and resolve the spec limitations that will eliminate its power saving benefit.

DL-related parameters
PDSCH time-domain resource allocation
When UE is to receive PDSCH scheduled by a scheduling DCI, there is a Time Domain Resource Assignment (TDRA) field in the DCI that indicates the selected entry in the applicable PDSCH TDRA table configured from higher layer. The K0 value in the indicated table entry represents the slot offset between the scheduling DCI and the scheduled PDSCH. When K0 is indicated to be zero, PDSCH exists in the same slot as the scheduling DCI. Since UE needs to assume that all the K0 candidate values in the active TDRA table are possible before finishing decoding the scheduling DCI, UE is prohibited from entering micro-sleep if there exists any zero K0 candidate value in the active PDSCH TDRA table. 

[bookmark: _Ref5182924]Observation 1: Ensuring the minimum K0 value in the active PDSCH TDRA table larger than zero is a necessary condition for enabling cross-slot scheduling. 

The active PDSCH TDRA table is specified in subsection 5.1.2.1.1 of TS 38.214 [2], as quoted below

Table 1: Applicable PDSCH time domain resource allocation
	RNTI
	PDCCH search space
	SS/PBCH block and CORESET multiplexing pattern
	pdsch-ConfigCommon includes pdsch-TimeDomainAllocationList
	pdsch-Config includes pdsch-TimeDomainAllocationList
	PDSCH time domain resource allocation to apply

	SI-RNTI

	Type0 common
	1
	-
	-
	Default A for normal CP

	
	
	2
	-
	-
	Default B

	
	
	3
	-
	-
	Default C

	SI-RNTI
	Type0A common
	1
	No
	-
	Default A

	
	
	2
	No
	-
	Default B

	
	
	3
	No
	-
	Default C

	
	
	1,2,3
	Yes
	-
	pdsch-TimeDomainAllocationList provided in pdsch-ConfigCommon

	RA-RNTI, TC-RNTI
	Type1 common
	1, 2, 3
	No
	-
	Default A

	
	
	1, 2, 3
	Yes
	-
	pdsch-TimeDomainAllocationList provided in pdsch-ConfigCommon

	P-RNTI
	Type2 common
	1
	No
	-
	Default A

	
	
	2
	No
	-
	Default B

	
	
	3
	No
	-
	Default C

	
	
	1,2,3
	Yes
	-
	pdsch-TimeDomainAllocationList provided in pdsch-ConfigCommon

	C-RNTI, MCS-C-RNTI, CS-RNTI
	Any common search space associated with CORESET 0
	1, 2, 3
	No
	-
	Default A

	
	
	1, 2, 3
	Yes
	-
	pdsch-TimeDomainAllocationList provided in pdsch-ConfigCommon

	C-RNTI, MCS-C-RNTI, CS-RNTI
	Any common search space not associated with CORESET 0

UE specific search space
	1,2,3
	No
	No
	Default A

	
	
	1,2,3
	Yes
	No
	pdsch-TimeDomainAllocationList provided in pdsch-ConfigCommon 

	
	
	1,2,3
	No/Yes
	Yes
	pdsch-TimeDomainAllocationList provided in pdsch-Config



It is noticed the default PDSCH TDRA tables will apply if neither the TDRA table in pdsch-Config nor that in pdsch-ConfigCommon is configured. In addition, it can be checked that minimum K0 value in any of the default tables specified in subsection 5.1.2.1.1 of TS 38.214 [2] is zero, which implies whether cross-slot can be applied depends on the minimum K0 value of the TDRA table in pdsch-Config and that in pdsch-ConfigCommon. Specifically, the following observations can be made.

[bookmark: _Ref5182939]Observation 2: For UE-specific data of C/MCS-C/CS-RNTI scheduled by PDCCH in common search space associated with CORESET 0, cross-slot scheduling is applied if the TDRA table in pdsch-ConfigCommon is configured with minimum K0 value larger than zero.

[bookmark: _Ref5182947]Observation 3: For UE-specific data of C/MCS-C/CS-RNTI scheduled by PDCCH in common search space not associated with CORESET 0 or in UE-specific search space, cross-slot scheduling is applied if the TDRA table in pdsch-Config is configured with minimum K0 value larger than zero or it is not configured but the TDRA table in pdsch-ConfigCommon is configured with minimum K0 value larger than zero.
[bookmark: _Ref5182952]
Observation 4: For the data of SI/RA/TC/P-RNTI, cross-slot scheduling is applied if the TDRA table in pdsch-ConfigCommon is configured with minimum K0 value larger than zero. However, if a TDRA different from the default TDRA tables are configured, network needs to accommodate two sets of users expecting different PDSCH locations for a common broadcast data.

