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Abstract 

 

The radio wave propagation prediction is one of the key elements for designing an 

efficient radio network system. WRAP International has developed a software for spectrum 

management and radio network planning. This software includes some wave propagation models 

which are used to predict path loss. Current propagation models in WRAP perform the 

calculation in a vertical 2D plane, the plane between the transmitter and the receiver. The goal of 

this thesis is to investigate and implement a 3D wave propagation model, in a way that 

reflections and diffractions from the sides are taken into account.  

The implemented 3D wave propagation model should be both fast and accurate. A full 

3D model which uses high resolution geographical data may be accurate, but it is inefficient in 

terms of memory usage and computational time. Based on the fact that in urban areas the 

strongest path between the receiver and the transmitter exists with no joint between vertical and 

horizontal diffractions [10], the radio wave propagation can be divided into two parts, the 

vertical and horizontal part. Calculations along the horizontal and vertical parts are performed 

independently, and after that, the results are combined. This approach leads to less computational 

complexity, faster calculation time, less memory usage, and still maintaining a good accuracy. 

The proposed model is implemented in C++ and speeded up using parallel programming 

techniques. Using the provided Stockholm high resolution geographical data, simulations are 

performed and results are compared with real measurements and other wave propagation models. 

In addition to the path loss calculation, the proposed model can also be used to estimate the 

channel power delay profile and the delay spread. 

 

Key words:  radio wave propagation, WRAP International, C++, geographical data, reflection, 

diffraction, path loss, power delay profile, delay spread 
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Chapter 1:  Radio Wave Propagation 
 

 

1.1 Introduction to Radio Waves 

Radio wave propagation is of fundamental importance in Telecommunications. It 

represents the behavior of propagation of a radio wave from a transmitting point to a receiving 

point. When the radio wave propagates, it undergoes different propagation mechanisms such as 

reflection, diffraction and scattering.  

Radio waves belong to the family of electromagnetic radiation, and have frequencies 

from 3 kHz to 300 GHz, which represents the radio wave electromagnetic spectrum [2]. Further 

on, this frequency band is divided into smaller bands, known as sub-bands. These sub-bands are: 

Very Low Frequency (VLF) 3-30 kHz, Low Frequency (LF) 30-300 kHz, Medium Frequency 

(MF) 300-3000 kHz, High Frequency (HF) 3-30 MHz, Very High Frequency (VHF) 30-300 

MHz, Ultra High Frequency (UHF) 300-3000 MHz, Super High Frequency (SHF) 3-30 GHz, 

Extreme High Frequency (EHF) 30-300 GHz [1]. Each of these sub-bands is characterized with 

different propagation mechanisms, so each of them has different application. For example, the 

VLF sub-band has low attenuation; therefore it can be used for long distance communications, 

under-water communications and underground communications such as mines. For this thesis the 

frequency range above 30 MHz is most interesting, and in particular the mobile applications. The 

above described sub-bands, along with their corresponding wavelengths are shown in Figure 1. 

 

 

 

 

 

 

 

 

 

 

Figure 1: The radio wave electromagnetic spectrum [2] 
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1.2 The Wireless Channel  

The wireless channel is the physical radio path between receiver and transmitter, and it 

determines performance of a wireless communication. Compared with the guided transmission 

media such as twisted pair, coaxial cable, optical fiber, the wireless channel is unpredictable and 

dynamic, making the analysis of the wireless channel very challenging. Therefore, a statistical 

approach is often used to model the wireless channel. 

The simplest wireless channel is when the path between the transmitter and the receiver is 

unobstructed (typically line of sight communications). Often this path is obstructed by different 

obstacles such as buildings, hills, trees, etc., causing a phenomenon known as “fading”, where 

the received signal power fluctuates with the antenna movement in space. The two broad 

classifications of fading are: small-scale fading and large-scale fading. Large scale fading can be 

divided into path loss, when the receiver moves over a large distance, and shadowing, when the 

receiver moves around large objects such as buildings, hills. The effect of shadowing is that the 

received power slowly oscillates around the mean path loss, following a Log-normal distribution 

[8]. Small scale fading can be expressed as the rapid variation of the received power, when either 

the receiver moves over small distances or the surrounding objects move and the receiver is 

static. In cases when there is no line of sight (LoS) between the transmitter and the receiver, 

small scale fading can be modeled with Rayleigh distribution, whereas, when LoS exists, the 

Rician distribution is more suitable [9]. The large scale and small scale fading are illustrated in 

Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Illustration of the large scale and small scale fading 
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1.3 Propagation Phenomena 

As the radio wave propagates, it gets attenuated just as an electrical signal in a wire, 

which is known as the free space path loss. Also, due to the presence of buildings, trees, hilly 

areas and other obstacles, the radio wave experiences propagation phenomena such as reflection, 

diffraction and scattering [3]. Each of these propagation phenomena is described below. 

 

1.3.1 Free Space Path Loss 

 When a radio wave travels from the transmitter to the receiver, even if the line of sight 

exists, the radio waves will undergo free-space path loss. This phenomenon is caused by the 

spherical dispersion of the radiated power, which is represented by the power density (F), as 

shown in Figure 3. 

 

 

 

 

 

 

 

 

The amount of radiated power that the receiver antenna catches depends on its effective aperture 

area [15]. When the receiver is located at a distance l from an isotropic transmitting antenna, it 

will receive a power that decreases in proportion with the square of this distance, as a result of 

power density and effective aperture area. This loss is expressed as: 

                                                                    
  

  
  (

    

 
)
 

                                                               

or expressed in logarithmic scale: 

                                                                                                                       

Where f is the frequency in gigahertz; l is the distance in meters; c is the speed of light. 

Figure 3: Free-space path loss with isotropic antenna [15] 
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1.3.2 Reflection 

When the radio waves are incident on an obstacle, whose dimensions are larger compared 

to the wavelength of the incident radio wave, the radio waves will be reflected. After the ray is 

reflected, it will lose some of its power. The amount of reflected power is determined by the 

reflection coefficient. The reflection coefficient (ρ) depends on the frequency (f), the incident 

angle (α2), the polarization of the wave and on the electrical parameters: electrical permittivity 

(ε) and magnetic permeability (µ); therefore, different materials have different reflection 

coefficients. The relation between the electrical parameters and the reflection coefficient is given 

by the following approximation (taking into account only µ and ε) [4]: 

                                                                   
√
 
      

√
 
 
     

                                                                                              

The power loss from the reflection is proportional to the square of the reflection coefficient, as: 

                                                                                                                                                                   

or expressed in logarithmic scale: 

                                                                                                                                                      

The angle of the reflected wave can be calculated using Snell’s Law of reflection [5]. According 

to this law, the angle of reflection can be calculated as:  

                                                                                                                                                                    

where α1, α2 are the angles of the reflected wave and the incident wave respectively, as shown in 

Figure 4.  

 

 

 

 

 

 

 

 Figure 4: Snell's Law of Reflection 
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1.3.3 Scattering  

 When the radio waves are incident on obstacles that have a comparable dimension to the 

wavelength of the radio waves, scattering occurs [3]. Due to scattering, a large number of new 

waves is produced, which are spread out in unpredictable directions; thereby, the incident radio 

wave energy is distributed to these new waves. Since the scattering is very unpredictable, a 

statistical approach is normally more suitable to model this phenomenon. 

 

1.3.4 Diffraction 

The diffraction phenomenon occurs when the wave propagation is obstructed by objects 

whose dimensions are larger than the wavelength of the radio wave in the Fresnel zone 

(described in section 1.4). This phenomenon allows the waves to reach points that are not in line 

of sight, by causing a bending of the waves into the shadow. Diffraction is similar to scattering, 

but the direction of the diffracted waves can be predicted. The field strength of these diffracted 

waves can be calculated using two approaches - the Geometrical Theory of Diffraction (GTD) 

and the Uniform Theory of Diffraction (UTD). The GTD is computationally efficient and very 

simple to be implemented, but it fails to calculate the diffracted field in the shadow boundary, 

which is known as the shadow boundary problem. The UTD solves the shadow boundary 

problem [6], but is more complex in terms of its implementation.  

