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Abstract
The objective of this document is to propose a text for clause 5 (NTN Deployment scenarios) of the TR 38.811 “Study on NR to support Non-Terrestrial Networks”.
[bookmark: _GoBack]This contribution is a revision of the RP-171449 taking into account off line comments following the “[76-04] Non-terrestrial networks, pCR (Doppler and propagation delay)” email discussion

Discussion
This analysis enables to characterise the Doppler and Delay constraints associated to the Deployment scenarios identified in clause 5.1 of the TR 38.811 as well as system architecture described in clause 4.3.
Here under we recall the Deployment scenarios’ parameters and hypothesis relevant for the Doppler and Delay analysis. We then define the computation methods for the propagation delay, the differential delay, the Doppler shift and the Doppler shift variation.
2.1 Recall of the Deployment scenarios


Table 1: Reference Non-Terrestrial Network Deployment scenarios to be considered in the study
	Attributes
	Deployment-D1
	Deployment-D2
	Deployment-D3
	Deployment-D4
	Deployment-D5

	Platform orbit/altitude
	GEO at 35 786 km
	GEO at 35 786 km
	Non-GEO down to 600 km
	Non-GEO down to 600 km
	Airborne vehicle between 8 and 50 km

	Carrier Frequency between Air/spaceborne platform and UE
	Around 20 GHz for DL
Around 30 GHz for UL
	Around 2 GHz for both DL and UL
	Around 2 GHz for both DL and UL
	Around 20 GHz for DL
Around 30 GHz for UL
	Below 6 GHz

	Beam pattern
	Earth fixed beams
	Earth fixed beams
	Moving beams
	Earth fixed beams
	Earth fixed beams

	Duplexing
	FDD
	FDD
	FDD
	FDD
	FDD

	NTN terminal Mobility
	up to 1000 km/h (e.g. aircraft)
	up to 1000 km/h (e.g. aircraft)
	up to 1000 km/h (e.g. aircraft)
	up to 1000 km/h (e.g. aircraft)
	up to 500 km/h (e.g. high speed trains)



Note that for non-geostationary deployment scenarios (D3 and D4), we shall consider in our analysis  three main altitudes at 600, 1500 and 10000 km.
 
Botth frequecy band cases will be considered
· S band on both user links (around 2 GHz for both links)
· Ka band on both user links (20 GHz D/L and 30 GHz U/L)
To those different cases, we must add also the case of UE in slow motion and up to 1000 km/h, let us study two cases:  500 km/h and 1000 km/h apart from the slow motion case.

0. Propagation delay
2.2.1 Case of bent pipe satellite
We consider the one way propagation delay as the sum of the delay from the Gateway to the Satellite plus the delay from the satellite to the user terminal.
The Round Trip Time is the physical path duration of the path : Gateway-Satellite-UE-Satellite-Gateway, that is in fact twice the one way propagation delay.
In the computation, Gateway is set at 5° (TBC) elevation angle, and terminal can be set at various elevation angles, but we consider that the reference case is 10° elevation angle for the propagation delay computation.
2.2.2 Case of regenerative satellite
In that case we can consider two sub cases
· The first one considering only the Satellite to UE path 
· The second one considering also the path Gateway-Satellite which falls back in fact in the case of bent pipe satellite, without taking into account the on board processing time
0. Differential Delay
In this clause, we compute the differential delays between some points that are at some specific positions : for instance at nadir and Edge of Coverage.
The path to gateway is supposed to be the same for all terminals.
There is no difference between the bent pipe satellite and the regenerative satellite.
2.4 Doppler shift
2.4.1 Introduction 
Looking at Figure 1 to Figure 3, the satellite connection comprises two links
· The first one called feeder link between the Gateway and the satellite
· The second one, called User Link between the satellite and the UE.
Feeder links are affected by Doppler shift due to the motion of the satellite. This Doppler shift is very low in case of geostationary platform, but high in case of non-geostationary platform.
User links are affected by Doppler shift due to the satellite motion and the possible UE motion (car, train , plane…)
The Gateway knows the position and the trajectory of the different satellites through its ephemeris that are transmitted to the Gateway.
It is therefore usual to pre compensate or post compensate Doppler shift at the GW side in order that
· The signal received by the Gateway from the satellite should be at the nominal expected  frequency. A post correction is applied
· If the Doppler shift is positive, the receiver at the Gateway will subtract the predicted Doppler shift to the received signal at any time, and therefore most of shift is cancelled at second order.
· If the Doppler shift is negative, the receiver at the Gateway will add the predicted Doppler shift to the received signal at any time, and therefore most of shift is cancelled at second order.
· Of course, taking account the algebraic sense of Doppler variation, the operation is the same, just take care of the Doppler variation sign.
· The signal received by the satellite from the Gateway should be also arriving at the nominal expected  frequency. A pre correction is applied to the signal transmitted
· When the signal is supposed to arrive at the satellite with an increased frequency value, the GW applies a negative pre correction so that the signal arrives with the expected frequency value at the satellite
· When the signal is supposed to arrive at the satellite with a decreased frequency value, the GW applies a positive pre correction so that the signal arrives with the expected frequency value at the satellite
· Of course, taking account the algebraic sense of Doppler variation, the operation is the same, just take care of the Doppler variation sign.
As Doppler shift is easy to reduce on the feeder link, with a small residual impact on the User Link, we compute the maximum Doppler shift on the user link in the two cases already mentioned above.
· S band around 2 GHz
· Ka band at 20 and 30 GHz.
The Doppler shift in the feeder links, can be obtained by scaling the centre frequency, that can be on feeder link: C band, Ku band, Ka band or Q/V bands.
In the case of non-geostationary, the Doppler computation is made at the points where it can be the maximum, for instance considering the reference UE as always belonging to the orbital plan (TBC).This in order to simplify the different cases.
In all cases the computation on downlink or uplink give the same results at same frequency.
Methodology description is provided in the clause “Proposed Changes”

