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Abstract
This paper [1] describes an applicative software tool, named IONORT (IONOspheric Ray Tracing), for calculating a three-dimensional ray tracing of high frequency waves in the ionospheric medium. This tool runs under Windows operating systems and its friendly graphical user interface facilitates both the numerical data input/output and the two/three-dimensional visualization of the ray path. In order to calculate the coordinates of the ray and the three components of the wave vector along the path as dependent variables, the core of the program solves a system of six first order differential equations, the group path being the independent variable of integration. IONORT uses a three-dimensional electron density specification of the ionosphere, as well as geomagnetic field and neutral particles-electrons collision frequency models having validity in the area of interest. 
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1. Introduction
Ray tracing (RT) is a numerical technique used to determine the path of a high frequency (HF) radio wave in anisotropic and inhomogeneous media different from the vacuum. The technique works properly if the refractive index is assumed to be known in each point of the considered region. In the limits of the ray theory it is possible to approximate the wavelength to zero, simplifying consequently the differential equations describing the propagation of the wave in a suitable way, i.e. the ray path. Hence, three-dimensional (3-D) RT algorithms calculate the coordinates reached by the wave vector and its three components, the group time delay of the wave along the path and other optional quantities (geometrical and phase path, absorption, polarization, etc.). In order to accomplish these tasks, the RT programs integrate at least six differential equations, plus other equations when additional quantities, like for instance Doppler frequency shift, are required.
This paper deals with a software tool, named IONORT, whose RT algorithm is based on a system of first order differential equations with Hamiltonian formalism that are solved for a geocentric spherical coordinate system. The corresponding software (that can be downloaded from the site ftp://ftp.ingv.it/pub/adriano.azzarone/ionort_0.7.2.zip) is written in MATLAB for the input and the output routines, while the integration algorithm is derived from the one that was coded in Fortran by Jones and Stephenson [2]. In the near future, a whole package coded in MATLAB is planned. The ionosphere considered by this software tool is represented by 3-D ionospheric regional models elaborated at the Istituto Nazionale di Geofisica e Vulcanologia [3].
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Fig. 1. Flowchart of IONORT application.

2. IONORT: description of the program
IONORT is structured in three main blocks:
· Input graphical user interface;
· Integration algorithm;
· Output graphical user interface.
Fig. 1 shows a flowchart of the IONORT application. 
The block 1), developed in MATLAB, firstly reads a file named “DATA_default.ini” to initialize the default inputs related to all the computational parameters needed by the ray-tracing algorithm. After this phase of initialization, it visualizes a graphical user interface (GUI, see Fig. 2) by which the user can modify the default inputs, and then it generates a file “DATA_in.txt” representing the user input for the integration executable code, written in Fortran, that is the block 2). “DATA_in.txt” is nothing but a copy of the file “DATA_default.ini” modified according to the choices made by the user. “DATA_in.txt” is then the actual input of the Fortran core, which reads it as a vector W of 400 components. Once the parameters have been set, the “RUN” button launches the integration algorithm. 
The block 2), which is the core of the application, is represented by this integration algorithm that is coded as a Fortran executable. In order to integrate step by step the differential equations, this executable performs all the computational operations using either the 4-order Runge-Kutta (RK) method or the Adams-Bushford predictor and the Adams-Moulton corrector methods (ABAM) [4]. Using these, the ray path of the wave in spherical coordinates is calculated.

Once this task ends, the block 3), besides saving the numerical output in a file “DATA_out.txt”, visualizes the results in the GUI where also 2-D and 3-D graphical elaborations of the ray path are performed. The 2-D visualization is plotted at the bottom of the GUI in a plane section having constant azimuth. The 3-D visualization is plotted on the right side of the GUI. The numerical outputs of some relevant parameters like the latitude and the longitude of the arrival point, the ground range distance on the Earth’s surface, the maximum altitude of the path trajectory (apogee), and the time delay of the ray along the whole path (group delay) are shown in the “Results” frame of the GUI.
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Fig. 2. GUI of IONORT program. “Main parameters” and “Step” frames are related to the input data. “Model” frame shows the analytical and numerical ionospheric models that can be chosen by the user. “Ray” frame gives the user the possibility to choose between the two different polarizations of the wave, ordinary or extraordinary. “Results” frame shows the numerical output values. “RUN” button launches the integration algorithm. “Reset” button clears all the different outputs. At the bottom and on the right side, the 2-D and the 3-D visualizations of the ray path are respectively shown by considering a TX point at 43.06°N of latitude and at 10.03°E of longitude, for a fixed elevation angle equal to 15° and for a 2 MHz frequency-step procedure from 6 MHz to 24 MHz. 

3. Conclusions
The possibility offered to the user of choosing among different ionospheric electron density models, having validity in the area of interest, gives IONORT the necessary flexibility [5]. It is worth noting that this last feature makes IONORT a valuable tool to test the goodness of the 3-D electron density representation of the ionosphere calculated by a definite model. In fact, given a radio link for which oblique soundings are routinely carried out, IONORT gives the possibility to generate synthesized oblique ionograms over the same radio link. The comparison between synthesized and measured oblique ionograms, both in terms of the ionogram shape and in terms of the maximum usable frequency characterizing the radio path, offers a great opportunity to understand how well the model can represent the real conditions of the ionosphere.
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