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Code Migration and Optimization for Calculating Atmospheric
Attenuation in RF Link Budgets Within Glenn Research
Center Communication Analysis Suite

Brady M. Phelps” and Bryan W. Welch
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Summary

This technical report encompasses development completed on the Glenn Research Center
Communication Analysis Suite (GCAS) as it relates to converting code from the original MATLAB®
(The MathWorks, Inc.) GCAS code base to C++. It focuses on a majority of the functions, structures, and
intermediate code developed for radiofrequency (RF) links calculations. The report serves as a
comprehensive record of the current progress and outlines the technical challenges overcome during this
research. Throughout this project, numerous functions and structures were migrated end to end, with
validation test cases conducted in accordance with NASA’s verification and validation efforts for
standard models and simulations. This report also provides high-level documentation of the completed
work; detailed low-level documentation has been compiled to provide a line-by-line explanation in
alignment with NASA’s goals. This development has largely been focused on atmospheric effects on
calculating RF link budgets for both terrestrial and space links. Some developments outside of
atmospheric functions are also covered throughout this report; these are largely related to mathematical
operations and MATLAB® structure conversions.

Nomenclature
2D two-dimensional
3D three-dimensional
GCAS  Glenn Research Center Communication Analysis Suite
ITU International Telecommunication Union
JPL Jet Propulsion Laboratory
RF radiofrequency

SPICE  Spacecraft, Planet, Instrument, C-matrix, Events
StdAtm Standard Atmospheres function

Introduction

The Glenn Research Center Communication Analysis Suite (GCAS) is a tool used to perform
dynamic simulations of space-based communication systems. This tool supports line-of-sight connectivity
between nodes, dynamic link performance assessment between nodes, statistical assessments of coverage
for an architecture of nodes, network loading study assessments of a set of service providers to provide

*NASA Office of STEM Engagement Summer 2024 Intern, Ohio University undergraduate.
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communication services to missions, as well as static (time-independent) link budget assessments using
common methodologies, processes, and data structures. The tool, which was developed for internal use at
the NASA Glenn Research Center, contains a user interface to configure the user’s desired analysis and
return the results of the analysis in standardized plots. GCAS provides a three-dimensional (3D)
visualization tool to represent the scenario that the user models, while connecting nodes visible to each
other if the user requests that type of connection information; it can even show the dynamic link
performance via a color bar associated with the link performance metric requested. The orbital dynamics
are built upon the Jet Propulsion Laboratory’s (JPL’s) Navigation and Ancillary Information Facility
SPICE (Spacecraft, Planet, Instrument, C-matrix, Events) Toolkit and data sets. The link budget
calculations use International Telecommunication Union (ITU) models to derive the effect of the Earth’s
atmosphere on the communication link’s signal strength. Because the GCAS tool is being converted from
MATLAB® to C++, this report discusses some of the various model aspects and challenges observed
throughout the process.

Low-Complexity Data Structures

During the conversion process, several simple data structures were created to match the level of
abstraction found in the MATLAB® code. This section provides technical documentation on these data
structures, which are used by other functions throughout the migrated code. Figure 1 and Figure 2
illustrate these structures and their public members. The names of the structures are on the left side of the
figures; the features on the right side of the structures represent the public member names and their data

types.

[ Beta )——| Eigen::MatrixXd betaGrid{160,320} | [ HO ]—»] Eigen::MatrixXd hOgrid{120,240} \
[ Betascint Eigen::MatrixXd betaData1{240,480}‘ [ Landsea J—»‘Eigen::Matride land_sea _grid{240,480}‘
Eigen::MatrixXd betaData1{240,480}‘ [ LOSParameters Eigen::MatrixXd Distance ‘
Eigen::MatrixXd betaData1{240,480} ‘ std::vector<float> ElevationAngle ‘
Eigen::MatrixXd betaData1{240,480} ‘ std::vector<float> AzimuthAngle ‘
[GnDParameters | std::vector<float> Latitude | ( MT }—=] Eigen:Matrixxd M_tgrid{160,320} |

