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1	Introduction
The work item on solutions for NR to support non-terrestrial networks (NTN) was approved at RAN#86 and the work item description (WID) is updated in [1]. One objective is to specify uplink (UL) time and frequency synchronization enhancements for NTN. 
TR 38.821 [2] summarizes the observations made during the Release 16 study on solutions for NR to support NTN. With regards to downlink (DL) time and frequency synchronization it was concluded that robust performance can be supported without taking any special measures on the network side. The potential impact is limited to increased UE complexity.
For the UL time and frequency synchronization it was agreed that existing preamble formats can be reused during random access in case the UE can perform pre-compensation of timing and frequency offset. The suitability of the pre-compensation option is to a large extent dependent on the UE’s ability to support GNSS in the different RRC states, on the availability of accurate ephemeris data, and on the UE’s ability to make use of the GNSS and ephemeris information for performing time and frequency pre-compensation to compensate for Doppler effects.
At RAN1#102-e, the following agreement was made to set up the basic assumption on pre-compensation of UL timing and frequency offset in NTN.
RAN1#102-e:
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


Further, in case of autonomous acquisition of TA, 38.821 states that in case of satellite with transparent payload, further discussion on how to handle the impact introduced by feeder link will be conducted. 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. Even if there is no corresponding statement for frequency compensation, it is clear that handling of the feeder link Doppler shift is also needed.
In the next sections, we express our view on this critical functionality. For convenience the term access offset will be used to denote both the time and frequency offset used by the UE when transmitting in the UL to compensate for propagation delay and Doppler shift, respectively.
2	Options for access offset determination
Access offset determination using GNSS can be based on either geometric calculations or measurements, according to the following agreement made at RAN1#102-e:
RAN1#102-e:
Agreement:
In case of GNSS-assisted TA acquisition in RRC idle/inactive mode, the UE calculates its TA based on the following potential contributions:
· The User specific TA which is estimated by the UE:
· Option 1: The User specific TA is estimated by the UE based on its GNSS acquired position together with the serving satellite ephemeris indicated by the network:
· FFS: Details on serving satellite ephemeris indication 
· Option 2: The User specific TA  is estimated by the UE based on the GNSS acquired reference time at UE together with reference time as indicated by the network
· The Common TA if indicated by the network:
· FFS: The need and details of Common TA indication 
· FFS: The TA margin, if needed and indicated by the network (in order to account for the TA estimation uncertainty)


The two methods are schematically described below. Here it is assumed that only the access offset of the service link is to be determined by the UE, while the feeder link aspect is discussed in Section 3.
2.1	Access offset determination based on geometric calculations
The procedure for time offset determination is as follows:
· The UE obtains its position from GNSS
· The UE obtains the satellite position from ephemeris broadcast
· The UE calculates the time offset (propagation delay) based on the distance between the satellite and the UE
The procedure for frequency offset determination is as follows:
· The UE obtains its position from GNSS 
· The UE obtains the satellite position and velocity from ephemeris broadcast 
· The UE calculates the frequency offset based on the relative velocity of the satellite and the UE
This method requires that satellite ephemeris in some format is broadcasted.
2.2	Access offset determination based on measurements
The procedure for time offset determination is as follows:
· The UE obtains the time of transmission through a timestamp broadcast in system information
· The UE measures the time of reception using an absolute time reference obtained from GNSS
· The UE measures the time offset (propagation delay) comparing the time of transmission and the time of reception of a given DL signal
The procedure for frequency offset determination is as follows:
· The UE obtains the transmission frequency from system information
· The UE measures the reception frequency using an absolute frequency reference obtained from GNSS
· The UE measures the frequency offset by comparing the transmission frequency and the reception frequency of a given DL signal
This method requires that transmission time (timestamp) and transmission frequency (ARFCN etc.) are broadcasted.
2.3	Discussion
In principle, both methods can solve the problem, even though the accuracy of each method needs further study.
