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Introduction
A RAN2-led Rel-17 Working Item on Solutions for NR to support non-terrestrial networks (NTN) was revised in RAN Plenary #88e [1].  The study item phase identified issues and made recommendations on NR UL synchronization in TR 38.821 [2]. In this contribution, we make observations and proposals to address issues discussed in RAN1#103e and summarized in FL summary #4  for UL synchronization in [3].
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UL Timing synchronization aspects
The following agreements were made in RAN1#103e meeting:
· 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.
The following working assumption for Issue#1-3:TA command in RAR was made in RAN1#103e meeting:
· 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.

Indication of common timing offset 
This section addresses Issue#1-1 in FL summary in [3].RAN1#103e made the following agreements:
· 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:
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Where:
[image: cid:image014.png@01D6B99F.FFA30260]is derived from the User specific TA self-estimation
[image: cid:image015.png@01D6B99F.FFA30260] is derived at least from the common timing offset value if broadcasted by the network. The granularity of [image: cid:image016.png@01D6B99F.FFA30260] and whether [image: cid:image016.png@01D6B99F.FFA30260] 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.
[image: cid:image017.png@01D6B99F.FFA30260]depends on band and LTE/NR coexistence and is specified in TS 38.213 section 4.2.
[image: cid:image018.png@01D6B99F.FFA30260] 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.




The value of X can be derived from the common timing offset value based on the assumption in the UE for the TA. The reference point for the UE initial transmit timing control requirement is the downlink timing of the reference cell minus .  The downlink timing is defined as the time when the first detected path (in time) of the corresponding downlink frame is received from the reference cell. It is stated in TS 38.211 Section 4.1 that Uplink frame number  for transmission from the UE shall start  before the start of the corresponding downlink frame at the UE. The value of[image: ]depends on the duplex mode of the cell in which the uplink transmission takes place and the frequency range (FR). [image: ]is defined in Table 7.1.2-2 as shown in Table 1.



Figure 1: Uplink-downlink timing relation.

Table 1 (based on Table 7.1.2-2 in TR 38.133): The Value of [image: ]
	Frequency range and band of cell used for uplink transmission
	[bookmark: OLE_LINK15][image: ](Unit: TC)

	FR1 FDD band without LTE-NR coexistence case or FR1 TDD band without LTE-NR coexistence case 
	25600 (Note 1)

	[bookmark: OLE_LINK72]FR1 FDD band with LTE-NR coexistence case
	0 (Note 1)

	FR1 TDD band with LTE-NR coexistence case
	39936 or 25600 (Note 1)

	FR2
	13792

	Note 1:	The UE identifies [image: ] based on the information n-TimingAdvanceOffset  according to TS 38.331. If UE do not receive the information n-TimingAdvanceOffset, the default value of [image: ] is set as 25600 for FR1 band.
Note 2:	The value of [image: ] that applies to the supplementary UL carrier is determined from the non-supplementary UL carrier.



As an example, in FR1 FDD band without LTE-NR coexistence case, NTA offset = 25600 * Tc =  13.02 µs,  where Tc = 1/(480000 x 4096). The value of TTA = [image: ] (in Tc units) for other channels than PRACH is the difference between UE transmission timing and the downlink timing immediately after when the last timing advance in clause 7.3 (in TS 36.133) was applied. For PRACH, NTA is set to 0. For other channels, NTA is not changed until next timing advance is received. The value of X in   depends on the assumption for the UL subframe and DL subframe timing alignment – i.e. whether it is assumed to be at the gNB (as in normal cellular) or at the satellite. It is up to the network to configure the value of X based on the assumption.
Proposal 1: The value of X in  shall be determined as:
· UL subframe and DL subframe timing aligned at the gNB:  if X is expressed at a unit of Tc or   if expressed as a unit of time
· UL subframe and DL subframe timing aligned at the satellite: X = 0.
It is up to the network to configure the value of X.

