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Introduction
At RAN #86 in December 2019 a work item for NTN was agreed (RP-193234,[1]). The normative activities include development of specifications for transparent payload-based LEO. In this document we discuss aspects related to the time and frequency synchronization for proper operation of NR over NTN. During RAN1#104-e this topic was discussed, and the following agreements were reached [2], [3]: 
Agreement:
An NTN UE in RRC_CONNECTED state is required to support UE specific TA calculation based at least on its GNSS-acquired position and the serving satellite ephemeris.
FFS: Operation of closed loop and open loop TA control
Agreement:
For TA update in RRC_CONNECTED state, combination of both open (i.e. UE autonomous TA estimation, and common TA estimation) and closed (i.e., received TA commands) control loops shall be supported for NTN.
FFS: Details of the combination of open and closed loop TA control
Conclusion:
It is up to RAN4 to decide whether interruptions or measurement gaps are required for GNSS measurements during NTN operation
Agreement: 
RAN1 should send an LS to RAN4 with the following questions: 
Question 1: RAN1 would like to ask RAN4, to indicate what are the NTN UL time synchronization requirements?
· For initial access (i.e. PRACH transmission)
· For UL transmissions in RRC Connected State
Question 2: RAN1 would like to ask RAN4, to indicate what are the NTN UL frequency synchronization requirements?
· For initial access (i.e. PRACH transmission)
· For UL transmissions in RRC Connected State

Conclusion:
If DL frequency compensation for the service link Doppler is applied, indication of the amount of frequency compensation is necessary.
· FFS: support of DL frequency compensation for the service link Doppler.

Agreement:
· RAN1 to support satellite ephemeris broadcast based at least on one of the following format options:
· Option 1: Ephemeris format based on satellite position and velocity state vectors
· FFS: Details on state vectors formats 
· FFS: Details on time reference provisioning/format
· Option 2: Ephemeris format based on orbital elements
· FFS: Details on orbital elements formats 
· FFS: Details on time reference provisioning/format
· FFS: Whether down-selection is needed or both options are supported

GNSS sources of inaccuracy and limitations
During previous meetings a recurring assumption is that the UE can use its GNSS implementation to, through different options (e.g. time, position), estimate its timing and frequency offsets, and apply corresponding timing advance (TA) and frequency adjustment before the random access preamble transmission. For instance, in RAN1#103-e (see [2] and Agreements listed above) it was agreed that a UE in RRC_IDLE, RRC_INACTIVE or RRC_CONNECTED state, based on its acquired GNSS position and the serving satellite ephemeris, shall at least be capable of UE-specific calculation of the TA and the UL frequency pre-compensation to counter shift the Doppler experienced on the service link. . Further, the agreements from RAN1#104-e also included agreements that rely on the UE utilizing information obtained from GNSS systems [3].
The UE timing estimation and application of TA before random access preamble transmission has the main purpose of minimize the range of timing gaps between UE and gNB in UL, and thus to make it possible for the gNB to read the random access attempt made by the UE, as the gNB is only expected to have a certain observation window for the detection of the potential random access preamble for each RACH occasion (RO). At the same time, the frequency estimation aims at allowing the UE to compensate for the Doppler effect experienced on at least the service link, in order to avoid a large frequency offset of the random access preamble and the rise of inter-carrier/inter-user interference.
Observation 1: The UE GNSS-based time pre-compensation has the main purpose to guarantee that the initial random access attempt falls into the time window for the RACH occasion as defined by the gNB and minimize the interference to adjacent UL time symbols. Frequency pre-compensation shall ensure that the Doppler effect is mitigated so that the preamble can be received without inter-carrier/-user interference..
Given that objectives, the GNSS-based compensation must fulfil certain accuracy levels in order to enable a correct decode of the random access preambles transmitted by the UE. There are several error sources to be considered regarding the accuracy of the GNSS-based estimation of location and/or acquisition of a time/frequency reference, as well as impact of implementation or external factors. These sources include:
1) Lag of the ephemeris information: Inaccuracy provided by the time elapsed between the time the ephemeris info was generated by upper layers and the time it was read by the UE. It is intrinsically related to the fact that frequency ephemeris information is generated by upper layers and broadcasted to users. Even in the cases the UE is aware of the delay, the modelling the satellite movement may lead to errors from numerical approximation. 
2) Precision on the ephemeris data: The precision of the ephemeris is linked to the number of bits used to describe the ephemeris. This is one source of error that is controllable by specifications. 
3) Orbit Perturbation: As described in [5] there are several factors that may interfere to the satellite, causing deviation from the pre-designed orbit. Example: atmospheric drag, solar radiation pressure, Earth oblateness and gravity of other celestial bodies. For LEO satellites, over long periods of time, this may lead to significant displacement of the satellite from the original orbit [6]
4) Ionospheric and Tropospheric Delays: If the GNSS estimated distances are based on position, the UE will be able to estimate the distance travelled by the signal from the UE to the satellite. However, the exact time elapsed for the signal to travel this distance may vary as a consequence of the atmospheric effects. Ionospheric and Tropospheric delays are also a source of inaccuracy for GNSS (item 3 in this list).
5) GNSS inaccuracy: several physical effects such as signal blockage from buildings, signal reflections, (multipath), solar storms, satellite maintenance/manoeuvres etc. may degrade the positioning accuracy provided by GNSS. For example, the official page of GPS describes those factors in [7]. Moreover, the implementation of the GNSS device, hardware design and advanced features as data fusion or consideration of different GNSS sources (GPS, Galileo etc.) influence the finally achievable accuracy.
6) Altitude Modelling: Some GNSS devices utilize the ellipsoid model provided by the WGS 84 model to provide altitude information, which may differ from the actual Earth geoid in several hundreds of m and therefore introduce inaccuracy in the position estimation. 
7) Delay on GNSS-information conversion: Due to the dynamic nature of the system, there will be imprecision caused by the time elapsed between the GNSS information is calculated/acquired by the UE and the actual time it is delivered and used by the UE clock and local oscillator for adjusting of UL transmission.
8) Delay in GNSS-information acquisition: Due to the GNSS subsystem having a latency during start up, the UE may not have the needed and relevant GNSS information readily available when required for initial access.
9) External threats: GNSS is often exposed and vulnerable to various external threats, including radio interference from other sources and jamming, spoofing (modification of the position if the UE), hacking (GNSS safety cannot be guaranteed by 3GPP), availability constraints (GNSS provider turns GNSS operation down or reduces accuracy) etc.

