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Introduction
In this paper, NTN RRM requirements related to UE Pre-compensation are discussed. In section 2, the simulation results for UE Pre-compensation on time and frequency are provided. Our views on NTN UE timing error and frequency error requirements are provided in section 3 and 4, respectively. The requirement impact due to GNSS is also discussed in section 5.
[bookmark: _Ref481671177]UE Pre-compensation accuracy with serving satellite ephemeris
[bookmark: _Ref61270220]This section provides simulation result of UE Pre-compensation accuracy with serving satellite ephemeris and GNSS-acquired device location, the details of this method are provided in ANNEX A and ANNEX B (based on gravity). 
With serving satellite ephemeris, the UE only requires to acquire it position using its GNSS receiver from time to time depending on the UE velocity and accuracy of UE pre-compensation. Tight integration of GNSS receiver and NR module in the device are not a requirement for the device implementation. Assuming serving satellite ephemeris is broadcast every second, the SIB indicates satellite position {X, Y, Z} and satellite velocity {Xvel, Yvel, Zvel} as shown below as an example 
· at time n,                       6978.137000    0.000000     0.000000    0.000000000   -0.973419758   7.494916974
· at time n+1 second,      6978.132789    -0.973438    7.495204   -0.008197108   -0.973418993   7.494911714
· at time n+2 seconds,    6978.120384     -1.946874  14.990395   -0.016394201   -0.973417086   7.494897640
· …
Serving satellite ephemeris need to be short term. Propagation of satellite position and satellite velocity at the Gateway and at the device can be used to predict what the satellite position and velocity at the moment of transmission on NTN SIB or at the moment of UL transmission respectively. Example for LEO satellite STARLINK  ~530-550Km elevation. GW and UE at the same position. Comparison using SGP4 model, 2 TLEs (TLE0326 up-to-date, TLE0325 24hours old), both were used to calculate the satellite position and for 26/03/2020. It can be observed from Figure 1 that the position error is about 100km with corresponding propagation delay error of +/-1.5ms and Doppler error of 10 kHz. To achieve required accuracy for UL synchronisation, frequent update has to be maintained by using serving satellite position and velocity broadcast on the SIB for initial access. 
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Figure 1:  Comparison using SGP4 model, 2 TLEs (TLE0326 up-to-date, TLE0325 24hours old

Propagation of the position and velocity over 10sec using the simple model based on gravity as described in Annex B was used to compare against satellite position and velocity orbit data provided by Eutelsat for LEO 500km and publicly available Iridium/Starlink/Inmarsat satellites TLE data. Table 1 shows the satellite positon and velocity can be predicted with very good accuracy. All the satellites data include the effect of the non-spherical earth impact. The satellite position and velocity broadcast periodicity can be can be made to be very low 
[bookmark: _Ref61466996]Observation 1: By using propagation method based on gravity with SIB periodicity of 10s: 
· The timing error is 0.003 us, which is only about 0.01*Te in SCS of 15kHz, as specified in TS 38.133. 
· The frequency error is 1.23Hz, which is less than 0.001 ppm at fc = 2GHz.  

Table 1: Simulations of accuracy of propagation based on gravity
	SIB Periodicity
	Radial Velocity error
	Radial Position error
	Doppler error
	Delay error

	2 s
	0.02 m/s
	0.01 m
	0.14 Hz
	0 us

	5 s
	0.09 m/s
	0.17 m
	0.55 Hz
	0.0006 us

	10 s
	0.18 m/s
	0.82 m
	1.23 Hz
	0.003 us
(~1%*Te in 15kHz)

	20 s
	0.4 m/s
	3.7 m
	2.6 Hz
	0.01 us 
(~3%*Te in 15kHz)

	30 s
	0.6 m/s
	8.6 m
	4.1 Hz
	0.03 us
(~10%*Te in 15kHz)





Note that other sub-optimum propagation method based on linear extrapolation could also be used in the device with reasonable accuracy over 2 seconds with Eutelsat satellite position and velocity orbit data as shown on Table 2.

Table 2: Simulations of accuracy of propagation based on linear extrapolation
	SIB Periodicity
	Radial Velocity error
	Radial Position error
	Doppler error
	Delay error

	2 s
	0.06 m/s
	12.8 m
	0.42 Hz
	0.04 us
(~0.12*Te in 15kHz)

	5 s
	0.8 m/s
	153.4 m
	5.1 Hz
	0.51 us

	10 s
	3.6 m/s
	728.5 m
	24.4 Hz
	2.4 us

	20 s
	15.9 m/s
	3156.4 m
	105.9 Hz
	10.5 us



[bookmark: _Ref61467003]Observation 2: By using propagation method based on linear extrapolation with SIB periodicity of 2s: 
· The timing error is 0.04 us, which is around 0.12*Te in SCS of 15kHz
· Te is the initial transmission timing error requirement as specified in Table 7.1.2-1, TS38.133. 
· The frequency error is 0.42Hz, which is around 0.0002 ppm at fc = 2GHz.  
UL Time synchronization requirements
In last meeting, the WF [7] on NTN UL Time synchronization requirements is attached below for reference.Topic #4: NTN UL Time synchronization requirements
· The following requirements shall be defined but require RAN1 further progress
· Timing Advance adjustment accuracy considering
· At least the total error budget for regulating TA during a call: ΔUE-pos, ΔSat-pos, Timing Advance adjustment accuracy and TA command resolution error, 
· FFS for other cases
· Timing error limits & UE Time alignment behaviour
· More investigation required for timing error requirement;
· FFS: at least CP will have to be preserved.
· Timing Issues and Requirements for UE with 2 feeder-links
· Service link related, and depending if the feeder-link switch is soft or hard.


