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ABSTRACT 

 

The extremely large electrical-size and complexity of terrain scene poses great challenge in 

channel modeling of aeronautic telemetry. It becomes even more difficult if severe multipath and 

fading present due to scattering and attenuation of ground, terrain objects and precipitation [Rice, 

2004]. This is critical in more sophisticated test scenarios involving low flying unmanned air 

vehicles and helicopters tested over water at high sea states, in hilly terrain, or even over urban 

environment. Conventional ray tracing and simple Fresnel reflection are not sufficient to 

characterize such complex channels. Hence, the novel bidirectional analytic ray tracing and 

radiative transfer (RT
2
) is proposed for advanced telemetry channel modeling. 
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1. INTRODUCTION 

 

Channel modeling for aeronautical telemetry involves electrically large objects/scene, therefore 

requiring a highly efficient 3D ray-tracing algorithm in order to minimize the computational load. 

Conventional unidirectional ray tracing can only find scattering paths consisted of multiple 

specular reflections plus one last hop of diffuse scattering or diffraction (or even no diffuse hop). 

In contrast, bi-directional analytic ray tracing (BART) [Xu and Jin, 2009] launches rays from 

both transmitter and receiver and path is found when two rays meet. It employs computational 

geometry to accurately trace polygon ray tubes and calculate shadowing and reflection. Thus, it 

is able to find all possible scattering paths that consisted of multiple reflections plus one 

scattering/diffraction anywhere in between.  

 

BART also incorporates a range of EM scattering models such as Physical Optics (PO), Physical 

Theory of Diffraction (PTD), and the Integral Equation Method (IEM) rough surface model to 

                                                 
1
 This work is supported by the Science & Technology Test & Evaluation Spectrum Efficient 

Technologies Program sponsored by the U.S. Air Force under Contract W900KK-11-C-0029. 

Distribution A: Approved for public release. Distribution is unlimited. PA Number: AFFTC-PA-12461.  

 



2 

 

improve the accuracy. BART is integrated with radiative transfer-based particle cloud model for 

modeling foliage and precipitation [Xu and Jin, 2006], and the resulting tool is called RT
2
.  

 

RT
2
 was developed to solve channel-modeling problems in radar, and BART was originally 

developed for Radar Cross Section (RCS) calculation for large targets in natural environments. 

In this paper, we describe some of the modifications needed to adapt RT
2
 for telemetry channel 

modeling, and provide some preliminary comparison results with commercial software. 

Furthermore, in order to improve the accuracy of telemetry channel modeling, we have generated 

antenna patterns for antennas mounted on aircraft such as C-12. Finally, we have generated a 

time-varying channel response that describes the channel behavior in the form of an impulse 

response.   

 

The paper is organized as follows: In Sec. 2, we provide an overview of the RT
2
 engine. In Sec. 

3, we discuss antenna pattern generation for a monopole antenna mounted on a C-12, as well as 

antenna pattern when two monopoles are mounted on a C-12, and are fed with the same RF 

signal with different power, as is common in telemetry. In Sec. 4 we discuss how the antenna 

pattern is incorporated as a point source model with the radiation intensity dependent on the 

azimuth and elevation angles. In Sec. 5, we discuss how the time-varying channel impulse 

response is generated based on the output of the channel modeling engine. In Sec. 6, we compare 

the performance of our channel-modeling engine with commercial software, and provide some 

concluding remarks and future work in Sec. 7.  

 

 

2. OVERVIEW OF RT
2
 

 

The BART algorithm [Xu and Jin, 2009] is developed to break the wavelength-dependence of 

algorithm complexity. It describes 3D ray tubes as polygonal cylinders (or cones) and precisely 

determines shadowing using geometric calculations of polygons. Electric-large objects can be 

modeled by large patches without losing precision, and thus significantly reduce the complexity. 

A range of EM models will be incorporated with BART to characterize scattering of different 

terrain objects. Figure 1 shows the EM modeling capabilities of the proposed channel modeling 

tool. 