Some of the items listed above may have larger impact whereas the impact of others may be smaller in certain designs. Some errors are caused by physical effects, whereas other errors depend on hardware implementation or can be controlled by specification and system design. Moreover, the impact of some errors depends on whether the UE derives and uses its location or a time/frequency reference from GNSS. Finally, GNSS is a third-party system vulnerable to external threats, which, however, cannot be addressed or resolved by 3GPP.
Observation 2: There are several sources of inaccuracy in acquiring time and frequency synchronization between UE and gNB by using GNSS information: lag of the ephemeris information, precision of the ephemeris data, GNSS inaccuracy, orbit perturbations and altitude modelling, delay on GNSS acquisition and information conversion at the UE and atmospheric delays.
Observation 3: Full reliance on third part GNSS systems leave the 3GPP systems exposed to vulnerabilities that cannot be solved by enhancements of 3GPP standards or device implementation.
Proposal 1: Any UE should only attempt to access the 5G system over NTN for situations where it is absolutely sure that proper time and frequency compensation is applied.

Time Synchronization

1.1 Time reference point
In previous RAN1 meetings the need for having a Time Reference Point was discussed, as the point in the system where the timing alignment of uplink and downlink frames is ensured. The location of the Time Reference Point directly influences the common TA value, which is related to the common part of propagation delay shared by all UEs within the cell coverage. 
The considered locations for having the Time Reference Point are the satellite and the gNB. Based on RAN1 #103-e meeting, it was discussed that from UE perspective both locations of Reference Point should be acceptable as they clearly indicate the expected UE behaviour. Therefore, the concept of reference point for time synchronization at the satellite or at the gNB has been left to the network. The common TA implicitly defines the reference point and signals this to the UE, but the exact location/definition of the reference point is left up to the network. In what follows we discuss the Observations for having the Reference Point at the satellite or at the gNB and provide our Proposals.

1.1.1 Time reference point at the satellite
From a gNB point of view, shifting the Time Reference Point to a remote location such as the satellite would have a significant impact, as the gNB would need to adjust its transmission time w.r.t. an external and highly dynamic point such as the satellite. Therefore, dedicated signaling and measurements between the gNB and the satellite would be needed so that the gNB can keep track of the time-varying feeder link delay. Moreover, the gNB would need to adapt its timing to the current satellite location and potentially follow and switch between multiple timings when the serving satellite changes or multiple satellites are used to relay the signal to the UE. On the system level, if the gNBs need to dynamically adapt their frame timings, mobility management, inter-gNB coordination and data exchange may become more complex.
Observation 4: When the time reference point is at the satellite, the gNB will need to dynamically adjust its DL-UL timing to the satellite movement to compensate for the feeder link delay. Dedicated measurements and signaling will be needed to track the feeder link delay.
More concretely, when the time reference point is at the satellite, i.e. UL-DL signals are aligned at the satellite, there will be a time offset between UL-DL at both the gNB and the UE location, as depicted in Figure 1. Concretely, 
· At the gNB the UL is delayed in comparison to the DL by 2 times the feeder link delay.
· At the UE the UL is advanced in comparison to the DL by 2 times the service link delay.

