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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 and the objectives of RAN4 in the latest WID [1]are attached as below:
[bookmark: _Hlk3280971]Study the framework how NTN core requirements are defined.

Specify the following requirements [RAN4] (Note 1)
· UE RRM core requirements 
· Study and identify which bands may be potentially relevant to NTN including: 
· Analysis of regulations in the spectrum considered
· Adjacent channel co-existence 
· Considering the potential bands to be used as example for the WID:
· Specify needed generic RF core requirements for the network and the UE such that adjacent channel co-existence scenarios are met and performance of other RF parameters (RX performance, TX signal quality etc.) are subject to acceptable minimum requirements 
· Investigate and specify UE timing & frequency pre compensation accuracy requirements as needed [RAN4].

Note 1: It is assumed that this work item will be frequency agnostic and therefore we can consider that NTN can operate in FR1 or FR2 ranges. Defining NR bands for NTN should be included as part of dedicated Rel-17 RAN4 led work items including an analysis of regulations in spectrum considered, which bands 3GPP should specify, as well as potential co-existence between NR terrestrial and satellite

[bookmark: _Ref481671177]The study item phase identified issues and made recommendations on NR UL synchronization in TR 38.821 [2]. In this paper, the outline of RRM requirements analysis for NTN is discussed section 2. The UE timing & frequency pre compensation accuracy requirements are discussed in section 3. Some UL timing synchronization aspects are further discussed in section 4. Some UL frequency synchronization aspects are also provided in section 5. 
Outline of Related RRM requirements for NTN
Regarding the RRM Requirements for NTN (whether new requirements need to be specified or existing requirements can be reused and to what extent), Table 1 (see below) can be used for the requirements analysis as a starting point, and new relevant agreements from other groups are taken into account.
Table 1: Outline of RRM requirements for NTN
	Requirements
	Scenario
	Comment

	Cell reselection
	· Intra-frequency
· Inter-frequency
· Inter-RAT
	Requirement is needed, TBD whether it is same or different from Rel-16 NR
· May consider the usage of satellite assistance to improve cell selection/reselection (e.g. satellite ephemeris)

	Handover
	
	Requirement is needed, TBD whether it is same or different from Rel-16 NR
· May prioritize the case of NTN to NTN. 
· May consider RA-less HO

	RRC Connection Mobility Control
	RRC re-establishment
	FFS


	
	RA
	FFS

	
	RRC release with redirection
	FFS 

	NTN SCell activation/deactivation delays
	
	FFS

	Interruptions related to NTN SCells addition, release, activation, deactivation
	· Interruptions on serving cells due to any of the addition, release, activation, or deactivation procedures for an NTN SCell,
· Interruptions on serving cells due to measurements on SCC with deactivated NTN SCell.
	FFS Interruptions on other serving cells.
Pending on RF discussion on band combinations for NTN.

	NTN PSCell addition/release delays
	
	FFS

	Interruptions due to NTN PSCell addition/release
	Interruptions on serving cells due to addition or release of NTN PSCell
	FFS

	Interruptions due to operation in non-NTN serving cell
	
	FFS

	Active BWP switching
	Interruptions at active BWP switching
	FFS

	
	Active BWP switching delay
	FFS

	RLM
	Requirements for RLM, e.g., based on SSB, CSI-RS or both 
	FFS

	Link recovery procedures
	Requirements for SSB-based and CSI-RS based beam failure detection and candidate beam detection
	FFS

	Measurements requirements and measurement accuracy requirements
	intra-frequency
·  SSB-based and CSI-RS based measurements (RSRP/RSRQ/SINR), L1 RSRP for reporting
	FFS

	
	Inter-frequency
	FFS

	
	Inter-RAT
	FFS

	UE measurements capability and reporting criteria
	
	FFS

	UE timing related requirements
	UE maximum receive timing difference
	FFS

	
	UE transmit timing
	Requirement is needed, TBD whether it is same or different from Rel-16 NR
· May consider UE Pre-compensation for UL Synchronization, more details discussed in Section 3  

	
	UE maximum transmit timing difference
	FFS

	
	TA
	Requirement is needed, TBD whether it is same or different from Rel-16 NR
· May consider autonomous TA, more details discussed in Section 4  

	NOTE 1: Other requirements are not precluded. It is up to further RAN4 discussion whether and for which of the listed requirements Rel-16 NR requirements could be reused or whether new requirements need to be specified to account for the NTN impact.



[bookmark: _Ref47731540][bookmark: _Ref54006759]Proposal 1: RAN4 to further discuss RRM requirements for NTN.


[bookmark: _Ref31705530]UE Pre-compensation for UL synchronization
In RAN1#102e meeting, it has been agreed that UE can apply timing advance and frequency adjustment for UL transmissions, based on one or more of these elements together with additional information (e.g., serving satellite ephemeris or timestamp) signaled by the network. The corresponding agreement is copied below for reference. 
Agreement:
· 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

In this section, 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 in section 3.1. The UL timing synchronization is analysis in section 3.2. We discuss requirements for the accuracy of the satellite position and velocity in section 3.3. The UE pre-compensation accuracy is analysis in section 3.4. An example of serving satellite ephemeris to compute timing and frequency for pre-compensation is shown in section 3.5. A propagation model based on gravity and its accuracy is discussed in Section 3.6 and ANNEX A.
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. The problem we focuses on UE’s pre-compensation accuracy involves only Steps 3) and 4) above. In short. What UE gets are the satellite position/velocity on the SIB and its position via GNSS. What UE needs to calculate are the propagation delay between satellite (for TA) and UE as well as satellite velocity (for Doppler).
[image: ]
[bookmark: _Ref31702042]Figure 1: Satellite Propagation delay and Doppler in NTN Network.

