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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1#103-e, a couple of agreements have been achieved to enhance the uplink timing and frequency synchronization for NTNAgreement:
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.

Agreement:
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.

Agreement:
· 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:

where:
is derived from the User specific TA self-estimation
 is derived at least from the common timing offset value if broadcasted by the network. The granularity of  and whether  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.
depends on band and LTE/NR coexistence and is specified in TS 38.213 section 4.2.
 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.

Working assumption:
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.

Agreement:
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. 

In this contribution, we discuss the key issues of time and frequency synchronization in NTN and also provide our views on satellite ephemeris. 

[bookmark: _Ref129681832]Discussion
UL frequency alignment 
Autonomous frequency adjustment 
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Figure 1. UL frequency alignment scheme
In RAN1#103-e, two solutions have been identified for UE autonomous frequency compensation of the frequency error introduced by the Doppler effects experienced on service uplink. One solution is to derive the frequency adjustment based on 
· The GNSS-acquired UE position
· The serving satellite ephemeris
· The UE internal clock driven by the received DL signals
This UL frequency alignment scheme is illustrated in Figure 1. The frequency offset, denoted as Fd+Fo, can be estimated at UE by tracking the DL reference signal. Fd is the residual Doppler frequency shift after pre-compensation by the gNB. Fo is total local oscillator frequency deviation of UE FUE and gNB FgNB. UE can pre-compensate the UL frequency based on estimated frequency offset Fd+Fo. If Fd is not known by the UE, the frequency offset received at the gNB is approximately two times the total local oscillator frequency errors, i.e. 2‧ Fo. 
Another solution is to derive frequency adjustment based on 
· The GNSS-acquired UE position
· The serving satellite ephemeris
· The GNSS-based reference frequency
With this solution, the UE nominal frequency can be very accurate since the local oscillator frequency from UE can be precisely corrected by GNSS signals. The UL frequency offset applied at the UE can be derived based on the GNSS-acquired UE position and the serving satellite ephemeris. As a result, the remaining frequency offset at the gNB is around 2‧FgNB. 
For solution 1, the UL frequency error at the gNB can be minimized if pre-compensated common frequency offset of service link part is known by the UE. For solution 2, this may not needed since the UL frequency offset is 2‧FgNB, which is small and can be neglected. However, compared with solution 1, solution 2 has a stricter requirement to hardware implementation. On the whole, both solutions can be supported and which solution is selected can be up to UE implementation according to the hardware capability. 
Observation 1: For autonomous frequency adjustment, when the UE internal clock driven by the received DL signals, the UL frequency error can be minimized if pre-compensated common frequency offset of service link part is known by the UE.
Proposal 1: The solution for UE autonomous frequency compensation can be up to UE implementation according to its hardware capability.
Reference point for UL frequency synchronization
When the referent point for UL frequency synchronization is located at the gNB or on the feeder link, the indication of frequency offset from feeder link or gNB location will be needed as UE has no information of gNB location.  When the referent point for frequency is located at satellite, the signalling can be avoided. 
Observation 2: UL frequency synchronization at the gNB or feeder link will introduce additional signaling overhead. 
Common frequency offset pre-compensation and post-compensation at gNB side
For DL transmissions, applying a common frequency offset pre-compensation is beneficial to reduce UE detection complexity. Whether the pre-compensated common frequency offset can be transparent to the UE is depending on the autonomous frequency adjustment method mentioned above. When local oscillator frequency of UE is corrected by GNSS signal and local oscillator frequency error of gNB can be neglected, common frequency offset indication is not needed. When the UE internal clock is driven by the received DL signals, indication of pre-compensated common frequency is needed for UE to derive Fo from the estimated frequency offset Fd+Fo and compensated it for UL transmission. 
For UL transmissions, frequency offset post-compensation can be applied at the gNB side. The frequency offset compensated at the gNB should be known by the UE to determine how much frequency offset should be pre-compensated. If post-compensated common frequency offset for UL transmission is the same as the pre-compensated common frequency offset applied for DL, one indication is sufficient (assume solution 1 is used for autonomous UL frequency adjustment) otherwise a separate indication should be introduced.
The value of common frequency offset may have a large range (+/-48kHz for 600km LEO at 2 GHz with 10° minimum elevation). Some further discussions on the granularity for the signaling of the common frequency offset is required. 
Observation 3: For DL transmissions, applying a common frequency offset pre-compensation is beneficial to reduce UE complexity.
Observation 4: Indication of pre-compensated common frequency is needed at least when UE’s internal clock is driven by the received DL signals.
Observation 5: For UL transmissions, frequency offset post-compensation can be applied at the gNB and the value should be known by the UE to determine UL pre-compensation. 
Observation 6: If the post-compensated common frequency offset applied for UL is zero or the same as the pre-compensated common frequency offset applied for DL, the indication of frequency offset post-compensated at the gNB can be avoided otherwise it needs to be signaled to the UE.
Observation 7: If common frequency offset is indicated by the network, the value may differ within a large range.
Proposal 2: The signaling design of common frequency offset needs further study.
UL Frequency adjustment for UE in RRC connected mode
Based on the frequency offset estimated by tracking DL reference signal and indicated frequency offset, a GNSS UE can calculate the frequency offset for its UL transmissions in RRC connected mode. The accuracy of estimated frequency offset for UL frequency adjustment can be ensured even without closed-loop frequency compensation. 
Proposal 3: For GNSS UE, closed-loop UL frequency compensation is not needed.
UL timing synchronization
Reference point for common timing offset
It was agreed in RAN1#103-e that before Msg1/MsgA transmission, the NR NTN UE in idle/inactive mode calculates its TA as  where  is derived from the user specific TA self-estimation and  is derived at least from the common timing offset value if broadcasted by the network. The common timing offset or common TA is related to the reference point (RP) where uplink and downlink frames are aligned. Common timing offset is the common TA part shared by all UEs within the cell and it is determined by the RTD between RP and the satellite. According to which part of the TA the UE needs to pre-compensate, three options of RP definitions can be considered for the common timing offset indication.
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Figure 2. The RP for common timing offset is located at the gNB

