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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 Autonomous Pre-compensation of propagation delay and Doppler 
The release-17 NR NTN Work Item [1] aims to specify the enhancements identified for NR NTN (non-terrestrial networks) especially LEO and GEO with implicit compatibility to support HAPS (high altitude platform station) and ATG (air to ground) scenarios according to the following principles:
•	FDD is assumed for core specification work for NR-NTN.
· NOTE: This does not imply that TDD cannot be used for relevant scenarios e.g. HAPS, ATG
•	Earth fixed Tracking area is assumed with Earth fixed and moving cells
•	UEs with GNSS capabilities are assumed.
The working item mentioned that the following topic should be specified if beneficial and needed:  enhancement on the PRACH sequence and/or format and extension of the ra-ResponseWindow duration (in the case of UE with GNSS capability but without pre-compensation of timing and frequency offset capabilities). Release-17 IoT NTN Study Item Description  [3] mentions that “GNSS capability in the UE is taken as a working assumption in this study for both NB-IoT and eMTC devices. With this assumption, UE can estimate and pre-compensate timing and frequency offset with sufficient accuracy for UL transmission.” We make the following observation for NR NTN
Observation 1: GNSS capability working assumption is that UE can determine and pre-compensate timing and frequency offset with sufficient accuracy for UL transmission.
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 time reference is obtained from typically several satellites with different propagation delays of GNSS frames carrying the GNSS timestamps. Hence, 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 in typical NTN coverage scenarios.   
Figure 1 illustrates the satellite propagation delay and Doppler on the DL and UL transmission.  The UEs use the real-time satellite position and velocity broadcast on SIB by the gNB to autonomously determine and pre-compensate the satellite propagation delay Td and satellite Doppler fd for transmitting the UL signal. This ensures that all UEs transmissions are synchronized at the satellite. 
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[bookmark: _Ref31702042]Figure 1: Satellite Propagation delay and Doppler in NTN Network.

The propagation delay and Doppler depends directly on the UE position and satellite position and velocity. The UE pre-compensation can be based on the following pre-requisites:
· UE position()  is known using in-device GNSS capability
· DL synchronization is achieved first through legacy physical channels PSS/SSS/TRS.
· UE decodes a new NTN System Information Broadcast(SIB) carrying the satellite position ()  and velocity  () 
Figure 2 illustrates the principle of propagation delay pre-compensation. Knowing its own position using its GNSS capability and knowing the position of the satellite as broadcast on NTN SIB, the UE can determine the propagation distance between itself and the satellite and the corresponding propagation delay.  The UE pre-compensates the service link delay on the UL using the DL time as a reference but 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 (), thus maintaining the synchronization required for the OFDMA system operation.
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 Synchronisation requirements 
Pre-compensation of propagation delay and Doppler at the UE side can minimize the impact on New Radio specifications to support NTN providing that it is sufficiently accurate to meet requirements as follows:
UL Time synchronization 
For UL timing synchronisation, the timing after pre-compensating the delay before the initial RACH preamble transmission needs to fall within half the Preamble Cyclic Prefix (CP). Hence, autonomous acquisition of the Timing Advance has to be done with a timing accuracy of +/-CP/2. Given that the timing advance is twice , the maximum error the UE  can make on the propagation delay  has to be within    of RACH preamble format. In term of satellite position accuracy (ΔU) this corresponds to approximately , where c=3.108 m/s  is the velocity of light   
· For FR1, the minimum satellite position accuracy requirement is . This allows to support NR RACH preamble format 0 which has the smallest CP of 103.13 us. Format 1, 2, and 3 with larger CP can also be supported.
· For FR2, the minimum satellite position accuracy requirement is . This allows to support NR RACH preamble format C0 with sub carrier spacing 120 kHz which has the smallest CP of 5.04 us. With this requirement, Format C0 with sub carrier spacing 15 kHz, 30 kHz, 60 kHz and Format C2 with sub carrier spacing 15 kHz, 30 kHz, 60 kHz, 120 kHz can also be supported. 
Observation 2: Autonomous acquisition of the TA before release-15 RACH transmission is at least within half of cyclic prefix of PRACH preamble.  
Proposal 1: The maximum error for UE pre-compensation of satellite delay before transmitting RACH preamble has to be within    of RACH preamble format. In term of satellite position accuracy (ΔU) this corresponds to    
· For FR1, the minimum satellite position accuracy requirement to support NR RACH preamble format 0, 1, 2, and 3 is  . 
· For FR2, the minimum satellite position accuracy requirement to support NR RACH preamble format C0 and C1 with sub carrier spacing up to 120 kHz is  . 
UL Frequency synchronization 
The key constraint for UL frequency synchronisation is the frequency error of ±0.1ppm for UL transmission (TS38.101 for NR). This ±0.1ppm budget takes in account all the frequency errors including frequency tracking error and crystal oscillator drift. To ensure adequate operations in NTN system, we dedicate ~20% of this ±0.1ppm budget to the Doppler pre-compensation error or ±0.02ppm. Given that the UL frequency is pre-compensated using , the  has to be within ±0.01ppm. Analysis of the first order error of the Doppler formula (), shows that (subscripts has been dropped) 

