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Based on NTN Chairman's Notes 102-e [1], there are some agreements on UL time and frequency compensation, and there are also remaining issues which need to be further studied as the follows: 
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)

In this contribution, we further analyzed the issues of serving satellite ephemeris format, UL timing and frequency compensation in NTN system. Potential problems and solutions are presented.

Discussion 
Assistant information on Serving satellite ephemeris or timestamp
With additional information (e.g., serving satellite ephemeris or timestamp) signalled by the network, UE can compute timing and frequency offset, and apply timing advance and frequency adjustment at least for UE in RRC idle/inactive mode.
Based on GNSS and serving satellite ephemeris, UE is able to determine UE and satellite position, and furthermore calculate its TA and Doppler shift for timing and frequency compensation. But only TA value can be autonomously obtained by the UE based on its GNSS receiver and indicated timestamp. More specifically, if the network notifies timestamp instead of ephemeris information, there are several problems as follows:
· The timestamp approach makes it impossible to adopt a unified design for both UL time and UL frequency synchronization. Without satellite position information, UE is not able to perform frequency compensation.
· Current granularity of the time stamp indication is up to 10ns level. But, the minimum broadcast period between two timestamp is 80ms based on current specification[2]. Assuming satellite moving speed is 7.8km/s, the path delay due to satellite motion is about 2.08us [80ms*(7.8km/s)/(3*10^8m/s)=2.08us]. This delay is about twice of the duration of long CP which is about 1.107us in the subcarrier 120khz. In order to help UE to do accurate timing compensation, broadcasting granularity needs to be refined to shorten the broadcast interval and ensure uplink synchronization robustness. More overhead will be consumed in terms of time stamp broadcasting.
· Autonomous TA acquisition based on GNSS and time stamp would require high-level on integration of GNSS module and NR module functionality in device (clock synchronization constraint), which causes higher implementation complexity.
Overall, computing TA and frequency offset based on GNSS and serving satellite ephemeris is better than using timestamp.
Observation 1: Serving satellite ephemeris signalled from the network is more promising than the timestamp signalled.
Proposal 1: Additional information signalled from the network should apply serving satellite ephemeris.

Serving satellite ephemeris format 
In the computation of timing and frequency offset, serving satellite ephemeris information is very important. Its impact on timing and frequency accuracy is significant due to satellite position variation.
Serving satellite ephemeris can be expressed in different forms, such as constellation ephemeris data or satellite position status vector. Different format may require different UE implementations. 
One example about constellation ephemeris data is shown as below:
NavModelKeplerianSet ::= SEQUENCE {
	keplerToe		    INTEGER (0 .. 16383),
	keplerW			INTEGER (-2147483648..2147483647),
	keplerDeltaN		INTEGER (-32768..32767),
	keplerM0			INTEGER (-2147483648..2147483647),
	keplerOmegaDot	INTEGER (-8388608.. 8388607),
	keplerE			INTEGER (0..4294967295),
	keplerIDot		INTEGER (-8192..8191),
	keplerAPowerHalf INTEGER (0.. 4294967295),
	keplerI0			INTEGER (-2147483648..2147483647),
	keplerOmega0		INTEGER (-2147483648..2147483647),
	keplerCrs			INTEGER (-32768..32767),
	keplerCis			INTEGER (-32768..32767),
	keplerCus			INTEGER (-32768..32767),
	keplerCrc			INTEGER (-32768..32767),
	keplerCic			INTEGER (-32768..32767),
	keplerCuc			INTEGER (-32768..32767),
	...
}[3]
And the satellite position status vector in ECEF coordinates is referring to the serving satellite Position and Velocity [4], which also can assist UL timing and frequency synchronization. Details are shown as below:
Table 1: Satellite position status vector in ECEF coordinates
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	Range
	Resolution
	Number of bits

	Satellite Position Px, Py, Pz (ECEF)
	±50000 km
	0.25 m
	3*28 = 84

	Satellite Velocity Vx, Vy, Vz (ECEF)
	±8 km/s
	0.015 m/s
	3*20 = 60



The Satellite position status vector described above is quite different from constellation ephemeris data. Firstly constellation ephemeris data can be used for the UE with directional antenna in the initial satellite searching, when the device has been switched off with a long period and wakes up again, having stored constellation ephemeris data may be beneficial to fast acquire the satellite direction and speed up cell detection procedure. Secondly, constellation ephemeris data shows strong predicablility so as to reduce updating frequency of ephemeris data. Thirdly, neighboring satellite in same orbit shows much commonaility in some orbital parameters.
Comparison with constellation ephemeris data, Satellite position status vector occupies fewer bits and owns instantly high accuary of satellite position, so it is applicable in connected mode.
The following table shows the difference between the constellation ephemeris data and Satellite position status vector.
Table 2: The differences of Constellation ephemeris data and Satellite position status vector
	Issues
	Constellation ephemeris data
	Satellite position status vector

	Whether it can be used in initial satellite search before SSB detection
	Yes
It is beneficial to trigger and speed up the cell detection procedure based on the last constellation ephemeris data before a long period of time, such as a week or two weeks
	No
For VSAT UE and high frequency band, without prior constellation ephemeris information, initial searching of satellite position is very difficult.  