| std::vector<float> Longitude | [ Newt ]——{ Eigen::MatrixXd Nethrid{120,240}|

std::vector<float> Altitude \ [ PR6 ]——{ Eigen::MatrixXd P_régrid{160,320} \

Eigen::MatrixXd P_EX \

Eigen::MatrixXd P_EX \

Tabular tab ‘

Figure 1.—Low-complexity data structures used in ATM (atmospheric) calculations.
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std::vector<float> TransferFrameSize

std::vector<float> FrameHeaderSize

std::vector<float> SegementHeaderSize

std::vector<float> PacketHeaderSize

std::vector<float> SecurityHeaderSize

std::vector<float> FrameTrailerSize

std::vector<float> ReqER

std::vector<std::string> ER_Type

std::vector<float> LinkMargin

[RFParameters |

std::vector<std::string> Modulation

std::vector<std::string> Coding

std::vector<float> rx_mode

std::vector<float> TxInput

std::vector<float> Frequency

std::vector<float> RxInput

int TxInput

std::vector<std::any> TxPointingError

std::vector<std::vector<float>
TxAntennaPattern

std::vector<std::string> TxAntennaType

)

std::vector<float> Compression

std::vector<float> CodewordSize

std::vector<float> FrameSize

std::vector<float> MutlipleAccessLoss

std::vector<float> AddGainLoss

std::vector<float> ImplementationLoss

NN

£ 1N

std::vector<std::any> TxBlockageProfile

std::vector<std::any> RxPointingError

std::vector<std::vector<float>
RxAntennaPattern

std::vector<std::vector> RxAntennaType

std::vector<std::vector<float>
RxBlockageProfile

std::vector<std::any> DataRate

std::vector<std::string> RateType

std::vector<float> Bandwidth

std::vector<float> tx_mode

Figure 2.—RFParameters structure, used to store information about specific radiofrequency (RF) instances.
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Atmospheric Functions

Numerous atmospheric functions were developed to model varying atmospheric effects, conditions,
and scenarios for calculating RF link budgets. This section provides descriptions of these functions, along
with the challenges encountered and the rationale behind their development during the migration process.
Additionally, all functions developed in this section have accompanying verification and validation
testing with verification data from corresponding ITU-R sections.

Standard Atmospheres

The Standard Atmospheres (StdAtm) function calculates the temperature, pressure, and water vapor
density at a given location on the Earth for a specified season. This data is used to determine gaseous
atmospheric attenuation, which occurs when RF electromagnetic waves pass through the atmosphere
along Earth-space paths. A percentage of these waves are absorbed (attenuated) by the atmosphere, with
denser atmospheric conditions leading to greater attenuation. Specifically, attenuation increases with
lower temperatures, higher pressures, or higher water vapor densities. The calculations and code for
temperature, pressure, and water vapor density are based on the piece-wise functions outlined in
Sections 2 to 4 of Reference 1. These equations were translated into code and integrated into the
converted StdAtm and StdAtm_V2 functions to handle single and multiple altitudes.

Key

T = temperature, K

h = height, km

P = pressure, hPa

p = water vapor, g/m’

Low-Latitude Annual Reference Atmosphere

Low latitudes do not have seasonal variations. For latitudes lower than 22°.

T(h)=300.4222-6.3533h+0.005886A> for 0<h <17 (1
T(h)=194+(h—17)x2.533 for 17< h <47 @)
T(h)=270 for 47<h<52 3)
T(h)=270—(h—-52)x3.0714 for 52< 1 <80 )

T (h) =184 for 80 < h <100 (5)
P(h)=1012.0306—109.0338% +3.6316A4> for 0< 7 <10 (6)

P(h) = By exp[-0.147(h—10)] for 10<h <72 7

P(h) = Py exp[—0.165(h—72)] for 72 < h <100 )

p(h) =19.6542exp[—0.2313h—0.1122h% +0.013514% | for 0< h <15 9)
p(h)=0 for h>15 (10)
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Mid-Latitude Reference Atmosphere
For latitudes between 22° and 45°:

