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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 [3] 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 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#103-e, the following agreements were made:
RAN1#103-e:
Agreement:
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 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	Time and frequency compensation
2.1	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 [11], 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.
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[bookmark: _Ref54341827]Figure 1: Impact of having the time reference for UL timing synchronization at the satellite on DL/UL framing alignment.

[bookmark: _Toc61870166]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: _Toc61870167]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.
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[bookmark: _Ref54346866]Figure 2: Impact of having the time reference for UL timing synchronization at the gNB on DL/UL framing alignment.
[bookmark: _Hlk61511588]In our view, the reference points should be under control of the network. At least the option of having gNB as the reference point should be supported. The UE should be responsible for autonomously determining and pre-compensating 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: _Toc61870180]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. 
2.2	Time synchronization
2.2.1	Rel-16 time synchronization
The current (Rel-16) TA is defined as follows [2]:

It consists of two parts:
·  is the timing advance which is dynamically controlled by the network. For initial access (PRACH transmission), it is zero. After initial access, it is updated through an absolute timing advance command in RAR and subsequently through timing advance commands in MAC CE.
·  is a semi-static offset which is dependent on frequency band and LTE/NR coexistence and can be explicitly signaled by the NW. 
2.2.2	NTN time synchronization
[bookmark: _Hlk61261270]It has been agreed that an NTN UE shall be capable of UE-specific TA calculation to compensate for the propagation delay of the service link in RRC_IDLE and RRC_INACTIVE states. Further, it has been agreed an NTN UE shall be capable of performing frequency pre-compensation of the Doppler shift on the service link based on its GNSS position and satellite ephemeris in RRC_INACTIVE, RRC_IDLE and RRC_CONNECTED states. The agreements for access offset determination for the service link are summarized in Figure 3.
	
	RRC_IDLE/RRC_INACTIVE 
	RRC_CONNECTED

	Frequency pre-compensation
	Agreed
	Agreed

	Time pre-compensation
	Agreed
	Not agreed


[bookmark: _Ref61261219]Figure 3: Agreements for access offset determination for the service link.
The support of UE-autonomous frequency pre-compensation based on GNSS position in all RRC states implies that the NTN UE must be capable of GNSS positioning regardless of the RRC state. Consequently, it can be assumed that the UE is capable also of timing pre-compensation in RRC_CONNECTED state. Therefore, the following is proposed:
[bookmark: _Toc61870181][bookmark: _Hlk61275204]An NTN UE in RRC_CONNECTED state is required to support UE specific TA calculation based on its GNSS-acquired position and the serving satellite ephemeris.
Further, it was agreed at RAN1#103-e to support a common timing offset broadcast by the network and used by the NR NTN UE to derive its TA in RRC_IDLE/RRC_INACTIVE states. The details of the common timing offset are yet to be determined. One open issue is the granularity of the applied common TA, which is shown as two alternative placements of  (where  is derived from the broadcast common timing offset) in the formula below (copied from the RAN1#103-e agreement):

The first placement is preferred since it maintains the legacy  granularity of  units.
[bookmark: _Toc61870182]The TA for NTN should use the legacy granularity of  units, i.e., the common TA component  should be placed within the brackets as follows: 
In the FL summary [7] from RAN1#103-e, it is stated that based on support from a clear majority, the FL recommendation for TA update in RRC_CONNECTED state is as follows:
FL recommendation: 
For TA update in RRC_CONNECTED state, combination of both open ( i.e. UE autonomous TA estimation based on UE position and satellite ephemeris, and common TA estimation and common timing drift rate) and closed control loops (i.e., received TA commands) shall be supported for NTN.
RAN1 to provide more details about open-loop and closed-loop control.