The two methods require different broadcast information – satellite ephemeris for the calculation based method (for both time and frequency offset estimation) and timestamp and frequency allocation info for the measurement based method (for time and frequency offset, respectively). Mandating all broadcast information in NTN networks should be avoided since only one set of this information is required for access offset determination. Therefore, it is necessary to mandate the UE to support one of these methods. Timestamp information with sufficient resolution is optionally supported in Rel-16. However, broadcasting satellite ephemeris is already required for NTN mobility procedures in Rel-17. Therefore, the calculation based method for time offset estimation should be made mandatory. Whether the measurement based method may optionally be used by the UE, in case the network broadcasts timestamps, is for further study. For frequency offset estimation, the necessary broadcast information for both methods will be available. Therefore, the UE may in principle choose any of the methods transparently to the gNB. However, the accuracy of the respective method needs further study.
[bookmark: _Toc54364665]An NTN UE is required to support time offset estimation and pre-compensation based on UE position and satellite ephemeris.
[bookmark: _Toc54364666]Whether the measurement based method may optionally be used by the UE, in case the network broadcasts timestamps, is for further study.
[bookmark: _Toc54364667]Further study accuracy of UE methods for frequency offset estimation.
3	Time and frequency compensation
3.1	Reference point for time and frequency
First it needs to be clarified where the reference point for time and frequency is located in an NTN. The reference point is the point in the network at which UL time slots are received at their nominal time and carriers are transmitted and received at their nominal DL and UL frequencies, respectively.  The reference point for time and frequency has been the BS antenna connector, as defined in section 4.3.1 of TS 38.104 [6], up to and including release-16. For release-17 NTN WI, there are at least two options, the BS antenna connector of the gNB (as in release-16) or the antenna connector of the satellite. 
If the satellite is time and frequency reference point, then UL signals will be time and frequency aligned and received at nominal UL frequency at satellite RX. Then all time slots will be misaligned by twice the feeder link delay and the frequency will be affected by feeder link Doppler shift. This is shown in Figure 1.

[image: ]
[bookmark: _Ref54341827]Figure 1: Impact of having the time reference for UL timing synchronization at the satellite on DL/UL framing alignment.

[bookmark: _Toc54364654]All time slots will be misaligned by twice the feeder link delay and the frequency will be affected by the feeder link Doppler shift, if the satellite is used as reference for time and frequency requirements.
[bookmark: _Toc54364655]Using satellite as reference for time and frequency requirements affects compatibility with existing rel-16 gNB.
If the gNB is the reference point, then UL signals will be time and frequency aligned at gNB. This is illustrated in Figure 2.
[image: ]
[bookmark: _Ref54346866]Figure 2: Impact of having the time reference for UL timing synchronization at the gNB on DL/UL framing alignment.
In our view, the reference point should be under control of the network. In case of autonomous access (i.e. time/frequency) offset determination, the UE should be responsible for determining the access offset required for time and frequency alignment at the satellite, while the network may configure additional time and frequency offsets that are signaled to the UE. The signaled offsets are determined by the gNB and may be used to move the reference point e.g. to the gNB.
[bookmark: _Toc54364668]The reference point for time and frequency in an NTN should be under control of the network and should at least support the option of having gNB as the reference point. 
3.2	Time synchronization
3.2.1	RRC_IDLE and RRC_INACTIVE state
The current TA consists of 2 parts: one is , which in terrestrial networks is equal to zero for PRACH transmission, and the other is , which depends on band and LTE/NR coexistence. 
The UE shall have capability to follow the frame timing change of the reference cell in connected state. The uplink frame transmission takes place [image: ] before the reception of the first detected path (in time) of the corresponding downlink frame from the reference cell.