Where  is the orthogonal projection to . The analysis further shows that Doppler error is due to both the satellite position error (ΔU) and satellite velocity error (ΔV) as shown in Figure 4. Sharing the ±0.01ppm budget equally between the contributions of the position and the velocity error we get the following requirements for LEO satellite


with . It can be observed that the frequency synchronization requirement leads to higher satellite position and velocity accuracy requirement than the time synchronization requirement.
Observation 3: Autonomous acquisition of the Doppler shift due to satellite movement before release-15 RACH transmission is at least within ±0.02ppm and is included in the total frequency error for UL transmission of ±0.1 ppm.  
Proposal 2: The maximum frequency error for UE pre-compensation of Doppler shift due to satellite movement before transmitting RACH preamble is within ±0.02ppm. In term of satellite position accuracy (ΔU) and satellite velocity accuracy ΔV, this corresponds to    
· 
· 
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Figure 4: Satellite Position and velocity error
Real-time Satellite Position and Velocity 
The  and  satellite position and velocity accuracy requirement for UL frequency synchronization are achievable requirements considering that legacy satellite systems use an on-board satellite GNSS  for positioning that can typically deliver 1m-3m accuracy. Satellite ephemeris corresponding to the long-term trajectory of the satellite was considered in TR 38.811 [4]. . The long-term satellite ephemeris present several drawbacks as listed below:
· Large signalling overhead: synchronization information to access satellite cell needs to be broadcast very often to shorten the time the UE takes to establish initial connection. It is not practical to broadcast the long-term full ephemeris every 100 ms or every few seconds due to very high signalling overhead. 
· Need for GNSS time: ephemeris contains an epoch GNSS time for the initial satellite position. The UE has to propagate the satellite position/ velocity to the current GNSS time. This requires to maintain a GNSS time source in the UE assuming it has GNSS capability, which can increases power consumption.
· Complexity: using the long-term ephemeris incurs higher complexity to propagate the UE position/velocity from epoch time to current time.
It is sufficient to broadcast the real-time satellite position and velocity on SIB in the serving cell. This way has (i) very low signaling overhead; (ii) does not require to broadcast the epoch GNSS time; (iii) simpler interpolation can be used to propagate position and velocity in UE.  The base Station broadcast Position/ Velocity and implicit time as follows:
· Satellite location/velocity in ECEF coordinates
· Epoch Time of PV information is the end of SFN where SIB was transmitted  (from the satellite)
An on-board satellite GNSS can provide position measurements to the gateway that can be used to track the trajectory. The gateway can calculate the predicted position/velocity at the moment of the SIB transmission in the serving cell and make it available to the gNB via an interface. An example of real-time satellite orbit data file is shown on Figure 5. Assuming the real-time satellite position and velocity is broadcast every second, starting from first row in Figure 5, the SIB will indicate satellite position {X, Y, Z} and satellite velocity {Xvel, Yvel, Zvel} as follows
· 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
· …
A broadcast period for example X=1 second should allow a UE to determine and pre-compensate delay and Doppler after receiving paging and doing an initial cell access with reasonable latency. The orbit data Position and Velocity every 0.25 seconds for LEO at 600 km orbit distance is read into PosX, PosY, PosZ, VelX, VelY, VelZ arrays. We determine UE position at Nadir in km @ 2020/01/01-00:04:00.000. We then execute the following steps to determine:
· sat-UE propagation distance in km
· delay in ms
· sat-UE vector co-ordinates in km
· V = <Vsat, UsatUE> / norm(UsatUE) in km/sec
· Doppler shift Fd in kHz
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Figure 5: Example of satellite orbit data file (source EutelSat)
The Matlab code to execute the steps above is given in the appendix. The satellite orbit data based on a real Eutelsat LEO satellite currently in spatial orbit at 600 km for 1:45 hours with step 0.25 seconds was provided by Eutelsat. This corresponds to approximately one satellite orbit period. Figure 6 show the satellite-UE propagation delay and Doppler shift. We use 8 minutes of PVT data, which is sufficient for time LEO satellite is visible to UE. The lowest point on the delay plot is 2 ms, which corresponds to a distance of 600 km between the UE and satellite at the Nadir point.
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Figure 6: Sat-UE propagation delay and Doppler
[bookmark: _GoBack]The payload on NTN SIB to indicate real-time satellite position and velocity is (84+60)/8 = 18 Bytes as shown in Table 2. The position/Velocity propagation at the UE can be done very accurately with low complexity. The real-time Position and Velocity information can be broadcast e.g. once per second. Assuming 10 MHz system bandwidth, the signalling overhead is in the order of 0.01%.
	Information
	Range
	Resolution
	#bits

