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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
The agreements related to UL time and frequency synchronization in NTN achieved during RAN1 Meeting #106-e are captured in FL Summary on enhancements on UL time and frequency synchronization for NR NTN [R1-2108587].
In this contribution, we make observations and proposals to address issues identified and discussed during RAN1#106 e-meeting.

UL timing synchronization in NTN
NTN UE Timing Advance
The Timing Advance to be applied by an NR NTN UE in the different RRC sates was discussed in RAN1 Meeting #104-bis-e and the following agreement was made: 
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.

The following section will address the second FFS and provide details on the Common TA parameters, granularity and signaling.

UE compensation of Feeder link timing drift
When the reference point for uplink time synchronization is not at the satellite the UE needs to compensate the feeder link’s RTD and thereby the timing drift on the feeder link shall be compensated by the UE with sufficient accuracy to ensure aligned DL and UL symbol level processing (FFT and IFFT window) at Radio Unit(RU)/gNB.
In RAN1#106-e,  the following Working assumption was made:

Common TA may include parameter(s) indicating timing drift.
· The UE will apply common TA according to the parameters provided by the network (if any). No offset between the common TA according to the parameters provided by the network and the actual feeder link RTT is considered when defining UE UL timing error requirements.

To assist the UE to calculate the  at time t, the gNB shall regularly broadcast (e.g. every 160ms) the Common TA related parameters, these includes Common TA ( ) and may include Common TA drift rate ( ) and  the Common TA drift variation rate (. The UE can then estimate the   based  on a second-order approximation using Equation 1 hereafter, expressed at unit of Tc:
[bookmark: _Ref70945798]Equation 1:


, and  denote respectively the Common TA, Common TA drift rate and Common TA drift variation rate acquired by the UE at SIB period t0.
 denotes one-way propagation delay from gNB to the UE at time t0 (UE’s timing). This needs to be considered  in above equation to take into account the ageing of  values (the  at time t0 is outdated by  at the reception by the UE).
An example of UE self-estimation of Common TA based on a second-order approximation: 
[image: ]
Figure 1 Second-order approximation of Common TA
For better accuracy of self-estimated Common TA a second-order approximation is needed, thereby, both Common TA drift rate and Common TA drift variation rate may need to be jointly broadcast by the Network.
Common delay estimation error
Having feeder link timing drift compensated by UE using Common TA parameters will introduce additional timing inaccuracy.
Common TA parameters  (Common TA, Common TA drift rate and drift variation rate) acquired in the SIB will be valid only during a validity time period which depends on:
· the maximum tolerable error on common TA estimation (which also depends on the CP and the delay spread) and  
· the order of the Common TA approximation to be carried out by the UE.

After this validity period, a new acquisition of Common TA estimation assistance information is required.
Based on simulation results, as shown within Table 1 , when common delay drift and common delay drift variation are jointly indicated, the UE can estimate the Common one delay on the feeder link with a maximum error less than 0,084   (= 2.6 ) assuming the UE acquires the Common TA related parameters once every 10 microseconds. 
Note that the following assumptions were considered:  LEO @600 km scenario and the satellite flies by the GW (worst case). 
The following sources of errors were taken into account: 
· It is assumed that the gNB knows the satellite trajectory with a maximum error on satellite position of 3.87 m (orbit prediction error will be discussed in section 4.3).  
· Also, the values provided in Table 1 take into account the error due to the quantization of common TA parameters broadcast in SIB.

[bookmark: _Ref70954544][bookmark: _Ref78988432]Table 1 Maximum one-way Common Delay error estimation
	Prediction time [s]
	maximum one way Common Delay estimation error [microseconds]

	
	Without quantization error
	With quantization :
 23 bits for Common Delay  
12 bits for Common Delay drift 
 5 bits for Common Delay drift variation 

	3
	0.005
	0.022 = 0.7 

	5
	0.008
	0.028 = 0,9 

	10
	0.028
	0,084 = 2.6 

	15
	0.086
	0.175 = 5.4 

	20
	0.197
	0.320 = 9.8 

	25
	0.381
	0.590 = 18 

	30
	0.652
	0.880 = 27 




Maximum one way Common Delay estimation error shall take into account the error on satellite position and the error of  quantization of common TA parameters broadcast in SIB.