In other words, the DL-UL timing offset at the gNB varies 2 times as fast as the feeder link delay. This means that the gNB has to constant adjust its timing for the UL-DL pairing to work fittingly. This poses a new set of problems for specifications, such as the mechanisms used for the gNB to update its timing offset, the update rate allowed. It also introduces new requirements for timing accuracy to be fullfiled by the gNB in relation to the variation of the feeder link delay. 
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Figure 1 DL-UL subframe timing at UE, gNB and satellite in case time reference point is at the satellite.
The complexity added to the gNB can be explained using the following example: Consider the scenario where the feeder link delay,  and the service link delay  are assumed to be equal to 2, and 1 slots, respectively. It is also assumed that the UE is attempting to connect to the gNB through the satellite as depicted, and in this example the Random Access procedure is addressed, where the UE receives an UL scheduling grant in DL slot n to be fulfilled at slot n+8. 
The case where DL and UL are aligned at the satellite is depicted in Figure 2 . So, in step-by-step, this is what happens:
a) The gNB sends the UL scheduling grant for the UE on DL slot N. 
b) The satellite receives the UL scheduling grant after .
c) The satellite now relays the scheduling grant to the UE (processing delays are assumed negligible for the example). 
d) The UE receives the UL scheduling grant in DL,  after the satellite relayed it ( after the gNB transmission)
e) In order for the satellite to receive the UL MSG 3 as scheduled, i.e., in UL slot N+8, the UE must apply a timing advance corresponding to . 
f) The satellite receives the UL MSG3 on slot N+8 (it’s own reference). And conveys it to the gNB. 
g) The gNB receives the UL MSG3 after 12 slots have elapsed since the UL scheduling grant transmission. This require the gNB to offset the UL and DL for a factor of in order to keep the compliance with the N+8 instruction. 
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Figure 2 Frame time representation at the gNB, Satellite and UE, for DL and UL aligned at the satellite.

Considering that due to the satellite mobility the feeder and service link delays will change after a while, this means that the gNB will need to keep track of these changes and adjust the time offset between DL and UL in order to maintain DL-UL signal alignment at the satellite and also keep compliance with the scheduling grants as in the above RACH example.
Observation 5: If the reference of the system is placed on the satellite, the gNB will need to constantly adjust its transmitting time in DL as well as the UL, introducing a DL-UL timing offset variation 2 times as high as the variation observed in the feeder link delay.
As mentioned before this process of continuously adjusting the UL and DL time is complex to maintain at the gNB and introduces a new paradigm to 3GPP specifications that is non-compliant to current design. Moreover, it would entail new specification effort in other RAN groups to specify how the timing adjustment must be performed by the gNB, the accuracy levels expected for this operation and testing procedures for product validation. 
Observation 6: Positioning the time reference point at the satellite complicates future designs, where the signal is relayed to Earth through multi-satellite hops.
Observation 7: Aligning UL and DL signals at the satellite creates unnecessary specification effort and significant complexity for the gNB deployment. It goes against the agreed “minimum-specification changes” strategy for NTN.
Proposal 2: Having the time reference point at the satellite should be de-prioritized as it adds complexity and overhead to the gBN and creates unnecessary specification effort.

1.1.2 Time reference point at the gNB
If the time reference point is at the gNB, as depicted in Figure 4, the modifications to the current standard are minimized and the impact on both UE and gNB behaviour is minimized.
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Figure 4 Subframe timing at UE, gNB and satellite when the time reference point is at the gNB.

First, from a UE point of view, a UE timing advance is already available in current standards and the UE will not need to change its overall behaviour in this case if receiving a common TA indication from the gNB.
From a gNB point of view, the gNB will need to consider the time varying delays on the feeder link. Having, however, the time reference point at the gNB requires clearly less specification changes and is -from an implementation point- much closer to the existing gNB implementations. Aligning UL and DL signals at the gNB will allow the gNB to transmit in DL at given times, and receive UL transmissions from multiple UEs, which will be time-aligned with each other as using the required TA, as well as aligned with the DL frame timing. Moreover, both transparent and regenerative payload can be herewith enabled with a unified design. 
Observation 8: Implementation of time reference point at the gNB requires less specification effort, introduces less measurement and signaling overhead, and is less complex in terms of gNB implementation.
Proposal 3: The gNB is the default time reference point of the system.

