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[bookmark: _Hlk510705081]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#104bis-e and RAN1#105-e this topic was discussed and the feature lead summaries and the Agreements can be found in [2], [3], [4], and [5] respectively.
GNSS 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 [6] 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 [4].
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 [7] 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 [8]
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 [9]. 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 leaves the 3GPP system 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
The Timing Advance to be applied by an NR NTN UE in RRC_IDLE/INACTIVE and RRC_CONNECTED was discussed in RAN1 Meeting #104bis-e, and following was agreed:
Agreement:
The Timing Advance applied by an NR NTN UE in RRC_IDLE/INACTIVE and RRC_CONNECTED is given by:

Where:
·   is defined as 0 for PRACH and updated based on TA Command field in msg2/msgB and MAC CE TA command. 
· FFS: details of NTA update/accumulation.
·   is UE self-estimated TA to pre-compensate for the service link delay.
·  is network-controlled common TA, and may include any timing offset considered necessary by the network.
·  with value of 0 is supported. 
· FFS:  details of signaling including granularity.   
·  is a fixed offset used to calculate the timing advance. 

Note-1: Definition of  is different from that in RAN1#103-e agreement. 
Note-2: UE might not assume that the RTT between UE and gNB is equal to the calculated TA for Msg1/Msg A.
Note-3:  is the common timing offset X as agreed in RAN1 #103-e.
In principle, 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 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. 
This approach is beneficial for UEs in RRC connected mode as well. As it can be seen from Table 2 below, 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 provided through the ephemeris information 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 4: For RRC idle, inactive and connected mode, using referenceTimeInfo-R16 and GNSS-provided time reference to calculate TA at the UE will suffer less from the satellite movement, location errors and timing errors compared to GNSS location-based method.
Proposal 2: For RRC idle, inactive and connected mode, self-estimated UE-specific TA estimation based on GNSS-provided time reference and the time provided by referenceTimeInfo-R16 should be standardized as well.
During RAN1#104bis-e and RAN1#105-e it was discussed that the gNB broadcasts not only the Common TA, but also the Common TA drift rate and potentially the Common TA drift rate variation. This should allow the UE to perform a self-estimation of the Common TA based on a first-order or even second-order approximation. 
It is noted that the key information for the UE to be used for UL pre-compensation of service link and feeder link delay is the satellite ephemeris information and the Common TA, respectively. To avoid any delay for UEs during the initial access phase, all this information must be provided by the gNB. Some companies have proposed that the common TA drift rate and drift rate variation are also broadcast in SIB [11]. The benefit would be a longer prediction time of common TA with the required accuracy, which translates to less frequent SIB reading and better power efficiency for the UE. Our view is that the UE can read multiple SIB messages that carry only the common TA information and derive the common TA drift rate (1st derivative of common TA w.r.t. time) and common TA drift rate variation (2nd derivative of common TA w.r.t. time). For example, let  be the common TA at time  and  be the periodicity of SIB. When the UE reads SIB at time , it can also estimate the common TA drift rate  and drift rate variation  from the common TA values of the previous and next SIB messages as shown in Figure 1:
	
	


This way the network can save the overhead of broadcasting the common TA drift rate and drift rate variation.
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[bookmark: _Ref79076562]Figure 1. TA prediction using consecutive SIB messages.