The drift rate on the feeder link can be up to 7.5km/second/C = +/-25 us / second, where C=3.108 m/s is the velocity of light. In NR the DL timing synchronization is based on the SSB and/or TRS with for example a periodicity of 40 ms. Over 40 ms the timing drift is +/-25 us/second*40 ms = +/-1 us. For SCS = 30 kHz, the CP = 2.34 us. The drift of the feeder link between 2 occurrences of the signal use for the synchronization is ~ +/-CP/2. For the SSB/TRS periodicity and/or DRX larger than 40ms the drift will be even larger. At low SNR and in fading conditions averaging across SSB/TRS occasions is required in order to maintain good DL synchronization. Knowledge by the UE of the common timing drift rate over the feeder link allows the UE to compensate the timing drift of the DL for more robust DL synchronization and bring the channel condition to the terrestrial case with no performance loss. This knowledge can also be used for determination of the full TA for MAC timers. Note that the UE-specific timing drift on access link is not an issue, even assuming there is no pre-compensation of the common timing drift on the DL of access link. The timing drift on access link is proportional to Doppler Shift drift on the access link and is automatically adjusted if UE synchronizes to the frequency of the DL signal source on the access link. The UE can also determine the delay over access link using the satellite ephemeris.
Observation 1: Knowledge by the UE of the common timing drift rate over the feeder link is beneficial for the determination of the full TA for MAC timers and for robust DL synchronization. 
Proposal 2:  The common timing drift rate over the feeder link is broadcast.

Indication of TA Margin
This section addresses Issue#1-2 in FL summary in [3]. RAN1#103e made the following FL recommendations:
· Regarding the indication of TA margin used to account for TA estimation uncertainty when applying the TA pre-compensation in initial access, companies are encouraged to analyse the pro and cons of the two identified solutions:
· TA margin is indicated in SIB
· TA margin is included within the Common TA. i.e.; Common TA configuration absorbs the maximum TA uncertainty
· The value of TA margin will be defined after the definition of  UL time synchronization requirement 
The UE can under or over-estimate the TA for pre-compensation as shown in Figure 2. 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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Figure 2: 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 3.  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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Figure 3: Pre-compensation of TA using TA_offset =CP/2
Since the UE pre-compensation of satellite delay can be very accurate as will be discussed in Section 4, the over compensation is likely to be small. In [3], it is discussed to include implicitly the TA margin in the broadcast TA offset value X. This way allows to broadcast only one TA offset value X. The TA margin may depend on the cyclic value of UL transmission on PUSCH or PUCCH in connected mode with normal CP being approximately 4.69 µs, 2.34 µs, 1.17 µs, 0.59 µs, 0.29 µs for numerologies µ=0, 1, 2, 3, 4 respectively. In initial access, the TA margin will depends on the PRACH format in FR1 or FR2. Both options are acceptable from UE viewpoint.   
Proposal 3: for UE with Autonomous acquisition of the TA, UE shall use one of:
· TA_offset of half the cyclic prefix of PRACH preamble which is added to Timing Offset value X broadcast by the network when applying the TA pre-compensation.
· Timing Offset value X including a margin TA_offset broadcast by the network when applying the TA pre-compensation.

TA update in connected mode
This section addresses Issue#2 in FL summary in [3]. RAN1#103e made the following FL recommendations:
· For TA update in RRC_CONNECTED state, combination of both open ( i.e. UE autonomous TA estimation based on UE position and satellite ephemeris, and common TA estimation and common timing drift rate) and closed control loops (i.e., received TA commands) shall be supported for NTN.
· RAN1 to provide more details about open-loop and closed-loop control. 

Open loop only solution and combined open and closed loop solution for TA update in connected mode are as follows:
· Open-loop only: 

· Combined open and closed loop: 

Where  is the propagation delay variation self-estimated by the UE and (TA-31) is the received TA command. The TA adjustment NTA is indicated in a TAC with 6 bits in MAC CE with a granularity of 0.52 µs, where TA={0,1,2,…,63} and  where   and  Tc=0.508 ns.
In open-loop solution, UE autonomously adjusts the TA based on ephemeris and GNSS-acquired UE position. In combined open and closed solution, the legacy MAC-CE TA can also be used. In 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 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 would need to send a MAC CE with timing advance approximately every RTD. This would require UE to transmit at least once every RTD to allow gNB to determine whether a new TA command needs to be indicated. It is not needed to disable the close-loop TA adjustment. This guarantees that the timing error at the gNB receiver is within 16*64*Tc µs / 2µ, which is 0.52 µs with numerology µ=0. 
Proposal 4: For TA update in RRC_CONNECTED, UE pre-compensation of satellite delay is used and MAC CE TA command can be further used for UL timing alignment correction. 

