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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1#102-e, a couple of agreements have been achieved to enhance the uplink timing and frequency synchronization for NTN scenarios
According to the agreements, UEs with GNSS capabilities are assumed and therefore we focus on time and frequency synchronization schemes with the facilitation of UE GNSS capability and satellite ephemeris in this contribution. 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)



[bookmark: _Ref129681832]Discussion
UL frequency alignment 
For UE with GNSS capability, the UE-specific frequency offset can be estimated and pre-compensated by the UE. This frequency offset can be determined based on DL reference signals, UE location and satellite ephemeris [1]. As a side note, the frequency offsets due to the feeder link are the same across all UEs hence can be compensated at the gNB. Therefore, UE-specific frequency correction signaling can be avoided.
The UL frequency alignment scheme for UEs with GNSS capability is illustrated in Figure 1. In this scheme, the frequency offset estimated at UE side from DL reference signal is Fd+Fo. Without DL frequency pre-compensation at network side, Fd is Doppler frequency shift due to relative motion between UE and satellite. Otherwise Fd is residual Doppler frequency shift after pre-compensation at the network side. Fo is total local oscillator frequency deviation of UE FUE and gNB FgNB, respectively. Then UE can pre-compensate the UL frequency based on estimated frequency offset Fd+Fo. The frequency offset received at the gNB is approximately two times the sum of local oscillator frequency errors from gNB and UE, i.e. 2‧Fo. For UE with GNSS capability, the local oscillator frequency from UE can be precisely corrected by GNSS signal, the remaining frequency offset at the gNB will be reduced to around 2‧FgNB, the value of which is negligible.
Observation 1: For GNSS UE, UE-specific frequency correction signaling can be avoided.
Observation 2: For GNSS UE, the UL frequency offset at gNB is negligible.
Proposal 1: For GNSS UE, UE-specific UL frequency compensation is conducted at the UE side.
For DL transmissions, applying a common frequency offset pre-compensation is beneficial to reduce UE detection complexity and the pre-compensated common frequency offset can be transparent to the UE.  For UEs with GNSS capacity, the pre-compensated common frequency offset can be calculated based on the Doppler frequency shift and the residual frequency offset estimated at the UE. Note that the Doppler frequency shift can be calculated based on UE position together with the serving satellite ephemeris. For UL transmissions, frequency offset post-compensation can be applied at the gNB side. In this case, the frequency offset compensated at the gNB should be signaled to the UE so that the UE knows how much frequency offset should be pre-compensated. If post-compensated common frequency offset applied for UL is the same as the pre-compensated common frequency offset applied for DL, the indication can be avoided otherwise the indication should be introduced.

Figure 1. UL frequency alignment scheme
Observation 3: For DL transmissions, applying a common frequency offset pre-compensation is beneficial to reduce UE complexity and the pre-compensated common frequency offset can be transparent to the UE.  
Observation 4: For UL transmissions, frequency offset post-compensation can be applied at the gNB and the frequency offset post-compensated at the gNB should be known by the UE. 
Observation 5: If the post-compensated common frequency offset applied for UL is the same as the pre-compensated common frequency offset applied for DL, the indication of frequency offset post-compensated at the gNB can be avoided otherwise it needs to be signaled to the UE.

UL timing synchronization
Consideration on “full TA” and “partial TA”
Two different timing advanced schemes were discussed in the SI phase. The first scheme called "full TA" is shown in Figure 2 (a). A UE applies a large TA to compensate for the large round trip delay (RTD) fully at the UE side, and the UL frame timing and DL frame timing can be aligned at the gNB side. As shown in Figure 3 (a), the UE can collect 3 distances between the satellite and the gateway according to the full feeder link RTD, when the satellite moves to 3 different positions. As a result, the UE can obtain the gateway’s approximate location before accessing the NTN system. Therefore, for the "full TA" scheme there are following characteristics:
· There exists a large timing offset between DL and UL data only at the UE side.
· UE can obtain the gateway location.
Another scheme called “partial TA” scheme is shown in Figure 2 (b).The network compensates for part of RTD, and accordingly UE uses smaller TA to transmit UL data compared with Figure 2 (a). Intuitively, additional complexity will be needed for gNB to manage corresponding receiving UL data timing. Yet, the gNB only needs to inform the UE of partial feeder link RTD instead of the full RTD of feeder link. As shown in Figure 3 (b), the UE cannot acquire the gateway location based on the partial feeder link RTD. Therefore, for the “partial TA” scheme there are following characteristics:
· Timing offset between DL and UL data exists at both gNB and UE sides.
· UE cannot obtain the gateway location.
According to the above analysis, the “full TA” and “partial TA” schemes have different characteristics. From the perspective of implementation, the “full TA” scheme is a special case of the “partial TA” scheme, i.e., the delay compensated by the gNB is equal to 0 in the “full TA” scheme. Meanwhile, which scheme is applied by the gNB can be transparent to the UE, because the UE just needs to adjust TA according to the indication from the gNB. Consequently, a unified signalling framework can be designed to support these two schemes, and the operator chooses either one according to its deployment and policy. 
Observation 6: Using “full TA” or “partial TA” is up to gNB implementation.
Proposal 2: Strive for a unified signalling framework to support "full TA" and "partial TA".

