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[bookmark: _Ref298777854]Introduction
This document focuses on various attenuation aspects that can impact NTN channel model for different NTN deployment scenarios under consideration. We consider attenuation effects of the non-ionized atmosphere (non-ionospheric) as these are relevant from both orbiting (LEO/MEO/GEO) and non-orbiting (e.g. HAPS) deployment perspectives. The non-ionospheric effects considered are attenuation due to atmospheric gases, which considers dry air (or oxygen) and water vapor. We consider various characteristics of each of these attenuations including the impact of various parameters such as frequency, altitude, elevation angle etc. on the attenuation.
Atmospheric gas attenuation 
Earth-space paths are affected by attenuation due to both ionospheric and non-ionospheric propagation effects. Ionospheric propagation effects on earth-space paths can be significant at frequencies of up to 12 GHz. The ionoshpere exists at between 50 Km to 1000 Km above the earths surface, as a result the ionospheric propagation effects are particularly relevant to orbiting satellite deployments such as LEO/GEO/MEO, but not HAPS which are expected to be deployed at heights of between 8 – 50 Km [1] above the earth’s surface. 
We limit ourselves to non-ionospheric propagation for earth-space path attenuation effects, as these are applicable to all satellite scenarios (LEO/GEO/MEO as well as HAPS). Specifically, we focus on capturing the effects of gaseous attenuation for the diferent satellite deployment scenarios. The calculation of gaseous attenuation can be divided into a two-step process, wherein  the aim of the first step is to provide an expression for attenuation in dB/Km for a specific path (referred to as the specific attenuation), and the aim of the second step  is to utilize the specific attenuation calculated in the first step to calculate the total path attenuation for the earth-space path. There are two models [2] that can be considered in order to calculate gaseous attenuation.
Model 1: Exact calculation of gaseous attenuation
The specific gaseous attenuation (in dB/Km) due to dry air (oxygen) and water vapor at frequency f (valid up to 1000 GHz) can be given by:
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where  are the specific attenuation due to dry air (oxygen) and water vapor, respectively.  
is the frequency, whereas  capture the frequency-dependent refractivities and are given by:
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 and  for oxygen and water vapor are calculated based on spectroscopic data (Tables 1 and 2 in [2]) for frequencies ranging from 20 GHz to 1000 GHz.  provides a scaling factor oxygen/water vapor for each frequency of spectroscopic data, whereas  is defined as the oxygen/water vapor line shape factor. Both  and depend on a set of coefficients (that are part of the spectroscopic data set) and depend on atmospheric variables such as dry air pressure, humidity, and temperature. The above summations for oxygen and water vapor account for summation of individual resonance lines for oxygen and water vapor, respectively. 
Additionally, there is a small additional contribution due to the dry air continuum, which arises from the non-resonant Debye spectrum of oxygen below 10 GHz and pressure-induced nitrogen attenuation above 100 GHz. This is accounted for via  in Equation (2).
The earth-space path attenuation can then be calculated by dividing the atmosphere into a series of horizontal layers, determining the length of the path for each layer (which needs to consider the ray bending that occurs due to the spherical earth and the differences in refractive indices between layers), the specific attenuation for each such path, and then summing the attenuation for all these layers.  The specific attenuation for each layer depends on the atmospheric conditions such as: pressure, temperature, and humidity. The total attenuation for the earth-space link can be expressed by the following:
                                                            	                                                        (4)
where  is the path length through the layer n and is a function of the layer’s thickness  , refractive index , entry () and exit () incidence angles, and  which is the radius of the earth’s center to the beginning of layer n. Additional details regarding the calculation of  can be found in Section 2.2 of [1].  in Equation (4) is the specific attenuation of the nth layer as calculated in Equation (1). 
To calculate the specific and resulting path attenuations for any location, one needs knowledge of the pressure, temperature and water vapor profiles for the location under consideration. In the absence of any local data being available, or in the case where the calculations being considered are more general as opposed to targeting a specific geographic location it is useful to have a standard set of atmospheric metrics to calculate gaseous attenuation along the earth-space path. [3] provides standard atmospheres that can be used to determine temperature, pressure and water-vapor as a function of altitude.  
Equation (4) allows for calculation of the earth-space path for any geometrical configuration, accounting for bending of rays as they pass through the different layers of the earth’s atmosphere. In other words, this equation provides a method to calculate the exact attenuation for any earth-space path as it accounts for slanting of the path as it passes through the atmosphere. 
One can, additionally, calculate the zenith attenuation which calculates the attenuation vertically for each horizontal layer (as opposed to that of a slant path as explained above). Figure 3 in [2], provides a plot the zenith attenuation based on global reference standard atmosphere in [3], with horizontal layers of 1 km thickness (i.e., considering km for all k in Equation (4)). 

Model 2: Approximate estimation of gaseous attenuation
The procedure to provide an approximate estimation of the gaseous attenuation is like the one adopted for Model 1. Just as in that model, the specific attenuation due to oxygen and water vapor are calculated. The calculations follow a similar procedure to the line-by-line calculation, however, instead of utilizing those equations (Equations 1 - 4) as is, a simplified algorithm based on curve fitting to the exact line-by-line calculations in Model 1 and based on restricted range of meteorological conditions is used. This model provides a good approximation for altitudes up to and around 10 Km and elevation angles greater than  . The resulting gaseous attenuation calculated using this approximation is shown to be accurate within  for dry air (oxygen) and  for water-vapor for altitudes up to 10 Km. In addition to the altitude, another factor that can impact the accuracy of the approximated estimation is the frequency under consideration, or to be more precise whether the frequency being considered is close to the centers of major absorption lines. Both oxygen and water vapor have observable resonance frequencies in the bands of interest for space communications. Oxygen has a series of close absorption lines near 60 GHz, whereas water vapor has lines at 22.3 GHz, 183.3 GHz, and 3233.8 GHz [4].  Of these frequencies, the 22.3 GHz absorption line for water vapor can be considered as having potential to impact the accuracy of the gaseous attenuation model, however, given that this is more than 2 GHz from the Ka frequency band that would be utilized for the downlink satellite link, it can be considered to not have any significant impact on the gaseous attenuation model.      
