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Introduction
During RAN4 #98e, there was a discussion with respect to Topic #6 for NTN UL frequency synchronization requirements, as follows:
· UE shall be able to compensate the frequency offset due to the satellite mobility when generating its UL carrier frequency. 
· The UE modulated carrier frequency shall be accurate to within ±0.1 ppm as observed over a period of 1 ms by the gNB.
· The UE residual frequency error shall be sufficiently low such that it can be considered included in the tolerated frequency error of ±0.1 ppm already captured in the specification.
According to R4-2103948 (Email discussion summary for [98e][310] NTN_Solutions_Part1) and R4-2103877 (WF for NTN general part) it has been decided to further discuss these topics in 98-bis-e, on the RAN4 RF list.
The goal of this document is therefore to propose NTN UL frequency synchronization requirements to be considered by NTN RAN4 work.

[bookmark: _Toc493127338]NTN UL frequency synchronization requirements
RAN1 is currently considering different potential methods for synchronization and timing advance. More precisely, RAN1 is currently considering UE pre-compensation using GNSS and ephemeris data e.g. Position Velocity and Time (PVT) and/or orbital information.
As a matter of fact, it has been agreed that the NR NTN UE in RRC_IDLE and RRC_INACTIVE states shall be capable of at least using its acquired GNSS position and satellite ephemeris to calculate frequency pre-compensation to counter shift the Doppler experienced on the service link. 
The ephemeris format is not yet decided, but two main options are currently discussed in RAN1:
· Option 1: Ephemeris format based on satellite position and velocity state vectors
· Option 2: Ephemeris format based on orbital elements
RAN1#104-e Agreements:
· RAN1 to support satellite ephemeris broadcast based at least on one of the following format options:
· Option 1: Ephemeris format based on satellite position and velocity state vectors
· FFS: Details on state vectors formats 
· FFS: Details on time reference provisioning/format
· Option 2: Ephemeris format based on orbital elements
· FFS: Details on orbital elements formats 
· FFS: Details on time reference provisioning/format
· FFS: Whether down-selection is needed or both options are supported


The key requirement for UL frequency synchronization is the frequency error of ±0.1 ppm w.r.t the frequency carrier expected by the gNB, observed over a period of 1 ms. Currently, this budget of ±0.1 ppm includes all the residual frequency errors due to frequency tracking error and crystal oscillator drifts.
Moreover, as already agreed in RAN1 meeting#103-e, NTN UE shall be able to compensate the frequency offset due to the satellite mobility when generating its UL carrier frequency. RAN1 meeting#103-e Agreements:
· An NR NTN UE in RRC_IDLE and RRC_INACTIVE states shall be capable of at least using its acquired GNSS position and satellite ephemeris to calculate frequency pre-compensation to counter shift the Doppler experienced on the service link.
· 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


We propose that the residual frequency error resulting of the imperfect satellite mobility pre-compensation at UE side (i.e. Doppler shift pre-compensation) shall be included as well in this budget. Doppler shift pre-compensation conducted by the NTN UE should match the requirements in terms of UL frequency error depending on the budget allocated to this source of error. Therefore, at least for the initial access (i.e. PRACH transmission) and for the UL transmissions in RRC Connected State, the NTN UE modulated carrier frequency shall be accurate to within ±0.1 ppm, as observed over a period of 1 ms by the gNB.
Proposal 1: For initial access (i.e. PRACH transmission) and for UL transmissions in RRC Connected State, the NTN UE modulated carrier frequency shall be accurate to within ±0.1 ppm, as observed over a period of 1 ms by the gNB. 

Proposal 2: The NTN UE residual frequency error shall be sufficiently low such that it can be considered as included in the tolerated frequency error of ±0.1 ppm already captured in the specification. 
Since the Doppler shift pre-compensation precision is a function of NTN UE GNSS accuracy, NTN UE acquired ephemeris data and ephemeris data accuracy, the maximum tolerated Doppler shift pre-compensation error would help to derive the precision of NTN UE acquired ephemeris data, i.e. the transmission periodicity, the acquisition periodicity and the NTN UE prediction parameters (e.g. method, maximum duration, etc.).
Proposal 3: RAN4 shall use the maximum tolerated Doppler shift pre-compensation error to derive the precision of ephemeris data such as transmission periodicity, NTN UE acquisition periodicity and the NTN UE prediction parameters (e.g. method, maximum duration, etc.).

