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Introduction
In RAN1#104e and RAN1 #104b-e, some of the agreements made on UL time and frequency synchronization for NTN are listed below [1] [2]:
Agreement:
An NR NTN UE in RRC_CONNECTED states shall be capable of at least using its acquired GNSS position and satellite ephemeris to perform frequency pre-compensation to counter shift the Doppler experienced on the service link.

Agreement:
An NTN UE in RRC_CONNECTED state is required to support UE specific TA calculation based at least on its GNSS-acquired position and the serving satellite ephemeris.
FFS: Operation of closed loop and open loop TA control

Agreement:
For TA update in RRC_CONNECTED state, combination of both open (i.e. UE autonomous TA estimation, and common TA estimation) and closed (i.e., received TA commands) control loops shall be supported for NTN.
FFS: Details of the combination of open and closed loop TA control

Agreement:
The Timing Advance applied by an NR NTN UE in RRC_IDLE/INACTIVE and RRC_CONNECTED is given by:

Where:
·   is defined as 0 for PRACH and updated based on TA Command field in msg2/msgB and MAC CE TA command. 
· FFS: details of NTA update/accumulation.
·   is UE self-estimated TA to pre-compensate for the service link delay.
·  is network-controlled common TA, and may include any timing offset considered necessary by the network.
·  with value of 0 is supported. 
· FFS:  details of signaling including granularity.   
·  is a fixed offset used to calculate the timing advance. 

Note-1: Definition of  is different from that in RAN1#103-e agreement. 
Note-2: UE might not assume that the RTT between UE and gNB is equal to the calculated TA for Msg1/Msg A.
Note-3:  is the common timing offset X as agreed in RAN1 #103-e.

Agreement:
Support serving-satellite ephemeris broadcast based on one or more of the following:
· Set 1: Satellite position and velocity state vectors: 
· position X,Y,Z in ECEF (m)  
· velocity VX,VY,VZ in ECEF (m/s)
· Set 2: At least the following parameters in orbital parameter ephemeris format:
· Semi-major axis α [m] 
· Eccentricity e 
· Argument of periapsis ω [rad] 
· Longitude of ascending node Ω [rad] 
· Inclination i [rad] 
· Mean anomaly M [rad] at epoch time to
· FFS: Whether pre-provisioned ephemeris based on orbital elements can be used as reference. Thereby, only delta corrections can be broadcast in order to reduce the overhead
· FFS: The field size for each parameter
· FFS: The impact on signaling due to the required accuracy of serving-satellite ephemeris
· FFS: Whether down-selection is needed or both sets are supported

Conclusion:
The orbital propagator model to be used at UE side can be left to implementation.

[bookmark: _Ref473802466][bookmark: _Ref462669569]In this contribution, we discuss remaining issues for UL timing and frequency control with focus on UEs with GNSS capability.

Feeder Link Timing Drift and Doppler
There have been discussions and proposals to have UE compensate feeder link time drift and Doppler. It is therefore beneficial to examine options and issues related to feeder link time drift and Doppler compensation. The maximal feeder link timing drift rate and Doppler are:
· The maximal one-way timing drift rate of the feeder link is about 25 ms/s depending on the elevation angle of gNB relative to the satellite. 
· The maximal one-way Doppler is about 25 ppm depending on the elevation angle of gNB relative to the satellite.  

For feeder link timing compensation at UE, there could be two different objectives:
· Obj A: To reduce the amount of buffering at gateway or gNB due to DL and UL misalignment. For this, compensation of feeder link timing drift is not needed and periodically updated common TA, NTA,common, with a slot granularity is sufficient. 
· Obj B: To ensure aligned DL and UL symbol level processing (FFT and IFFT window) at gNB. For this objective, feeder link timing drift needs to be compensated with a fine accuracy. Any residual error or inaccuracy in feeder link timing will contribute to receiver performance degradation. As a result, the residual error needs to be considered in timing accuracy requirement, regardless if UL transmissions at a time have the same or different feeder link timing error.

Apparently, UE compensation of feeder link timing drift shall only be considered for objective B. In such a case, the maximal aggregated timing drift rate of both service link and the feeder link can be up to 4x25=100 ms/s or about 3x64xTc per ms, where Tc is the basic time unit as defined in TS 38.211. This likely will force UE to perform timing adjustment every slot even during a PUSCH with slot aggregation as shown in Figure 1. Clearly, having a UE to compensate feeder link timing drift doubles the maximal TA adjustment rate at the UE and imposes additional complexity of UE implementation.