The UE can estimate the Common one delay on the feeder link with a maximum error less than 0,084   (= 2.6 ) assuming the UE acquires the Common TA related parameters once every 10 microseconds..

Further, the residual timing inaccuracy due to common TA approximation can be managed by closed loop TA commands: 
For example in case of RRC connected state and 120 kHz SCS, as depicted in Table 1, the UE shall acquire new common TA parameters at least every ~9 seconds. But, by applying the closed loop TA commands, the gNB can gradually adjust the Uplink timing so that the error on UE self-estimated Common TA remains below an acceptable threshold for longer duration; that is without the need to acquire updated common TA parameters in SIB. As shown in Figure 2 and Figure 3, by applying every 200ms a TAC =   = 16*64/(2^3)*0.509*1e-9, the maximum time during which the UE can keep track of the Common delay without having acquired new assistance information is extended to 15 seconds (instead of 9 seconds if only open loop is used):  As can be seen on the left diagram in Figure 3, all the Common delay estimation errors values are below  (Common TA error of 25% of CP in case of 120 kHz SCS). 
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Figure 2 Gradual Common TA adjustment using Control loop TA Command
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Figure 3 Effect of gradual timing adjustment using closed loop TA commands

The residual timing inaccuracy due to common TA approximation can be managed by gradual timing adjustment using closed loop TA commands if necessary

Proposal 1: 
The Network may periodically broadcast:
· Common TA 
· Common TA drift rate 
· Second-order derivative of Common Delay drift

Granularity and signalling of Common TA

In order to limit the quantization error, the granularity of Common TA is set to be . Thereby,  values shall be indicated in SIB by index values of  TA_common = 0, 1, 2, ..., p. where an amount of the common TA with subcarrier spacing of kHz is given by:  
p being the maximum range of TA_common: 

The maximum RTD on the feeder link that shall be supported in NTN is 270.73 ms in case GEO based non-terrestrial access network, 12.89 ms (600km), 20.89 ms (1200km) in case of LEO based non-terrestrial access network.
With the above considerations in mind, the maximum range of TA-Common as well as the number of bits to be used for TA-Common in SIB are given in the following table:
[bookmark: _Ref61514657][bookmark: _Ref61514645]Table 2 Payload of common TA
	Scenarios
	GEO based NTN 
	LEO based NTN 

	maximum range of TA-Common
	66485756
	3165521 (600km), 5130157 (1200km)

	Payload (bits)
	26 bits
	22 bits (600km), 23 bits (1200Km)


 
Further, based on simulation results shown in Table 1, using a 23 bits field in the SIB to indicate the Common TA will significantly reduce the quantization errors. Therefore,  using a granularity of  for Common TA is beneficial.

Proposal 2: The granularity of Common TA is equal to *Tc
μ is the highest allowed numerology for the given Frequency Range

Moreover, it was observed through the simulations that in case of LEO-600, a field of 13 bits will be needed for Common TA drift rate indication and a field of 6 bits for Common TA drift variation rate. 

Proposal 3: 
The Network may periodically broadcast:
· in case of GEO based non-terrestrial access network:
· Common TA in a field of 26 bits 
· in case of LEO/MEO based non-terrestrial access network:
· Common TA in a field of 23 bits 
· Common TA drift rate in a field of 13 bits
· Common TA drift rate variation in a field of 6 bits

TA update in connected mode 
TA update based on closed loop
For TA update in RRC_CONNECTED state, closed loop based on TA Command field in msg2/msgB and MAC CE TA command will dynamically update the component  . The TA command is transmitted on a per-need basis with a granularity in the step size of 0.52 μs.
In RAN1#106-e, the following agreement was made:
· in NR NTN, NTA update based on TA Command  field in msg2/msgB and MAC CE TA command is used for UL timing alignment correction as follows:
· When TAC ( in msg2/msgB is received,  UE receives the first adjustment and  is updated as follows:
 , FFS: the value of ,

· When TACs ( provided within the MAC CE is received,  is updated as follows:
 ,

The FFS within the first bullet is dependent on the option selected to avoid that the UE over pre-compensates its TA during RACH procedure as per the following agreement made in RAN1#106-e:
In NTN, to avoid that the UE over pre-compensates its TA during RACH procedure, down-select one option from below:
· Option 1: PRACH transmission is delayed by 
· Option 2: TA margin can be considered and it is explicitly indicated to the UE
· Option 3: TA margin can be considered and it is included within the Common TA
· Option 4: UE handles it via implementation
 
The initial transmit timing error requirement is under discussion in RAN4. As per the reply LS [5] the UE initial transmission timing error shall be less than or equal to Te_NTN . The value of  Te_NTN is yet to be defined by RAN4. The option to be selected from the ones listed within the above agreement is depended on the  
Proposal 4: 
The selection of the option to avoid that the UE over pre-compensates its TA during RACH procedure can be postponed discussion until the initial transmit timing error requirement is defined.