Summer

T(h)=294.9838—-5.21592—0.071094% for 0<h <13
T(h)=215.15 for 13< h <17
T'(h)=215.15exp[(h—170.008128)] for 17 < h < 47
T(h)=275for 47<h<53
T(h)=275+{1—exp[(h—53)0.06]}x 20 for 53<h <80
T(h)=175 for 80 < h <100
P(h)=1012.8186—-111.5569h + 3.8646h% for 0 <h <10
P(h)=Byexp[—0.147(h—10)] for 10<h <72
P(h)= Py exp[—0.165(h—72)] for 72 < h <100
p(h)=14.3542exp[-0.4147h—0.02290A2 +0.0010074%] for 0< A <15
p(h)=0 forh>15

Winter

T(h)=272.7241-3.6217h—0.1759h> for 0< h <10
T(h)=218 for 10<h <33
T(h)=218+(h—-33)3.3571 for 33<h <47
T(h)=265 for 47<h<53
T (h)=265—(h—53)x2.0370 for 53 < <80
T(h)=210 for 80 < /<100
P(h)=1018.8627 —124.2954h + 4.8307h* for 0< h <10
P(h) =By exp[-0.147(h—10)] for 10< h <72
P(h)= Py exp[-0.155(h—72)] for 72 < h <100
p(h)=3.4742exp[-0.2697h —0.03604h% +0.00044894% ] for 0<h <10

p(h)=0 for h>10
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High-Latitude Reference Atmosphere
For high latitudes (greater than 45°):

Summer

T (h)=286.8374—4.7805h —0.1402h2 for 0< h <10
T(h)=225for 10<h<23
T(h)=225exp[(h—23)0.008317] for 23< /< 48
T(h)=277 for 48<h <53
T(h)=277-(h-53)x4.0769 for 53<h <79
T(h)=171 for 79<h <100
P(h)=1008.0278 —113.2494/ +3.9408h2 for 0< h<10
P(h) =Py exp[—0.140(h—10)] for 10 < h <72
P(h) =Py exp[—0.165(h—172)] for 72 < h <100
p() =8.988exp[~0.36144 —0.00540242 —0.001955h3] for 0 < h<15

p(h)=0 for h>15
Winter

T(h)=257.4345+2.3474h —1.5479h> + 0.08473h* for 0<h <8.5
T(h)=217.5 for 8.5<h<30
T(h)=217.5+(h—-30)x2.125 for 30 </ <50
T (h) =260 for 50< 1 < 54
T(h)=260—(h—54)x1.667 for 54 < h <100
P(h)=1010.8828 —122.2411h +4.554h> for 0<h <10
P(h)=B,exp[-0.147(h—10)] for I0<h <72
P(h) = Py, exp[-0.150(h—72)] for 72 < h <100
o(h) =1.2319exp[0.0748 1/ — 0.098 142 +0.0028143] for 0< A <10

p(h)=0 for h>10

Equations (1) to (53) represent the piece-wise functions found in Reference 1 to calculate

temperature, pressure, and water vapor for attenuation calculations.
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Figure 3.—Refractivity of RF signals through atmosphere works
much like shining flashlight through water.

Radio Refractivity Index

The calcNwet function calculates the wet radio refractive index, which measures the refraction caused
by molecules in the atmosphere. As RF waves travel through the atmosphere, they are refracted by these
molecules in a manner similar to light bending when passing through water (see Figure 3). The calcNwet
function performs these calculations based on atmospheric temperature, humidity, and pressure.

o Temperature: Higher temperatures decrease refractivity by reducing atmospheric density.

e Pressure: Higher pressure increases refractivity by condensing particles and making the
atmosphere denser.

e Humidity: Higher humidity also increases atmospheric density, thereby increasing refractivity.

The equations used in these calculations are derived from Reference 2 and are integrated into the
migrated code to determine the radio refractive index and its behavior. These functions describe both
surface and vertical profile characteristics and provide global maps of refractivity parameter distributions
and their statistical variations.

