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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
The agreements and working assumption related to UL time and frequency synchronization in NTN achieved during RAN1 Meeting #103-e are recalled hereafter:
	Agreement:
An NTN UE in RRC_IDLE and RRC_INACTIVE states is required to at least support UE specific TA calculation based at least on its GNSS-acquired position and the serving satellite ephemeris.

Agreement:
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.

Agreement:
· In NTN, the network may broadcast 
· A common timing offset value 
· FFS details of the common timing offset
· FFS: A common timing drift rate
· Before Msg1/MsgA transmission, the NR NTN UE in idle/inactive mode calculates its TA as follows:

Where:
is derived from the User specific TA self-estimation
 is derived at least from the common timing offset value if broadcasted by the network. The granularity of  and whether  is indicated as a Timing Advance or as a Timing Offset value [unit] are FFS. Upon resolving the FFS, one of the X in the equation will be removed.
· depends on band and LTE/NR coexistence and is specified in TS 38.213 section 4.2.
·  is specified in TS 38.211 section 4.1. 
· Note: UE will not assume that the RTT between UE and gNB is equal to the calculated TA for Msg1/Msg A.

Working assumption:
It is assumed that the requirement on UL time pre-compensation for Msg1/MsgA transmission of an NR NTN UE in idle/inactive mode will be defined such that the existing TAC 12-bit field in msg2 (or msgB) can be reused without any extension.
  
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.



The agreements related to UL time and frequency synchronization in NTN achieved during RAN1 Meeting #102-e are recalled hereafter:
	Agreement:
· In Rel-17 NR NTN, at least support UE which can derive based on its GNSS implementation one or more of:
· its position 
· a reference time and frequency
· And, based on one or more of these elements together with additional information (e.g., serving satellite ephemeris or timestamp) signalled by the network, can compute timing and frequency, and apply timing advance and frequency adjustment at least for UE in RRC idle/inactive mode.
· FFS:  Details on additional information signalled from network

Agreement:
In case of GNSS-assisted TA acquisition in RRC idle/inactive mode, the UE calculates its TA based on the following potential contributions:
· The User specific TA which is estimated by the UE:
· Option 1: The User specific TA is estimated by the UE based on its GNSS acquired position together with the serving satellite ephemeris indicated by the network:
· FFS: Details on serving satellite ephemeris indication 
· Option 2: The User specific TA  is estimated by the UE based on the GNSS acquired reference time at UE together with reference time as indicated by the network
· The Common TA if indicated by the network:
· FFS: The need and details of Common TA indication 
· FFS: The TA margin, if needed and indicated by the network (in order to account for the TA estimation uncertainty)



In this contribution, we make observations and proposals to address issues identified and discussed during RAN1#103e meeting

UL timing synchronization in NTN
Initial acquisition of TA 
At RAN1 Meeting #103-e, it was agreed that gNB may broadcast in the SIB the common delay (a.k.a common timing offset) over feeder link and GW-gNB link. The UE may need this information to determine its TA before transmitting on the UL. This common timing offset broadcasted by the Network would implicitly define the reference point for uplink time synchronization but the exact location of this reference point would be an internal matter for the network. 
The agreement from RAN1 #103-e clarifies also UE behavior for TA calculation as follows:
Before Msg1/MsgA transmission, the NR NTN UE in idle/inactive mode calculates its TA as follows:


Where:
 is derived from the common timing offset value if broadcasted by the network. From our perspective, the X represents the common delay expressed in unit of Tc with a step size of .
Therefore, in this contribution we defined X=  and assumed that the UE applies the TA as follows:
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Figure 1 UL/DL radio frame timing

is derived from the User specific TA self-estimation corresponding to the service link RTD and autonomously acquired by the UE  based on its GNSS position and the satellite ephemeris.
 is a configurable timing offset to account for the TA estimation uncertainty. It needs to be applied only for PRACH transmission as will be discussed in section 2.3.
depends on band and LTE/NR coexistence and is specified in TS 38.213 section 4.2. A set of  values are specified in TS 38.133 and shown in Table x. The UE identifies  based on the information n-TimingAdvanceOffset (n0, n25600, n39936) as specified in TS 38.331. If UE is not provided with the information n-TimingAdvanceOffset, the default value of [image: ] is set as 25600 for FR1 band.
Table 1 Values of 
	Frequency range and band of cell used for uplink transmission
	[image: ](Unit: TC)
	[image: ]*Tc

