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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.
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. In the following subsections we share our considerations on the most promising of the proposals and raise some issues to be addressed.
[bookmark: OLE_LINK1]Timing Advance
There are two phases of UL time synchronization to be observed: in connected mode and transiotining to connected mode. A user in connected mode is considered to be synchronized and will have to maintain time synchronization. A user that is trying to reach connected mode is not considered time-synchronized and would need to acquire time synchronization to the network by means of the Random Access process. The challenges experienced in the two different phases are substantially different. For a UE outside connected mode the “delay range” is the most complicating factor, whereas for UEs in connected mode the “satellite high speeds” or “rate of change” in latency will be main issue to address.
When discussing the gNB-UE timing relationship, it is crucial that all operations have a common reference for operation such that both gNB and UE have the same understanding of time (in the sense of system frame number and slot number). Hence, it is crucial that the fundamental system timing as seen by the UEs of a given cell does not change for any given cell. That is, it should be safe to assume by the UE that the SS bursts received will maintain the same structure and timing as for existing NR Rel-16.
Proposal 1: When operating in a NTN scenario the UE should assume REl-16 system timing with respect to system frame number and slot timing.

Acquisition Phase
In the SI technical report [2], the very large delays in NTN has been raised as a potential challenge for acquiring the timing synchronization of the system. Among the raised concerns: the ambiguity on the Random Access detection by the gNB and the limited signalling space to convey Timing Advance to the user in the Random Access Response. The usage of GNSS capabilities by the UE is considered a potential enhancement to mitigate such problems. 
In the TR, different methods to obtain such enhancements are proposed, such as:
“i.	To broadcast the position of the satellite along with the delay from satellite to gateway where the gNB interface is situated. 
ii.	Signal ephemeris along with gateway position to the UE. 
iii.	Signal the feeder link delay or to have the gNB to compensate feeder link delay so that UE only estimates the service link delay.”

In this document we discuss and evaluate these solutions, in terms of feasibility, complexity and specification impact. We also evaluate a fourth possible solution for the problem. 
Option A: Broadcasting the position of the satellite along with the delay from satellite to gateway where the gNB interface is situated.
Firstly, it is important to amend the statement of the solution. As such, the delay from the gateway to the satellite is not providing information at a sufficient detail, as the gNB may not be co-located with the gateway, and hence may not ve experiencing a zero delay to the gateway. The delay to be reported should preferably be from the gNB to the satellite. The gateway, which is the earth-to-air front-end may be located far away from the gNB, such as depicted in Figure 1, from [2]. In certain architectures the gNB to gateway front-end delay can add up to a few ms. 
[image: ]
[bookmark: _Ref32834365]Figure 1. Multi connectivity between two transparent NTN-based NG-RAN as presented in [2].

Observation 1: If the UE is to be aware of the delay from gNB to satellite, the broadcasted information must contain all propagation delays, including from gNB to gateway, processing and relaying times. 

Moreover, as the satellite moves at very high speed, both the distance satellite-UE and satellite-GW are changing over time. Therefore to minimize the errors in the UE estimation of the delay, the UE should be aware of the satellite location and velocity as well as the variation of the feeder link delay over time. 
Observation 2: If option A is adopted, there must be specification effort to design the signalling for the satellite position and velocity, as well as the feeder link delay variation over time. 
In general, for network deployments, the UE is unaware of the network architecture, and would not have any information related to the physical positions of the gNB or the transmit antennas of the gNB. Further, if such information is disclosed to the UE, it would introduce a commitment on the delay-components of the network infrastructure which would potentially prevent subsequent changes of the network deployment. Hence, if option A is adopted, it would require a fundamental change of philosophy of the UE being independent of the network infrastructure. Such discussion of the infrastructure information would be out of scope for RAN1, and would be better handled in RAN2/RAN3.
Additionally, different use cases of GNSS may require different accuracy magnitudes. For the case of using GNSS to calculate relative distance/speed for time or frequency synchronization in uplink, there are several sources of inaccuracy to be considered, as disscussed in more details in [7], namely: delay (lag) of ephemeris information, precision of ephemeris data, GNSS innacuracy (location), orbit perturbartion and altitude modelling. 

Observation 3: The precision and lag of the ephemeris data and orbits perturbation may have double effect in transparent scenarios. 
Proposal 2: RAN 1 to evaluate the feasibility and error-modelling of GNSS-based delay calculation for time synchronization purposes.