2.4.2 Impact of the Doppler shift on a block of OFDM carriers
For a given OFDM channel (block of OFDM sub-carriers) occupying a certain bandwidth BW, The Doppler shift at the central frequency Fo can be computed using the Doppler formula below:
Doppler shift at central frequency = Fd = Fo*V/c, where V is the satellite velocity and c the speed of light.
Furthermore, the whole OFDM channel is spread as follow:
· the upper band edge frequency of the OFDM channel = (Fo + BW/2) * V/c
· the lower band edge frequency of the OFDM channel = (Fo - BW/2) * V/c
Let us consider a worst case where the satellite velocity is maximum 7.5622 km.s-1 (corresponding to deployment scenarios D3 and D4), and the UE is fixed on the earth.
Applying these formula, the relative impact at band edge is assessed in the table below:
	Carrier bandwidth
	Relative impact on Doppler shift at band edge

	20 MHz
	+/-252 Hz

	500 MHz
	+/-6300 Hz



This effect needs to be considered especially for very wide band channels. 
Note : the maximum impact of UE speed (in a plane) is 9 Hz at 20 MHz and 230 Hz at 500 MHz.
Recommendations on Doppler shift mitigation for Non Geo satellites:
The first Doppler acquisition can typically be done using some preambles or using some frequency rough hypothesis. Then the same correction can be applied to the whole frequency block 
· If  sub-carrier spacing  is 15 kHz, the same correction is sufficient for frequency width up to 200 MHz approximately
· If sub-carrier spacing  is 30 kHz of more, the same correction is sufficient for frequency width up to 500 MHz approximately. 
· If sub-carrier spacing  is lower than 15 kHz (for example 3.75 kHz), the applied correction should take into account the variation due to the exact frequency value and not only the correction applied to the central frequency
Note that an accurate method to mitigate the Doppler shift during the acquisition phase is to exploit the theoretical orbital ephemerides enabling to predict satellite position and trajectory, and of course the position of the UE. 
This can be achieved for example by implementing a Global  Navigation Satellite System (GNSS) receiver (e.g. GPS, Galileo, Beidu, ..)  in the NTN terminal (here referring to Handheld or VSAT type terminals) or by implementing specific synchronisation techniques.
 
