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Introduction
In RAN#86, a new work item titled “solutions for NR to support non-terrestrial networks” was approved. The objectives of the work item were updated in RAN#88e as the following [1]:
The work item aims to specify the enhancements identified for NR NTN (non-terrestrial networks) especially LEO and GEO with implicit compatibility to support HAPS (high altitude platform station) and ATG (air to ground) scenarios according to the following principles:
· FDD is assumed for core specification work for NR-NTN.
· NOTE: This does not imply that TDD cannot be used for relevant scenarios e.g. HAPS, ATG
· Earth fixed Tracking area is assumed with Earth fixed and moving cells
· UEs with GNSS capabilities are assumed.
· Transparent payload is assumed

During the study item phase, some agreements were reached on UL timing and frequency control [2]. 
Agreement:
Capture the following in the TR:
Additional complexity is needed at the UE receiver to achieve robust performance on synchronization based on Rel-15 SSB for the case of LEO without pre-compensation of Doppler shift by the network

Agreement:
W.r.t the Option 1 of a previous agreement on TA adjustment for UL transmission, the following alternatives can be considered: 
· Alt-1: Compensation of the full-TA is conducted at the UE. 
· Note: Full-TA includes impact due to service link.
· FFS: impact of feeder link
· Alt-2: Compensation of UE specific differential TA only is conducted at the UE.
· FFS: The reference point(s) for UE specific differential TA calculation

Agreement:
W.r.t the Option 2 of TA adjustment from a previous agreement for UL transmission in NTN, 
· Single reference point per beam for common TA calculation is considered as the baseline.
· FFS: Multiple reference points per beam for common TA calculation
· In addition to the signalling of the common TA, Rel-15 signaling for UE-specific differential TA indication from BS can be considered
· Extension of range (explicit or implicit) for TA indication in RAR can be considered.
· FFS: Negative values of TA

Agreement:
Indication of timing drift rate by gNB to the UE is beneficial to enable TA adjustment.
· FFS: whether indication of frequency drift rate is beneficial

Agreement:
If compensation of the frequency offset is conducted by the network in the uplink and/or the downlink respectively, indication of compensated frequency offset values by the network is beneficial.

In this contribution, we discuss UL timing and frequency control for NTN with focus on UEs with GNSS capability.
[bookmark: _Ref473802466][bookmark: _Ref462669569]

UL Time and Frequency Reference Point
In terrestrial cellular communications, gNBs are the reference point of UL time and frequency. That is, UEs adjust the transmit time and frequency such that an UL transmission arrives at a gNB with desired time and frequency. The desired timing of arrival is to be aligned with DL timing of the gNB; the desired frequency is the nominal UL frequency. Since Doppler in terrestrial networks is typically small, pre-compensation of Doppler in the UL is not required. In NTN, Doppler can be very large and so can the doppler difference among UEs. Consequently, pre-compensation of Doppler in the UL is necessary.
For transparent satellite deployment, using gNB (located at the gateway) as the UL time and frequency reference point would imply that UEs need to compensate timing delay and frequency impairments introduced in the feeder link and by the satellite transponder itself. These time delay and frequency impairments including Doppler can vary with time as satellite moves. Without knowing the varying delay and Doppler of the feeder link, accurate compensation is impossible.
Observation 1: As long as UL signals of different UEs are time and frequency synchronized at the arrival of satellite, there is no mutual interference among UL signals.
Additional delay and frequency impairments introduced by satellite transponder and feeder link can be handled by ground gNB in a way transparent to UEs. 
Therefore, for simplicity of UE implementation and system signalling, we have the following proposal.
Proposal 1: In NTN, UE targets UL transmit time and frequency at the arrival of its connected satellite, i.e., UE does not autonomously compensate time delay and frequency errors introduced by the satellite transponder and the feeder link.
As shown in Figure 1, the above implies that from UE perspective,
· UL arrival time aligns with the DL slots at the satellite transceiver.
· UL frequency target is at the satellite receiver.

[image: ]
Figure 1 UL time and frequency reference point.

UL Time and Frequency Errors
Time and frequency errors for UEs with GNSS capability are considered in this section. The maximal timing and frequency errors are calculated assuming no network timing and frequency control.  The procedure of UE autonomous timing and frequency control are described below.
· Autonomous Timing Control: UE estimates the round-trip delay and compensates it in the UL transmission based on received DL timing. 
· Autonomous Frequency Control: there are two options depending on if UE synchronized on GNSS.
· Option 1, In this option, DL and UL share the clock source. UE synchronize to DL signal and estimate DL Doppler and UL Doppler based on the geolocations of the UE and of the satellite. UE then calculates the pre-compensation value required based on the clock driven by the DL received signa and applies the pre-compensation in the UL transmission. If DL received signal is pre-compensated, the compensated value is signalled and taken into consideration by the UE.
· Option 2: In this option, UL transmission clock is synchronized to GNSS. UE estimates the UL Doppler based on its own geolocation and ephemeris and applies the pre-compensation accordingly (i.e., UL clock is not driven by DL received signal).

For both autonomous timing and frequency control, UE needs to know the geolocations of itself and of the satellite. Today’s GNSS systems typical provide accuracy within a few meters. The impact of UE geolocation error is therefore negligible. The main error source comes from the error in satellite location. The accuracy of satellite geolocation depends on a number of factors such as 
· Weather the satellite has on-board GPS receiver.
· The update rate and the amount of ephemeris information.
Based on our best knowledge, without an on-board GPS receiver, the accuracy of LEO satellite’s geolocation available at UE side can range from several 100 meters to 10 km. 
Consider UL frequency control Option 1 that can have larger frequency error than Option 2. There are two main frequency error sources:
· UE residual frequency error after synchronized to DL signal, denoted by R in ppm.
· Estimation error of the Doppler of the service link, denoted by  DD in ppm.

