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In the way forward on NR-U RRM requirements from RAN4#91 [1], it was agreed that UE measurement requirements are to be introduced for SFTD measurements in Scenario B (between licensed E-UTRA PCell and unlicensed NR neighbour cell or PSCell).
In this contribution we are discussing how those measurements can be carried out under LBT.
Discussion
Similar to legacy, two kinds of SFTD are needed for the operation of NR-U:
· EN-DC SFTD between E-UTRA PCell and NR-U PSCell, for timing maintenance e.g. with respect to scheduling in the two cells
· Inter-RAT SFTD between E-UTRA PCell and NR-U neighbour cell, for purpose of establishing timing e.g. for configuration of measurement gaps by which further NR measurements can be configured 
The difference between the two is that in the latter case, the UE searches for NR cells without any prior knowledge on their relative timing to the PCell, and in the former case, the UE is already connected to both the PCell and the PSCell and thus knows the timing for each respective cell.
The usage of LBT, by which the NR base station occasionally may be blocked from transmitting SSBs or corresponding DRSs, complicates matters compared to the legacy case particularly for inter-RAT SFTD. 
In case of EN-DC operation, the UE knows where in time to expect the SSB (or DRS), and hence can detect whether the signal was received before carrying out further processing (e.g. updating control loops, carrying out RRM-related measurements, etc). Hence for EN-DC SFTD, LBT mainly leads to that the measurement period over which the SFTD measurement is carried out gets extended by the number of missed SSBs (or DRS) due to LBT. 
Observation 1: For EN-DC SFTD with NR-U PSCell using LBT, as the UE can detect whether SSB (or DRS) was transmitted or not, the measurement period can be extended by the amount of blocked SSB (or DRS) transmissions.
Proposal 1: For EN-DC SFTD towards NR-U with LBT, a measurement period Tmeasure_SFTD1 = max(0.2,[5 + NLBT-fail] x SMTC period), where NLBT-fail is the number of SSBs (or DRSs) that have been blocked by LBT, is used.
As each measurement of an individual cell timing is a measurement of an offset to a modem reference clock (subject to drift and adjustments) at the point in time when the concerned signal was received, and LBT in PSCell potentially may extend the measurement period significantly, one may consider introducing conditions on the maximum allowed time |t1-t2| between acquisition of a sample of cell timing X(t1) in PCell, and acquisition of a sample of cell timing Y(t2) in PSCell between which a relative timing Y(t2)- X(t1) is formed when estimating SFTD. By limiting the time between when the two samples are taken, one can reduce the impact on the SFTD accuracy from drift and adjustments of the modem reference clock. See Appendix for further information on typical UE architectures.