We support this recommendation. Regarding the closed loop control of TA, it is proposed to reuse the legacy procedures. Since the open control loops will handle most of the TA drift, the legacy procedures should be able to manage the residual offset, if any.
Based on the above, it is proposed to define the TA to be used by NTN UE in RRC_IDLE, RRC_INACTIVE and RRC_CONNECTED states as follows:

where:
 is defined as in Rel-16 (see section 2.2.1). This component corresponds to the closed loop control and is mainly used to compensate for inaccuracies in the UE-autonomous estimation of service link RTT. It is expected to be used sparingly.
 is defined as in Rel-16 (see section 2.2.1).
 is the UE-autonomous TA calculated based on the GNSS-acquired UE position and the serving satellite ephemeris to pre-compensate for the service link RTT. It is further detailed in section 2.2.2.1. Note that previously it has been proposed to redefine  to mean UE-autonomous TA (for service link) but in order to leave legacy TA procedures intact we propose to add a separate term . This is merely a matter of definition and does not change the UE behavior.
[bookmark: _Hlk61279637] is a network-controlled common TA to compensate (e.g.) for feeder link RTT. This is further discussed in section 2.2.2.2.
[bookmark: _Toc61870183]The TA to be used by NTN UE in RRC_IDLE, RRC_INACTIVE and RRC_CONNECTED states should be as follows:
where:
	 and  are defined as in Rel-16.
	  is UE-autonomous TA calculated based on the GNSS-acquired UE position and the serving satellite ephemeris to pre-compensate for the service link RTT.
	 is network-controlled common TA to compensate (e.g.) for feeder link RTT.
2.2.2.1	UE-specific TA
The purpose of the UE-specific TA is to compensate for the RTT of the service link. The UE-specific TA is autonomously determined by the UE based on GNSS-acquired UE position and serving satellite position from broadcast ephemeris.
2.2.2.2	Common TA
The purpose of the common TA is to compensate for the RTT of the feeder link and possibly other latencies in the satellite-gNB path. The common TA varies with time and can be approximated by a linear function as follows:

Where:
 is the slot number of the targeted UL slot
 is a ”timestamp” slot number
 is the common TA (in  units) at slot number  
 is the common TA drift rate (in  units per slot)
The parameters ,  are broadcast regularly by the network to allow the UE to calculate the common TA, whereas the timestamp  could be implicit from the DL slot number in which the parameters are signaled. 
To determine the need for drift rate information, consider a VLEO 200 scenario, which can be considered as a worst case. In this scenario, the feeder link RTT changes at a rate of up to 50 µs/s as shown in Figure 4.
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[bookmark: _Ref61367489]Figure 4: Feeder link RTT drift rate versus time of passing VLEO 200 satellite.
This means that a common TA () that is correct at slot  will be off by 10% of the CP length 10 slots later, as shown in Table 1. Very frequent signaling of the common TA would be needed if drift rate is not included that allows the UE to autonomously update  with time.
[bookmark: _Ref61349160]Table 1: Feeder link RTT drift for different SCS
	SCS [kHz]
	Slot length [ms]
	CP length PUCCH/PUSCH [µs]
	Feeder link RTT drift per slot 
[% of CP]
	Slots before drift exceeds 10 % of CP

