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Introduction
Previous agreements in RAN1#104-bis-e with respect to NTN UE timing estimation are as follows:
	Agreement RAN1#104-bis-e:
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.





Moreover, during RAN4 #98-bis-e, it was also agreed:RAN4#98-bis-e Agreements:
· The UE specific TA estimation accuracy is counted into the UE transmit timing error requirement
· UE specific TA estimation accuracy is FFS
· FFS whether the UE specific TA estimation accuracy shall be also defined as a separate accuracy requirement
· Specify UE behavior related to UE specific TA estimation and the detailed behavior is FFS



The goal of this contribution is therefore to further clarify NTN UL timing synchronization requirements to be considered by NTN RAN4 work.
UE specific timing estimation proposals from RAN#98e
The UE initial transmission timing error shall be less than or equal to ±Te where the timing error limit value Te is specified in Table 7.1.2-1 from TS 38.133. Still according to TS 38.133, this requirement applies when it is the first transmission in a DRX cycle for PUCCH, PUSCH and SRS or it is the PRACH transmission.
RAN4 should consider the NTN UE transmit timing error requirements to be the same as the ones already specified for TN UEs. This will allow reusing the same set of requirements for both terrestrial UE and non-terrestrial UE and therefore reduce NTN specification impact.
Proposal 1: RAN4 should consider the NTN UE transmit timing error requirements to be the same as the ones already specified for TN UEs.
Proposal 2: The NTN UE initial transmission timing error requirement should apply when it is the first transmission in a DRX cycle for PUCCH, PUSCH and SRS or it is the PRACH transmission.

The following proposal indicating how the NTN UE shall apply its TA has been agreed in RAN1#104-bis-e:
	RAN1#104-bis-e 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.




Moreover, during RAN4#98-bis-e, it was also agreed:RAN4#98-bis-e Agreements:
· The UE specific TA estimation accuracy is counted into the UE transmit timing error requirement
· UE specific TA estimation accuracy is FFS
· FFS whether the UE specific TA estimation accuracy shall be also defined as a separate accuracy requirement
· Specify UE behavior related to UE specific TA estimation and the detailed behavior is FFS


However, this agreement has to take into account  and not only UE specific TA estimation (i.e. ).
Therefore, we further propose to update the previous agreement from RAN4 #98-bis-e with the new inputs from RAN1#104-bis-e:· The accuracy of UE specific TA estimation () and self-estimated TA common () is counted into the UE transmit timing error requirement
· UE specific TA estimation () and self-estimated TA common () accuracy is FFS
· FFS whether the UE specific TA estimation () and self-estimated TA common () accuracy shall be also defined as a separate accuracy requirement
· Specify UE behavior related to the combination of UE specific TA estimation () and self-estimated TA common () and the detailed behavior is FFS


The previous updates can be further formalized in a few proposals:

Proposal 3: The accuracy of UE specific TA estimation () and self-estimated TA common () is counted into the UE transmit timing error requirement.

Proposal 4: UE specific TA estimation () and self-estimated TA common () accuracy shall be also defined as a separate accuracy requirement.

Proposal 5: Specify UE behavior related to the combination of UE specific TA estimation () and self-estimated TA common ().

From our perspective, the time reference for the UE transmit timing control requirement shall be the downlink timing of the reference cell minus . 
The downlink timing is defined as the time when the first detected path (in time) of the corresponding downlink frame is received from the reference cell. NTA for PRACH is defined as 0.
Based on the above, Option 3 is the only valid option to define the requirements related to the NTN UE self-estimated TA accuracy.
Proposal 6: The time reference for the UE transmit timing control requirement shall be the downlink timing of the reference cell minus . Therefore, the UE transmit timing error requirement does not cover the self-TA estimation errors.