	Whether it is possible to calculate the ephemeris information of another time t1 based on the reference time t0
	Yes
The constellation ephemeris data at time t1 can be derived by that of reference time t0. 
	No
Not easy to predict satellite position after a long period 

	Updating period 
	long
	short

	Number of bits in one time indication
	big
	small

	Computation complexity 
	Relatively high
	low



Observation 2: The constellation ephemeris data signalled from network is more robust to be workable in different use cases, though Satellite position status vector is applicable in connected mode. 
Proposal 2: Constellation ephemeris data can be taken as the baseline for ephemeris format. 

UL timing synchronization for NTN
Initial acquisition of TA before PRACH preamble transmission
Before PRACH transmission, the UE must perform accurate timing synchronization to guarantee the UL signals synchronized at the gNB.
If the gNB broadcasts the ReferenceTimeInfo-r16 IE in the SIB9, the UE can use this information to acquire its relative timing with GNSS capabilities.
However, this option which is based on GNSS and time stamp broadcast to obtain TA has several disadvantages as described in section 2.1. Hence, another alternative based on GNSS and orbital paramemters to obtain TA automatically is more preferred.
Proposal 3: Initial TA acquisition based on GNSS and satellite ephemeris is supported.

UE specific TA calculation 
At RAN1 #102-e, TA compensation based on full TA and UE specific differential TA had been discussed. In Figure 1, one TA calculation in the transparent (bent-pipe) payload case is illustrated.
[image: ]
Figure 1: Common reference TA and UE specific differential TA calculation

As shown in the Figure 3, full TA=2*(d1+d0_F)/c= common reference TA+UE specific differential TA, c is the speed of light.
1) Full TA compensation
Based on the assumption of UE with GNSS capability, the TA for service link part can be calculated based on the UE location and satellite ephemeris, while the TA for feeder link part will be indicated by the gNB. Due to unknown Gateway position, UE is hard to track distance variation of the feeder link. Possible solution is to enable timing information indication of feeder link to help UE’s TA calculation; however, frequent indication will increase signaling overhead and complicate UE behavior. Furthermore, for feeder link with inter-satellite links, d0_F can be dynamic and difficult for UE to acquire. So this may not be workable in NTN when in the presence of inter-satellite links DL and UL may even go through different satellites.
2) UE-specific differential TA
Compared with the full-TA mode, the UE only needs to compensate the differential TA, which simplifies UE implementations. As shown in the figure 1, the differential TA is equal to 2*(d1-d0)/c, and the common TA is equal to 2*(d0+d0_F)/c. A reference point is used to split the common TA and UE specific differential TA. In this method, gNB will compensate the common TA. Considering the implementation flexibility, reference point can be set in the satellite or on the earth. If reference point is in the satellite, UE is only required to compensate the service link TA, and gNB compensates the feeder link TA.  
· Pros and cons of Full TA and UE-specific differential TA
If using full TA compensation, the network will save the efforts to maintain the common TA, but it has to send frequent signaling to help UE to adjust TA. Consequently, it would increase UE efforts, because UE has to track the TA change of feeder link, but without sufficient information.
The outstanding drawbacks of full TA may include:
· UE will have to compensate the TA of feeder link, but without accurate information of feeder link delay.
· gNB owns GNSS capability and ephemeris information, but it doesn’t get full utilization in TA compensation.
· Network is required to indicate propagation delay information of feeder link, which will cuase larger overhead.
· For feeder link with inter-satellite links, d0_F can be dynamic and difficult for UE to acquire. So this may not be workable in NTN when in the presence of inter-satellite links DL and UL may even go through different satellites.
Therefore, there is no need to indicate common TA or common TA drift, because it is associated with feeder link and should be managed by network. For UL TA compensation, its essential purpose is to align different UE arrival time to the gNB, so common TA usage is not necessary for TA compensation. 
Observation 3: For common TA, it is more related to feeder link delay, which is not essential for UE TA compensation.
Proposal 4: UE only needs to compensate for the UE-specific differential TA, and no common TA indication is needed.