The common TA prediction error using the UE estimated common TA drift rate and drift rate variation is shown in Figure 2. Assuming 1 second SIB periodicity, we have not observed any performance degradation comparing with the case when those information is directly broadcast in SIB (High overhead SIB). This result suggests that broadcasting the common TA drift rate and drift rate variation may not be necessary. 
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[bookmark: _Ref77540435]Figure 2. Error of the predicted TA for 600 km LEO when the satellite’s elevation angle at the time of SIB reading is 20⁰ in (a), 60⁰ in (b).
Observation 5: Information on Common TA drift rate and Common TA drift rate variation is beneficial for tracking the Common TA over time.
Observation 6: UE can estimate the common TA drift rate and common TA drift rate variation from multiple SIB readings of common TA.
Therefore, as a balanced design approach, we see that the gNB has the control over whether the Common TA drift rate is transmitted or not and how often this happens. For higher derivatives of the Common TA, such Common TA drift rate variation, we do not see the clear benefit which would justify the additional signaling overhead.
Proposal 3: The Common TA value in SIB is sufficient for common TA tracking.
Proposal 4: It should be left up to the gNB to decide whether and how often to broadcast the Common TA drift rate.
Proposal 5: Common TA drift rate variation indication is not supported.
A similar approach can be used for UE tracking of the service link TA. The service link drift rate and drift rate variation can be estimated by the UE from multiple readings of satellite positions. Therefore satellite velocity may be dropped from the ephemeris to reduce SIB overhead.
Observation 7: The UE can also estimate the service link TA drift rate and drift rate variation from multiple SIB readings of satellite positions. 
Proposal 6: Consider excluding satellite velocity from the ephemeris data or making it optional.

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.
Observation 8: 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 [7], 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 7: 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.
During RAN1#104bis-e meeting the need of explicit indication of a TA margin was discussed, 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 Common TA drift rate etc. In our view, the Common TA should be able to cover any common delay observed either on the feeder link or as well on the service link (or part of it), 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 etc.) 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 information, it is the UE’s responsibility, based on its GNSS implementation, to guarantee that it will be able to fulfil the time and frequency synchronization requirements as given by RAN4.
Proposal 8: There is no need to support a TA margin. Any uncertainty related to TA should be covered by the Common TA value and the CP of the random access preamble.
In RAN1#103-e meeting, a working assumption was made on TA command in RAR 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. We support that existing field in the TAC 12-bit field in msg2 (or msgB) can be reused without extension and the UE should rely on RAN4 synchronization requirements, which allow for the UE time alignment with high accuracy. Further, under the assumption that the UE is having accurate ephemeris information as well as an accurate estimate of its geographical location, there should be no need to change the span or definition of the values indicated in the TAC.

Proposal 9: Confirm the working assumption on non-extension of  TAC 12-bit field in msg2 (or msgB) and that the UE follows the requirements on UL time pre-compensation for Msg1/MsgA transmission as defined by RAN4.
Proposal 10: The TAC value definitions for msg2/msgB remain the same as for NR in Rel.16. 

TA update in RRC connected state
In RAN1#104-e, the following agreements were made:
	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



As further stated in FL summary of RAN1#105-e, many issues related to TA maintenance/update in connected mode are still open and following FFS were identified:
· FFS: Operation of closed loop and open loop TA control:
· FFS: details of NTA update/accumulation
· FFS: details of update
· FFS: details of update
· FFS: Details of the combination of open and closed loop TA control

Regarding the operation of closed and open look TA control, we believe that the update rate on the UE side should be the UE’s responsibility. In any case, the UE needs to read and update both  and  in such way that the NTA fulfilles the given RAN4 time synchronization requirements.
Proposal 11: The update rate that the UE applies for both the UE-specific TA and Common TA should be such that the applied TA fulfilles the RAN4 time synchronization requirements.
The way of calculation of the Common TA should be deterministic and same for all UEs. Ideally this should be given by an equation, based on input parameters and defined as a function of time. 
Proposal 12: The Common TA should be calculated in a deterministic way and applied at the same time for all UEs.
A combination of open and cosed loop TA control needs careful study. As of now, it has been agreed for UEs in RRC connected state 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 potentially create instability to the closed loop procedure. 
Observation 10: Operation of closed loop and open loop TA control in RRC connected state 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. 

