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1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction
In June 2018, the study item “Study on NR to support non-terrestrial networks” was completed. Potential impacts have been identified (see [1] for the full list) and solutions are currently investigated in the study item “Solutions on NR to support non-terrestrial networks”[2]. 
During last 3GPP RAN WG1 meeting in Reno, the following agreements [3] have been achieved :
Agreement:
Performance evaluations of the synchronization for DL are encouraged. For these evaluations, 
· For LEO systems, beam specific pre-compensation of the common frequency shift at satellite with respect to the spot beam center can be considered 

Agreement:
For UL frequency compensation at least in LEO systems:
· Both open and closed-loop can be studied 
· Beam specific post-compensation of common frequency offset at gNB can be considered

This document outlines the Doppler shift impact on UE frequency synchronization procedure in NTN. It illustrates also the benefits and drawbacks of the Doppler shift pre -compensation mechanism that can be applied at gNB or at satellite transparent payload. The Doppler shift post-compensation mechanism is also discussed in the final section of the document.


2. Considerations on Doppler shift
For LEO and MEO constellations, satellite movements lead to frequency shift values that are currently not covered by 5G specifications. The maximum frequency shift values due to satellite movement that can be experienced in NTN have already been captured in [1] and are summarized in the table below.
[bookmark: _Ref14341698]Table 1 : Maximal Doppler shifts experienced in NTN
	Scenarios
	GEO based non-terrestrial access network (Scenario A and B)
	LEO based non-terrestrial access network (Scenario C & D)

	Orbit type
	notional station keeping position fixed in terms of elevation/azimuth with respect to a given earth point 
	circular orbiting around the earth

	Altitude
	35,786 km
	600 km
1,200 km

	Max beam foot print diameter at nadir
	500 km
	200 km

	Min Elevation angle for both sat-gateway and user equipment
	10° for service link and 10° for feeder link
	10° for service link and 10° for feeder link

	Max Doppler shift (earth fixed user equipment)
	0.93 ppm
	24 ppm (600km)
21ppm(1200km) 

	Max Doppler shift variation (earth fixed user equipment)
	0.000 045 ppm/s 
	0.27ppm/s (600km)
0.13ppm/s(1200km)



UE frequency synchronization

This section describes the initial UE synchronization procedure in the frequency domain and aims to illustrate some issues experienced when high Doppler frequency shifts and satellite oscillator drifts must be considered.
Before accessing the network, the UE must acquire correct timing and frequency synchronization. This is essential to avoid inter-carrier interference (ICI) and inter-symbol interference (ISI) on both UL and DL transmissions. In particular, the frequency offset between the receiver and the transmitter oscillators results in ICI over the subcarriers. It causes also a mismatch between the sampling frequency used at transmission and reception leading to additional causes of timing error.
2.1.1 UE frequency synchronization in cellular networks
During the initial cell-search procedure, the UE tries to detect the SS Bursts transmitted by the gNB and performs an estimation of the frequency offset between the DL rx central frequency generated by its Local Oscillator (LO) and the effectively experienced DL rx central frequency. This estimation is more or less accurate depending on the synchronization algorithms used and the quality of the received signal. 5G NR current specifications on SS burst format ensure that this synchronization procedure is manageable for the UE in most cases encountered in cellular networks.
In cellular networks, the frequency offset is mainly due to the accuracy of the UE’s LO w.r.t the contribution related to Doppler shift. The frequency deviation of NR equipments is typically in the order of 10 ppm and the Doppler shift values never exceed 0.5 ppm. 
This offset estimation is then used to readjust the UE oscillator frequency. Ideally, the contribution linked to Doppler included in the global frequency offset estimation should not be taken into account when readjusting the UE’s LO because it does not correspond to any physical drift of the equipment’s clock. However, since the UE is not able to distinguish which contribution is coming from where, the LO frequency is adjusted based on the global frequency offset estimation. In cellular networks this is acceptable because the Doppler contribution is rather small w.r.t the UE’s LO drift.
2.1.2 UE frequency synchronization in NTN
In NTN, the global frequency offset between the DL rx central frequency generated by the UE’s LO and the effectively experienced DL rx central frequency (noted A on Figure 1) is composed of 3 different contributions :
(i) As in cellular networks, the contribution linked to the accuracy of the UE’s LO (noted 1 on Figure 1) is still significant. The resulting frequency offset can be computed based on the following formula where  denotes the UE’s LO accuracy and  denotes the nominal DL central frequency used on the service link.