Figure 1. Up to 3x64xTc timing change between two consecutive PUSCH transmissions if feeder link timing drift is to be compensated by UE.
In addition to UE implementation, impacts of UE compensation of feeder link timing drift on receiver performance should also be examined. Existing UL timing requirements depending on subcarrier spacing (SCS) are less than 20% of CP duration. To ensure satisfactory performance, timing error requirement needs to consider EVM window, typically 50% of CP duration, and channel delay spread. For NTN, some relaxation on UL timing error requirement can be considered thanks to the smaller channel delay spread in NTN. Several timing error sources in NTN and associated maximal error are listed below:
1. Feeder link RTD with 30s update periodicity and signaling of second-order derivative: about 1 ms  [3][4]
2. Ephemeris with 60s update periodicity: about 0.12 ms [5]
3. UE GNSS error at 100m: 0. 3ms (100m is the legacy requirement on GNSS accuracy) 
4. Satellite GNSS error at x meter: about 4x/3e8 second
5. DL synchronization error and clock drift/jitter

Note that all the above errors can be additive and the aggregated error can be the sum of the above. It can be seen that even with a 30s update periodicity, feeder link timing error dominates among the first three error terms and is alone far larger than existing total UL timing error requirement with 15 kHz SCS (0.39 ms). It is also clear from [3] and [4] that an update periodicity of less than 5 seconds is needed even assuming feeder link timing error is the only UL timing error. From the above, compensation of feeder link timing drift by UE for objective B can have significant impact on receiver performance and its feasibility is highly questionable. 
Since a much higher carrier frequency can be used in the feeder link than in the service link, having a UE to compensate feeder link Doppler may not be feasible. For instance, the two-way Doppler in a feeder link with carrier frequency 20 GHz will have a maximal Doppler of 25ppm x 2x 20 GHz= 1 MHz. To compensate such a large Doppler in S band can be problematic, such as reduced available spectrum.
In addition to the above, it is important to note that UE needs to know the aggregated DL timing drift rate for DL reception. Unless additional signalling of feeder link timing drift is agreed for DL, gNB is required to pre-compensate the timing drift in the DL. 
In summary, we have the following observation and proposal.
Observation 1: Compensation of feeder link timing drift and Doppler by UE can impose significant implementation complexity and its feasibility is highly questionable. It is more efficient to have network compensate feeder link timing drift and Doppler in a way transparent to UE.
On the other hand, part of the feeder link delay can be compensated by UE for ease of network implementation. As a result, we have the following proposal regarding to the common timing offset.
Proposal 1: Network may broadcast a common timing offset value, X, with granularity of one slot assuming the subcarrier spacing of the SSB of the cell. 
· NTA,common is derived from X.


Proposal 2: The common Doppler shift over the feeder link and any transponder frequency error for both Downlink and Uplink is compensated in a way transparent to UE.


UL Time and Frequency Control

For UE 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).

Autonomous frequency control option 1 may have larger frequency error as will be discussed whereas option 2 requires additional implementation complexity. In our view, the choice of options 1 or 2 is up to implementation. 
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. However, UE may have moved since its last GNSS reading. To save power UE should not be required to read GNSS frequently. Considering a UE in a vehicle, it can move a few tens of meters per second. 
For UL frequency, there could be multiple sources of error:
· UE geolocation error due to UE movement. A 100 m location error can lead to a UL frequency error of 0.008 ppm for 600 km Orbit.
· Satellite ephemeris error due to limited updating rate
· Residual frequency errors introduced in the feeder link and satellite on-board processing. This only applies to autonomous frequency control option 1. 

It is important to note that Option 1 of autonomous frequency control 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 2: There could be an UL frequency bias between UEs that are frequency synchronized with GNSS and UEs that are frequency synchronized using DL frequency.

In addition to the potential frequency error bias between UEs, the residual UL frequency error can still be significant even after autonomous frequency control. Hence, we have the following proposal.

Proposal 3: Support closed-loop frequency control commands by MAC-CE.
For efficient time and frequency control, group-common DCI should be considered.
Proposal 4: Consider group-common DCI for UL time and frequency control.

Reference Signals
Time and frequency synchronization in NTN are 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 5: 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 UL time and frequency control mechanisms.  Based on the discussion, we have the following observations and proposals:
[bookmark: _Hlk54112923]Observation 1: Compensation of feeder link timing drift and Doppler by UE can impose significant implementation complexity and its feasibility is highly questionable. It is more efficient to have network compensate feeder link timing drift and Doppler in a way transparent to UE.
Observation 2: 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: Network may broadcast a common timing offset value, X, with granularity of one slot assuming the subcarrier spacing of the SSB of the cell. 
· NTA,common is derived from X.

Proposal 2: The common Doppler shift over the feeder link and any transponder frequency error for both Downlink and Uplink is compensated in a way transparent to UE.

Proposal 3: Support closed-loop frequency control commands by MAC-CE.
Proposal 4: Consider group-common DCI for UL time and frequency control.
Proposal 5: Support SRS with multiple coherent symbols with configurable gaps.  
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