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Introduction
A RAN3-led Study Item on Rel-16 enhancements for NR-NTN was approved at RAN Plenary #80 [1]. The study item phase has identified range of expected values for the Doppler Shift and variation rate for the considered NR-NTN deployment scenarios [2, 3]. Solutions in the satellite and the UE will be required to compensate and correct the impact of Doppler during initial NR-NTN cell acces, where the Doppler shift and variation can be most significant.
This contribution aims to discuss Doppler compensation during initial access procedure for Low Earth Orbit (LEO) deployment.
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Doppler Compensation
In satellite system at low earth orbit, larger values for the Doppler shift and Doppler variation rate can be typically experienced due to the motion of the satellite. The max Doppler shift depends on the satellite orbit and elevation angle of the beam spot within the satellite cell. At the zenith point corresponding to elevation angle of 90 degrees, the Doppler shift can be 0 Hz. At lower elevation angles, the Doppler shift will be larger. Table 1 shows Max Doppler shift as a function of the frequency and the satellite deployment. As an example, at an orbit of 600 km, the satellite moving speed is ~7.5622 km/s. The maximum Doppler shift for an earth fixed user equipment is 24 ppm as indicated in [3]. At a frequency of 2 GHz the max Doppler shift is 48 kHz (=24 ppm * 2 GHz).  

	Frequency (GHz)
	Max doppler
	Relative Doppler
	Max Doppler shift variation
	

	2
	+/- 48 kHz
	0.0024 %
	- 544 Hz/s
	LEO at 600 km altitude

	20
	+/- 480 kHz
	0.0024 %
	-5.44 kHz/s
	

	30
	+/- 720 kHz
	0.0024 %
	-8.16 kHz/s
	

	2
	+/- 40 kHz
	0.002 %
	-180 Hz/s
	LEO at 1500 km altitude

	20
	+/- 400 kHz
	0.002 %
	-1.8 kHZ/s
	

	30
	+/- 600 kHz
	0.002 %
	-2.7 kHz/s
	

	2
	+/- 15 kHz
	0.00075 %
	-6 Hz/s
	MEO at 10000 km altitude

	20
	+/- 150 kHz
	0.00075 %
	-60 Hz/s
	

	30
	+/- 225 kHz
	0.00075 %
	-90 Hz/s
	


Table 1: Summary of Doppler shift and shift variation for different altitudes [2]

Legacy satellite solution typically aim to reduce the worst case Doppler shift, where the satellite blindly compensates the Doppler shift relative to the beam centre. This would be for the case where the beam spots move with the satellite – i.e. there is no steerable beam for fixed earth beam. This type of compensation is done relative to the elevation angle for each beam spot before DL transmission to the UE by the satellite and is referred to as pre-compensation. Similarly, the Doppler shift can be post-compensated by the UE before UL transmission to the satellite. 
The following target requirements should be taken into account in NR-PSS/SSS design [4]
-	Robustness against initial frequency offset up to 5 ppm
-	10 ppm as optional requirement
-	Reasonable complexity for NR-PSS/SSS detection
-	Good one-shot detection probability at -6 dB received baseband SNR condition with less than 1% false alarm rate
-	Companies report detection probability, the residual timing error and frequency error 
-	Good detection performance in multi-cell scenario
In practical chipset implementation, a 10 ppm crystal accuracy may be used for the internal clock of the UE. This means that the initial frequency error can be significantly higher than 10 ppm if the Doppler shift due to satellite motion also needs to be corrected. In the considered example, without pre-compensation the max Doppler shift is 24 ppm. In order to avoid an initial AFC lock of the order of one second or less during frequency synchronization, the residual Doppler shift after pre-compensation should be in the order of 5 ppm or less. This would result in a maximum frequency error of 15 ppm (=10 ppm + 5 ppm) to correct at the UE receiver. In the example above with LEO=600 km, the condition for the residual Doppler offset to be < 5 ppm can be met if the beam spot diameter is of the order of 100 km – i.e. 4 ppm = 100 km / 600 km * 24 ppm. Note that he UE will be within coverage of a 100 km diameter beam spot for approximately  
Observation 1: In order to avoid an initial AFC lock of the order of one second or less during frequency synchronization, the residual Doppler shift after pre-compensation should be in the order of 5 ppm or less with LEO=600 km.
Observation 2: The condition for the residual Doppler offset to be < 5 ppm can be met if the beam spot diameter is of the order of 100 km with LEO=600 km.
Proposal 1: Doppler shift is pre-compensated by the satellite before transmission to the UE with LEO=600 km.