[bookmark: _Ref30686444]Figure 2 Network compensates for part of RTD

Figure 3 Gateway location prediction based on feeder link RTD and satellite position

 Autonomous TA acquisition 
It was agreed in RAN1#102-e that in case of GNSS-assisted TA acquisition in RRC idle/inactive mode, the UE calculates its TA based on the following potential components: 
· The User specific TA which is estimated by the UE; 
· The Common TA if indicated by the network; 
· The TA margin in order to account for the TA estimation uncertainty. 
User specific TA
For the User specific TA, one option is to estimate by the UE based on its GNSS acquired position together with the serving satellite ephemeris indicated by the network. The details of satellite ephemeris indication as well as the implication of UL timing alignment requirements on the expected accuracy of the satellite position and the UE position are discussed in section 2.3. The other option is to estimate by the UE based on the GNSS acquired reference time at UE together with reference time as indicated by the network. 
Common TA
The necessity and details of common TA are discussed in this section. For UE with GNSS capability, the RTD of service link can be calculated with its location and satellite ephemeris. However, the UE cannot obtain the feeder link RTD. Meanwhile, if the network compensates some delay introduced by the feeder link and/or service link, the UE has no idea either. Introducing a common TA parameter, which is indicated by the network corresponds to the RTD experienced between the reference point and the satellite, can solve this problem. According to which part of the TA the UE needs to pre-compensate, three options of reference points (RP) definitions have been proposed [2].
The first option is that RP is located at the gNB. The TA for the UE is the sum of service link RTD and feeder link RTD, which is essentially the “full TA” scheme. UE with GNSS can calculate the RTD of service link according to its position and satellite position (obtained from serving satellite ephemeris). Meanwhile, the RTD of feeder link should be broadcast as the common TA to the UE by the gNB.
The second option is that RP is located at the satellite. With this option, the delay compensated by network is equal to the feeder link RTD, so UE only takes care of propagation delay introduced by service link and common TA may be avoided, which is essentially the “partial TA” scheme. As shown in Figure 4, the feeder link RTD compensated by network is time-variant. As a result, the timing offset between the DL and UL frame timing is time-variant, and the implementation complexity for UL reception may be high. 

[bookmark: _Ref30687815]Figure 4 Impacts from delay compensated by network
Observation 7: The timing offset between the DL and UL frame timing at the gNB is time-variant if the delay compensated by the network is feeder link RTD.
Observation 8: The time-variant timing offset between the DL and UL frame timing may introduce much more complexities to the gNB.
Proposal 3: The delay compensated by the network can be a constant value instead of the feeder link RTD, considering the implementation complexity at gNB side.
The third option is that RP localization is left to implementation. For instance as illustrated in Figure 5, if the network compensates part of feeder link propagation delay, the common TA can indicate the rest of the feeder link propagation delay (round trip) to UE. Then, the common TA is added to the calculated service link delay, and UE can get its TA value, which is applied to adjusting the uplink timing. 

[bookmark: _Ref30159404]Figure 5. Network indicates common TA (compensated delay of feeder link)
When the network compensates feeder link propagation delay and part of service link propagation delay as shown in Figure 6, the common TA can indicate the compensated part of the service link propagation delay to the UE. The TA value can be obtained by removing the indicated common TA from the calculated service link delay. With this option, the delay compensated by network can be a constant value instead of time-variant feeder link RTD to balance the implementation complexities at both gNB and UE