2.4.3 Impact of the satellite and UE motions on the symbol duration
Doppler and terminal clock uncertainty create a stretching or inflating effect on the reference symbol duration. This leads to the variation of the symbol rate. This can be tracked and then corrected by adding or deleting some samples.
To compute the rate of symbol addition or deletion, a simple formula can be used. In the case of a satellite platform moving at velocity Vsat and a UE at velocity VUE with symbol rate Rs, the formula is

Where:
·  is the rate of change of symbol rate in symbols/s.
· Rs is the symbol rate
· C is the light velocity 
· Vsat = 7.5622 km/s is the satellite orbital speed at 600 km altitude
· VUE = 1000 km/h is the speed of the UE (inside a plane for instance)
· LOdrift is the UE Local oscillator drift which is of the order of 10-5
In LTE OFDM waveform, Rs = 15 kbauds (equal to sub-carrier spacing  )
The overall impact is bounded by 0.54 symbols/s variation.
2.5 Doppler shift variation
The Doppler shift variation characterize the evolution of Doppler shift over time when the receiver and/or the transmitter are in motion. It is expressed in Hz.s-1 .
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5.3 Doppler and Propagation delay characterisation
5.3.1 Methodology
We shall distinguish between geostationary satellite, non geo stationary satellite and HAPS platforms.
5.3.1.1 Propagation delay
We consider the one way propagation delay as the delay: 
· from the Gateway to the UE via the space/airborne platform (bent pipe payload)
· from the space/airborne platform to the UE (regenerative payload)
The Round Trip Time corresponds to the two way propagation delay:
· from the Gateway to the UE via the space/airborne platform and return (bent pipe payload)
· from the space/airborne platform to the UE and return (regenerative payload)
For the propagation delay analysis, we consider a minimum gateway elevation angle of 5° (the elevation angle of the space/air borne platform from the Gateway). While the minimum terminal elevation angle is typically 10°. 
The actual propagation delay depends on the space/airborne platform altitude and respective position of the gateway and terminal.
5.3.1.2 Differential delay
The differential delay corresponds to the difference of propagation delays between two chosen points that are at some specific positions : for instance at nadir and Edge of Coverage, or whatever as we will see for Geostationary
The path to gateway is likely to be the same for all terminals, but this just to simplify the computation.
5.3.1.3 Doppler shift/variation
Doppler shift: Shift of the signal frequency due to the motion of the receiver, the transmitter or both.
Doppler variation rate: During time, the Doppler shift is evolving. This is called the Doppler variation rate or simply Doppler rate .
The Doppler shift and Doppler variation depend on the relative speed of the space/airborne platforms, the speed of the UE, and the carrier frequency.
The figure below recalls the basic geometry of the system.  The carrier frequency of the signal received at satellite is suffering from the motion of the transmitter. The Doppler on the signal received by the UE from the satellite is also impacted by the motion of the UE in addition to the motion of the satellite or HAPS. Since both the air/spaceborne vehicle and the UE are moving relatively to the Earth, their respective effects can be added algebraically. 

In the present document, we can follow a non-relativistic approach to compute the Doppler shift and variation rate given that the ratio between the relative speed of the transmitter or receiver and the light velocity is negligible.
· For a terminal at a speed of 1000 km/h (or 0.277 km/s): this ratio is 0.277/300000 = 0.00009
· For a relative speed of Non-Geo satellite of 7.5 km/s (orbital speed): the ratio is 0.000025

The signal received by the satellite at a nominal carrier frequency Fo is affected by a Doppler shift 
The Doppler shift is computed with the formula: 
Doppler shift formula: ∆F = Fo*V* cos (θ)/c

Where 
· Fo: nominal carrier frequency
· V = UE velocity
· Θ is the angle between the velocity vector  V of the mobile (Transmitter or receiver ) and the direction of propagation of the signal between the UE and the space/airborne platform.
[image: ] 
Figure 1: Definition of the theta angle between space/airborne platform and the direction of the UE in motion

When a transmitter is moving away from a receiver, ∆F is negative
When a transmitter is moving towards a receiver, ∆F is positive.
The Doppler shift variation corresponds to the variation of the Doppler shift over time. In other words, it refers to the derivative of the Doppler shift function of time.

5.3.2 Geo-stationary platforms
Geostationary platform are orbiting at 35786 km altitude in the equatorial plan, and is fixed with respect to the earth. Nevertheless, due to some imperfection of the terrestrial potential, the satellite has some motion around its orbital position, as described in a  further section.
5.3.2.1 Propagation delay
One should distinguish between
· Bent pipe payloads
· One way propagation delay is the sum of feeder link propagation delay  and  user link propagation delay, thus the propagation delay between Gateway and UE via the satellite
· Round Trip Time is the delay over the path, Gateway-Satellite-UE-Satellite-Gateway. It corresponds to twice the one way propagation delay
· Regenerative payloads (decoding/coding on board)
· One way propagation delay is the propagation delay between the satellite to UE
· Round Trip Time is the delay over path: satellite-UE-satellite

