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Introduction
In RAN1#102e, the following agreements on UL time and frequency synchronization for NTN were made [1]:
Agreement:
· In Rel-17 NR NTN, at least support UE which can derive based on its GNSS implementation one or more of:
· its position 
· a reference time and frequency
· And, based on one or more of these elements together with additional information (e.g., serving satellite ephemeris or timestamp) signalled by the network, can compute timing and frequency, and apply timing advance and frequency adjustment at least for UE in RRC idle/inactive mode.
· FFS:  Details on additional information signalled from network
Agreement:
[bookmark: _Hlk54028058]In case of GNSS-assisted TA acquisition in RRC idle/inactive mode, the UE calculates its TA based on the following potential contributions:
· The User specific TA which is estimated by the UE:
· Option 1: The User specific TA is estimated by the UE based on its GNSS acquired position together with the serving satellite ephemeris indicated by the network.
· FFS: Details on serving satellite ephemeris indication 
· Option 2: The User specific TA  is estimated by the UE based on the GNSS acquired reference time at UE together with reference time as indicated by the network
· The Common TA if indicated by the network:
· FFS: The need and details of Common TA indication 
· FFS: The TA margin, if needed and indicated by the network (in order to account for the TA estimation uncertainty)

In this contribution, we discuss UL timing and frequency control for NTN with focus on UEs with GNSS capability.
[bookmark: _Ref473802466][bookmark: _Ref462669569]
UL Time and Frequency Reference Point
In terrestrial cellular networks, gNBs are the reference point of UL time and frequency. That is, UEs adjust the transmit time and frequency such that an UL transmission arrives at a gNB with desired time and frequency. The desired timing of arrival is to be aligned with DL timing of the gNB; the desired frequency is the nominal UL frequency with reference to received DL frequency. Since Doppler in terrestrial networks is typically small, pre-compensation of Doppler in the UL is not required. In NTN, Doppler can be very large and so can the doppler difference among UEs. Consequently, pre-compensation of Doppler in the UL is necessary.
For transparent satellite deployment, using gNB (located at the gateway) as the UL time and frequency reference point would imply that UEs need to compensate timing delay and frequency impairments introduced in the feeder link and by the satellite transponder itself. These time delay and frequency impairments including Doppler can vary with time as satellite moves. Without knowing the varying delay and Doppler of the feeder link, accurate compensation is impossible. Although feeder link time and Doppler can be signalled to UE in a timely fashion, the feasibility of achieving satisfactory synchronization at gNB is questionable. Hence, it is not desirable and unnecessary to have DL and UL SFN synchronization at gNB in an NTN network with transparent satellites. In fact, delay and frequency impairments introduced by satellite transponder and feeder link can always be handled by ground gNB in a way transparent to UEs. 
To summarize, we have the following observations.
Observation 1: As long as UL signals of different UEs are time and frequency synchronized at the arrival of a satellite, there is no mutual interference among UL signals.
Observation 2: In NTN with transparent LEO satellites, it may not be feasible to have gNB as the reference point for time and frequency. 
 For simplicity of UE implementation and system signalling, we have the following proposal.
Proposal 1: In NTN, the satellite is the time and frequency reference point of a UE, i.e., UE targets UL transmit time and frequency at the arrival of the satellite and does not autonomously compensate time delay and frequency errors introduced by the satellite transponder and the feeder link.
As shown in Figure 1, the above implies that from UE’s perspective,
· UL slot n is time aligned with DL slot n at the satellite transceiver.
· UL frequency target is at the satellite receiver.
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Figure 1. UL time and frequency reference point.

Since satellite is the reference point, feeder link delay should not be considered in TA. If there is a necessity to control the difference between DL and UL SFNs at gNB, timing relationship offset should be used.  For instance, the Koffset agreed for UL transmissions [1] can include the feeder link delay. For PRACH, network can always configure the RO time resource by taking into account feed link delay or additional Koffset can be signaled.