Key

T = absolute temperature, K

t = temperature, °C

e = water vapor pressure, hPa

H = relative humidity, percent

eg = saturation vapor pressure, hPa, at ¢

e e
Ny, :72?+3.75x105ﬁ (54)"

"Equation (4) from Reference 2.
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H xe,

‘=100 (55
e =Eanxexp{%} (56)°
e= % 57*

Rain Height

The rain height (rainHeight) function has been fully converted and validated with test cases. The
function estimates the rain height in kilometers for propagation prediction, which is crucial for calculating
attenuation along slant paths (Figure 4), such as Earth-to-space or space-to Earth links. The higher the
rain is, the greater the loss the link will undergo. The higher the rain is, the longer the link will spend in
the rain, which causes more loss (Figure 5). The function takes a latitude, longitude, and a data file of
average rain heights as inputs to compute the expected rain height. Rain and precipitation affect RF
attenuation through the scattering and absorption of RF waves as they travel through the precipitation.
The amount of attenuation also relies on several other factors, such as frequency and altitude.

hg =h, +0.36 (58)°

<<(‘>> /6‘6/

Figure 4.—Rain height plays critical factor in calculating RF attenuation for
slant paths. Slant paths connect terrestrial and space nodes.

2Equation (8) from Reference 2.

3Equation (9) from Reference 2.

“Equation (10) from Reference 2.

SEquation (1) from Reference 3, used to calculate rain height using mean annual rain height data from above sea
level.
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Figure 5.—Higher rain induces greater atmospheric loss on link. Some data points
from this test are not feasible in real life (cloud layer ends at 30 km), but data points
were used beyond 30 km to better showcase relationship between rain height and
link budget loss.
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Figure 6.—Effects of increasing rain rate on link budget loss. As RF signals pass through
precipitation, attenuation increases with rate of rain. Angles in this figure are decreasing
from 1 to 7. As RF signals traverse closer to Earth’s surface, attenuation increases due to
increased atmospheric thickness.

Rain Rate

The rain rate function (rainRate) function was completely converted with test case validation. The
function calculates the rain rate (mm/h) exceeded for a given percentage of an average year at a given
location. As the rain rate increases, so does the attenuation of RF signals (Figure 6). To run this function,
it requires a latitude, longitude, percentage of an average year that rain rate is predicted to exceed, and
three data files for mean annual rainfall, ratio of convectivity to total rainfall amount, and probability of
rainy 6-h periods. Equations for this function were developed from the equations provided in Reference 4,
Annex 1.
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Additionally, while testing data and converting code for both the rain rate and rain height functions, a
bug was discovered in the original GCAS relating to rain calculations. A logical error in the code
prevented rain attenuation from being calculated. As a result, this bug is now fixed in the official version
of GCAS.

_ M (Lat,Lon)
Py(Lat,Lon)= P (Lat,Lon)(l —e 0'0079(Pr6(LanLon))j (59)°
— JB2 —
R, (Lat,Lon)=—2+YB 44C (60a)’
24
A=ab (60b)
V4

B=a+cln| ——— 60

are [PO (Lat,Lon)J (60c)
p
C=In| —— 60d
(F{) (Lat,Lon)j (60d)
a=1.09 (60¢)
M, (Lat,Lon)+ M (Lat,Lon
21797FR,

¢=26.02b (60g)

Specific Attenuation

The Specific Attenuation (SpAtt) function was converted from MATLAB® to C++ and is designed to
calculate specific attenuation due to atmospheric gases. It computes the specific attenuation (dB/km) of an
RF signal up to 1,000 GHz caused by Earth’s atmosphere, using parameters such as temperature, air
pressure, and water vapor density, in accordance with Reference 5.

The function performs the following steps:

e Spectral resonance lines: It first calculates the spectral resonance lines of oxygen and water
vapor. These resonance lines are necessary for understanding the absorption characteristics of the
atmosphere.
e Nonresonant and additional factors: The function incorporates additional factors to refine the
calculation, including
o Debye spectrum: For frequencies lower than 10 GHz, it accounts for the nonresonant
Debye spectrum of oxygen.

o Nitrogen attenuation: For frequencies higher than 100 GHz, it considers pressure-induced
nitrogen attenuation.

o Wet continuum: It includes a wet continuum to account for excess water vapor absorption
observed experimentally.

®Equation (1) from Reference 4.
"Equation (2) from Reference 4.
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e Layer-based calculations: The function calculates the specific attenuation for 922 individual
atmospheric layers, representing the atmosphere from the ground up to 100 km in altitude.

The following equations detail the specific formulas that were converted to C++.