The first option is that RP is located at the gNB. As shown in Figure 2(a), a large TA which is the sum of service link RTD and feeder link RTD is applied at the UE side and the UL frame timing and DL frame timing is aligned at the gNB side. With this option, UE with GNSS can calculate the RTD of service link according to its position and satellite position (obtained from serving satellite ephemeris). Meanwhile, the RTD of feeder link should be broadcast as the common TA to the UE by the gNB. With this option of RP selection, the UE can collect distances between the satellite and the gateway according to the full feeder link RTD. As shown in Figure 2(b), UE can collect d1, d2, d3 and obtain the gateway’s approximate location before accessing the NTN system. 
Observation 8: There will be a large timing offset between the DL and UL frame timing at the UE side when reference point for common timing offset is at the gNB.
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Figure 3 The RP for common timing offset is located at the satellite

The second option is that RP is located at the satellite. With this option, the delay compensated by network is equal to the feeder link RTD, so UE only takes care of propagation delay introduced by service link which can be calculated by a GNSS UE with its position and satellite ephemeris. As shown in Figure 3, the feeder link RTD compensated by network is time-variant when RP is located at the satellite. As a result, the timing offset between the DL and UL frame timing at the gNB is time-variant, and the implementation complexity for UL reception may be high. 
Observation 9: The timing offset between the DL and UL frame timing at the gNB is time-variant when reference point for common timing offset is at the satellite.
Observation 10: The time-variant timing offset between the DL and UL frame timing may introduce much more complexities to the gNB.
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Figure 4 The RP for common timing offset is under network control  
(a) RP at feeder link (b) RP at service link 
The third option is that RP localization is left to the implementation. Expect for the location at the gNB and the satellite, the RP point can also be located at the service link part and at the feeder link part, as illustrated in Figure 3. When RP is located at the feeder link part (shown in Figure 3 (a)), the network compensates part of feeder link propagation delay, the common timing offset indicate the rest of the feeder link propagation delay to UE. Then, the common timing offset is added to the calculated service link delay, and UE can get its TA value, which is applied to adjusting the uplink timing. When the network compensates feeder link propagation delay and part of service link propagation delay as shown in Figure 3 (b), the common timing offset can indicate the compensated part of the service link propagation delay to the UE. The TA value can be obtained by removing the indicated common TA from the calculated service link delay. One benefit of this option is that it can flexibly support all the foreseen deployment scenarios. Another benefit is that the delay compensated by network can be constant within a period of time instead of time-variant feeder link RTD to resolve the implementation complexities at the gNB.
Proposal 4: The delay compensated by the gNB should be a constant value considering the implementation complexity.
Proposal 5: RP localization is left to the implementation to support all the foreseen deployment scenarios.
In summary, the common TA can be determined with the following steps:
1) The network determines its compensated delay Z.
2) The network calculates the feeder link RTD Y from the gateway/gNB position and satellite position.
3) Common timing offset X= Y – Z 
From the above analysis, how much TA a UE needs to apply in NTN scenarios can be controlled by the network. 
Proposal 6: The common timing offset is determined as the RTD from the reference point to the satellite, i.e. by subtracting the delay compensated at the gNB from the feeder link RTD.
The need and indication of TA margin
The UE with GNSS capability can calculate the RTD of service link based on its own position and satellite position, and the satellite position error based on ephemeris may result in TA errors. There are mainly two kinds of satellites: with on-board GPS and without on-board GPS. The satellites with on-board GPS could have meter-level position accuracy, which is negligible. However, the satellite without on-board GPS could have position error to several kilometres, which may results in an underestimate or overestimate the TA by UE. In case of overestimation as shown in Figure 4,  the distance for calculating service link RTD may be longer than the actual distance between satellite and UE because of the ephemeris error (i.e., potential satellite location error), which results in larger TA value. If UE uses the erroneous TA, uplink signals will arrive at the gNB in advance, leading to inter-symbol interference (ISI) during preamble transmission.
If the specification supports both satellites with/without on-board GPS, the potential satellite position error (ephemeris error) needs to be taken into consideration to avoid ISI. Satellite position error can be indicated by the network or contained in the common TA. And when ephemeris error is contained in the common TA, position error is transparent to UE. In this respect, the indication of common TA is always needed even when the RP for UL time synchronization is at satellite.