In both cases the transit time and/or processing time are not taken into account.
For the propagation delay computation, the min elevation angle is set at 5° for the Gateway , and is set at 10°for the terminal can be set at various elevation angles, but we consider that the worst case is 10° elevation angle.
The following table summarises the different situation and the different distances in km and the different propagation delays in ms.
Table 2: Propagation delays for GEO satellite at 35786 km
	 
	 
GEO at 35786 km

	Elevation angle
	Path
	D (km)
	Time (ms)

	UE :10°
	satellite - UE
	40586
	135.286

	GW : 5°
	satellite - gateway
	41126.6
	137.088

	90°
	satellite - UE
	35786
	119.286

	Bent Pipe satellite

	One way delay
	Gateway-satellite_UE
	81712.6
	272.375

	Round trip Time
	Twice
	163425.3
	544.751

	Regenerative Satellite

	One way delay
	Satellite -UE
	40586
	135.286

	Roundtrip Time
	Satellite-UE-Satellite
	81172
	270.572




5.3.2.2 Differential delay
In this clause, we compute the differential delays between some points that are at some specific positions : for instance at nadir and Edge of Coverage.
The path to gateway is supposed to be the same for all UEs.
Table 3: Differential Delay for GEO satellite
	GEO at 35786 km

	
	Delta D (km)
	Delta Time (ms)

	Differential One way delay between nadir and EOC paths
	4800
	16

	Percentage of the difference compared to maximum delay (bent pipe)
	
	5.9 %

	Percentage of the difference compared to maximum delay (regenerative satellite)
	
	11.9 %



For Geostationary satellites we have also taken a satellite located at 10 ° E and we have computed different differential delays between some points, provided all points were linked to the same Gateway.
The table is valid for both bent pipe satellite and regenerative satellite.
Table 4: differential delays examples
	Duo of Cities
	Delta Time(ms)

	Paris-Marseille
	1.722

	Lille-Toulouse
	2.029

	Brest-Strasbourg
	0.426

	Oslo-Tromsoe
	-3.545

	Oslo-Svalbard
	-6.555

	Oslo-Paris
	3.487



5.3.2.3 Doppler shift
In principle, the Geostationary satellite is fixed and therefore no Doppler shift is induced except the one due to the UE possible motion. 
In reality the satellite is moving around its nominal orbital position, due to some second order terms of the terrestrial potential.
The satellite must be kept to inside a box described here below. The satellite is typically maintained inside a box that has the following dimensions, by thrust or plasmic propulsion.
[image: ]
Figure 2: Trajectory box for a Geostationary satellite
Without maintaining the satellite inside the box, the motion could be a higher value like inclination up to +/6 °.
We take the hypothesis that the satellite is kept in the limited box. The trajectory that the satellite follows is an “8” as shown in next figure. The plane is seen from the centre of the Earth. The blue arrows in the next figure indicate the sense of motion of the satellite around its orbital position So.
[image: ]
Figure 3: Geostationary satellite trajectory
In the figure above, the trajectory of the satellite is represented as seen from a point at the equator having same longitude as the nominal Geostationary satellite orbital position.
A geostationary satellite will cover the whole trajectory in 24 Hours. 
The average tangential velocity of a geostationary satellite with respect to an earth point is around 2.74 m/s.
Satellite maintained in a typical trajectory box (see figure 2) characterised by
· +/- 37.5 km in both latitude and longitude directions corresponding to an aperture angle of +/- 0.05 °.
· +/- 17.5 km in the equatorial plane.

To illustrate the Doppler shift computation using the Doppler Shift formula, we shall consider some concrete cases:
· Geostationary Satellite at 10 ° E (over Europe)
· First a High Speed Train (500 km/h) from Paris to Lille (France) and from Paris to Strasbourg (France)
· Secondly an air plane (1000 km/h) moving in the same directions.

