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Introduction
[bookmark: _Ref481671177]A RAN2-led Rel-17 Working Item on Solutions for NR to support non-terrestrial networks (NTN) was approved at RAN Plenary #86 [1]. Some techniques proposed e.g. for Doppler compensation require a good knowledge of satellite position and velocity. In this contribution, we summarize aspects related to the accuracy of satellite position and velocity, as measured on the satellite and as known at a satellite gateway.
System view
High-level concept
The picture below presents a high-level view of an NTN system for IoT (either GEO or LEO):
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Among the problems to be solved for an NTN system, with respect to a terrestrial system, there is the time delay and Doppler shift caused by the satellite movement. These effects can be estimated, and compensated, if accurate information on the satellite position and velocity (P/V) is available, so as to guarantee interoperability with existing NB-IoT chipsets in UEs.
The proposed strategy is that:
· The reference time is the satellite time, and the satellite is transparent (i.e. it performs a simple frequency conversion with a fixed shift from/to feeder link to/from service link, with an accurate enough clock)
· In the forward link (network to UE), the gateway pre-compensates time and Doppler effects of the feeder link with respect to the center of the target beam
· i.e. time delay and Doppler shift are (almost) absent for UEs at the beam center
· UEs located far from the beam center will suffer a residual time delay and Doppler shift
· As the feeder link could operate in any band (e.g. Ka) there are stringent requirements on the precision of the compensation (and therefore on the accuracy of P/V information used for pre-compensation) and frequency conversion.
· In the return link (UE to network), the UE pre-compensates time ad Doppler effects of the service link based on satellite PV information received from the Gateway, e.g. periodically contained in the SIB
· to this end, the UE shall be capable of propagating the satellite position and velocity information for at least the periodicity of the SIB carrying the satellite position and satellite velocity (typically up to ~10 seconds).
· Signals from all UEs within the coverage will be received at the satellite with the nominal time delay and frequency (i.e. almost no Doppler shift).
Usage of Position and Velocity information
This section details the general strategy proposed above.
In the context of NTN-IoT, the Position-Velocity (P/V) information is expected to be used as follows:
· Pre-compensation of the forward feeder link (data sent from gateway to satellite) so that the signal is received with nominal frequency and time at the beam center:
· Time delay of feeder link
· Doppler shift of feeder link + service link up to beam center
· Pre-compensation of the delay/Doppler of the feeder link needs the knowledge of the P/V of the satellite. The gateway implements a propagator that continuously determines the current/future satellite P/V and is able to accurately calculate the delay/Doppler values to be pre-compensated. To this end, the past satellite positions and velocities are propagated to satellite position P2 and satellite velocity V2 at time T2 when pre-compensated signal shall be received and retransmitted at the satellite. 
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· Insertion in the SIB of accurate PVT values to be used by each UE in order to pre-compensate its  return service link (from UE to satellite):
· The Gateway shall propagate satellite position and velocity until time T2 when the satellite shall broadcast the SIB on the service link – so the Gateway shall insert P2,V2 into the SIB and transmit it at a time T1 <T2.
· Only when the UE needs to send a signal, it will decode the SIB content.
· The UE may use simple propagation algorithms in order to use the values received in the SIB and compute T5, P5, V5
· Time delay of the service link – each UE shall compute the distance between its position and the satellite position P5 at time T5 when data sent by UE shall be received by the satellite. Therefore each UE shall pre-compensate the time delay by sending the signal at a time T4<T5
· Doppler shift of the service link – each UE shall compute the relative speed between its current velocity and the satellite velocity V5 at time T5, and apply frequency pre-compensation of the uplink signal
· Note that signals from all UEs in the same beam will be received by the satellite at the same time T5 and with the nominal frequency (assuming uplink pre-compensation is perfect).

The figure below shows the detail when more UEs are present:
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Target accuracy
In order to be compatible with existing equipment, the total time delay and frequency shift  suffered by the signal must be within certain bounds.

Proposal 1: The target requirements to achieve for feeder link and UE uplink pre-compensation are [8]:
· Time delay < 0.4 µs 
· Doppler shift < +/- 20 Hz
These limits apply to a UE positioned at the center of a satellite beam. 
As UEs located elsewhere in the beam will receive the signal with a residual Doppler shift, the size of the beam will be determined by the maximum frequency shift tolerated by the UE.
Proposal 2: The required accuracy of satellite position and satellite velocity broadcast by the Gateway is:
	Use
	Position accuracy
	Velocity accuracy

	PVT info in SIB signaling for UE pre-compensation
	< 120 m
	< 1.5 m/s



Accuracy of satellite position and velocity
Satellite operators must typically know the position and velocity of their satellites at any moment, e.g. to keep geostationary satellites within a “box” and prevent collisions between satellites in the same orbital position. PVT information is usually obtained by ranging via different Earth stations, with a typical precision of ~5 meters.
GNSS measurement at the satellite
Newer satellites, especially LEO satellites, are equipped with onboard GNSS receivers. This allows for measuring the PVT information at the satellite, with a high accuracy, both for LEO and GEO satellites.
A presentation of performance of GPS receivers can be found in [10].
In the following table the specifications of different commercial satellite GNSS receivers for LEO and GEO satellites are summarized [4]:
	Product
	Position accuracy
	Velocity accuracy