	Satellite Location
	±50000 km
	0.25 m 
	3*28=84 

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


Table 2: real-time satellite Position and Velocity payload on SIB
Proposal 3: The base Station broadcast Position/ Velocity and implicit Time:
-	Satellite location/velocity in ECEF coordinates
-	Validity Time is the end of SFN where SIB was transmitted (from the satellite)
Proposal 4: 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

[bookmark: _Ref31702364]Timing Advance for NTN
Initial timing advance
It is possible that 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.
[image: ]
[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 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 5: 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.

The gNB estimates initial TA from PRACH preamble and indicates TAC TA in range {1, 2, .., 3846} with 12 bits in RAR in random access procedure. The initial TA command, NTA=TA*16*64*2-μ *Tc depends on the numerology (subcarrier spacing 2μ*15 kHz, Tc=0.509 ns). The maximum NTA is 2ms, 1ms, 0.5ms, 0.25ms for μ =0, 1, 2, 3 respectively. As UE autonomous TA is determined within half a cyclic prefix of the RACH preamble as previously discussed, the specified initial TA range of 12 bits is sufficient.  

Observation 4: Release-15 maximum initial timing range is sufficient assuming UE pre-compensate the delay at least within half of cyclic prefix of PRACH preamble.
Observation 5: The Release-15 initial Timing Advance Command range is sufficient assuming idle UE determine autonomously the full TA.
TA update in connected mode
In release-15, the UE can autonomously adjust the TA based on the estimated propagation delay as

where  is the propagation delay variation and (TA-31) is the received TA command. The TA adjustment NTA is indicated in a TAC with 6 bits in MAC CE, where TA={0,1,2,…,63}.

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. Assuming UE with autonomous acquisition of the TA, there is no need to the gNB to indicate new TAC in UL timing alignment procedure. 

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 6: for connected UEs with autonomous acquisition of the TA, the TA is adjusted by the UE to compensate impact of the time drift before UL transmission.

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

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) [TR 38.133 Table 7.1.2-1]. Relax 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.

Observation 7: 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.


