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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. In this contribution, we first review the work done in Rel-16 as captured in TR 38.821, and the agreed Release 17 WID. Then we discuss GNSS and ephemeris aspects and requirements and make a set of proposals based on which we determine a set of relevant UL time and frequency synchronization enhancements for NTN in Release 17.
2	Background
TR 38.821 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.
For the maintenance of UL time synchronization two options are outlined in TR 38.821:
· Option A.1: Autonomous acquisition of the timing advance (TA) at UE with UE location known and satellite ephemeris.
· Option A.2: Timing advance adjustment based on network indication.
For the maintenance of UL frequency synchronization yet two options are outlined in TR 38.821:
· Option B.1: Both the estimation and pre-compensation of UE-specific frequency offset are conducted at the UE side.
· Option B.2: The required frequency offset for UL frequency compensation at least in LEO systems is indicated by the network to UE.
The suitability of the above options 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. The next sections we express our view on this critical functionality.
3	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. Also, one could argue that for a low-end UE, the calculation of propagation delay and Doppler shift based on UE position and satellite position/velocity is too complex. However, since even IOT NTN UEs are assumed to be capable of GNSS-based pre-compensation [2], it is our view that NR NTN UE should be at least as capable. 
However, even if a UE is GNSS capable, it may not be capable of simultaneous GNSS operation and NR transmission/reception, e.g., RF components may be shared between NR and GNSS receivers. Therefore, depending on UE implementation it may be needed to restrict GNSS operation to RRC idle and RRC inactive modes.
[bookmark: _Toc31705497][bookmark: _Hlk31291116][bookmark: _Toc47672502][bookmark: _Toc31705498]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 at least in RRC idle and RRC inactive mode. 
In RRC connected mode, it should be possible to manage timing and frequency without GNSS positioning by means of closed-loop adjustment. This requires configuring measurement channels/signals (e.g. SRS) and TA/frequency offset signaling through e.g. MAC CE and/or DCI. But the use of GNSS in RRC connected will reduce reference signal transmission and signaling load and should be beneficial to support at least as an optional feature. 
[bookmark: _Toc31705500][bookmark: _Hlk31292077][bookmark: _Toc47672503]RAN1 to determine the need for support of GNSS in RRC connected for the purpose of timing and frequency adjustment. 
To facilitate GNSS operation in RRC connected, it may for some UE implementations require measurement gaps for GNSS positioning to facilitate a reuse of RF components between NR and GNSS systems. High-end UEs may on the other hand support simultaneous GNSS and NR operation to avoid the need for NR based closed-loop timing and frequency offset adjustment and measurement gaps.
[bookmark: _Toc47672504]RAN1 to determine the need for support of GNSS measurement gaps in RRC connected.
[bookmark: _Toc31705501][bookmark: _Toc47672505]RAN1 to determine if NR NTN UE should indicate capability support for simultaneous GNSS and NR operation, with or without GNSS measurement gaps.
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 impact of an aged UE position estimate on propagation delay and Doppler shift prediction is in detail investigated in Annex A3, where a significant impact is observed for high UE speed.
[bookmark: _Toc47672506]A GNSS position acquired by an NR NTN UE should be associated with a timer, after which’s expiration the position is deemed no longer useful. 
RAN1 also need to discuss how to deal with the case of no GNSS coverage. Can it then be assumed that also NR NTN is out of coverage? It’s e.g. 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: _Toc47672507]RAN1 to determine the relevance of the case of NTN coverage but no GNSS coverage.
4	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. The impact of ephemeris inaccuracy on propagation delay and Doppler shift prediction is investigated in Annex A2. Based on this investigation we can conclude that the impact on timing and frequency accuracy is significant unless the satellite ephemeris data provides sufficient accuracy.
A satellite orbit can be fully described using 6 parameters. Many different representations are possible.
· 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 [4] and [5] 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 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.
Table 1: A comparison of orbital elements and orbital state vector.
	