The specific attenuation for oxygen and water-vapor are the same as the case for the previous model:
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where the above terms are the same as those defined previously. There is a minor difference (omission of a term) in the calculation of the line shape factor for model 2 vs. model 1. Dry air absorption, specifically the summation  is done over the same set of spectroscopic data points for models 1 and 2. For the water vapor absorption (, however, the summation is over a much smaller subset of data points, which in turn reduces the computation of that summation.     
Like model 1, the earth-space path attenuation can then be calculated by utilizing the specific attenuation calculated in Equations (5) and (6). The approximation in model 2 results from the definition of an equivalent height by which the calculated specific attenuation is multiplied to obtain the earth-space path attenuation, which contrasts to the approach in Equation (4), where the summation can extend over hundreds of terms depending on altitude of the satellite (one for each defined atmospheric layer). In addition to calculating attenuation for each layer ( in Equation 4), one also needs to determine the length of the path (), which can also be quite cumbersome. As part of the approximation for model 2, individual path lengths and attenuation are not considered. Instead, the earth-space attenuation is based on what is defined as the equivalent height.  The equivalent height assumes an exponential atmosphere that is defined by a scale height to describe the decay in density with altitude. The scale heights are a function of the dry air pressure, water vapor pressure, and frequency and are defined separately for both dry air and water vapor and can vary with altitude, and climate. The equivalent heights for dry air and water vapor are used to determine the zenith attenuation (i.e., attenuation for the vertical path) from sea level up to an altitude of about 10 km. The total zenith attenuation is then calculated as:
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where   and are the equivalent heights for dry air (oxygen) and water vapor, respectively. The earth-space (slant) path attenuation is then calculated by accounting for the fact that the path length through the layer is longer (since it is a slant path), which can be estimated based on the elevation angle  (generally between 5 –:
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Contrast this to Equation (4), where the total attenuation for the earth-space path requires calculating the length of each path (based on geometry) and summing the attenuation over all paths.     
Discussion
The two models for calculating gaseous attenuation presented bear some similarities in terms of the underlying procedure for calculating the attenuation of the earth-space path. Model 1 provides an exact procedure for calculating the gaseous attenuation, while model 2 provides a simplified algorithm that considers a limited range of meteorological conditions and geometrical configurations to provide an approximation of the attenuation due to atmospheric gases. The main difference between model 1 and model 2 lies in the calculation of the total attenuation along the earth-space path. For model 1, Equation (4) provides the expression for the total attenuation along the earth-space path, where the summation can extend over several hundred paths (‘k’ in the summation) and require calculating the path length for each such path based on geometry. Contrast this to model 2 (Equation (8)) where the total path attenuation is a simple scaling of the zenith attenuation in Equation (7). The trade-offs when considering using model 2 over model 1 are: (i) limited frequency range (up to 350 GHz for model 2 vs. up to 1000 GHz for model 1), and (ii) altitude for which model 2 is recommended is limited to an altitude of about 10 Km). Since the frequencies being considered for satellite communication are generally in the 2 GHz (S band) to 50 GHz (mmW) range [5][6], which are still within the range covered by model 2, the altitude may be the main factor that restricts being able to use the approximate model for gaseous attenuation. [2] recommends that for earth-space applications the summation for Equation (4) should be performed up to altitude of at least 30 Km. We do, however, observe that the zenith attenuation for model 1, which considers vertical attenuation up to an altitude of 100 Km, and model 2, which considers vertical attenuation up to an altitude of about 10 Km only (Figures 3 and 6 in [2]) exhibit a good match for 1 – 350 GHz under global reference standard atmosphere [3]. Given these observations, we propose that at a minimum, model 2 should be the model of choice when considering HAPS deployment scenarios, since these are to be going to be deployed at much lower altitudes (in the 8- 50 Km range) which may well fall under the recommended 10 Km altitude for model 2 or go slightly over this height. Additionally, given that model 2 can significantly simplify the calculation of the earth-space path attenuation, we propose that the viability of this model for use in additional satellite deployment scenarios (LEO/MEO/GEO) should also be studied. 
Proposal 1: Utilize model 2 to approximate the attenuation due to atmospheric gases for HAPS based deployment scenarios.
Proposal 2: Study viability of utilizing model 2 to approximate the attenuation due to atmospheric gases for additional satellite deployment scenarios (LEO/MEO/GEO) as well. 


Conclusion
In this document, we compared two different models for capturing gaseous attenuation. Model 1 allows for an exact calculation of the gaseous attenuation but has high computational complexity; model 2 allows for an approximate calculation of the gas attenuation, while providing a significant reduction in computation complexity. Based on a comparison of these models we propose the following:
Proposal 1: Utilize model 2 to approximate the attenuation due to atmospheric gases for HAPS based deployment scenarios.
Proposal 2: Study viability of utilizing model 2 to approximate the attenuation due to atmospheric gases for additional satellite deployment scenarios (LEO/MEO/GEO) as well.   
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