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Introduction
[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 needed for the uplink direction for proper operation of NR over NTN. During RAN1#102-e this topic was discussed, and the following agreements were reached [2]:
Agreement:
· In Rel-17 NR NTN, at least support UE which can derive based on its GNSS implementation one or more of:
· its position 
· a reference time and frequency
· And, based on one or more of these elements together with additional information (e.g., serving satellite ephemeris or timestamp) signalled by the network, can compute timing and frequency, and apply timing advance and frequency adjustment at least for UE in RRC idle/inactive mode.
· FFS:  Details on additional information signalled from network

Agreement:
In case of GNSS-assisted TA acquisition in RRC idle/inactive mode, the UE calculates its TA based on the following potential contributions:
· The User specific TA which is estimated by the UE:
· Option 1: The User specific TA is estimated by the UE based on its GNSS acquired position together with the serving satellite ephemeris indicated by the network:
· FFS: Details on serving satellite ephemeris indication 
· Option 2: The User specific TA is estimated by the UE based on the GNSS acquired reference time at UE together with reference time as indicated by the network
· The Common TA if indicated by the network:
· FFS: The need and details of Common TA indication 
· FFS: The TA margin, if needed and indicated by the network (in order to account for the TA estimation uncertainty)

Discussion
With consideration on the larger cell coverage, long round-trip time (RTT) and high Doppler, several enhancements were considered during the SI phase to ensure the performance for timing and frequency synchronization for UL transmission [3]. In the following subsections we share our considerations on the most promising of the proposals and raise some issues to be addressed.

Timing Advance
Timing Compensation before random access procedure
In RAN1#102-e [2],  it was agreed that the UE can use its GNSS implementation to, through different options (e.g. time, position), estimate the time offset before the random access preamble transmission. This estimation has the main purpose of minimize the range of timing gaps between UE and gNB in UL, to make it possible for the system to read the random access attempt made by the user, 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).
Observation 1: The GNSS based time pre-compensation has the main purpose to guarantee that the initial random access attempt falls into a “decodable” time for the RACH occasion defined by the gNB and minimize the interference to adjacent UL time slots/symbols.
Given that objective, the GNSS compensation must fulfil certain accuracy level 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 timing offset. 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 [4]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 [5]
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: The official page of GPS describes several factors that may degrade the GPS positioning accuracy of the UE [6]. For example: signal blockage from buildings, signal reflection (multipath), radio interference or jamming, solar storms, satellite maintenance/manoeuvres, quality of the GPS device. 
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.

Some of the items listed above may have larger impact whereas the impact of others may be negligible 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. However, the aggregate contribution of all forms of GNSS inaccuracies must not cause a delay exceeding the limit imposed by the cyclic prefix of the random access preamble.
Observation 2: There are several sources of inaccuracy in estimating the time/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: The entire cyclic prefix of the random access preamble should be able to cover multipath propagation delay as well as the inaccuracy imposed by the compensation algorithm based on the GNSS information 
Proposal 1: The aggregate contribution of all sources of inaccuracy must not violate the limits imposed by the cyclic prefix of the random access preamble. 
The cyclic prefix of the RA preamble depends on the choice of the pramble format as described in 38.211 [7], and presented in Table 1.
[bookmark: _Ref54125854]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
	0.1032

	1
	Long
	1.25
	0.7162
	0.6849

	2
	Long
	1.25
	0.9533
	0.1527

	3
	Long
	5
	0.0969
	0.1032

	A1
	Short
	
	0
	

	A2
	Short
	
	0
	

	A3
	Short
	
	0
	

	B1
	Short
	
	
	

	B2
	Short
	
	
	

	B3
	Short
	
	
	

	B4
	Short
	
	
	

	C0
	Short
	
	
	

	C2
	Short
	
	
	



Although the long preamble formats provide a larger cyclic prefix and guard period (both aggregate to approx. 1ms in fomat 2, for example), 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, in special for higher frequency bands. 
Observation 4: The long preamble formats provide a more relaxed CP constraint but a more stringent frequency dopppler pre-compensation constraint, specially considering the very high speed observed in LEO deployments and the usage of high frequency bands
Proposal 2: The GNSS-assisted pre-compensation solution used by the UE shall meet the demands of the preamble format chosen by the operator, i.e., UE must be prepared to fulfil all preamble format requirements. 

Synchronization Reference Point
In RAN1#102-e [2], some proposals were made regarding the synchronization reference point. The synchronization reference point, in the time domain, is the point where UL and DL are time aligned. The main two options in the table are:
1. Reference Point at the satellite
2. Reference Point at the gNB.