TA update based on open loop
In RRC_Connected state the NTN UE shall update   so that the cyclic prefix could absorb the propagation delay variation due to satellite movement. 
As discussed in section 2.2 the UE could autonomously predict and correct the common delay within 0,084   (= 2.6 ) provided that an updated Common TA related assistance information is available at the UE during the last 10s when both Common TA drift rate  and Common drift variation rate are indicated.
Moreover, as will be discussed in section 4.5 the UE could autonomously predict and correct the delay on service link within a timing error range of 0.15 µs provided that an updated ephemeris data is available at the UE during the last 45 s.
As a result, by updating  the UE could autonomously track the RTD variation on both service link and feeder link to keep the residual timing error within a maximum tolerable range.

Time Alignment Timers
The legacy timeAlignmentTimer shall be used for closed loop: when the UE receives a MAC TAC, it updates its existing and restarts the timeAlignmentTimer which defines the maximum time the UE can remain uplink synchronized without having received a TAC from the gNB. If this timer expires the UE assumes that it has lost uplink synchronization.
For  update the UE needs to acquire satellite ephemeris and use its own propagator to predict its specific TA during a certain time period without the need of acquiring new ephemeris data. The newly acquired ephemeris data will be valid only during a period depending on propagator model used by the UE and the maximum tolerable error on the estimation of  as will be discussed in 4.5.
In RAN1#106-e ‘s meeting, the following agreement was made:
•	A validity duration configured by the network for satellite ephemeris data indicates the maximum time during which the UE can apply the satellite ephemeris without having acquired new satellite ephemeris.
FFS: Associated UE behaviour if the UE does not read the ephemeris within the validity duration.
FFS: Whether the same validity duration can be applied for Common TA.

As mentioned above, the newly acquired ephemeris data will be valid only during the validity duration (ntnULSyncValidityDuration). Therefore, the UE shall assume that it has lost uplink synchronization if this timer expires and new ephemeris data is not available.
Proposal 5:
The UE assumes that it has lost uplink synchronization if new ephemeris data is not available within  validity duration.    
Similarly, as discussed in section 2.2 for  update, the assistance information (Common TA, Common TA drift rate) acquired in the SIB will be valid only during a validity time period which depends on the maximum tolerable error on common TA estimation and the order of the Common TA approximation to be carried out by the UE. 
Proposal 6: 
a single validity timer (tnULSyncValidityDuration) is used for satellite ephemeris and common TA parameters.

ntnULSyncValidityDuration is broadcast within the SIB and can be provided using dedicated signaling.

Proposal 7:
ntnULSyncValidityDuration is broadcast within the SIB and can be provided using dedicated signaling.


UL frequency synchronization in NTN
Common Doppler shift pre/post compensation on the feeder links
The following Conclusion was made at RAN1#105e: 
Conclusion:
The Doppler shift over the feeder link and any transponder frequency error for both Downlink and Uplink is compensated by the GW and satellite-payload without any specification impacts in Release 17.

Common Doppler shift pre compensation on the DL service link.
It was observed via simulations [2] that for DL initial synchronization, robust performance can be provided by the SSB design in Rel-15 in case of LEO with beam specific pre-compensation of common frequency shift.
In RAN#104-e, RAN1 made the following conclusion:
If DL frequency compensation for the service link Doppler is applied, indication of the amount of frequency compensation is necessary.
· FFS: support of DL frequency compensation for the service link Doppler.
In case of Earth fixed cell, if DL frequency compensation for the service link Doppler is applied, gNB needs to periodically update and broadcast the DL pre-compensated frequency offset (FO). This pre-compensated  FO is time-varying as show in Figure 4 below:
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Figure 4 Pre-compensated Frequency Offset w.r.t to the center of an Earth-fixed beam- LEO@600 km
The pre-compensated  FO will be used by the UE to perform its own estimation of the residual Doppler experienced on the DL. The UE needs to know this residual Doppler to be able to generate  UL frequency carrier for its uplink transmission. Therefore, the UE shall acquire the broadcast pre-compensated  FO and performs a first order approximation to self-calculate the pre-compensated  FO. Hence, the network needs to also indicate the drift rate of common pre-compensated FO. The error on self-calculated pre-compensated FO should be within a specified threshold .e.g 10% 0,1 ppm, that is 0.01 ppm.
Based on simulation results, in case of LEO @600 km, by using the indicated amount of frequency compensation and the associated FO drift rate the UE can self-calculate and predict pre-compensated FO 2.5 seconds ahead if quantization error is not taken into account. UE self-calculated pre-compensated FO is shown in Figure 5. 