1.2 Initial TA acquisition before RACH
It has been agreed that a UEs in RRC_IDLE and RRC_INACTIVE mode will at least support UE-specific TA calculation based on at least their GNSS-acquired position and serving satellite ephemeris provided by the network. Acquisition of the UE-specific TA must fulfil a certain accuracy level in order to enable a correct decoding of the random access preambles transmitted by the UE and prevent from creating interference to other UEs’ transmissions. Also considering the sources of GNSS inaccuracy as discussed above, the cyclic prefix used for the random access preamble must at least cover the physical wave propagation delay as well as the expected aggregated inaccuracy of the GNSS-based procedure.
Proposal 4: The cyclic prefix of the random access preamble must be able to cover the aggregate contribution of all sources of time inaccuracy and multipath propagation delays.
The cyclic prefix of the random access preamble depends on the choice of the preamble format as described in 38.211 [5], and presented in Table 1.
Table 1 List of Preamble Formats and their respective guard period and cyclic prefix.
	Format
	Type
	SCS [kHz]
	Guard Period [ms]
	Cyclic Prefix Duration [ms]

	0
	Long
	1.25
	0.0969
	0.1031

	1
	Long
	1.25
	0.7156
	0.6844

	2
	Long
	1.25
	0.9526
	0.1526

	3
	Long
	5
	0.0969
	0.1031

	A1
	Short
	15∗2μ
	0
	0.0094∗2−μ

	A2
	Short
	15∗2μ
	0
	0.0188∗2−μ

	A3
	Short
	15∗2μ
	0
	0.0281∗2−μ

	B1
	Short
	15∗2μ
	0.0023∗2−μ
	0.0070∗2−μ

	B2
	Short
	15∗2μ
	0.0070∗2−μ
	0.0117∗2−μ

	B3
	Short
	15∗2μ
	0.0117∗2−μ
	0.0164∗2−μ

	B4
	Short
	15∗2μ
	0.0258∗2−μ
	0.0305∗2−μ

	C0
	Short
	15∗2μ
	0.0357∗2−μ
	0.0404∗2−μ

	C2
	Short
	15∗2μ
	0.0948∗2−μ
	0.0667∗2−μ



Although the long preamble formats provide a relatively large cyclic prefix and guard period, they provide a much more stringent requirement for the Doppler compensation by the UE, as the 1.25 kHz of subcarrier spacing (SCS) is much more sensitive to the frequency offset caused by the large relative velocity observed between satellite and UEs, especially in higher frequencies. 
Observation 9: The long preamble formats provide a more relaxed CP constraint but a more stringent frequency Doppler pre-compensation constraint, especially considering the very high speed observed in LEO deployments and the usage of high frequency bands.
Proposal 5: The GNSS-assisted pre-compensation solution used by the UE shall meet the demands of the preamble format chosen by the operator. The UE shall ensure that requirements in TA adjustment and frequency pre-compensation for all preamble formats are met at any time.
A GNSS-capable UE will have more than one options to calculate the UE-specific TA. Beyond the option of using GNSS location and satellite ephemeris, the GNSS-equipped UE can obtain a reliable time reference from GNSS, which it can use to drive its own clock and local time reference. By further receiving network time information, e.g. through the referenceTimeInfo-R16 from the gNB, the UE will be able to calculate the TA to be used for RACH preamble transmission with respect to the gNB timing, so that the RACH preamble falls into the predefined time window and can be decoded. Compared to a GNSS location-based solution, this has the benefit that any UE location errors, difference between signaled and actual satellite position, time drifts due to satellite movement or time errors at the satellite will not affect the TA calculation at the UE.
Observation 10: Using referenceTimeInfo-R16 and GNSS-provided time reference to calculate TA at the UE will suffer less from the satellite movement and timing errors as the reference point is at a static location (the gNB).
Proposal 6: Self-estimated UE-specific TA in RRC idle or inactive mode based on GNSS-provided time reference in conjunction with the time provided by referenceTimeInfo-R16 is independent on satellite ephemeris and should be standardized as well.
It was further discussed on the need of explicit indication of a TA margin, to account for possible uncertainty in TA estimation due to errors in the UE-autonomous TA estimation, different PRACH preamble formats, potential errors in the common TA and/or the TA drift rate etc. In our view, the common TA should be able to cover the common delay observed either on the service link or on the entire link from gNB to UE (feeder link + service link), also considering further potential sources of inaccuracy. Any further uncertainty beyond, associated with location estimation of the nodes in the system (GNSS inaccuracy, propagation path not reflecting the Euclidian distance between UE and satellite) should be covered by the CP of the random access preamble, which is up to gNB configuration. Thus, we do not see the need to explicitly provide a TA margin. Having the required informatrion, it is the UE’s responsibility, based on its GNSS implementation, to guarantee that it will be able to fulfil the timing synchronization and frequency offset requirements as given by RAN4.
Proposal 7: There is no need to indicate a TA margin. Any uncertainty related to TA should be covered by the common TA value and CP of random access preamble.
In RAN1#104-e it was discussed that the gNB may broadcast the TA drift value as part of the common TA indication. In general, we believe it should be left to gNB to have the control of whether this information will be transmitted or not. For example, there could be situations where the UE would be able to autonomously calculate the required timing offset and corresponding TA value, e.g. if using referenceTimeInfo-R16, and in that case it would not be necessary for the network to provide any TA drift. Moreover, also in case the UE relies on GNSS location and ephemeris information to calculate the UE-specific TA, the UE may be able to track the TA and TA drift during the time intervals between consecutive updates of the ephemeris information, acquisition of UE location by reading GNSS or updating of the common TA value by the gNB.
Observation 11: The TA drift value may not always be needed at the UE.
Proposal 8: It should be left up to the gNB to decide whether to broadcast the TA drift value or not.