Consideration on TA maintenance
Initial TAC indication
During the initial access, the gNB estimates the initial TA based on the preamble sequence transmitted by UE, and sends the TA command to UE in the Random Access Response (RAR). In NR, the RAR has 12 reserved bits to signal an index  where . UE calculates the initial TA value  using  (in units of  where for a subcarrier spacing of  kHz, where . The following table shows the maximum distance compensated for different SCS using the current NR parameters.
Table 3: Maximum TA value in RAR for various SCS
	SCS
	
	Max.  
	Max. distance compensated

	15 kHz
	1
	2 ms
	300 km

	30 kHz
	2
	1 ms
	150 km

	60 kHz
	4
	0.5 ms
	75 km

	120 kHz
	8
	0.25 ms
	37.5 km

	240 kHz
	16
	0.125 ms
	18.75 km



When a GNSS-equipped UE is applied in the NTN, UE can determine UE position and satellite position based on ephemeris information. Furthermore, UE can calculate TA and compensate it in UL transmission. According to operation experience, the offset distance between the satellite and UE due to ephemeris information outdated is less than 10km within a week. As shown in Table 3, the minimum distance covered by the uplink TA is 18.75 km, which is greater than 10km. Hence, based on reasonable ephemeris information error range, it may not be necessary to increase the bit width of the TA command.
Proposal 5: Reusing bit width of the TA command in NR is supported for NTN WI.
TA update
The network sends timing advance commands to a UE in connected mode to maintain uplink timing. There are 6 bits in the MAC CE for indicating an index  where  to the UE. The UE calculates the new TA value  using  (in units of  where ). This allows a maximum change in the TA value of  which is shown in Table 4. 
[bookmark: _Ref16776495]	Table 4 :Maximum change in TA value and Cycle Prefix (CP) length for various SCS
	SCS
	15 kHz
	30 kHz
	60 kHz
	120 kHz

	Max. change in TA per MAC-CE (us)
	16.67
	8.33
	4.16
	2.08


[bookmark: _Toc16849425]
From the Table 4 larger SCS will support shorter transmission period per TA command. To cope with a large timing drift of 40µs/s multiple commands per second are required. To maintain uplink timing synchronization, the gNB has to frequently send TA adjustment commands to each UE in LEO scenarios, which will introduce significant signaling overhead. Actually if propagation delay is larger, even frequent TA command is not sufficient to compensate the TA change due to TA indication delay in higher SCS configuration.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]If UE can obtain accurate TA based on GNSS capability and satellite ephemeris automatically, UL timing maintenance can be relying on open-loop TA compensation. In case of UE not supporting GNSS based signal processing and NTN baseband signal processing simultaneously, network assistant information can be considered to help UE to conduct accurate TA compensation, e.g. UE specific timing drift rate. However, at first, UE capability should be discussed with careful evaluation.
Observation 4: In LEO scenario, gNB has to frequently send TA commands to the UE if merely based on closed-loop TA adjustment, which will introduce huge signaling overhead.
Observation 5: Open-loop TA compensation is necessary to relieve TA indication burden. 
Proposal 6: Both open-loop and close-loop methods should be supported for TA maintenance in UL transmission of NTN.
Proposal 7: Supporting TA calculation and update autonomously based on GNSS and ephemeris information when UE being in connected mode is preferred. 

TA uncertainty handling
During the first acquisition of its UE-specific TA, the UE can either underestimate or overestimate the TA. In case of overestimation, one gap between PRACH signal and PRACH occasion should be reserved, otherwise, PRACH will cause the interference to PUSCH signal of other user. For underestimating, it will cause GP shrinking. 
The UE applies TA = , where  is UE’s estimate of TA and  is a configurable parameter used as a margin to handle the UE’s estimation uncertainty. When UE overestimates the TA, the TA margin can postpone PRACH transmission. If UE underestimates TA, GP is used to protect PRACH signal collision with PUSCH. Then TA margin is necessary to protect TA overestimation. But we would like to restrict it used only in the initial access, because ephemeris information can be updated in the RRC connection procedure. The range of the  is within 1/2 CP duration as shown in figure 2 and should be always positive. If  is out of 1/2 CP duration, it will lead to unintended interference due to collided with previous OFDM symbols. 


Figure 2: Margin TA illustration

Observation 6: TA margin is needed in RRC idle/inactive mode in case of initial ephemeris information is not very accurate, and the maximum TA margin is 1/2 CP.
Proposal 8: It is necessary to introduce a margin in the initial TA compensation to make up for TA estimation uncertainty in the initial access stage.

In RRC connected mode, this margin may not be needed. In general, we can assume UE can get more accurate ephemeris information based on GNSS and satellite ephemeris. After TAC command and UE autonomous TA estimation, small TA error can be expected so that additional TA margin is not necessary.
Proposal 9: TA margin should not be used in RRC connected mode.  