[image: ]
Figure 5 Self-calculated pre-compensated FO
By considering the quantization error, as shown in Figure 6 the UE will be able to predict the pre-compensated FO 2.3 seconds ahead when the  amount of frequency compensation is indicated in a field of 14 bits and the drift rate of common pre-compensated FO in a field of 5 bits.
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Figure 6 Maximum pre-compensated FO error
If DL frequency compensation for the service link Doppler is supported, in case of Earth-fixed cell, the UE needs to frequently acquire the SIB to retrieve common pre-compensated FO parameters.

At least 19 bits are needed to indicate the amount of frequency compensation and associated drift rate.

Proposal 8  Deprioritize support of DL frequency compensation for the service link Doppler in Release 17.

Satellite orbit determination and prediction
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.
Satellite orbit determination
The satellite orbit determination (OD) consists in estimating 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, 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 least square filtering. Least square filtering usually provides more accurate results but requires more computing power.
An overview of a typical satellite system architecture is given on 4 where the locations of each OD step are explicitly represented.
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 manoeuvres to get it back on track.
[image: ]
[bookmark: _Ref61008170]Figure 7 : System Architecture Overview
Hereafter, we provide several examples of orders of magnitude of precision which can be expected for orbit determination. This performance shall not be confused with orbit prediction performances which concern the future satellite trajectory and are discussed in the next section.
One shall distinguish between orbit determination performance based on past measurements of the satellite trajectory and orbit prediction performance which concern 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

Note: 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.
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 allocating an error budget for satellite position and velocity estimations.

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 switch over 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 significant 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 takes into account more or less precisely the physical effects on the satellite movement (J2/4 perturbations, aero-dynamical drag, anticipated station keeping manoeuvres)
· 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. 
· 
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
[bookmark: _Ref70953780]Orbit prediction error at NTN Control Center
In this study, we tried to quantify the propagation error evolution depending on the initial PV errors. The main assumptions and results of this study are summarized in Table 3.
A simplified relative position-velocity model for circular orbits (Clohessy-Wiltshire) has been considered. The CW equations are given in Figure 8 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, they 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: ]
[bookmark: _Ref60930310]Figure 8: 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, …) 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 on Figure 9 and Figure 10 respectively. It can be observed that the velocity error is not an increasing function of time.
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Figure 9 Propagation errors – dZ0 = 1 m
[image: ]
Figure 10 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. As a consequence, 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 11 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

The simulation results are summarized in Table 4. 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. 

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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[bookmark: _Ref60932762]Figure 11 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)

[bookmark: _Ref61007588]Table 3 : 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



[bookmark: _Ref60993503]Table 4 : 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



In above results the PV accuracy targets are Position error < 30 m and Velocity error < 30 mm/s. Thereby, in case of “Low Quality” Precision Orbit Determination,  propagation to 0.1 period before overshooting PV accuracy target is needed. That is, in this case an OD shall be performed every 10 minutes to achieve such requirement on PV accuracy. In case of “Typical” Precision Orbit Determination, propagation to 0.5 period before overshooting PV accuracy target is enough and then an OD shall be performed every 48 minutes.
Therefore, higher performance can be achieved when the Orbit Determination (OD) is performed frequently and  propagation period is shortened to a fraction of orbit period (up to few of minutes).
As can be seen in the following table: By taking into account propagation model errors, satellite position can be predicted 60 seconds ahead with only max error of 1.47m and 5 minutes ahead with max error of 3.87m in case of  initial 3D Position RMS Error = 0.5 m and 3D Velocity RMS Error = 0.5 mm/s (Typical” Precision Orbit Determination used for telecommunication satellites).