(ii) The frequency translation occurring on board of the satellite from the central frequency of the feeder transmission to the central frequency of the service transmission introduces a new contribution (noted 2 on Figure 1). The resulting frequency offset can be computed based on the following formula where  denotes the satellite’s LO accuracy and  denotes the central frequency used on the feeder link uplink transmission. A typical value of 0.5 ppm can be considered for .


(iii) For LEO configurations, the contribution linked to Doppler shift experienced on the service link (noted 3 on Figure 1) can largely exceed the contribution coming from the UE’s oscillator (cf. Table 1). The resulting frequency offset can be computed based on the following formula where  denotes the projection of the UE velocity vector on the UE-satellite axis,  denotes the projection of the satellite velocity on the satellite- UE axis and  denotes the speed of light.

The global frequency offset noted  can be computed as follow :

The NTN specificity due the new contribution  and  the possibly high experienced values for  shall be investigated.
Firstly,  is estimated during the initial cell-search procedure. As in any estimation, an estimation error is committed (noted B on Figure 1). Since the global offset is going to be higher in NTN than in any regular cellular networks, one can expect the residual error committed by the algorithms to be significantly higher as well. Thus, it is the task of RAN WG1 to check if the synchronization algorithms behaviour is acceptable in these conditions.
RAN WG1 should evaluate the frequency synchronization algorithms behaviour at UE side when correcting the significantly high frequency offsets that can be experienced in NTN
Secondly, the frequency offset estimation noted  is used to adjust the UE’s LO so the DL frequency experienced on  the received signals matches with the frequency generated by the LO. As already mentioned in the previous section, in the ideal case the contributions linked to  and  included in the frequency global offset estimation should not be taken into account when readjusting the UE’s LO. Effectively, the LO frequency is adjusted based on the frequency global offset estimation due to the UE inability to make a distinction between the different contributors.
However, as illustrated on Figure 1,  and  can be characterized by large values in NTN and the estimation error may be significant as well. As a consequence, the frequency gap (noted C on Figure 1) between the central frequencies generated by the gNB and the UE can reach critical values. In fact, the UE’s LO accuracy can even become lower than before the adjustment procedure. 

Finally, this will have one major impact. It will introduce a severe mismatch between the sampling frequencies used at both sides of the transmission , hence it can compromise the UE timing synchronisation. This can also be a problem for UL transmissions as it will be demonstrated in section 2.3. As a conclusion, this should be investigated by RAN WG1.
RAN WG1 should investigate the impact of high frequency mismatch between the local oscillators used at both sides of the transmission.


[bookmark: _Ref14342668]Figure 1 : Illustration of UE frequency synchronization in NTN
Some solutions have already been proposed to partially avoid this issue [3]. One way is to provide the UE with some pieces of information about the composition of the global frequency offset. This way it can use this knowledge to adjust its LO based on the relevant part of the offset estimation. For instance, supposing the UE has access to its location and the satellite ephemeris, then it can partially estimate the  contribution. Then, the UE can perform the LO adjustment procedure assuming a frequency offset estimation equal to .This way, the mismatch between the clocks used at both sides of transmission is reduced.
As stated in the last meeting agreements, Doppler shift pre-compensation at gNB or at satellite can also be considered on the DL. It aims to reduce  contribution in order to prevent partially the issue explained above. The principle of such mechanism will be discussed with more details in the next section.
Doppler shift pre-compensation mechanism on DL transmissions

