[bookmark: historyclause][bookmark: _Toc383764588]3GPP TSG RAN WG1 Meeting #103e  	R1-2008809
October 26th  – November 13th  , 2020   
Agenda Item: 8.4.2
Source: MediaTek, Eutelsat 
Title: UE Time and frequency Synchronisation for NR-NTN
Document for: Discussion and Decision
Introduction
A RAN2-led Rel-17 Working Item on Solutions for NR to support non-terrestrial networks (NTN) was approved at RAN Plenary #86 [1]. The study item phase identified issues and made recommendations on NR UL synchronization in TR 38.821 [2]. In this contribution, we introduce a simpler implementation using broadcast of real-time Position and Velocity for UE pre-compensation of delay and Doppler compare to long-term ephemeris. We propose requirements for the accuracy of the satellite position and velocity. We analysed impact on SIB overhead and propose SIB field definitions and sizes. We discuss issues for timing advance indication for UE in idle mode and connected mode.     
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[bookmark: _Ref31705530]UE Pre-compensation for UL synchronization
On UL synchronization, the following recommendations were made in Feature Lead summary in RAN1#102e based on company proposals and comments:
RAN1 to further discuss the requirements related to UL time synchronization.
RAN1 to further discuss the requirements related to UL frequency alignment. 
RAN1 to further discuss the implication of UL frequency alignment requirements on the expected accuracy of the satellite position and velocity and the UE position knowledge at UE side.
RAN1 to further discuss the implication of UL timing alignment requirements on the expected accuracy of :
· The satellite position knowledge at UE side
· The UE position knowledge at UE side

UE pre-compensation method
 Figure 1 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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[bookmark: _Ref31702042]Figure 1: Satellite Propagation delay and Doppler in NTN Network.

Figure 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  .  
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Figure 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 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 3: Doppler pre-compensation at UE 

UL Time synchronization requirements
For UE pre-compensation of satellite delay, the TA applied by the UE needs to be within ± CP/2 for initial PRACH transmission. Assuming reference time at satellite, the TA applied by the UE is proportional to 2* SAT-UE. This implies that the UE needs to determine the satellite propagation delay within an accuracy of ±CP/4. 
The satellite position accuracy requirement for UE pre-compensation,  are as follows:   
· For FR1,  . This allows to support NR RACH preamble format 0 with the smallest CP of 103.13 us (i.e. ΔU = 7735 m = 103.13 us * 3.108 m/s / 4).
· For FR2,  . This allows to support NR RACH preamble format C0 with the smallest CP of 5.04 us (i.e. ΔU = 378 m = 5.04 us * 3.108 m/s / 4). 
Observation 1: UE pre-compensation of satellite delay within an accuracy of    of RACH preamble format corresponding to a satellite position accuracy (ΔU) of    is sufficient for UL time synchronization
· For FR1, . 
· For FR2, . 

UL Frequency synchronization requirements
The maximum frequency error of ±0.1ppm for UL transmission is specified in TS38.101 for NR. This includes all the frequency errors including frequency tracking error and crystal oscillator drift. We assume about 20% of this ±0.1ppm budget to the Doppler pre-compensation error or ±0.02ppm or +/-40 Hz at fc = 2 GHz. As the UL frequency is pre-compensated with , this implies  is within ±0.01ppm. The first order error of the Doppler formula () is 

Where  is the orthogonal projection to . We have
· Doppler error due to Velocity error : 
· Doppler error due to Position error :
For LEO, we split the error budget 50% each for the position error and the velocity error. Both position/velocity requirements are dominated by the Doppler requirement: 


For GEO, we split the error budget 90% allocated to the position error and 10% allocated to the velocity error. The position accuracy requirement is dominated by the Delay requirement for GEO. 