Based on the GNSS capability assumption, we consider that all UEs should be able to determine the TA value for PRACH transmission when initiating the random access procedure. The TA value should comprise a compensation for the service link RTT, , estimated by the UE and an additional TA offset provided by the network in a broadcast parameter . Since the feeder link delay may be varying at a high rate, e.g., 20 ppm[footnoteRef:2], the broadcast TA offset can be accompanied by a broadcast parameter  giving the TA drift rate.  [2:  3GPP TR 38.821 [2] gives the value 40 ppm for the service + feeder link.] 

To account for the estimation uncertainty, one could subtract a TA margin, whose value could be included in the broadcast TA offset . The network can derive this value by taking into account the maximum TA uncertainty (this could include any factors that the network may deem necessary). With this, the TA correction in Msg2 does not need to support bipolar range.
Based on  and , the UE derives the common TA offset , where  is the time elapsed since the parameters were broadcast.
For its preamble transmission, the UE applies the timing advance defined by , . 
[bookmark: _Toc54364669]The gNB may broadcast parameters giving TA offset and TA drift rate that the UE should apply at PRACH transmission. The value of these parameters should be configurable. They may be used for a common TA, including propagation delay observed on the feeder link and a margin determined by the maximum allowed estimation error of the RTT.
[bookmark: _Toc54364670]The UE should apply a TA at PRACH transmission comprising the estimated service link RTT and an additional offset based on broadcast information from the network.
[bookmark: _Toc54364656]If the TA includes a margin for maximum TA estimation error, unipolar TA command in Msg2 is sufficient, i.e., bipolar TA command is not needed in Msg2.
[bookmark: _Toc54364671]The UE applies TA equal to , where  is UE’s estimate of the service link RTT,  depends on band and LTE/NR coexistence, and  is an offset derived from broadcast TA offset and TA drift parameters.
3.2.2	RRC_CONNECTED state
Assuming that RAN1 agrees that all UE should be capable of supporting GNSS based transmit timing compensation for the service link in RRC_CONNECTED state, the network can fully rely on UE autonomous time correction for the service link.
As for RRC_IDLE state, the RTT of the feeder link can be handled through signaling of a common TA offset and TA drift.
[bookmark: _Toc54364672]A UE supporting autonomous time correction for the service link in RRC_CONNECTED state should apply a TA at UL transmission comprising the estimated service link RTT and an additional offset based on broadcast information from the network.
In the switching of the service links associated with different satellites, it is reasonable to allow UEs to adjust its uplink transmission timing to connect to the new satellite without performing a PRACH transmission. 
[bookmark: _Toc54364673]UEs are allowed to autonomously adjust its TA to seamlessly continue its RRC connection after the service link switch from one satellite to another.
3.3	Frequency synchronization 
3.3.1	RRC_IDLE and RRC_INACTIVE state
If the current PRACH formats are used, Doppler shift compensation will be needed in UL. Optionally, Doppler shift compensation may also be used in DL. Doppler shift compensation can be in the form of pre-compensation by the transmitter, post-compensation by the receiver, or both.
· The gNB may apply frequency pre-compensation to its DL signals. The DL frequency pre-compensation may compensate for Doppler shift on the feeder link and the service link. The gNB cannot fully compensate for the service link Doppler shift for all UEs in the cell, but it may eliminate the so called common Doppler shift, i.e., the Doppler shift for some reference point, e.g., the cell or beam center. The UE will then only experience a residual Doppler shift, i.e., the difference in Doppler shift at its position compared to the reference point. The purpose of DL pre-compensation is to reduce the frequency range in which the UE has to search for SSB when synchronizing to a cell/beam. This may reduce synchronization time and battery consumption.