UL Frequency synchronization aspects
The following agreements were made in RAN1#103e meeting:
· 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.
· 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.
Assuming the Gateway position s broadcast, the UE could determine the Doppler shift over the feeder link using the satellite ephemeris also broadcast on SIB as further described in Annex B. The gateway position may not be accurately broadcast for security reasons. The UE has no way of determining the frequency error introduced in the satellite by the transponder frequency conversion from frequency band on feeder link to frequency band on access link. For these reasons, we propose the following working assumptions:
Proposal 5: RAN1 working assumption is that GW pre/post compensates common Doppler shift / Doppler shift variation over the feeder link in a transparent way to the UE and gNB. 
Proposal 6: RAN1 working assumption is that GW pre/post compensates any transponder frequency error at the satellite in a transparent way to the UE and gNB.

Common frequency offset pre-compensation and post-compensation at gNB side 
This section addresses Issue#3-2 in FL summary in [3]. RAN1#103e made the following FL recommendations:
· RAN1 to further clarify whether the network shall be capable to indicate the amount of frequency pre-compensation when the NR NTN gNB pre-compensates a common frequency offset on DL transmissions. 
· RAN1 to further investigate whether a NR NTN UE shall be capable to apply at each transmission a common frequency offset indicated by the network (in addition to the frequency pre-compensation to counter shift the Doppler experienced on the service link).
Based on the company’s feedback in RAN1#103e, a potential proposal seemed acceptable but was not agreed:
· If NR NTN gNB applies frequency pre-compensation in DL, the gNB should broadcast a parameter giving the amount of frequency pre-compensation. This parameter should indicate the TX frequency offset at the satellite transmitter relative to the nominal DL TX frequency of the service link 
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 needs to know the common Doppler shift pre-compensation if applied by the gNB and subtracts it from the UE-specific Doppler shift determined autonomously before applying pre-compensation of residual Doppler shift for UL transmission. We consider earth-moving beam and earth-fixed beam as illustrated in Figure 4.a and 4.b respectively:
· Earth-moving Beams: 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. 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. The UE can determine the residual Doppler shift as  
· Earth-fixed beam: 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 gNB can 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 fCommon(t). The UE can then determine the residual Doppler . Assuming a range of ±6500 km for the beam footprint size on the ground and a resolution of 0.4m, 75 bits=3*25 bits are required to indicate the Reference Point Position Px, Py, Pz (ECEF) on the NTN. 



As mentioned in TR 38.821 section 6.3.2, the common Doppler shift pre-compensation may be needed to for DL initial synchronization. This is due to the definition of the SSB SYNC raster as “N * 1200kHz + M * 50 kHz”, N=1:2499, M ϵ {1,3,5}, for carrier frequency <3 GHz. This corresponds to the super-position of 2 SYNC raster grids: the main SYNC raster grid of 1.2 MHz spacing and a small grid of 3 raster spaced by 100 kHz (TS 38.101, section 5.4.3.1). This was done to allow adaptation of existing 3GPP deployments. For carrier frequency >3GHz only a main grid with 1.44MHz raster spacing is used. 
For the purpose of DL initial synchronization, the Doppler shift @3GHz can be up to ~ +/-3 GHz *v/c~ +/ 75 kHz, this amount of Doppler requires pre-compensation to be accommodated within a raster spacing of 100 kHz (=+/-50 kHz). However,  NTN deployment does not have the constraint of existing 3GPP deployments. Therefore for the NTN use case, we can consider removing the 100 kHz small grid of 3 rasters in case of carrier frequency <3GHz and only use the main SYNC raster grid of 1.2MHz. This will simplify the system design and could be discussed in  RAN4. 