We first compute the Doppler shift while supposing the satellite has no motion, but on a moving UE, and secondly we evaluate the impact of the satellite motion on a fixed UE.
First case : Satellite is considered fixed with respect to earth point 
In the high speed train going north from Paris the obtained Doppler shift is provided here below
Table 5: Examples of Doppler shift with GEO and a terminal on board a High Speed Train in opposition direction
	Frequency
	2GHz
	20 GHz
	30 GHz

	Doppler shift (Hz)
	-707
	-7074
	-10612



Table 6: Example of Doppler shift with GEO and a terminal on board an aircraft in opposition direction
	Frequency
	 2GHz
	20 GHz
	30 GHz

	Doppler shift (Hz)
	-1414
	-14149
	-21224



And going from Paris to east.
Table 7: Example of Doppler shift with GEO and in High Speed Train
	Frequency
	2GHz
	20 GHz
	30 GHz

	Doppler shift (Hz)
	147
	1478
	2217



Table 8: Example of Doppler shift with GEO and in a plane
	Frequency
	2GHz
	20 GHz
	30 GHz

	Doppler shift (Hz)
	295
	2956
	4434



For instance a train moving from Paris to Lille at 500 km/h will take 30 mn to reach Lille.
The Doppler  variation is only  -2 Hz. The Doppler variation is therefore less than -1 mHz/s.
Note that the maximum absolute Doppler shift value due the motion of an air plane is
· 1.851 kHz in S band, and
·  18.51 kHz at 20 GHz, and 
· 27.7 KHz at 30 GHz, 
However these values are reached only when cos (θ) is equal to 1 or -1. Where θ is the angle between the vector speed and the direction of wave propagation (the axis UE-Satellite).
Second case : Satellite is moving on its “8” 
When satellite is moving from S2 to S1, the Doppler shift in Paris is the following
Table 9:Example of Doppler shift when satellite is moving
	Frequency
	2 GHz
	20 GHz
	30 GHz

	Doppler shift (Hz)
	-0.25
	-2.4
	-4.0



When satellite is moving from S1 to S4, the Doppler shift in Paris is the following
Table 10:Example of Doppler shift when satellite is moving
	Frequency
	2 GHz
	20 GHz
	30 GHz

	Doppler shift (Hz)
	2.25
	22.5
	34



Doppler shift is higher than in the previous case, though still very low compared to the case of Non GEO satellites.
When satellite is in near GEO orbit with inclination up to 6°, the Doppler shift can reach around 300 Hz at 2 GHz, then 3000 Hz at 20 GHz and 4500 Hz at 30 GHz, which are still compatible with OFDM.

5.3.3 Aerial vehicle
The altitude of aerial vehicle also called HAPS (High Altitude Platforms) can be between 8 and 50 km. Here we shall consider 20 km as typical altitude.
The general architecture is presented in the following picture.
 [image: ]
Figure 4: HAPS system architecture
The coverage can be divided into small cells, and usually the minimum elevation angle for a Mobile Terminal is 5°.
The platform can move around its nominal position within a few kilometres at a maximum tangential velocity of 15 m/s.
This can result in maximum Doppler shift (in absolute value) of 100 Hz @ 2GHz, 1000 Hz @ 20 GHz and 1500 Hz @ 30 GHz due to Haps motion.
In S band, at 100 km/h a car will suffer a Doppler shift of +/- 185 Hz maximum
The Doppler variation can be evaluated with a car moving from one edge to another at 100 km/h , covering 450 km . The Doppler variation will be around -0.0025 Hz/s. So no impact on demodulation
At 5° elevation angle the distance to the aerial vehicle is 229 km, and if we suppose  the Gateway is at same distance
· One way delay is around 1.526 ms
· Round Trip Time is 3.053 ms
· Differential delay between nadir and Edge of Coverage: 0.697 ms

5.3.4 Non geostationary satellites
The Non-Geostationary case comprises three examples
· LEO  at 600 km
· LEO at 1500 km
· MEO at 10000 km
· 
1 
2 
2.1 
2.2 
2.3 
2.4 
2.5 
5.3.4.1 Propagation delay
In the case of bent pipe satellites, one way propagation delay is the sum of feeder link propagation delay  and  user link propagation delay, thus the propagation delay between Gateway and UE.
In the case of regenerative satellite, one way propagation delay  is the satellite to UE propagation delay.
In both cases the transit time and/or processing time are not taken into account.
In the case of bent pipe satellite, the Round Trip Time is the physical path duration of the path : Gateway-Satellite-UE-Satellite-Gateway, that is in fact twice the one way propagation delay.
In the case of regenerative satellite, the round trip delay is the delay corresponding to the following path :satellite-UE-satellite.
In the computation, Gateway is set at 5° (TBC) elevation angle, and terminal can be set at various elevation angles, but we consider that the reference case is 10° elevation angle for the propagation delay computation.
The following table summarises the different situations and the different distances in km and the different propagation delays in ms.
The results for the three cases of NGSO satellites are summarized in the next table.
Table 11: Propagation delays for different NGSO satellites (altitude and payload types)
	 