Key

S; = strength of i™ oxygen or water vapor line
F; = oxygen or water vapor line shape factor
P = dry air pressure, hPa

e = water vapor partial pressure, hPa

T = temperature, K

0 =300/T
Ninen ()= Y S+ N"p(f) (6lay
i(oxvgen)
Niatersapor ()= 21 atervapory 7P (61b)
S: =a, x1077 p®3 exp[a, (1-0)] for oxygen (62a)°
S; =b x1071e633 exp[b, (1-0)] for water vapor (62b)
Al ] o
il(fi=f) +&F?
Af =ay <1074 ( p0** ) + 1.1e6) for oxygen (64a)"!
Af =byx1074 ( O™ + bsebbs ) for water vapor (64b)
Af =JAf? +2.25%x107° for oxygen (652)"
Af = \/0.217Af2 + 2.1316 Xel 022 for water vapor (65b)

8Equations (61a) and (61b) are Equations (2a) and (2b) from Reference 5. These equations calculate the imaginary
parts of the frequency-dependent complex reactivities.

Equations (62a) and (62b) are Equation (3) from Reference 5. These equations calculate the imaginary parts of the
frequency-dependent complex reactivities.

19Equation (5) from Reference 5. This equation calculates the line shape factor.

"Both Equations (64a) and (64b) represent Equation (6a) from Reference 5. These equations are used to find the
oxygen or water line width.

12Both Equations (65a) and (65b) represent Equation (6b) from Reference 5. These equations are used in conjunction
with Equation (6a) from the same source, and these specifically modify line width to account for Zeeman splitting of
oxygen lines and Doppler broadening of water vapor lines.
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d=(as +ag0)x107*(p+¢e)0°? for oxygen

66 13
& =0 for water vapor (66)
6.14x10° 1.4x10712 p@!>

N" = pO? + 14
)= [ (fﬂ 1+1.9x1075 £15 (67)

d|1+]| =

d
d=5.6x10"(p+e)0°? (68)"°

Additionally, the specific attenuation function relies on another smaller function converted from
MATLAB® to C++. This function is known as spectralData and was converted from a MATLAB®
function to a spectralData structure and a createSpectral function to properly load in the spectral data.
This function loads the spectral data for the absorption lines of oxygen and water vapor respectively. Data
is obtained from Tables 1 and 2 of Reference 5.

Refractivity

The refractivity (Refr) function was divided into two separate functions, Refr and Refr2, in C++. Both
functions have been validated with test cases and differ in the arguments they accept and their return
types. The Refr function calculates the refractivity for a single point in the atmosphere, while Refr2
calculates refractivity for multiple points. These functions determine refractivity based on temperature,
pressure, and water vapor density, following the guidelines set forth in Reference 6.

Key

P; = dry atmospheric pressure, hPa
P = total atmospheric pressure, hPa
E = water vapor pressure, hPa

T = absolute temperature, K

n=1+Nx10-6 (69)'

N =776 1722 4 375%105 % (70) 17
T T 72

13Equation (7) from Reference 5. This equation represents the correction factor that arises due to interference effects
in oxygen lines.

YEquation (8) from Reference 5. This equation finds the dry air continuum from the nonresonant Debye spectrum of
oxygen lower than 10 GHz and a pressure-induced nitrogen attenuation about 100 GHz.

SEquation (9) from Reference 5. This equation finds the dry air continuum from the nonresonant Debye spectrum of
oxygen lower than 10 GHz and a pressure-induced nitrogen attenuation about 100 GHz.

19This equation represents Equation (1) from Reference 6. This equation calculates the radio refractive index.

"This equation represents Equation (2) from Reference 6. This equation calculates the radio refractive index.
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Lred

A functional data set loader for Lred was created using the Eigen (Ref. 7) and HighFive (Ref. 8)
libraries, known as createLred. This loader is used to import various atmospheric settings and scenarios
into GCAS. The data set contains more than 8.6 million values and loading it with standard C++ would
crash the program due to memory limitations.

A custom parser to automatically convert the MATLAB® loader to C++ code was created initially.
This script was highly effective, automating much of the code transcription process. However, the
transcribed function encountered significant issues. Specifically, the loading time grew exponentially with
the data set size, and the data would exhaust the machine’s RAM, causing the program to crash.