These accuracy numbers are achievable with assuming on-board satellite GNSS
Observation 2: UE pre-compensation of satellite Doppler shift within an accuracy of ±0.02ppm included in the total frequency error for UL transmission of ±0.1 ppm is sufficient for UL frequency synchronization. In term of satellite position accuracy (ΔU) and satellite velocity accuracy ΔV, this corresponds to   
· For LEO
· 
· 
· For GEO
· 
· 
UE pre-compensation accuracy
The most challenging requirements for UE pre-compensation are for LEO with ΔU = ±120m for satellite position and ΔV = ±1.5 m/s for satellite velocity. This assumes that the satellite position and satellite velocity broadcast on the SIB are accurate. It also assumes the Doppler shift over the feeder link is perfectly compensated. There is also assumption that the UE GNSS-acquired position is accurate. In a practical system, it can be expected that depending on the implementation in the Gateway and the device, the overall budget for the position error (i.e. ΔU = ±120m  and  ΔV = ±2.7 m/s) is split between the different parts of the systems outline above.    
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.
The main issue in the Gateway and the device is the accuracy of the propagation algorithm used for propagating the satellite position and velocity at time n to time n+1 over several seconds to tens of seconds. A propagation model based on gravity and its accuracy is discussed in Section 2.6 and ANNEX A. 
Observation 3: The UE pre-compensation accuracy is mainly dependent on the accuracy of the position and satellite velocity signaled by the Gateway and on the device propagation accuracy of this information.
Proposal 1: The target requirements to achieve for UE uplink pre-compensation assuming access link is in S band are:
· Timing error at the satellite  < ± 50 µs 
· Frequency error at the satellite  < ±0.02 ppm or ± 40 Hz at fc = 2 GHz
It is assumed that gNB does pre-compensation and post-compensation of Doppler shift over the feeder link 
For access link in other bands, the proposal above can be readily applied with Frequency error at the satellite  < ±0.02 ppm of carrier frequency in these bands.

Satellite assisted information for UE pre-compensation
The following agreements were made in RAN1#102e:
· 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
Serving satellite Ephemeris 
With this type of satellite-assisted information, 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
· …
The payload on NTN SIB to indicate serving satellite cell position and velocity is (84+60)/8 = 18 Bytes as shown in Table 1. Assuming 10 MHz system bandwidth, the signalling overhead is in the order of 0.01%. A satellite cell can be single beam or typically multiple beams per cell. Assuming a typical number of beams per cell N of value in range 10 – 100, and NTN SIB broadcast in each beam, the total SIB overhead can be expected to be in the order of 0.1% - 1%. 
	Information
	Range
	Resolution
	#bits

	Satellite Location
	±43000 km
	0.33m 
	3*28=84 

	Satellite Velocity
	±8 km/s
	0.015 m/s 
	3*20=60 


Table 1: real-time satellite Position and Velocity payload on SIB
Proposal 2: The base Station broadcast Position/ Velocity and implicit Time in each beam in the satellite cell:
-	Satellite location/velocity in ECEF coordinates
-	Validity Time is the end of SFN where SIB was transmitted (from the satellite)
Proposal 3: Satellite Position and Velocity information field sizes broadcast on SIB with periodicity X
· The field size for position is 84 bits
· The field size for velocity is 60 bits
· Value of X – e.g. 200 ms, 500 ms, 1000 ms, 1500 ms, 2000 ms

Timestamp
With this type of satellite-assisted information, the UE has to acquire time reference with very high accuracy using its GNSS receiver continuously to measure satellite propagation delay. Tight integration of GNSS receiver and NR module in the device are required for the device implementation. This may require new hardware and architecture re-design in cellular devices assuming the same device is used for cellular access and satellite access. 
The UE with GNSS capability can use the timestamp to measure the propagation delay and compensate it, but not will able to measure the Doppler shift. RACH design enhancements are likely to be required to support a large frequency offset due to satellite movement. This makes the usefulness of this method questionable. 
As is the case with the satellite ephemeris, the timestamp will need to be broadcast on a SIB. It is likely that a higher SIB periodicity could be required as a very accurate internal clock synchronized to GNSS will need to be maintained in the device and gNB for the timestamp method. 
Observation 4: Timestamp method is suitable for satellite propagation delay only. It requires very accurate internal clock synchronized to GNSS with high impact on device hardware and architecture implementation and requires potential RACH design to support large satellite frequency offset.
UE Pre-compensation using propagation based on gravity
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 [1]), both were used to calculate the satellite position and for 26/03/2020. It can be observed from Figure 4 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 4: 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 beased on gravity as described in Appendix A 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 [2]. Table 3 shows the satellite positon and velocity can be predicted with very good accuracy and meet the requirements proposed in sections 2.3 and 2.4 can be achieved with periodicity of 10 seconds  or longer (i.e. Position error < 120 m requirement and satellite velocity 1.5 m/s requirement). 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 
Observation 5: Satellite position error < 120 m requirement and satellite velocity 1.5 m/s requirement can be met in the device with periodicity of 10 seconds or longer using propagation method based on gravity.