Observation 2: In case the gNB pre-compensate the common Doppler shift on the access link w.r.t. center of the beam is needed for initial access with a sync raster of 100 kHz, 
· the beam-specific common Doppler shift value is broadcast on the NTN SIB for earth-moving 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. 
NOTE: If the sync raster of 100 kHz for frequency range < 3 GHz is not used, the pre-compensation by gNB of common Doppler shift on access link may not be needed. This would require discussion in RAN4 as it is a specification change.
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Figure 4: LEO earth-moving beam and earth-fixed beam scenarios

[bookmark: _Ref31705530]UE Pre-compensation for UL synchronization
On UL synchronization, the following recommendations were made in Feature Lead summary in RAN1#103e based on company proposals and comments:
RAN1 to further investigate the UL synchronization requirements in terms of time alignment and frequency error for:
•	Initial access
•	UL transmissions in RRC Connected State
RAN1 to consider the assumptions defined by RAN4 on GNSS positioning accuracy.

GNSS accuracy requirements
This section addresses Issue#6 in FL summary in [3]. RAN2#111e made agreement that “In Rel-17, only UEs with GNSS capabilities are supported”. 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. 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.
Observation 3: GNSS accuracy in the device and on-board of satellite are expected to be sufficiently accurate from RAN1 viewpoint and are for discussions on RAN4.

UL Time synchronization requirements
This section addresses Issue#7 in FL summary in [3].
Initial cell access:
In RAN1#103e, it was agreed that 
“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.”
For UE pre-compensation of satellite delay, UE applies the TA within a timing error at the satellite ΔT = ± CP/2 for initial PRACH transmission. The TA error applied by the UE is proportional to 2* SAT-UE distance error. Hence, the satellite position error is   where c=3.108 m/s is the velocity of light. On FR1, NR RACH format 0 has the smallest cyclic prefix CP=103.13 µs; on FR2, NR RACH format C0 has the smallest cyclic prefix CP=5.04 µs  
Proposal 7: For TA update in RRC_IDLE and RRC_INACTIVE states, UE pre-compensation of satellite delay of PRACH transmission is within a timing error at the gNB     corresponding to a satellite position error ΔU  
· For FR1 assuming PRACH format 0,  or       
· For FR2, assuming PRACH format C0,  or . 
Connected UE:
In connected mode, it seems reasonable to support UE specific TA calculation based at least on its GNSS-acquired position and the serving satellite ephemeris.  
Proposal 8: For TA update in RRC_CONNECTED state, in case of open-loop TA only is used the UE pre-compensation of satellite delay of UL transmission is within a timing error at the satellite    corresponding to a satellite position error ΔU  
· With numerology µ=0,   or  . 
· With numerology µ=1,  or      
· With numerology µ=2,  or .  

UL Frequency synchronization requirements
This section addresses Issue#8 in FL summary in [3]. 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. The UL frequency is pre-compensated with , which implies  is within ±0.01ppm. The first order error of the Doppler formula () as given in Annex A 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 assuming on-board satellite GNSS. 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. The above requirement for UE pre-compensation of satellite Doppler shift within an accuracy of ±0.02ppm is arbitrary and could be discussed in more details in RAN4. 
Observation 4: 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 could be considered for UL frequency synchronization as working assumption in RAN4. In term of satellite position accuracy (ΔU) and satellite velocity accuracy ΔV, this corresponds to   
· For LEO
· 
· 
· For GEO
· 
· 
From RAN1 viewpoint, it is sufficient to assume UE pre-compensation is with the specified UL frequency error of ± 0.1ppm. With that assumption, ΔU could be of the order of 720 m and ΔV of the order of 7.5 m/s. 
Proposal 9: For UE in RRC_IDLE, RRC_INACTIVE, and RRC_CONNECTED states, RAN1 working assumption is that accuracy of UE pre-compensation of satellite Doppler shift meets the maximum UL frequency error of ± 0.1ppm for UL transmission.
Satellite Ephemeris format for UE pre-compensation
This section addresses Issue#5 in FL summary in [3]. The following FL recommendations were made in RAN1#103e
· RAN1 to further investigate the most suitable format for serving satellite ephemeris broadcast by the gNB:
· Option 1: ephemeris format based orbital elements
· Option 2: ephemeris format based on instant state vectors with implicit time: e.g., instant position and instant velocity
· Companies are invited to take into account at least the following considerations:
· Signaling overhead
· Compatibility with HAPS and ATG scenarios
· Complexity to implement accurate orbit propagation model
· Compatibility with a potential unified ephemeris format to be used for other purposes (e.g. RRM measurements, handover, idle/inactive measurements)