The field in the shadow region for the GTD method is calculated as [6]: 

                                                           
         
         

}     
 
  
 
     

√ 
                                                        

where A0 is the amplitude of the incident field, k is the wavenumber, ρ and θ are the radius and 

the angle in cylindrical coordinates, D(θ) is the diffraction coefficient. This diffraction 

coefficient diverges at the shadow boundary, as it can be seen in Figure 6. The UTD solves this 

problem, by introducing a transition function F(S). After that, the UTD coefficient and the field 

in the shadow region are calculated as [6]: 

                                                                                                                                                        

                                                           
         
         

}     
 
  
 
     

√ 
                                                       

 

The GTD diffraction coefficient for an absorbing wedge is calculated as [6]: 

                                          
  

√   
[

 

  |    |  
 

 

  |    |
]  

  

√   
[
 

 
 

 

    
]                        
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where φ and φ’ are angles in radians, as shown in Figure 5, and θ=π-(φ-φ’), also expressed in 

radians. The calculated diffraction coefficient values for θ, ranging from – π/2 to 3π/2 radians, 

are shown in Figure 6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4 The Fresnel Zone 

As the radio waves propagate through the air, they widen, thus requiring more than just 

the line of sight line to be free of obstacles. The wideness of these radio waves is described by 

the Fresnel zones, which are ellipsoidal ring zones, as shown in Figure 7. 

 

Figure 5: Geometry of the Absorbing Wedge 

Figure 6: Variation of the diffraction coefficient with the angle θ [6] 
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The number of Fresnel zones is infinite in reality, but for the performance of the Wireless 

communications, only the first Fresnel zone is of interest. To have a good performance, one rule 

of thumb requires that the first Fresnel zone is 80% clear of obstacles such as buildings, hills, 

trees and other obstacles, but in most of cases, 60% clearance is sufficient to treat the 

communication path as Line of Sight (LoS) [7]. Each Fresnel zone is characterized by its Fresnel 

zone radius (Fn), which is calculated as [7]: 

                                                                 √
      

     
                                                                                  

where,  

Fn – the n
th 

Fresnel zone radius [m] 

d1 – the distance from point A to P [m], as seen in Figure 7 

d2 – the distance from point P to B [m], as seen in Figure 7 

λ – the wavelength of the transmitted radio wave [m] 

 

1.5 Knife-Edge Diffraction Methods 

As described earlier, the diffraction phenomenon is an important concept in 

telecommunications, which allows the radio waves to reach points that are in the shadow of 

obstacles. To predict the received signal strength, one has to calculate the losses caused by 

diffraction. From a mathematical point of view, these losses are hard to predict when dealing 

with complicated terrains. To simplify the calculation of diffraction losses, the obstacles are 

Figure 7: Fresnel Zones [7] 



Radio Wave Propagation 

  
Page 8 

 

  

treated as perfectly absorbing knife-edges. This diffraction loss can be calculated by using the 

GTD or UTD (described in section 1.3.4), but one may also use a knife-edge method. Several 

knife-edge methods exist, some of them being: Single-Edge Diffraction, Bullington, Epstein-

Peterson, Deygout, Giovaneli [2].  

 

1.5.1 Single-Edge Diffraction  

 The simplest knife-edge diffraction case is when the communication path between 

transmitter and receiver is obstructed by a single edge, as shown in Figure 8. If the distance 

between transmitter and edge is large enough, the wave front coming from the transmitter can be 

treated as a plane wave, and the field strength in the shadow of the edge can be calculated. The 

frequency and path geometry are two parameters that determine the diffraction loss. To predict 

the diffraction loss, one has to calculate the Fresnel parameter v, as [4]: 

                                                                   √
 

 
(
 

  
 

 

  
)                                                                       

Where λ is the wavelength in meters, h, d1 and d2 are shown in Figure 8. 

 

 

 

 

 

 

 

 

 

After the Fresnel parameter has been calculated, one can approximate the diffraction loss with 

the following expression [4]: 

                                                            (√                )                             

Figure 8: Single Edge Diffraction 
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This approximation is valid for v ≥ -0.7; otherwise, the diffraction loss is approximated to zero. 

Interesting case is the grazing incidence, where h and v are zero, and the diffraction loss is 

approximately 6dB. 

1.5.2 The Bullington Method 

When there are multiple edges in a terrain profile, the simplest approach is the Bullington 

method [11], which calculates the diffraction losses by approximating the terrain profile with a 

single knife-edge. The knife-edge position and height are calculated by the intersection of two 

lines. The first line is the extension of the line that connects the transmitter and its dominant 

obstacle; similarly, the second line is the extension of the line that connects the receiver and its 

dominant obstacle, as shown in Figure 9. The equivalent knife-edge is marked with green (see 

Figure 9), and is a result of the two edges A and C. The edge B and other edges similar to it, are 

ignored. After the equivalent edge is found, the single-edge approach (described in section 1.5.1) 

is used to calculate the diffraction loss. 

 

 

 

 

 

 

 

 

 

 

 

1.5.3 The Epstein-Peterson Method 

 The Epstein-Peterson Method [12] for three edges is visualized in Figure 10. This method 

performs the calculation by separating the link into sub-paths, which are represented by dashed 

lines, as seen in Figure 10. Each sub-path has one diffraction edge on it, whose diffraction loss is 

calculated by using the single-edge approach (described in section 1.5.1). The total diffraction 

loss is calculated as the sum of diffraction losses (in decibels) for each sub-path. 

 

Figure 9: The Bullington Method 
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1.5.4 The Deygout Method 

The geometry of three edges for the Deygout method [13] is shown in Figure 11. It looks 

very similar to the Epstein-Peterson method, but it yields different results. In the Deygout 

method, one identifies the most dominant obstacle as the main edge. The most dominant obstacle 

is the edge with the largest value of the Fresnel parameter (defined in equation 12), as if it was 

the only edge. The diffraction loss of the main obstacle is calculated as if it was alone. After that, 

the main edge divides the link into two sub-paths. Calculations in these sub-paths are performed 

in the same way as in the Epstein-Peterson method (described in section 1.5.3). The total 

diffraction loss is calculated as a sum of the loss caused by main edge, and the losses (in decibel) 

in each sub-path. If the link has more than three obstacles, the remaining sub-path could have 

multiple edges. The same procedure is applied to the sub-path with multiple edges until there are 

only sub-paths with one or no edges. 

 

 

 

 

 

 

 

 

Figure 10: The Epstein-Peterson method 

Figure 11: The Deygout Method 
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1.5.5 The Giovaneli Method 

 The geometry of three edges for the Giovaneli method [14] is shown in Figure 12. 

Similarly to the Deygout method, one defines a main edge, as the edge having the largest Fresnel 

parameter, as if it was alone with no other obstacles. In the Giovaneli method, one defines a 

virtual transmitter and a virtual receiver, in the same positions as the transmitter and the receiver 

respectively, as seen in Figure 12. The virtual transmitter height is found by extending the line 

that connects the main edge and the most dominant obstacle in the sub-path between transmitter 

and main edge. The virtual receiver height is found similarly, by extending the line that connects 

the main edge and the most dominant obstacle in the sub-path between main edge and receiver. 

If there is no edge between transmitter and main edge, the transmitter and the virtual transmitter 

are the same. Similarly, if there is no edge between main edge and receiver, the virtual receiver 

and the receiver are the same. The virtual transmitter and the virtual receiver heights are 

calculated as:  

                                                      
      

          

  

                                                

                                                
      

              

    

                                             

Where: 

HE – height of transmitter 

HE’ – height of virtual transmitter 

HR – height of receiver 

HR’ – height of virtual receiver 

k – index of the main edge (indices start from the first edge, see Figure 11) 

N – number of edges 

di – distance between two subsequent elements in the geometry shown in Figure 11 

Note that the scenario shown in Figure 11 is a three edge case (N=3), where the main edge index 

is two (k=2). 

After the main edge has been found, its diffraction loss is calculated as if it was the only 

obstacle between transmitter and receiver, but using the heights of the virtual transmitter/receiver 

instead of the heights of the transmitter/receiver. To calculate the diffraction loss of the main 

edge using the Single-edge diffraction method (described in section 1.5.1, equations 12, 13), one 

needs the height hk, which is calculated as: 
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where Hk is the height of the main edge. 

If the sub-path contains only one edge, the diffraction loss in that sub-path is calculated in 

the same manner as in the Deygout method (described in section 1.5.4). If the sub-path between 

transmitter and main edge contains two or more edges, the main edge becomes the new receiver, 

a new main edge is found in that sub-path, and the process is repeated until the sub-path contains 

one or no edge. For the sub-path between main edge and receiver, the same procedure as in the 

sub-path between transmitter and main edge is performed, with the difference that the main edge 

now becomes the new transmitter. 

 

 

 

 

 

 

 

 

 

1.5.6 The Vogler Method 

 The Vogler method is one of the earliest multi-knife edge diffraction methods. Based on 

[35], for a path with N obstacles, and when the transmitter and the receiver are well away from 

the diffraction edge, one can calculate the attenuation of the field strength - A. This attenuation is 

calculated relative to the free-space attenuation as: 

                           
     

  
(

 

√ 
)
 

∫  
 

  

∫    
 

  

  (  
    

      
 )                                             

Where: 

                                       {

                                                                                  

∑                                   

   

   

                           

Figure 12: The Giovaneli Method 
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And αm, βm, σN, and CN are defined in [35]. 