Table 5 Satellite PV errors - propagation model errors not taken into account
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Table 6 Satellite PV errors - propagation model errors taken into account
[image: ]


Typical Precision Orbit Determination (initial 3D Position RMS Error = 0.5 m and 3D Velocity RMS Error = 0.5 mm/s) allows Satellite position prediction 60 seconds ahead with max error of 1.47m and 5 minutes ahead with max error of 3.87m 

Satellite orbit format
Serving satellite ephemeris broadcast to UEs is required to enable autonomous adjustments of UL TA and frequency at UE side based on the satellite predicted position and velocity vectors. The satellite ephemeris format to be used was discussed in RAN1#104-bis-e and the following agreement was made:
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
The required accuracy for the satellite ephemeris format shall be driven based on the prediction budget error on satellite position and velocity vectors and the foreseen  prediction time horizon. It can be further discussed once the timing and frequency synchronization requirements are agreed.
The signalling overhead introduced by satellite ephemeris broadcast shall be carefully quantified. 
There are two ways to provide a time reference or Epoch time to the satellite ephemeris broadcast. The first approach is to transmit this time explicitly. It is the simplest approach but it increases signalling overhead. It can also be done in an implicit way to limit the signalling overhead. For instance, the date can be considered equal to the reception time of the frame including the satellite ephemeris information.
The Following agreement was made in RAN1#106-e:
Serving satellite ephemeris Epoch time is implicitly known as a reference time defined by the starting time of a DL slot and/or frame.
•	FFS: Whether this starting time is given by predefined rule or it is indicated by the Network

Serving satellite ephemeris format bit allocations 
The bit allocation for each ephemeris parameter will be determined based on the time and frequency accuracy requirements yet-to-be-defined by RAN4 and their implication on satellite position and velocity accuracy.
Proposal 9:
· Position and velocity state vector ephemeris format [17 bytes payload]. 
· The field size for position [m]  is [78 bits]
· Position range is driven by GEO : +/- 42 200 km
· The quantization step is [1.3m] for position
· The field size for velocity [m/s] is [54 bits]
· Velocity range is driven by LEO@600 km: +/- 8000 m/s
· The quantization step is [0.06 m/s] for Velocity
· Orbital parameter ephemeris format [18 byte payload]
· Semi-major axis α [m] is [33 bits]
· Range: [6500, 43000]km
· Eccentricity e is [19 bits]
· Range: ≤ 0.015
· Argument of periapsis ω [rad] is [24 bits] 
· Range: [0, 2π]
· Longitude of ascending node Ω [rad] is [21 bits]
· Range: [-180o , +180o]
· Inclination i [rad] is [20 bits]
· Range: [-90o  , +90o ]
· Mean anomaly M [rad] at epoch time to is [24 bits]
· Range: [0, 2π]


Orbit prediction error at UE
Depending on adopted ephemeris format; set 1 or set 2, different propagator models can be considered for implementation at UE side. Some have been developed for orbital elements and others for PV state vectors. To enhance the propagator model additional elements may be included in the ephemeris data.
RAN1made the following conclusion in RAN1#104-bis-e:
Conclusion
The orbital propagator model to be used at UE side can be left to implementation.
The adopted ephemeris format can strongly orientate the choice of model (e.g. TLE format and TLE propagation models).
It was observed based on simulation that the prediction time period before overshooting the delay and Doppler pre-compensation target is linked to the broadcast satellite format and to the propagation model used in the UE. As shown in the table below  prediction 45 s ahead for UE pre-compensation is accurate within 0.29 µs for round trip delay error and within 45.93 Hz for Doppler error (at FR2) when Kepler model is used. This is sufficient to accommodate UE pre-compensation requirement when using 120 kHz SCS. Prediction 180 s ahead for UE pre-compensation is accurate within 1.74 µs for round trip delay error and within 17.60 Hz (in S band) for Doppler error when Kepler model is in use. This is sufficient to accommodate UE pre-compensation requirement when using 15 kHz SCS. 
Using other propagation models in the UE will significantly enhance UE pre-compensation accuracy during a larger prediction time period. For example, by using analytical Eckstein-Hechler model, prediction 5 minutes ahead for UE pre-compensation is accurate within 0.29 µs for round trip delay error and within 6.20 Hz (in FR2) for Doppler error.
It is worth noting that adequate fitting can be performed based on the reference orbit and the prediction time horizon considered to further enhance UE pre-compensation accuracy. Of course, this is possible only if the propagator model to be used at UE side is known by the network. But the orbital propagator model to be used at UE side can be left to implementation as per the conclusion made in RAN1#104-bis-e.
Table 7 Orbit propagation model comparison
	
