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1. Introduction
In RAN4#90 TCI state switching delay was discussed and the following agreements were made
	TCI state switching delay requirements shall be defined for 
· DCI based switch for PDSCH
·  Switch to TCI state in active TCI set and RRC configured set
· MAC CE based switch for PDCCH
· Switch to TCI state in RRC configured set



In this contribution we discuss the open issues related to TCI state switching requirements.

2. Discussion
The open issues related to TCI state switching delay are:
1. Definition of known/ unknown TCI state 
2. Delay requirements for DCI and MAC CE based TCI state switch
3. RRC based TCI state switch requirements
4. Interruptions or scheduling restriction due to TCI state switch

2.1 Definition of known TCI State
In RAN4#90 the discussion of known and unknown TCI state was discussed, but no agreements were made. When TCI state switch is activated, the UE needs to know suitable Rx beam and time/ frequency offset in order to be able switch to the new TCI state and receive PDCCH/ PDSCH.
Observation #1: The UE needs Rx beam information and time/frequency offset of new TCI state to switch
If TRS is configured for the active TCI state set, the UE is able to track and acquire time / frequency offset for the new TCI state. However, there is no indication from the UE to the network if the UE has TO/FO information for the new TCI state. If the UE is configured with resources for L1-RSRP measurement and reporting for the new TCI state prior to TCI state switch, the UE is able to make measurements and determine a suitable Rx beam for the new TCI state. The L1-RSRP is reported back to the network. So we propose to define known and unknown TCI state based on L1-RSRP reports made by the UE. However, the measurements reported by the UE can only be valid for a certain time. The validity time for L1-RSRP measurement report is subject to propagation channel conditions and UE speed. For a handheld or vehicular mounted UE, it is rather difficult to gauge the validity of the measurement report from UE. 
Observation #2: It is difficult to gauge the validity of measurement report especially for mobile UE as it depends on UE speed and propagation channel conditions 
Hence we propose to define known TCI state based on age of L1-RSRP report for fixed UE/ UE supporting Power Class 1. For UE supporting other power class, only unknown TCI state shall apply.
Proposal #1: Known TCI state is applicable only for UE supporting Power Class 1. For UE supporting Power class 2/3/4 only unknown TCI state is applicable.
For UE supporting Power class 1,we propose to define known TCI state if the L1-RSRP report for the target TCI state has been made in the past [80] ms.    
Proposal #2: Define target TCI state as known if the UE has reported the L1-RSRP for it within [80] ms for UE supporting Power class 1
2.2 MAC CE based TCI state switch
In RAN4#90 it was agreed that MAC CE based TCI state switch requirements shall be defined for PDCCH and the target TCI state shall be within the RRC configured TCI state set for PDCCH. 
The delay for MAC CE based TCI state switch starts from the slot with PDSCH carrying the activation command to the slot when PDCCH can be received based on new TCI state.
Proposal #3: The delay for MAC CE based TCI state switch for PDCCH starts from the slot with PDSCH carrying the activation command to the slot when PDCCH can be received based on new TCI state
The UE is not required to track the time/ frequency offset for the RRC configured TCI state set. So, when MAC-CE based TCI state switch is initiated the UE may or may not have TO/FO acquired for the target TCI state.  
Observation #3: The UE might need to acquire time/frequency offset for new TCI state in case of MAC CE based switch.
For MAC CE based TCI state switch the UE needs additional time for TO/ FO acquisition.
Proposal #4: The switching delay for MAC-CE based TCI state shall include time for time/frequency offset acquisition
MAC CE based TCI state switch could be to known or unknown TCI state. 
MAC CE based switch to known TCI state
The UE is assumed to have the Rx beam information for the known TCI state. Hence the MAC CE based beam switching delay consists of the following components:
TACQ-TO-FO: Time for Time/ frequency tracking
THARQ: The time between DL data transmission of PDSCH carrying activation command and corresponding acknowledgement on UL
TUE-Prep: UE processing/ preparation time. 
The UE processing/ preparation time is defined in TS 38.214 Sec 5.1.5 as follows:
The UE receives an activation command [10, TS 38.321] used to map up to 8 TCI states to the codepoints of the DCI field 'Transmission Configuration Indication'. When the HARQ-ACK corresponding to the PDSCH carrying the activation command is transmitted in slot n, the indicated mapping between TCI states and codepoints of the DCI field 'Transmission Configuration Indication' should be applied starting from slot+1.
Hence the UE preparation/processing time for MAC CE based activation can be defined as 3ms.
After the MAC CE decoding, the UE will need to track time/frequency offset for the new TCI state. The time/frequency acquisition time shall depend on the periodicity of TRS or SSB associated with the new TCI state and number of samples needed for acquisition.
The total delay for MAC CE based TCI switch to known TCI state can be defined as:
TTCI-Switch, MAC-CE, known =  THARQ  + TACQ-TO-FO + TUE-Prep
TTCI-Switch, MAC-CE, known =  THARQ  + TACQ-TO-FO + 3ms