[bookmark: _Ref30160189]Figure 6. Network indicates common TA (compensated delay of feeder link and service link)
In summary, the common TA can be determined through following steps:
1) The network determines the compensated delay X.
2) The network calculates the feeder link RTD Y from the gateway/gNB position and satellite position.
3) Common TA = Y – X 
From the above analysis, how much TA a UE needs to apply in NTN scenarios can be configured by the network to meet the requirements of different deployment strategies. From specification point of view, the features needed for different deployments can be minimized.
Observation 9: For GNSS UE, common TA related parameter(s) is needed regardless of whether gNB compensates for part of RTD.
Proposal 4: A common TA indication is introduced to support all the foreseen deployment scenarios.
Proposal 5: GNSS UE can obtain its TA based on calculated service link delay and indicated common TA. 
TA margin
The UE with GNSS capability can calculate the RTD of service link based on its own position and satellite position, and the satellite position error based on ephemeris may result in TA errors. There are mainly two kinds of different satellites: with on-board GPS and without on-board GPS. The satellite with on-board GPS could have meter-level position accuracy, in which the satellite position error is negligible. However, the satellite without on-board GPS could have position error to several kilometres, which may results in a calculated TA greater than the actual TA. 
For example, in Figure 7 the distance for calculating service link RTD may be longer than the actual distance between satellite and UE because of the ephemeris error (i.e., potential satellite location error), which results in larger TA value. If UE uses the erroneous TA, uplink signals will arrive at the gNB in advance, leading to inter-symbol interference (ISI) during preamble transmission.
If the specification supports both satellites with/without on-board GPS, the potential satellite position error (ephemeris error) can be broadcast to UE to avoid ISI. UE can calculate the TA accordingly
TA = service link RTD + common TA – 2*potential satellite position error/light speed


[bookmark: _Ref30172019]Figure 7. Effects of ephemeris error
Observation 10: Potential satellite position error may lead to inter-symbol interference (ISI) during preamble transmission.
Proposal 6: Broadcast potential satellite position error to UE to avoid ISI. 
TA maintenance 
It was agreed in RAN1#98b [3] that indication of timing drift rate by gNB to the UE is beneficial. The timing drift can be from both service link and feeder link. UE with GNSS capability can only acquire the time drift rate of service link based on UE location and satellite ephemeris, while the accuracy is affected by the error of acquired ephemeris and location information. Therefore, indication of timing drift rate or parameters by gNB for timing drift rate calculation is needed considering the following reasons:
· The accuracy of the calculated timing drift rate may not be sufficient. The more accurate the timing drift UE can acquire, the less TA update signaling is needed.
· The timing drift rate of feeder link cannot be calculated based the UE position and GNSS information. Thus timing drift information (partial or full) of this part should be informed to the UE to ease the timing tracking of network.
With the indication of timing drift rate, timing adjustment upon reception of a TAC or a timing adjustment indication is as follows

where   by index values of TA=0,1,2,…,63 for a subcarrier spacing of  [5].  is the timing drift rate and  is the time interval from last timing adjustment indication. 
For TA maintenance with timing drift rate, the following solutions are identified considering complexity and accuracy.
1) UE compensates timing drift from both service link and feeder link (partial or full) with combined timing drift rate broadcast by network.
2) UE compensates timing drift from both service link and feeder link with timing drift rate from feeder link (partial or full) broadcast by network. While timing drift rate from service link is acquired by UE with GNSS and satellite ephemeris.
3) UE compensates timing drift from service link and the timing drift rate is indicated by network. Timing drift of feeder link is compensated by network.
Observation 11: Timing drift rate is needed considering accuracy and timing tracking of feeder link.
Proposal 7: The timing drift rate is indicated by the gNB.
Due to the large transmission delay and timing drift, the TA value carried in the TA update signalling is outdated when it arrives at the UE side. This happens in LEO-based NTN and is more severe at low elevation angle. With this outdated TA indication, it is impossible for a UE to transmit UL signals within the timing error limit defined in [4] (included in Appendix I). To address this issue, the network should pre-correct the indicated TA value with the drifted parts when it sends out the TA update signalling based on the timing drift rate and the transmission delay.    
Observation 12: The TA value may become outdated when it arrived at the UE in LEO based NTN.
Proposal 8: The network should pre-correct the indicated TA with the drifted parts when sending out the TA command.
Consideration on satellite orbit parameters acquisition
For purpose of frequency/timing synchronization and mobility management, satellite orbit parameters at a reference time are required, which can be directly indicated in form of state vector (x, y, z, vx, vy, vz), or obtained via Keplerian Orbit Elements including (a, e, ω, Ω, i, M0) :
· Semi-major axis a
· Eccentricity e
· Argument of periapsis ω 
· Longitude of ascending node Ω
· Inclination i
· Mean anomaly M0
The two formats are equivalent and can be transformed to each other via Keplerian equations. To evaluate performance of orbit elements-based format, we adopt the PVT data based on a real Eutelsat LEO satellite proposed in [6], the general steps are summarized as below and detail algorithms can be referred in [7]:
· Step 1: Obtain initial orbit elements (a, e, ω, Ω, i, M0) of aforementioned LEO satellite via state vector (x, y, z, vx, vy, vz) @ 2020/01/01-00:04:00.000, and quantizing elements by (a [25bits], e [8bits], ω [25bits], Ω [25bits], i [25bits], M0 [25bits]);
· Step 2: Update orbit elements (a, e, ω, Ω, i, M0) on elapsed time from the set of initial orbit elements;
· Step 3: Propagate the state vector (x, y, z, vx, vy, vz) and compare with baseline data;
 [image: ]
Figure 8. Position errors VS elapsed time
[bookmark: _GoBack]As shown in Figure 8, the position error can be <120m within 140s, which means the estimated positions at UE side can meet accuracy requirement over a relatively long term, correspondingly, the signalling overhead for updating ephemeris data can be significantly reduced. Besides, as orbit elements of (a, e, ω, Ω, i) vary only slightly in time, the signaling overhead can be further reduced by only updating orbit elements of M0.
Observation 13: The orbit element-based ephemeris format requires much less signalling overhead compared with PVT-based ephemeris format. 
Proposal 9: The orbit element-based ephemeris format shall be adopted.