	Sentinel™ M-Code GPS Receiver by General Dynamics [5]
	LEO: 4 m
GEO: 25 m
(1 sigma)
	LEO: 2 cm/s
GEO: 2 cm/s
(1 sigma)

	NGPS-03-422 and Cubesat GPS Receiver by NewSpace Systems
	10 m
	25 cm/s

	GPS-601 Satellite GNSS Receiver and GNSS-700 by SpaceQuest
	5 m RMS
	10 cm/s RMS

	Phoenix GPS Receiver by DLR
	10 m
	10 cm/s

	SGR-Ligo by SSTL
	5 m 
	10 cm/s

	OEM4-G2L by NovAtel
	1.8 m CEP
	3 cm/s RMS

	Venus838FLPx GPS Receiver by SkyTraq technology
	2.5 m CEP
	10 cm/s

	ARGO-L1 GNSS Receiver Unit by Astrofein
	10 m RMS
	10 cm/s RMS

	ACC-GPS-NANO-ACTIVE by Accord Software & Systems Inc.
	10 m
	20 cm/s



On top of raw GPS measurement, some additional algorithms can be performed, either onboard the satellite or on-ground, to further refine the P/V information. See for example [6] and [9].
PVT information can be transmitted to the gateway in real-time via an auxiliary channel (for example the TT&C link). The amount of data is quite limited (28 bytes without any compression), so it is feasible to send a report every 10 seconds or so.
The gateway will therefore be able to use this information for pre-compensation. According to the frequency of PVT reports, the gateway shall propagate the satellite orbit for a few seconds – however, this will not alter the accuracy of data.
Observation 1: LEO satellites are typically equipped with onboard GNSS receivers with position accuracy in the order of 10 meters and velocity accuracy in the order of 10 cm / s. 
Observation 2: Satellite position, Velocity, and Time (PVT) information can be transmitted to the gateway via an auxiliary channel in real-time in a typical report of size 28 bytes every 10 seconds.

Orbit prediction
The auxiliary channel to send PVT information from the satellite to the gateway may have restrictions on availability and/or capacity.
For example, typical TT&C links for LEO satellites are available only for 10-15 minutes per orbit (~90 minutes), during the fly-bys over the TT&C ground stations (that are in principle different from gateways used for data communication, although co-location is often possible).
In this situation, the system can use an orbit propagator to estimate the satellite PVT during next orbit, for the periods during which real-time PVT information is not available (e.g. while TT&C link not available until next fly-by over a TT&C station).
Based on past PVT information (collected by the satellite and sent to the TT&C ground station), the future orbit can be computed on ground with high accuracy. The computation is performed at the Satellite Control Center or in the cloud. The results can be therefore communicated to all gateways that will interact with the satellite during next orbit.
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While analytic propagators (such as SGP4) have a limited accuracy, numerical propagators have a much better accuracy, although they are computationally more expensive. Public comparisons indicate that for LEO position propagation accuracy remains <1 cm for 7-days forecast, using an appropriate number of integration steps [6, Fig. 5.1-5.2]. Similar results are obtained for GEO [6, Fig. 6.1-6.2]. However, these results are valid in the hypothesis that input data are exact or post-processing past GNSS measurement.
In order to predict future orbit, some unknown parameters must be estimated, such as atmospheric drag and solar pressure – while most other parameters (attraction from different celestial bodies) are well known. 
The following figures, extracted from [7], give the User Range Error (URE) achieved by a legacy predictor (“EMP” in blue color) as well as more advanced techniques using onboard accelerometers (“ACC_B” and “ACC_B_K”), over respectively one hour and two hours. 
The computation at the gateway takes less than 5 minutes for a 60-minutes prediction.
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Therefore we can assume that even if the TT&C exchange occurs every 2 hours or so, the future orbit can be known with a position accuracy <1m.
Observation 3: Satellite PVT report can be propagated by Gateway over a period of 2 hours with a position accuracy of < 1 m.
Conclusion
In this contribution, we gave indications on the accuracy of satellite position and velocity measured on the satellite and as estimated at the satellite gateway. In particular, the specifications of available GNSS receivers for satellites have been presented. The Position-Velocity-Time information collected onboard can be sent to ground stations for accurate estimation and compensation of time delay and Doppler effects. If required, accurate orbit propagation can be used, achieving an overall accuracy in the order of <10m for the position, and <10cm/s for the velocity.
Therefore the accuracy obtained at the Gateway is sufficient to implement the UE pre-compensation strategy described in [8].
RAN#1 is invited to accept the Proposal 1 and 2 as described in Section 2.
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Figure 11. URE for every 10 min over a one hour orbit prediction.
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Figure 12. RMS values of LEO orbits for the along-track, cross-track, and radial direction for another
one hour and corresponding URE values.