In this document we discuss the differences of both implementations.

Reference point at the satellite
When the chosen reference point is at the satellite there is an offset between UL-DL in both the gNB and the UE, as depicted in Figure 1:

· 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.

At the UE side, the operation in connected mode does not suffer any modification, as such offset between UL and DL are currently covered by the timing advance procedures available on Release 16. 
For a UE transitioning into connected mode, the offset impacts the amount of pre-compensation to be performed by the UE using GNSS-assisted information. 
Observation 5: When the synchronization reference point is at the satellite, the TA range of operation for the UE is intrinsically defined by the maximum and minimum distances from UE to satellite. This is valid for UEs performing RA or UEs in connected mode. 
Observation 6: When the synchronization reference point is at the satellite, the position of the UE and the satellite is sufficient to determine the total minimum distance travelled by the signal over the air interface, in a position-based solution. This minimum distance can be further converted into a time offset estimation.
Observation 7: When the synchronization reference point is at the satellite and using a timing based solution, besides the transmit timing and the reception timing, the UE also needs to know the offset used by the gNB to receive the UL signal. 
Observation 8: Positioning the reference point at the satellite complicates future flexible designs, where the signal is relayed to Earth through multi-satellite hops. 
From the system perspective, when all gNBs are time aligned, the reference point to each satellite depends on the total elapsed time between gNB and said satellite. Therefore, there will be multiple time reference points in the systems, as the satellites will not be time-aligned to each other. Alternatively, if all satellites are forced to be time aligned, the gNBs must correct their transmission times to reach the satellite at said alignment, therefore, the gNBs will not be time aligned among themselves. 
Observation 9: When the synchronization reference point is at the satellite, the gNB will need to dynamically offset the UL reception time to compensate for the feeder link delay. 
[image: ]
[bookmark: _Ref54184743][bookmark: _Ref54184691]Figure 1. Subframe timing at UE, gNB and satellite when the synchronization referece point is at the satellite. 

Reference point at the gNB
If the synchronization reference point is assumed to be at the gNB as depicted in Figure 2, neither the UE nor the gNB will require any modification in their current behaviors, as the UE timing advance is already present in current standards, and no dynamic offset will be required from the gNB.
[image: ]
[bookmark: _Ref54184728]Figure 2 Subframe timing at UE, gNB and satellite when the synchronization referece point is at the gNB. 

Observation 10: When the synchronization reference point is at the gNB, the TA range of operation for the UE depends on the maximum and minimum distances from UE to satellite, the maximum and minimum distances between Satellite and gNB and any eventual processing time in the between. This is valid for UEs performing RA or UEs in connected mode. 
Observation 11: When the synchronization reference point is at the gNB, the position of the UE and the satellite is not sufficient to determine the elapsed time in PHY, in a position-based solution, and the broadcast of additional information is required. In a timing based solution, the transmit and reception timings are sufficient to find the elapsed time for the frame.  
Observation 12: The implementation of the synchronization reference point at the satellite or at the gNB are not transparent to the system, and both would require different support from the NTN specifications in terms of messages to be broadcast. 
Proposal 3: RAN 1 to define one of the alternatives as the current working assumption, to minimize the specification effort and the sub-branches of work. 

Frequency Compensation
The study report [3] has identified the problem of UL frequency synchronization for LEO [6].With consideration of larger cell coverage and high Doppler due to the satellite speed, enhancements are considered to ensure the performance for frequency synchronization for UL transmission. 
At least for LEO system, the following solutions were identified for the UL transmission with consideration on the beam specific post-compensation of common frequency offset at the network side [6]:
· Option-1: Both the estimation and pre-compensation of UE-specific frequency offset are conducted at the UE side. The acquisition of this value can be done by utilizing DL reference signals, UE location and satellite ephemeris.
· Option-2: The required frequency offset for UL frequency compensation at least in LEO systems is indicated by the network to UE. The acquisition on this value can be done at the network side with detection of UL signals, e.g., preamble.