	FR1 FDD band without LTE-NR coexistence case or FR1 TDD band without LTE-NR coexistence case 
	25600 
	13.02 µs

	FR1 FDD band with LTE-NR coexistence case
	0 
	0 µs

	FR1 TDD band with LTE-NR coexistence case
	39936 
	20.31 µs

	FR2
	13792
	7.01 µs







 is the basic time unit: where  Hz and .
Proposal 1
For PRACH transmission, the NTN UE calculates its TA as follows:

Where:
 is derived from the User specific TA self-estimation corresponding to the service link RTD and autonomously acquired by the UE  based on its GNSS position and the satellite ephemeris.
If indicated by the Network, the UE needs to apply   which is a common timing offset to deal with the RTD on the feeder link.
: a timing offset to account for the TA estimation uncertainty
 values are specified in TS 38.133

The  is a common timing offset to be applied by the UE to deal with the RTD on the feeder link. It is derived by the UE from  if broadcasted by the gNB and  the common timing drift , It is calculated and expressed at unit of Tc as follows:

 is the time interval since last time the  is received on the SIB. 
 values are indicated in the SIB by index values of  TA_common = 0, 1, 2, ..., p 

Where an amount of the common timing offset with subcarrier spacing of kHz is

p is the maximum range of TA_common; 
The maximum RTD on the feeder link that shall be supported in NTN are summarized in Table 2:

[bookmark: _Ref61514508]Table 2 The maximum RTD on the feeder link
	Scenarios
	GEO based non-terrestrial access network 
	LEO based non-terrestrial access network 

	Max propagation delay on the feeder link
	270.73 ms
	12.89 ms (600km)
20.89 ms (1200km)




In case of LEO based non-terrestrial access network, the maximum  common timing offset on the feeder link for numerology  is given by : , where  is calculated for 120kHz subcarrier spacing and  TA_common = p.
Thus, 

Therefore, the maximum range of TA-Common is calculated for 120kHz SCS as depicted within Table 3 :
[bookmark: _Ref61514657][bookmark: _Ref61514645]Table 3 The maximum  common timing offset on the feeder link
	Scenarios
	GEO based non-terrestrial access network 
	LEO based non-terrestrial access network 

	maximum range of TA-Common
	4158413
	197990 (600km)
320870 (1200km)

	Related IE size on the SIB (bits)
	22
	18 (600km)
18 (1200Km)


 
is the RTT drift over the feeder link. As the propagation delay changes quickly in case  of  LEO scenario, this timing drift needs to be indicated by the network so the UE can keep track of quick delay changes without the need of frequent decoding of system information. For example, in case of LEO at 600Km the maximum one-way delay variation as seen by the GW can be up to +/- 25 µs/sec. If the common timing offset is broadcast on the SIB every 160ms, the RTD delay variation over the feeder link between two consecutive SIB periods is equal to +/- 8 µs which is equal to 15% of maximum allowed TA estimation error in case of PRACH format 0. 

Without indicating the timing drift over the feeder link, the accuracy of self-estimated TA will be degraded.

Proposal 2.
In case of LEO based NTN, the gNB shall broadcast the common timing drift over the feeder link if the common timing offset needs to be applied by the UE for the self-calculated TA 

Proposal 3.
If the network indicates a common timing offset corresponding to the RTD on the feeder link, the UE shall calculate the   as follows:

Where
 
 is the timing drift rate on the feeder link indicated by gNB
  is the time interval since last time the  is received on the SIB. 


TA uncertainty handling
UE can either underestimate or overestimate its TA. In case of overestimation, the PRACH sequence will be received at gNB side in advance w.r.t. the RACH occasion leading to unwanted interference with previous OFDM symbols. To avoid such interference, the TA_margin is used by the UE for pre-adjustment/pre-refinement of the autonomously acquired initial TA as shown in Figure 2:  
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Figure 2  Pre-adjustment of autonmously acquired initial TA

The TA_margin can be  absorbed by the common timing offset or can be explicitly indicated to the UE in the SIB. As the indicated common timing offset can be also used for other purposes ,e.g for TA update in connected mode or it can be used by the UE to extend start of MAC RAR and CR timers based on RAN2#112e agreement, we prefer at this stage to define TA-margin as a separate configurable parameter that the gNB needs to indicate to the UE.
Proposal 4.
TA margin is configurable parameter indicated in SIB

The value to be considered for TA-margin in the cell depends on maximum allowed TA estimation error discussed in section 2.5
Proposal 5.
For PRACH transmission, the NTN UE calculates its TA as follows:

Where  . Tc= 

TA command in RAR
When the indicated TA margin is correctly selected, the residual timing error committed on the first TA acquisition is a positive delay. This residual error should be indicated by the gNB using TA command (TAC) in the Random Access Response. 
Further, as per the working assumption in FL summary R1-2009748, it is assumed that the requirement on UL time pre-compensation for initial access will be defined such that the existing TAC 12-bit field in msg2 (or msgB) can be reused without any extension. 