Conclusion
In this contribution, we further discuss the issue of UL time and frequency synchronization enhancement for NTN, the following observations and proposals are presented:
Observation 1: For GNSS UE, UE-specific frequency correction signaling can be avoided.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Observation 2: For GNSS UE, the UL frequency offset at gNB is negligible.
Observation 3: For DL transmissions, applying a common frequency offset pre-compensation is beneficial to reduce UE complexity and the pre-compensated common frequency offset can be transparent to the UE.  
Observation 4: For UL transmissions, frequency offset post-compensation can be applied at the gNB and the frequency offset post-compensated at the gNB should be known by the UE. 
Observation 5: If the post-compensated common frequency offset applied for UL is the same as the pre-compensated common frequency offset applied for DL, the indication of frequency offset post-compensated at the gNB can be avoided otherwise it needs to be signaled to the UE.
Observation 6: Using “full TA” or “partial TA” is up to gNB implementation.
Observation 7: The timing offset between the DL and UL frame timing at the gNB is time-variant if the delay compensated by the network is feeder link RTD.
Observation 8: The time-variant timing offset between the DL and UL frame timing may introduce much more complexities to the gNB.
Observation 9: For GNSS UE, common TA related parameter(s) is needed regardless of whether gNB compensates for part of RTD.
Observation 10: Potential satellite position error may lead to inter-symbol interference (ISI) during preamble transmission.
Observation 11: Timing drift rate is needed considering accuracy and timing tracking of feeder link.
Observation 12: The TA value may become outdated when it arrived at the UE in LEO based NTN.
Observation 13: The orbit element-based ephemeris format requires much less signalling overhead compared with PVT-based ephemeris format. 

Proposal 1: For GNSS UE, UE-specific UL frequency compensation is conducted at the UE side.
Proposal 2: Strive for a unified signalling framework to support "full TA" and "partial TA".
Proposal 3: The delay compensated by the network can be a constant value instead of the feeder link RTD, considering the implementation complexity at gNB side.
Proposal 4: A common TA indication is introduced to support all the foreseen deployment scenarios.
Proposal 5: GNSS UE can obtain its TA based on calculated service link delay and indicated common TA. 
Proposal 6: Broadcast potential satellite position error to UE to avoid ISI. 
Proposal 7: The timing drift rate is indicated by the gNB.
Proposal 8: The network should pre-correct the indicated TA with the drifted parts when sending out the TA command.
Proposal 9: The orbit element-based ephemeris format shall be adopted.
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Appendix I: UE transmission timing error
Table 7.1.2-1: Te Timing Error Limit
	Frequency Range
	SCS of SSB signals (KHz)
	SCS of uplink signals s(KHz)
	Te

	1
	15
	15
	12*64*Tc

	
	
	30
	10*64*Tc

	
	
	60
	10*64*Tc

	
	30
	15
	8*64*Tc

	
	
	30
	8*64*Tc

	
	
	60
	7*64*Tc

	2
	120
	60
	3.5*64*Tc

	
	
	120
	3.5*64*Tc

	
	240
	60
	3*64*Tc

	
	
	120
	3*64*Tc

	Note 1:	Tc is the basic timing unit defined in TS 38.211 [6]
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