	Orbital elements
	Orbital state vector

	Parameters
	(a, e, ω, Ω, i, M0)
	(x, y, z, vx, vy, vz)

	Ease of orbit representation to calculate satellite trajectory
	Convenient
	Inconvenient

	Timing and Doppler calculation at reference epoch t0
	2 steps:
1. Translate orbital elements at reference epoch t0 to state vector
1. Use state vector to calculate timing and Doppler at reference epoch t0
	1 step:
1. Use state vector to calculate timing and Doppler at reference epoch t0

	Timing and Doppler calculation at another considered epoch t,
which is different from the reference epoch t0

This is needed for procedures NOT at the reference epoch t0, such as UE autonomous timing and frequency adjustment, random access, RRM measurements, idle/inactive measurements, handover, etc.
	3 steps:
1. Derive orbital elements at considered epoch t from reference epoch t0
1. Translate orbital elements to state vector 
1. Use state vector to calculate timing and Doppler at considered epoch t
	4 steps:
1. Translate state vector at reference epoch t0 to orbital elements
1. Derive orbital elements at considered epoch t from reference epoch t0
1. Translate orbital elements to state vector at considered epoch t 
1. Use state vector to calculate timing and Doppler at considered epoch t

	Signaling overhead
	Since both require 6 parameters, the overhead difference may not be material. It is up to RAN2 to evaluate and decide how to design the signaling.



[bookmark: _Toc47672495]Satellite ephemeris can be represented in different forms including orbital elements and orbital state vector.
[bookmark: _Toc47672496]Different forms of orbit representation can be translated to each other.
[bookmark: _Toc47672497]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 times different from the reference time.
[bookmark: _Toc47672498]Ephemeris is needed not only for the serving satellite but also other satellites for the purposes of e.g. RRM measurements, idle/inactive measurements, handover, etc., which would be discussed in RAN2.
[bookmark: _Toc47672508]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 degrade with increasing age of the ephemeris data used, due to atmospheric drag, maneuvering of the satellite, imperfections in the orbital models used, etc. Therefore, the publicly available TLE data are updated quite frequently, for example. The update frequency depends on the satellite and its orbit and ranges from weekly 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.
The maximum allowed error of the timing advance (TA), while preserving OFDM/OFDMA orthogonality, is determined by the length of the cyclic prefix (CP). Besides TA error, the CP also absorbs other effects such as multipath delay spread to preserve OFDM/OFDMA orthogonality. In 5G NR, the length of the CP is not fixed, but depends on the subcarrier spacing (SCS). For FR1, SCS of 15 kHz and 30 kHz are allowed, resulting in CP lengths of 4.69 µs and 2.34 µs, corresponding to distances of 1.4 km and 700 m, respectively. Since the TA handles RTT, however, these distances have to be divided by 2 for the regenerative architecture and by 4 for the transparent case. In the worst case (transparent architecture and 30 kHz SCS), the CP length of 2.34 µs would thus allow the satellite to be 175 m away from its nominal position, where the UE expects it to be. 
For LEO satellites, the most important effect 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. Considering that 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 does not need to be updated during the time the satellite is visible.
[bookmark: _Hlk45827140][bookmark: _Hlk45827125]For data channels, FR2 allows to employ SCS of up to 120 kHz, leading to a CP length of only 0.57 µs. This corresponds to a position error of 43 m, assuming transparent architecture. While this is probably still large enough to account for the loss of altitude during a 10-minute pass, it seems to motivate further studies to ensure that the UE can determine the satellite position with sufficient accuracy.
[bookmark: _Toc47672499]Satellite ephemeris with sufficient accuracy to support timing and frequency offset pre-compensation shall be made available to the NR NTN UE.
[bookmark: _Toc47672500]Satellite ephemeris with sufficient accuracy to support timing and frequency offset pre-compensation can come with low frequency updates.
[bookmark: _Toc31705502][bookmark: _Toc47672509]RAN1 to study the required accuracy of satellite ephemeris to support timing and frequency offset pre-compensation.
5	UL timing compensation
First it needs to be clarified where the point of time and frequency reference is located in an NTN. In our view, the serving satellite, containing a gNB or a repeater, should serve as the point of time and frequency reference from the RAN1 perspective. Delays on the feeder link should be compensated for by the network in a fashion transparent to the UEs.
[bookmark: _Toc47672510]The serving satellite should serve as the point of time and frequency reference in an NTN. 
We here assume that RAN1 will agree to mandate UE support for GNSS based time compensation in RRC idle and inactive, while support in RRC connected is considered as an optional feature. 
Based on this we assume that all UEs should be able to determine the TA value for PRACH transmission when initiating the random access procedure according to option A.1. The TA value should comprise a compensation for the UE to serving satellite RTT (known as the “full TA” in TR 38.821), and a margin determined by the maximum allowed estimation error of the RTT.
[bookmark: _Toc47672511]The UE should apply a TA at PRACH transmission comprising the estimated RTT and the maximum estimation uncertainty.
The current TA consists of 2 parts: one is  based on UE estimate 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.