By the above, the following proposals is suggested:
[bookmark: _Ref5183249]Proposal 1: To enable cross-slot scheduling for at least UE-specific data of C/MCS-C/CS-RNTI scheduled by PDCCH in common search space not associated with CORESET 0 or in UE-specific search space, the TDRA table in pdsch-Config should be configured with minimum K0 value larger than zero.
· Note: UE cannot assume cross slot scheduling for those slots where UE is required to monitor the CSS associated with CORESET 0. To achieve UE power saving, UE’s DRX OnDuration should avoid overlapping with the occasions of CORESET 0, or the periodicity of CSS is set to be long.

Aperiodic CSI-RS triggering slot offset
When UE is to receive aperiodic CSI-RS by a triggering DCI, the triggering slot offset between the slot of the triggering DCI and the aperiodic CSI-RS is configured per resource set by the higher layer parameter aperiodicTriggeringOffset which ranges from 0 to 4 slots. 

However, for one aperiodic CSI-RS resource, the offset is fixed to zero if all the associated trigger states do not have the higher layer parameter qcl-Type set to 'QCL-TypeD' in the corresponding TCI states and the PDCCH SCS is equal to the CSI-RS SCS [2]. This prevents UE from entering micro-sleep for power saving after the PDCCH reception because UE has to keep receiving the aperiodic CSI-RS in the same slot. 

[bookmark: _Ref5185063][bookmark: _Ref5182958]Observation 5: For aperiodic CSI-RS, the triggering offset is fixed to zero if all the associated trigger states do not have the higher layer parameter qcl-Type set to 'QCL-TypeD' in the corresponding TCI states and the PDCCH SCS is equal to the CSI-RS SCS. In this case, the power saving benefit of cross-slot scheduling is broken.
[bookmark: _Ref5183269]
Proposal 2: The enable cross-slot scheduling, the triggering offset of aperiodic CRS-RS is set to minimum K0 value of the active TDRA table if all the associated trigger states do not have the higher layer parameter qcl-Type set to 'QCL-TypeD' in the corresponding TCI states and the PDCCH SCS is equal to the CSI-RS SCS. 
[bookmark: _Ref5182962]
Observation 6: To ensure DL setting can provide the power saving benefit with cross-slot scheduling, it is sufficient to configure PDSCH TDRA table(s) if Proposal 2 is enforced. 

UL-related parameters
PUSCH time-domain resource allocation with a transport block
Similar to K0 for PDSCH allocation, UE infers the time to transmit PUSCH from the TDRA field in the UL scheduling DCI by mapping the indicated K2 value from the corresponding applicable PUSCH TDRA table. The K2 value represents the slot offset between the scheduling DCI and the scheduled PUSCH. When K2 is indicated to be zero, PDUCH exists in the same slot as the scheduling DCI. Since UE needs to assume all the K2 candidate values in the active TDRA table are possible before finishing decoding the DCI, UE cannot enter micro-sleep if there exists any zero K2 candidate value in the active PUSCH TDRA table.
[bookmark: _Ref5182965]
Observation 7: Ensuring the minimum K2 value in the active PUSCH TDRA table larger than zero is a necessary condition for enabling cross-slot scheduling. 

The active PUSCH TDRA table is specified in subsection 6.1.2.1.1 of TS 38.214 [2], as quoted below.

Table 2: Applicable PUSCH time domain resource allocation
	[bookmark: _Hlk512342651]RNTI
	PDCCH search space
	pusch-ConfigCommon includes pusch-TimeDomainAllocationList
	pusch-Config includes pusch-TimeDomainAllocationList
	PUSCH time domain resource allocation to apply

	PUSCH scheduled by MAC RAR as described in subclause 8.2 of [6, TS 38.213]
	No
	-
	Default A

	
	Yes
	
	pusch-TimeDomainAllocationList provided in pusch-ConfigCommon

	C-RNTI, MCS-C-RNTI, TC-RNTI, CS-RNTI
	Any common search space associated with CORESET 0
	No
	-
	Default A

	
	
	Yes
	
	pusch-AlloTimeDomaincationList provided in pusch-ConfigCommon

	C-RNTI, MCS-C-RNTI, TC-RNTI, CS-RNTI, SP-CSI-RNTI
	Any common search space not associated with CORESET 0,

UE specific search space
	No
	No
	Default A

	
	
	Yes
	No
	pusch-TimeDomainAllocationList provided in pusch-ConfigCommon 

	
	
	No/Yes
	Yes
	pusch-TimeDomainAllocationList provided in pusch-Config



Different from the default PDSCH TDRA tables, the default PUSCH TDRA table, i.e, Default A table, has minimum K2 value larger than 0. Therefore, the suggestion to accommodate cross-slot scheduling is simpler with the PUSCH setting.
[bookmark: _Ref5183290]
Proposal 3: To enable cross-slot scheduling, the TDRA table in pusch-Config, if configured, should have minimum K2 value larger than zero.