 

Diffuse scattering of polygon facet is directly calculated using PO/PTD. Based on tangent 

equivalent current approximation, the PO scattering matrix of a polygon facet can be explicitly 

derived. On the other hand, PTD is the equivalent current method for the edge formed by two 

neighbor facets. The explicitly form of PTD diffraction coefficients is also available, e.g. the 

incremental length diffraction coefficients (ILDC). Terrain objects (e.g. buildings) or flat ground 

surface with given faceted geometry model can be modeled using GO/PO/PTD accurately. 

 

Earth surface has significant contribution to multipath channel of aeronautic telemetry. However, 

natural ground surface is often very rough and thus not valid for the flat facet assumption of PO. 

The IEM model [Fung, 1994] is a statistical rough surface model derived from Maxwell’s 

equations. Given the statistical properties of rough surface (RMS height and correlation length), 

IEM is able to predict both coherent and incoherent scattering coefficients. The IEM capability 

has been incorporated in BART to model sea surface and mountainous ground surface. 
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Radiative transfer theory can be employed to address the problem of statistical scattering, 

propagation and attenuation of EM waves through rain and foliage. As particle size is much 

smaller than the wavelength, Rayleigh approximation is valid for individual particle scattering 

problems. Hence, phase matrix and extinction matrix can be obtained based on the assumed 

distribution of particle shape, size, density and orientation. An explicit solution has been derived 

[Xu and Jin, 2006] from the radiative transfer equations of a layer of small particles. Attenuation 

is calculated by determining the intersection of ray paths when it propagates through particle 

cloud. 

 

 

Figure 1: Overview of channel modeling tool. 

 

 

3. ANTENNA PATTERN GENERATION 

 

In order to generate the antenna pattern of a monopole antenna mounted on the belly of C-12, we 

used method of moments (MOM). To ensure that the results have converged in the MOM 

method, a coarse mesh (edge length=0.05, number of triangles=182690) and a fine mesh (edge 

length=0.035, number of triangles=364414) are used to calculate the pattern. The radiation 

pattern computed using the MOM is shown in Figure 2.  

 

When two antennas are placed together as shown in Figure 4, the excitation of the first antenna 

will induce EMF on the second antenna resulting some of the energy feeding back into the 

system. The induced current on the second antenna will in turn radiate, causing the overall 

radiation pattern of the first antenna to change in the presence of the second antenna. This 

phenomenon is classified as coupling, and is usually quantified in terms of the scattering 

parameters S12.  
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Figure 2 Antenna pattern (yz-plane) of monopole on 

mounted on the belly of C-12 at 1.5GHz. 

 

Figure 3 Definition of the coordinate with respect to 

the C-12 

 

 

Figure 4: C-12 with two antennas mounted. 

 

Using MOM method, we calculated the degree of coupling between the antennas on the C-12, 

and found to be around -78dB. Although, the physical distance between the two antennas 

roughly around 12 wavelengths, the blockage due to the fuselage minimizes the overall coupling. 

In effect, the signal received from the first antenna will cause little change in signal received 

from the second antenna, and vice versa. 

 

Finally, we generated the antenna pattern when two antennas are mounted on the C-12 aircraft, 

and fed with the same RF signal, but with different power levels. Due to simultaneous excitation 

of both antennas, interference patterns are observed in the far field. The antenna patterns are 

shown in Figure 5 for different power ratios.  
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Figure 5 The radiation pattern in the yz-plane for power distribution of 80-20 and 50-50 between bottom and 

top antennas. 

 

 

4. ADAPTING BART FOR AERONAUTICAL TELEMETRY 

 

The original BART code was developed to estimate the radar cross-section of far away objects 

whose size is much smaller compared to the distance to the transmitter. Therefore, the usual 

planar way assumption with uniform strength for the wave front impinging on the scattering 

object is valid. However, such an assumption is invalid for communication between the aircraft 

and ground stations due to the large areas of terrain under consideration. Due to the large terrain, 

different parts of the terrain are illuminated with a wave of different strength, and therefore it is 

necessary to create an equivalent point source model with radiation intensity dependent on the 

azimuth and elevation angles.  

3D antenna pattern is represented as triangular mesh on a unit sphere surface. In this case, each 

triangular facet represents a discretized beam, which is assumed to have uniform gain. The gain 

of each beam is simply calculated as the antenna gain of its center direction. Since the mesh is 

always on a unit sphere surface, we can use a fixed mesh for all antenna patterns. The only 

difference will be the gains associated to different beams. 