To account for the estimation uncertainty, one could subtract a parameter , whose value could be made configurable. The network can configure this value by taking into the maximum TA uncertainty (this could include any factors that the network may deem necessary). In this way, UE uses its estimate for  and applies . With this, the TA correction in Msg2 does not need to support bipolar range.
[bookmark: _Toc47672501]If the self-calculated 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: _Toc47672512]The UE applies TA equal to , where  is UE’s estimate of TA,  depends on band and LTE/NR coexistence, and  is a configurable parameter used as a margin to handle the UE’s estimation uncertainty.
After acquiring the UE capabilities, the network will know if a UE is capable of supporting GNSS based transmit timing compensation during RRC connected. For UEs declaring this support the network can fully rely on UE autonomous time correction, possibly with the requirement to enjoy GNSS measurement gaps.
In the switching of the service links associated with different satellites, it is reasonable to allow UEs supporting GNSS positioning in RRC connected to adjust its uplink transmission timing to connect to the new satellite without performing a PRACH transmission. In case RAN1 determines that NR should support NTN UEs not capable of GNSS in RRC connected mode, then uplink synchronization to the new satellite needs to be achieved by means of contention free PRACH transmission, and RAR reception of the TA. Alternatively, the UEs may rely on measurement gaps to perform GNSS measurement and then computes the needed TA to the new satellite.
[bookmark: _Toc46513382][bookmark: _Toc47672513]UEs supporting RRC Connected GNSS measurements are allowed to autonomously adjust its TA to seamlessly continue its RRC connection after the service link switch from one satellite to another.
For UEs not supporting GNSS based transmit timing compensation during RRC connected, the network will need to maintain an accurate uplink timing by means of existing TA signaling and an indication of timing drift rate according to option A.2.
[bookmark: _Toc47672514]For UEs not supporting autonomous timing compensation, uplink timing needs to rely on TA signaling and network indication of timing drift rate. The format of the network indication is FFS. 
6	UL frequency synchronization 
It is assumed that all UEs should be able to determine and apply an uplink frequency compensation to the PRACH preamble to eliminate the experienced Doppler effect according to option B.1. 
[bookmark: _Toc47672515]The UE should apply a frequency shift at PRACH transmission compensating for the frequency shift observed on the uplink due to the Doppler stemming from the satellite motion.
After acquiring the UE capabilities, the network will know if a UE is capable of supporting GNSS based transmit frequency compensation during RRC connected. For UEs declaring this support, the network can fully rely on UE autonomous frequency correction, possibly with the requirement to enjoy GNSS measurement gaps.
For UEs not supporting GNSS based transmit frequency compensation during RRC connected, the network will need to maintain an accurate uplink frequency synchronization by means of network indication to the UE according to option B.2.  
[bookmark: _Toc47672516]For UEs not supporting autonomous frequency compensation, uplink frequency accuracy needs to rely on network indication. The format of the network indication is FFS. 
Conclusion
In the previous sections, we discuss UL time and frequency synchronization enhancements for NTN. We made the following observations: 
Observation 1	Satellite ephemeris can be represented in different forms including orbital elements and orbital state vector.
Observation 2	Different forms of orbit representation can be translated to each other.
Observation 3	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 times different from the reference time.
Observation 4	Ephemeris is needed not only for the serving satellite but also other satellites for the purposes of e.g. RRM measurements, idle/inactive measurements, handover, etc., which would be discussed in RAN2.
Observation 5	Satellite ephemeris with sufficient accuracy to support timing and frequency offset pre-compensation shall be made available to the NR NTN UE.
Observation 6	Satellite ephemeris with sufficient accuracy to support timing and frequency offset pre-compensation can come with low frequency updates.
Observation 7	If the self-calculated 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.