2.1.3 Principles
The principle of Doppler shift pre-compensation mechanism is to operate a frequency shift compensation on a per beam basis. It aims to counterbalance the Doppler shift contribution due to the satellite movement experienced on the service down link.
Based on the satellite ephemeris and the beam layout knowledge it is possible to predict the projection of the satellite velocity vector on the satellite - beam center (BC) axis noted . Then, the following compensation is applied on the carrier frequency noted  of the signals sent in the beam:

As a consequence, the Doppler shift due to satellite movement is partially compensated inside the beam and perfect counterbalance is achieved at the beam center.
2.1.4 Implementation considerations
This mechanism is applicable for both earth fixed beams and moving beams scenarios. In the first case, the pre-compensated value must be adjusted with time since the radial velocity between the satellite and the beam center is consistently changing. In the second case, the same value is applied at all time.
The compensation can be applied directly at gNB. This is illustrated on Figure 2. Guard bands between the different beam carriers should be introduced to avoid carrier over-lapping when applying the pre-compensation. This leads to some spectral efficiency loss. However, the expected Doppler shift values are much lower than the occupied bandwidth of the beam carriers hence the guard band loss can be considered negligible. Proportions are not respected on Figure 2 for illustrative purposes. The design of the satellite OMUX filters should be compatible with this approach.


[bookmark: _Ref14442880]Figure 2 : Doppler shift pre-compensation applied on DL transmissions at gnB

In the case of a transparent payload, Doppler pre-compensation can also be implemented on board of the satellite. A Digital Transparent Processor (DTP) can embed digital solutions offering the capacity to operate frequency shifting on board. This is illustrated on Figure 3.



Figure 3 : Doppler shift pre-compensation applied on DL transmissions at satellite
2.1.5 Characterization of the residual Doppler shift

The residual Doppler shift due to the satellite movement experienced by a UE when pre-compensation is considered can be computed as follow :

 denotes the projection of the satellite velocity vector on the UE-satellite axis. The two projections are illustrated on Figure 4.



[bookmark: _Ref14447482]Figure 4 : Satellite velocity projections on UE-sat and BC-sat axes
Based on this formula, the residual Doppler shift after pre-compensation is expected to be highest at the edges of the beam.
Effectively, the max residual Doppler shifts after pre-compensation are experienced in beams characterized by elevation angles close to 90 degrees. This is illustrated on Figure 5 where the residual Doppler is represented as a function of the elevation angle. We have considered a beam footprint diameter of 200 km (which is the maximal value considered in [2] for LEO configuration) and a satellite altitude of 600 km. The max residual Doppler value reaches +/- 4.14 ppm at the edges of the beam directed at nadir. As a consequence, the max  contribution to the global frequency offset mentioned in section 2.2 will be reduced from 24 ppm to 4.14 ppm.
 RAN WG1 should evaluate if the UE frequency synchronization difficulties met in NTN can be overcome by using Doppler shift pre-compensation.
On the other side, one can notice on Figure 5 the discontinuities observed at the transitions from one beam to another. They can reach +/- 7.9 ppm when entering or leaving the beam directed at nadir. It means that due to Doppler pre-compensation the UE will experience an additional frequency shift during cell handover and/or beam switching procedures. It is up to RAN WG1 to determine if these discontinuities are manageable or not.
RAN WG1 should evaluate the impact of the discontinuities of Doppler shift experienced during H/O or beam switching procedures that are introduced by the pre-compensation mechanism.