To address these challenges, a different approach was adopted. Instead of using raw C++, a dynamic
loading strategy was implemented, combined with compressed HighFive versions of the data set. This new
method significantly improves both speed and memory efficiency compared to the scripted implementation.

Geoclimatic Factor

Functions pertaining to calculating the geoclimatic factor were also converted. The geoclimatic factor
has effects on the ionospheric scintillation and the deep fading of a signal. Ionospheric scintillation occurs
when radio waves pass through irregularities in the ionosphere, causing rapid fluctuations in the signal
amplitude and phase. These effects tend to be more pronounced in certain geoclimatic regions. The
specific region of these Earth-to-space or space-to-Earth links can be found by interpolating the given link
positions along the land-sea-grid to find the fraction of the propagation path that crosses a body of water
or adjacent coastal areas (Figure 7). Lakes and other bodies of water are not included in the calculations,
as their effect is negligible in the final calculations. When a path travels over sea, the sea has higher levels
of surface conductivity and fewer obstacles, which results in lower levels of attenuation.

Figure 7.—Land-sea data that constructs global map using ones and zeroes to calculate the fraction of the
propagation path that crosses body of water or adjacent coastal areas. Green indicates ones (continents) and blue
indicates zeros (water).

NASA/TM-20240013383 13



Functions related to calculating the constant C; were completed with test case validation. The full
geoclimatic factor function was also completed but is awaiting testing.

Co+Crys
KW=P}'5 x10 OloL (71)18
MATLAB® Functions

Bilinear Interpolation

Bilinear interpolation is a common feature used in the MATLAB® version of GCAS that was not yet
implemented in the C++ optimized rewrite. Through this work, a function was created to mimic the
behavior of interp2 (bilinear interpolation) from MATLAB®. In this function, a user can feed an array of X
values, Y values, function values, and interpolation points to the function. The function then uses the
bilinear interpolation equations for each interpolated point and calculates the interpolated value. The
function will go through each of the queried points and will establish a bound of the four closest values for
each of the points. The data is represented as a two-dimensional (2D) grid of function values, so the function
will take the bounds of the closest X and Y values to establish the four closest values on the grid (Figure 8).
Then, using these values, standard bilinear formulas are used to calculate the interpolated values.
Essentially, the function uses bilinear interpolation to calculate estimated points on a 2D set of data.

Mesh-Grid

An overloaded version of mesh-grid was added to the preexisting Geometry namespace to fit
constraints within the RF side of the program. This new function will return a mesh-grid for two sets of
starting values, ending values, and incremental steps. This is largely used throughout the atmospheric side
of the program to generate latitude and longitude data. This new version of the function is the only
implementation of mesh-grid within the C++ project that contains validation test cases.

Q12 Q22

Q1 Q21

Figure 8.—This figure allows visualizing
how interpolation of a data point is
based on nearby reference data. Here
are found four points closest to value
to be estimated. To solve this, one
would use four known closest values
in interpolation function to solve for “?”.

18The function for calculating the geoclimatic factor. Equation (50) in Reference 9.
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MATLAB® and Eigen Operations

Several functions from MATLAB® could not be directly implemented using Eigen’s standard
capabilities due to issues with element-wise operations and mismatched row or column dimensions. For
example, Eigen does not natively support element-wise power operations. While Eigen does offer some
support for element-wise addition and multiplication, problems arose when row dimensions did not match.

To address these challenges, custom functions were developed to handle various dimension mismatch
cases and apply the appropriate Eigen operations for each scenario.

The following functions have been converted to handle element-wise operations effectively.

o clementAdd—For special cases where “+ .array()” will not work for adding Eigen matrices.

e clementPow—To implement element-wise power function on matrices.

e clementPowLongB—To implement element-wise power function on matrices when the exponent
has more rows than the base.

o clementMult—To implement special instances of element-wise multiplication.

e clementDiv—To implement special instance of element-wise division operations.