The UL frequency error in ppm after UE autonomous compensation with option 1 can be found as
           (1)
For a given location estimation error DL, the maximal Doppler error occurs at a UE that is right underneath the satellite and can be found as
                    (2)
where v and c are the speed of satellite and light, respectively, and h is the satellite height. From Eq. (2), it can be seen that every 1 km horizontal location error of the satellite at 600 km orbit translates to about 0.04 ppm in Doppler estimation error. From Eq. (1),  we have the following observation.

Observation 2: Unless satellite location accuracy at UE side can be less than 1 km, UE UL frequency error without network frequency control is non-negligible.

Before UE synchronized to the satellite, UE may have little or no information about the satellite. As a result, UE may have to search a large range of frequency for a given Raster to take into account for DL Doppler. To save the time of initial SSB search, pre-compensating transmit frequency of SSB or DL signals can be beneficial. In such cas, as discussed above, compensated frequency should be broadcasted for UEs based on DL signal for frequency control.

[bookmark: _Hlk47601615]Proposal 2: Support optional network frequency pre-compensation of SSB or all DL signals and support the signaling of the compensated value if pre-compensation is applied.
UL Time and Frequency Control
In NTN, the RTD experienced by a UE can vary as much as 40 s/s due to the high speed of LEO and MEO satellites. The timing control command of NR has a maximal range of 2.1 s for 120 kHz and 1.04 s for 240 Hz. If only closed-loop timing control is used, a large number of timing control commands need to be sent per second.  Increasing the size of MAC-CE timing control command alone does not solve the problem: Assuming a one-way delay of 20 ms, a timing control command sent by the Network that is accurate at the time of its transmission can be off by 0.8 s at the time of its arrival, which is larger than the CP duration for 120 kHz SCS, 0.69 s. 
Observation 3: NR closed-loop time control mechanism alone is not sufficient for NTN.
To solve the UL timing problem, open-loop UL timing control must be required.
[bookmark: _Hlk4619854]Proposal 3: In NTN, both UE autonomous and closed-loop time control are supported. 
When open-loop and closed-loop time control mechanisms work together, A UE determines its timing advance for target time t(n+1) based on time advance for target timing t(n) as
         		(3)
where T(n) and T(n+1) are the timing advance for target time t(n) and t(n+1), respectively; Do is the estimated RTD variation from time t(n) to t(n+1) based on ephemeris and its own geolocation, and Dc is the accumulation of the TA commands UE received between time t(n) and t(n+1).  
Based on observation 2 and also for forward compatibility so as to support other types of UE, we have the following proposal for 
Proposal 4: In NTN, both UE autonomous and closed-loop frequency control are supported. 
The update of UL frequency compensation follows the same way as in Eq.(3). Unlike timing advance commands, frequency control commands are not expected to be sent very often to a UE. Hence, MAC-CE should be sufficient to carry frequency control commands.
Proposal 5: Support closed-loop frequency control commands by MAC-CE.
For efficient time and frequency control, group-common DCI should be considered.
Proposal 6: Consider group-common DCI for UL time and frequency control.

Reference Signals
Time and frequency synchronization in NTN is much more challenging than in terrestrial networks. Hence, there is a need to enhance reference signals for time and frequency estimation in both DL and UL. For DL, multiple-symbol TRS is supported that should be sufficient for frequency estimation in the DL. For UL, existing SRS, however, is inefficient for frequency estimation. 
To support efficient frequency error estimation, SRS with multiple coherent symbols should be supported as illustrated in Figure 2. To support good trade-off between frequency pulling range and accuracy, configurable symbol gaps between the SRS symbols should be considered and supported. In addition, the comb position can be alternated among the SRS symbols to remove the ambiguity of half-symbol time uncertainty in comb 2. 
Proposal 7: Support SRS with multiple coherent symbols with configurable gaps.  
[image: ]
Figure 2 SRS with multiple coherent symbols and configurable gaps.

Conclusions
In this contribution, we have discussed the reference point of UL time and frequency in NTN and the  maximal time and frequency uncertainty for UEs with GNSS capability. Based on the discussion, we have the following observations and proposals concerning UL time and frequency control.
Observation 1: As long as UL signals of different UEs are time and frequency synchronized at the arrival of satellite, there is no mutual interference among UL signals.
Observation 2: Unless satellite location accuracy at UE side can be less than 1 km, UE UL frequency error without network frequency control is non-negligible.

Observation 3: NR closed-loop time control mechanism alone is not sufficient for NTN.
Proposal 1: In NTN, UE targets UL transmit time and frequency at the arrival of its connected satellite, i.e., UE does not autonomously compensate time delay and frequency errors introduced by the satellite transponder and the feeder link.
Proposal 2: Support optional network frequency pre-compensation of SSB or all DL signals and support the signaling of the compensated value if pre-compensation is applied.

Proposal 3: In NTN, both UE autonomous and closed-loop time control are supported. 
Proposal 4: In NTN, both UE autonomous and closed-loop frequency control are supported. 
Proposal 5: Support closed-loop frequency control commands by MAC-CE.
Proposal 6: Consider group-common DCI for UL time and frequency control.
Proposal 7: Support SRS with multiple coherent symbols with configurable gaps.  
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