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<Unchanged parts are omitted>
[bookmark: _Toc12563524]6.9.2	TDL models
The Tapped Delay Line (TDL) models are filtered from the CDL models according to the section 7.7.4 of TR 38.901 [12] by assuming isotropic UE antenna. Two TDL models, namely NTN-TDL-A and NTN-TDL-B are constructed to represent two different channel profiles for NLOS, while NTN-TDL-C and NTN-TDL-D are constructed for LOS. The parameter of these models can be found in Tables 6.9.2-1 to 6.9.2-4.
Table 6.9.2-1a: Void

Table 6.9.2-1b: Void
The Doppler spectrum for each tap is defined as described in subclause 7.7.2 of TR 38.901. Each TDL model can be scaled in delay to achieve desired RMS delay spread according to the procedure specified in subclause 7.7.3 of TR 38.901. For LOS channel models, the K-factor of NTN-TDL-C and NTN-TDL-D can be set to a desired value following the procedure described in subclause 7.7.6 of TR 38.901.
Additional Doppler shift due to satellite motion should be taken into account according to the following formula:
,
Where  denotes the satellite speed, c denotes the speed of light, R denotes the earth radius, h denotes the satellite altitude,  denotes the satellite elevation angle, and  denotes the carrier frequency.
This additional Doppler shift should be applied to all taps of the TDL model.
The satellite speed, satellite elevation angle and UE speed should be considered to be constant during the simulation duration, if limited to few TTIs.
An illustration of the effect of additional Doppler shift due to satellite motion on the Doppler power spectrum is displayed on the next figure.
[image: ]
[image: ]
Figure 6.9.2-1: Illustration of Doppler power spectrum in NTN in LOS conditions
Figure 6.9.2-1: Illustration of Doppler power spectrum in NTN in LOS conditions

[bookmark: _Hlk901257]Table 6.9.2-1. NTN-TDL-A at elevation 
	Tap #
	Normalized delay
	Power in [dB]
	Fading distribution

	1
	0
	0
	Rayleigh

	2
	1.0811
	-4.675
	Rayleigh

	3
	2.8416
	-6.482
	Rayleigh



Table 6.9.2-2. NTN-TDL-B at elevation 
	Tap #
	Normalized delay
	Power in [dB]
	Fading distribution

	1
	0
	0
	Rayleigh

	2
	0.7249
	-1.973
	Rayleigh

	3
	0.7410
	-4.332
	Rayleigh

	4
	5.7392
	-11.914
	Rayleigh



Table 6.9.2-3. NTN-TDL-C at elevation 
	Tap #
	Normalized delay
	Power in [dB]
	Fading distribution

	1
	0
	-0.394
	LOS path

	
	0
	-10.618
	Rayleigh

	2
	14.8124
	-23.373
	Rayleigh

	NOTE:	The first tap follows a Ricean distribution with a K-factor of K1 = 10.224 dB and a mean power of 0 dB.



Table 6.9.2-4. NTN-TDL-D at elevation 
	Tap #
	Normalized delay
	Power in [dB]
	Fading distribution

	1
	0
	-0.284
	LOS path

	
	0
	-11.991
	Rayleigh

	2
	0.5596
	-9.887
	Rayleigh

	3
	7.3340
	-16.771
	Rayleigh

	NOTE:	The first tap follows a Ricean distribution with a K-factor of K1 = 11.707 dB and a mean power of 0 dB.



<Unchanged parts are omitted>
[bookmark: _Toc12563481]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
[bookmark: _Toc12563482]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 5.3.4.1-1: 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



[bookmark: _Toc12563483]5.3.4.2	Differential delay
In this clause, we compute the differential delays between 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 5.3.4.2-1: 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 %



[bookmark: _Toc12563484]5.3.4.3	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 5.3.4.3-1: 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 centre and point on earth
-	is the vector between earth centre 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 10000 km : V =4.9301 km.s-1
[bookmark: _Toc12563485]5.3.4.3.1	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 5.3.4.3.1-1: Case with 2 GHz signal at 600 km on D/L and U/L: fixed UE and UE in motion

[image: ]
Figure 5.3.4.3.1-2: Case with 2 GHz signal at 1500 km: fixed UE and UE in motion

[image: ]
Figure 5.3.4.3.1-3: Case with 2 GHz signal at 10000 km: fixed UE and UE in motion

[bookmark: _Toc12563486]5.3.4.3.2	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 5.3.4.3.2-1: Case with 20 GHz signal at 600 km on D/L: fixed UE and UE in motion

[image: ]
Figure 5.3.4.3.2-2 Case with 30 GHz signal at 600 km on D/L: fixed UE and UE in motion

[image: ]
Figure 5.3.4.3.2-3: Case with 20 GHz signal at 1500 km on D/L: fixed UE and UE in motion

[image: ]
Figure 5.3.4.3.2-4: Case with 30 GHz signal at 1500 km on D/L: fixed UE and UE in motion

[image: ]
Figure 5.3.4.3.2-5: Case with 20 GHz signal at 10000 km on D/L: fixed UE and UE in motion

[image: ]
Figure 5.3.4.3.2-6: 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 5.3.4.3.2-7: 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 kHZkHz/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.

[bookmark: _Toc12563487]5.3.4.4	Doppler Shift and variation rate
The following picture summarizes the methodology used to compute Doppler shift for Non Geostationary satellite systems. It assumes a Cartesian coordinate system such that the moving satellite and the receiver are on the y-z plane. The Doppler shift experienced by a stationary receiver can be computed as follows as a function of time:

where f0 is the carrier frequency, d(t) is the distance vector between the satellite and the receiver, and xSAT(t) is the vector of the satellite position. These vectors can be expressed as:




where RE is the Earth radius, h is the satellite altitude, and  is the satellite angular velocity.
[image: ]
Figure 5.3.4.4-1: System geometry for Doppler computation (Satellite moves in the Y-Z plane)
After some mathematical manipulation [7], the Doppler shift as a function of the elevation angle is computed in a closed-form expression as follows:

where the angular velocity is , with G the gravitational constant and ME ME the Earth mass.
If the receiver is placed on board an aircraft or a high speed train, there will be an additional term of Doppler shift resulting from its own velocity. In case of Non Geostationary satellites, the Doppler shift due to satellite movement is much higher than the one caused by UE movement. For GEO and HAPS, the Doppler shift component is mainly caused by the UE movement.
<Unchanged parts are omitted>
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