· The UE must pre-compensate its UL signals during initial access. This pre-compensation may compensate for UL Doppler shifts on both the feeder link and the service link. At a minimum, the UE needs to pre-compensate for the residual UL Doppler shift on the service link since this Doppler shift is UE-specific and would otherwise destroy the UL orthogonality. In addition the UE should be able to pre-compensate for the common Doppler shift of the service link as well as the Doppler shift of the feeder link, but the gNB may also post-compensate for these Doppler shifts at the RX side. The UE should be responsible for determining the Doppler shift of the service link while the network should be responsible for determining additional UL Doppler shift for which the UE should pre-compensate, i.e., the feeder link or parts thereof. The network should be able to provide the UE with information about the amount of additional UL frequency pre-compensation.
To facilitate this, it is proposed to provide two new broadcast parameters related to frequency pre-compensation:
· The amount of DL pre-compensation applied, fPrecompDl. This parameter should indicate the TX frequency offset at the satellite transmitter relative to the nominal DL TX frequency of the service link. A UE that uses the gNB DL frequency as frequency refererence needs this information to determine its nominal UL TX frequency. The amount of DL pre-compensation applied should be implementation-specific.
· The amount of additional UL pre-compensation to apply, fPrecompUl. This parameter tells the UE how much pre-compensation to apply in the UL in addition to the amount the UE has determined is needed to compensate for the UL Doppler shift on the service link. The gNB can set this parameter equal to the amount of UL Doppler shift on the feeder link to eliminate the need for post-compensation at the gNB receiver, but it may also set it to a different value, or omit it, in case it prefers to perform post-compensation. The value of this parameter should be implementation-specific.
In Figure 3, frequency synchronization according to this framework is illustrated. In the example, it is assumed that the gNB pre-compensates in DL for the feeder link Doppler shift and the common part of the service link Doppler shift, while the UE pre-compensates in UL for the Doppler shift on both service and feeder link. Further, it is assumed that the UE uses the gNB DL signal as frequency reference (as opposed to using GNSS to derive an absolute frequency reference).
Note: In the example it is assumed that the gNB-gateway interface is an RF interface operating in the service link frequency band. A discussion about the gNB-gateway interface is starting up in RAN4 (see e.g. [5]) and it is currently unknown if the outcome will be in line with this assumption. However, the frequency synchronization principles outlined in this section are expected to be valid regardless of this.
[image: ]
[bookmark: _Ref53526434]Figure 3: Frequency synchronization.
The procedure can be schematically described as follows:
1. The nominal gNB TX frequency is f1.
1. To f1, gNB adds a pre-compensation fpre,DL that is the sum of the feeder link DL Doppler shift (with opposite sign), -fd,f,DL, and the common service link DL Doppler shift (with opposite sign) determined for some (arbitrary) reference point in the cell, e.g., the cell center, -fd0,s,DL, and transmits the signal to the gateway
1. The gateway performs frequency switching and transmits the signal on the feeder link.
1. On the feeder link, the signal is subject to the Doppler shift fd,f,DL
1. The satellite receives the signal, performs frequency switching and transmits it on the service link. The net DL frequency pre-compensation at the satellite is -fd0,s,DL. This DL pre-compensation value is broadcast by the gNB using the broadcast parameter fPrecompDl.
1. On the service link, the signal is subject to the Doppler shift fd,s,DL.
1. The UE synchronizes to the received DL signal at fRX,DL = f1 - fd0,s,DL + fd,s,DL = f1 + fdres,s,DL.
1. The UE calculates fd,s,DL (based on UE position and satellite ephemeris) and from this derives f1 = fRX,DL - fd,s,DL + fd0,s,DL.
1. From f1 and the service link duplex distance fduplex the UE derives its nominal TX frequency f2.
1. The UE calculates fd,s,UL (= fd,s,DL * f2/f1).
1. The UE determines its actual (pre-compensated) TX frequency fTX,UL = f2 + fpre,UL = f2 - fd,s,UL - fd,f,UL (where the feeder link UL Doppler shift, fd,f,UL, is broadcast by the gNB using the broadcast parameter fPrecompUl) and transmits its UL signal (preamble) on that frequency.