As a consequence, the current TA should be adjusted for a SCS of  kHz by an amount of Tc units equals to , is provided within the range from 0, to 3846.
Proposal 6.
The residual timing error committed on the first TA acquisition should be indicated by the gNB using TA command (TAC) field in msg2 (or msgB) and applied by the UE to adjust its existing TA.

TA update in connected mode 
In NTN, the radial velocity between the satellite and the ground (i.e. UE location or NTN GW location) can reach significant values especially in NGSO scenarios. As a consequence, the propagation delay changes quickly. In case of LEO transparent payload  the maximum delay variation as seen by the UE can be up to up to +/- 40 µs/sec. In these conditions, the maintenance procedure may become rather challenging because the user-specific timing adjustment commands must be sent very often leading to critical DL signaling overhead.
In NGSO scenarios, the timing adjustment procedure may become challenging because the user-specific timing adjustment commands must be sent very often leading to critical DL signaling overhead.

Another approach is to keep relying on the legacy timing close control loop but combined with open loop. This way, the UE maintains its TA as follows:
The gNB requires uplink transmission from the UE to adjust timing advance. Uplink transmissions allow the gNB to measure the existing timing and accordingly determine whether or not any adjustment is required. Depending on gNB implementation, an event driven TAC may be sent when the uplink time error exceeds a specific threshold or the gNB may send a periodic TAC.
When the UE receives a MAC TAC, it updates its existing TA by adding the  corresponding to TA adjustment by gNB 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.
Then, for each new uplink transmission, the UE needs to update its TA as follows:


Where  is the propagation delay variation on the service link self-estimated by the UE and   is the common propagation delay variation. (TA-31) is the received TA command. The TA adjustment NTA is indicated in a TAC with 6 bits in MAC CE, where TA={0,1,2,…,63}.
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Figure 3 TA maintenance in connected mode
Proposal 7.
For TA update in RRC_CONNECTED,  the UE needs to update its TA as follows:


UL Time synchronization requirements 
For PRACH transmission
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. As a consequence, 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.
Proposal 8.
The UE shall be able to acquire its User specific TA with an accuracy better than ± ,  depending on the PRACH format and configuration.

The CP durations are summarized in Table 4 depending on the preamble format. Note that for PRACH short format a SCS of 60 kHz has been considered in the table, but higher numerologies must also be supported. The relative cyclic shift durations are summarized in  Table 5  depending on the Zero Correlation Zone configurations assuming a Long PRACH format.
[bookmark: _Ref61515657][bookmark: _Ref61515668]Table 4 CP duration based for each PRACH format
	PRACH format, long ZC sequence

	Format
	SCS
	CP length
	SEQ length
	GP length
	Total duration

	0
	1.25 kHz
	103.13 μs
	1 x 800 μs
	96.88 μs
	1 ms

	1
	1.25 kHz
	684.38 μs
	2 x 800 μs
	715.63 μs
	3 ms

	2
	1.25 kHz
	152.60 μs
	4 x 800 μs
	647.40 μs
	4 ms

	3
	5 kHz
	103.13 μs
	4 x 800 μs
	96.88 μs
	1 ms

	PRACH format, short ZC sequence

	Format
	SCS
	CP length
	SEQ length
	GP length
	Total duration

	A1
	60 kHz
	2.34 μs
	2 x 16.67 μs
	0 μs
	35.68 μs

	A2
	60 kHz
	4.68 μs
	4 x 16.67 μs
	0 μs
	71.35 μs

	A3
	60 kHz
	7.03 μs
	6 x 16.67 μs
	0 μs
	107.03 μs

	B1
	60 kHz
	1.76 μs
	2 x 16.67 μs
	0.58 μs
	35.68 μs

	B2
	60 kHz
	2.92 μs
	4 x 16.67 μs
	1.75 μs
	71.35 μs

	B3
	60 kHz
	4.10 μs
	6 x 16.67 μs
	2.93 μs
	107.03 μs

	B4
	60 kHz
	7.61 μs
	12 x 16.67 μs
	6.44 μs
	214.06 μs

	C0
	60 kHz
	10.09 μs
	1 x 16.67 μs
	8.92 μs
	35.68 μs

	C1
	60 kHz
	16.67 μs
	4 x 16.67 μs
	23.70 μs
	107.05 μs



Table 5  : Minimal Relative Cyclic Shift Duration for different Long PRACH format configurations
	Subcarrier Spacing (Hz)
	1250
	 