	 
	LEO at 600 km
	LEO at 1500 km
	MEO at 10000 km

	Elevation angle
	Path
	Distance D (km)
	Delay (ms)
	Distance D (km)
	Delay (ms)
	Distance D (km)
	Delay (ms)

	UE: 10°
	satellite - UE
	1932.24
	6,440
	3647.5
	12,158
	14018.16
	46.727

	GW: 5°
	satellite - gateway
	2329.01
	7.763
	4101.6
	13.672
	14539.4
	48.464

	90°
	satellite - UE
	600
	2
	1500
	5
	10000
	33.333

	Bent pipe satellite

	One way delay
	 Gateway-satellite_UE
	4261.2
	14.204
	7749.2
	25.83
	28557.6
	95.192

	Round Trip Delay
	 Twice 
	8522.5
	28.408
	15498.4
	51.661
	57115.2
	190.38

	Regenerative satellite

	One way delay
	Satellite -UE
	1932.24
	6.44
	3647.5
	12.16
	14018.16
	46.73

	Round Trip Delay
	Satellite-UE-Satellite
	3864.48
	12.88
	7295
	24.32
	28036.32
	93.45




5.3.4.2 Differential delay
In this clause, we compute the differential delays between some points that are at some specific positions : for instance at nadir and Edge of Coverage.
The path to gateway is supposed to be the same for all terminals.
Table 12: Differential Delay for LEO satellite

	
	LEO 600 km
	LEO 1500 km
	MEO 10000 km

	
	Delta Distance
	Delta Delay 
	Delta Distance
	Delta Delay
	Delta Distance 
	Delta Delay

	Differential One way delay between nadir and EOC paths
	1332.2 km
	4.44 ms
	2147.5 km
	7.158 ms
	4018.16 km
	13.4 ms

	Percentage of the maximum delay (bent pipe)
	
	31.26 %
	
	27.8 %
	
	14.1 %

	Percentage of the maximum delay (regenerative satellite)
	
	67 %
	
	58.9 %
	
	28.7 %



5.3.4.4 Doppler Shift and variation rate
The following picture summarizes the methodology used for Non Geostationary systems. We evaluate the Doppler shift which is maximum when the UE is located in the orbital plane. 
[image: ]
Figure 5: System Geometry for Doppler computation

The picture describing the system geometry shows the satellite “S” on its circular orbit. The vector V corresponds to the orbital speed vector.
The Doppler shift is computed for a Mobile Terminal “M” located in the orbital plan, and corresponds to the maximum value.
One of the impacting factors on the Doppler shift value is the angle between    and the speed vector. Angle called θ.

· The satellite is at an altitude h, and R is the earth radius.
· The satellite has the velocity , and the transmitted frequency is Fc.
· The Doppler shift value Fd  due to satellite motion is expressed by the formula
· 
· Where
· θ is the angle between satellite velocity and the radius to the earth SO.
· u the angle between  and 
·  is the vector between earth center and point on earth
· is the vector between earth center and the satellite
· angle u is varying with the satellite motion: u(t) = V*t/(R+h) with t the time
· α is the elevation angle to the satellite of the UT in M.
· γ can be computed as follow: 
· 
· The Doppler formula is obtained after some computation.
At this altitude the speed of the satellite in circular orbit is 7.5622 km.s-1. So we can use non-relativistic approximation to compute Doppler shift.
Also at first order we neglect the speed of earth which is 327 m/s at 45° latitude and 464 m/s at the equator.
For all Non GSO cases, the satellite speeds are the following
· At 600 km : V =7.5622 km.s-1
· At 1500 km : V =7.1172 km.s-1
· At 600 km : V =4.9301 km.s-1
5.3.4.4.1 Case at 2 GHz
Both  (Downlink) D/L and (Uplink)  U/L the signal is around 2GHz and we limit the curves at 2 GHz
If we consider now a moving UE at 1000 km/h, and moving in the same direction than the satellite, we have determined the worst case impact in the following graph. We can define the bounds by adding the Doppler shift due to the satellite motion and the Doppler shift due to the UE motion.
All the curves are gathered in the next graphs, showing clearly the boundaries of the Doppler shift depending on the sense of motion between the satellites and the UE.
Three NON  GSO satellites cases are provided.
[image: ]
Figure 6: Case with 2 GHz signal at 600 km on D/L and U/L: fixed UE and UE in motion