	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

	20 s
	0.4 m/s
	3.7 m
	2.6 Hz
	0.1 us

	30 s
	0.6 m/s
	8.6 m
	4.1 Hz
	0.3 us


Table 3: Simulations of accuracy of propagation based on gravity 
Note that other sub-optimum propagation method based on linear extrapolation could also be used in the device with reasonable accuracy over 10 seconds with Eutelsat satellite position and velocity orbit data as shown on Table 4.
	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

	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


Table 4: Simulations of accuracy of propagation based on linear extrapolation 


[bookmark: _Ref31702364]UL Timing synchronization aspects
The following agreements were made in RAN1#102e meeting:
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)
On UL timing synchronization, the following recommendations were made in Feature Lead summary based on company proposals and comments:
RAN1 to further investigate the following enhancement on the maintenance phase of the timing advance:
· Enable autonomous TA update at UE side, taking into account:
· Common TA drift rate 
· Details on Common TA drift rate indication are FFS
· Self-estimated UE specific TA drift rate
· Details on UE specific TA drift rate derivation are FFS
TA Margin
The UE can under or over-estimate the TA for pre-compensation as shown in Figure 7. If UE over-estimates, it will start transmitting PRACH before the PRACH opportunity and cause interference to previous slots. After CP removal, PRACH symbol truncation could result in loss of orthogonality.
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[bookmark: _Ref31706379]Figure 7: over-estimation of the TA by the UE.
To avoid over compensation of the TA, a negative TA_offset = -CP/2  of PRACH preamble can be applied as shown in Figure 8.  TA_offset need to be known by gNB and the UE. The gNB can then send a valid initial TA to UE in RAR.
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[bookmark: _Ref31706744]Figure 8: Pre-compensation of TA using TA_offset =CP/2
TA_Offset is a known mechanism used in the specifications. In LTE TDD, a TA offset is used to allow a 20 us gap for the eNB to switch from receiving to transmitting; in NR it is used to allow 13 us and 20 us gaps. In NR, the TA applied by UE is (NTA + NTA-offset) x Tc, where Tc = 1/(480000 x 4096). The NTA-offset values are indicated in IE  n-TimingAdvanceOffset with values in { n0, n25600, n39936 }.
Proposal 4: for UE with Autonomous acquisition of the TA, UE shall use TA_offset of half the cyclic prefix of PRACH preamble when applying the TA pre-compensation.
Self-estimated UE-specific TA and UE-specific TA drift rate
Issue 1: Impact on signalling of frequent TA update

The max TA adjustment is 32*16*64*Tc*2-μ = 32768*Tc *2-μ = 16.67 us *2-μ. A UE receives a TAC in time slot n and adjust the timing from the beginning of slot n+6. The new NTA value is determined from the old NTA value as 
For example with LEO=600 km, the satellite speed is 7.6 km/s and velocity of light c=3.108 m/s. The time drift assuming maximum Round Trip Delay of 28.4 ms in TR 38.811 Table 5.3.4.1-1 is approximately 0.71μs, where
· d=v*t= 7600 m/s * 28.4 ms=215.8 m
· t=d/c = 215.8/3.108 = 0.71 us
To maintain UL timing alignment, the gNB can send a MAC CE with timing advance every RTD*16.67 us*2-μ /0.71 us. This could be every 328 ms (=28 ms*16.67 us/0.71 us) with SCS=15 kHz and every 82 ms (=28 ms*16.67 us*2-8/0.71 us) with SCS=120 kHz. Alternatively, the connected UE can adjust autonomously its TA to compensate impact of the time drift in LEO to avoid need for frequent TA update. 

Observation 6: Autonomous adjustment of the TA before UL transmission by the UE avoids need for frequent TA update due to satellite time drift, which significantly reduces signaling overhead in connected mode.


Issue 2: Timing drift within NTN RTD exceeds the maximum specified transmission timing error

The UE initial transmission timing error shall be less than or equal to ±Te where the timing error limit value Te is specified in [TR 38.133, Table 7.1.2-1]. This requirement applies when it is the first transmission in a DRX cycle for PUCCH, PUSCH and SRS or it is the PRACH transmission. The time drift of 0.71 us per RTT in the considered example above is greater than specified maximum transmission timing error ±Te = ± 0.39 μs (=12*64*Tc). Relaxing the requirement from 0.39 μs to 0.71μs for NR NTN UL transmission could have some impact on the PUSCH and PUCCH detection performance. Alternatively, the UE autonomously adjusts the TA to compensate the impact of the time drift at least within specified maximum transmission timing error ±Te = ± 0.39 μs , which corresponds to a position error of ±117 m.

Proposal 5: The connected UE can autonomously adjust the TA to compensate the impact of the timing drift within specified maximum transmission timing error ±Te = ± 0.39 μs corresponding to a position error of ±117 m.