It can be observed that the CP (i.e. PDCCH CP at SCS of 15 kHz is 4.7 us) is much larger than the existing initial transmission timing error limit, i.e., Te specified in Table 7.1.2-1, TS38.133, as listed below for reference. 
Table 7.1.2-1: Te Timing Error Limit
	Frequency Range
	SCS of SSB signals (kHz)
	SCS of uplink signals (kHz)
	Te 
 [Tc]
	Te 
[us]

	1
	15
	15
	12*64*Tc
	0.39us

	 
	 
	30
	10*64*Tc
	0.33us

	 
	 
	60
	10*64*Tc
	 0.33us

	 
	30
	15
	8*64*Tc
	 0.26us

	 
	 
	30
	8*64*Tc
	  0.26us

	 
	 
	60
	7*64*Tc
	0.23us

	2
	120
	60
	3.5*64*Tc
	0.11us

	 
	 
	120
	3.5*64*Tc
	 0.11us

	 
	240
	60
	3*64*Tc
	0.098us 

	 
	 
	120
	3*64*Tc
	0.098us



However, based on the simulation results in section 2, it can be observed the UL timing error contributed by UE pre-compensate satellite Delay can be ranged from 0.01*Te ~ 0.12*Te. With practical implementations. 
[bookmark: _Ref61467006]Observation 3: UL timing error contributed by UE pre-compensate satellite Delay can be ranged from 0.01*Te ~ 0.12*Te. 
[bookmark: _Ref61467090]Proposal 1: No need to relax Te specified in in Table 7.1.2-1 for NTN UEs. 
UL frequency synchronization requirementsTopic #5: NTN UL frequency synchronization requirement
· Even if UE Doppler UL pre-compensation method is based on GNSS, NTN UL Synchronization Requirement can be considered in RF session.
· No concern raised so far. It is agreed to have UL pre-compensation method based on GNSS. The final UE UL frequency accuracy requirement is defined in RAN4 UE RF session.
· Test definition should be considered by RAN4 for NTN Doppler compensation. The test can be discussed once the core requirements are completed. 
· We could not reach an agreement, even after modification: “Test definition should be considered by RAN4 for NTN Doppler compensation. The test can be discussed once the core requirements are completed, if such a test is found feasible”. 

In last meeting, the WF [7] on NTN UL Frequency synchronization requirements is attached abve for reference.
Based on the simulation result in section 2, it can be observed the UL frequency error contributed by UE pre-compensate satellite Doppler can be very small (<0.001 ppm).
[bookmark: _Ref61467010]Observation 4: UL frequency error contributed by UE pre-compensate satellite Doppler is small and can meet the maximum UL frequency error of ± 0.1ppm for UL transmission. 
[bookmark: _Ref61467098]Proposal 2: Keep the legacy UL frequency error requirement of ± 0.1ppm for NTN UEs.
GNSS accuracy requirements
This section addresses Topic#2 in WF [7]. Topic #2: GNSS requirements
· Further discuss the required accuracy (depending on the scenarios) of external reference to be used for UE timing & frequency pre-compensation and how this compares with the accuracy provided by GNSS in a practical setup.
· No concern raised so far