[bookmark: _Ref30172019]Figure 5. Effects of ephemeris error
Observation 11: Potential satellite position error may lead to inter-symbol interference (ISI) during preamble transmission.
Proposal 7: Potential Satellite position error needs to be compensated to avoid ISI. 
TA update in connected mode
In NTN, the propagation delay from the network to UE location can change very quickly, e.g. the maximum delay variation can be up to +/- 40 µs/sec for LEO at 600Km. The NR TA maintenance scheme based on MAC-CE indication will result in a large signaling overhead if it is applied in NTN directly. In RAN1#103-e, the enhancement on the maintain phase of the timing advance was discussed and the three solutions are analyzed below.
For the first solution, UE with GNSS capability acquire and compensate the timing drift of service link based on UE’s location and satellite ephemeris while timing drift of feeder link is compensated by the gNB. Without closed loop information for TA adjusting, the error of acquired ephemeris and location will result in larger TA value and therefore lead to inter-symbol interference. In addition, the timing offset between the DL and UL frame timing at the gNB is time-variant which will introduce implementation complexity for UL reception as analysed above.
For the second solution, the timing error issues of the first solution can be solved by the closed loop TA information. In addition, indication of common TA drift rate is beneficial to reduce signalling overhead as the period of validity of common TA drift rate is much longer than common TA drift. The TA drift rate applied by UE side is composed by common TA drift rate part (drift rate of ) and UE specific TA drift rate part (drift rate of ), the UE specific part can be derived by UE location and satellite ephemeris. Then the residual TA error can be compensated by closed loop TA command. As a result, frequent UE position and satellite ephemeris update can be avoided so that the UE complexity can be reduced. The timing adjustment can be calculated as follows:

is the combined TA drift rate,  is the time offset between the real timing and the reception timing of TA drift rate. As a side note, due to the updating period of system information and different propagation delays, the indicated common TA drift rate can be a pre-compensated values by gNB implementation. 
For the third solution, the timing drift caused by satellite movement is compensated by UE only depend on the closed loop TAC commands. As the delay variation can be very high for LEOs, this solution will introduce a large signaling overhead.
Proposal 8: Timing drift rate is needed for tracking the variation of common TA and reduce the signaling overhead of TAC.
Proposal 9: The common timing drift rate is indicated by the gNB.
Consideration on satellite ephemeris indication
For the purpose of frequency/timing synchronization and mobility management, the indication of satellite ephemeris are required. There were some discussions in both RAN1 and RAN2 regarding how the satellite ephemeris can be used as well as the satellite ephemeris format. The key factors that needs to be taken into account include the accuracy in order to meet the synchronization requirement, signaling overhead as well as its applicability to different scenarios. 
Based on the previous discussion, the satellite ephemeris can either be indicated in form of state vector (x, y, z, vx, vy, vz) or Keplerian orbit elements (a, e, ω, Ω, i, M0). The state vector indicate the instant satellite position and velocity in ECEF coordinator and the physical meaning of Keplerian orbit elements are as follows
· Semi-major axis a
· Eccentricity e
· Argument of periapsis ω 
· Longitude of ascending node Ω
· Inclination i
· Mean anomaly M0
The two formats are theoretically equivalent as they can be transformed to each other via Keplerian equations. The overhead and radical position error of state vector have been analyzed in [6]. 
In this following, the performance of the orbit elements-based model is analyzed via the real satellite orbital data provided by Eutelsat. The ephemeris prediction error comes from two parts: random quantization error and propagator error [7]. As the relative location and velocity between UE and satellite are not only dependent on the radial position and velocity of the satellite, both radial and absolute performance are evaluated. Table 1 lists the mean value of the radial and absolute prediction errors at 10s, 20s and 30s by 1000 independent trails. 
Table 1 Predication errors by Keplerian orbit elements format
	Period
	Radical position error, m
	Radical velocity error, m/s
	Absolute position error, m
	Absolute velocity error, m/s
	Total overhead