1.3 TA update in RRC connected mode
For UEs in RRC connected mode it has been agreed to support UE-specific TA calculation based at least on its GNSS-acquired position and the serving satellite ephemeris. At the same time, the network has the responsibility of providing the common TA value to all UEs in the cell. It is still unclear how to handle the potential risks that are associated with having two control loops acting at the same time, and how to avoid that these cause instabilities. For example, there is a risk that UE autonomous estimation, when relying on inaccurate or outdated GNSS location information, leads to erroneous calculation of the UE-specific TA. Considering the large round-trip times during which the UE might be applying incorrect TA, this could lead to accumulation of large errors and create instability to the closed loop procedure. 
Observation 12: Operation of closed loop and open loop TA control in RRC connected mode needs careful design to avoid instability due to erroneous calculation of the UE-specific TA value by the UE.
Referring to 38.133, this document contains the timing requirements for UEs: “The UE initial transmission timing error shall be less than or equal to ±Te.“. The possible values of Te can be found in 38.133 section 7.1.2 and are in the range of 0,098 and 0,391 μs. The timing is relative to the downlink reception. The challenge is however that the satellite that provides the downlink signal moves. This is shown in Figure 5 and works as follows:
· The gNb transmits the downlink frame at a certain point in time. The delays of the feeder and service link are at that point in time are d and c respectively.
· This downlink frame arrives at the UE after d+c+u1, where u1 is the change due to movement of the satellite.
· The UE may not respond immediately but first after a scheduling s. At that point the time is d+c+s+u1+u2, where u2 is due to the satellite movement during scheduling delay s. 
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Figure 5 Satellite movement and timing

Table 2 Example maximum values for u1 and u2 for different scheduling delays s for LEO at 600 km.
	RTT(ms)
	S (ms)
	u1 (μs)
	u2 (μs)
	u1+u2 (μs)

	28.4
	1
	0,355
	0,025
	0,38

	28.4
	5
	0,355
	0,126
	0,48

	28.4
	10
	0,355
	0,25
	0,61

	28.4
	100
	0,355
	2,5
	2,86

	28.4
	200
	0,355
	5,0
	5,36



The value of u1 depends on RTT/2, while the value of u2 depends on the scheduling delay s. Some example values for u1+u2, which represent the drift due to satellite movement can be seen in Table 2 for different values of the scheduling delay s. It is not always possible to fulfill the requirement for the value of Te and that the signal may even drift more than the duration of the cyclic prefix. There are two approaches to avoid this from happening:
· The network sends timing adjustment commands at a high rate so that the signals stay within the cyclic prefix.
· The UE autonomously adjusts its timing based on the satellite ephemeris data.

The first approach significantly increases the number of needed TA messages, which may be undesirable from network throughput point of view, whereas if the second method is used, tight requirements need to be set to the UE timing so that this is aligned with network timing. That is, at which time and by which amount the UE shall auto-adjust its transmit timing. One critical element of the UE autonomously adjusting or adapting its transmit timing is that the gNB may potentially not be aware of such adjustments, and any TA command to the UE may be based on an UL signal that is no longer applicable. Hence, it is needed that the gNB is in control of the UE mechanism for the timing advance updates.

Proposal 9: Network must be in control of the timing advance updates applied at the UE in RRC connected mode.
Proposal 10: Closed-loop TA control in RRC connected mode is preferable to ensure stability of the TA control loop.
Proposal 11: Open loop TA control in RRC connected mode should be applied only in a way that does not impact the closed loop TA control messages.
As it can be seen from Table 2, the potential drift of the UE required time offset may be substantial, and RAN1 need to define the method for updating the timing advance or time offset to be used by the UE to compensate for the time drift. When using the GNSS based solution where the GEO-location of the satellite and the UE is used, the UE would need to extrapolate the time drift observed based on both UE motion and the projected satellite motion. However, when using the referenceTimeInfo-R16 based approach and having the reference point at the gNB, the UE will not need to track the satellite movement or account for any errors of the satellite timing.
Observation 13: For RRC connected mode, self-estimated UE-specific TA estimation based on GNSS-provided time reference and the time provided by referenceTimeInfo-R16 is less vulnerable to location errors compared to GNSS location-based method.
Proposal 12: For RRC connected mode, self-estimated UE-specific TA estimation based on GNSS-provided time reference and the time provided by referenceTimeInfo-R16 is a beneficial solution and should be standardized as well.