	Maximum errors

	Without fitting
	Model
	Duration of prediction (minute)
	DP (m)
	UE specific TA Error (µs)
	DV (m/s)
	Doppler error (Hz)

	
	Kepler
	3
	261
	1.74
	2.64
	17.60

	
	Eckstein Hechler (J6)
	21
	303
	2.02
	0.48
	3.20

	
	2x2 num
	22,5
	301.4
	2.01
	0.42
	2.80

	
	6x6 num
	27
	302.5
	2.02
	0.44
	2.93

	

	
	Maximum errors

	
	Model
	Duration of prediction (second)
	DP (m)
	UE specific TA Error (µs)
	DV (m/s)
	Doppler error (Hz)

	Without fitting
	Kepler
	45
	43.4
	0.29
	0.689
	45.93

	
	Eckstein Hechler (J6)
	300
	43.4
	0.29
	0.093
	6.20

	
	2x2 num
	300
	44.3
	0.30
	0.1
	6.67

	
	6x6 num
	350
	44.2
	0.29
	0.084
	5.60

	

	With fitting
	TLE
	370
	44,1
	0.29
	0.1
	6.67

	
	Eckstein Hechler (J6)
	390
	44,2
	0.29
	0.083
	5.53

	
	2x2 num
	375
	44
	0.29
	0.092
	6.13

	
	6x6 num
	395
	44,2
	0.29
	0.079
	5.27



Based on simulation results, prediction 45 s ahead for UE pre-compensation is accurate within 0.29 µs for round trip delay error and within 45.93 Hz for Doppler error (at FR2) when Kepler model is used. This is sufficient to accommodate UE pre-compensation requirement when using 120 kHz SCS

Conclusion
In this contribution, the following proposals and observations have been made:
Proposal 1: 
[bookmark: _GoBack]The Network may periodically broadcast:
· Common TA 
· Common TA drift rate 
· Second-order derivative of Common Delay drift

Proposal 2: 
The granularity of Common TA is equal to 64/2^μ*Tc
μ is the highest allowed numerology for the given Frequency Range
Proposal 3: 
The Network may periodically broadcast:
	in case of GEO based non-terrestrial access network:
	Common TA in a field of 26 bits 
	in case of LEO/MEO based non-terrestrial access network:
	Common TA in a field of 23 bits 
	Common TA drift rate in a field of 13 bits
	Common TA drift rate variation in a field of 6 bits
Proposal 4: 
The selection of the option to avoid that the UE over pre-compensates its TA during RACH procedure can be postponed discussion until the initial transmit timing error requirement is defined.
Proposal 5:
The UE assumes that it has lost uplink synchronization if new ephemeris data is not available within  validity duration.    
Proposal 6: 
a single validity timer (tnULSyncValidityDuration) is used for satellite ephemeris and common TA parameters.
Proposal 7:
ntnULSyncValidityDuration is broadcast within the SIB and can be provided using dedicated signaling.
Proposal 8:
 Deprioritize support of DL frequency compensation for the service link Doppler in Release 17.
Proposal 9:
· Position and velocity state vector ephemeris format [17 bytes payload]. 
· The field size for position [m]  is [78 bits]
· Position range is driven by GEO : +/- 42 200 km
· The quantization step is [1.3m] for position
· The field size for velocity [m/s] is [54 bits]
· Velocity range is driven by LEO@600 km: +/- 8000 m/s
· The quantization step is [0.06 m/s] for Velocity
· Orbital parameter ephemeris format [18 byte payload]
· Semi-major axis α [m] is [33 bits]
· Range: [6500, 43000]km
· Eccentricity e is [19 bits]
· Range: ≤ 0.015
· Argument of periapsis ω [rad] is [24 bits] 
· Range: [0, 2π]
· Longitude of ascending node Ω [rad] is [21 bits]
· Range: [-180o , +180o]
· Inclination i [rad] is [20 bits]
· Range: [-90o  , +90o ]
· Mean anomaly M [rad] at epoch time to is [24 bits]
· Range: [0, 2π]
Observation 1 For better accuracy of self-estimated Common TA a second-order approximation is needed, thereby, both Common TA drift rate and Common TA drift variation rate may need to be jointly broadcast by the Network.
Observation 2. Maximum one way Common Delay estimation error shall take into account the error on satellite position and the error of  quantization of common TA parameters broadcast in SIB.