Option B: Signal ephemeris along with gateway position to the UE. 
As previously mentioned, it does not suffice for the UE to know the location of the GW to estimate the feeder link delay. There are still other components to the feeder link delay such as the gNB-to-GW delay and the processing times at the relay nodes (for example electromagnetic-to-optical conversion of the information in the case ISL are used).
Another example of non-considered delays in such setup concerns the case where the signal is routed through multiple satellites.  
Observation 4: Knowing the GW location on Earth does not suffice for the UE to estimate the feeder link delay. 
Observation 5: Even if the ”processing delays” are compensated by the gNB, in the case the signal is conveyed through multiple ISL hops, the UE will need to have access to the location of all relaying nodes involved in the link. 

Option C: Signal the feeder link delay or to have the gNB to compensate feeder link delay so that UE only estimates the service link delay
[bookmark: _GoBack]The signalling of the feeder link delay to the UE, leaving the UE to estimate only the service link delay based on positioning, is already described and analyzed as it is similar to what is described in Option A. Therefore, we now focus in analyzing the pre-compensation of the feeder link by the gNB. 
The pre-compensation of the feeder link at the gNB means that the UL timing at the gNB reception procedure will be offset from the DL transmission. Consider a transparent architecture as depicted in Figure 2.  In order to completely pre-compensate the effect of the feeder link from the Timing Advance, the offset must be equal to as shown in Figure 3
[image: ]
Figure 2 . Model of transparent architecture composite delays, where  represents the feeder link delay and represents the service link delay. 
[image: ]
[bookmark: _Ref30682563]Figure 3 Timelines for the gNB and UE events in DL and UL for the system depicted in Figure 2.
However, at a future instant in time, , all propagation delays will change as a consequence of a rapid movement of the satellite. To keep the consistency of the assumptions, any UE that tries to perform a Random Access procedure at instant  should be required to estimate only the service link delay, as in the example above. This is only true if the offset between DL and UL is updated at the gNB to a value equal to .  
[image: ]
Figure 4. Model of transparent architecture composite delays, where  represents the feeder link delay and represents the service link delay after the satellite has moved from old to new position.  

Observation 6: If the gNB is set to pre-compensate the Feeder Link delay, the UL timing will shift over time relative to the DL reference derived from the gNB.
This operation may be complex to handle for the gNB hardware. Moreover, there will be an impact to the other UEs that are in connected mode. The UE will perceive the satellite movement, as the received DL frame boundaries will shift over time. Aiming at maintaining time alignment the UE will add an autonomous offset for TA, as described in 3GPP TS 38.133 [6], equal to . However, if the UL time reference at the gNB has been also shifted by a factor , there will be double-compensation of such a factor over time causing mis-alignment of connected UEs, see Figure 5.
. [image: ]
[bookmark: _Ref47521029]Figure 5. Model showing the “misalignment” in the UL timing for connected users, if the network corrects for the feeder link delay variation, on top of UE’s autonomous tracking of time synchronization. 

Observation 7: If the gNB is set to pre-compensate the Feeder Link delay, there will be an impact in the procedure of autonomous adjustment of TA by the UEs in connected mode.  

Option D: gNB broadcasts ‘ReferenceTimeInfo-r16’ the SIB9 and UE is required to read it.
There is a fourth option to use the GNSS capabilities of the UE to obtain initial time synchronization that utilizes legacy information elements already available in NR Rel-16 specifications. It should be noted that this approach would require that the UE is able to synchronize to the satellite and obtain system information, in a similar way as would be needed for the other options.
If the gNB broadcasts the ReferenceTimeInfo-r16 IE in the SIB9, the UE can use this information to acquire its relative timing. The SIB9 may be configured to contain the UTC and GPS time of the gNB at a given subframe boundary. If the UE has GNSS capabilities, it can estimate its own UTC and GPS time references within a few nanoseconds precision. Therefore, the total elapsed time for the transmitted subframe to reach the UE can be estimated using a trivial relationship, for example: 
Timing Advance Initial Estimation = 2*(Frame boundary at the gNB transmission in GPS time – Frame boundary at the UE reception in GPS time) 
Observation 8: Certain IEs of SIB9 already allows for UE initial synchronization, provided that UE and gNB have access to the same external reference of time (e.g. GNSS, etc.)
The use of the SIB9 solves the timing estimation problem in both transparent and regenerative architectures. Use of SIB9 also removes potential source of errors/inaccuracies when determining the UE-to-satellite distance and delays. Especially for transparent architectures it is important that the total delay on the Uu interface (feeder and service link) can be estimated by the UE with enough accuracy.