	15
	1
	4.69
	1.1%
	10

	30
	0.5
	2.34
	1.1%
	10

	60
	0.25
	1.17
	1.1%
	10

	120
	0.125
	0.59
	1.1%
	10



The benefit of providing a drift rate is further illustrated in Figure 5. The blue curve shows the feeder link RTT during one pass of a VLEO 200 satellite. The red curve shows a linear approximation based on a base value + drift rate value that are updated every 1.6 seconds (1600 slots with SCS=15 kHz). The approximation error is less than 10 % of the CP length. The significant reduction in signaling justifies the use of drift rate for the common TA.
[bookmark: _Toc61870168]Drift rate information significantly reduces the signaling load for common TA.
[bookmark: _Toc61870184]The characterization of the common TA should include drift rate information.
[image: ]
[bookmark: _Ref61349938]Figure 5: Feeder Link RTT vs time during one pass of a VLEO 200 satellite.
2.2.2.3	TA margin
To account for the estimation uncertainty of the UE-specific TA, one could subtract a TA margin, whose value could be included in the broadcast common TA. 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 command in Msg2 does not need to support bipolar range. 
For NTN the TA command in Msg2 would be used to compensate for errors in the UE-autonomous determination of the UE-specific TA. The accuracy of the UE-specific TA is expected to be significantly better than the maximum range of the legacy TA command. Therefore, there is no need to extend the range of the legacy TA command in Msg2.
[bookmark: _Toc61870169]If the common TA includes a margin for maximum estimation error of the UE-specific TA, and the accuracy requirements of the UE-specific TA are appropriately set, the current unipolar TA command in Msg2 is sufficient, i.e., bipolar TA command or extended TA range is not needed in Msg2.
[bookmark: _Toc61606765][bookmark: _Toc61607037]2.2.2.4	Service link switch
In the switching of the service links associated with different satellites during a RACH-less handover, it is reasonable to allow UEs to adjust its uplink transmission timing to connect to the new satellite without performing a PRACH transmission. 
[bookmark: _Toc61870185]UEs are allowed to autonomously adjust its TA to seamlessly continue its RRC connection after the service link switch from one satellite to another during a RACH-less handover.
2.3	Frequency synchronization 
2.3.1	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.
1. The gNB may optionally 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.
1. 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:
1. 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.
1. 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 (partial) post-compensation. The value of this parameter should be implementation-specific.
In Figure 6, 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 ongoing in RAN4 (see e.g. [6]) 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 6: 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: _Toc61870186]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: _Toc61870187]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: _Toc61870188]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: _Toc61870170]The gateway needs to provide the gNB with information from which the amount of feeder link Doppler shift can be derived.
2.3.2	RRC_CONNECTED state
As agreed at RAN1#103-e, 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: _Toc61870189]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.
2.4	Alternative UE-centric solution 
In the previous sections, solutions for time and frequency compensation assume that the gNB is responsible for determining the feeder link compensation and instructing UE to apply additional access offsets accordingly. 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: _Toc61870171]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: _Toc61870190]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.
3	Main factors influencing the design
3.1	GNSS requirements 
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: _Toc61870191]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 [5].
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: _Toc61870192]RAN1 to determine the relevance of the case of NTN coverage but no GNSS coverage.
3.2	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 [12] and [13] 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: _Toc61870172]Satellite ephemeris can be represented in different forms including orbital elements and orbital state vector.
[bookmark: _Toc61870173]Different forms of orbit representation can be translated to each other.
[bookmark: _Toc61870174]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: _Toc61870175]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: _Toc61870193]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.
To investigate how accurately the position and velocity of a satellite can be predicted based on orbital elements, orbital data from Eutelsat is analyzed. The data consists of both orbital elements (a, e, ω, Ω, i, M0) and state vectors (x, y, z, vx, vy, vz) for every second of two hours of a LEO satellite orbit at approximately 535 km altitude. The orbital elements at a given time t are used to predict the satellite position and velocity at time t+Δt using the algorithm described in [12]. The predicted position and velocity are compared to the actual satellite position and velocity from Eutelsat state vector data and the error magnitudes are calculated. This is repeated for all available times t in the data files and for Δt ranging from 1 s to 120 s. The maximum (over t) prediction error magnitude for satellite position and satellite velocity are shown in Figure 7 and Figure 8, respectively. The results indicate that prediction from orbital elements is possible with acceptable accuracy in the order of tens of seconds or possibly minutes ahead in time, depending on the required accuracy. Note that the presented prediction errors are the total error magnitude, which will only partially be in the UE-satellite direction and therefore only partially impact the access offset determination.
[image: ]
[bookmark: _Ref61870937]Figure 7: Max position prediction error versus prediction time.
[image: ]
[bookmark: _Ref61871307]Figure 8: Max velocity prediction error versus prediction time.
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 [5].
[bookmark: _Toc61870176]Satellite ephemeris with sufficient accuracy to support timing and frequency offset pre-compensation shall be made available to the NR NTN UE.
[bookmark: _Toc61870177]Satellite ephemeris with sufficient accuracy to support timing and frequency offset pre-compensation can come with low frequency updates.
[bookmark: _Toc61870194]RAN1 to study the required accuracy of satellite ephemeris to support timing and frequency offset pre-compensation.
3.3	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 [6] 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.
3.4	Methods 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 2.
3.3.1	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.
3.3.2	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:
1. The UE obtains the transmission frequency from system information
1. The UE measures the reception frequency using an absolute frequency reference obtained from GNSS
1. 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.
3.3.3	Discussion
At RAN1#103-e, it was agreed that the UE shall support at least the method based on geometric calculations both for time and frequency offset pre-compensation. The method based on measurements is not precluded but in our view, it is not justified to add a second (mandatory) solution.
[bookmark: _Toc61870195]The measurement-based method for access offset determination is not needed.
4	Random access
The necessity of potential enhancements for the PRACH sequence/format and extension of the ra-ResponseWindow duration is conditional on the case where a UE with GNSS capability cannot perform timing/frequency pre-compensation, which was also discussed in section 3.1. Therefore, RAN1 should first identify valid scenarios, where GNSS-equipped UEs cannot perform timing and frequency pre-compensation for uplink synchronization.
The following discussion on PRACH presents our detailed views on random access in NTN for the scenarios where timing/frequency pre-compensation cannot be assumed.
At RAN1#99, it was agreed that at least for the case without pre-compensation of timing and frequency offset, at least four options for enhanced PRACH formats and/or preamble sequences can be considered. In RAN1#102-e, however, the list was effectively reduced to the following options as Option-2 was deemed more favorable than Option-3 [8]:
· Option-1: A single Zadoff-Chu sequence based on larger SCS, repetition number
· Option-2: A solution based on multiple Zadoff-Chu sequences with different roots
· Option-4: A single Zadoff-Chu sequence with combination of scrambling sequence