Strategy for ephemeris information provision and satellite precision classes
The actual satellite ephemeris are estimated using satellite Orbit Determination (OD) algorithm which estimates the most likely track or orbit which have been taken by a satellite based on past and noisy measurements of its position and velocity. 
In general, as seen in Figure 1, the satellite ephemeris information can be provided to the NR NTN UEs based on the following steps:
· Step 1: Measurements of the satellite position and velocity are made and dated. Most of the time, these measurements are GNSS-based measurements performed on-board. 
· Step 2: The measurements are typically provided as inputs for the NTN Control function, which performs the satellite OD. In general, the satellite GNSS measurements are delivered to the ground via dedicated telemetry channels between the satellite and the NTN GW network. The reporting period of new GNSS measurements is implementation specific. However, the reporting period is directly related to the accuracy target associated to the instantaneous knowledge of the satellite position and velocity in the system.
· Step 3: The satellite OD algorithm is performed by the NTN Control function. This operation can be more or less complex depending on the models considered, the quantity of measurements available and the algorithms used. 
· Step 4: The satellite ephemeris is broadcasted in the NTN SI under a standardized format. The formats are FFS.
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Figure 1: Uplink synchronization in NTN
Table 1 further shows 3 kind of satellite classes with different precision cases that can be further considered for the orbit determination. For telecommunication satellites, it can be showed that “typical” precision orbit determination (i.e. Case 2) can be used, with a 3D position RMS error of 0.5 m and 3D velocity RMS error of 0.5 mm/s.

Table 1. Expected Satellite Positioning Errors and Precision Cases for Orbit Determination
	Case #
	Name
	Expected Satellite Positioning Errors (and therefore expected UE initial error values for orbit propagation)
	Maximum Propagation Time

	Case 1
	“Best” Precision Orbit Determination
	3D Position RMS Error = 0.05 m

3D Velocity RMS Error = 0.05 mm/s
	Propagation to 5 orbital periods before overshooting PV accuracy target ~ 8 h 

	Case 2
	“Typical” Precision Orbit Determination
	3D Position RMS Error = 0.5 m

3D Velocity RMS Error = 0.5 mm/s

	Propagation to 0.5 orbital period before overshooting PV accuracy target ~ 48 mn

	Case 3
	“Low Quality” Precision Orbit Determination
	3D Position RMS Error = 5 m

3D Velocity RMS Error =5 mm/s
	Propagation to 0.1 orbital period before overshooting PV accuracy target ~ 10 mn




It can be therefore showed that challenging operations such as such Doppler (pre-)compensation relying on accurate prediction of satellite trajectories can be performed reliably even in the case of a satellite system with “low quality” orbit determination algorithm.
Proposal 4: RAN4 should assume accurate prediction of satellite trajectories for reliable Doppler compensation.
However, the limiting condition is that the system should be designed such that new orbit determination and satellite ephemeris update can be performed frequently enough. 

Proposal 5: RAN4 should assume that the NTN infrastructure (NTN control function) can provide updates of the actual Ephemeris at the necessary periodicity to prevent excessive ageing that would prevent successful uplink synchronisation.

NTN UE ephemeris acquisition periodicity and NTN UE ephemeris prediction method should be derived based on the maximum allowed UL frequency synchronization error.

Proposal 6: RAN4 should consider NTN UE ephemeris acquisition periodicity and NTN UE ephemeris prediction parameters derived based on the maximum allowed UL frequency synchronization error.

Conclusions
Proposal 1: For initial access (i.e. PRACH transmission) and for UL transmissions in RRC Connected State, the NTN UE modulated carrier frequency shall be accurate to within ±0.1 ppm, as observed over a period of 1 ms by the gNB. 

Proposal 2: The NTN UE residual frequency error shall be sufficiently low such that it can be considered as included in the tolerated frequency error of ±0.1 ppm already captured in the specification. 
Proposal 3: RAN4 shall use the maximum tolerated Doppler shift pre-compensation error to derive the precision of ephemeris data such as transmission periodicity, NTN UE acquisition periodicity and the NTN UE prediction parameters (e.g. method, maximum duration, etc.).
Proposal 4: RAN4 should assume accurate prediction of satellite trajectories for reliable Doppler compensation.
Proposal 5: RAN4 should assume that the NTN infrastructure (NTN control function) can provide updates of the actual Ephemeris at the necessary periodicity to prevent excessive ageing that would prevent successful uplink synchronisation.

Proposal 6: RAN4 should consider NTN UE ephemeris acquisition periodicity and NTN UE ephemeris prediction parameters derived based on the maximum allowed UL frequency synchronization error.
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