	 

	Zero Correlation Zone
	Unrestricted set
	Preamble Sequences per Root Sequence
	Minimal Relative Cyclic Shit
(μs)

	1
	13
	64
	11,44

	2
	15
	55
	13,35

	3
	18
	46
	16,21

	4
	22
	38
	20,02

	5
	26
	32
	23,84

	6
	32
	26
	29,56

	7
	38
	22
	35,28

	8
	46
	18
	42,91

	9
	59
	14
	55,30

	10
	76
	11
	71,51

	11
	93
	9
	87,72

	12
	119
	7
	112,51

	13
	167
	5
	158,28

	14
	279
	3
	265,08

	15
	419
	2
	398,57

	0
	0
	1
	800



The above requirement can be interpreted as a requirement related to the accuracy associated to the distance satellite-UE where  denotes the speed of light:

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. 
Finally, the implication of this requirement on the UE 3D positioning error  and the satellite 3D positioning error  is detailed in Annex A. Additionally, the following requirement on the UE and satellite 3D positioning errors is proposed:


Proposal 9.
The UE 3D positioning error ΔU and the satellite 3D positioning error ΔS shall accommodate the following requirement: ΔU + ΔS < c/2 * min((CP-Delay spread)/2,GP/2,(Minimal Relative Cyclic Shift Duration)/2) 

In connected mode
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: . 
If the delay spread is neglected, in case of 15 kHz SCS the max allowed error should be less than 2.34 μs and in case of 120 kHz SCS the max allowed error should be 0.29 μs.
Proposal 10.
In connected mode, the UE shall be able to update its TA with an accuracy better than ±.  depending on the numerology in use.
UL frequency synchronization in NTN
Common Doppler shift pre/post compensation on the feeder links
As working assumption, we need to consider that the GW pre/post compensates common Doppler shift / Doppler shift variation over the feeder link and any transponder frequency error at the satellite in a transparent way to the UE and gNB. 
Common Doppler shift pre compensation on the DL service link.
We believe that common Doppler shift pre compensation on the DL service link is needed to assist DL synchronization at UE side and limit the complexity of SSB detection. As a consequence, a Reference Point (RP) w.r.t this pre-compensation is made shall be defined for each Earth-fixed cell. 
Proposal 11.
If NR NTN gNB applies frequency pre-compensation in DL, the gNB should broadcast:
· In case of earth-fixed cell, the beam-specific ECEF co-ordinates of a fixed Reference Point w.r.t the common Doppler shift experienced on the DL service link is pre-compensated by the gNB.
· In case of earth-moving beam, the beam-specific common Doppler shift value.

Doppler shift estimations and UL frequency compensation
During RAN1 meeting#103-e (November), It was agreed that an NR NTN UE in RRC_IDLE and RRC_INACTIVE and RRC_CONNECTED 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 acquisition of the Doppler shifts estimation can be done based on the following procedure:
1) When SSB has been successfully detected and SIBs can be decoded, the UE can derive from NTN SI :
a. The real time satellite PV
b. The position  of the reference point w.r.t. which the DL Doppler pre-compensation is performed
2) UE can derive its own location thanks to its GNSS capabilities.
3) Based on these inputs and some basic satellite orbit propagator, the UE can derive for any given time :
a. Its own estimation of the residual Doppler experienced on the DL :
 
 [ppm]

b. Its own estimation of the Doppler experienced on the UL :

[ppm]
Where:
 is the vector product of  and 
 is the Euclidean norm of  

Finally, the UE shall take into account these two elements when generating its UL frequency carrier based on proprietary implementations. For instance, one can apply the following formula:

Where  refers to the UL frequency carrier generated by the UE,  refers to DL frequency carrier w.r.t which the UE is synchronized, and the   is computed as follows:

Where  and  are the reference UL and DL frequency carriers specified in the SI.