1. On the service link, the signal is subject to the Doppler shift fd,s,UL.
1. The satellite receives the signal, performs frequency switching and transmits the signal on the feeder link.
1. On the feeder link, the signal is subject to the Doppler shift fd,f,UL.
1. The gateway performs frequency switching and transmits the signal to the gNB
1. The gNB receives the signal at the desired frequency f2.

In summary, the following are proposed: 
[bookmark: _Toc54364674]If gNB applies frequency pre-compensation in DL, the gNB should broadcast a parameter giving the amount of 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. The amount of DL pre-compensation applied should be configurable but bounded by a maximum offset at the UE receiver to limit UE synchronization complexity.
[bookmark: _Toc54364675]The gNB may broadcast a parameter giving an additional frequency shift that the UE should apply at PRACH transmission. The value of this parameter should be configurable. It may be used for compensating for the Doppler shift observed on the uplink of the feeder link.
[bookmark: _Toc54364676]The UE should apply a frequency shift at PRACH transmission compensating for the Doppler shift observed on the uplink. The frequency shift should be the sum of the Doppler shift of the service link, determined by the UE, and an additional frequency offset broadcast by the gNB.
To provide the parameters fPrecompDl and fPrecompUl, the gNB needs to know the amount of Doppler shift on the feeder link. It is for further study how this information is made available to the gNB. Possible solutions include:
· The gateway provides the gNB with information about satellite ephemeris, GW position and feeder link DL and UL frequencies, from which gNB calculates the Doppler shift.
· The gateway provides the gNB with explicit information about the Doppler shift on the feeder link.
[bookmark: _Toc54364657]The gateway needs to provide the gNB with information from which the amount of feeder link Doppler shift can be derived.
3.3.2	RRC_CONNECTED state
Assuming that RAN1 agrees that all UE should be capable of supporting GNSS based transmit frequency compensation for the service link in RRC_CONNECTED state, the network can fully rely on UE autonomous frequency correction for the service link.
As for RRC_IDLE state, the Doppler shift of the feeder link can be handled through signaling of a common frequency offset.
[bookmark: _Toc54364677]A UE should apply a frequency offset at UL transmission comprising the estimated service link Doppler shift and an additional offset based on broadcast information from the network.
3.4	Alternative UE-centric solution 
In the previous sections, solutions for time and frequency compensation assume that the gNB is responsible for the feeder link compensation. Alternatively, if the position of a reference point (which may or may not be the gateway) and the UL and DL carrier frequencies of the feeder link were signaled to the UE, the UE could autonomously determine the time and frequency offset of both the service link and the link between the satellite and the reference point of the feeder link. This would simplify the time and frequency compensation procedures.
As mentioned, the reference point may or may not be the gateway. It is up to network to configure. In scenarios where it is acceptable to broadcast gateway position, the network can configure the reference point to be the position of the gateway. In scenarios where it is not acceptable to broadcast gateway position, the network can configure the reference point to be the “approximate” position of the gateway.
[bookmark: _Toc54364658]If the position of a reference point of the feeder link and the UL and DL carrier frequencies of the feeder link are signaled to the UE, the UE can autonomously determine the time and frequency offset of both the service link and the link between the satellite and the reference point of the feeder link, which would simplify the time and frequency compensation procedures.
[bookmark: _Toc54364678]Support broadcasting a reference point of the feeder link and UE autonomous determination of the time and frequency offset of both the service link and the link between the satellite and the reference point of the feeder link.
4	Main factors influencing the design
4.1	GNSS requirements 
In the overall objectives of the WID [1], it is stated that “UEs with GNSS capabilities are assumed”. At the same time, in the RAN1-specific objectives the following is stated:
“In addition, the following topics 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) [RAN1/2].”
Even though the WID states that the NTN UE will be GNSS capable, it does not explicitly state that the acquired GNSS position data is available to the lower layers of NR that are responsible for pre-compensation. However, since even IOT NTN UEs are assumed to be capable of GNSS-based pre-compensation [3], it is our view that NR NTN UE will be capable of GNSS based pre-compensation in all RRC states. 