[image: ] 
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. Such a situation could create error propagation and oscillations, and should dbe avoided.
Proposal 13: For UE in RRC connected mode, in case closed loop TA control is used, open loop TA control should be applied only in a way that does not impact the stability and accuracy as provided by closed loop TA control.
In RAN1#104bis-e and RAN1#105-e the necessity for having specific timers for open loop TA update was also discussed (like what is already existing for closed-loop TA update for terrestrial NR). Concretely, it was discussed having a validity timer configured for UE-specific TA to define the maximum time during which the UE can track the round-trip delay on the service link without having acquired new ephemeris data to be used for UE specific TA estimation. Similarly, a validity timer configured for Common TA to define the maximum time during which the UE can track the Common round-trip delay without having acquired new assistance information to be used for Common TA estimation (assistance information may also include Common TA drift rate). Both timers should be restarted at the UE each time the UE receives and correctly decodes new ephemeris data or assistance information, respectively. The UE should assume that it has lost uplink synchronization if a validity timer expires, and the corresponding information (ephemeris or assistance information) is not available at the UE. In this way, a maximum time limit is applied, until which the UE is allowed to predict its UE-specific TA and Common TA without having received corresponding information update form the gNB.  
As both ephemeris data (used for UE-specific TA calculation) as well as Common TA (and potentially Common TA drift rate) are expected to be carried in SIB, we believe it would be sufficient to have one single validity timer for UE time synchronization and do not see a reason for having different validity timers. 
Proposal 14: A validity timer configured by the network for both satellite ephemeris data and Common TA defines the maximum time during which the UE can apply the satellite ephemeris and Common TA without having acquired new satellite ephemeris and Common TA parameters.
· This validity timer is restarted each time the UE correctly decodes new satellite ephemeris and Common TA information.
· The UE assumes that it has lost uplink synchronization if the timer expires.
In practice, the maximum time during which the UE will be able to apply the satellite ephemeris and/or assistance information for calculating the TA without having acquired new information will depend on how long the calculated TA can fulfil the UE requirements when being used for time synchronization. The effective “aging” of these parameters will thus depend on several parameters, including the propagator model used by the UE to predict , the accuracy of the ephemeris information at the time it is provided by the satellite and by the gNB, the satellite and UE speed and direction of speed vector, the elevation angle, the accuracy of GNSS location information at the UE, the accuracy of , etc.
For example, if the UE moves at a high speed (on a plane) and moreover the relative speed between satellite and UE is maximized due to the direction of movement and also a low elevation angle, the validity time of the ephemeris information may be reduced. Moreover, when the UE moves at high speed the estimation error of UE’s GNSS-provided location may increase as well. On the other hand, it would be inefficient that the gNB configures the UE too conservatively to always use a very short validity timer to safely cover worst-case scenarios. This would result that the UE obtains ephemeris by reading the corresponding SIB more often than needed and would increase overhead unnecessarily.
In order to have more balanced and efficient design, it is proposed that the UE receives a default validity timer value and is further configured so that it can autonomously adjust by scaling this validity timer (related to ephemeris and/or Common TA parameters), based on one more of following parameters: 
· Relative speed vector between UE and satellite
· GNSS accuracy of location information at the UE (can be evaluated by the UE itself e.g. by the variance of the GNSS reference, number of satellites considered, frequency of reading the GNSS signal etc.).
· The orbital propagator model used by the UE for tracking and predicting the movement of the satellite.
· The elevation angle between UE and satellite
· The accuracy of information which is already available for TA estimation. For example, if the Common TA is available at the UE with a very high accuracy, e.g. the information has been just acquired by the UE, the requirement on the UE-specific TA calculation can be potentially relaxed.

In this way, the UE can avoid reading the SIB more oftern than needed and the validity timer still ensures that the information is up to date and can be used for TA calculation.
Proposal 15: The UEs are configured so that they can autonomously adjust the value of the validity timer based on a set of parameters.
· The default value of the validity timer is provided by the gBN.
· The UE adjusts its validity timer value based on a set of UE-specific parameters.

Frequency synchronization
Regarding the feeder link Doppler shift, following has been concluded in RAN1#105:
Conclusion:​
The Doppler shift over the feeder link and any transponder frequency error for both Downlink and Uplink is compensated by the GW and satellite-payload without any specification impacts in Release 17.​
​
However, a significant Doppler shift will be still present on the service link. 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-specific frequency offset. The service link common frequency offset can be defined with respect to 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 11: 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 12: 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 a common frequency offset on the service link. For RRC connected UEs, this will also prevent UE from tracking and compensating a large frequency offset in DL. 
Regarding the service link Doppler shift compensation in DL, the following conclusion was made in RAN1#104-e:

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. 