Based on the above discussions, we propose to amend an existing agreement as below.
Proposal 2: 
· In case of GNSS-assisted TA acquisition in RRC idle/inactive mode, the UE calculates its TA based on the following potential contributions:
· The User specific TA which is estimated by the UE:
· Option 1: The User specific TA is estimated by the UE based on its GNSS acquired position together with the serving satellite ephemeris indicated by the network.
· FFS: Details on serving satellite ephemeris indication 
· Option 2: The User specific TA  is estimated by the UE based on the GNSS acquired reference time at UE together with reference time as indicated by the network 
· FFS: The TA margin, if needed and indicated by the network (in order to account for the TA estimation uncertainty)
· The above replaces the earlier agreement on TA acquisition in RRC idle/inactive mode.

UL Time and Frequency Control
Time and frequency errors for UEs with GNSS capability are considered in this section. The maximal timing and frequency errors are calculated assuming no network timing and frequency control.  The procedure of UE autonomous timing and frequency control are described below.
· Autonomous Timing Control: UE estimates the round-trip delay and compensates it in the UL transmission based on received DL timing. 
· Autonomous Frequency Control: there are two options depending on if UE is synchronized on GNSS.
· Option 1, In this option, DL and UL share the clock source. UE synchronizes to DL signal and estimates DL Doppler and UL Doppler based on the geolocations of the UE and of the satellite. UE then calculates the pre-compensation value required based on the clock driven by the DL received signa and applies the pre-compensation in the UL transmission. If DL received signal is pre-compensated, the compensated value should be signalled and taken into consideration by the UE.
· Option 2: In this option, UL transmission clock is synchronized to GNSS. UE estimates the UL Doppler based on its own geolocation and ephemeris and applies the pre-compensation accordingly (i.e., UL clock is not driven by DL received signal).

For both autonomous timing and frequency control, UE needs to know the geolocations of itself and of the satellite. Today’s GNSS systems typically provide accuracy within a few meters. The impact of UE geolocation error is therefore negligible. The main error source comes from the error in satellite location. The accuracy of satellite geolocation depends on a number of factors such as 
· Weather the satellite has on-board GPS receiver.
· The update rate and the accuracy of extrapolation before the next signalling of ephemeris.

It is important to note the UEs with Option 1 are not able to compensate any frequency errors introduced in the feeder link or on-board satellite processing. With Option 1, a frequency error occurred in the feeder link from gNB to satellite will lead to a UE transmit frequency error twice of the feeder link error. Consequently, there is a UL frequency bias between frequency control Option 1 and Option 2. The bias is twice of the sum frequency error introduced in the forward link up to satellite.

Observation 3: There could be an UL frequency bias between UEs that are frequency synchronized with GNSS and UEs that are frequency synchronized using DL frequency.

Before UE synchronized to the satellite, UE may have little or no information about the satellite. As a result, UE may have to search a large range of frequency for a given Raster to take into account for DL Doppler. To save the time of initial SSB search, pre-compensating transmit frequency of SSB or DL signals can be beneficial. In such case, as discussed above, compensated frequency should be broadcasted for UEs based on DL signal for frequency control.

[bookmark: _Hlk47601615]Proposal 3: Support optional network frequency pre-compensation of SSB or all DL signals and support the signaling of the compensated value if pre-compensation is applied.