UL frequency synchronization requirements 
The key requirement for UL frequency synchronisation is the frequency error of ±0.1ppm w.r.t the frequency carrier expected by the gNB. Currently, this budget of ±0.1ppm includes all the residual frequency errors due to frequency tracking error and crystal oscillator drifts. We propose that the residual frequency error resulting of the imperfect satellite mobility compensation at UE side shall be included as well in this budget. It means that a portion of this budget shall be dedicated to this specific contribution.
Finally, it shall be investigated whether the Doppler shifts compensation conducted by the UE can match the requirements in terms of UL frequency error depending on the sub-budget allocated to this source of error.
Proposal 12.
The UE shall be able to compensate the frequency offset due to the satellite mobility when generating its UL carrier frequency. The residual frequency error shall be sufficiently low such that it can be considered within the tolerated frequency error of 0.1 ppm already captured in the specification.

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 in traditional satellite system.
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 Figure 1 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 4 : 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, aerodynamical drag, anticipated stationkeeping 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
An example : Study of orbit prediction error
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 6.
A simplified relative position-velocity model for circular orbits (Clohessy-Wiltshire) has been considered. The CW equations are given in Figure 5 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 5: 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 2 and Figure 3 respectively. It can be observed that the velocity error is not an increasing function of time.
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Figure 6 Propagation errors – dZ0 = 1 m
[image: ]
Figure 7 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 4 and Table 1) 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 1. 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 8 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 6 : 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 8 : 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




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 is still undecided. Two main options are foreseen:
Option 1: Adopt a satellite ephemeris format based on orbital elements. The date associated to the state vectors should also be provided (implicit or explicit methods can be further discussed). Possibly, additional elements associated to the propagator model considered can be included (e.g. drag term from TLE format).
Option 2: Adopt a satellite ephemeris format based on satellite position and velocity state vectors. The date associated to the state vectors should also be provided (implicit or explicit method can be further discussed). Possibly, additional elements associated to the propagator model considered can be included.
Table 9 : Issues related to satellite ephemeris format
	Issues
	Option 1
	Option 2

	Precision(s)
	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 format resolution must be chosen such that the quantization noise impact on orbit prediction error is negligible.
When performing orbit prediction based on past satellite ephemeris, it is required to estimate the time between the satellite ephemeris date and the instant of prediction. Then, the precisions related to absolute and/or relative time knowledge at UE side shall be investigated to quantify its impact on the orbit prediction error.

	Propagator models
	Depending on Option 1 or Option 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. Additional elements shall be included in the ephemeris to enhance the propagator model. 
The propagator model to be used at UE side can be left to implementation. Yet, the adopted ephemeris format can strongly orientate the choice of model (e.g. TLE format and TLE propagation models).

	
	Kepler model:
· Complexity: low
· Accuracy: low
· Additional elements: No
TLE model:
· Complexity: medium
· Accuracy performance: good if adequate fitting is performed based on the reference orbit and the prediction time horizon considered
· Additional elements: Yes
	Analytical Eckstein-Hechler model:
· Complexity: medium
· Accuracy: good
· Additional elements: No

Numerical model with Earth Potential only limited to 2x2 (J2, J22)
· Complexity: medium/high
· Accuracy: good
· Additional elements: No


	Overhead
	The serving satellite ephemeris broadcast periodicity is driven by the initial access latency and may be rather low. The overhead introduced shall be carefully quantified. Several leads can be foreseen to reduce the overhead.

	
	Implicit time provision
Define separate formats for GEO orbits, LEO orbits and HAPS/ATG.
	Implicit time provision
Pre-provisioned ephemeris based on orbital elements can be used as reference. Only delta corrections can be broadcast in order to reduce the overhead

	Time provision
	There are several ways to provide a time reference or date associated to the satellite ephemeris broadcast.
The first approach is to transmit this date 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. 
· Another method is to establish a common understanding in the system concerning the received satellite ephemeris and the dates associated. For instance, it can be established that satellite ephemeris updates are performed every X minutes starting from 00h00 UTC. Every time satellite ephemeris information is broadcast, it is assumed that the date associated is the time of the latest update.

	Unified ephemeris format
	Ephemeris are going to be used for other purposes than UL synchronization. It would be beneficial to come up with a unified framework for ephemeris management at UE side.