Indication of compensated frequency offset values by the network is also supported in case that compensation of the frequency offset is conducted by the network in the uplink and/or the downlink respectively. However, indication of Doppler drift rate is not necessary.
In RAN1#102-e it was agreed to at least support UEs, which can derive based on their GNSS implementation their own position and/or a reference time and frequency. Based on one or more of these elements together with additional information (e.g., serving satellite ephemeris or timestamp) signalled by the network, GNSS-capable UEs can compute a frequency reference and apply frequency adjustment in UL at least when in RRC idle/inactive mode.
UL Limitations due to Frequency Offsets
Considering the high satellite speed, the frequency offset due to the Doppler shift may be very high and span multiples of SCS. The frequency offset can be split into two additive components: the integer frequency offset (IFO), measured in integers of SCS, and the fractional frequency offset (FFO), which lies between ±0.5 SCS. In order to prevent the UE from searching during initial access procedure for the PSS/SSS in a very large range and take several IFO hypotheses, the satellite or gNB must pre-compensate in the DL a frequency offset value per beam/cell, common for all UEs in the cell. Ideally, this should ensure that a UE located at a reference point in the cell, e.g. at the centre of the cell, does not observe any frequency offset due to Doppler, which corresponds to the case where the satellite or gNB pre-compensates the Doppler caused on both feeder and access link.
Proposal 4: The gNB or satellite pre-compensates in the DL a common frequency offset per beam/cell, caused by the Doppler shift on feeder and access link, to minimize the PSS/SSS searching space for the UE. 
Earth-Fixed vs Earth Moving Cells. 
For earth-moving cells the common frequency offset remains constant per beam/cell, as the satellite does not move with respect to the reference point. For earth-fixed cells, the common frequency offset changes as the satellite moves with respect to the reference point and therefore the pre-compensation value must be adjusted to the changing satellite location. 
Observation 13: For earth-moving cells the common frequency offset for DL pre-compensation is constant per beam/cell.
Observation 14: For earth-fixed cells the common frequency offset for DL pre-compensation is time-varying and depends on the satellite location w.r.t. the cell reference point.
After DL pre-compensation, the remaining UE-specific frequency offset will depend on the UE location in the cell. This offset is upper bounded by the value of the differential frequency offset, defined as the frequency offset difference between a UE at the cell edge and a UE in the cell center (reference point). Figure 5 shows the max. cell diameter obtained for different FFO constraints, for a satellite altitude of 600 kms and a center frequency of 2 GHz. The cell diameter is determined by the distance for which the differential frequency offset remains below a certain value (here depicted for 0,3; 0,4 and 0,5 SCS) so that the random access preamble can be reliably detected. It is noted that especially long preambles using smaller SCS are very sensitive to frequency offsets. The scenarios also consider:
· A static user as the main Doppler component comes from the satellite velocity
· That the post-compensated frequency offset for the center of the cell is approximately equal to 0.
· In Figure 5, the x-axis show the experienced elevation angle by the UE
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Figure 6. Max. Cell Diameter limits for different values of allowed FFO. The scenario considers a satellite altitude of 600 kms at a center frequency of 2 GHz.

Observation 15: The supported cell diameter depends on the distance for which the UE-specific frequency offset at the cell edge remains below a certain level. Small SCS and elevation angles support smaller cells.
UL Frequency Pre-compensation Aspects
A UE with GNSS capability can derive its own position and/or a time and frequency reference, when GNSS is available. Assuming that the information provided by GNSS is sufficiently accurate, and that serving satellite ephemeris (coordinates and speed vector of satellite) is available at the UE, the UE can calculate the value to use for frequency adjustment in UL. In order to avoid inter-carrier-interference at the satellite and allow for reliable preamble detection in random access, the UE must pre-compensate in UL at least the Doppler caused on the access link, which has a UE-specific component. For further pre-compensating for the feeder link Doppler, the UE needs to know the location of its serving ground station, which is not seen as a feasible solution.
Observation 16: In order to pre-compensate the frequency offset for the full UL path, a GNSS-capable UE needs to have satellite ephemeris information as well as location information of its serving ground station.
In the event of insufficiently accurate location information provided by the GNSS to the UE or even temporary loss of GNSS coverage, the UE will have difficulties in performing the UL frequency pre-compensation. This will happen because the UE will not be able to correctly calculate the Doppler on feeder and access link based on inaccurate location information. 
DL pre-compensation of the common frequency offset shall be performed also if the UE performs GNSS-assisted synchronization. This is needed to avoid that UEs have to detect and compensate a very large frequency offset in DL and prevent from inter-carrier interference at the UE. However, in case of insufficiently accurate GNSS information or a temporary GNSS failure, the UE will not be able to detect the frequency offset caused by Doppler on feeder and/or access link from DL reference signals, since this offset will have been pre-compensated. Therefore, the UE will have difficulties in performing UL frequency pre-compensation.
Observation 17: For GNSS-assisted UL frequency adjustment, in case of inaccurate GNSS information, the UE will have difficulties in performing UL frequency adjustment based on its location or by using DL reference signals. 
During connected mode, pre-compensation of the UE-specific frequency offset is strongly recommended to mitigate inter-user and inter-carrier interference caused by the loss of subcarrier orthogonality. In connected mode, estimation can be done using DL reference signals. Considering that DL receptions and the associated UL transmissions typically take place within a very short time difference, it can be safely assumed that the frequency offset value remains constant and any value estimated by the UE from DL reference signals can be used for the UL pre-compensation. If needed, adjustment of frequency compensation value to the UL carrier frequency must be considered by the UE. 
Proposal 5: In connected mode, the UE-specific frequency offset can be tracked using DL reference signals and is pre-compensated in the UL.