The formulas above are not suitable for numerical computation; therefore, the formulas for the 

numerical computation are given below: 

  

                                                                     
 

  
     ∑   

 

   

                                                                

where: 

                                                ∑   
                          

  

    

                                  

Once again, the functions C(2,m1,m2) and I(m0-m1,β1) are defined in [35]. 

The Vogler method is unsuitable for practical applications because of its large computational 

time. However, it can serve as a reference for the accuracy comparison for the other multiple-

knife edge methods. 

 

1.5.7 Comparison between multiple knife-edge diffraction methods 

Four multiple knife-edge diffraction methods were presented in the preceding sections. 

The accuracy of each of these methods has been compared with the Vogler solution in [14]. The 

differences of diffraction losses between Bullington, Epstein-Peterson, Deygout, Giovaneli and 

Vogler are shown in Figure 13.  

The comparison scenarios, according to [14], have different number of edges, edge 

heights and separation between edges. These scenarios (cases) are listed along the X-axis in 

Figure 13. The Bullington method has shown to give a high mean error and standard deviation, 

while the other three methods give smaller mean errors and standard deviations. When the 

building separations and peak heights are large compared to the wavelength of the radio wave, 

the Giovaneli method gives the best results, in some cases (1.5 GHz) having a mean error of 0.11 

dB [14].  

 

 

 



Radio Wave Propagation 

  
Page 14 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

1.6 Attenuation due to Vegetation  

When radio waves propagate through vegetation, they experience additional propagation 

effects. There isn’t an exact model that can encompass all propagation effects, but few 

approximations exist. Depending on the positions of transmitter and receiver, there are two 

distinguished cases: 

 When one of the terminals lies inside the woodland 

 When both terminals are outside the woodland 

In case when one of the terminals lies inside the woodland, the losses due to vegetation are 

calculated as [29]: 

                                                                    [         ]                                                              

Where, d is the length of path within woodland in meters, γ is the specific attenuation in decibels 

per meter, Am is the maximum attenuation for one terminal within a specific type and depth of 

vegetation in decibels [29]. 

Am is frequency dependent, and is calculated as: 

                                                                                
                                                                              

Figure 13: Difference between the Vogler model and other knife-edge models [14] 
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The parameters A1 and α are determined experimentally. When used to predict the attenuation 

due to vegetation in European countries, one can use the parameter values derived from 

measurements in Mulhouse (France), A1=1.15 [dB], α=0.43 [29]. The value of the specific 

attenuation γ (for vertical and horizontal polarization) is read from the graph shown in Figure 14. 

 

 

 

 

 

 

 

 

 

 

 

In the case when both the transmitter and the receiver are outside the woodland, the losses due to 

vegetation, based on measurements in Austria, are calculated as [29]: 

                                                                                                                                                

where, f is the frequency in megahertz, d is the vegetation depth in meters, and θ is the elevation 

in degrees, as shown in Figure 15. 

 

 

 

 

 

 

Figure 14: Specific Attenuation [29] 

Figure 15: Case when both terminals are outside the woodland [29] 
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Chapter 2: The WRAP 3D Wave Propagation Model 
 

 

2.1 Introduction to outdoor wave propagation models 

The mobile networks are commonly placed over irregular terrain. To estimate the path 

loss over such terrain, a number of wave propagation models are developed. Most of these 

models are used to predict the signal strength by taking into account only large-scale fading 

(section 1.2). These models are known as large-scale propagation models, and predict the local 

average value of the signal strength. Large-scale propagation models can be divided into three 

major groups [16]: 

 Empirical models 

 Semi-empirical or semi-deterministic models 

 Deterministic models 

Empirical models predict the path loss by using mathematical equations, which are derived by 

investigating large quantities of measurement data. These models are both fast and simple, but 

they do not take into account the terrain data, hence they are not too accurate. The free space 

propagation model and the log-distance path loss model are a few examples of empirical models.  

Semi-empirical or semi-deterministic models predict the path loss by using both mathematical 

equations, and terrain data. They are more accurate than empirical models, but in case of highly 

irregular terrain they fail to predict an accurate signal strength value. However, these models are 

still fast in terms of computation time. An example of semi-empirical or semi-deterministic 

models is the COST 231 Walfisch-Ikegami model, shortly denoted as COST 231WIM. 

Deterministic models predict the path loss by using the environmental information. They are 

usually more accurate, but suffer from high computational times and complexity. Deterministic 

models are based on ray-tracing, ray-launching and Finite-difference time-domain (FDTD). 

 

2.1.1 Log-distance path loss model 

As mentioned above, the log-distance path loss model is an empirical model, which is a 

modification of the free-space path loss model (described in section 1.3.1). Based on 

measurements, it has been observed that the received signal power decays logarithmically with 

distance. The path loss for a distance d between transmitter and receiver, and a close-in reference 

distance d0 (determined from measurements) [17] is: 
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where n is the path loss exponent, whose values vary for different environments, as shown in 

Table 1. 

Table 1: Path Loss Exponent [17] 

Environment Path Loss Exponent, n 

Free space 2 

Urban area cellular radio 2.7 to 3.5 

Shadowed urban cellular radio  3 to 5 

In building line-of-sight 1.6 to 1.8 

Obstructed in building 4 to 6 

Obstructed in factories 2 to 3 

 

2.1.2 COST 231 Walfisch-Ikegami 

COST 231 Walfisch-Ikegami is a semi-empirical or semi-deterministic model that gives 

better accuracy than empirical models, while still maintaining a fast computational speed. 

Besides the height of transmitter and receiver, frequency, distance between transmitter and 

receiver, it also takes into account some of the environmental information such as: street 

orientation, street width, average building height, building separation. The COST 231 WIM 

calculation is performed in two parts, the LOS part and the NLOS part [18]. The LOS part is 

calculated as: 

                                                                                                                           

where, d is the distance in kilometers, f is the frequency in megahertz. 

The NLOS part requires more complex calculations. The calculation is represented as a sum of 

three components, namely the free-space path loss l0, the diffraction loss caused by multiple 

screens lmsd and the diffraction loss caused by the rooftop-to-street lrts:  

                                                {
                                
                                                

                                       

l0, lmsd and lrts are calculated using the set of formulas below: 

                                                                                                                               

                                                           (     )                        

Where, w is the width of street, hroof is the mean value of the building heights, hRx is the receiver 

height, lori is the empirical street orientation loss obtained from measurements. 
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lori is defined as: 

                                              {

                                     

                               

                              
                                     

where φ is the road orientation in degrees. 
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If the point is in LOS with the transmitter equation 26 is used to calculate the path loss. On the 

other hand, if the point is not in LOS (NLOS) equation 27 is used. COST 231 WIM yields good 

results, but is limited to some factors such as frequency, height of transmitter and receiver, and 

distance between them. 

 

2.1.3 Ray tracing and ray launching 

 Ray tracing and ray launching are both deterministic ray-based models that make full use 

of the environmental information. When the number of receiver points is small, i.e. point to point 

communication, one uses ray tracing. Ray tracing produces exact rays between transmitter and 

receiver, therefore it is inefficient in terms of computational speed if the number of points is too 

large, i.e. coverage areas. On the other hand, in ray launching one launches discrete rays with 

small angle separation. Because of the discrete nature of rays, gaps between rays will be created 

and some receiver points will be missed. Ray launching is faster than ray tracing when the 

number of points is large, therefore it is suitable for coverage prediction. Some of the most well-
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known propagation models based on ray launching are CORLA [10], IRLA [18], MOTIF [19], 

whereas, IRT [20] is based on ray tracing. 

 

2.1.4 Finite difference time domain (FDTD) 

 FDTD [21] is the most accurate method to simulate the propagation of electromagnetic 

waves, but at the same time the most time consuming and complex method. The FDTD solves 

the Maxwell’s equation in the time domain by using finite-difference approximations. It makes 

full use of the environmental information, by dividing the environment into a dense grid of cells, 

known as Yee’s cells, with sizes in order of a fraction of the wavelength [22]. Each cell’s 

electromagnetic parameters, permittivity, permeability and conductivity must be known. If such 

detailed environmental information is available, FDTD yields accurate results, and vice-versa. 

The calculation speed and memory needs for the FDTD method depend on the number of cells 

on the grid. For large grids, FDTD is inefficient in these terms, and therefore not suitable for 

radio planning in wireless communication. The FDTD method has found many applications, i.e. 

simulating scattering of a light wave from an object. The most widely used application of this 

method is in the area of antenna design for wireless communications.  

 

2.2 Overview of WRAP 3D 

 In this section we will give a brief overview of the 3D model. Based on [10] [18], the 3D 

wave propagation model has been split into two parts, the horizontal part and the vertical part. 