NTN UL timing accuracy 
In order to maintain the PRACH sequences orthogonally, the residual error committed when TA acquisition is performed should accommodate the following requirement:

Indeed, to ensure a successful PRACH sequences detection, the differential delay between two UEs transmitting within the same RACH occasion should be less than the CP duration (or the GP duration if GP < CP) of the PRACH format considered. This rule applies only when the so-called zero-correlation zone parameter is set to 0. In these conditions, the different sequences used in the cell are generated from Zadoff-Chu sequences corresponding to different root indices.
However, different preambles can also be generated from different cyclic shifts of the same root sequence. Such sequences are orthogonal to each other as long as the relative cyclic shift between two sequences is larger than the differential delay between the preamble receptions. Consequently, when such generated sequences are made available in the cell, the differential delay between two UEs transmitting within the same RACH occasion should also be less than the minimal relative cyclic shift duration within the sequences enable in the cell.

For this reason, it is proposed that for PRACH transmission, the NR NTN UE shall be able to acquire its self-estimated TA with an accuracy better than ± ,  depending on the PRACH format and configuration.
Note that in typical NTN scenarios, the delay spread values can be much lower than in TN (see TR 38.821 and TR 38.811). We can notice that the accuracy targets become more challenging when short preamble formats are considered and/or when the Zero Correlation Zone is set closer to 1. 
Proposal 7: For PRACH transmission, the NR NTN UE shall be able to self-estimate  with an accuracy better than ± ,  depending on the PRACH format and configuration.
The needs for NTN-specific PRACH used format (if different from TN), specific PRACH CP, PRACH GP, and zero-correlation zone parameters are for the time being FSS.
In connected mode, the maximum allowed error of the round trip propagation delay estimation should be less than the duration of the cyclic prefix. Therefore, the updated TA should accommodate the following requirement: , and depending on the numerology in use.
Proposal 8: In connected mode, the NR NTN UE shall be able to self-estimate   with an accuracy better than ±  depending on the numerology in use.
Further, the previous proposals can be separated with specific accuracy expectations for both  and , and for PRACH transmission and connected mode.
Proposal 9: For PRACH transmission, the NR NTN UE shall be able to self-estimate its  with an accuracy better than ± ,  depending on the PRACH format and configuration.
Proposal 10: In connected mode, the NR NTN UE shall be able to self-estimate its   with an accuracy better than ±  depending on the numerology in use.
Proposal 11: For PRACH transmission, the NR NTN UE shall be able to self-estimate  with an accuracy better than ± ,  depending on the PRACH format and configuration.
Proposal 12: In connected mode, the NR NTN UE shall be able to self-estimate  with an accuracy better than ±  depending on the numerology in use.
Satellite orbit determination and prediction
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.
The aim of this section is to provide some insights on how and with which accuracy satellite position and velocity can be determined and predicted.
1.1 Satellite orbit determination
The satellite Orbit Determination (OD) consists in estimating the most likely track or orbit taken by a satellite, based on past and noisy measurements of its position and velocity. The satellite OD is useful for several reasons. It helps estimating what was the satellite past trajectory so one can identify whether the satellite is diverging from a reference orbit, and if needed, schedule satellite station keeping maneuvers to get it back on track.
An overview of a typical satellite system architecture is given in Figure 1, where the locations of each OD step are explicitly represented.
[image: ]
Figure 1. System Architecture Overview




In general, the satellite orbit determination is performed as follows:
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. The accuracy of GNSS measurements depends on several factors such as:
· The GNSS receiver characteristics (mono-frequency vs. bi-frequency, single vs. multi-constellation, quality of the GNSS receiver);
· The satellite orbit, and the number of GNSS satellites in view.

Step 2: The measurements are collected in the NTN Control Center (NCC) where the satellite OD will be performed. 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 but it 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 is performed in the NCC. This operation can be more or less complex depending on the models considered, the quantity of measurements available and the algorithms used. Traditionally, two filtering techniques are used on input measurements: Kalman filtering or LS (least square) filtering. Least square filtering usually provides more accurate results but requires more computing power.

Hereafter, we provide several examples of orders of magnitude of precision, with values that can be expected for orbit determination. This performance of orbit determination shall not be confused with orbit prediction performance which concern the future satellite trajectory (and are discussed in the next section).
Observation 1: One shall distinguish between orbit determination performance based on past measurements of the satellite trajectory and orbit prediction performance that concerns the future satellite trajectory.