[bookmark: _Toc54364679]NR NTN UE shall be capable of using an acquired GNSS position and satellite ephemeris to calculate pre-compensation of timing and frequency offset and apply the calculated values accordingly in RRC_IDLE, RRC_INACTIVE, and RRC_CONNECTED states. 
In RRC_CONNECTED state, it may be possible to manage timing and frequency without GNSS positioning by means of closed-loop adjustment. But that requires configuring measurement channels/signals (e.g. SRS) and TA/frequency offset signalling through e.g. MAC CE and/or DCI. The use of GNSS in RRC_CONNECTED state will reduce reference signal transmission and signalling load. 
Whether measurement gaps for GNSS positioning would be useful to facilitate GNSS operation in RRC_CONNECTED state for some UE implementations is discussed in a RAN4 contribution [4].
[bookmark: _Toc54364680]It is up to RAN4 to determine the need for supporting GNSS measurement gaps in RRC_CONNECTED state.
It should be noted that a GNSS position is expected to have a limited validity time, e.g. depending on the UE speed and the UE position accuracy required for pre-compensation. The UE position is needed also for other purposes such as mobility, neighbour cell measurements, etc. The validity time of a GNSS position may be different for these different purposes. The UE should maintain the validity time to fulfil RAN4 requirements on e.g. time and frequency pre-compensation accuracy. E.g., a UE internal timer can be associated with the GNSS position estimation. 
The requirements on GNSS position depend on the required accuracy of the time and frequency compensation, which in turn depends on the chosen solution. Timing accuracy requirements are discussed in a contribution to RAN4 [4].
RAN1 needs to discuss how to deal with the case of no GNSS coverage. The relevant case of interest is when the NR-NTN satellite is accessible while GNSS is out of coverage. For instance, it is reasonable to assume that neither of the two systems will provide indoor coverage. However, there may be corner cases where e.g. a mountain or a high-rise building blocks line-of-sight to a majority of the GNSS satellites but not all NTN satellites. How to deal with this case needs further discussion.
[bookmark: _Toc54364681]RAN1 to determine the relevance of the case of NTN coverage but no GNSS coverage.
4.2	Ephemeris requirements
The calculation of timing and frequency offset pre-compensation relies not only on the UE position, but also on UE possession of accurate position and velocity information for the serving satellite. A satellite orbit can be fully described using 6 parameters with many different representations. Two types of these representations are as follow:
· Orbital elements: One example is Keplerian Orbit Elements (a, e, ω, Ω, i, M0). 
· Semi-major axis a [m]
· Eccentricity e [1]
· Argument of periapsis ω [rad] 
· Longitude of ascending node Ω [rad]
· Inclination i [rad]
· Mean anomaly M0 = M(t0) [rad] at epoch t0 [JD]
· Orbital state vector: position and velocity vector (x, y, z, vx, vy, vz) at reference time epoch t0.
The orbital elements and orbital state vector can be translated to each other, e.g. the references [7] and [8] describe how orbital elements can be translated to state vector, and vice versa, respectively.
When it comes to calculating timing and Doppler, it might be tempting to use state vector as it allows for straightforward calculation. However, it should be noted that the state vector is associated with a reference time, whether it is implicit or explicit. In NTN, UE would need to derive satellite position, timing and/or Doppler at a point in time different from the reference time for e.g. UE autonomous timing and frequency adjustment, random access at a different time, etc. In addition, besides the current serving satellite, UE may need information about other satellites for the purposes of e.g. RRM measurements, idle/inactive measurements, handover, etc. As a result, it is not obvious how to best represent satellite ephemeris data to meet different purposes, which requires careful consideration and thorough discussion in NTN work. Regardless of which representation is used for the ephemeris data, it is clear that UE should have access to this information. This discussion should be coordinated with RAN2.