 

The recursive subdivision method is used to create the spherical mesh. Icosahedron is used as the 

initial mesh (0 iteration), which produces most even meshes. The 5-iteration sphere mesh is 

shown in Figure 6. It is consisted of 10242 nodes and 20480 facets. It is estimated that each facet 

represents a triangular beam of equivalent 1.4 degree * 1.4 degree width. 
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Figure 6 Sphere mesh generated by 5 iterations of subdivision from an icosaheron. 

An example of antenna pattern meshed to sphere is given in Figure 7. To further simplify 

computation, we omit sidelobes that are below a certain threshold from the broadside gain.  

          

Figure 7 Meshed version of the antenna pattern shown in Figure 5. 

  

 

5. CHANNEL RESPONSE MODELING 

 

A generic channel model is defined as a time-varying, wideband channel with Doppler spread. It 

is in a 2D matrix format  with the first dimension defined as frequency 

 and the second dimension defined as time . At any time 

step ,   represents the channel response in frequency domain at that particular time 

instance. Simply speaking, channel impulse response at time instance  is 



7 

 

. Thus, this 2D generic channel model data can be used to simulate 

any possible channel behavior. 

 

Using the proposed method, the channel model can be derived based on the ray-traced multi-path 

scatterings. Since rays are described as tubes, there are areas associated with each ray. Therefore, 

instead of an impulse, each path will contribute to delay spread with a non-zero width in time 

domain. At any given time instance , the exact updated position and orientation of the 

aircraft as well as the direction of ground station antenna are known. Thus, ray tracing can be 

performed to obtain all path contributions, which are dependent on frequency. By sweeping all 

frequency within the communication bandwidth, it produces the frequency domain channel 

response of each particular ray path: 

     (1) 

Given the instant velocity of the aircraft, the Doppler of each ray path can be estimated by taking 

the projection of the velocity vector on the ray direction. For each path, we can predict its 

variations in vicinity time steps . The predictable time span  has to be 

determined based on speed and acceleration. After incorporating the Doppler phase term, the 

final 2D time-frequency channel response is obtained as 

  (2) 

where   denotes the projected velocity components on the incident and scattered direction, 

respectively. 

 

Selection of coarse time step should be made based on the change rate of viewing angle and 

scattering mechanism. Fine time step should be selected according to the maximum Doppler 

shift. Frequency resolution should be selected as inverse of the maximum delay spread. 

 

 

6. PRELIMINARY COMPARISON RESULTS 

 

To study RT
2
 channel modeling capability, we compare its result with UTD-based commercial 

software. The test case as shown in Figure 8 includes two elevated point sources (isotropic 

antenna pattern) over a real terrain surface of 10km by 10km centered at (34.9369°, 118.0628°) 

(near Edwards AFB). The computed channel impulse responses are compared in Figure 9. Since 

UTD is based on Geometric Optics (GO), it only searches specular reflection and diffractions. 

RT
2
 calculates diffuse scattering using the Physical Optic (PO) method of all facets and thus it 

includes more exhaustive paths. This is reflected in the time domain channel impulse responses 

in Figure 9. RT
2
 result contains longer delay spread while UTD result has only the major ones. 

This is also evidenced in the ray paths visualization of the two methods as shown in Figure 10. In 

this sense, RT
2
 has higher accuracy than UTD. The computation resources are compared in Table 

1. RT
2
 has comparable computation time but require much less memory. 
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Figure 8: Terrain surface and Tx/Rx setup. 
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Figure 9: Channel impulse response comparison of RT2 and UTD. 
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Figure 10: Ray paths traced in RT2 (the most significant 1000 paths) vs. UTD (all paths). 

 

Table 1: Computation resource comparison of RT2 and UTD. 

 CPU time Memory 

RT
2
 40min 189MB 

UTD 36min 968MB 

 

 

7. CONCLUSIONS 

 

In this paper, we have demonstrated the capability of RT
2
 engine to model aeronautical telemetry 

channels by using physical optics. In the future, we will incorporate the physical theory of 

diffraction, as well as radiative transfer methods that are currently catered for radar applications 

into the channel modeling software to improve the accuracy of channel modeling. 
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