Case 1: “Best” Precision Orbit Determination
For satellite systems designed for navigation purposes delivering very accurate and abundant GNSS measurements, it is possible to achieve the following performance:
· 3D Position RMS Error = 0.05 m
· 3D Velocity RMS Error = 0.05 mm/s

However, in commercial telecommunication satellites such performance cannot be met because the cost would be prohibitive and such OD precision is not required for the system to work.
Case 2: “Typical” Precision Orbit Determination
For telecommunication satellites, it is more typical to consider the following values:
· 3D Position RMS Error = 0.5 m
· 3D Velocity RMS Error = 0.5 mm/s

Case 3: “Low Quality” Precision Orbit Determination
Finally, for low cost system the following performance can be considered:
· 3D Position RMS Error = 5 m
· 3D Velocity RMS Error =5 mm/s

As a rule of thumb, it can be assumed that there is a factor of 1000 between the position error (in [m]) and the velocity error (in [m/s]). This is important to keep in mind when defining accuracy targets for satellite position and velocity.
Observation 2: As a rule of thumb, it can be assumed that there is a factor of 1000 between the position error (in [m]) and the velocity error (in [m/s]). Is important to keep in mind this rule when allocating an error budget for satellite position and velocity estimations.

1.2 Satellite orbit prediction
The satellite orbit determination can also be used to derive updated satellite ephemeris. The satellite ephemeris are useful to predict future satellite positions and velocity vectors. This can be useful for various reasons such as:
· Determine when the satellite is going to fly by over a specific zone of interest;
· Anticipate collision-avoidance operations;
· Anticipate future feeder-link switchover operations within the NTN gateways network;
· Perform Doppler compensation (for instance on the feeder links between the satellite and the serving NTN GW).

Of course, the accuracy of the orbit prediction required to perform such operations can be significantly different from an application to another. 
Finally, the NCC can share the satellite ephemeris (under various formats) with other entities in the system responsible for performing such operations (e.g. with the NTN GW).
Then, one can wonder with which accuracy one can predict the future satellite position and velocity vectors and over what time horizon.
The orbit prediction accuracy may depend on several factors:
· The accuracy of the orbit determination used to derive the satellite ephemeris: this will drive the initial errors of the propagation model.
· The accuracy of the orbit propagation model: there are many propagation models which take into account more or less precisely the physical effects on the satellite movement (J2/4 perturbations, aero-dynamical drag, anticipated station keeping maneuvers).
· The time horizon over which the prediction is made: the initial errors combined with the propagation model errors tend to increase the prediction errors when the prediction period increases. 




Observation 3: The orbit prediction accuracy depends on:
a. The accuracy of the orbit determination used to derive the satellite ephemeris;
b. The accuracy of the orbit propagation model;
c. The time horizon over which the prediction is made.

1.3 Orbit prediction error at NTN Control Center
In this section, we tried to quantify the propagation error evolution depending on the initial PV errors. The main assumptions and results of the study are summarized in Table 2.
A simplified relative position-velocity model for circular orbits (Clohessy-Wiltshire or CW) has been considered. The CW equations are given in Figure 2 where the z-axis is along the radius vector of the target spacecraft, the y-axis is along the angular momentum vector of the target spacecraft, and the x-axis completes the right-handed system. These equations are usually used for “rendez-vous” or docking relative position evaluations.
However, the same equations are used here to evaluate the propagation error evolution between the reference orbit and the predicted orbit, which progressively moves away from the reference orbit due to propagation errors. 
[image: ]
Figure 2. Clohessy-Wiltshire equations of motion

This study characterizes only the impact of the initial PV error on the prediction errors. The additional errors related to the orbit propagation model limits are not simulated here. However, when considering short prediction period (i.e. inferior to the orbital period), the propagation errors induced by the propagator models limitations (J2/J4 perturbation, air drag, etc.) may be considered negligible w.r.t. to the prediction errors induced by the initial PV errors.
Effect of initial errors on tangential (X), normal (Y), radial (Z) axes in position and velocity gives very different results. The worst case effects are observed when the initial error is applied on Z axis for position and X axis for velocity. 
For illustrative purpose, the propagation errors over 2 revolution orbits for each worst case initial errors on position (dz0 = 1 m) and on velocity (dvx0 = 1mm/s) have been illustrated in Figure 3 and Figure 4 respectively. It can be observed that the velocity error is not an increasing function of time.
[image: ]
Figure 3. Propagation errors – dZ0 = 1 m