Current propagation models in WRAP do not take into account the side reflections and 

diffractions. Such side reflections and side diffractions are taken into account in the horizontal 

part. This part performs the calculations along a plane parallel to the ground, by using ray 

launching (section 2.1.3). On the other hand, the vertical part performs the calculation in the 

plane between transmitter and receiver, by taking into account only the vertical rooftop 

diffractions. The end result is a combination of the results given from vertical and horizontal 

parts. Each of these parts is described in detail in the following sections. 

 

2.3 The Horizontal Part 

 In a manner similar to [18], the horizontal part performs the calculation by launching 

discrete cubic rays (described in section 2.3.2) in a plane that is parallel to the ground, whose 

height is chosen to be at the ground level. Further on, this plane is rasterized into a grid, as 

described in section 2.3.1. The calculations in this part take the transmitter height, the receiver 

height, the ground height and the 3D radiation pattern into account, whereas, the heights of the 

buildings are not taken into account, therefore, only the base of the building is of interest, as seen 

from the top of the environment. This is visualized in a part of Stockholm, where the 3D view is 
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shown in Figure 16a, and the top view is shown in Figure 16b (screenshots from WRAP 

software). 

 

a) 

 

 

 

 

 

 

 

 

b) 

Figure 16: A part of Stockholm seen a) in 3D view, b) from the top 

 

2.3.1 Environmental Information  

 The geographical data is of fundamental importance when one deals with deterministic 

wave propagation models. In order to test and validate the WRAP 3D model, the Stockholm 

geographical data were provided in raster format [23], which consists of three parts:  

 DTM – digital terrain model, representing the ground height above sea level 

 DEM – digital elevation model, representing the clutter height above ground level 

 DSM – digital surface model, representing the ground + clutter height above sea level 
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These geographical data are provided in two resolutions, high resolution (1x1 meters), and low 

resolution (5x5 meters). The data are read from the high resolution files unless a data point is 

missing, in which case the data is read from the low resolution files. Each data point representing 

a clutter has a corresponding class (one to one mapping) such as Forest, Building, Sea Water, 

Bridge, etc. Information about these classes is provided in the clutter files. For example, one 

reads the height 5 meters from the DEM file, and the code 202 from the clutter file, which 

corresponds to a forest of 5 meters height above ground. Note that each data point is represented 

by its geographical coordinates in the Swedish RT-90 coordinate system [24]. 

 To create a cubic environment for the horizontal part, one needs to load the data into 

memory. Three 32-bit integer matrices are created, the clutter_height matrix, the ground matrix 

and the clutter matrix. The ground matrix contains all the ground heights read from the DTM 

files, the clutter_height matrix contains the clutter heights read from the DEM files, whereas the 

clutter matrix contains the clutter codes read from the clutter files. After these three matrices are 

loaded with the geographical data, the cubic environment can be created.  

There are two types of cubes: 

 Empty Cube – representing free space, forest, water 

 Filled Cube – representing buildings, bridges 

The way how these cubes affect the wave propagation will be discussed in detail, later in this 

report. Note that the forest is treated as an empty cube because the propagation through forest is 

modeled as pass-through attenuation (described in section 1.6). 

 

 

 

 

 

 

 

Both types of cubes are represented by 32-bit integer values, as shown in Figure 17. For 

memory efficiency, these 32-bit integer values save the information in bits rather than using the 

whole 32-bit space. The most significant bit is used to distinguish between a filled cube and an 

empty cube. The empty cube has the most significant bit set to zero, whereas the filled cube has 

it set to one. On the empty cube the remaining 31 bits are divided as follows: 8 bits save 

information about forest or water, 17 bits are used to avoid double marking of rays when 

Figure 17: Empty and filled cube bit-representation 
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calculating the delay spread. On the other hand, on the filled cube the remaining 31 bits are 

divided as follows: 8 bits save the clutter code, 9 bits save the wall angle, which will be 

described later on, 4 bits save the diffraction mode, which also will be described later on. Other 

bits are unused. A new matrix, which represents the plane described in 2.3, is built containing the 

above-defined empty and filled cubes. This new matrix is called the terrain matrix, and together 

with the ground matrix, they represent the horizontal environment. The whole process, from 

reading the geographical data, to creation of the horizontal environment is summarized and 

shown in Figure 18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.2 Discrete Ray Launching 

 After the horizontal environment has been created, one can start launching discrete rays. 

But before we do that, the question arises: How well do these discrete rays model the real radio 

wave propagation? First, let’s review the radiation of radio waves. Let’s assume there is an 

isotropic radiating antenna, whose radiation pattern looks like a circle in a two dimensional 

plane. If the distance between the isotropic radiating antenna and a given receiving point is larger 

than the Fraunhofer distance [25], and we take only a small fraction of the radiation pattern, we 

can consider it as a tiny plane wave front, as shown in Figure 19. That tiny plane wave front can 

be modeled as a discrete ray. Using this discrete ray model, the radiation of an isotropic antenna 

is illustrated in Figure 20. 

Figure 18: Creation of the Horizontal Environment 
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 To fit the discrete ray into the cubic environment described in the previous section, one 

defines a cubic ray. The cubic ray approximates the discrete ray with cubes, similarly to 

representing a line with pixels in computer graphics. There are many algorithms to approximate 

a line with pixels, but the simplest and fastest one is the Bresenham’s line algorithm [26], which 

is used to approximate the discrete rays with cubic ones. This approximation is illustrated in a 

cubic environment, shown in Figure 21. By using a cubic approach in both, environment and ray, 

the interaction between the last two becomes very simple, thus increasing the computational 

speed. 

Figure 19: Radiation of an isotropic antenna 

Figure 20: Radiation of an isotropic antenna using discrete rays 
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 To perform the calculations in the horizontal part, one uses ray launching (described in 

section 2.1.3). A large number of discrete cubic rays is launched from the transmitting point with 

a small angle separation between them. These rays interact with the surrounding environment in 

different ways, by undergoing the propagation phenomena described in section 1.3. Each ray 

launched from the transmitter is traced, as described in Algorithms 1 and 2. 

Algorithm 1 – Ray launching(transmitter Tx, transmit-power Pwr) 

C ← GetTerrainMatrix() 

G ← GetGroundMatrix() 

A ← GenerateAngles() {all angles from 0 to 360 degrees} 

for all a ∈A do 

     launchRay(Tx,Pwr,a) 

     solveAngularDispersion()  

end for 

 

In algorithm 1, the rays are launched from transmitter Tx with power Pwr, in all angles from 0 to 

360 degrees with a small discrete step, i.e. every 0.01 degrees. The horizontal environment is 

loaded into G and C. The angular dispersion (described in section 2.3.4) is handled in this part as 

well. In algorithm 2, a ray is launched from the source S, with power Pwr (expressed in dB), in 

direction a. The ray is traced cube by cube, using Bresenham’s algorithm, and in every step the 

algorithm can exit if the current received power falls below a given threshold. If the next cube is 

empty, and the ray has undergone at least one diffraction or reflection, the current received 

power currentPwr is calculated (described in section 2.3.6), and is written into the results matrix. 

If the ray has not undergone any diffraction or reflection, it will be anyhow traced, but the 

current received power will not be written (this will be handled in the Vertical part, described in 

section 2.4). Note that if the same cube is hit by two or more rays, only the dominant one is 

written [10]. If the next cube is filled, the checkWall algorithm is invoked. Based on the decision 

Figure 21: A cubic ray approximation 
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of the checkWall algorithm, a reflected ray or a diffraction cone will be launched (described in 

section 2.3.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 In the last part of Algorithm 2, it was mentioned that when the ray hits a filled cube, it 

will be reflected or diffracted. When the ray is incident on a filled cube, one has to define 

whether the cube should be treated as diffraction or reflection cube, i.e. the D-cube or R-cube in 

Figure 22. In [10] and [18] the decision how a cube is treated is straightforward because these 

algorithms are based on vector data, where the entire wall angles and corners are well-defined.  