Observation 3. The UE can estimate the Common one delay on the feeder link with a maximum error less than 0,084   (= 2.6 ) assuming the UE acquires the Common TA related parameters once every 10 microseconds.

Observation 4. The residual timing inaccuracy due to common TA approximation can be managed by gradual timing adjustment using closed loop TA commands if necessary

Observation 5. If DL frequency compensation for the service link Doppler is supported, in case of Earth-fixed cell, the UE needs to frequently acquire the SIB to retrieve common pre-compensated FO parameters.

Observation 6. At least 19 bits are needed to indicate the amount of frequency compensation and associated drift rate.

Observation 7. One shall distinguish between orbit determination performance based on past measurements of the satellite trajectory and orbit prediction performance which concern the future satellite trajectory.

Observation 8. 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 allocating an error budget for satellite position and velocity estimations.

Observation 9. The orbit prediction accuracy depends on:
d. -	The accuracy of the orbit determination used to derive the satellite ephemeris
e. -	The accuracy of the orbit propagation model
f. -	The time horizon over which the prediction is made

Observation 10. 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. 

Observation 11. Typical Precision Orbit Determination (initial 3D Position RMS Error = 0.5 m and 3D Velocity RMS Error = 0.5 mm/s) allows Satellite position prediction 60 seconds ahead with max error of 1.47m and 5 minutes ahead with max error of 3.87m 

Observation 12. Based on simulation results, prediction 45 s ahead for UE pre-compensation is accurate within 0.29 µs for round trip delay error and within 45.93 Hz for Doppler error (at FR2) when Kepler model is used. This is sufficient to accommodate UE pre-compensation requirement when using 120 kHz SCS

Bibliography
[1]  Thales, FL Summary on enhancements on UL time and frequency synchronization for NR NTN, R1-2108587, August  2021
[2] TR38.821 Solutions for NR to support non-terrestrial networks.
[3] TR38.213 Physical layer procedures for control.
[4] Thales, "RP-201256 Solutions for NR to support non-terrestrial networks (NTN)," RAN#88e, June 2020.
[5] R4-2115347, Reply LS on NTN UL time and frequency synchronization requirements

image2.png
15

=
£ °
3 B
g
o
b3
8
3
3
5
s o
£
<
°
8 = ° = 8 % = 8 5 &
8 5 5 8 8 3 8 8 5
s s S © 8 8 8 ° ©
[s1f ] Joue UoeWISS ABjaC] UOWILIOD
°
o
b3
8
3
£
S
°
e T N
s s 3 3 s s 3

s 110112 uopeunse Aejeq UowiLIo

time [s]

time [s]




image3.png
Error [1s]

Duration of Common TA parameters update at the
UE= 15 sec

008
+ erors
0064 e+ . N O maxerror
+ 5 Tt
g rh N R
004 A A R TR T
gy p s ¥ P
+
ool ThETe WM TA g WA T
+ +
N + LR ++++ + + .
0
+ +
S *
- e U
002 [ + #ﬁ%# B R ‘ng
grr e sk gl g
iE o
004 4 F Ty e
ANt tﬁﬁt&*i& *ﬁ;‘%*;* +*+++ﬂf$€
0.06 i ++ s P
008
0 100 200 300 400 500 600 700 800 900 1000

Draw Index

Error [s]

015

01

005

-005

015
0

Duration of Common TA parameters update at the
UE= 17 sec

®
i T emors |4

O maxermor
s

+ oy

e

"

+ * ++ +
e A

P i S Fudl <

o e g+ + T

il #f:}r VAR e +

+
I+
b+
F
b

i ++ 4 P R
Btk ot h +hﬁ+mt+£## e
i vt f E‘ + §
++ R

oy
+ oy + +

=

100 200 300 400 500 600 700 800 900
Draw Index




image4.wmf
15

2

×

m


oleObject1.bin

image5.emf
0 100 200 300

time [s]