Frequency Synchronization

1.4 Frequency Reference Point
Initial discussions on reference point for UL timing and frequency synchronization were conducted during RAN1#103e, where the definition of reference point and what it means were clarified for both time and frequency. In RAN1#104e the concept of frequency reference point was addressed, but no agreement could be reached. 
Several technical aspects of NTN standardization will depend much on the location of the frequency reference point and how this is determined. The solutions that shall be developed, e.g. the ones related to the compensation of Doppler shift and signalling aspects, will need to follow baseline assumptions, with the location and way of determination of frequency reference point (satellite or gNB) being one of the key assumptions. Without a clear agreement on this, any assumption may implicitly decide on the actual frequency reference point and there is a further risk of contradicting assumptions. Therefore, the location and determination of the frequency reference point needs to be defined.
Proposal 13: The location and determination of the frequency reference point must be agreed before developing further solutions for open technical aspects in NTN standardization.
In case the frequency reference point is located at the satellite, the UE needs to pre-compensate the Doppler shift on the service link only, which can be enabled by using GNSS-provided location and ephemeris information. However, from the gNB point of view, if the satellite acts as the reference point for frequency alignment of UL and DL signals, this means that UL signals arriving at the gNB will be affected by the (time varying) feeder link Doppler shift. If this Doppler shift is not compensated by the satellite in the UL, it may cause compatibility issues with existing NR Releases and increase the complexity on the gNB side, as the gNB would need to deal with a permanent frequency misalignment of the UL signal.
Observation 14: If the frequency reference point is at the satellite, UL transmissions will be affected by the feeder link Doppler shift.
Proposal 14: If the frequency reference point is at the satellite, the satellite is responsible for pre-compensating the feeder link Doppler shifts applicable for both uplink and downlink.
In general, the feeder link should be seen as ideal by the gNB with regards to frequency offsets, independently of where the frequency reference point is in the system. This requires that the feeder link contribution to the Doppler shift shall be handled by the satellite in DL and – if not pre-compensated by the UE (in case of having reference point at the gNB) - also in the UL. As the satellite is not under the control of the 3GPP and it is unclear whether the feeder link is a 3GPP link, the responsibility of the feeder link should be on the satellite.
Proposal 15: The satellite has the responsibility of compensating the feeder link Doppler shift in DL and if needed in UL. The feeder link should be seen as an ideal link without any Doppler shift by the gNB.
On the other hand, if the reference point is located at the gNB, there is no frequency misalignment at the gNB. To ensure that, the UE needs to pre-compensate the Doppler shift on both the service link and the feeder link. Considering that the UE acquires its location from GNSS and that ephemeris information is available, the UE will still need the location of the serving gNB to calculate the feeder link Doppler shift. Alternatively, the frequency offset from the feeder link must be explicitly indicated to the UE. Thus, although requiring smaller modifications with respect to previous NR Releases , this design approach introduces additional signalling overhead.
Observation 15: If the frequency reference point is at the gNB, additional signaling will be needed.
Proposal 16: The reference point for frequency should be under control of the network. In case the frequency reference point is not at the gNB, the satellite is responsible for compensating the feeder link Doppler shift in the uplink and downlink. 