Other Aspects of UL Synchronisation for NTN
Common TA compensation
  In TR 38.821 section 6.2.1, it is mentioned that “the UE applies a UE specific differential TA and a common TA offset in the gNB's DL and UL frame timing exists. Additional complexity is needed at network side to manage corresponding scheduling timing for this scenario.”. Further, the TD describes Option 1 in section 6.3.4 as
Option 1: Autonomous acquisition of the TA at UE with UE known location and satellite ephemeris. 
In this way, the required TA value for UL transmission including PRACH can be calculated by the UE. The corresponding adjustment can be done, either with UE-specific differential TA or full TA (consisting of UE specific differential TA and common TA). 
W.r.t the full TA compensation at the UE side, both the alignment on the UL timing among UEs and DL and UL frame timing at network side can be achieved. However, in case of satellite with transparent payload, further discussion on how to handle the impact introduced by feeder link will be conducted in normative work. Additional needs for the network to manage the timing offset between the DL and UL frame timing can be considered, if impacts introduced by feeder link is not compensated by UE in corresponding compensation.
W.r.t the UE specific differential TA only, additional indication on a single reference point should be signalled to UEs per beam/cell for achieving the UL timing alignment among UEs within the coverage of the same beam/cell. Timing offset between DL and UL frame timing at the network side should also be managed by the network regardless of the satellite payload type.
With concern on the accuracy on the self-calculated TA value at the UE side, additional TA signalling from network to UE for TA refinement, e.g., during initial access and/or TA maintenance, can be determined in the normative work.

There is no UE-specific differential TA depending on the location of the UE within the beam assuming that UE autonomously determines and applies full TA based on its location within the beam as discussed in Section 3. Hence, there is no need for the gNB to pre-compensate the beam-specific common TA w.r.t. to a reference point with the beam for all the UEs transmitting PRACH preamble. 

Observation 8:  With UE autonomously determination of the full TA, the gNB compensation of common TA is not needed.
The total satellite delay is the sum of the access link delay and feeder link delay, and any processing delay in the satellite. The UE determines autonomously the TA corresponding to the access link RTD between the UE and the satellite. The UE cannot know autonomously the delay of the feeder link between the satellite and the GateWay/gNB. We consider two options for the reference point for timing synchronization:
· UE uses the GateWay/gNB time for the reference point for timing synchronization: UE autonomous full TA acquisition includes broadcast parameters such as feeder link delay, feeder link delay drift on SIB. 
· UE uses the satellite time for the reference point for timing synchronization: UE autonomous TA acquisition does not include broadcast parameters such as feeder link delay, feeder link delay drift. This approach may require the gNB implementation to determine and pre-compensate the delay at the satellite using satellite position and velocity over the feeder link, in a similar way as for UE pre-compensation of satellite delay and Doppler over the access link. 
Note that in any case, the feeder link delay indication on SIB may be considered for MAC, RLC, PDCP timer solutions as discussed in our related TDocs in RAN2#111e [6, 7]. The feeder link delay aspects are also discussed in our related contribution on timing enhancements and contribution on Other Aspects in in RAN1#102e  [8, 9].
Proposal 7: Further discuss the following two options for Autonomous acquisition of the TA at UE:
· UE uses the satellite time as the reference point for timing synchronization  
· UE uses the Gateway/gNB  time as the reference point for timing synchronization
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. 
In Section 3.3 we proposed UE determines autonomously the full Doppler shift over the access link using the broadcast satellite position and velocity on a new NTN SIB.  The UE cannot know the common Doppler shift compensated by the gNB. The UE will need to know the gNB the common Doppler shift pre-compensation applied by the gNB and subtracts it from its autonomously determined full Doppler shift before applying pre-compensation of residual Doppler shift prior to UL transmission. The indication of the common Doppler compensated by gNB is considered for two scenarios for LEO
· Moving beams
· Earth-fixed beam
Moving Beams:
Figure 9 illustrates the LEO moving beam scenario. As the beam is moving with the satellite, the satellite velocity V in the direction of the beam centre is constant, and hence the common Doppler shift  w.r.t. beam centre is constant.  In case the gNB pre-compensate the common Doppler shift on the access link w.r.t. centre of the beam, the beam-specific common Doppler shift value is constant and can be broadcast on the NTN SIB. The resolution should be sufficient to accommodate small changes due to slight variations in direction as satellite moves. Assuming a range of ±64 kHz for the common Doppler shift and that the common Doppler shift is applied with a resolution of 1 Hz, the number of bits on the NTN SIB to indicate the common Doppler shift is 17 bits. With this resolution, the residual Doppler shift at the beam centre will be approximately 0 Hz. Knowing the common Doppler shift from NTN SIB and the full Doppler shift as determined from the satellite position and velocity from the NTN SIB, the UE can determine the residual Doppler shift as
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Figure 9: LEO moving beam scenario
Fixed-earth beam:
Figure 10 shows the LEO earth-fixed beam scenario. As 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, and hence the common Doppler shift  w.r.t. beam centre is not constant.  For earth-fixed beams, in case the gNB pre-compensate the common Doppler shift on the access link w.r.t. centre of the beam, the beam-specific common Doppler shift value 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@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 given below. Knowing the common Doppler shift, the residual Doppler is determined in same way 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. 