-25

-20

-15

-10

-5

0

5

10

15

20

25

p

r

e

c

o

m

p

 

F

O

 

[

p

p

m

]

precomp FO evolution

0 100 200 300

time [s]

0

0.05

0.1

0.15

0.2

0.25

0.3

p

r

e

c

o

m

p

 

F

O

 

[

p

p

m

/

s

]

precomp FO drift evolution


image6.emf
95.5 96 96.5 97 97.5 98 98.5

time [s]

-13.2

-13.1

-13

-12.9

-12.8

-12.7

F

O

 

[

p

p

m

]

self calculated precomp FO evolution - precomp broadcast acquisition periodicity = 2.5 s

V

rad,UE-Sat

 / c

last precomp FO broadcast acquisition

self calculated precomp FO

0 50 100 150 200 250 300

time [s]

-0.01

-0.008

-0.006

-0.004

-0.002

0

0.002

0.004

0.006

0.008

0.01

p

r

e

c

o

m

p

 

F

O

 

e

r

r

o

r

 

[

p

p

m

]

precomp FO error evolution - max tolerated Precomp FO Error = +/- 0.01 ppm

precomp FO error

- max precomp FO error


image7.emf
1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5

Broadcast Acquisition Periodicity [s]

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

M

a

x

 

C

o

m

m

o

n

 

F

O

 

E

r

r

o

r

 

[

p

p

m

]

bits for Common FO = 11 / bits for Common FO drift = 5

bits for Common FO = 12 / bits for Common FO drift = 5

bits for Common FO = 13 / bits for Common FO drift = 5

bits for Common FO = 14 / bits for Common FO drift = 5

No quantification

Max Common FO Error threshold


image8.png
Step 1

Satellite
\\:/ with on-board GNSS

Satellite PV measurem:
(via TM/TC)

%

- I
L=< =S
GNSS equippe~

UE

/
/
Step 3 ¥
GW: NTN Gateway g Satellite Ephemeris
NCC: NTN Control Center via proprietary interface
PV: Position and Velocity
NCC





image9.png
X -20Z = Ayy

s

+0fY = Ayy
7 +20X -30°Z =Ay,




image10.png
Cistance (m)

Velocity (m/s)

Position dz0=1m

8388338

5 8

°

0014
o012

001
0.008
0.006
0.004
0002

-0.002
-0.004

0s 1 15
Time (orbital period)

Velocity dv0 =0

Time (orbital period)




image11.png
Cistance (m)

Velocity (mfs)

Position dp0 = 0

0.008
0.006
0.004
0.002

-0.002
-0.004

-0.006

-0.008
0

0s 1 15
Time (orbital period)
Velocity dvx0 =1 mm/s
0s 1 15

Time (orbital period)

2828




image12.png
[e—

DopplerEror

Standard deviatiol
Percentile 50.0 =
Percentile 95.0 =
Percentile 99.7 =

= 0.0231m/s
0.0123m/s
0.0631m/s
0.1593 m/s





image13.png
Propagation period [s]

atellite
position error

0,40

0,30

1,43

0,57

0,34

1.83

041

0,30

0,57
0,34

1.83

5%60

0,46

0,30

1,52

0,64

0,38

1,92

[ Precision Orbit Determination

15%60

30%60

9,43

249

2,19

11,95

Low Quality” Precision Orbit Determination

4.0

3,0

143

57

34

18,2

60

4.1

3,0

144

57

34

5*60

4.6

15%60

7.6

30%60

20,0

17,0

943

249

21,9

119.6




image14.png
17 Precision Orbit Determination Low Quality” Precision Orbit Determination

Propagation period [s] 5%60 15%60 30%60 30 60 5%60 15%60 30%60
041 0,44 2,63 9,75 48,09 4.0 4,1 54 12,1 49.4
Satellite
position error 0.30 0.29 0.34 0.67 2,51 3.0 3.0 29 53 221
145 147 3.87 12,02 56,22 143 145 16.3 352 1295
2,15 4,22 14,13 15,99 81,61 6.4 7.5 153 205 81,7
0.38 0.39 0,54 0,82 321 33 33 4.5 7.0 30.2

3,70 577 15,66 19,01 91,93 19,7 21,8 31,2 51.8 184,8




image1.emf