[image: ]
Figure 4. Propagation errors – dvX0 = 1 mm/s

For initial PV errors, the POD assumptions presented in the previous section have been considered.
Finally, one shall define a PV accuracy target to be guaranteed. When the propagation errors exceed the PV accuracy target then it means that a new orbit determination shall be performed and updated ephemeris shall be provided. The PV accuracy target is going to be overshoot after a more or less long prediction period depending on the initial PV error assumption.
In this study, the target PV accuracy has been driven by the accuracy expected to perform Doppler pre/post-compensation on feeder links. The Doppler compensation residual errors experienced on the feeder link shall be almost transparent to the gNB/UE. Then, it shall be an order of magnitude lower than the frequency error budget allocated at UE side (~0.1 ppm). Moreover, the carrier frequencies used on the feeder links may be significantly higher than the one used on the service link so additional margin shall be considered to counter shift this effect. Therefore, it is proposed to assume that the satellite radial velocity w.r.t the NTN GW should be known with an accuracy better than +/- 0.3 m/s when performing Doppler compensation on the feeder link. It has been demonstrated by simulation (see Figure 5 and Table 3) that when the following assumptions on the PV errors are met the previous requirement is guaranteed:
· Gaussian position error distribution with 3D Position RMS Error = 10 m => 3sigma = 30 m
· Gaussian velocity error distribution with 3D Velocity RMS Error = 10 mm/s => 3sigma = 30 mm/s

Therefore, it is proposed to consider the following PV accuracy target:
· Position error < 30 m
· Velocity error < 30 mm/s

Observation 4: The PV accuracy target reference hypothesis could use Position error < 30 m and Velocity error < 30 mm/s.

The simulation results are summarized in Table 3. It can be observed that the maximal propagation time before overshooting the PV accuracy target is significantly driven by the initial error. More precisely, depending on the quality of the orbit determination, the maximal propagation time can go from 8 hours to less than 10 minutes. The less accurate is the orbit determination, the more often orbit determination shall be performed based on more recent measurements and updated satellite ephemeris shall be distributed. 
It can be also observed that the velocity error degradation is negligible w.r.t the position error. As a consequence, the radial velocity (or Doppler) error is mainly driven by the position error degradation.
In conclusion, it has been demonstrated that even for a satellite system with “low quality” orbit determination algorithm, challenging operations relying on accurate prediction of satellite trajectories such as Doppler compensation can be performed reliably. The limiting condition is that the system should be designed such that new orbit determination and satellite ephemeris update can be performed frequently enough. 

Observation 5: Even for a satellite system with “low quality” orbit determination algorithm, challenging operations relying on accurate prediction of satellite trajectories such as Doppler compensation can be performed reliably. 


[image: ]
Figure 5: Monte Carlo simulation to evaluate radial velocity error [m/s] distribution assuming a PV Gaussian errors with (3D Position RMS Error = 10 m / 3D Velocity RMS Error = 10 mm/s)

Table 2. Monte Carlo simulation parameters
	Satellite orbit
	Polar orbit (i = 90°)

	GW position
	Equatorial ground station
Min elevation = 30°

	Error on position/velocity
	Gaussian distribution on norm
· 3D Position RMS Error = 10 m
· 3D Velocity RMS Error = 10 mm/s
Uniform distribution on direction



Table 3. Results of propagation error study 
	Model
	Kepler Model
Clohessy-Wiltshire equations

	Orbit
	Circular @ 600 km
Period = 5801 s

	Initial PV Errors
	Case 1 : “Best” Precision Orbit Determination
· 3D Position RMS Error = 0.05 m
· 3D Velocity RMS Error = 0.05 mm/s
Case 2 : “Typical” Precision Orbit Determination
· 3D Position RMS Error = 0.5 m
· 3D Velocity RMS Error = 0.5 mm/s
Case 3 : “Low Quality” Precision Orbit Determination
· 3D Position RMS Error = 5 m
· 3D Velocity RMS Error =5 mm/s