RAN2#111e made agreement that “In Rel-17, only UEs with GNSS capabilities are supported”. The GNSS position accuracy in the device is very accurate. The GNSS time reference in a typical GNSS chipset implementation can be guaranteed within a ±10 ns [4]. The GNSS position accuracy is in the order of ±3 m (=c*t=3. 108 m/s *10.10-9 s). GPS-enabled smartphones are typically accurate within a 4.9 m radius under open sky [5]. 
NTN use cases are targeted at outdoor coverage, where UE GNSS-based position should be always available. For LEO, the GNSS receiver on board of satellite is at least as accurate as GNSS receiver in device. Hence, the satellite position and UE position can be known with great accuracy in the order of 1 m - 3 m. The velocity can also be known with great accuracy since based on GNSS receiver in satellite and GNSS time can be accurate within ±10 ns. 
Assuming UE velocity is 120 km/h and UE is in connected mode for 10 seconds, the UE position can change by about 300 m. It should be sufficient for the UE to have a GNSS fix every few seconds assuming high velocity of 120 km/h, other means of updating the UE position without frequent fix are as well possible. In case of lower UE velocity, GNSS receiver may be used much less frequently to get UE position.
As a result, the RRM impacts caused by GNSS accuracy are limited, so it has no need to specify specific RRM requirements for GNSS accuracy.
[bookmark: _Ref61467012]Observation 5: GNSS accuracy in the device and on-board of satellite are expected to be sufficiently accurate, i.e. ±3 m.
[bookmark: _Ref61467062]Proposal 3: No RRM requirement impacted by GNSS accuracy.
Conclusion
In this contribution, NTN RRM requirements related to UE Pre-compensation are discussed. We have the following observations and proposals:
Observation 1: By using propagation method based on gravity with SIB periodicity of 10s:
· The timing error is 0.003 us, which is only about 0.01*Te in SCS of 15kHz, as specified in TS 38.133. 
· The frequency error is 1.23Hz, which is less than 0.001 ppm at fc = 2GHz.  
Observation 2: By using propagation method based on linear extrapolation with SIB periodicity of 2s:
· The timing error is 0.04 us, which is around 0.12*Te in SCS of 15kHz
· Te is the initial transmission timing error requirement as specified in Table 7.1.2-1, TS38.133. 
· The frequency error is 0.42Hz, which is around 0.0002 ppm at fc = 2GHz.  
Observation 3: UL timing error contributed by UE pre-compensate satellite Delay can be ranged from 0.01*Te ~ 0.12*Te.
Proposal 1: No need to relax Te specified in in Table 7.1.2-1 for NTN UEs.
Observation 4: UL frequency error contributed by UE pre-compensate satellite Doppler is small and can meet the maximum UL frequency error of ± 0.1ppm for UL transmission.
Proposal 2: Keep the legacy UL frequency error requirement of ± 0.1ppm for NTN UEs.
Observation 5: GNSS accuracy in the device and on-board of satellite are expected to be sufficiently accurate, i.e. ±3 m.
Proposal 3: No RRM requirement impacted by GNSS accuracy.


 ANNEX A
UE Pre-compensation method for satellite delay and Doppler shift based on satellite ephemeris and GNSS-acquired device location.
Figure A-2 illustrates the UE pre-compensation method. The following steps apply:
1) The gateway gets from a telemetry link the position and velocity of the satellite typically using on-board GNSS, processes it and determines the satellite position and speed.
2) The Gateway propagates the satellite position and velocity determined from the telemetry link to the end of the frame containing the SIB used to broadcast the current satellite position and velocity.
3) The UE reads the current satellite position and velocity on the SIB and used its GNSS-acquired position to determine the satellite delay and satellite Doppler shift.
4) The UE pre-compensates the satellite delay and Doppler before transmitting on the UL.   
The above method has the advantage of only using the “short term” current satellite position and velocity which allows simpler processing due to shorter propagation over a much smaller time duration and more accurate than using “long-term” ephemeris. The satellite position and velocity are indicated as ECEF co-ordinates. The knowledge of the Gateway position is not needed for UE pre-compensation of satellite delay and Doppler over the access link.
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Figure A-3: Satellite Propagation delay and Doppler in NTN Network.

Figure A-2 illustrates the principle of propagation delay pre-compensation, where the following apply:
· UE position()  is known using in-device GNSS capability
· DL synchronization is achieved first through legacy physical channels PSS/SSS/TRS.
· UE decodes the SIB carrying the satellite position ()  and velocity  () 
The UE pre-compensates the service link delay on the UL using the satellite DL time Tsat as a reference by applying a timing advance (TA) of   : , where  is the propagation delay of the service link:

 ,  is the speed of light and  is the Euclidean norm of  .  
[image: ]
Figure A-2: Propagation delay pre-compensation at UE and Gateway
As each UE pre-compensates the service Round Trip Delay () on the service link when transmitting on the UL, the different UEs transmissions reach the satellite at the same time () synchronously.
Figure A-3 illustrates the principle of Doppler pre-compensation. The UE pre-compensation takes the DL frequency as a reference that is scaled by the ratio of the UL to DL carrier frequency then shifted by twice the Doppler () to account for the accumulated effect of the DL and UL: .   is the one way Doppler of the return service link:

where  is the dot vector product of  and .


Figure A-3: Doppler pre-compensation at UE 


 ANNEX B
Serving Cell ephemeris 
· Satellite Position vector  =(Sx, Sy, Sz) 
· Satellite Velocity vector 𝑉 ⃗=(Vx, Vy, Vz)
· Time reference for real-time Satellite position and Velocity is the end of frame where SIB was transmitted at the satellite side
· UE propagate satellite position and velocity between SIB transmissions to track satellite delay drift and Doppler drift
UE acquires its position  using its GNSS receiver
Calculated satellite delay:
·  ,   
· /c
Calculated satellite Doppler:
· 
The UE Propagate the satellite position and velocity in an inertial referential using canonical laws of mechanics:
· 
· 
·     is the gravity force vector with Gravity constant GM = 3.986004418e14  
The propagated satellite position and velocity errors and corresponding satellite Doppler shift and delay errors are shown in Figure A-1 with SIB Periodicity 10 s.   
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[bookmark: _GoBack]Figure B-1 Propagation method based on gravity with SIB Periodicity 10 s
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