Observation 9: Using SIB9 to estimate the elapsed time between UE and gNB implicitly accounts for all relaying and procesing time delays and it is agnostic to the architechture or number of hops between both nodes. 
[bookmark: _Hlk47601331]Observation 10: Using existing IEs of SIB9 to estimate the elapsed time between UE and gNB does not require geographical positioning information from the UE, provided it can access UTC (or GNSS) time references from other sources. 


Proposal 3: RAN1 should consider the solution of utilizing gNB broadcast of ReferenceTimeInfo-r16 in SIB9 and UE GNSS capability as the main mechanism for obtaining time related information for the NTN system.
Proposal 4: Prior to any RA attempt, a GNSS capable UE should have read SIB9. 
Using the the ReferenceTimeInfo-r16 IE of SIB9 or any other source of initial rough time synchronization estimation should decrease the maximum differential delay observed by UEs in the same cell. The differential delay must be reduced as much as possible to make any random access attempt to not deviate for more than one cyclic prefix on the receiver end (gNB)
Observation 11: The time accuracy required for the initial synchronization estimation has to follow within the cyclic prefix of the random access preamble 
Proposal 5: RAN 1 to discuss limits for initial time synchronization estimation accuracy

Maintenance Phase
According to the 3GPP TS 38.133 [6], the UE always need to ensure the timing error prior to an UL transmission exceeds +-Te.  In case of “timing drift”, for example, as a consequence of movement, the UE may autonomously correct its timing. For that, the UE monitors the drift on the DL synchronization channel. However  there is a limit for the Autonomous Timing Adjustment by the user in Release 15: 

“1)	The maximum amount of the magnitude of the timing change in one adjustment shall be Tq.
2)	The minimum aggregate adjustment rate shall be Tp per second.
3)	The maximum aggregate adjustment rate shall be Tq per 200 ms.
where the maximum autonomous time adjustment step Tq and the aggregate adjustment rate Tp are specified in Table 7.1.2.1-1.”
Table 7.1.2.1-1: Tq Maximum Autonomous Time Adjustment Step and Tp Minimum Aggregate Adjustment rate
	Frequency Range
	SCS of uplink signals (kHz)
	Tq
	Tp 

	1
	15
	5.5*64*Tc
	5.5*64*Tc

	
	30
	5.5*64*Tc
	5.5*64*Tc

	
	60
	5.5*64*Tc
	5.5*64*Tc

	2
	60
	2.5*64*Tc
	2.5*64*Tc

	
	120
	2.5*64*Tc
	2.5*64*Tc

	NOTE:	Tc is the basic timing unit defined in TS 38.211 [6]




In practical terms, the maximum aggregate adjustment rate, Tq, is:
·   every 200 ms. 
·  every 200 ms. 

Considering the satellite orbital speed of 7.5 km/s at 600 kms altitude, and a minimum elevation angle on earth of approximately 10 degrees, the maximum delay drift between UE and satellite alone will be on the order of , several orders of magnitude higher than the maximum compensation allowed for a common UE in NR. 
Proposal 6: RAN 1 should evaluate enhancements on the maintenance phase of the timing advance and on the autonomous update by the UE.


Frequency Compensation
The study report has identified the problem of UL frequency synchronization for LEO [2]. 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 [2]:
●   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.
Considering the high satellite speed, the frequency offset due to the Doppler shift, as well as due to the carrier frequency offset of local UE oscillators, will be very high and can exceed the 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 the initial access mode for the PSS/SSS within a very large range making IFO hypotheses, the satellite or gNB should precompensate in the DL a common frequency offset value per beam/cell. This should ensure that for a reference point in the cell, e.g. the center of the cell, the frequency offset caused by Doppler shift on the feeder and access link will be fully mitigated. 
Proposal 7: The gNB or satellite pre-compensates in the DL a common frequency offset per beam/cell, caused by the Doppler shift from 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, therefore the precompensation value must be adjusted to the satellite location. 
Observation 12: For earth-moving cells the common frequency offset is constant per beam/cell.
Observation 13: For earth-fixed cells the common frequency offset depends on the satellite location.
After precompensation, the remaining UE-specific frequency offset will depend on the UE location in the cell. This offset is upper bounded by the differential frequency offset, defined as the frequency offset difference between a UE at the cell edge and a UE in the cell center. 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. 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 (boresight) is approximately equal to 0.
· In Figure 5, the x-axis show the experienced elevation angle by the UE at boresight