We note that Option-4 inherits the same issues as Option 3 [10], which leaves Option-1 and Option 2 as the main contenders. This is a typical case where multiple alternatives are proposed to address the same objective. It is important to limit the potential normative work to the most promising option to minimize the efforts from specification and testing to NW/UE implementations. Otherwise, it would just adversely result in many “NR universes” and intractable bundles of features.
[bookmark: _Toc54350082][bookmark: _Toc61870178]NR NTN features (including PRACH) should have synergies with NR terrestrial solutions as much as possible to help NTN benefit from economies of scale.
[bookmark: _Toc54350090][bookmark: _Toc61870196]RAN1 to limit the potential normative work of enhanced PRACH for NTN to the most promising option to minimize the efforts from specification and testing to NW/UE implementations.
To facilitate limiting the scope of enhanced PRACH in NTN, we provide a comparison of the options in the table below.
[bookmark: _Ref23873906]Table 2: Comparison of different new PRACH design options
	Option
	Description
	Meet the design target for facilitating both UL timing and freq estimation?
	Specification effort
	Implementation complexity

	Option 1
	One ZC sequence with larger SCS, repetition number
	No
· A single ZC sequence is not sufficient
	Small
	Small

	Option 2
	Multiple ZC sequences with new root pairs
	Yes
· Mathematical properties of ZC sequences can be exploited for time and freq estimation
	Large
· Significant efforts required to specify new root pairs

	Moderate
· Moderately modified implementation at NW/UE would be required


	
	Multiple ZC sequences with an existing root and a complex-conjugate root
	Yes
· Mathematical properties of ZC sequences can be exploited for time and freq estimation
	Small
· The change would be merely to request transmission of a second ZC sequence that is the complex conjugate of an existing ZC sequence
	Small
· Slightly modified implementation at NW/UE would be required

	Option 4
	One ZC sequence with scrambling sequence based on gold/m-sequences 
	Unclear
· It requires multiple frequency hypotheses at gNB, which is not desirable
	Extremely large
· With new types of sequences, there is huge impact on specification such as sequence selection, PRACH format design (SCS, CP, GP, etc.), PRACH occasion configuration, many new RRC parameters, etc.