[bookmark: _Ref14528938][bookmark: _Ref14557875]Figure 5 : Evolution of the residual Doppler shift due to the satellite movement after pre-compensation (satellite altitude = 600 km ; beam size footprint diameter = 200 km)
Furthermore, the max residual Doppler value and max discontinuity value depend on the beam size considered as illustrated on Figure 6 and Figure 7.
[image: ]
[bookmark: _Ref14528972]Figure 6 : Evolution of the max residual Doppler shift due to the satellite movement after pre-compensation w.r.t the beam footprint diameter (satellite altitude = 600 km)
[image: ]
[bookmark: _Ref14528975]Figure 7 : Evolution of the max frequency discontinuity due to Doppler pre-compensation w.r.t the beam footprint diameter (satellite altitude = 600 km)
Note that the equivalents of Figure 5, Figure 6 and Figure 7 when a satellite altitude of 1200 km is considered are presented in the appendix at the end of the document. The principal values to be considered in future evaluation are provided in Table 2.
[bookmark: _Ref14616992]Table 2 : Main parameters to be considered when evaluating the benefits of Doppler pre-compensation
	Parameter
	Satellite altitude 
	Beam size
	Value

	Max residual Doppler shift experienced within a beam after pre-compensation (note 1)
	1200 km
	200 km
	2 ppm

	
	600 km
	200 km
	4.14 ppm

	Max Frequency Doppler shift discontinuity experienced during H/O or beam switching procedure (note 1)
	1200 km
	200 km
	3.9 ppm

	
	600 km
	200 km
	7.9 ppm

	Note 1 : These parameters only relate to Doppler frequency shifts due to satellite movement



[bookmark: _Ref14702893]Doppler shift post-compensation on UL transmission

Frequency misalignment will be experienced on UL transmissions. This is illustrated on Figure 8. The  global frequency offset observed between the UL RX nominal frequency generated by the gNB and the UL RX experienced frequency is composed of 3 different contributions :
(i) The fact that UE’s LO is not perfectly adjusted to the gNB’s LO is the source of one of the contributors (noted 4 in Figure 8). The resulting frequency offset can be computed based on the following formula where  denotes the UE’s LO accuracy after adjustment and  denotes the nominal UL central frequency used on the service link.


(ii) The frequency translation occurring on board of the satellite from the service transmission central frequency to the feeder transmission central frequency introduces a new contribution (noted 5 on Figure 8). The resulting frequency offset can be computed based on the following formula where  denotes the central frequency used on the feeder downlink transmission.


(iii) Finally, the final contribution is linked to the Doppler shift experienced on the service link (noted 6 on Figure 8). The resulting frequency offset can be computed based on the following formula.

RAN WG1 should evaluate the impacts of frequency misalignment between the UL RX nominal frequency generated by the gNB and the UL RX experienced frequency on receiving performance.
Finally, the same kind of Doppler compensation mechanism can be applied at gNB or at satellite on UL transmissions. This can help lower  contribution. The same values already proposed in Table 2 can be used for evaluation when post-compensation is considered.
RAN WG1 should evaluate if the difficulties due to frequency misalignments experienced on UL transmissions can be overcome by using Doppler shift post-compensation.
Notethis post-compensation mechanism will not help reducing the UL frequency misalignments experienced by the gNB between the UEs belonging to the same beam. However, it can help reducing the UL frequency misalignments between the UEs belonging to the same cell composed of several beams. The relative frequency misalignment between the UL transmissions is another distinct issue that needs to be investigated as well.
RAN WG1 should evaluate the impacts of UL frequency misalignments experienced by the gNB between the UL transmissions on receiving performance.


[bookmark: _Ref14690759]Figure 8 : Illustration of frequency misalignment on UL transmissions