Documentation

In addition to this report, comprehensive low-level documentation has been compiled for the
converted code. This documentation, generated using Doxygen (Ref. 10), details all data structures and
functions that were converted during development (Figure 9 and Figure 10). It facilitates easy navigation
both within the code and in the separately compiled documents. The documentation process supports the
verification efforts of NASA-STD-7009 (Ref. 11). The documentation is integrated into the codebase
itself, providing valuable guidance for future developers working with the completed code.

O PRé.hpp PR6 structure for P_régrid
[ RFParameters.hpp RFparameters - struct containing RF parameters
[ Tabularhpp Tabular structure. Contains Ired data, PR6 data, and MT data
[ calcNwet.hpp CalcNwet function that calculates the wet radio refractive index (later used to calculate scint)
[ calculate_RF_AtmAttenuation.hpp  Calculate_RF_AtmAttenuation - determines the RF atmospheric attenuation
[ createTabFunctions.hpp Dynamically create tabular data sets
[ MatLabUtils.hpp Useful file for MATLAB utilities specific to RF_Links migration
[ rainHeight.hpp Estimates the rain height (km) of a given location
[ rainRate.hpp RainRate - Rain rate exceeded for a given percentage of an average year Estimates the rain rate (mm/h) exceeded for the

percentage, p_ex of an average year at the given latitude (deg) and longitude (deg)

[ Refr.hpp Calculates refractivity of a point in the atmosphere given the temperature, pressure, and water vapor density, rho accordin
reccomendations (P.453-12)

[ RF_el_Pre_v3.hpp
Elevation-independent calculations for RF atmospheric attenuation Performs all calculations for atmospheric attenuation
independent of angle of elevation to generate input parameters for RF_el.m

[ scanlinktoolVé_RF_NoRepeater.hpp In progress

) spAtt_v2.hpp Specific attenuation due to atmospheric gasses Calculates the specific attenuation (dB/km) of an RF signal up to 1000 G
Earth's atmosphere for the given temperature, air pressure, and water vapor density (rho) according to International Telect
Union Radiocommunication Sector (ITU-R) Recommendation P676-11

[ spectralData.hpp Object and functions for creating spectral dataset for oxygen and water vapor

[ stdAtm.hpp Definition and declaration for StdAtm. Estimated temperature (K), pressure (hPa), and water vapor density, rho (g/m*3), ot
Earth's atmosphere for a given latitude, altitude, and time of year (summer or winter) according to International Telecomm
Union Radiocommunication Sector (ITU-R) Recommendation P835-5

O stdAtm_v2.hpp Estimated temperature (K), pressure (hPa), and water vapor density, rho (g/m*3), of a point in Earth's atmosphere for a giv
altitude, and time of year (summer or winter) according to International Telecommunication Union Radiocommunication ¢
Recommendation B835-5

Figure 9.—Portion of file documentation overview. Documentation was generated using Doxygen.
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Function Documentation

+ calcNwet()

std::pair< double, double > calcNwet ( double temp,
double humidity,

double pressure )

calculates the wet radio refractive index (later used to calculate scint)

Parameters
temp  the long term average temperature of the area (C)
humidity the long term average relative humidity of the area (%)

pressure the long term average pressure of the area (hPa)

Returns
std:pair<double, double= nwet (first double) - the wet radio refractive index & rho (second double) - the denisty of liquid water

see also ITU-R P453-13 Annex 1
Figure 10.—Detailed function view for calcNwet. Documentation was generated using Doxygen.

Conclusions

Throughout this development, more than 10,000 lines of codes were written for the contribution of
code conversion from MATLAB® to C++ for the Glenn Research Center Communication Analysis Suite
(GCAS). This includes converting more than 70 ITU formulas, numerous data structures, additional work
for MATLAB® mathematical operation conversion, verification and validation testing for completed
functions, and documentation compiled to assist in future development of the project and to align with
NASA'’s goals of clear and thorough technical documentation.

Moving forward with the continued development and conversion of the program, the next steps in
converting the atmospheric calculations are the completion of the calculate RF_AtmAttenuation and
RF el Pre V3 files. Heavy development has been completed through this research, and the
functions/code converted in this work makes for great progress towards the completion of these functions
and the completion of atmospheric calculations for RF links within the C++ version of GCAS.
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