Based on the discussion in the previous sections we propose the following:
Proposal 1	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 at least in RRC idle and RRC inactive mode.
Proposal 2	RAN1 to determine the need for support of GNSS in RRC connected for the purpose of timing and frequency adjustment.
Proposal 3	RAN1 to determine the need for support of GNSS measurement gaps in RRC connected.
Proposal 4	RAN1 to determine if NR NTN UE should indicate capability support for simultaneous GNSS and NR operation, with or without GNSS measurement gaps.
Proposal 5	A GNSS position acquired by an NR NTN UE should be associated with a timer, after which’s expiration the position is deemed no longer useful.
Proposal 6	RAN1 to determine the relevance of the case of NTN coverage but no GNSS coverage.
Proposal 7	NTN UE should have the capability of satellite trajectory calculation based on a provided orbit representation at a reference time.
Proposal 8	RAN1 to study the required accuracy of satellite ephemeris to support timing and frequency offset pre-compensation.
Proposal 9	The serving satellite should serve as the point of time and frequency reference in an NTN.
Proposal 10	The UE should apply a TA at PRACH transmission comprising the estimated RTT and the maximum estimation uncertainty.
Proposal 11	The UE applies TA equal to , where  is UE’s estimate of TA,  depends on band and LTE/NR coexistence, and  is a configurable parameter used as a margin to handle the UE’s estimation uncertainty.
Proposal 12	UEs supporting RRC Connected GNSS measurements are allowed to autonomously adjust its TA to seamlessly continue its RRC connection after the service link switch from one satellite to another.
Proposal 13	For UEs not supporting autonomous timing compensation, uplink timing needs to rely on TA signaling and network indication of timing drift rate. The format of the network indication is FFS.
Proposal 14	The UE should apply a frequency shift at PRACH transmission compensating for the frequency shift observed on the uplink due to the Doppler stemming from the satellite motion.
Proposal 15	For UEs not supporting autonomous frequency compensation, uplink frequency accuracy needs to rely on network indication. The format of the network indication is FFS.
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Annex: Simulations of impact of inaccurate satellite ephemeris or UE position data
In the following, the impact of either inaccurate satellite ephemeris or UE position on the prediction of propagation delay and Doppler shift is investigated through simulations.
A1	Simulation assumptions
The true satellite ephemeris is assumed to be a circular orbit of a LEO satellite at 600 km altitude and zero inclination angle. Earth’s rotation is modelled. The satellite is orbiting in the same direction as the Earth’s rotation.
Two different error sources are investigated, as detailed below.
A2	Satellite ephemeris inaccuracy
In the simulations where satellite ephemeris inaccuracy is investigated, the error is modelled as an offset with fixed magnitude in one of three different directions, as illustrated in Figure 1:
· In-track error: directed as the velocity vector of the satellite
· Radial error: directed downward
· Cross-track error: directed perpendicular to the other two