3. Conclusion
In this paper, the following proposals have been made :
1. RAN WG1 should evaluate the frequency synchronization algorithms behaviour at UE side when correcting the significantly high frequency offsets that can be experienced in NTN
1. RAN WG1 should investigate the impact of high frequency mismatch between the local oscillators used at both sides of the transmission.
1. RAN WG1 should evaluate if the UE frequency synchronization difficulties met in NTN can be overcome by using Doppler shift pre-compensation.
1. RAN WG1 should evaluate the impact of the discontinuities of Doppler shift experienced during H/O or beam switching procedures that are introduced by the pre-compensation mechanism.
1. RAN WG1 should evaluate the impacts of frequency misalignment between the UL RX nominal frequency generated by the gNB and the UL RX experienced frequency on receiving performance.
1. RAN WG1 should evaluate if the difficulties due to frequency misalignments experienced on UL transmissions can be overcome by using Doppler shift post-compensation.
1. RAN WG1 should evaluate the impacts of UL frequency misalignments experienced by the gNB between the UL transmissions on receiving performance.
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APPENDIX A
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Figure 9 : Evolution of the residual Doppler shift due to the satellite movement after pre-compensation (satellite altitude = 1200 km – beam size = 200 km)
[image: ]
Figure 10 : Evolution of the max residual Doppler shift due to the satellite movement after pre-compensation w.r;t to the beam footprint diameter (satellite altitude = 1200 km) 
[image: ]
Figure 11 : Evolution of the max frequency discontinuity dye to Doppler pre-compensation w.r.t the beam footprint diameter (satellite altitude = 1200 km)
	1/15	
oleObject1.bin
�

Frequency deviation generated by the UE LO before compensation w.r.t the DL TX nominal frequency



image2.emf
gNB

BC 0 BC 1

Feeder link

Service links

satellite

BEAM 0 BEAM 1

BEAM 0 CARRIER

BEAM 1

CARRIER

BEAM 0 CARRIER

BEAM 1

CARRIER

BEAM 0 CARRIER

BEAM 1

CARRIER

Ideal pre-compensation of doppler shift on the feeder link

Pre-compensation 

mechanism applied at 

the gNB

Pre-compensation of doppler shift on the service link 

BEAM 0 CARRIER

BEAM 1

CARRIER

IMUX Filter

OMUX Filter

BEAM 0 CARRIER

BEAM 1

CARRIER

Doppler shift experienced on the feeder link

Doppler shift experienced on the service links

Perceived spectrum in BC 0 Perceived spectrum in BC 1

Nominal Baseband spectrum

Satellite TX

gNB TX

Satellite RX

UE RX

Guard band

frequency


oleObject2.bin
�


image3.emf
gNB

BC 0 BC 1

Feeder link

Service links

satellite

BEAM 0 BEAM 1

BEAM 0 CARRIER

BEAM 1

CARRIER

BEAM 0 CARRIER

BEAM 1

CARRIER

BEAM 0 CARRIER

BEAM 1

CARRIER

Ideal pre-compensation of doppler shift on the feeder link

Ideal Doppler pre-

compensation on 

feeder-link

Pre-compensation of doppler shift on the service link 

BEAM 0 CARRIER

BEAM 1

CARRIER

IMUX Filter

OMUX Filter

BEAM 0 CARRIER

BEAM 1

CARRIER

Doppler shift experienced on the feeder 

link

Doppler shift experienced on the service links

Perceived spectrum in BC 0 Perceived spectrum in BC 1

Nominal spectrum

Satellite TX

gNB TX

Satellite RX

UE RX

Pre-compensation 

mechanism applied at 

satellite

Guard band

frequency


oleObject3.bin
�

gNB



image4.emf
BC

satellite

BEAM

UE

UE sat

v

/

BC sat

v

/

sat

v



elevation




oleObject4.bin
�

UE


BC



image5.emf
satellite

BEAM 0

BEAM 1

BEAM 2

elevation



UE


oleObject5.bin

image6.png
Evolution of the max residual doppler shift due to the satellite movement after pre-compensation w.r.t the beam footprint diameter
satellite altitude = 600.0 km
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Evolution of the max frequency discontinuity due to Doppler pre-compensation w.r.t the beam footprint diameter
satellite altitude = 600.0 km
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Evolution of the max residual doppler shift due to the satellite movement after pre-compensation w.r.t the beam footprint diameter
satellite altitude = 1200.0 km
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Evolution of the max frequency discontinuity due to Doppler pre-compensation w.r.t the beam footprint diameter
satellite altitude = 1200.0 km
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