Observation 5: Two use cases with different requirements for satellite ephemeris can be considered:
· Use case 1 -  Satellite ephemeris used for UE pre-compensation for UL synchronization for cell access: The gNB broadcast the satellite ephemeris with low latency, high accuracy, and for a single satellite. This use case mainly is within scope of RAN1 discussions.
· Use case 2 - Satellite ephemeris used for UE wake up from DRX for next satellite flyby and RRM measurements: The gNB broadcast the satellite ephemeris with high latency, low accuracy, and for multiple satellites. This use case is mainly within scope of RAN2 discussions.
We first discuss the satellite ephemeris format types for UE pre-compensation. They are two types considered:
Satellite ephemeris using orbital parameters:
Before the ephemeris format are discussed, it is beneficial to discuss use cases. Figure 5 shows the use case where orbital parameters are broadcast at epoch time t0. The orbital parameters can be transformed to state vector position and velocity at epoch time t0 followed by propagation of satellite position and velocity to time t; or the orbital parameters can be propagated to time t followed by transform to state vectors position an velocity at time t. This is a choice of implementation in the UE that depends on accuracy and complexity of the propagation methods for UE pre-compensation for UL synchronization. 
  [image: ]

Figure 5: Satellite ephemeris: Orbital parameters broadcast at epoch time t0
The satellite orbital parameters are illustrated in Figure 7 
[image: ]








Figure 7: Satellite ephemeris Orbital parameters
Assuming serving satellite ephemeris is broadcast every second, the SIB indicates satellite orbital parameters shown below as an example. 
  Epoch time to                              α (km)                  e                     I (deg)              Ω (deg)               ω (deg)                M (deg)    
 ------------------------------------------------------------------------------------------------------------------------------------------------------------
 2021/01/01-00:00:00.000     6919.955143    0.001650732      97.574021193    36.126537772    64.902440674      295.175021671     
 2021/01/01-00:00:01.000     6919.951705    0.001651935      97.574022789    36.126537826    64.940253179      295.200230115     
 2021/01/01-00:00:02.000     6919.948274    0.001653137      97.574024401    36.126537882    64.978022032      295.225482138
The corresponding satellite position {SX, SY, SZ} and satellite velocity {VX, VY, VZ} are shown below for the example 
  Epoch time                           SX (km)             SY (km)                SZ (km)        VX (km/s)          VY (km/s)          VZ (km/s)                                                                                                                                                                                                                                                      
 ---------------------------------------------------------------------------------------------------------------------------------------------------
 2021/01/01-00:00:00.000     5584.564377     4078.146732      -11.231645     0.591075179    -0.807929297     7.528623249                                                                                                                                                                                                                                                      
 2021/01/01-00:00:01.000     5585.151982     4077.336215       -3.702637      0.584333173    -0.812851898     7.528630518                                                                                                                                                                                                                                                      
 2021/01/01-00:00:02.000     5585.732846     4076.520777        3.826369      0.577590439    -0.817773537     7.528628699  
Figure 8 shows the orbital parameters as a function of the epoch time based on Orbital data file over a duration of approximately 2 hours provided by Eutelsat. The corresponding satellite position and velocity state vectors in Cartesian co-ordinates were also provided for reference. It should be noted that the orbital elements provided (and seen in the plots) are osculating elements (instantaneous ones to give the same accuracy as the position/velocity), and not the average/mean ones. The orbital parameters eccentricity, periapsis, semi-major axis vary significantly over the duration. The mean anomaly varies significantly as this reflects the difference between the assumption that the satellite orbit is a perfect ellipse/circle assuming the earth is a perfect sphere, and the reality that the orbit does not follow a Keplerian orbit of a perfect ellipse/circle due to the non-spherical earth shape. Figure 9 shows the corresponding true anomaly.
Since the orbital element are not constant in time, the UE needs know the epoch time of the orbital elements as well as the current GNSS time in order to be able propagate the satellite position and velocity from  epoch time to the current. This will lead to additional signalling overhead of the epoch time and increased power consumption for GNSS time acquisition. The alternative to save on the epoch time signalling is that the orbital elements are signalled instantaneously with an implicit time reference to the Downlink subframe where the NTN SIB is broadcast. In any case, for UE pre-compensation the orbital parameters will need to be broadcast with low latency and high accuracy. The position error and velocity error with orbital parameters broadcast with periodicities in the order of 60 seconds is reasonable with a position error in the order of 50 metres and a velocity in the order of 1 metre/s as shown in Figure 10. Note that after 10 minutes, the position error and velocity error are 4 km and 13.9 m/s; after half an hour, the position error and velocity error are 33 km and 40 m/s. This would suggest that the orbital parameters need to be broadcast with low latency and high accuracy.
[image: ]