1.5 Frequency pre-compensation in DL and UL
Considering the high satellite speed, the frequency offset due to the Doppler shift on the service link may be very high and span multiples of subcarrier spacing (SCS). This Doppler shift can be split into a common frequency offset and a UE-specifi frequency offset. The service link common frequency offset can be defined w.r.t. a reference location in the cell, e.g. at the centre of the cell, whereas the UE-specific frequency offset depends on the exact UE location in the cell.
For earth-moving cells the common frequency offset on the service link remains constant per cell, as the satellite does not move with respect to the reference location in the cell. For earth-fixed cells, the common frequency offset component on the service link changes over time as the satellite moves with respect to the reference location.. 
Observation 16: For earth-moving cells the common frequency offset caused by Doppler shift on the service link as observed at a reference location in the cell is constant over time.
Observation 17: For earth-fixed cells the common frequency offset caused by Doppler shift on the service link as observed at a reference location in the cell changes with time.
In order to prevent the UE from searching for the synchronization signals (PSS/SSS) in a large frequency range, the gNB should pre-compensate in the DL the common frequency offset on the service link. It is further assumed that in the DL the feeder link Doppler shift is compensated by the satellite (or the gNB).
Proposal 17: In the downlink a common frequency offset on service link is pre-compensated to limit the UE search space for the synchronization signals.
To allow the UE using the DL frequency reference as provided on the service link for calculating its own frequency reference for the UL, the gNB needs to indicate the amount of pre-compensated frequency offset in the DL to the UE. Knowing this value and taking it in account will allow the UE to estimate the service link frequency offset and correctly calculate the corresponding amount of frequency offset which the UE needs to pre-compensate in UL. In case the UE uses geo-location from GNSS and satellite ephemeris to calculate the service link Doppler shift, it will be necessary to know the amount of DL frequency pre-compensation. Otherwise, the UE will not be able to estimate the amount of frequency that has been pre-compensated in DL by the gNB and consequently not able to calculate how much it needs to pre-compensate in UL. In case this is not needed, the gNB can disable this feature.
Proposal 18: The amount of common frequency pre-compensation in DL in a cell may be indicated to the UE and thereby be used for determining the amount of UL frequency pre-compensation.
A UE with GNSS capability can derive a precise frequency (and time) reference to drive or adjust its local oscillator. In this way, the UE can measure its UE-specific frequency offset using DL reference signals and calculate the values it needs to apply for UL frequency pre-compensation. To this end, the network must provide time information, e.g. by referenceTimeInfo-R16, so that DL measurements can be associated to the time instant when DL transmission took place. 
Compared to the GNSS location-based solution, using network reference has the benefit that errors in UE location information or deviation of satellite from its ideal location, do not directly translate into errors in UL frequency pre-compensation. Furthermore, this solution has the benefit that the UE can measure the total frequency offset, also including carrier frequency offsets on the UE and the satellite due to hardware imperfections. Using the GNSS-acquired frequency as a reference, the UE can then compensate in the UL for both Doppler shift and carrier frequency offset.
Finally, for UEs in RRC connected mode, continuously acquiring the GNSS reference may have following drawbacks:
· Depending on device implementation, parts of the RF chain may be used for both GNSS and radio transceiver. This would require additional effort for switching between the two circuit chains and impose a risk to create mutual interference.
· Power consumption for acquiring GNSS reference information at the UE.
Observation 18: UE frequency adjustment based on GNSS-acquired frequency reference, DL signals and the time provided by referenceTimeInfo-R16 is less sensitive to location errors compared to GNSS location-based method and allows for compensating hardware impairments as well.
Proposal 19: UE frequency adjustment based on GNSS-acquired frequency reference, DL signals and the time provided by referenceTimeInfo-R16 has benefits and should be standardized as well.
For UEs in RRC connected mode, closed-loop control can be applied for UL frequency alignment. For such mechanisms, the reference is GNSS-equipped UEs, which should be able to track the frequency offset by using ephemeris data and/or the received DL signals and time information provided by referenceTimeInfo-R16. Any closed-loop mechanism for UL frequency alignment should rely on those assumptions. Moreover, in case of a GNSS loss, the UE should be able to follow the closed-loop commands provided by the gNB, and ensure stability with any open-loop frequency alignment it may apply. 
Observation 19: Closed-loop control in RRC connected mode can ensure UE frequency alignment for UL transmission also in case of GNSS loss.
Proposal 20: Closed-loop control in RRC connected mode can be applied for UE frequency alignment in UL. The UE must follow commands provided by the gNB and ensure stability with any open-loop frequency alignment.