[image: ][image: ]
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[bookmark: _Ref47356974]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 14: The supported cell diameter depends on the distance for which the UE-specific frequency offset at the cell edge remains below a certain threshold. Small SCS and elevation angles support smaller cells.
Through the detection of PSS/SSS in the DL, the UE can estimate the UE-specific frequency offset. For transmission of PRACH preamble in the UL, the UE should precompensate using this value to improve PRACH detection on the network side. 
Proposal 8: The UE-specific frequency offset estimated from PSS/SSS during intial access is used to pre-compensate the PRACH transmission in the UL. 
During connected mode, precompensation of the UE-specific frequency offset is strongly recommended as well to mitigate inter-UE and inter-carrier interference caused by the loss of subcarrier orthogonality. 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 precompensation. If needed, adjustment of frequency compensation value to the UL carrier frequency must be considered by the UE. 
Proposal 9: The UE-specific frequency offset can be tracked using DL reference signals and should be precompensated in the UL to avoid inte-user and inter-carrier interference.


Summary
In this document we have made the following observations and proposals:
Observation 1: If the UE is to be aware of the delay from gNB to satellite, the broadcasted information must contain all propagation delays, including from gNB to gateway, processing and relaying times. 
Observation 2: If option A is adopted, there must be specification effort to design the signalling for the satellite position and velocity, as well as the feeder link delay variation over time. 
Observation 3: The precision and lag of the ephemeris data and orbits perturbation may have double effect in transparent scenarios. 
Observation 4: Knowing the GW location on Earth does not suffice for the UE to estimate the feeder link delay. 
Observation 5: Even if the ”processing delays” are compensated by the gNB, in the case the signal is conveyed through multiple ISL hops, the UE will need to have access to the location of all relaying nodes involved in the link. 
Observation 6: If the gNB is set to pre-compensate the Feeder Link delay, the UL timing will shift over time relative to the DL reference derived from the gNB.
Observation 7: If the gNB is set to pre-compensate the Feeder Link delay, there will be an impact in the procedure of autonomous adjustment of TA by the UEs in connected mode.  
Observation 8: Certain IEs of SIB9 already allows for UE initial synchronization, provided that UE and gNB have access to the same external reference of time (e.g. GNSS, etc.)
Observation 9: Using SIB9 to estimate the elapsed time between UE and gNB implicitly accounts for all relaying and procesing time delays and it is agnostic to the architechture or number of hops between both nodes. 
Observation 10: Using existing IEs of SIB9 to estimate the elapsed time between UE and gNB does not require geographical positioning information from the UE, provided it can access UTC (or GNSS) time references from other sources. 
Observation 11: The time accuracy required for the initial synchronization estimation has to follow within the cyclic prefix of the random access preamble 
Observation 12: For earth-moving cells the common frequency offset is constant per beam/cell.
Observation 13: For earth-fixed cells the common frequency offset depends on the satellite location.
Observation 14: The supported cell diameter depends on the distance for which the UE-specific frequency offset at the cell edge remains below a certain threshold. Small SCS and elevation angles support smaller cells.

Proposal 1: When operating in a NTN scenario the UE should assume REl-16 system timing with respect to system frame number and slot timing.
Proposal 2: RAN 1 to evaluate the feasibility and error-modelling of GNSS-based delay calculation for time synchronization purposes.
Proposal 3: RAN1 should consider the solution of utilizing gNB broadcast of ReferenceTimeInfo-r16 in SIB9 and UE GNSS capability as the main mechanism for obtaining time related information for the NTN system.
Proposal 4: Prior to any RA attempt, a GNSS capable UE should have read SIB9. 
Proposal 5: RAN 1 to discuss limits for initial time synchronization estimation accuracy
Proposal 6: RAN 1 should evaluate enhancements on the maintenance phase of the timing advance and on the autonomous update by the UE.
Proposal 7: The gNB or satellite pre-compensates in the DL a common frequency offset per beam/cell, caused by the Doppler shift from feeder and access link, to minimize the PSS/SSS searching space for the UE. 
Proposal 8: The UE-specific frequency offset estimated from PSS/SSS during intial access is used to pre-compensate the PRACH transmission in the UL. 
Proposal 9: The UE-specific frequency offset can be tracked using DL reference signals and should be precompensated in the UL to avoid inte-user and inter-carrier interference.
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