Figure 8: Satellite ephemeris Orbital parameters at epoch time
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Figure 9: Tue anomaly and Satellite position calculations with periodicity 60 seconds
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Figure 10: Satellite Position error and Velocity error with orbital parameter

Observation 6: The Orbital parameters Periapsi, eccentricity, Semi-major axis, vary significantly within seconds. This is explained by the perturbations that affect the orbital propagation, mainly the non-sphericity of the Earth shape (Earth’s oblateness). Earth radius at pole is 21 km smaller than Earth radius at equator. For a nearly polar orbit (and very close to the Earth), it impacts significantly the propagation of the orbital elements.
Observation 7: A UE first coming into coverage of a satellite needs to immediately access if it is paged or if it needs to transmit data. The UE must be able to receive the satellite ephemeris on NTN SIB broadcast with periodicity 0.5s or 1 s. A longer SIB periodicity is not desirable due to short satellite dwell time (~10 minutes)
Observation 8: The UE needs to convert orbital parameters to state vectors Position and Velocity to determine satellite delay and Doppler shift which increases complexity. 
Observation 9: The orbital parameters are not applicable to HAPS/ ATG. HAPS vehicles do not follow a Keplerian Orbit. ATG is fixed on the ground and do not follow a Keplerian Orbit. Only the position maybe needed for HAPS/ATG with saving of 50% on the Position and Velocity or about 8 or 9 Bytes. For HAPS/ATG, there is no need for UE wake up befor next satellite flyby.
Observation 10: An accuracy of 41.2 m for the position and 1.36 m/s for the velocity can be achieved by propagating orbital parameters to a time of 60 seconds following epoch time t0. After 10 minutes, the position error and velocity error are 4 km and 13.9 m/s; after half an hour, the position error and velocity error are 33 km and 40 m/s. The orbital parameters need to be broadcast with low latency and high accuracy for UE pre-compensation.
Satellite ephemeris using satellite position and velocity state vectors:
Figure 6 shows the satellite ephemeris state vectors position and velocity are broadcast at epoch time t0, then propagated to time t from epoch time t0. This way skips the transform from orbital parameters to sate position and velocity in the UE, which reduces complexity.
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Figure 6: Satellite ephemeris use case: Satellite position and velocity broadcast at epoch time t0
The SIB overhead for state vectors position and velocity is about 18bytes. It can be lower if resolution is changed from 0.33m to 1.3m for position and 0.015m/s to 0.06m/s for velocity, which can save ~2Bytes with about 16 bytes now needed. Assuming serving satellite ephemeris is broadcast every second, the SIB indicates satellite position {SX, SY, SZ} and satellite velocity {VX, VY, VZ} as shown below as an example. The payload on NTN SIB to indicate serving satellite cell position and velocity is (84+60)/8 = 18 Bytes or (78+54)/8 = 16 Bytes as shown in Table 1.  
	Information
	Range
	Resolution
	#bits
	Resolution
	#bits

	Satellite Location
	±43000 km
	0.33m 
	3*28=84 
	1.3m 
	3*26=78 

	Satellite Velocity
	±8 km/s
	0.015 m/s 
	3*20=60 
	0.06 m/s 
	3*18=54 


Table 1: real-time satellite Position and Velocity payload on SIB
Observation 11: For the use case of UE pre-compensation, assuming satellite ephemeris format type orbital parameters or satellite ephemeris format type Position and Velocity sate vectors are broadcast with low latency and high accuracy
· the overhead can be 16 bytes on NTN SIB. 
· there is no need to include the epoch time which can be implicitly known as a reference time linked to the Downlink subframe where the NTN SIB is broadcast.

