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1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 
Earth terminals for all NTN operating scenarios that involve low earth orbit (LEO) satellites, will experience high Doppler shifts due to the orbital speed of the satellite. The following equation [1] can be used to approximate the Doppler shift  as:

Where:
 is the relative orbital speed between the satellite and the ground station
 is the average radius of the earth
 is the transmission frequency
 is the grazing or elevation angle of the satellite from the ground station
 is the speed of light and
 is the altitude of the satellite orbit measured from the earth surface.

As the satellite traverses its orbit,  is changing and so the Doppler shift will change from a positive frequency shift as the satellite rises over the horizon, through a zero Doppler shift when  radians as the satellite gets directly overhead the ground station and then negative as the satellite descends towards the horizon. The ground station can be a mobile UE.

Depending on the operating frequency  the maximum value of  can be quite high. For example, for Iridium satellites [2] with an orbital height of 780.6km with an orbital speed of 7460m/s operating at L-band (around 1.6GHz), the maximum Doppler shift for a stationary ground station was about 35.5kHz. If this were operating at S-band (e.g. 3GHz) as envisaged for non-relay operating scenarios of NTN, the maximum Doppler shift would be 66.56kHz. These do not take into account the Doppler shift due to the mobility of the ground station for example, a UE in a high speed train or aircraft. Nevertheless, whilst this component of the Doppler shift could be significant enough to warrant consideration, it is in general significantly smaller than the Doppler shift due to the movement of the satellite because of the large differences in speeds.

2. Doppler Compensation
Such high Doppler shifts are larger than some of the settings for sub-carrier spacing (SCS) in NR e.g. for  with SCS being 15kHz, 30kHz and 60kHz, respectively. If a narrow SCS is used for NR-NTN transmissions, Doppler compensation would be needed for the receiver to be able to synchronize to and decode any signals. Doppler compensation can be done either at the transmitter (in which case it may be called pre-compensation) or at the receiver. To carry out Doppler compensation, the entity executing it needs to be able to estimate the Doppler shift – potentially using the equation above. To do this, at least knowledge of the satellite position and/or the satellite orbital parameters is required. Knowledge of the satellite position can be taken from an onboard GPS receiver for example. With orbital parameters and a previous known position and time when it was at that position, the current position of the satellite can be computed. 
With solely such knowledge, only the Doppler shift due to the movement of the satellite can be estimated and compensated. In principle, Doppler compensation can be done both at the satellite and/or at the UE – thus for the down-link, the satellite can pre-compensate its transmissions and the UE does the same for its transmissions in the uplink. For any deployed system, it should be made clear for example, by specification, which entity does the compensation. Table 1 is a summary of this pre-compensation behavior (at certain ranges of the elevation angle) for a nominal UL (UE to satellite) transmit frequency  and a nominal DL (satellite to UE) transmit frequency . The estimated Doppler shifts for the UL  and for the DL  can be significantly different in proportion to the difference between the UL and DL frequencies. In this, the Doppler shift represents a frequency error by which the transmit frequency has to be adjusted so as to pre-empt the Doppler shift that would be suffered during transmission.
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Table 1: Transmit-side Doppler pre-compensated transmit frequency.
Doppler compensation can also be done at the receiver – satellite for the UL and UE for the DL. Table 2 is a summary of this behaviour (at certain ranges of the elevation angle). In this, the Doppler shift represents a frequency deviation by which the nominal oscillator frequency of the receiver tuner has to be adjusted so as to reverse the Doppler shift that would have been suffered during transmission. 
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Table 2: Receive-side Doppler compensated receive frequency.
 In estimating the Doppler shift for compensation, the rate of change of Doppler shift with time also has to be taken into account. This is reflected in the duration of the interval between updates of the Doppler shift estimates and has a significant impact on the computational complexity of Doppler compensation. During some parts of the orbit, the rate of change of the Doppler shift can be quite high whilst around  for example, the rate of change is quite low. 

Observation 1: The Doppler shift changes as the satellite transits its orbit.
Observation 2: The rate of change of the Doppler shift is not constant around the orbit of the satellite.

The Doppler shift compensation summarized in Tables 1 and 2 does not take into account the movement of the UE. To take this into account, the location of the UE and its speed also need to be known. Besides the difficulty of ensuring certain knowledge of the UE position and speed, an NR signal incorporates both unicast (such as PDSCH/PUSCH) and multicast (such as SS Block) components. A satellite cannot therefore pre-compensate multicast signal components for Doppler shifts due to UE mobility since the signal is meant for multiple UEs with different locations and hence different elevation angles to the satellite, moving in varied directions at varied speeds. The system designer is therefore faced with two choices:

a) Compensate for both (UE and satellite) Doppler components: This can be done only at the UE. The UE knowing its position and speed, in addition to the satellite orbital parameters and speed, can estimate and pre-compensate its uplink transmissions and compensate for Doppler on its downlink too. The satellite would then have no role in Doppler compensation. The disadvantage in this approach is the need for the UE to always know its position and speed. Doppler compensation will also have to be implemented in all UEs including even low cost ones such as for IoT etc. 
b) Compensate only for satellite Doppler shifts: This can be done for the DL on the satellite assuming a nominal elevation angle and for the UL at the UE. If the UE knows its position, its elevation angle to the satellite can be calculated accurately. Then assuming the selected SCS for the UL and DL is high enough, any compensation errors due to the mobility of the UE and at UE differences in the satellite elevation angles may be corrected in normal channel equalization. Further, UL Doppler compensation can also be relegated to the satellite thereby saving low cost UEs from having to implement any Doppler compensation at all. The satellite can Doppler compensate both unicast and multicast signals in the same manner.

Proposal 1: Study the impact and efficacy of Doppler compensation at the UE and/or satellite.

3.   Conclusion
In this contribution, we have considered the issue of Doppler compensation for LEO-based NTN. We have the following observations:
Observation 1: Doppler shift changes as the satellite describes its orbit.
Observation 2: The rate of change of the Doppler shift is not constant around the orbit of the satellite.
  
We also made the following proposal:
Proposal 1: Study the impact and efficacy of Doppler compensation at the UE and/or satellite.
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