[image: ]







Figure 10: LEO Earth-fixed beam scenario

Hence we make the following proposals:  
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 common Doppler shift value is broadcast on the NTN SIB for moving beam.
Proposal 9: 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. 
UL Frequency Compensation Indication
It was recommended to use UL frequency compensation indication during release-16 NR NT study Item under the assumption that a UE without GNSS capability cannot estimate residual Doppler. During the initial access, the value of the UL frequency compensation indication can be determined by estimation of the frequency offset from the RACH preamble detection at the gNB receiver and indicated by the gNB in the RAR message. With GNSS capability, there is no need for UL frequency compensation indication if the UE pre-compensation of Doppler is done with sufficient accuracy as discussed in the previous section.

Observation 9:  With GNSS capability, there is no need for UL frequency compensation indication if the UE pre-compensation of Doppler shift is done with sufficient accuracy for the transmission of RACH preamble and subsequent transmission of PUSCH and PUCCH.

Conclusion
In this contribution, we summarize issues and discuss impact on specifications for solutions for UL time and frequency synchronization. 
Distributing the satellite position and velocity in a new NTN SIB rather than long term Ephemeris data is the preferred method for the UE to compute Timing Advance autonomously and perform UL Doppler compensation; it minimizes signaling overhead and makes UE implementation simpler. Defining the Satellite time as a Time reference and feeder link compensation may need cooperation between Gateway and gNodeB that shall be investigated in more details. 
Observation 1: GNSS capability working assumption is that UE can determine and pre-compensate timing and frequency offset with sufficient accuracy for UL transmission.
Observation 2: Autonomous acquisition of the TA before release-15 RACH transmission is at least within half of cyclic prefix of PRACH preamble.  
Proposal 1: The maximum error for UE pre-compensation of satellite delay before transmitting RACH preamble has to be within    of RACH preamble format. In term of satellite position accuracy (ΔU) this corresponds to  .  
· For FR1, the minimum satellite position accuracy requirement to support NR RACH preamble format 0, 1, 2, and 3 is  . 
· For FR2, the minimum satellite position accuracy requirement to support NR RACH preamble format C0 and C1 with sub carrier spacing up to 120 kHz is  . 
Observation 3: Autonomous acquisition of the Doppler shift due to satellite movement before release-15 RACH transmission is at least within ±0.02ppm and is included in the total frequency error for UL transmission of ±0.1 ppm.  
Proposal 2: The maximum frequency error for UE pre-compensation of Doppler shift due to satellite movement before transmitting RACH preamble is be within ±0.02ppm. In term of satellite position accuracy (ΔU) and satellite velocity accuracy ΔV, this corresponds to    
· 
· 
Proposal 3: The base Station broadcast Position/ Velocity and implicit Time:
-	Satellite location/velocity in ECEF coordinates
-	Validity Time is the end of SFN where SIB was transmitted (from the satellite)
Proposal 4: 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
Proposal 5: 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 4: Release-15 maximum initial timing range is sufficient assuming UE pre-compensate the delay at least within half of cyclic prefix of PRACH preamble.
Observation 5: The Release-15 initial Timing Advance Command range is sufficient assuming idle UE determine autonomously the full TA.
Observation 6: Impact of time drift on TA update could result in significant signaling overhead, which can be avoided if the TA is autonomously adjusted by the UE to compensate impact of the time drift in connected mode
Proposal 6: for connected UEs with autonomous acquisition of the TA, the TA is adjusted by the UE to compensate impact of the time drift before UL transmission.