In NTN, the RTD experienced by a UE can vary as much as 40 s/s due to the high speed of LEO and MEO satellites. The timing control command of NR has a maximal range of 2.1 s for 120 kHz and 1.04 s for 240 Hz. If only closed-loop timing control is used, the timing control commands must be sent frequently.  Increasing the size of MAC-CE timing control command alone does not solve the problem: Assuming a one-way delay of 20 ms, a timing control command sent by the Network that is accurate at the time of its transmission can be off by 0.8 s at the time of its arrival, which is larger than the CP duration for 120 kHz SCS, 0.69 s. 
To solve the UL timing problem, open-loop UL timing control must be required even in connected mode.
[bookmark: _Hlk4619854]Proposal 4: In NTN, both UE autonomous and closed-loop time control are supported in connected mode. 
When open-loop and closed-loop time control mechanisms work together, A UE determines its timing advance for target time t(n+1) based on time advance for target timing t(n) as
         		(3)
where T(n) and T(n+1) are the timing advance for target time t(n) and t(n+1), respectively; Do is the estimated RTD variation from time t(n) to t(n+1) based on ephemeris and its own geolocation, and Dc is the accumulation of the TA commands UE received between time t(n) and t(n+1).  
Similar to timing control, UE autonomous frequency control is required. Although frequent closed-loop frequency control may not be required for UEs with GNSS, it should be supported so that network can correct occasional frequency errors including the bias described in Observation 3. In addition, it is necessary for UEs without GNSS. 
Proposal 5: In NTN, both UE autonomous and closed-loop frequency control are supported. 
The update of UL frequency compensation follows the same way as in Eq.(3). Unlike timing advance commands, frequency control commands are not expected to be sent very often to a UE. 
Proposal 6: Support closed-loop frequency control commands by MAC-CE.
For efficient time and frequency control, group-common DCI should be considered.
Proposal 7: Consider group-common DCI for UL time and frequency control.

Reference Signals
Time and frequency synchronization in NTN is much more challenging than in terrestrial networks. Hence, there is a need to enhance reference signals for time and frequency estimation in both DL and UL. For DL, multiple-symbol TRS is supported that should be sufficient for frequency estimation in the DL. For UL, existing SRS, however, is inefficient for frequency estimation. 
To support efficient frequency error estimation, SRS with multiple coherent symbols should be supported as illustrated in Figure 2. To support good trade-off between frequency pulling range and accuracy, configurable symbol gaps between the SRS symbols should be considered and supported. In addition, the comb position can be alternated among the SRS symbols to remove the ambiguity of half-symbol time uncertainty in comb 2. 
[bookmark: _Hlk54113330]Proposal 8: Support SRS with multiple coherent symbols with configurable gaps.  
[image: ]
Figure 2 SRS with multiple coherent symbols and configurable gaps.

Conclusions
In this contribution, we have discussed the reference point of time and frequency in NTN. We have also discussed UL time and frequency control mechanisms.  Based on the discussion, we have the following observations and proposals:
[bookmark: _Hlk54112923]Observation 1: As long as UL signals of different UEs are time and frequency synchronized at the arrival of a satellite, there is no mutual interference among UL signals.
Observation 2: In NTN with transparent LEO satellites, it may not be feasible to have gNB as the reference point for time and frequency. 
Observation 3: There could be an UL frequency bias between UEs that are frequency synchronized with GNSS and UEs that are frequency synchronized using DL frequency.

Proposal 1: In NTN, the satellite is the time and frequency reference point of a UE, i.e., UE targets UL transmit time and frequency at the arrival of the satellite and does not autonomously compensate time delay and frequency errors introduced by the satellite transponder and the feeder link.
Proposal 2: 
· In case of GNSS-assisted TA acquisition in RRC idle/inactive mode, the UE calculates its TA based on the following potential contributions:
· The User specific TA which is estimated by the UE:
· Option 1: The User specific TA is estimated by the UE based on its GNSS acquired position together with the serving satellite ephemeris indicated by the network.
· FFS: Details on serving satellite ephemeris indication 
· Option 2: The User specific TA  is estimated by the UE based on the GNSS acquired reference time at UE together with reference time as indicated by the network
· FFS: The TA margin, if needed and indicated by the network (in order to account for the TA estimation uncertainty)
· The above replaces the earlier agreement on TA acquisition in RRC idle/inactive mode.

Proposal 3: Support optional network frequency pre-compensation of SSB or all DL signals and support the signaling of the compensated value if pre-compensation is applied.

Proposal 4: In NTN, both UE autonomous and closed-loop time control are supported in connected mode. 
Proposal 5: In NTN, both UE autonomous and closed-loop frequency control are supported. 
Proposal 6: Support closed-loop frequency control commands by MAC-CE.
Proposal 7: Consider group-common DCI for UL time and frequency control.
Proposal 8: Support SRS with multiple coherent symbols with configurable gaps.  
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