In case of earth fixed-beams, the Doppler compensation is adjusted with time within the beam spot. With satellite moving beams, the pre-compensation or post-compensation can only done with the same value for all UEs within coverage of a given beam. Perfect pre-compensation or post compensation can only be achieved at the centre of the beam where the Doppler shift can be assumed to be 0 Hz. Towards the beam spot edges, the residual Doppler cannot be assumed to be zero Hz. The Doppler variation rate for LEO=600 km is 0.27 ppm/s [3]. At frequency 2 GHz, this corresponds to - 544 Hz/s (= -0.27 ppm/s * 2 GHz) as indicated in Table 1. This is significantly higher Doppler drift than experienced in terrestrial network. 
It can be expected that the UE will experience a discontinuity in the Doppler shift experienced when it falls out of coverage of a beam spot #n and within coverage of a new beam spot #(n+1). With LEO=600 km, the satellite speed is around 7.5622 km/s. Assuming a beam spot diameter of 100 km, the UE is within a beam spot coverage for approximately 13.2 seconds (=100 km / 7.5622 km/s). With a Doppler variation rate of -544 Hz/s, the Doppler shit in 13.2 seconds is 7.2 KHz (=13.2*544 Hz). If pre-compensation is used, the Doppler shift at centre of the beam is 0 Hz. The Doppler shift with a satellite moving beam is in range [-3.6 KHz, +3.6 KHz]. The Doppler discontinuity can be expected to be 7.2 kHz (=544 Hz * 100 km / 7.5622 km/s). The discontinuity in Doppler shift occurs because the satellite pre-compensate the Doppler relative to beam spot #n with a different value than that used relative to beam spot #(n+1). The Doppler discontinuity is illustrated in Figure 1 and Figure 2.
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Figure 1 Case with 2 GHz signal at 600 km on D/L and U/L: fixed UE and UE in motion
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Figure 2: Doppler discontinuity with LEO=600 km @ 2 GHz
Observation 3: Assuming LEO=600 km and a beam spot diameter of 100 km, the Doppler shift with a moving beam is in range [-3.6 KHz, +3.6 KHz].
Observation 4: Assuming LEO=600 km and a beam spot diameter of 100 km, the Doppler discontinuity between adjacent beam spots can be expected to be 7.2 kHz.
A typical UE implementation will track Doppler variation and Doppler discontinuity using an AFC algorithm. Assuming UE has GNSS capability and further assuming UE has knowledge of the satellite ephemeris, the UE can determine when it needs to re-select a satellite beam. When re-selecting a beam, it can be assumed that the UE knows the Doppler discontinuity that can be expected and take it into account in AFC algorithm used to track the Doppler shift.
Observation 5: A GNSS capable UE with knowledge of the satellite ephemeris can predict the Doppler discontinuity when re-selecting satellite beam.
In typical implementation, the Doppler drift due to the crystal can vary with the temperature. The Doppler drift due to satellite motion can be assumed to be constant as the satellite speed relative to the earth is constant. The AFC tracking loop can be simulated at link level to ensure reasonable SNR loss may be experienced at the UE due to the Doppler drift and the Doppler discontinuity. 
Proposal 2: The Doppler drift due to the satellite motion is assumed to be constant in link level performance evaluation.