[bookmark: _Toc54364659]Satellite ephemeris can be represented in different forms including orbital elements and orbital state vector.
[bookmark: _Toc54364660]Different forms of orbit representation can be translated to each other.
[bookmark: _Toc54364661]Orbit representation is associated with a reference time, whether it is implicit or explicit. In NTN, UE would need to derive satellite position, timing and/or Doppler at points in time different from the reference time.
[bookmark: _Toc54364662]Ephemeris is needed not only for the serving satellite but also for other satellites for different purposes including RRM measurements, idle/inactive measurements, handover, etc., which are expected to be discussed in RAN2.
[bookmark: _Toc54364682]NTN UE should have the capability of satellite trajectory calculation based on a provided orbit representation at a reference time.
Predictions of satellite positions by using satellite trajectory calculation based on a provided orbit representation at a reference time, in general, degrades with increasing age of the used ephemeris data, for different reasons including atmospheric drag, maneuvering of the satellite, imperfections in the orbital models used, etc. Therefore, the publicly available TLE data are updated quite frequently and can for example range from once a week to multiple times a day for satellites on very low orbits which are exposed to strong atmospheric drag and need to perform correctional maneuvers often.
For LEO satellites, the most important factor in degrading the orbit comes from atmospheric drag. Its strength is proportional to the mass-to-area ratio of the satellite (satellites with a smaller mass and a larger area are decelerated more strongly) but depends also on solar activity. It seems that even for very light and at the same time very large satellites at times of high solar activity, the loss of altitude during one orbital revolution is about one order of magnitude smaller than the position error calculated above. A LEO satellite is visible to a UE only for about 1-10 minutes depending on e.g. the operational elevation angle This means that – for the purpose of calculating the TA and assuming the UE obtained precise ephemeris at the beginning of the satellite pass – ephemeris data need not be updated during the time the satellite is visible.
The accuracy of the ephemeris data will impact the accuracy of the time and frequency compensation performed by the UE. This accuracy is discussed in a contribution to RAN4 [4].
[bookmark: _Toc54364663]Satellite ephemeris with sufficient accuracy to support timing and frequency offset pre-compensation shall be made available to the NR NTN UE.
[bookmark: _Toc54364664]Satellite ephemeris with sufficient accuracy to support timing and frequency offset pre-compensation can come with low frequency updates.
[bookmark: _Toc54364683]RAN1 to study the required accuracy of satellite ephemeris to support timing and frequency offset pre-compensation.
4.3	gNB-gateway interface
The interface between the gNB and the satellite gateway is an aspect of NTN that needs to be better understood. In a contribution to RAN4 [5] it is proposed that the gateway and satellite logically should be viewed as a repeater or a relay and consequently that the gNB-gateway interface is the Uu radio interface.
Conclusion
In the previous sections, we discuss UL time and frequency synchronization enhancements for NTN. We made the following observations: 
Observation 1	All time slots will be misaligned by twice the feeder link delay and the frequency will be affected by the feeder link Doppler shift, if the satellite is used as reference for time and frequency requirements.
Observation 2	Using satellite as reference for time and frequency requirements affects compatibility with existing rel-16 gNB.
Observation 3	If the TA includes a margin for maximum TA estimation error, unipolar TA command in Msg2 is sufficient, i.e., bipolar TA command is not needed in Msg2.
Observation 4	The gateway needs to provide the gNB with information from which the amount of feeder link Doppler shift can be derived.
Observation 5	If the position of a reference point of the feeder link and the UL and DL carrier frequencies of the feeder link are signaled to the UE, the UE can autonomously determine the time and frequency offset of both the service link and the link between the satellite and the reference point of the feeder link, which would simplify the time and frequency compensation procedures.
Observation 6	Satellite ephemeris can be represented in different forms including orbital elements and orbital state vector.