Conclusion
In this contribution we have presented our observations and proposals related to time and frequency synchronization for NTN systems. These are as follows:
Observation 1: The UE GNSS-based time pre-compensation has the main purpose to guarantee that the initial random access attempt falls into the time window for the RACH occasion as defined by the gNB and minimize the interference to adjacent UL time symbols. Frequency pre-compensation shall ensure that the Doppler effect is mitigated so that the preamble can be received without inter-carrier/-user interference..
Observation 2: There are several sources of inaccuracy in acquiring time and frequency synchronization between UE and gNB by using GNSS information: lag of the ephemeris information, precision of the ephemeris data, GNSS inaccuracy, orbit perturbations and altitude modelling, delay on GNSS acquisition and information conversion at the UE and atmospheric delays.
Observation 3: Full reliance on third part GNSS systems leave the 3GPP systems exposed to vulnerabilities that cannot be solved by enhancements of 3GPP standards or device implementation.
Observation 4: When the time reference point is at the satellite, the gNB will need to dynamically adjust its DL-UL timing to the satellite movement to compensate for the feeder link delay. Dedicated measurements and signaling will be needed to track the feeder link delay.
Observation 5: If the reference of the system is placed on the satellite, the gNB will need to constantly adjust its transmitting time in DL as well as the UL, introducing a DL-UL timing offset variation 2 times as high as the variation observed in the feeder link delay.
Observation 6: Positioning the time reference point at the satellite complicates future designs, where the signal is relayed to Earth through multi-satellite hops.
Observation 7: Aligning UL and DL signals at the satellite creates unnecessary specification effort and significant complexity for the gNB deployment. It goes against the agreed “minimum-specification changes” strategy for NTN.
Observation 8: Implementation of time reference point at the gNB requires less specification effort, introduces less measurement and signaling overhead, and is less complex in terms of gNB implementation.
Observation 9: The long preamble formats provide a more relaxed CP constraint but a more stringent frequency Doppler pre-compensation constraint, especially considering the very high speed observed in LEO deployments and the usage of high frequency bands.
Observation 10: Using referenceTimeInfo-R16 and GNSS-provided time reference to calculate TA at the UE will suffer less from the satellite movement and timing errors as the reference point is at a static location (the gNB).
Observation 11: The TA drift value may not always be needed at the UE.
Observation 12: Operation of closed loop and open loop TA control in RRC connected mode needs careful design to avoid instability due to erroneous calculation of the UE-specific TA value by the UE.
Observation 13: For RRC connected mode, self-estimated UE-specific TA estimation based on GNSS-provided time reference and the time provided by referenceTimeInfo-R16 is less vulnerable to location errors compared to GNSS location-based method.
Observation 14: If the frequency reference point is at the satellite, UL transmissions will be affected by the feeder link Doppler shift.
Observation 15: If the frequency reference point is at the gNB, additional signaling will be needed.
Observation 16: For earth-moving cells the common frequency offset caused by Doppler shift on the service link as observed at a reference location in the cell is constant over time.
Observation 17: For earth-fixed cells the common frequency offset caused by Doppler shift on the service link as observed at a reference location in the cell changes with time.
Observation 18: UE frequency adjustment based on GNSS-acquired frequency reference, DL signals and the time provided by referenceTimeInfo-R16 is less sensitive to location errors compared to GNSS location-based method and allows for compensating hardware impairments as well.
Observation 19: Closed-loop control in RRC connected mode can ensure UE frequency alignment for UL transmission also in case of GNSS loss.

Proposal 1: Any UE should only attempt to access the 5G system over NTN for situations where it is absolutely sure that proper time and frequency compensation is applied.
Proposal 2: Having the time reference point at the satellite should be de-prioritized as it adds complexity and overhead to the gBN and creates unnecessary specification effort.
Proposal 3: The gNB is the default time reference point of the system.
Proposal 4: The cyclic prefix of the random access preamble must be able to cover the aggregate contribution of all sources of time inaccuracy and multipath propagation delays.
Proposal 5: The GNSS-assisted pre-compensation solution used by the UE shall meet the demands of the preamble format chosen by the operator. The UE shall ensure that requirements in TA adjustment and frequency pre-compensation for all preamble formats are met at any time.
Proposal 6: Self-estimated UE-specific TA in RRC idle or inactive mode based on GNSS-provided time reference in conjunction with the time provided by referenceTimeInfo-R16 is independent on satellite ephemeris and should be standardized as well.
Proposal 7: There is no need to indicate a TA margin. Any uncertainty related to TA should be covered by the common TA value and CP of random access preamble.
Proposal 8: It should be left up to the gNB to decide whether to broadcast the TA drift value or not.
Proposal 9: Network must be in control of the timing advance updates applied at the UE in RRC connected mode.
Proposal 10: Closed-loop TA control in RRC connected mode is preferable to ensure stability of the TA control loop.
Proposal 11: Open loop TA control in RRC connected mode should be applied only in a way that does not impact the closed loop TA control messages.
Proposal 12: For RRC connected mode, self-estimated UE-specific TA estimation based on GNSS-provided time reference and the time provided by referenceTimeInfo-R16 is a beneficial solution and should be standardized as well.
Proposal 13: The location and determination of the frequency reference point must be agreed before developing further solutions for open technical aspects in NTN standardization.
Proposal 14: If the frequency reference point is at the satellite, the satellite is responsible for pre-compensating the feeder link Doppler shifts applicable for both uplink and downlink.
Proposal 15: The satellite has the responsibility of compensating the feeder link Doppler shift in DL and if needed in UL. The feeder link should be seen as an ideal link without any Doppler shift by the gNB.
Proposal 16: The reference point for frequency should be under control of the network. In case the frequency reference point is not at the gNB, the satellite is responsible for compensating the feeder link Doppler shift in the uplink and downlink. 
Proposal 17: In the downlink a common frequency offset on service link is pre-compensated to limit the UE search space for the synchronization signals.
Proposal 18: The amount of common frequency pre-compensation in DL in a cell may be indicated to the UE and thereby be used for determining the amount of UL frequency pre-compensation.
Proposal 19: UE frequency adjustment based on GNSS-acquired frequency reference, DL signals and the time provided by referenceTimeInfo-R16 has benefits and should be standardized as well.
Proposal 20: Closed-loop control in RRC connected mode can be applied for UE frequency alignment in UL. The UE must follow commands provided by the gNB and ensure stability with any open-loop frequency alignment.
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