For the reasons mentioned above, we support to pre-compensate a common frequency offset in the downlink.
Proposal 16: 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 17: The amount of common frequency pre-compensation in downlink in a cell shall be indicated to the UE and thereby be used for determining the amount of uplink frequency pre-compensation. 
Proposal 18: A common signaling should be used to indicate the amount of applied frequency pre-compensation in downlink for both earth-moving and earth-fixed cells. 
Proposal 19: Common signaling for indicating frequency pre-compensation should be provided as part of SIB.
An alternative to providing the amount of common frequency pre-compensation in downlink is to rely on by referenceTimeInfo-R16 and DL measurements. It is known that 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 enable this, 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 impairmrnts. 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 13: 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 20: 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 the feeder link, there is no need for network indication of common frequency offset, as it has been agreed that the feeder link Doppler shift is handled in a way transparent to gNB and UE. For the service link, it is still the UE’s responsibility to perform its UL frequency compensation in a way that it is ensured that the signals received by the gNB are within limits imposed by RAN4. However, as also pointed out during Release-16 NR NTN Study Item, a UE without GNSS capability will have difficulties in estimating the (residual) Doppler. Therefore, indication of a common frequency offset on the service link for UL can be beneficial in case of GNSS loss or availability. 
Observation 14: Indication of common frequency offset on the service link for UL frequency alignment is beneficial  for UEs in case of GNSS loss or inavailability.
Proposal 21: Study whether indication of common frequency offset on the service link should be enabled for UE frequency alignment in UL in case of GNSS loss.
In such case of GNSS loss or limited GNSS availability, UEs in RRC connected state can be supported by closed-loop control mechanisms in their UL frequency alignment. In that case, the UE must then follow the closed-loop commands provided by the gNB, and ensure stability with any other open-loop frequency alignment mechanism it may apply. 
Observation 15: UE-specific closed-loop control for RRC connected mode may ensure UE frequency alignment for UL transmission in case of UE GNSS loss.
Proposal 22: Study whether UE-specific closed-loop control for RRC connected mode should be enabled for UE frequency alignment in UL in case of GNSS loss.

Satellite Ephemeris Information
In RAN1#104e meeting, based on [2], related to the Issue #14 “Serving satellite ephemeris format” the following baseline has been agreed:
	[bookmark: _Hlk71014669]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




Furthermore, the following detailed agreement was achieved during the GTW session held on April 19th
	Agreement:
Support serving-satellite ephemeris broadcast based on one or more of the following:
· Set 1: Satellite position and velocity state vectors: 
· position X,Y,Z in ECEF (m)  
· velocity VX,VY,VZ in ECEF (m/s)
· Set 2: At least the following parameters in orbital parameter ephemeris format:
· Semi-major axis α [m] 
· Eccentricity e 
· Argument of periapsis ω [rad] 
· Longitude of ascending node Ω [rad] 
· Inclination i [rad] 
· Mean anomaly M [rad] at epoch time to
· FFS: Whether pre-provisioned ephemeris based on orbital elements can be used as reference. Thereby, only delta corrections can be broadcast in order to reduce the overhead
· FFS: The field size for each parameter
· FFS: The impact on signaling due to the required accuracy of serving-satellite ephemeris
· FFS: Whether down-selection is needed or both sets are supported



Further, during RAN1#105-e [3] and [4], the following was agreed:
Agreement:
Specifications should support delivery of ephemeris information using both ephemeris formats, i.e., state vectors and orbital elements.

