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Introduction
Nokia has conducted ray tracing simulations in urban street canyon and suburban environments to study propagation channel characteristics in non-terrestrial networks (NTN) [1] at frequency 2 GHz (S band) [2][3]. Recently we performed the ray tracing with the same map data (Chicago downtown for urban-SC and Arlington Heights for suburban) for frequency 20 GHz to extend the previous study to Ka band for NTN channel modeling. 
A path loss model encompassing free space and terrestrial propagation losses has been proposed in [4][5] for the HAPS deployment scenario in NTN. In this paper, we will present the model parameter fit at 20 GHz and show how to use this model to predict HAPS as well as satellite propagation loss to a ground terminal, taking into account the earth curvature.
Line-of-sight probability
The LOS probability as a function of HAPS elevation angle observed from ray tracing in urban street canyon and suburban environments [2][3] is shown in Table 1 and Figure 1. Since LOS probability only depends on the terrestrial environment and elevation angle, these data are valid for all frequencies and for satellites at various altitudes.
	HAPS elevation
	Suburban
	Urban street canyon

	
	Number of users
	Number of LOS users
	LOS probability
	Number of users
	Number of LOS users
	LOS probability

	10°
	945
	739
	78.2%
	859
	242
	28.2%

	20°
	1011
	879
	86.9%
	880
	291
	33.1%

	30°
	1010
	928
	91.9%
	896
	357
	39.8%

	40°
	1011
	950
	94.0%
	901
	422
	46.8%

	50°
	912
	877
	96.2%
	908
	488
	53.7%

	70°
	1011
	991
	98.0%
	879
	649
	73.8%

	90°
	1011
	1009
	99.8%
	912
	895
	98.1%


[bookmark: _Ref506485165]Table 1. Line-of-sight probability for the suburban and the urban street canyon environments
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[bookmark: _Ref506485426]Figure 1. LOS probability observed in the suburban environment and in the urban street canyon environment 
Path loss model 
For a satellite or HAPS, signal path loss is dominated by free space propagation loss (FSPL) which affects most of the propagation distance. Terrestrial environment can also cause non-negligible loss especially for NLOS condition. A simple path loss model for the combination of FSPL and terrestrial attenuation is proposed in [4][5], where the terrestrial attenuation is characterized by a height  and a path loss exponent (PLE) n. As shown in Figure 2, below the height  the signal is attenuated by PLE n over a distance . The path loss over the entire propagation distance d for carrier frequency  can be represented by 
	 ,
	(1)


where the first term is free space path loss over the entire distance d,
	
	with  being the speed of light,


and the second term is additional attenuation due to terrestrial structures and objects. Using 1m as the reference distance for FSPL and expressing distances in meters and  in GHz, the FSPL term becomes
	   dB .
	(2)


We should notice that (1) is a generalized model encompassing FSPL and terrestrial attenuation. If the terrestrial PLE is set to , same as FSPL, then the second term vanishes, and the model is reduced to FSPL. If the BS height is set to , then the model is reduced to the close-in (CI) path loss model commonly used in cellular systems,
	   dB.
	(3)


The CI model is found to be more stable across wide range of frequencies than the three-parameter alpha-beta-gamma (ABG) model [6]. 

[image: ]
[bookmark: _Ref510111710]Figure 2. Illustration of HAPS path loss model. The signal follows free space propagation up to the height , and then a more severe attenuation from terrestrial environment. 
In ray tracing simulations, we adopt the flat earth assumption by neglecting the earth curvature for the 3D distance between BS and terminal. In that case, d in (1) is related to elevation angle α and HAPS altitude  by . If we also use , as shown in Figure 2, the path loss equation (1) becomes  
	 ,
	(4)


where the distance d in the function argument is replace by HAPS altitude  and elevation angle α. For a given  in the same environment, the path loss data for different elevation angles can be used to determine the PLE n and the effective attenuation height . Alternatively, the parameter  can be set to the average building height in that environment, and then determine PLE n by linear regression fit to the path loss data.
All the ray tracing data, with suburban and environments and frequencies 2 GHz and 20 GHz, have a good fit to this model. Furthermore, this model with parameters determined by 20 Km HAPS altitude, are shown to be valid for HAPS altitudes 10 Km and 40 Km in the same environment [5].
In line-of-sight condition, parameter fit to (4) results in PLE  and the height  close to 1, so the second term in (4) is negligible and the path loss function is almost the same as FSPL (2). Figure 3 shows the path loss fit with FSPL in suburban and urban environments for frequencies 2 GHz and 20 GHz. The RMS error is only 2.4 to 3.3 dB, which is as good as the parameter fit. Therefore we can simply use FSPL (2) for LOS condition.
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[bookmark: _Ref510190087]Figure 3. Path loss of LOS links in suburban and urban-SC environments at frequency 2 and 20 GHz and their RMS error with free space path loss
	Environment
	Suburban
	Urban-SC