 

Algorithm 2 –launchRay(source S, power Pwr, angle a) 

currentPwr ← Pwr 

currentCube ← S 

while  TRUE do 

     if currentPwr < threshold then 

           exit algorithm(launchRay) 

     end if 
      currentCube = getNextCube(C, a) {get next cube in the direction of a} 

     if currentCube.isEmpty() then  

          currentPwr ← Pwr - freeSpacePathLoss(currentCube, G) 

          currentPwr ← currentPwr - extraLossForest(currentCube) 

          if numberOfReflections ≠ 0 or numberOfDiffractions ≠ 0 then 

               resultsMatrix(currentCube) ← currentPwr 

          end if 

     else           {currentCube is filled} 

          decision ← checkWall(currentCube) 

          end while 

     end if           

end while 

begin case(decision) 

     case(17) {Reflection} 

          currentPwr ← currentPwr – reflectionLoss 

          angle ← getReflectionAngle(a, currentCube) 

          launchRay(currentCube, currentPwr, angle) 

     case(1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16) {Diffraction} 

           diffractionCone ← buildCone(a,decision) {Build the diffraction cone} 

          for all angle ∈diffractionCone do 

               currentPwr ← currentPwr – diffractionLoss(angle) 

               launchRay(currentCube, currentPwr, angle) 

           end for 

end case 
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Figure 22: Reflected ray and diffraction cone in cubic environment 

 

 

 

 

 

 

 

 

When one deals with raster data, no information about the wall angles and corners is present. To 

identify what type of filled cube it is, a complex algorithm has been developed and implemented, 

named the checkWall algorithm. The checkWall algorithm is invoked when a ray hits a filled 

cube (no matter from what angle). By analyzing how the positions of the neighbor cubes are 

related to the position of the hit cube, the algorithm will give a decision how the hit cube and its 

neighbor cubes are to be treated. When the algorithm is finished, the decision is given and useful 

information about the wall angle and diffraction mode (described in section 2.3.1) is saved for 

the analyzed cubes. This way, larger fractions of the environment are analyzed at the same time, 

rather than analyzing cube by cube. Further on, having this information saved into the bits, the 

next time when a ray hits one of these cubes, the checkWall algorithm doesn’t have to be 

invoked because the behavior of these cubes is already saved. Experimentally, this algorithm has 

shown to be both fast and accurate. An example of a real scenario in Stockholm is shown in 

Figure 23, where the algorithm has identified the diffraction and reflection cubes. 

 

 

 

 

 

 

 

 

 Figure 23: Analysis of a Stockholm building in cubic environment 
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2.3.3 Horizontal reflections and diffractions 

 The reflection phenomenon was described in section 1.3.2, where one needs the 

reflection coefficient and reflection angle to define the reflected ray (see Figure 22). For the 

Stockholm case, all buildings are treated as if they are made of concrete. The value of the 

reflection coefficient is 0.454 [4]. In terms of wave amplitude, it means that the amplitude of the 

reflected wave is 45% of the incident wave, whereas in terms of power, only the 20% of the 

incident power will be reflected. In logarithmic scale, each reflection would reduce the power by 

6.9 decibels, which corresponds well to the values used in [10], [18].  

 To model the diffraction phenomenon, a diffraction cone (see Figure 22) has to be 

launched. After the edges of diffraction cone have been defined, the cone can be filled by 

launching cubic rays in between these edges. The strength of these diffracted rays is calculated 

using the GTD. As discussed in section 1.3.4, the GTD fails to predict the field strength in the 

shadow boundary. In [27] the shadow boundary problem is handled by ignoring (not launching) 

the rays that are in the shadow boundary. Another approach is to launch the rays in the shadow 

boundary by using the UTD value (6 dB) in the shadow boundary. This approximation 

introduces an error in the calculations of the diffraction coefficient, but it is very beneficial in 

terms of calculation speed [27].  

2.3.4 Angular Dispersion 

Because of the discrete nature of rays, gaps between rays will be created and some 

receiver points will be missed. The gap between two rays will be bigger when these rays have 

propagated over larger distances, emphasizing this problem. This phenomenon is known as 

Angular Dispersion, and ray launching algorithms are subjected to it. An angular dispersion 

between two rays is shown in Figure 24a.  

 

 

 

 

 

 

 

 To solve the angular dispersion problem, the angular dispersion solver proposed in [28] 

was implemented. This solves the problem by first identifying the cubes that two neighbor rays 

hit (these two cubes must belong to the same reflective surface), and launching new rays in 

between them, as shown in Figure 24b. 

Figure 24: a) Angular Dispersion, b) Solution to Angular Dispersion 
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2.3.6 Modelling of Radio Wave Propagation in Horizontal Part 

  In the previous sections, attenuation due to reflection, diffraction and vegetation were 

discussed. All these contribute to the received power in each receiving point in the horizontal 

part. Together with the radiation pattern, cable loss and modified free-space path loss they have 

been summarized in a formula, as: 

                                                                                                           

Where: 

Lreflections: the attenuation that the ray has undergone due to all reflections from the transmitter to 

the receiving point, as described in sections 1.3.2 and 2.3.3 

Ldiffractions: the attenuation that the ray has undergone due to all diffractions from the transmitter 

to the receiving point, as described in sections 1.3.3 and 2.3.3 

Lvegetation: the attenuation due to vegetation, as described in section 1.6 

Lfree_space: the free-space path loss described in 1.3.1, with some modifications 

The modified free-space path loss, introduces a new parameter – the path loss coefficient γ, as 

[10]: 

                                                                                                                      

The path loss coefficient γ adjusts how the path loss depends on the distance, and is usually 

obtained from experimental results. A suitable value for the Stockholm case has shown to be 

1.05. 

Where d is the distance in meters, from transmitter to receiver by taking into account transmitter 

height, receiver height and ground height; f is the frequency in megahertz. 

Due to multipath propagation, multiple rays will reach the same receiving point. Each of them 

will have a different path loss value, calculated from equation 36. According to [10], only the 

strongest ray path is considered, which is the path with minimum attenuation. Using this 

attenuation value, the cable loss and radiation pattern, the received power in the horizontal part is 

calculated as: 

                                                          
                                          

Where Pt_dB is the transmitter power in decibels, C is the cable loss in decibels, ATx(θ,φ) and 

ARx(θ,φ) are the antenna gains of the transmitting antenna and the receiving antenna, in their 

respective direction θ,φ (spherical coordinates), expressed in decibels. 
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An example of how a ray is traced is shown in Figure 25b, and how it is represented in 3D is 

shown in Figure 25a. Note that the ray and environment are in cubes (similar to Figure 20), but 

to simplify the representation they have been illustrated with lines. The transmitter and the 

receiver heights are hTx and hRx, and they are placed in different ground heights, i.e. h1 and h2. 

Seen from the top, the ray travels a distance dhor (see Figure 25b), which doesn’t correspond well 

to the reality. The distance d (see Figure 25a) is calculated by taking into account the 

transmitter/receiver heights, and their corresponding ground heights, as: 

                                           √        [                 ]                                                 

 

 

 

 

 

 

 

 

2.4 Vertical Part 

 The vertical part, which is independent from the horizontal part, performs the calculations 

in a 2D plane between a transmitter and a receiving point. To calculate the path loss for a given 

receiving point, one builds the vertical profile as shown in Figure 26, and uses the single edge 

approximation to model the buildings, as shown in Figure 28. After that such an approximation 

is done, one of the knife-edge diffraction methods can be used to calculate the diffraction loss, as 

described in section 1.5. 

 

 

 

 

 

 

Figure 25: A ray path represented in a) 3D, b) top view (horizontal) 

Figure 26: Example of a Vertical Profile 
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The diffraction points are found by using the line-dropping principle. Using this approach, a 

straight line is created in top of the transmitter, and is thrown down until it hits an object. It will 

always hit the highest line-of-sight point. After that, a straight line is created on top of the most 

recently hit object. This line is thrown down again to find the next highest line-of-sight point. 

The procedure is repeated until the receiver is hit. This principle is illustrated in Figure 27. 

 

 

 

 

 

 

 

 

Each of the identified diffraction point is approximated by a single edge (see Figure 28). To 

calculate the diffraction loss, the Giovaneli diffraction method is used. The reason for using this 

method is explained in section 1.5.7. The path loss for a receiving point in the vertical part is 

calculated by summing up the diffraction loss and the free-space path loss: 

                                                                                                                                  

The received power is calculated as: 

                                                                                                        

where C, ATx(θ,φ) and ARx(θ,φ) are defined in section 2.3.6. 

 

 

 

 

 

 

 

Figure 27: Line-dropping principle 

Figure 28: Knife-edge approximation 
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To predict the signal strength in an area with radius R, in the vertical part, the following steps are 

undertaken: 

1. All boundary points of the area are found (points having a distance R from the transmitter) 

2. For a given boundary point and transmitter position, a vertical profile is created 

3. The diffraction points between the transmitter and the given receiving point are found 

4. The path loss in that point is calculated 

5. After the calculation in this boundary point is completed, one moves towards the 

transmitter and finds the next calculation point 

6. The new calculation point lies on the same profile as the previous point 

7. The new calculation point will try to utilize all the calculations of the previous point to 

estimate the path loss in this point 

8. The point is marked so other profiles won’t recalculate the path loss in that point 

9. Steps 5-8 are repeated until the transmitter is reached 

10. The algorithm moves to the next boundary point and steps 2-9 are repeated for all 

boundary points 

This approach has experimentally shown to dramatically speed up the calculation in the vertical 

part, compared to the approach when one creates a vertical profile for each point. This approach 

yields results that differ from the results when one performs calculations by creating the vertical 

profile for each point. This difference has shown to be very small, and in most cases it can be 

neglected. 