Proposal 10: 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 11: Satellite Position and Velocity information field sizes broadcast on SIB with periodicity X
· The field size for position is 78 bits
· The field size for velocity is 54 bits
· Value of X – e.g. 200 ms, 500 ms, 1000 ms, 1500 ms, 2000 ms
Propagation of the position and velocity over time t + 10sec following acquisition of the state vector position and velocity broadcast at time t using the simple model based on gravity as described in Annex 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. Further details on UE pre-compensation method were discussed in [8]. 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 12: An accuracy in the order of 36.9 meters for the position and 1.3 m/s for the velocity can be achieved by propagating position and velocity to a time of 60 seconds following epoch time t0.
Observation 13: 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 of satellite position and velocity 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
	0.01 us

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

	60 s
	1.3 m/s
	36.9 m
	8.9 Hz
	0.12 


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 

Satellite ephemeris format for UE wake up  
It is sufficient of the UE wakes up from DRX at approximately the right time, preferably a little bit before the next satellite flyby. This does not require high accuracy of satellite position. For the RRM measurements, likewise it is sufficient if the UE approximately starts measurements with the measurement gaps for inter-satellite measurements. The orbital parameters at epoch time t0 could be stored in memory and used for the next flyby. Trajectory errors due to change of the orbital parameters could result in the UE waking up too early assuming that the some margin is used to avoid the UE waking up too late, but could be acceptable if no significant impact on power consumption. 

Conclusion
In this contribution, we summarize issues and discuss impact on specifications for solutions for UL time and frequency synchronization. 
Proposal 1: The value of X in  shall be determined as:
· UL subframe and DL subframe timing aligned at the gNB:  if X is expressed at a unit of Tc or   if expressed as a unit of time
· UL subframe and DL subframe timing aligned at the satellite: X = 0.
It is up to the network to configure the value of X.