[image: ]
Figure 7: Case with 2 GHz signal at 1500 km: fixed UE and UE in motion

[image: ]
Figure 8: Case with 2 GHz signal at 10000 km: fixed UE and UE in motion

5.3.4.4.2 Case in Ka band
There are two cases
· Downlink at 20 GHz
· Uplink at 30 GHz
If we consider now a moving UE at 1000 km/h, and moving in the same direction than the satellite, we have determined the worst case impact in the following graph.
This impact is at maximum 18 kHz in one sense or the other at 20 GHz, and 27 kHz at 30 GHz,  all the curves are gathered in the next graph, showing clearly the boundaries of the Doppler shift depending on the sense of motion between the satellite and the UE.
[image: ]
Figure 9: Case with 20 GHz signal at 600 km on D/L: fixed UE and UE in motion
[image: ]
Figure 10: Case with 30 GHz signal at 600 km on D/L: fixed UE and UE in motion


[image: ]
Figure 11: Case with 20 GHz signal at 1500 km on D/L: fixed UE and UE in motion
[image: ]
Figure 12: Case with 30 GHz signal at 1500 km on D/L: fixed UE and UE in motion


[image: ]
Figure 13: Case with 20 GHz signal at 10000 km on D/L: fixed UE and UE in motion
[image: ]
Figure 14: Case with 30 GHz signal at 10000 km on D/L: fixed UE and UE in motion

The different cases are summarized here below with the ratio of maximum Doppler shift in absolute value to the central frequency.


Table 13: Summary of Doppler shift and shift variation for different altitudes
	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
	




Note that the Maximum Doppler shift variation in absolute value is always negative and observed when the Doppler shift is zero..
5.3.5 Synthesis for each scenarios
Following table summarises the different Doppler shift, Doppler Shift variation and propagation delays. The main impairments are the Doppler shifts and Doppler variation in deployment scenarios D3 and D4. (Non-geostationary platforms at 600 km).

Table 14: Summary of Doppler shift, Doppler Shift variation and propagation delay for LEO at 600 km, GEO and HAPS
	
	Deployment-D1
	Deployment-D2
	Deployment-D3
	Deployment-D4
	Deployment-D5
	Cellular ( 10 km Radius)

	Platform orbit and altitude when relevant
	GEO at 35 786 km
	GEO at 35 786 km
	Non-GEO down to 600 km
	Non-GEO down to 600 km
	Airborne vehicle up to 20 km
	

	Frequency band 
	Ka band
	S band
	S band
	Ka band
	S band (Below 6 GHz)
	S band

	Max One way Propagation delay (ms) 
	Bentpipe: 272.37 ms
gNB on board: 135.28 ms
	272.37 ms
	14.204 ms
	14.204 ms
	1.526 ms
	0.03333 ms

	Max Differential delay (ms) 
	16 (between Edge of satellite coverage and Nadir)
	16 (between Edge of satellite coverage and Nadir)
	4.44 (between Edge of satellite coverage and Nadir)
	4.44 (between Edge of satellite coverage and Nadir)
	0.697 (between Edge of satellite coverage and Nadir)
	0.00333(between cell centre and cell edge) equal to maximum delay

	Max Doppler shift in kHz
	For plane
@ 20 GHz: +/- 18.51 kHz 
@30 GHz: +/- 27.7 kHz 
	For plane
1.851 kHz @ 20 GHz
	+/- 48 kHz
	@20 GHz : +/- 480 kHz
@30 GHz : +/- 720 kHz 
	@ 2 GHz: +/- 100 Hz mainly due to platform motion
	In case of UE on  board a high speed train:
+/- 925 Hz

	% of the carrier frequency (Ratio of Doppler Shift over the central signal frequency 
	10-4 %
	10-4 %
	0.0024%
	0.0024%
	
	

	Max Doppler variation in Hz/s. 
	Negligible
	Negligible
	-544 Hz/s @ 2 GHz
	-5.44 kHz/s @ 20Ghz (Downlink) 
-8.16 kHz/s @30 GHz (uplink)
	Negligible
	Negligible



Note : in some cases like UE on board an aircraft during taking off, the acceleration can add a supplementary Doppler variation in absolute value of respectively 262 Hz/s @ 20 Ghz, and 393 Hz/s @ 30 GHz.

* * * End of Changes * * * *
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