Observation 2: Detected PCell and PSCell timings are each related to a common modem reference clock. The modem reference clock is subject to drift and to adjustments. If due to LBT there is a significant latency between fixing the PCell timing and fixing the PSCell timing, respectively, an offset (error) caused by drift and adjustments of the modem reference clock may be introduced in the SFTD estimate.
Proposal 2: For EN-DC SFTD towards NR-U with LBT, SFTD measurement accuracy under LBT shall be safe-guarded by limiting the time between acquisition of PCell timing and acquisition of PSCell timing used when estimating SFTD. One option may e.g. be to request that |t1-t2| < SMTC period, another to request that |t1-t2| < max(0.2, 5xSMTC period).
In case of inter-RAT SFTD, the UE does not know where in time to expect the SSB (or DRS). Hence when searching for NR cells over all possible relative timings to the PCell within a SMTC period (or corresponding DMTC), the UE cannot tell whether a failed detection of an SSB depends on (a) the transmission of the SSB was blocked due to LBT, or (b) the UE is searching at the wrong timing, hence no SSB to detect. As the inter-RAT SFTD is based on a systematic search over all possible timings, broken down into processing chunks of 5ms at a time, LBT may pose a problem for the UE to determine when a full search has been conducted.      
Observation 3: For inter-RAT SFTD towards NR-U carrier with LBT, the UE does not know when all possible timings of the NR-U cell have been covered, as it cannot detemine the cause of a failed SSB (or DRS) detection. 
Proposal 3: For inter-RAT SFTD towards NR-U with LBT, the UE shall continue to search for a cell until (a) a cell is found whereby SFTD is reported, (b) the SFTD measurement is deconfigured by MeNB, or (c) the PCell is changed.
A further discussion may be needed regarding measurement delay requirements on inter-RAT SFTD towards NR-U under LBT. One way would be to have a requirement that is based on that the UE shall find the NR cell as soon as P consecutive SSBs (or DRSs) have been transmitted without being obstructed by LBT, where P would be based on typical search patterns.
Proposal 4: RAN4 shall further discuss how to capture measurement delay requirements for inter-RAT SFTD towards NR-U under LBT.
Summary and Conclusion
In this contribution we have analyzed SFTD measurements between E-UTRA PCell and NR-U neighbour cell or NR-U PSCell when LBT is used. The following observations were made:
Observation 1: For EN-DC SFTD with NR-U PSCell using LBT, as the UE can detect whether SSB (or DRS) was transmitted or not, the measurement period can be extended by the amount of blocked SSB (or DRS) transmissions.
Observation 2: Detected PCell and PSCell timings are each related to a common modem reference clock. The modem reference clock is subject to drift and to adjustments. If due to LBT there is a significant latency between fixing the PCell timing and fixing the PSCell timing, respectively, an offset (error) caused by drift and adjustments of the modem reference clock may be introduced in the SFTD estimate.
Observation 3: For inter-RAT SFTD towards NR-U carrier with LBT, the UE does not know when all possible timings of the NR-U cell have been covered, as it cannot detemine the cause of a failed SSB (or DRS) detection. 
Based on the observations, the following proposals are made:
Proposal 1: For EN-DC SFTD towards NR-U with LBT, a measurement period Tmeasure_SFTD1 = max(0.2,[5 + NLBT-fail] x SMTC period), where NLBT-fail is the number of SSBs (or DRSs) that have been blocked by LBT, is used.
Proposal 2: For EN-DC SFTD towards NR-U with LBT, SFTD measurement accuracy under LBT shall be safe-guarded by limiting the time between acquisition of PCell timing and acquisition of PSCell timing used when estimating SFTD. One option may e.g. be to request that |t1-t2| < SMTC period, another to request that |t1-t2| < max(0.2, 5xSMTC period). 
Proposal 3: For inter-RAT SFTD towards NR-U with LBT, the UE shall continue to search for a cell until (a) a cell is found whereby SFTD is reported, (b) the SFTD measurement is deconfigured by MeNB, or (c) the PCell is changed.
Proposal 4: RAN4 shall further discuss how to capture measurement delay requirements for inter-RAT SFTD towards NR-U under LBT.
Other companies’ views are welcome.
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(Adaptation of R4-160229 ”SSTD measurement accuracy in dual connectivity”, Ericsson)



[bookmark: _Ref442703025]Figure 1: Sketch of dual receiver with (left) single RFIC, and (right) two RF ICs.



[bookmark: _Ref442705527]Figure 2: Sketch of baseband processing for maintenance of modem reference clock, receiver frequency tuning, and SFTD measurement.

Time keeping in a UE is generally based on a single UE reference clock (modem reference clock) operating at high enough resolution for allowing a sufficient level of detail for any supported RAT and configuration.
Using the modem reference clock, timing is established for a hypothetical cell to which timings of other, detected, cells are described in terms of an offset value for each cell. The offset value tells by how much a detected cell leads or lags over the timing of the hypothetical cell e.g. with reference to a radio frame border or a hyperframe border. Hence when comparing the timing of two detected cells, one is in general comparing two offsets to a hypothetical cell.
Two examples of UE architectures for CA and DC with respect to modem reference clock are shown below for single RF IC solution and multiple RF IC solution, Figure 1. Both alternatives are using a common modem time reference which is used as time reference for the ADC, hence the sampling time from either connection can be related to a common time source, and hence the samples from the two connections can be related to each other. In case of a solution with two (or more) RF ICs one RF IC is the master with respect to providing the modem reference time. The demodulation frequency for each connection can be tuned separately from the modem reference clock.
The IQ samples received from the two connections are used for tuning the PLLs (AFC), tuning the modem reference time, as well as for tracking the frame timing of PCell (e.g. RX1) and PSCell (e.g. RX2); see Figure 2. Since the samples can be related to each other via the common modem reference time source, the cell timings for PCell and PSCell can be related to each other, and used e.g. for SFTD (SFN and frame time difference) measurements, or other kinds of time difference measurements.
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