Observation 1: Knowledge by the UE of the common timing drift rate over the feeder link is beneficial for the determination of the full TA for MAC timers and for robust DL synchronization. 
Proposal 2:   The common timing drift rate over the feeder link is broadcast.
Proposal 3: for UE with Autonomous acquisition of the TA, UE shall use one of:
· TA_offset of half the cyclic prefix of PRACH preamble which is added to Timing Offset value X broadcast by the network when applying the TA pre-compensation.
· Timing Offset value X including a margin TA_offset broadcast by the network when applying the TA pre-compensation.
Proposal 4: For TA update in RRC_CONNECTED, UE pre-compensation of satellite delay is used and MAC CE TA command can be further used for UL timing alignment correction.  
Proposal 5: RAN1 working assumption is that GW pre/post compensates common Doppler shift / Doppler shift variation over the feeder link in a transparent way to the UE and gNB. 
Proposal 6: RAN1 working assumption is that GW pre/post compensates any transponder frequency error at the satellite in a transparent way to the UE and gNB.
Observation 2: In case the gNB pre-compensate the common Doppler shift on the access link w.r.t. center of the beam is needed for initial access with a sync raster of 100 kHz, 
· the beam-specific common Doppler shift value is broadcast on the NTN SIB for earth-moving 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. 
Observation 3: GNSS accuracy in the device and on-board of satellite are expected to be sufficiently accurate from RAN1 viewpoint and are for discussions on RAN4.
Proposal 7: For TA update in RRC_IDLE and RRC_INACTIVE states, UE pre-compensation of satellite delay of PRACH transmission is within a timing error at the gNB     corresponding to a satellite position error ΔU  
· For FR1 assuming PRACH format 0,  or       
· For FR2, assuming PRACH format C0,  or . 
Proposal 8: For TA update in RRC_CONNECTED state, in case of open-loop TA only is used the UE pre-compensation of satellite delay of UL transmission is within a timing error at the satellite    corresponding to a satellite position error ΔU    
· With numerology µ=0,   or  . 
· With numerology µ=1,  or      
· With numerology µ=2,  or .  
Observation 4: 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 could be considered for UL frequency synchronization as working assumption in RAN4. In term of satellite position accuracy (ΔU) and satellite velocity accuracy ΔV, this corresponds to   
· For LEO
· 
· 
· For GEO
· 
· 
Proposal 9: For UE in RRC_IDLE, RRC_INACTIVE, and RRC_CONNECTED states, RAN1 working assumption is that accuracy of UE pre-compensation of satellite Doppler shift meets the maximum UL frequency error of ± 0.1ppm for UL transmission.
Observation 5: Two use cases with different requirements for satellite ephemeris can be considered:
· Use case 1 -  Satellite ephemeris used for UE pre-compensation for UL synchronization for cell access: The gNB broadcast the satellite ephemeris with low latency, high accuracy, and for a single satellite. This use case mainly is within scope of RAN1 discussions.
· Use case 2 - Satellite ephemeris used for UE wake up from DRX for next satellite flyby and RRM measurements: The gNB broadcast the satellite ephemeris with high latency, low accuracy, and for multiple satellites. This use case is mainly within scope of RAN2 discussions.
Observation 6: The Orbital parameters Periapsi, eccentricity, Semi-major axis, vary significantly within seconds. This is explained by the perturbations that affect the orbital propagation, mainly the non-sphericity of the Earth shape (Earth’s oblateness). Earth radius at pole is 21 km smaller than Earth radius at equator. For a nearly polar orbit (and very close to the Earth), it impacts significantly the propagation of the orbital elements.
Observation 7: A UE first coming into coverage of a satellite needs to immediately access if it is paged or if it needs to transmit data. The UE must be able to receive the satellite ephemeris on NTN SIB broadcast with periodicity 0.5s or 1 s. A longer SIB periodicity is not desirable due to short satellite dwell time (~10 minutes)
Observation 8: The UE needs to convert orbital parameters to state vectors Position and Velocity to determine satellite delay and Doppler shift which increases complexity. 
Observation 9: The orbital parameters are not applicable to HAPS/ ATG. HAPS vehicles do not follow a Keplerian Orbit. ATG is fixed on the ground and do not follow a Keplerian Orbit. Only the position maybe needed for HAPS/ATG with saving of 50% on the Position and Velocity or about 8 or 9 Bytes. For HAPS/ATG, there is no need for UE wake up befor next satellite flyby.
Observation 10: An accuracy of 41.2 m for the position and 1.36 m/s for the velocity can be achieved by propagating orbital parameters to a time of 60 seconds following epoch time t0. After 10 minutes, the position error and velocity error are 4 km and 13.9 m/s; after half an hour, the position error and velocity error are 33 km and 40 m/s. The orbital parameters need to be broadcast with low latency and high accuracy for UE pre-compensation.
Observation 11: For the use case of UE pre-compensation, assuming satellite ephemeris format type orbital parameters or satellite ephemeris format type Position and Velocity sate vectors are broadcast with low latency and high accuracy
· the overhead can be 16 bytes on NTN SIB. 
· there is no need to include the epoch time which can be implicitly known as a reference time linked to the Downlink subframe where the NTN SIB is broadcast.
Proposal 10: 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 11: Satellite Position and Velocity information field sizes broadcast on SIB with periodicity X
· The field size for position is 78 bits
· The field size for velocity is 54 bits
· Value of X – e.g. 200 ms, 500 ms, 1000 ms, 1500 ms, 2000 ms
[bookmark: _GoBack]Observation 12: An accuracy in the order of 36.9 meters for the position and 1.3 m/s for the velocity can be achieved by propagating position and velocity to a time of 60 seconds following epoch time t0.
Observation 13: 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 of satellite position and velocity based on gravity.

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  
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.   
[image: ]











Figure A-1 Propagation method based on gravity with SIB Periodicity 10 s
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