Conclusion
[bookmark: _GoBack]In this contribution we have made a set of observations and proposals which are reiterated here:
Observation 1: The GNSS based time pre-compensation has the main purpose to guarantee that the initial random access attempt falls into a “decodable” time for the RACH occasion defined by the gNB and minimize the interference to adjacent UL time slots/symbols.
Observation 2: There are several sources of inaccuracy in estimating the time/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: The entire cyclic prefix of the random access preamble should be able to cover multipath propagation delay as well as the inaccuracy imposed by the compensation algorithm based on the GNSS information 
Observation 4: The long preamble formats provide a more relaxed CP constraint but a more stringent frequency dopppler pre-compensation constraint, specially considering the very high speed observed in LEO deployments and the usage of high frequency bands
Observation 5: When the synchronization reference point is at the satellite, the TA range of operation for the UE is intrinsically defined by the maximum and minimum distances from UE to satellite. This is valid for UEs performing RA or UEs in connected mode. 
Observation 6: When the synchronization reference point is at the satellite, the position of the UE and the satellite is sufficient to determine the total minimum distance travelled by the signal over the air interface, in a position-based solution. This minimum distance can be further converted into a time offset estimation.
Observation 7: When the synchronization reference point is at the satellite and using a timing based solution, besides the transmit timing and the reception timing, the UE also needs to know the offset used by the gNB to receive the UL signal. 
Observation 8: Positioning the reference point at the satellite complicates future flexible designs, where the signal is relayed to Earth through multi-satellite hops. 
Observation 9: When the synchronization reference point is at the satellite, the gNB will need to dynamically offset the UL reception time to compensate for the feeder link delay. 
Observation 10: When the synchronization reference point is at the gNB, the TA range of operation for the UE depends on the maximum and minimum distances from UE to satellite, the maximum and minimum distances between Satellite and gNB and any eventual processing time in the between. This is valid for UEs performing RA or UEs in connected mode. 
Observation 11: When the synchronization reference point is at the gNB, the position of the UE and the satellite is not sufficient to determine the elapsed time in PHY, in a position-based solution, and the broadcast of additional information is required. In a timing based solution, the transmit and reception timings are sufficient to find the elapsed time for the frame.  
Observation 12: The implementation of the synchronization reference point at the satellite or at the gNB are not transparent to the system, and both would require different support from the NTN specifications in terms of messages to be broadcast. 
Observation 13: For earth-moving cells the common frequency offset for DL pre-compensation is constant per beam/cell.
Observation 14: For earth-fixed cells the common frequency offset for DL pre-compensation is time-varying and depends on the satellite location w.r.t. the cell reference point.
Observation 15: The supported cell diameter depends on the distance for which the UE-specific frequency offset at the cell edge remains below a certain level. Small SCS and elevation angles support smaller cells.
Observation 16: In order to pre-compensate the frequency offset for the full UL path, a GNSS-capable UE needs to have satellite ephemeris information as well as location information of its serving ground station.
Observation 17: For GNSS-assisted UL frequency adjustment, in case of inaccurate GNSS information, the UE will have difficulties in performing UL frequency adjustment based on its location or by using DL reference signals. 

Proposal 1: The aggregate contribution of all sources of inaccuracy must not violate the limits imposed by the cyclic prefix of the random access preamble. 
Proposal 2: The GNSS-assisted pre-compensation solution used by the UE shall meet the demands of the preamble format chosen by the operator, i.e., UE must be prepared to fulfil all preamble format requirements. 
Proposal 3: RAN 1 to define one of the alternatives as the current working assumption, to minimize the specification effort and the sub-branches of work. 
Proposal 4: The gNB or satellite pre-compensates in the DL a common frequency offset per beam/cell, caused by the Doppler shift on feeder and access link, to minimize the PSS/SSS searching space for the UE. 
Proposal 5: In connected mode, the UE-specific frequency offset can be tracked using DL reference signals and is pre-compensated in the UL.
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