Proposal #5: The delay for MAC CE based TCI switch for PDCCH to a known TCI state is defined as TTCI-Switch, MAC-CE, known =  THARQ + TACQ-TO-FO  + 3ms

MAC CE based switch to unknown TCI state
The UE is assumed to not have the current Rx beam information for the unknown TCI state and will need additional time to find suitable beam for the new TCI state. Hence the beam switching delay consists of the following components:
TACQ-RxBeam: Time for Rx beam training for new TCI state
TACQ-TO-FO: Time for Time/ frequency tracking
THARQ: The time between DL data transmission of PDSCH carrying activation command and corresponding acknowledgement on UL
TUE-Prep: UE processing/ preparation time. 
For acquiring the Rx beam for the new TCI state, the UE needs CSI-RS resource set with repetition ‘ON’. The Rx beam training time shall be dependent on the periodicity of the CSI-RS resource, number of resources configured in the resource set and number of Rx beams. UE capability indication MaxNumberRxBeams could be used to compute the time for Rx beam acquisition.
The total time for Rx beam acquisition for periodic CSI-RS resources in a resource set with repetition ‘ON’ could be defined as:
	TACQ-RxBeam = N*max(TCSI-RS,Rep-ON, n) 
Where N = ceil(maxNumberRxBeam/#CSI-RS resources in Set) if maxNumberRxBeam is indicated by UE;    = 8 otherwise
 TCSI-RS,Rep-ON, n is the periodicity of each CSI-RS resource in set with repetition ‘ON’
Proposal #6: Define time for Rx beam acquisition as TACQ-RxBeam = N*max(TCSI-RS,Rep-ON, n)  , where N=8 if maxNumberRxBeam not indicated by UE; N=ceil(maxNumberRxBeam/#CSI-RS resources in Set) if maxNumberRxBeam is indicated by UE    
The time/frequency and Rx beam acquisition time depend on the periodicity of configured resources and could be processed in parallel. The total delay for MAC CE based TCI switch to unknown TCI state can be defined as:
TTCI-Switch, MAC-CE, unknown =  THARQ  + max(TACQ-RxBeam , TACQ-TO-FO ) + 3ms
Proposal #7: The delay for MAC CE based TCI switch for PDCCH to an unknown TCI state is defined as TTCI-Switch, MAC-CE, unknown =  THARQ + max(TACQ-RxBeam , TACQ-TO-FO  ) + 3ms
  
2.3 DCI based TCI state switch
In RAN4#90 it was agreed that DCI based TCI state switching delay requirements shall be defined for PDSCH and the target TCI state shall be in the active TCI set and RRC configured set for PDSCH. The time delay for DCI based TCI switching for PDSCH starts from the end of last symbol of PDCCH to beginning of the first symbol of PDSCH. 
Proposal #8: DCI based TCI state/ beam switch delay for PDSCH starts from the end of last symbol of PDCCH to beginning of the first symbol of PDSCH
The UE tracks the time/ frequency offset for the active TCI state list provided TRS or SSB are configured for the active TCI states. So we propose to define DCI based TCI state switch requirements for the case when TRS is configured and not configured for the active TCI state list.
DCI based switch to known TCI state
If the target TCI state is known, then the UE has the Rx beam for the new TCI state and if TRS or SSB are configured for the target TCI state in the active TCI state list, the UE has the necessary time/ frequency offset to receive with the new beam. With the assumption that the UE need not make new measurements after new TCI state is indicated by DCI, the beam switching time for DCI based TCI state change is based on UE capability indicated via timeDurationForQCL. The definition of timeDurationForQCL from TS 38.306 is captured below. 
	Definitions for parameters
	Per
	M
	FDD-TDD
DIFF
	FR1-FR2
DIFF