Timing compensation within a symbol
In traditional timing synchronization, only symbol synchronization is performed, and the sample points within the symbol will not require additional synchronization. Actually TA adjustment is per slot basis with the best effort, not touching the slot inner or symbol inner. For NTN case, due to always change in timing drift, phase-rotation within one symbol and between the symbols causes channel estimation degradation and demodulation failure. 
Hence, there are two issues, one is how to get timing drift for service link and feeder link, and second is how to compensate the timing error for within a symbol and between the symbols. Regarding the timing compensation method with a symbol, there are several options as follows: 
Option 1: UE compensates finer timing variation for DL and UL at symbol and sample pint level on top of TA adjustment. 
Option 2: Network compensates finer timing variation for DL and UL at symbol and sample pint level.  
Option 3: UE compensates finer timing variation of the service link, and network compensates finer timing variation of the feeder link.
Because finer timing compensation depends on timing drift information acquisition, then we think option 3 is reasonable, based on the fact that UE is aware of satellite position based on ephemeris information and GNSS capability, and the network has the information of satellite position and gateway position [5].
Proposal 10: UE compensates finer timing variation of symbol and sample point level of service link, and the network compensates that of feeder link.

UL frequency synchronization for NTN
In DL signal transmission, due to big Doppler shift in LEO case, the common part of the Doppler shift should be pre-compensated at gNB side to guarantee the performance. From the implementation perspective, gNB can use any positions as the reference point to calculate Doppler shift. Residual frequency offset estimation can depend on downlink reference signal or primary and secondary synchronization signal. So DL frequency pre-compensation for satellite Doppler shift should be transparent to UE. 
For the UL frequency compensation, UE can compensate partial Doppler shift or full Doppler shift depending on gNB post-compensation way. Hence, it is proposed that gNB should indicate UL post-compensation method to constrain UE implementation.
In handover case, UE has to do the synchronization with target cell. In order to speed-up handover procedure, source cell can indicate the UL Doppler compensation of target cell in advance. Then UE can send preamble signal with pre-compensation in RRC connection of target cell.
Proposal 11: UL common Doppler shift compensation information should be indicated to UE, which can be applied in handover case.  

The close-loop frequency compensation has been proposed in [6]. In this solution, the network may estimate the UL frequency error and indicate it to UE. But the triggering point is that before UE sends the PRACH to gNB, UE has finished DL synchronization and corrected the frequency error. For Doppler shift and oscillator error, they will be reflected in DL signal. After DL compensation and UE predication based GNSS capability, UE can compensate the UL frequency offset, including the Doppler shift and oscillator. In this sense, the benefit of close-loop frequency compensation is not significant.
Observation 7: The benefit of close-loop UL frequency compensation is not clear.
Proposal 12: Close-loop frequency compensation is not needed.

Conclusion
In this contribution we discussed some issues of timing and frequency compensation, and provided technical solutions. The following observations and proposals are provided.  
Observation 1: Serving satellite ephemeris signalled from the network is more promising than the timestamp signalled.
Observation 2: The constellation ephemeris data signalled from network is more robust to be workable in different use cases, though Satellite position status vector is applicable in connected mode. 
Observation 3: For common TA, it is more related to feeder link delay, which is not essential for UE TA compensation.
Observation 4: In LEO scenario, gNB has to frequently send TA commands to the UE if merely based on closed-loop TA adjustment, which will introduce huge signaling overhead.
Observation 5: Open-loop TA compensation is necessary to relieve TA indication burden. 
Observation 6: TA margin is needed in RRC idle/inactive mode in case of initial ephemeris information is not very accurate, and the maximum TA margin is 1/2 CP.
Observation 7: The benefit of close-loop UL frequency compensation is not clear.

Proposal 1: Additional information signalled from the network should apply serving satellite ephemeris.
Proposal 2: Constellation ephemeris data can be taken as the baseline for ephemeris format. 
Proposal 3: Initial TA acquisition based on GNSS and satellite ephemeris is supported.
Proposal 4: UE only needs to compensate for the UE-specific differential TA, and no common TA indication is needed.
Proposal 5: Reusing bit width of the TA command in NR is supported for NTN WI.
Proposal 6: Both open-loop and close-loop methods should be supported for TA maintenance in UL transmission of NTN.
Proposal 7: Supporting TA calculation and update autonomously based on GNSS and ephemeris information when UE being in connected mode is preferred.  
Proposal 8: It is necessary to introduce a margin in the initial TA compensation to make up for TA estimation uncertainty in the initial access stage.
Proposal 9: TA margin should not be used in RRC connected mode.  
Proposal 10: UE compensates finer timing variation of symbol and sample point level of service link, and the network compensates that of feeder link.
Proposal 11: UL common Doppler shift compensation information should be indicated to UE, which can be applied in handover case. 
Proposal 12: Close-loop frequency compensation is not needed.
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