[image: ]
[bookmark: _Ref31621593]Figure 1: In-track, cross-track and radial directions.
Different error magnitudes ranging from 1 km to 32 km are simulated. The UE velocity as well as the UE positioning error are assumed to be zero in this case. 
A2.1	Impact of ephemeris inaccuracy on propagation delay
The propagation delay is determined by the distance between the satellite and the UE. Therefore, the ephemeris error of the satellite will obviously have the largest impact on propagation delay prediction error when the ephemeris error is directed along the satellite-UE direction. This can be seen in Figure 2 where the propagation delay prediction error versus time is plotted for, respectively, in-track, radial and cross-track ephemeris errors with a magnitude of 4 km for a satellite passing UE zenith at time t = 0. A radial error (red curve), pointing towards Earth, will have its maximum impact at t = 0, i.e., when it is directed towards the UE. An in-track error, on the other hand, will have largest impact when the satellite is close to the horizon at t = ±400 s. A cross-track error does not have noticeable impact in this case since the error is orthogonal to the satellite-UE direction. In a scenario where the satellite passes the UE at a low elevation angle, a cross-track error would have larger impact.
In summary, the worst-case propagation delay prediction error will be directly proportional to the magnitude of the ephemeris error, as shown in Figure 3 for the radial error case.
[image: ]
[bookmark: _Ref31018592]Figure 2: One-way propagation delay prediction error vs. time with different satellite position errors.
[image: ]
[bookmark: _Ref31020173]Figure 3: Maximum one-way propagation delay prediction error vs. (radial) satellite position error magnitude.
A2.2	Impact of ephemeris inaccuracy on Doppler shift
The Doppler shift is determined by the derivative of the distance between the satellite and the UE with respect to time, i.e., their relative speed. In Figure 4 the Doppler shift prediction error versus time is plotted for, respectively, in-track, radial and cross-track ephemeris errors with a magnitude of 4 km and a carrier frequency of 2 GHz. An in-track error is seen to have largest impact on the Doppler shift prediction. The maximum Doppler shift prediction error will be directly proportional to the magnitude of the ephemeris error magnitude, as shown in Figure 5. 
[image: ]
[bookmark: _Ref31022107]Figure 4: Doppler shift prediction error vs. time with different satellite position errors.
[image: ]
[bookmark: _Ref31023216]Figure 5: Maximum Doppler shift prediction error vs. (in-track) satellite position error magnitude.
A3	UE position inaccuracy
In the simulations where UE position inaccuracy is investigated, the UE velocity is assumed to be 1000 km/h in the opposite direction as the satellite. The UE position data is assumed to have been correct  seconds ago, where  ranges from 0 to 60 seconds. The intention is to model e.g. that GNSS position data is acquired in RRC idle, or RRC inactive mode and used subsequently in RRC connected to calculate the propagation delay and Doppler shift offset.
The satellite ephemeris data is assumed to be correct in these simulations.
A3.1	Impact of aged UE position on propagation delay
The UE position error has largest impact on the propagation delay estimation when the satellite is near the horizon since the position error vector is then directed more towards (or away from) the satellite (recall that the UE is moving at 1000 km/h in the opposite direction as the satellite). Figure 6 shows how the maximum propagation delay prediction error depends on the age of the UE position estimate. As expected, the error is proportional to the UE position age.
[image: ]
[bookmark: _Ref31381482]Figure 6: Maximum one-way propagation delay prediction error vs. age of UE position data.
A3.2	Impact of aged UE position on propagation delay
The UE position error has largest impact on the Doppler shift estimation when the satellite is directly above the UE since this is when the Doppler rate is the highest. Figure 7 shows how the maximum Doppler shift prediction error depends proportionally on the age of the UE position estimate assuming a carrier frequency of 2 GHz.
[image: ]
[bookmark: _Ref31381693]Figure 7: Maximum Doppler shift prediction error vs. age of UE position data.
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