 

2.5 Combining Vertical and Horizontal parts 

After the calculations in the vertical part and horizontal part are performed, one can 

combine the results. For a given point there are two calculated received powers, the one from the 

horizontal part and the one from the vertical part. The part that gives minimum attenuation is 

chosen: 

                                                                                                                                           

 

2.6 Power Delay Profile and RMS Delay Spread 

 The power delay profile characterizes the behavior of the wireless channel. Due to multi-

path propagation, the power delay profile of a wireless channel looks like a sequence of pulses. 

WRAP 3D is capable of calculating the power delay profile. In Stockholm, the power delay 

profile is calculated for a point (230 meters away from the transmitter, in LOS, 915.5 MHz, 

threshold set to -150 dBm), and is shown in Figures 29 and 30. 
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The time difference between the first component that exceeds a given threshold and the 

last component that falls below that threshold is known as the delay interval [32]. According to 

[30], the typical delay interval values in an urban area range between 2.5 and 3.5 microseconds. 

In the Stockholm example, the delay interval value is found to be 2.64 microseconds, which 

corresponds well to the values presented in [30].  

 The average delay and the RMS delay spread are two statistical parameters of the power 

delay profile which are of practical interest. The average delay (TD) is defined as [32]: 

                                                                   
∑        

 
   

∑      
 
   

                                                                   

Where τi is the excess time delay variable of the i-th component, P(τi) is the power density of the 

i-th component and τM is the arrival time of the first multipath component. 

The RMS delay spread (S) is defined as [32]: 

                                                          √
∑                 

 
   

∑      
 
   

                                                       

Using the equation above, the RMS delay spread is found to be 871 nanoseconds. 

Based on the RMS delay spread value, one can calculate the coherence bandwidth of the wireless 

channel. If one wants a frequency correlation function [32] above 0.9, the coherence bandwidth 

(B0.9) is approximated by [25]: 

                                                                                  
 

   
                                                                          

On the other hand, for a frequency correlation function [32] above 0.5, the coherence bandwidth 

(B0.5) is approximated by [25]: 

                                                                                    
 

  
                                                                           

 

The calculated values are: B0.9 = 22.96 kilohertz and B0.5 = 229.6 kilohertz respectively. 

Other important phenomena when dealing with wireless communications, such as Inter-Symbol-

Interference [1], are related to the RMS delay spread. The RMS delay spread determines the 

manner in which the wireless channel affects the Inter-Symbol-Interference. 
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In Figure 30, the same power delay profile is shown once more, but this time each component is 

associated with its angle of arrival.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29: Channel power delay profile 

Figure 30: Channel power delay profile and angles of arrival 
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Chapter 3: Results 
 

 

3.1 Introduction 

In this chapter, the comparison criteria are discussed first, and then different propagation 

models are compared. The comparison is done between WRAP 3D, Detvag-90/FOI and COST-

231 Walfisch-Ikegami for different frequencies. Also a combination of Detvag-90/FOI and the 

horizontal part (described in 2.3) is calculated and compared with other models. The calculation 

speeds of these models are also compared. 

 

3.2 Averaging Interval – Lee Method 

 The deterministic propagation models predict the large-scale fading only, whereas, the 

measured signal is composed of the small-scale fading signal and the large-fading signal. In 

order to obtain a more accurate comparison one has to average the measured signal, so that only 

large-scale fading is considered. The most commonly used method to perform such averaging is 

the Lee-method [31]. According to it, the averaging interval must be chosen: 

 20λ for low frequency  

 40λ for high frequency 

For both cases, the minimum number of measured points in the interval is 50.  

 

3.3 Accuracy testing methods 

 In order to see how accurate a propagation model is, a number of methods can be applied, 

such as: Average Error (AE), Standard Deviation of the Error (STDe), Root Mean Square Error 

(RMSE) and Correlation. Based on [33], a short description for each method is provided below. 

 

3.3.1 Average Error 

The difference between the simulated values (si) and the measured values (mi) represents 

the error values (ei). Averaging these values gives the Average Error. The error values are 

calculated as: 

                                                                                                                                         



Implementation of a 3D terrain-dependent wave propagation model in WRAP 

 

  
Page 35 

 

  

where N is the number of measured/simulated points. The average error is calculated as: 

                                                                                   
 

 
∑  

 

   

                                                                  

 

3.3.2 Standard Deviation of the Error 

The Standard Deviation of the Error represents how much the error values (ei) vary 

(oscillate) from the average value AE. The Standard Deviation of the Error (found in literature as 

unbiased Standard Deviation) is calculated as: 

                                                                √
 

   
∑        
 

   

                                                      

 

3.3.3 Root Mean Square Error 

The Root Mean Square Error represents the square root of the average of the squared 

error values (ei), as: 

                                                                  √
 

 
∑        
 

   

                                                            

 

3.3.4 Correlation 

The correlation represents the degree of similarity (correlation) between the measured 

values and the simulated values, as: 

                                                
∑                

   

√∑         ∑          
   

 
   

                                            

where µs is the mean value of simulated values si, and µm is the mean value of measured values 

mi. 
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3.4 Propagation Model Comparison 

 In this part, the comparison between different wave-propagation models is presented in 

three areas in Stockholm: 

 Observatorielunden 

 Vanadislunden 

 Tegnérlunden 

 

In these three areas where the calculations are performed, the measurement files are truncated, so 

that the measured points fit into the available geographical data. Further on, based on the Lee 

Method, the data are averaged over 40λ distance in frequencies 915.5 and 1794 MHz, and over 

20λ distance in frequencies 51 and 394 MHz. 

Some important comments about the calculations of each method are given below: 

 WRAP 3D and the horizontal part are calculated using the WRAP3D stand-alone console 

application version 1.0. 

 Detvag-90/FOI is calculated using the default parameters in WRAP software, GTD-

Method 2, number of obstacles: 3. 

 COST-231 Walfisch-Ikegami is calculated using these parameters: Environment: Sub-

urban Center, Building Roof Height: 17 [m], Width of Road: 15 [m], Building 

Separation: 30 [m], Road Orientation: 90 [degrees]. 

 Detvag-90/FOI and COST-231 Walfisch-Ikegami are calculated using WRAP software. 

WRAP 3D and the horizontal part are calculated using the stand-alone WRAP3D console 

application. Results of the horizontal part and Detvag-90/FOI are combined using 

MATLAB. 

 

3.4.1 Comparison in Observatorielunden 

 The Observatorielunden scenario is shown in Figure 31. The antenna parameters for each 

frequency are given in Table 2. For all frequencies the transmitter position is: N6582293, 

E1627991 (Swedish RT-90). The antenna type is ¼-wavelength with ground plane, except for 

the 51 MHz-band where a vertical dipole is used. 

Table 2: Antenna parameters for Observatorielunden scenario 

Frequency 

[MHz] 

Transmit 

Power (EIRP) 

[dBm] 

Transmitter 

Height [m] 

Receiver 

Height [m] 

Antenna Gain 

(receiver) 

[dBi] 

Cable 

Attenuation 

[dB] 

51 38.6 3.67 3.67 -3.0 -0.2 

394 43.7 1.58 1.58 2.15 -0.3 

915.5 38.5 1.58 1.58 2.15 -0.4 

1794 38.5 1.58 1.58 2.15 -0.8 
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For the Observatorielunden scenario, the comparison of the measured signal and the given 

models, for four frequencies, is shown in figures 32-35. The Average Error (AE), Standard 

Deviation of the Error (STDe), the Root-Mean-Square-Error (RMSE), and the Correlation for 

each model and for each frequency, are shown in tables 3-6. 

Note that after the Lee averaging only 10 values remain as the statistical basis for the comparison 

in the 51 MHz scenario. This is a too small number to give good statistical significance. 

Anyway, it is possible to show some trends in the results. 