	timeDurationForQCL
Defines minimum number of OFDM symbols required by the UE to perform PDCCH reception and applying spatial QCL information received in DCI for PDSCH processing as described in TS 38.214 [12] clause 5.1.5, i.e. Threshold-Sched-Offset. UE shall indicate one value of the minimum number of OFDM symbols per each subcarrier spacing of 60kHz and 120kHz.
	FS
	Yes
	No
	FR2 only


Observation #4: In case the UE need not make any measurements for time/frequency or Rx beam acquisition, the beam switching time for PDSCH activated via DCI is indicated by UE capability via timeDurationForQCL
The time duration is defined as counting from the end of last symbol of PDCCH to beginning of the first symbol of PDSCH. The candidate values for timeDurationForQCL are:
60KHz SCS: {7, 14, 28} symbols
120KHz SCS: {14, 28} symbols
With the assumption that no measurements need to be made for time/frequency offset or Rx beam acquisition for the target TCI state the DCI based beam switch the delay can be defined based on the UE capability as:
TTCI-Switch, DCI, knownTCI, knownTOFO =  UE Capability for timeDurationForQCL
In case TRS or SSB are not configured for the target TCI state for the UE to acquire time/ frequency offset, there would be additional time delay to acquire synchronization. In that case the DCI based TCI state switch could be defined as:
TTCI-Switch, DCI, knownTCI, unknownTOFO =  TACQ-TO-FO + UE Capability for timeDurationForQCL
Proposal #9: The delay for DCI based TCI switch for PDCCH to a known TCI state is defined as TTCI-Switch, DCI, knownTCI, knownTOFO =  UE Capability for timeDurationForQCL for case when TO/FO acquisition time is not needed and as TTCI-Switch, DCI, knownTCI, unknownTOFO =  TACQ-TO-FO + UE Capability for timeDurationForQCL when additional time for when TO/FO acquisition is needed

DCI based switch to unknown TCI state
In case the target TCI state is unknown, the UE needs additional time to acquire Rx beam for the new TCI state. For DCI based TCI state switch we propose that no requirements be introduced for switch to unknown TCI state. Alternatively, we could take into account the time for Rx beam refinement and cases when time/frequency offset is known or unknown we can define the delay as:
TTCI-Switch, DCI, unknownTCI, knownTOFO =  TACQ-RxBeam  + UE Capability for timeDurationForQCL
TTCI-Switch, DCI, unknownTCI, unknownTOFO =  max(TACQ-RxBeam , TACQ-TO-FO )+ UE Capability for timeDurationForQCL
Proposal #10: For DCI based TCI state switch to unknown TCI state – Option 1: No delay requirements are defined (or) Option 2: The delay is defined as TTCI-Switch, DCI, unknownTCI, knownTOFO =  TACQ-RxBeam  + UE Capability for timeDurationForQCL for the case when TO/FO acquisition time is not needed and as TTCI-Switch, DCI, unknownTCI, unknownTOFO =  max(TACQ-RxBeam , TACQ-TO-FO )+ UE Capability for timeDurationForQCL when additional time for when TO/FO acquisition is needed