Therefore, RAN1 need to continue the discussions on the design of both satellite ephemeris formats (option 1 and option 2): the content of ephemeris data, the signalling details, the Epoch time associated to ephemeris data.
Here we address two of the FFS items from RAN1#104e meeting:
i. FFS: Whether pre-provisioned ephemeris based on orbital elements can be used as reference. Thereby, only delta corrections can be broadcast in order to reduce the overhead
ii. Additional: Reference time for information (Epoch time)

The pre-provisioned ephemeris data is in the form of orbital data parameters (see Set 2 in the agreement above). For each satellite orbit, most of these parameters, can be provisioned to the UEs in static (e.g. uSIM) or semi-static (infrequent broadcast of orbital data relevant for larger geographical area) way, i.e. as reference orbital information. 
Observation 16: The currently agreed list of Set2 ephemeris parameters are not sufficient for the UE to determine the current exact location of the satellite along an orbit.
In addition to the Set2 parameters listed in the agreement from RAN1#104e, the true anomaly at epoch t0, (or equivalent) which defines the position of the satellite along the orbital ellipse at a specific time (the "epoch") needs also to be included. This is necessary, for the UEs to be able to quickly determine the current location of the relevant satellite accessible, especially for IDLE mode UEs. In contrast to the other listed Set2 parameters e.g., the true anomaly at epoch t0 parameter would need to be updated more dynamically (e.g. via periodic broadcast), thus it should be considered as part of the delta signalling.
For further increased accuracy of the Set2 data, additional parameters can be considered to be included, such as orbital correction factors (for latitude, radius, inclination). These parameters would also need be updated more frequently, and therefore could be considered as part of the delta corrections.
Proposal 23: Include at least the true anomaly at epoch t0 (or equivalent) parameter as part of the Set2 parameters and consider it as delta correction parameter which needs to be updated and signalled more frequently compared to the other Set2 parameters.
The use of ephemeris data has been extensively discussed also in RAN2 WG. In our view, both Set1 and Set2 parameters are needed sa they provide complementary ephemeris information accuracy. As described above, the Set2 parameters can be used by the UEs to quickly determine which satellites could be visible at their geographical location/area. Set2 provisioning requires minimal signalling to the UEs because most of the parameters are static or semi-static, hence low energy consumption overhead for the UEs. Set2 parameters accuracy is sufficient for UE for IDLE mode procedures, such as cell re-selection. 
The Set1 parameters, provide higher accuracy satellite location information to the UEs, and this is required for initial access and for subsequent CONNECTED model procedures (see Section 3 and 4). Additionally, the NTN mobility procedures discussed in RAN2 WG also rely on highly accurate determination of satellite location w.r.t. to the UE location. 
However, it is important to determine what is the optimal update rate of the Set1 information, in order to reach a balance between signalling overhead and required satellite location accuracy. For example, in R4-2107259 it has been argued that the combined UE and satellite location uncertainty has to lead to better than 117m accuracy in order to maintain time synchronisation by not violating the CP length. According to R4-2014928 the location of the satellite can be determined with high accuracy “10 meters and velocity accuracy in the order of 10 cm / s”, therefore, only the UE GNSS location accuracy and the satellite location information update rate towards the UEs, would be the main limiting factors in the overall achievable accuracy.
Observation 17: The update rate at which the Set1 satellite ephemeris location information is available at the UEs, combined with the UE GNNS location accuracy, is a critical factor in the overall achievable location accuracy, and the RAN1 mechanisms depending on it.
Proposal 24: The Set1 and Set2 satellite ephemeris data may have different update rates.
Regarding the epoch time to be used for the ephemeris data (Set1 and Set2), the most natural choice is to use the time reference currently used in GNSS satellite systems (e.g. as epoch in seconds within GNSS week). This time reference can then be linked to 3GPP signalling time reference (SFN number) via dedicated broadcast information (SIB9).
Proposal 25: The epoch time is explicitly indicated along with ephemeris data.
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 leaves the 3GPP system exposed to vulnerabilities that cannot be solved by enhancements of 3GPP standards or device implementation.
Observation 4: For RRC idle, inactive and connected mode, using referenceTimeInfo-R16 and GNSS-provided time reference to calculate TA at the UE will suffer less from the satellite movement, location errors and timing errors compared to GNSS location-based method.
Observation 5: Information on Common TA drift rate and Common TA drift rate variation is beneficial for tracking the Common TA over time.
Observation 6: UE can estimate the common TA drift rate and common TA drift rate variation from multiple SIB readings of common TA.
Observation 7: The UE can also estimate the service link TA drift rate and drift rate variation from multiple SIB readings of satellite positions. 
Observation 8: 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.
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: Operation of closed loop and open loop TA control in RRC connected state needs careful design to avoid instability due to erroneous calculation of the UE-specific TA value by the UE.
Observation 11: 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 12: 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 13: 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 14: Indication of common frequency offset on the service link for UL frequency alignment is beneficial  for UEs in case of GNSS loss or inavailability.
Observation 15: UE-specific closed-loop control for RRC connected mode may ensure UE frequency alignment for UL transmission in case of UE GNSS loss.
Observation 16: The currently agreed list of Set2 ephemeris parameters are not sufficient for the UE to determine the current exact location of the satellite along an orbit.
Observation 17: The update rate at which the Set1 satellite ephemeris location information is available at the UEs, combined with the UE GNNS location accuracy, is a critical factor in the overall achievable location accuracy, and the RAN1 mechanisms depending on it.