 

 

 

 

 

Figure 31: Observatorielunden scenario, blue line is outside the available geographical 

data, calculations are performed only along the black line 
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Table 3: Comparison of different models for Observatorielunden, frequency 51 [MHz] 

 Detvag-90/FOI WRAP 3D 
COST-231 

Walfisch Ikegami 

Detvag-90/FOI + 

horizontal part 

AE [dB] -4.47 1.08 -27.46 -3.00 

STDe [dB] 3.46 3.61 5.25 3.88 

RMSE [dB] 5.66 3.77 27.96 4.90 

Correlation [%] 91.55 91.63 95.82 90.88 

 

 

 

 

 

 

Figure 32: Comparison of measured signal and a) Detvag-90/FOI, b) WRAP 3D, c) COST-231 

Walfisch Ikegami, d) Detvag-90/FOI + horizontal part, in Observatorielunden, 51 [MHz] 
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Table 4: Comparison of different models for Observatorielunden, frequency 394 [MHz] 

 Detvag-90/FOI WRAP 3D 
COST-231 

Walfisch Ikegami 

Detvag-90/FOI + 

horizontal part 

AE [dB] -9.46 -0.05 -27.80 -3.99 

STDe [dB] 7.99 4.84 5.89 8.29 

RMSE [dB] 12.38 4.85 28.42 9.20 

Correlation [%] 86.62 91.98 97.67 85.31 

 

 

 

 

 

 

Figure 33: Comparison of measured signal and a) Detvag-90/FOI, b) WRAP 3D, c) COST-231 

Walfisch Ikegami, d) Detvag-90/FOI + horizontal part, in Observatorielunden, 394 [MHz] 
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Table 5: Comparison of different models for Observatorielunden, frequency 915.5 [MHz] 

 Detvag-90/FOI WRAP 3D 
COST-231 

Walfisch Ikegami 

Detvag-90/FOI + 

horizontal part 

AE [dB] 2.05 10.01 -14.01 7.55 

STDe [dB] 10.33 6.64 5.61 8.74 

RMSE [dB] 10.53 12.02 15.09 11.54 

Correlation [%] 83.38 87.35 95.62 88.15 

 

 

 

 

 

Figure 34: Comparison of measured signal and a) Detvag-90/FOI, b) WRAP 3D, c) COST-231 

Walfisch Ikegami, d) Detvag-90/FOI + horizontal part, in Observatorielunden, 915.5 [MHz] 
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Table 6: Comparison of different models for Observatorielunden, frequency 1794 [MHz] 

 Detvag-90/FOI WRAP 3D 
COST-231 

Walfisch Ikegami 

Detvag-90/FOI + 

horizontal part 

AE [dB] -6.46 3.58 -20.64 -0.20 

STDe [dB] 11.55 6.71 4.96 9.37 

RMSE [dB] 13.24 7.60 21.23 9.37 

Correlation [%] 80.94 89.98 94.57 91.87 

 

 

 

 

 

Figure 35: Comparison of measured signal and a) Detvag-90/FOI, b) WRAP 3D, c) COST-231 

Walfisch Ikegami, d) Detvag-90/FOI + horizontal part, in Observatorielunden, 1794 [MHz] 
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3.4.2 Comparison in Vanadislunden 

 The Vanadislunden scenario is shown in Figure 36. The antenna parameters for each 

frequency are given in Table 7. For all frequencies the transmitter position is: N6583027, 

E1627923 (Swedish RT-90). The antenna type is ¼-wavelength with ground plane, except for 

the 51 MHz-band, where a vertical dipole is used. 

Table 7: Antenna parameters for Vanadislunden scenario 

Frequency 

[MHz] 

Transmit 

Power (EIRP) 

[dBm] 

Transmitter 

Height [m] 

Receiver 

Height [m] 

Antenna Gain 

(receiver) 

[dBi] 

Cable 

Attenuation 

[dB] 

51 38.6 3.67 3.67 -3.0 -0.2 

394 43.7 1.58 1.58 2.15 -0.3 

915.5 38.5 1.58 1.58 2.15 -0.4 

1794 38.5 1.58 1.58 2.15 -0.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For the Vanadislunden scenario, the comparison of the measured signal and the given models, 

for four frequencies, is shown in figures 37-40. The Average Error (AE), Standard Deviation of 

the Error (STDe), the Root-Mean-Square-Error (RMSE), and the Correlation for each model and 

for each frequency, are shown in tables 8-11. 

Figure 36: Vanadislunden scenario, blue line is outside the available geographical data, 

calculations are performed only along the black line 
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Note that after the Lee averaging only 12 values remain as the statistical basis for the comparison 

in the 51 MHz scenario. This is a too small number to give good statistical significance. 

Anyway, it is possible to show some trends in the results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 8: Comparison of different models for Vanadislunden, frequency 51 [MHz] 

 Detvag-90/FOI WRAP 3D 
COST-231 

Walfisch Ikegami 

Detvag-90/FOI + 

horizontal part 

AE [dB] 0.29 4.60 -26.03 1.36 

STDe [dB] 4.54 9.56 7.23 4.24 

RMSE [dB] 4.35 10.24 26.94 4.28 

Correlation [%] 94.65 87.60 92.65 95.12 

  

 

Figure 37: Comparison of measured signal and a) Detvag-90/FOI, b) WRAP 3D, c) COST-231 

Walfisch Ikegami, d) Detvag-90/FOI + horizontal part, in Vanadislunden, 51 [MHz] 
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Table 9: Comparison of different models for Vanadislunden, frequency 394 [MHz] 

 Detvag-90/FOI WRAP 3D 
COST-231 

Walfisch Ikegami 

Detvag-90/FOI + 

horizontal part 

AE [dB] 1.48 -3.02 -31.02 2.69 

STDe [dB] 12.47 15.11 10.33 11.92 

RMSE [dB] 12.51 15.35 32.68 12.18 

Correlation [%] 85.15 73.40 69.26 84.48 

 

 

 

 

 

 

Figure 38: Comparison of measured signal and a) Detvag-90/FOI, b) WRAP 3D, c) COST-231 

Walfisch Ikegami, d) Detvag-90/FOI + horizontal part, in Vanadislunden, 394 [MHz] 
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Table 10: Comparison of different models for Vanadislunden, frequency 915.5 [MHz] 

 Detvag-90/FOI WRAP 3D 
COST-231 

Walfisch Ikegami 

Detvag-90/FOI + 

horizontal part 

AE [dB] 0.91 -6.80 -31.78 2.94 

STDe [dB] 18.18 16.42 9.11 16.12 

RMSE [dB] 18.14 17.72 33.05 16.33 

Correlation [%] 89.74 76.79 87.59 92.75 

 

 

 

 

 

 

Figure 39: Comparison of measured signal and a) Detvag-90/FOI, b) WRAP 3D, c) COST-231 

Walfisch Ikegami, d) Detvag-90/FOI + horizontal part, in Vanadislunden, 915.5 [MHz] 
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Table 11: Comparison of different models for Vanadislunden, frequency 1794 [MHz] 

 Detvag-90/FOI WRAP 3D 
COST-231 

Walfisch Ikegami 

Detvag-90/FOI + 

horizontal part 

AE [dB] 1.60 -9.23 -33.51 3.38 

STDe [dB] 20.58 18.56 9.70 19.22 

RMSE [dB] 20.61 20.70 34.88 19.48 

Correlation [%] 90.43 68.60 83.92 89.66 

 

 

 

 

Figure 40: Comparison of measured signal and a) Detvag-90/FOI, b) WRAP 3D, c) COST-231 

Walfisch Ikegami, d) Detvag-90/FOI + horizontal part, in Vanadislunden, 1794 [MHz] 
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3.4.3 Comparison in Tegnérlunden 

 The Tegnérlunden scenario is shown in Figure 41. The antenna parameters for each 

frequency are given in Table 12. For all frequencies the transmitter position is: N6581883, 

E1628000 (Swedish RT-90). The antenna type is ¼-wavelength with ground plane, except for 

the 51 MHz-band, where a vertical dipole is used. 

Table 12: Antenna parameters for Tegnérlunden scenario 

Frequency 

[MHz] 

Transmit 

Power (EIRP) 

[dBm] 

Transmitter 

Height [m] 

Receiver 

Height [m] 

Antenna Gain 

(receiver) 

[dBi] 

Cable 

Attenuation 

[dB] 

51 34.5 3.67 3.67 -3.0 -0.2 

394 43.7 1.58 1.58 2.15 -0.3 

915.5 38.5 1.58 1.58 2.15 -0.4 

1794 38.5 1.58 1.58 2.15 -0.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For the Tegnérlunden scenario, the comparison of the measured signal and the given models, for 

four frequencies, is shown in figures 42-45. The Average Error (AE), Standard Deviation of the 

Error (STDe), the Root-Mean-Square-Error (RMSE), and the Correlation for each model and for 

each frequency, are shown in tables 13-16. 

Figure 41: Tegnérlunden scenario, blue line is outside the available geographical 

data, calculations are performed only along the black line 
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Note that after the Lee averaging only 12 values remain as the statistical basis for the comparison 

in the 51 MHz scenario. This is a too small number to give good statistical significance. 