Doppler compensation during initial access procedure
We consider an example of physical procedure to compensate for Doppler during initial access assuming moving beams with LEO=600 km and frequency = 2 GHz.
1. Satellite pre-compensate Doppler
a. Relative to the spot beam centre with moving beam
b. Adjusted with time with fixed earth beam (steerable beam)
2. UE obtains mapping of Physical Cell IDs to satellite beams / cells
a. via RRC pre-configuration 
b. via system information broadcast by cellular network on SIB
3. UE determines its location via GNSS (or via cellular-based positioning methods)
4. UE determines beam / cell satellite configuration parameters using satellite ephemeris – e.g. PCIs, 
5. UE search satellite beam / cell search by detecting PCI-linked SSB in NR system or NPSS/NSSS, NRS in NB-IoT system
6. UE estimate residual DL Doppler shift FD(DL) for initial AFC lock.
a. The residual Doppler shift FD(DL) =0 Hz if the UE is in the centre of the beam
b. Residual Doppler FD(DL) ~±8 kHz (±4 ppm * 2 GHz) if UE is on the edge of the beam spot 
7. UE estimate residual UL Doppler shifts FD(UL) for PRACH preamble transmission  relative to the centre of the beam
8. UE post-compensate Doppler relative to the spot beam centre and transmits the PRACH preamble with frequency offset set to –(FD(DL) +FD(UL))
9. UE tracks Doppler drift ~544 Hz with AFC algorithm to maintain OFDM orthogonality for Msg3 in RA procedure.
10. UE correct impact of Doppler discontinuity 7.2 kHz if it needs to select adjacent beam spot during initial satellite beam / cell access. 
Knowledge of the mapping of Physical Cell IDs to satellite beam / cell allows UE to carry out satellite beam / cell search over a smaller subset of SSBs allows faster initial cell access. The UE may re-select satellite beam / cell faster if PCI of adjacent beam is known based on satellite ephemeris and mapping of PCIs to satellite beam / cell. The UE can be pre-configured with RRC configuration indicating the mapping of Physical Cell IDs to satellite beams / cells or it may be broadcast by cellular network on System Information Block (SIB). After initial access to NTN, UE tracks Doppler drift for UL transmissions in connected mode.  
Proposal 3: UE has knowledge of the satellite ephemeris.
Proposal 4: The NTN-specific RRC configuration parameters indicating the mapping of Physical Cell IDs to satellite beams / cells to the UE can be pre-configured or can be broadcast by cellular network on System Information Block (SIB).
Proposal 5: UE determines the mapping of PCI to satellite beam / cells based on the NTN configuration parameters using knowledge of its location and knowledge of satellite ephemeris – e.g. PCIs.
Proposal 6: UE search satellite beam / cell search by detecting PCI-linked NR SSB.

Conclusion
In this contribution, we discussed Doppler compensation during initial access procedure.
Observation 1: In order to avoid an initial AFC lock of the order of one second or less during frequency synchronization, the residual Doppler shift after pre-compensation should be in the order of 5 ppm or less with LEO=600 km.
Observation 2: The condition for the residual Doppler offset to be < 5 ppm can be met if the beam spot diameter is of the order of 100 km with LEO=600 km.
Proposal 1: Doppler shift is pre-compensated by the satellite before transmission to the UE with LEO=600 km.
Observation 3: Assuming LEO=600 km and a beam spot diameter of 100 km, the Doppler shift with a moving beam is in range [-3.6 KHz, +3.6 KHz].
Observation 4: Assuming LEO=600 km and a beam spot diameter of 100 km, the Doppler discontinuity between adjacent beam spots can be expected to be 7.2 kHz.
Observation 5: A GNSS capable UE with knowledge of the satellite ephemeris can predict the Doppler discontinuity when re-selecting satellite beam.
Proposal 2: The Doppler drift due to the satellite motion is assumed to be constant in link level performance evaluation.
Proposal 3: UE has knowledge of the satellite ephemeris.
Proposal 4: The NTN-specific RRC configuration parameters indicating the mapping of Physical Cell IDs to satellite beams / cells to the UE can be pre-configured or can be broadcast by cellular network on System Information Block (SIB).
Proposal 5: UE determines beam / cell satellite specific configuration parameters using knowledge of its location and knowledge of satellite ephemeris – e.g. PCIs.
Proposal 6: UE search satellite beam / cell search by detecting PCI-linked NR SSB.
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