Common TA indication and common TA drift compensation
There were 3 options considered for the common TA indication in RAN1#102e as summarized in moderator’s summary for UL synchronization in NR NTN in R1-2007290. In the 3 options, initial TA acquisition is done before RACH transmission. The UE-specific TA is equal to the service link RTD. It is autonomously acquired by the UE based on its GNSS acquired position and additional network indications (i.e. serving satellite ephemeris).

RP OPTION 1:
The RP is located at the gNB. The initial TA acquisition (before PRACH transmission) is computed as the sum of two distinct contributions :
· TA = UE specific TA + common TA = 2xT_1 + 2xTx_0
· Common TA = Reference Point to satellite RTD as indicated by the network
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RP OPTION 2:
The RP is located at the satellite. The initial TA acquisition (before PRACH transmission) is computed as the sum of two distinct contributions:
· TA = UE specific TA + common TA = 2xT_1 + 2x0
· Common TA = Reference Point to satellite RTD. Common TA is assumed to be equal to 0 and network indication is avoided. as indicated by the network
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RP OPTION 3
The RP localization is not specified and left to the implementation. The initial TA acquisition (before PRACH transmission) is computed as the sum of two distinct contributions:
· TA = UE specific TA + common TA = 2xT_1 + 2xT_0
· Common TA = Reference Point to satellite RTD as indicated by the network. It is zero if Reference Point is located at the satellite; or equal to NTN GW to satellite RTD if Reference Point is located at the NTN GW depending on the implementation. 


Observation 7: From UE viewpoint, all Reference Point Options 1, 2, and 3 are equally acceptable as they clearly indicate the expected UE behaviour.  

Observation 8: For RP option 1, the common TA drift needs to be indicated by the network. For RP option 2, common TA drift indication by the network can be avoided.

UL Frequency synchronization aspects
On UL frequency synchronization, the following recommendations were made in Feature Lead summary based on company proposals and comments:
RAN1 to further discuss:
· Whether indication of the pre-compensated Common Frequency Offset on DL transmissions is needed or can be transparent to the UE
· Whether in case of Common Frequency Offset pre-compensation on DL transmissions by the gNB, the gNB shall performed post-compensation on UL transmissions.

Self-estimated UE-specific Doppler drift rate
It is mentioned in TR 38.811 section 7.3.2.4.1 that the  Doppler drift is -544 Hz / s @ 2 GHz. This implies that in 1 second, the Doppler shift drift is -544 Hz, or in one LEO RTD = 28 ms, the Doppler shift drift is -15.2 Hz (=-544 Hz*28/1000)
Proposal 6: The connected UE can autonomously predict and pre-compensate  the Doppler shift drift before transmitting on the UL.

Common Frequency Compensation
It was mentioned in TR 38.821 section 6.3.2 that 
It is observed that for DL initial synchronization, robust performance can be provided by the SSB design in Rel-15 in case of GEO and LEO with beam specific pre-compensation of common frequency shift, e.g., conducted with respect to the spot beam center at network side, respectively. 
The UE will need to know the common Doppler shift pre-compensation applied by the gNB and subtracts it from the UE-specific Doppler shift determined autonomously before applying pre-compensation of residual Doppler shift prior to UL transmission. The indication of the common Doppler compensated by gNB is considered based on the type of beams:
Earth-moving Beams:
Figure 9 illustrates the LEO with earth-moving beam. In this scenario, the beam is moving with the satellite. The satellite velocity V in the direction of the beam centre is constant. The common Doppler shift  w.r.t. beam centre is constant and can be broadcast on the NTN SIB with a resolution sufficient to accommodate small changes due to slight variations in direction as satellite moves. Assuming common Doppler shift range of ±64 kHz and a resolution of 1 Hz, 17 bits are required to indicate it on the NTN SIB. With this resolution, the residual Doppler shift at the beam centre will be approximately 0 Hz. The UE can determine the residual Doppler shift as
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Figure 9: LEO moving beam scenario
Earth-fixed beam:
Figure 10 illustrates the LEO with earth-moving beam. In this scenario, the beam is not moving with the satellite. The satellite velocity V(t) in the direction of the beam centre corresponding to satellite in position Pi where i=1, 2, 3 is not constant. The common Doppler shift  w.r.t. beam centre is not constant.  It is not desirable to broadcast it on the NTN SIB with periodicity sufficient to avoid large error term due to transition – e.g LEO at 600 km with Doppler drift rate ~600 Hz/s and max error ~100 Hz, SIB needs to be updated every ~160 ms. A simpler way is to broadcast ECEF coordinates of the Reference Point (RP) w.r.t. to the beam centre for which the common Doppler shift compensation is applied by gNB. The ECEF RP is used by the UEs to derive the common Doppler shift value at any given time as shown in the formulas below. The residual Doppler can then be determined as described for the moving beams. Assuming a range of ±6500 km for the beam footprint size on the ground and a resolution of 0.4m, the number of bits on the NTN SIB to indicate the Reference Point Position Px, Py, Pz (ECEF) is 3*25 = 75 bits. 
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Figure 10: LEO Earth-fixed beam scenario