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: For RRC idle, inactive and connected mode, self-estimated UE-specific TA estimation based on GNSS-provided time reference and the time provided by referenceTimeInfo-R16 should be standardized as well.
Proposal 3: The Common TA value in SIB is sufficient for common TA tracking.
Proposal 4: It should be left up to the gNB to decide whether and how often to broadcast the Common TA drift rate.
Proposal 5: Common TA drift rate variation indication is not supported.
Proposal 6: Consider excluding satellite velocity from the ephemeris data or making it optional.
Proposal 7: 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 8: There is no need to support a TA margin. Any uncertainty related to TA should be covered by the Common TA value and the CP of the random access preamble.
Proposal 9: Confirm the working assumption on non-extension of  TAC 12-bit field in msg2 (or msgB) and that the UE follows the requirements on UL time pre-compensation for Msg1/MsgA transmission as defined by RAN4.
Proposal 10: The TAC value definitions for msg2/msgB remain the same as for NR in Rel.16. 
Proposal 11: The update rate that the UE applies for both the UE-specific TA and Common TA should be such that the applied TA fulfilles the RAN4 time synchronization requirements.
Proposal 12: The Common TA should be calculated in a deterministic way and applied at the same time for all UEs.
Proposal 13: For UE in RRC connected mode, in case closed loop TA control is used, open loop TA control should be applied only in a way that does not impact the stability and accuracy as provided by closed loop TA control.
Proposal 14: A validity timer configured by the network for both satellite ephemeris data and Common TA defines the maximum time during which the UE can apply the satellite ephemeris and Common TA without having acquired new satellite ephemeris and Common TA parameters.
· This validity timer is restarted each time the UE correctly decodes new satellite ephemeris and Common TA information.
· The UE assumes that it has lost uplink synchronization if the timer expires.
Proposal 15: The UEs are configured so that they can autonomously adjust the value of the validity timer based on a set of parameters.
· The default value of the validity timer is provided by the gBN.
· The UE adjusts its validity timer value based on a set of UE-specific parameters.
Proposal 16: In the downlink a common frequency offset on service link is pre-compensated to limit the UE search space for the synchronization signals.
Proposal 17: The amount of common frequency pre-compensation in downlink in a cell shall be indicated to the UE and thereby be used for determining the amount of uplink frequency pre-compensation. 
Proposal 18: A common signaling should be used to indicate the amount of applied frequency pre-compensation in downlink for both earth-moving and earth-fixed cells. 
Proposal 19: Common signaling for indicating frequency pre-compensation should be provided as part of SIB.
Proposal 20: 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 21: Study whether indication of common frequency offset on the service link should be enabled for UE frequency alignment in UL in case of GNSS loss.
Proposal 22: Study whether UE-specific closed-loop control for RRC connected mode should be enabled for UE frequency alignment in UL in case of GNSS loss.
Proposal 23: Include at least the true anomaly at epoch t0 (or equivalent) parameter as part of the Set2 parameters and consider it as delta correction parameter which needs to be updated and signalled more frequently compared to the other Set2 parameters.
Proposal 24: The Set1 and Set2 satellite ephemeris data may have different update rates.
Proposal 25: The epoch time is explicitly indicated along with ephemeris data.
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