PUSCH time-domain resource allocation with a CSI report(s) only 
When UE is scheduled by a UL DCI to transmit a CSI report(s) and no transport block, the K2 candidate value in the m-th entry of the applicable PUSCH TDRA table is determined as the maximum of all the slot offsets in the m-th entries of reportSlotOffsetList in CSI-ReportConfig for the CSI report settings contained in the triggered report state. If for a trigger state there exists one entry, say the m-th entry, such that all the slot offsets in the m-th entries of reportSlotOffsetList for the CSI report settings associated with the trigger state are 0, the slot offset K2 is determined to be 0 if the trigger state is activated. Since this trigger state can be possibly activated, UE cannot enter micro-sleep after the PDCCH reception, thus missing the power saving benefit of cross-slot scheduling. To avoid such condition, the following proposal is suggested:
[bookmark: _Ref5183293][bookmark: _Ref5185791]
Proposal 4: To enable cross-slot scheduling, the minimum value over the set of the maximum value in the reportSlotOffsetList of each CSI-ReportConfig should be larger than zero so that no PUSCH arises in the same slot as the PDCCH for the case of CSI report(s) in PUSCH without an UL transport block. 
Slot offset of Sounding Reference Signal (SRS) resource
UE can be configured one or multiple SRS resource sets within which there can be one or more SRS resources. For an aperiodic SRS resource set, the slot level offset between the SRS triggering DCI and the SRS transmission can be inferred from the higher layer parameter slotOffset, which ranges from 1 slot to 32 slots and is set to 0 if the field is absent. If slotOffset is absent in a configured aperiodic SRS resource set, UE cannot enter micro-sleep after receiving the PDCCH due to the SRS transmission in the same slot. Similar to the handling of the trigger offset for aperiodic CSI-RS, we can align the default value of slotOffset, if not configured, to be minimum K2 value of the active PUSCH TDRA.

[bookmark: _Ref5183298]Proposal 5: To realize the power saving gain with cross-slot scheduling, the default value slotOffset of aperiodic SRS transmission is set to minimum K2 value of the active PUSCH TDRA table for the case slotOffset is not configured for SRS.
[bookmark: _Ref5182969]
Observation 8: To ensure UL setting can accommodate the power saving benefit with cross-slot scheduling, it is sufficient to configure PUSCH TDRA table(s) if Proposal 5 can be enforced. 

Finally, Figure 1 and Table 3 summarize the above investigation.

[image: ]
[bookmark: _Ref5185320]Figure 1: Target to enable power saving benefit with cross-slot scheduling

[bookmark: _Ref5185336]Table 3: Summary of issues and solutions for cross-slot scheduling
	Type
	Channel/Signal
	Issue to cross-slot scheduling
	Solution

	DL
	PDSCH
	A K0=0 in the active PDSCH TDRA table
	Network configures all K0>0.

	
	CSI-RS
	
The triggering offset for an aperiodic CSI-RS resource is fixed to zero under some qcl-Type and SCS condition (Observation 5)

	The triggering offset of aperiodic CRS-RS is set to minimum K0 value of the active TDRA table for the issue condition

	UL
	PUSCH
	A K2=0 in the active PUSCH TDRA table.
	Network configures all K2>0.

	
	SRS
	
The triggering offset for an aperiodic SRS resource set is fixed to zero if the slotOffset field in the SRS configuration is absent.
	The default value slotOffset of aperiodic SRS transmission is set to minimum K2 value of the active PUSCH TDRA table for the case slotOffset is not configured for SRS.



Dynamic Adaptation on UE Processing Timeline
In Section 2, we identify the conditions and solutions that can enable UE to realize power saving benefit with cross-slot scheduling. For a UE with higher processing capability, e.g. URLLC capable UE, it is desirable to adapt its processing timeline according to the targeted service. 
[bookmark: _Ref5185830]
Observation 9: Adaptation on the UE processing timeline is beneficial for the network to exploit UE processing capability while optimizing UE power consumption when no data intended for the UE.

Utilizing the BWP framework is current available solution since all the configurations are BWP specific. By defining multiple BWPs of different processing timeline requirements, adaptation can be realized via PDCCH signalling [3]. To accommodate more BWP configurations, better efficient configuration for BWPs can be investigated and specified in RAN2 to reduce the higher layer signalling overhead. Also a shorter BWP switching time can be considered since no RF retuning involved in switching UE processing timeline.

From the previous investigation, minimum K0, minimum K2 and minimum aperiodic RS triggering offset are the most important factors to adapt. Another straightforward solution is to directly specify the minimum values and define the behaviour when UE is indicated a value smaller than the corresponding minimum value, e.g., enforcing the minimum value instead. Note that how the minimum values are indicated to UEs and how the values are determined should be further specified. In particular, UE assistance can be incorporated for the value determination [4][5].