2.4 RRC based TCI state switch
If RRC configures the UE with only 1 TCI state, a TCI state change will have to be initiated by RRC re-configuration. The processing delay for RRC based TCI state change would have consider RRC processing delay, additional time for Rx beam sweep, time/ frequency offset acquisition and also the RRC re-configuration complete indication to the network.  
Observation #5: RRC based TCI state change involves RRC re-configuration delay, Rx beam, time/ frequency offset acquisition delays, time for re-configuration completion indication 
Also, during the RRC based TCI state change the UE may not be able to receive downlink transmission during certain time and will result in interruption. 
Observation #6: RRC based TCI state change would cause interruption 
Moreover, when only 1 TCI state is configured by RRC, the motivation for the network to switch TCI state is unclear. Since, the TCI state switch is assumed to be initiated by network based on some measurements from the UE. When only 1 TCI state is configured by RRC, only that TCI state is used for any data reception or measurements. 
Observation #7: Motivation for RRC based TCI state switch is unclear
Based on our observations above, we recommend that no requirements are introduced for RRC based TCI state switch. 
Proposal #11: For RRC based TCI state switch, no delay requirements are introduced
3. Conclusion
In this paper we present our views on TCI state switching requirements and have the following observations and proposals:
Observation #1: The UE needs Rx beam information and time/frequency offset of new TCI state to switch
Observation #2: It is difficult to gauge the validity of measurement report especially for mobile UE as it depends on UE speed and propagation channel conditions 
Proposal #1: Known TCI state is applicable only for UE supporting Power Class 1. For UE supporting Power class 2/3/4 only unknown TCI state is applicable.
Proposal #2: Define target TCI state as known if the UE has reported the L1-RSRP for it within [80] ms for UE supporting Power class 1
Proposal #3: The delay for MAC CE based TCI state switch for PDCCH starts from the slot with PDSCH carrying the activation command to the slot when PDCCH can be received based on new TCI state
Observation #3: The UE might need to acquire time/frequency offset for new TCI state in case of MAC CE based switch.
Proposal #4: The switching delay for MAC-CE based TCI state shall include time for time/frequency offset acquisition
Proposal #5: The delay for MAC CE based TCI switch for PDCCH to a known TCI state is defined as TTCI-Switch, MAC-CE, known =  THARQ + TACQ-TO-FO  + 3ms
Proposal #6: Define time for Rx beam acquisition as TACQ-RxBeam = N*max(TCSI-RS,Rep-ON, n)  , where N=8 if maxNumberRxBeam not indicated by UE; N=ceil(maxNumberRxBeam/#CSI-RS resources in Set) if maxNumberRxBeam is indicated by UE    
Proposal #7: The delay for MAC CE based TCI switch for PDCCH to an unknown TCI state is defined as TTCI-Switch, MAC-CE, unknown =  THARQ + max(TACQ-RxBeam , TACQ-TO-FO  ) + 3ms
Proposal #8: DCI based TCI state/ beam switch delay for PDSCH starts from the end of last symbol of PDCCH to beginning of the first symbol of PDSCH
Observation #4: In case the UE need not make any measurements for time/frequency or Rx beam acquisition, the beam switching time for PDSCH activated via DCI is indicated by UE capability via timeDurationForQCL
Proposal #9: The delay for DCI based TCI switch for PDCCH to a known TCI state is defined as TTCI-Switch, DCI, knownTCI, knownTOFO =  UE Capability for timeDurationForQCL for case when TO/FO acquisition time is not needed and as TTCI-Switch, DCI, knownTCI, unknownTOFO =  TACQ-TO-FO + UE Capability for timeDurationForQCL when additional time for when TO/FO acquisition is needed
Proposal #10: For DCI based TCI state switch to unknown TCI state – Option 1: No delay requirements are defined (or) Option 2: The delay is defined as TTCI-Switch, DCI, unknownTCI, knownTOFO =  TACQ-RxBeam  + UE Capability for timeDurationForQCL for the case when TO/FO acquisition time is not needed and as TTCI-Switch, DCI, unknownTCI, unknownTOFO =  max(TACQ-RxBeam , TACQ-TO-FO )+ UE Capability for timeDurationForQCL when additional time for when TO/FO acquisition is needed
Observation #5: RRC based TCI state change involves RRC re-configuration delay, Rx beam, time/ frequency offset acquisition delays, time for re-configuration completion indication 
Observation #6: RRC based TCI state change would cause interruption 
Observation #7: Motivation for RRC based TCI state switch is unclear
Proposal #11: For RRC based TCI state switch, no delay requirements are introduced
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