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
· 
· 
We propose to keep the legacy requirements for timing and frequency accuracy in NR NTN – i.e. +/-0.1 ppm for UL frequency error, and smallest CP/2 for PRACH, and within a fraction of CP for PUSCH and PUCCH. The NR NTN environment with typical satellite delay and satellite Doppler shifts can be emulated in a test. The legacy PRACH, PUSCH, and PUCCH detection requirements should apply without any significant degradation in detection performance due to UE pre-compensation using serving satellite ephemeris (i.e. satellite position and velocity).
Proposal 2: Keep legacy UL demodulation performance requirements, UL timing error requirements, and UL frequency error requirements  for NR NTN when UE pre-compensate satellite delay and Doppler.
Proposal 3: Define a test for UE pre-compensation with device using device position and using serving satellite ephemeris broadcast on SIB, where device reads satellite ephemeris on SIB at time t0, propagate satellite position and velocity to time t0+T, determines and pre-compensates corresponding satellite delay and Doppler shift before transmitting on the UL at time t0+T.
[bookmark: _GoBack]
UE pre-compensation accuracy
The GNSS time reference in a typical GNSS chipset implementation can be guaranteed within a ±10 ns [3]. The GNSS position accuracy is in the order of ±3 m (=c*t=3. 108 m/s *10.10-9 s). GNSS-enabled smartphones are typically accurate within a 4.9 m radius under open sky [4]. On-board satellite GNSS receivers are also very accurate with position accuracy in the order of 10 meters and velocity accuracy in the order of 10 cm/s.
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.

Serving satellite Ephemeris for UE pre-compensation
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 (from Section A.1 in TR38.821):  

	Epoch (day, hr, min, sec)
	X[km]
	Y[km]
	Z[km]
	dX/dt[km/s]
	dY/dt[km/s]
	dZ/dt [km/s]

	2018-10-26 02:00:00.000
	19151.529
	-37578.251
	17.682
	-0.00151
	-0.00102
	-0.00106

	2018-10-26 02:05:00.000
	19151.073
	-37578.556
	17.359
	-0.00152
	-0.00101
	-0.00109

	2018-10-26 02:10:00.000
	19150.614
	-37578.855
	17.029
	-0.00154
	-0.00099
	-0.00112

	2018-10-26 02:15:00.000
	19150.150
	-37579.151
	16.690
	-0.00155
	-0.00098
	-0.00114



Based on the Ephemeris, the position & velocity of satellite in the near future can be computed, and the UE is able to pre-compensate its frequency and timing correspondingly. 

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 ), both were used to calculate the satellite position and for 26/03/2020. It can be observed from Figure 2 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. 

[image: ]










Figure 2: 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 described in Appendix A to compare against satellite position and velocity orbit data provided by Eutelsat for LEO 500km which is the worst case, and publicly available Iridium/Starlink/Inmarsat satellites TLE data shows the satellite positon and velocity requirements proposed in sections 2.3 and 2.4 can be achieved with periodicity up to 10 seconds (i.e. Position error < 120 m requirement and satellite velocity 1.5 m/s requirement). Furthermore, very low frequency offset error and delay error can be observed with up to 30 seconds as summarized in Table 1. All the satellites data include the effect of the non-spherical earth impact. The simple propagation algorithm based on gravity using earth spherical model allows to achieve a very good accuracy. 
Table 2: Propagation algorithm performance simulations using Eutelsat satellite position and velocity orbit data
	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



Note that other sub-optimum propagation method based on linear extrapolation could also be used in the device with reasonable accuracy. Table 3 below shows low frequency offset error and delay error can be observed with up to 10 seconds with propagation method based on linear with Eutelsat satellite position and velocity orbit data.

Table 3: Simulations of accuracy of propagation based on linear extrapolation.
	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


[bookmark: _Ref31702364]UL Timing synchronization aspects
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 4: 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 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) [TS 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 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.

UL Frequency synchronization aspects
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)
Observation 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. 
Observation 7: 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 a RAN1 discussion.
[bookmark: _Ref54010138]Proposal 4: RAN4 to wait for RAN1’s input on whether and how to specify UL transit requirement when common Doppler shift pre-compensation is applied by the gNB. 

Conclusion
In this contribution, we summarize issues and discuss impact on specifications for solutions for UL time and frequency synchronization. 
Proposal 1: RAN4 to further discuss RRM requirements for NTN.

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
· 
· 
Proposal 2: Keep legacy UL demodulation performance requirements, UL timing error requirements, and UL frequency error requirements for NR NTN when UE pre-compensate satellite delay and Doppler.
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.
Observation 4: 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.

Observation 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 6: The connected UE can autonomously predict and pre-compensate the Doppler shift drift before transmitting on the UL.
Observation 7: 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 a RAN1 discussion.
Proposal 3: Define a test for UE pre-compensation with device using device position and using serving satellite ephemeris broadcast on SIB, where device reads satellite ephemeris on SIB at time t0, propagate satellite position and velocity to time t0+T, determines and pre-compensates corresponding satellite delay and Doppler shift before transmiting on the UL at time t0+T.
Proposal 4: RAN4 to wait for RAN1’s input on whether and how to specify UL transit requirement when common Doppler shift pre-compensation is applied by the gNB. 
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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