Implicit rule for switching cross/same-slot scheduling can be considered. For example, UE starts with cross-slot scheduling for a DRX OnDuration and switches to same-slot scheduling after receiving a data scheduling and starting a data inactivity timer [6]. 

Summarizing the above possibilities, the following proposal is suggested for further discussing dynamic adaptation on UE processing timeline.

[bookmark: _Ref5185863]Proposal 6: For dynamic adaptation on UE processing timeline, the following options are for further down-selection:
· Reusing BWP framework with multiple BWP configurations of different processing timelines
· Dynamic indication of minimum values for K0, K2, and aperiodic RS triggering offset and new UE behaviour when a DCI indicated value is smaller than the corresponding minimum value
· Switching cross/same-slot scheduling according to DRX timer behaviour 

 Conclusions
In this contribution, we investigate the conditions and solutions to enable UE to exploit the power saving benefit with cross-slot scheduling. The possibilities for realizing dynamic adaptation on UE processing timeline are also discussed. In particular, we have the following observations and proposals:

Observation 1: Ensuring the minimum K0 value in the active PDSCH TDRA table larger than zero is a necessary condition for enabling cross-slot scheduling.

Observation 2: For UE-specific data of C/MCS-C/CS-RNTI scheduled by PDCCH in common search space associated with CORESET 0, cross-slot scheduling is applied if the TDRA table in pdsch-ConfigCommon is configured with minimum K0 value larger than zero.

Observation 3: For UE-specific data of C/MCS-C/CS-RNTI scheduled by PDCCH in common search space not associated with CORESET 0 or in UE-specific search space, cross-slot scheduling is applied if the TDRA table in pdsch-Config is configured with minimum K0 value larger than zero or it is not configured but the TDRA table in pdsch-ConfigCommon is configured with minimum K0 value larger than zero.

Observation 4: For the data of SI/RA/TC/P-RNTI, cross-slot scheduling is applied if the TDRA table in pdsch-ConfigCommon is configured with minimum K0 value larger than zero. However, if a TDRA different from the default TDRA tables are configured, network needs to accommodate two sets of users expecting different PDSCH locations for a common broadcast data.

Proposal 1: To enable cross-slot scheduling for at least UE-specific data of C/MCS-C/CS-RNTI scheduled by PDCCH in common search space not associated with CORESET 0 or in UE-specific search space, the TDRA table in pdsch-Config should be configured with minimum K0 value larger than zero.

Observation 5: For aperiodic CSI-RS, the triggering offset is fixed to zero if all the associated trigger states do not have the higher layer parameter qcl-Type set to 'QCL-TypeD' in the corresponding TCI states and the PDCCH SCS is equal to the CSI-RS SCS. In this case, the power saving benefit of cross-slot scheduling is broken.

Proposal 2: The enable cross-slot scheduling, the triggering offset of aperiodic CRS-RS is set to minimum K0 value of the active TDRA table if all the associated trigger states do not have the higher layer parameter qcl-Type set to 'QCL-TypeD' in the corresponding TCI states and the PDCCH SCS is equal to the CSI-RS SCS.

Observation 6: To ensure DL setting can provide the power saving benefit with cross-slot scheduling, it is sufficient to configure PDSCH TDRA table(s) if Proposal 2 is enforced.

Observation 7: Ensuring the minimum K2 value in the active PUSCH TDRA table larger than zero is a necessary condition for enabling cross-slot scheduling.

Proposal 3: To enable cross-slot scheduling, the TDRA table in pusch-Config, if configured, should have minimum K2 value larger than zero.

Proposal 4: To enable cross-slot scheduling, the minimum value over the set of the maximum value in the reportSlotOffsetList of each CSI-ReportConfig should be larger than zero so that no PUSCH arises in the same slot as the PDCCH for the case of CSI report(s) in PUSCH without an UL transport block.

Proposal 5: To realize the power saving gain with cross-slot scheduling, the default value slotOffset of aperiodic SRS transmission is set to minimum K2 value of the active PUSCH TDRA table for the case slotOffset is not configured for SRS.

Observation 8: To ensure UL setting can accommodate the power saving benefit with cross-slot scheduling, it is sufficient to configure PUSCH TDRA table(s) if Proposal 5 can be enforced.

Observation 9: Adaptation on the UE processing timeline is beneficial for the network to exploit UE processing capability while optimizing UE power consumption when no data intended for the UE.

Proposal 6: For dynamic adaptation on UE processing timeline, the following options are for further down-selection:
· Reusing BWP framework with multiple BWP configurations of different processing timelines
· Dynamic indication of minimum values for K0, K2, and aperiodic RS triggering offset and new UE behaviour when a DCI indicated value is smaller than the corresponding minimum value
· Switching cross/same-slot scheduling according to DRX timer behaviour 
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