	Frequency (GHz)
	2
	20
	2
	20

	RMS error σ (dB) with FSPL
	2.5
	2.4
	3.3
	2.6


[bookmark: _Ref510260454]Table 2. RMS error compared to free space path loss for LOS conditions 
For non-line-of-sight links, we assign average building height to , i.e., 10m for the Arlington Heights suburban environment and 150m for the Chicago downtown environment, and perform regression fit to determine PLE n. The results are shown in Figure 4. We can see that the path loss model consistently fit the data in all cases. The PLE n is almost the same for suburban and urban environments for the same frequency, but it does not vary much from 2 GHz to 20 GHz. For NLOS path loss, terrestrial attenuation is significant in addition to FSPL as can be seen from Figure 4. NLOS path loss tends to have higher variation, or larger RMS error, in urban street canyon environment and at higher frequency. Model parameters are listed in Table 3.
Observation 1: Free space path loss (FSPL) is a good prediction for HAPS path loss in LOS condition. 
Observation 2: The path loss model in equation (1) (equivalently equation (4) with flat earth assumption) is a reliable model for HAPS path loss in NLOS condition. The model can be applied to variable HAPS altitude and elevation angle.
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[bookmark: _Ref510191610]Figure 4. Path loss fit for NLOS links in suburban and urban-SC environments at frequency 2 and 20 GHz
	Environment
	Suburban
	Urban-SC

	Frequency (GHz)
	2
	20
	2
	20

	Terrestrial attenuation PLE 
	3.2
	3.6
	3.2
	3.5

	Terrestrial attenuation height  (m)
	10
	10
	150
	150

	RMS error σ (dB)
	9.4
	12.7
	13.0
	15.7


[bookmark: _Ref506538822]Table 3. Path loss parameters for NLOS condition in suburban and urban street canyon environments 
Equation (4) is derived from equation (1) with the assumption of flat earth. We use it to extract model parameter values from ray tracing data. In reality, The Tx-Rx separation distance d is the slant range between the high altitude BS and the terminal on the earth. Let  be the radius of the earth (in the range of 6378.1 – 6356.8 Km, depending on the latitude) and  and α respectively the altitude of the BS and elevation angle as shown in Figure 5, d can be calculated by 
	 . 
	(5)


This distance should be used for better accuracy. The path loss model in (1) can be expressed explicitly, with  and the FSPL in (2), as
   dB,   (6)
where d and  are in meters, and  in GHz.



[bookmark: _Ref510429284]Figure 5. Illustration of slant range d between a satellite or HAPS at altitude  and a ground terminal with an elevation angle α. The earth radius is .
The same path loss model of equation (6) can be applied to satellite connections in NTN to model the combination of free space propagation loss and terrestrial attenuation in NLOS condition. Additional loss due to atmospheric gas absorption can be added based on the carrier frequency, altitude and latitude of the satellite.
In case indoor users need to be considered, the penetration loss defined for NR in [7] can be used. For users onboard aircraft or on a high building floor above the effective height , the LOS path loss can be applied in conjunction with a proper penetration loss. 
Conclusion
We have conducted ray tracing simulations in urban and suburban environments at frequency 2 GHz and 20 GHz for HAPS altitude 10, 20, 40 Km. In all scenarios studied, we found LOS propagation loss can be accurately modeled by the FSPL (free space path loss) formula. We also validated a simple two-parameter model for the path loss in NLOS condition. That model can be applied to variable BS altitude and elevation angle for both satellite and HAPS. Therefore, we have the following recommendations.
Proposal 1: Adopt the elevation angle dependent LOS probability in Table 1 and Figure 1 for NTN evaluations in suburban and urban environments.
Proposal 2: Adopt FSPL for the path loss of LOS links in NTN evaluations with shadow fading σ provided in Table 2.
Proposal 3: Adopt the model in equation (6) for the path loss of NLOS links in NTN evaluations with parameter values and shadow fading σ provided in Table 3.
Proposal 4: Additional loss arising from atmospheric gas absorption may be added to satellite to ground path loss depending on the frequency band, satellite altitude and latitude.
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