	
	Compatible with HAPS and ATG but propagation models shall be adapted
	Not compatible with HAPS and ATG


The required accuracy for the satellite ephemeris format shall be driven based on the prediction budget error on satellite position and velocity vectors and error target assuming a reasonable the  foreseen  prediction time horizon.
The precisions related to absolute and/or relative time knowledge at UE side shall be investigated to quantify its impact on the orbit prediction error.
Propagator model at UE side are left to implementation. Yet, the adopted ephemeris format can strongly orientate the choice of model.

Conclusion
In this paper, the following observations and proposal have been made:
Proposal 1
For PRACH transmission, the NTN UE calculates its TA as follows:

Where:
 is derived from the User specific TA self-estimation corresponding to the service link RTD and autonomously acquired by the UE  based on its GNSS position and the satellite ephemeris.
If indicated by the Network, the UE needs to apply   which is a common timing offset to deal with the RTD on the feeder link.
: a timing offset to account for the TA estimation uncertainty
 values are specified in TS 38.133

Observation 1.
Without indicating the timing drift over the feeder link, the accuracy of self-estimated TA will be degraded.

Proposal 2.
In case of LEO based NTN, the gNB shall broadcast the common timing drift over the feeder link if the common timing offset needs to be applied by the UE for the self-calculated TA 

Proposal 3.
If the network indicates a common timing offset corresponding to the RTD on the feeder link, the UE shall calculate the   as follows:

Where
 
 is the timing drift rate on the feeder link indicated by gNB
  is the time interval since last time the  is received on the SIB. 

Proposal 4:
TA margin is configurable parameter indicated in SIB

Proposal 5:
For PRACH transmission, the NTN UE calculates its TA as follows:

Where  . Tc= 

Proposal 6:
The residual timing error committed on the first TA acquisition should be indicated by the gNB using TA command (TAC) field in msg2 (or msgB) and applied by the UE to adjust its existing TA.
Observation 2. In NGSO scenarios, the timing adjustment procedure may become challenging because the user-specific timing adjustment commands must be sent very often leading to critical DL signaling overhead.

Proposal 7:
For TA update in RRC_CONNECTED,  the UE needs to update its TA as follows:

Proposal 8:
The UE shall be able to acquire its User specific TA with an accuracy better than ± ,  depending on the PRACH format and configuration

Proposal 9:
The UE 3D positioning error ΔU and the satellite 3D positioning error ΔS shall accommodate the following requirement: ΔU + ΔS < c/2 * min((CP-Delay spread)/2,GP/2,(Minimal Relative Cyclic Shift Duration)/2) 

Proposal 10:
In connected mode, the UE shall be able to update its TA with an accuracy better than ±.  depending on the numerology in use.

Proposal 11:
If NR NTN gNB applies frequency pre-compensation in DL, the gNB should broadcast:
In case of earth-fixed cell, the beam-specific ECEF co-ordinates of a fixed Reference Point w.r.t the common Doppler shift experienced on the DL service link is pre-compensated by the gNB.
In case of earth-moving beam, the beam-specific common Doppler shift value.

Proposal 12:
The UE shall be able to compensate the frequency offset due to the satellite mobility when generating its UL carrier frequency. The residual frequency error shall be sufficiently low such that it can be considered within the tolerated frequency error of 0.1 ppm already captured in the specification.
Observation 3.	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 4.	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 5.	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 6.	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 7.	The required accuracy for the satellite ephemeris format shall be driven based on the prediction budget error on satellite position and velocity vectors and error target assuming a reasonable the  foreseen  prediction time horizon.
Observation 8.	The precisions related to absolute and/or relative time knowledge at UE side shall be investigated to quantify its impact on the orbit prediction error.
Observation 9.	Propagator model at UE side are left to implementation. Yet, the adopted ephemeris format can strongly orientate the choice of model.
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ANNEX A – Implication of UL timing alignment requirements on the expected accuracy of the satellite and UE positions. 

The UE is positioned on point U. The UE estimates its location on point U’.
The satellite is positioned on point S. The UE estimates the satellite position on point S’.
The UE 3D positioning error is represented by  and the satellite 3D positioning error is represented by .


To maintain the PRACH sequences orthogonality, the residual error committed when User specific TA acquisition is performed should accommodate the following requirement:

This requirement can be interpreted as a requirement related to the accuracy associated to the distance satellite-UE:

[image: ]
Figure 10 : Geometric representation

One can derive the following equations :





Knowing that , one can define an upper bound for :





As a consequence, we can derive the following equation:

Then, the following requirements can be guaranteed

As long as the following condition related to the satellite and UE 3D positioning errors holds:
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