	10s
	1.415243964
	0.002064304
	6.627862341
	0.019901675
	140bits

	20s
	2.556054744
	0.004017807
	8.887820108
	0.032020696
	

	30s
	3.455422236
	0.00582607
	11.03350865
	0.042707769
	



The evaluation results show that within 140 bits the satellite position and velocity can be predicted with very good accuracy and the degradation is not serious with the increase of signaling period. Note that 1) given satellite physical parameters like mass and geometry could further improve the accuracy of a propagator physical model and lead to a more accurate ephemeris prediction, 2) the along-track direction error is more sensitive to quantization and propagator error, which should be addressed during the performance analysis, and 3) quantization bring in random quantization noise, thus only statistics could present the performance.
Comparing the signalling overhead, the state vector has both position and velocity group and should be respectively quantized with the same resolution. In contrast, Keplerian orbit elements based solution has the freedom to be further optimized, as each element can be quantized with different resolutions. Besides, when a list of neighbour satellites or cells are provided in the system information for cell reselection, providing orbit elements for neighbour satellites will reduce the signalling overhead as the neighbour satellites usually locate at the same or adjacent orbits of the service satellite. For example, only orbit elements of M0 need to be indicated for the satellites in the same orbit.
Observation 12: Keplerian orbit elements indication for service and neighbour satellites can be optimized to reduce the overall signalling overhead.
Proposal 10: The satellite ephemeris should take into account the requirement from both RAN1 and RAN2 
· Accuracy requirement on time/frequency synchronization
· Neighbouring satellite ephemeris for mobility management purpose 

Conclusion
In this contribution, we further discuss the issue of UL time and frequency synchronization enhancement for NTN, the following observations and proposals are presented:
Observation 1: For autonomous frequency adjustment, when the UE internal clock driven by the received DL signals, the UL frequency error can be minimized if pre-compensated common frequency offset of service link part is known by the UE.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Observation 2: UL frequency synchronization at the gNB or feeder link will introduce additional signaling overhead. 
Observation 3: For DL transmissions, applying a common frequency offset pre-compensation is beneficial to reduce UE complexity.
Observation 4: Indication of pre-compensated common frequency is needed at least when UE’s internal clock is driven by the received DL signals.
Observation 5: For UL transmissions, frequency offset post-compensation can be applied at the gNB and the value should be known by the UE to determine UL pre-compensation. 
Observation 6: If the post-compensated common frequency offset applied for UL is zero or the same as the pre-compensated common frequency offset applied for DL, the indication of frequency offset post-compensated at the gNB can be avoided otherwise it needs to be signaled to the UE.
[bookmark: _GoBack]Observation 7: If common frequency offset is indicated by the network, the value may differ within a large range.
Observation 8: There will be a large timing offset between the DL and UL frame timing at the UE side when reference point for common timing offset is at the gNB.
Observation 9: The timing offset between the DL and UL frame timing at the gNB is time-variant when reference point for common timing offset is at the satellite.
Observation 10: The time-variant timing offset between the DL and UL frame timing may introduce much more complexities to the gNB.
Observation 11: Potential satellite position error may lead to inter-symbol interference (ISI) during preamble transmission.
Observation 12: Keplerian orbit elements indication for service and neighbour satellites can be optimized to reduce the overall signalling overhead.
Proposal 1: The solution for UE autonomous frequency compensation can be up to UE implementation according to its hardware capability.
Proposal 2: The signaling design of common frequency offset needs further study.
Proposal 3: For GNSS UE, closed-loop UL frequency compensation is not needed.
Proposal 4: The delay compensated by the gNB should be a constant value considering the implementation complexity.
Proposal 5: RP localization is left to the implementation to support all the foreseen deployment scenarios.
Proposal 6: The common timing offset is determined as the RTD from the reference point to the satellite, i.e. by subtracting the delay compensated at the gNB from the feeder link RTD.
Proposal 7: Potential Satellite position error needs to be compensated to avoid ISI. 
Proposal 8: Timing drift rate is needed for tracking the variation of common TA and reduce the signaling overhead of TAC.
Proposal 9: The common timing drift rate is indicated by the gNB.
Proposal 10: The satellite ephemeris should take into account the requirement from both RAN1 and RAN2 
· Accuracy requirement on time/frequency synchronization
· Neighbouring satellite ephemeris for mobility management purpose 
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