Proposal 7: In case the gNB pre-compensate the common Doppler shift on the access link w.r.t. center of the beam, the beam-specific common Doppler shift value is broadcast on the NTN SIB for earth-moving beam.
Proposal 8: In case the gNB pre-compensate the common Doppler shift on the access link w.r.t. center of the beam, the beam-specific ECEF co-ordinates of a fixed Reference Point (RP) corresponding to the beam centre is broadcast on the NTN SIB for earth-fixed beam. 

Conclusion
In this contribution, we summarize issues and discuss impact on specifications for solutions for UL time and frequency synchronization. 
Observation 1: UE pre-compensation of satellite delay within an accuracy of    of RACH preamble format corresponding to a satellite position accuracy (ΔU) of    is sufficient for UL time synchronization
· For FR1, . 
· For FR2, . 
Observation 2: UE pre-compensation of satellite Doppler shift within an accuracy of ±0.02ppm included in the total frequency error for UL transmission of ±0.1 ppm is sufficient for UL frequency synchronization. In term of satellite position accuracy (ΔU) and satellite velocity accuracy ΔV, this corresponds to   
· For LEO
· 
· 
· For GEO
· 
· 
Observation 3: The UE pre-compensation accuracy is mainly dependent on the accuracy of the position and satellite velocity signaled by the Gateway and on the device propagation accuracy of this information.
Proposal 1: The target requirements to achieve for UE uplink pre-compensation assuming access link is in S band are:
· Timing error at the satellite  < ± 50 µs 
· Frequency error at the satellite  < ±0.02 ppm or ± 40 Hz at fc = 2 GHz
It is assumed that gNB does pre-compensation and post-compensation of Doppler shift over the feeder link 
For access link in other bands, the proposal above can be readily applied with Frequency error at the satellite  < ±0.02 ppm of carrier frequency in these bands.
Proposal 2: The base Station broadcast Position/ Velocity and implicit Time in each beam in the satellite cell:
-	Satellite location/velocity in ECEF coordinates
-	Validity Time is the end of SFN where SIB was transmitted (from the satellite)
Proposal 3: Satellite Position and Velocity information field sizes broadcast on SIB with periodicity X
· The field size for position is 84 bits
· The field size for velocity is 60 bits
· Value of X – e.g. 200 ms, 500 ms, 1000 ms, 1500 ms, 2000 ms
Observation 4: Timestamp method is suitable for satellite propagation delay only. It requires very accurate internal clock synchronized to GNSS with high impact on device hardware and architecture implementation and requires potential RACH design to support large satellite frequency offset.
Observation 5: Satellite position error < 120 m requirement and satellite velocity 1.5 m/s requirement can be met in the device with periodicity of 10 seconds or longer using propagation method based on gravity.
Proposal 4: for UE with Autonomous acquisition of the TA, UE shall use TA_offset of half the cyclic prefix of PRACH preamble when applying the TA pre-compensation.
Observation 6: Autonomous adjustment of the TA before UL transmission by the UE avoids need for frequent TA update due to satellite time drift, which significantly reduces signaling overhead in connected mode.

Proposal 5: The connected UE can autonomously adjust the TA to compensate the impact of the timing drift within specified maximum transmission timing error ±Te = ± 0.39 μs corresponding to a position error of ±117 m.

Observation 7: From UE viewpoint, all Reference Point Options 1, 2, and 3 are equally acceptable as they clearly indicate the expected UE behaviour.  
Observation 8: For RP option 1, the common TA drift needs to be indicated by the network. For RP option 2, common TA drift indication by the network can be avoided.
Proposal 6: The connected UE can autonomously predict and pre-compensate  the Doppler shift drift before transmitting on the UL.
Proposal 7: In case the gNB pre-compensate the common Doppler shift on the access link w.r.t. center of the beam, the beam-specific common Doppler shift value is broadcast on the NTN SIB for moving beam.
Proposal 8: In case the gNB pre-compensate the common Doppler shift on the access link w.r.t. center of the beam, the beam-specific ECEF co-ordinates of a fixed Reference Point (RP) corresponding to the beam centre is broadcast on the NTN SIB for earth-fixed beam. 

ANNEX A
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  
[bookmark: _GoBack]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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Figure A-1 Propagation method based on gravity with SIB Periodicity 10 s
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