Observation 7: 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 8:  With UE autonomously determination of the full TA, the gNB compensation of common TA is not needed.
Proposal 7: Further study the following two options for Autonomous acquisition of the TA at UE:
· UE uses the satellite time as the reference point for timing synchronization  
· UE uses the Gateway/gNB  time as the reference point for timing synchronization
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 common Doppler shift value is broadcast on the NTN SIB for moving beam.
Proposal 9: 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. 
Observation 9:  With GNSS capability, there is no need for UL frequency compensation indication if the UE pre-compensation of Doppler shift is done with sufficient accuracy for the transmission of RACH preamble and subsequent transmission of PUSCH and PUCCH.

ANNEX
% Matlab sript uses satellite orbit data based on a real Eutelsat LEO satellite currently in spatial orbit at 600 km for 1:45 hours with step 0.25 seconds as provided by Eutelsat. 
% Orbit data Position and Velocity every 0.25 seconds is read into PosX, PosY, PosZ, VelX, VelY, VelZ arrays
M=1920;  % 8 minutes of satellite Position and Velocity
time1 = 0:time_step:(M-1)*time_step;  
tmpPosX = PosX(1:M); tmpPosY = PosY(1:M); tmpPosZ = PosZ(1:M);
tmpVelX = VelX(1:M); tmpVelY = VelY(1:M); tmpVelZ = VelZ(1:M);
UsatUE_X = zeros(1,M); UsatUE_Y = zeros(1,M); UsatUE_Z = zeros(1,M);
DsatUE = zeros(1,M);
Delay = zeros(1,M);
V= zeros(1,M);
Fd= zeros(1,M);
% parameters used in the calculation
Re = 6371; % Earth radius in km
h = 500;   % LEO orbit distance in km
c=3*10^8;  % velocity of light in m/s
Fc = 2e9;  % carrier frequency in Hz
% Determine arbitrarily UE position – e.g. at Nadir in km @ 2020/01/01-00:04:00.000 
Psat = [tmpPosX(M/2) tmpPosY(M/2) tmpPosZ(M/2)]; 
PueX = tmpPosX(M/2)/norm(Psat)*Re; % UE co-ordinate X
PueY = tmpPosY(M/2)/norm(Psat)*Re; % UE co-ordinate Y
PueZ = tmpPosZ(M/2)/norm(Psat)*Re; % UE co-ordinate Z
% Determine propagation distance at nadir in km
Dnadir = norm([tmpPosX(M/2) tmpPosY(M/2) tmpPosZ(M/2)]) - Re;
% Determine sat-UE distance vector co-ordinates in km
for i=1:M
    UsatUE_X(i) = PueX - tmpPosX(i) ; 
    UsatUE_Y(i) = PueY - tmpPosY(i);
    UsatUE_Z(i) = PueZ - tmpPosZ(i);   
end
% Determine sat-UE distance in km
for i=1:M  
    DsatUE(i) = norm([UsatUE_X(i) UsatUE_Y(i) UsatUE_Z(i)]);
end
% Determine sat-UE delay in ms
for i=1:M
    Delay(i) = DsatUE(i) * 1000 / c * 1000;  % Delay
end
% Determine V = <Vsat, UsatUE> / norm(UsatUE)in km
for i=1:M
    V(i) = (VelX(i) * UsatUE_X(i) + VelY(i) * UsatUE_Y(i) + VelZ(i) * UsatUE_Z(i)) / norm([UsatUE_X(i) UsatUE_Y(i) UsatUE_Z(i)]);
end
% Determine Doppler in kHz
for i=1:M
    Fd(i) = V(i) * Fc / c;
End
% Plot satellite-UE delay and Doppler
subplot(2,1,1), plot(time1, Delay)
axis ([0 500 0 7]); grid ON; legend('Sat-UE delay'); title('Sat-UE propagation delay with step size 0.25 seconds')
xlabel('time [s]'); ylabel('delay [ms]')
subplot(2,1,2), plot(time1, Fd)
axis ([0 500 -50 50]); grid ON; legend('sat-UE Doppler shift'); title('Sat-UE Doppler shift with step size 0.25 seconds')
xlabel('time [s]'); ylabel('Doppler shift [kHz]')
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