	Extremely Large
· New implementation at NW/UE would be required
· In particular, it requires multiple frequency hypotheses at gNB
 



Based on the comparison of different new PRACH design options in Table 2, we make the following proposal.
[bookmark: _Toc54350091][bookmark: _Toc61870197]If RAN1 determines the case of NTN coverage but no GNSS coverage is relevant, RAN1 to adopt Option 2 based on two Zadoff-Chu sequences with different roots for NTN PRACH design.
In [9], we provided evaluation results on a PRACH design using two ZC sequences with a pair of complex-conjugate roots. The results show that the considered PRACH design can sufficiently address the scenarios where GNSS-equipped UEs cannot perform timing and frequency pre-compensation for uplink synchronization.
[bookmark: _Toc54029013][bookmark: _Toc54350083][bookmark: _Toc61870179]Simulation results show that the proposed PRACH design using two ZC sequences with an existing root and a complex-conjugate root, can provide satisfactory PARCH detection performance with sufficient time/frequency estimation accuracy for uplink synchronization, in case GNSS-equipped UEs cannot perform the pre-compensation task.
Conclusions
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	Drift rate information significantly reduces the signaling load for common TA.
Observation 4	If the common TA includes a margin for maximum estimation error of the UE-specific TA, and the accuracy requirements of the UE-specific TA are appropriately set, the current unipolar TA command in Msg2 is sufficient, i.e., bipolar TA command or extended TA range is not needed in Msg2.
Observation 5	The gateway needs to provide the gNB with information from which the amount of feeder link Doppler shift can be derived.
Observation 6	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 7	Satellite ephemeris can be represented in different forms including orbital elements and orbital state vector.
Observation 8	Different forms of orbit representation can be translated to each other.
Observation 9	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 10	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 11	Satellite ephemeris with sufficient accuracy to support timing and frequency offset pre-compensation shall be made available to the NR NTN UE.
Observation 12	Satellite ephemeris with sufficient accuracy to support timing and frequency offset pre-compensation can come with low frequency updates.
Observation 13	NR NTN features (including PRACH) should have synergies with NR terrestrial solutions as much as possible to help NTN benefit from economies of scale.
Observation 14	Simulation results show that the proposed PRACH design using two ZC sequences with an existing root and a complex-conjugate root, can provide satisfactory PARCH detection performance with sufficient time/frequency estimation accuracy for uplink synchronization, in case GNSS-equipped UEs cannot perform the pre-compensation task.

Based on the discussion in the previous sections we propose the following:
Proposal 1	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 2	An NTN UE in RRC_CONNECTED state is required to support UE specific TA calculation based on its GNSS-acquired position and the serving satellite ephemeris.
Proposal 3	The TA for NTN should use the legacy granularity of  units, i.e., the common TA component  should be placed within the brackets as follows: 
Proposal 4	The TA to be used by NTN UE in RRC_IDLE, RRC_INACTIVE and RRC_CONNECTED states should be as follows: where:   and  are defined as in Rel-16.    is UE-autonomous TA calculated based on the GNSS-acquired UE position and the serving satellite ephemeris to pre-compensate for the service link RTT.   is network-controlled common TA to compensate (e.g.) for feeder link RTT.
Proposal 5	The characterization of the common TA should include drift rate information.
Proposal 6	UEs are allowed to autonomously adjust its TA to seamlessly continue its RRC connection after the service link switch from one satellite to another during a RACH-less handover.
Proposal 7	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 8	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 9	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 10	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 11	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 12	It is up to RAN4 to determine the need for supporting GNSS measurement gaps in RRC_CONNECTED state.
Proposal 13	RAN1 to determine the relevance of the case of NTN coverage but no GNSS coverage.
Proposal 14	NTN UE should have the capability of satellite trajectory calculation based on a provided orbit representation at a reference time.
Proposal 15	RAN1 to study the required accuracy of satellite ephemeris to support timing and frequency offset pre-compensation.
Proposal 16	The measurement-based method for access offset determination is not needed.
Proposal 17	RAN1 to limit the potential normative work of enhanced PRACH for NTN to the most promising option to minimize the efforts from specification and testing to NW/UE implementations.
Proposal 18	If RAN1 determines the case of NTN coverage but no GNSS coverage is relevant, RAN1 to adopt Option 2 based on two Zadoff-Chu sequences with different roots for NTN PRACH design.
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