Observation 7	Different forms of orbit representation can be translated to each other.
Observation 8	Orbit representation is associated with a reference time, whether it is implicit or explicit. In NTN, UE would need to derive satellite position, timing and/or Doppler at points in time different from the reference time.
Observation 9	Ephemeris is needed not only for the serving satellite but also for other satellites for different purposes including RRM measurements, idle/inactive measurements, handover, etc., which are expected to be discussed in RAN2.
Observation 10	Satellite ephemeris with sufficient accuracy to support timing and frequency offset pre-compensation shall be made available to the NR NTN UE.
Observation 11	Satellite ephemeris with sufficient accuracy to support timing and frequency offset pre-compensation can come with low frequency updates.

Based on the discussion in the previous sections we propose the following:
Proposal 1	An NTN UE is required to support time offset estimation and pre-compensation based on UE position and satellite ephemeris.
Proposal 2	Whether the measurement based method may optionally be used by the UE, in case the network broadcasts timestamps, is for further study.
Proposal 3	Further study accuracy of UE methods for frequency offset estimation.
Proposal 4	The reference point for time and frequency in an NTN should be under control of the network and should at least support the option of having gNB as the reference point.
Proposal 5	The gNB may broadcast parameters giving TA offset and TA drift rate that the UE should apply at PRACH transmission. The value of these parameters should be configurable. They may be used for a common TA, including propagation delay observed on the feeder link and a margin determined by the maximum allowed estimation error of the RTT.
Proposal 6	The UE should apply a TA at PRACH transmission comprising the estimated service link RTT and an additional offset based on broadcast information from the network.
Proposal 7	The UE applies TA equal to , where  is UE’s estimate of the service link RTT,  depends on band and LTE/NR coexistence, and  is an offset derived from broadcast TA offset and TA drift parameters.
Proposal 8	A UE supporting autonomous time correction for the service link in RRC_CONNECTED state should apply a TA at UL transmission comprising the estimated service link RTT and an additional offset based on broadcast information from the network.
Proposal 9	UEs are allowed to autonomously adjust its TA to seamlessly continue its RRC connection after the service link switch from one satellite to another.
Proposal 10	If gNB applies frequency pre-compensation in DL, the gNB should broadcast a parameter giving the amount of 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. The amount of DL pre-compensation applied should be configurable but bounded by a maximum offset at the UE receiver to limit UE synchronization complexity.
Proposal 11	The gNB may broadcast a parameter giving an additional frequency shift that the UE should apply at PRACH transmission. The value of this parameter should be configurable. It may be used for compensating for the Doppler shift observed on the uplink of the feeder link.
Proposal 12	The UE should apply a frequency shift at PRACH transmission compensating for the Doppler shift observed on the uplink. The frequency shift should be the sum of the Doppler shift of the service link, determined by the UE, and an additional frequency offset broadcast by the gNB.
Proposal 13	A UE should apply a frequency offset at UL transmission comprising the estimated service link Doppler shift and an additional offset based on broadcast information from the network.
Proposal 14	Support broadcasting a reference point of the feeder link and UE autonomous determination of the time and frequency offset of both the service link and the link between the satellite and the reference point of the feeder link.
Proposal 15	NR NTN UE shall be capable of using an acquired GNSS position and satellite ephemeris to calculate pre-compensation of timing and frequency offset and apply the calculated values accordingly in RRC_IDLE, RRC_INACTIVE, and RRC_CONNECTED states.
Proposal 16	It is up to RAN4 to determine the need for supporting GNSS measurement gaps in RRC_CONNECTED state.
Proposal 17	RAN1 to determine the relevance of the case of NTN coverage but no GNSS coverage.
Proposal 18	NTN UE should have the capability of satellite trajectory calculation based on a provided orbit representation at a reference time.
Proposal 19	RAN1 to study the required accuracy of satellite ephemeris to support timing and frequency offset pre-compensation.
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