	PV accuracy target
	Position error < 30 m
Velocity error < 30 mm/s

	Prediction period before overshooting PV accuracy target
	Case 1 : “Best” Precision Orbit Determination
Propagation to 5 orbital periods before overshooting PV accuracy target ~ 8 h
· Statistics on max position error
· Mean = 4.35 m
· Std dev = 4.10 m
· Max = 35.9 m
· Statistics on max velocity error
· Mean = 0.3 mm/s
· Std dev = 0.3 mm/s
· Max = 2.6 mm/s
Case 2 : “Typical” Precision Orbit Determination
Propagation to 0.5 period before overshooting PV accuracy target ~ 48 mn
· Statistics on max position error
· Mean = 4.63 m
· Std dev = 4.23 m
· Max = 36.7 m
· Statistics on max velocity error
· Mean = 0.3 mm/s
· Std dev = 0.3 mm/s
· Max = 2.6 mm/s

Case 3 : “Low Quality” Precision Orbit Determination
Propagation to 0.1 period before overshooting PV accuracy target ~ 10 mn
· Statistics on max position error
· Mean = 5.65 m
· Std dev = 3.61 m
· Max = 28.9 m
· Statistics on max velocity error
· Mean = 7.5 mm/s
· Std dev = 5.1 mm/s
· Max = 46 mm/s




Conclusions
Proposal 1: RAN4 should consider the NTN UE transmit timing error requirements to be the same as the ones already specified for TN UEs.
Proposal 2: The NTN UE initial transmission timing error requirement should apply when it is the first transmission in a DRX cycle for PUCCH, PUSCH and SRS or it is the PRACH transmission.
Proposal 3: The accuracy of UE specific TA estimation () and self-estimated TA common () is counted into the UE transmit timing error requirement.
Proposal 4: UE specific TA estimation () and self-estimated TA common () accuracy shall be also defined as a separate accuracy requirement.
Proposal 5: Specify UE behavior related to the combination of UE specific TA estimation () and self-estimated TA common ().
Proposal 6: The time reference for the UE transmit timing control requirement shall be the downlink timing of the reference cell minus . Therefore, the UE transmit timing error requirement does not cover the self-TA estimation errors.
Proposal 7: For PRACH transmission, the NR NTN UE shall be able to self-estimate  with an accuracy better than ± ,  depending on the PRACH format and configuration.
Proposal 8: In connected mode, the NR NTN UE shall be able to self-estimate   with an accuracy better than ±  depending on the numerology in use.
Proposal 9: For PRACH transmission, the NR NTN UE shall be able to self-estimate its  with an accuracy better than ± ,  depending on the PRACH format and configuration.
Proposal 10: In connected mode, the NR NTN UE shall be able to self-estimate its   with an accuracy better than ±  depending on the numerology in use.
Proposal 11: For PRACH transmission, the NR NTN UE shall be able to self-estimate  with an accuracy better than ± ,  depending on the PRACH format and configuration.
Proposal 12: In connected mode, the NR NTN UE shall be able to self-estimate  with an accuracy better than ±  depending on the numerology in use.
Observation 1: One shall distinguish between orbit determination performance based on past measurements of the satellite trajectory and orbit prediction performance that concerns the future satellite trajectory.
Observation 2: As a rule of thumb, it can be assumed that there is a factor of 1000 between the position error (in [m]) and the velocity error (in [m/s]). Is important to keep in mind this rule when allocating an error budget for satellite position and velocity estimations.
Observation 3: The orbit prediction accuracy depends on:
a. The accuracy of the orbit determination used to derive the satellite ephemeris;
b. The accuracy of the orbit propagation model;
c. The time horizon over which the prediction is made.

Observation 4: The PV accuracy target reference hypothesis could use Position error < 30 m and Velocity error < 30 mm/s.

Observation 5: Even for a satellite system with “low quality” orbit determination algorithm, challenging operations relying on accurate prediction of satellite trajectories such as Doppler compensation can be performed reliably. 
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