Anyway, it is possible to show some trends in the results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 13: Comparison of different models for Tegnérlunden, frequency 51 [MHz] 

 Detvag-90/FOI WRAP 3D 
COST-231 

Walfisch Ikegami 

Detvag-90/FOI + 

horizontal part 

AE [dB] 9.82 13.35 -7.42 9.86 

STDe [dB] 4.44 4.79 2.06 4.43 

RMSE [dB] 10.70 14.11 7.68 10.73 

Correlation [%] 79.81 79.68 96.01 79.88 

     

 

Figure 42: Comparison of measured signal and a) Detvag-90/FOI, b) WRAP 3D, c) COST-231 

Walfisch Ikegami, d) Detvag-90/FOI + horizontal part, in Tegnérlunden, 51 [MHz] 
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Table 14: Comparison of different models for Tegnérlunden, frequency 394 [MHz] 

 Detvag-90/FOI WRAP 3D 
COST-231 

Walfisch Ikegami 

Detvag-90/FOI + 

horizontal part 

AE [dB] -10.30 -11.87 -16.29 -9.59 

STDe [dB] 7.19 8.26 3.34 7.01 

RMSE [dB] 12.55 14.44 16.63 11.86 

Correlation [%] 48.55 59.74 88.40 58.57 

 

 

 

 

 

 

Figure 43: Comparison of measured signal and a) Detvag-90/FOI, b) WRAP 3D, c) COST-231 

Walfisch Ikegami, d) Detvag-90/FOI + horizontal part, in Tegnérlunden, 394 [MHz] 
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Table 15: Comparison of different models for Tegnérlunden, frequency 915.5 [MHz] 

 Detvag-90/FOI WRAP 3D 
COST-231 

Walfisch Ikegami 

Detvag-90/FOI + 

horizontal part 

AE [dB] -17.45 -18.80 -19.18 -15.80 

STDe [dB] 9.28 9.15 4.50 8.15 

RMSE [dB] 19.75 20.90 19.70 17.76 

Correlation [%] 32.16 64.51 77.42 44.90 

 

 

 

 

 

 

Figure 44: Comparison of measured signal and a) Detvag-90/FOI, b) WRAP 3D, c) COST-231 

Walfisch Ikegami, d) Detvag-90/FOI + horizontal part, in Tegnérlunden, 915.5 [MHz] 



Implementation of a 3D terrain-dependent wave propagation model in WRAP 

 

  
Page 51 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 16: Comparison of different models for Tegnérlunden, frequency 1794 [MHz] 

 Detvag-90/FOI WRAP 3D 
COST-231 

Walfisch Ikegami 

Detvag-90/FOI + 

horizontal part 

AE [dB] -24.04 -23.79 -19.87 -20.96 

STDe [dB] 12.41 12.31 5.65 10.40 

RMSE [dB] 27.04 26.77 20.65 23.38 

Correlation [%] 29.58 46.23 49.31 29.43 
 

 

 

Figure 45: Comparison of measured signal and a) Detvag-90/FOI, b) WRAP 3D, c) COST-231 

Walfisch Ikegami, d) Detvag-90/FOI + horizontal part, in Tegnérlunden, 1794 [MHz] 
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3.5 Comparison of calculation times 

 The calculation times for the WRAP 3D and Detvag-90/FOI, for different number of 

points are given in Table 17. WRAP 3D has shown to be faster, especially when the number of 

points is very large. Using the data from table 17, one can create a graph to see how the 

calculation time trend goes as the number of points increases, as shown in Figure 46. 

 

Table 17: Comparison of the calculation times* for two models, WRAP 3D and Detvag-90/FOI 

Radius [km] Resolution Number of points WRAP 3D Detvag-90/FOI 

0.5  1 m 785.000 95 seconds 137 seconds 

0.7  1 m 1.538.600 138 seconds 369 seconds 

1.0  1 m 3.140.000 258 seconds 1036 seconds 

1.5  1 m 7.065.000 634 seconds 3502 seconds 

*All calculations are performed on Intel® Core™ i3-3110M Processor (3M Cache, 2.40 GHz, 4 

Threads) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 46: Calculation time comparison 
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3.6 Discussion 

 In section 3.4 the comparison between Detvag-90/FOI, WRAP 3D, COST231 Walfisch-

Ikegami and Detvag-90/FOI + horizontal part was done in terms of accuracy. None of the models 

above gave the best accuracy in all cases. In some cases WRAP 3D had the best accuracy, in 

some cases Detvag-90/FOI had better accuracy, but in most cases the combination of Detvag-

90/FOI + horizontal part had the best accuracy (see values in tables 3-6, 8-11 and 13-16). In the 

Observatorielunden scenario the WRAP 3D model gives accurate results (see values in tables 3-

6), whereas, in the Vanadislunden and Tegnérlunden scenarios this model doesn’t yield accurate 

results in some receiving points (see sections 3.4.2 and 3.4.3). The reason for the lower accuracy 

in the last two scenarios is that there are obstacles close to the transmitting antenna and close to 

some of the receiving points. In these cases the multiple-knife edge diffraction methods tend to 

overestimate the diffraction loss. A typical scenario where this occurs is given below. 

In the Vanadislunden 1794 megahertz scenario and in other three Vanadislunden scenarios as 

well, there is a large dip in the signal estimated by the WRAP 3D model, as seen in Figure 40b. 

As a result of this dip there are points that have a fairly low received power, which are the points 

that are far away from the transmitter. The main contribution in these points comes from the 

vertical part, where the Giovaneli diffraction method appears to overestimate the diffraction loss. 

The vertical profile which corresponds to one of these points is shown in Figure 47.  

 

 

 

 

 

 

 

 

 

 

The values for this profile are given below: 

Distances: d1 = 60 [m], d2 = 661 [m], d3 = 21 [m] 

Transmitter/Receiver heights (DSM): HE = 39.58 [m], HR = 26.58 [m] 

Figure 47: Vertical profile for one point in Vanadislunden where the Giovaneli method appears 

to overestimate the diffraction loss 
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Edge heights (DSM): H1 = 54 [m], H2 = 55 [m] 

When using several knife-edge diffraction methods the diffraction loss for this profile is: 

 Giovaneli Method: 67.7 [dB] 

 Deygout Method: 67.9 [dB] 

 Cuasebrook Method: 68.1 [dB] 

 Epstein-Peterson Method: 67.7 [dB] 

Along with the free-space path loss, which is found to be 94.9 [dB] at 1794 [MHz], the received 

power is around -124 [dBm], which corresponds to the values of the points 200-260 in Figure 

40b. In a scenario like shown above, or when at least one edge is very close to a terminal which 

is below the edge, all multiple knife-edge diffraction methods appear to overestimate the 

diffraction loss. 

Note that in the same scenario (see Figure 40a, points 200-260) Detvag-90/FOI diffraction 

calculation (GTD) does not have this appearance. This is probably due to the inherent handling 

of the obstacle heights, where there is set a minimum distance between the station and the 

obstacle at which the full obstacle height is considered. At shorter distance the objects are cut 

linearly with the distance.  If the distance between the terminal and the obstacle is 60 % of 

minimum distance above, the object height is cut so 60 % of the obstacle is remaining. Applying 

this method to the other models may give better correspondence between measured and 

calculated values in this particular situation. 

 Previously we mentioned that the combination of Detvag-90/FOI and horizontal part 

gives the best accuracy in most cases. The average contribution of the horizontal part in this 

combination, and the average contribution of the horizontal part in the WRAP 3D model are 

shown in percentage, for each case, in table 18. These values have been calculated 

experimentally.  

Table 18: Average contribution of the horizontal part in percentage 

 Observatorielunden Vanadislunden Tegnérlunden 

WRAP 3D 39.11 % 31.67 % 7.74 % 

Detvag-90/FOI 54.51 % 17.25 % 7.63 % 

 

Based on the results shown in Table 18, in the Observatorielunden scenario and the 

Vanadislunden scenario, the horizontal part comes more into play because the points where the 

calculations are performed are close to the transmitting antennas (see Figures 31 and 36). 

Whereas, in the Tegnérlunden scenario the points where the calculations are performed are 

further away from the transmitting antenna (see Figure 41); therefore, the contribution of the 

horizontal part doesn’t come much into play.  
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Conclusion and Future Work 
  

 In this thesis a 3D terrain-dependent wave propagation model was proposed and implemented 

using C++. This model consists of two parts, the horizontal part that handles the side reflections and 

side diffractions, and the vertical part which handles the vertical rooftop diffractions. In case when 

the transmitting antenna is above the roof-top level i.e. macro-cells, the horizontal part ground plane 

approximation doesn’t contribute a lot to the overall results, because the main contribution comes 

from the vertical part, which is not affected by this approximation. Whereas, in the case when the 

transmitting antenna is below the roof-top level i.e. micro-cells, the horizontal part ground plane 

approximation may be very accurate and contribute to the overall results, while the vertical part is 

still calculated independently. By covering these two cases, this approach encompasses most of the 

wave propagation phenomena.  

 Calculations are performed in three scenarios in Stockholm, and results are compared. In all 

scenarios the antenna heights were small (1.58 and 3.67 meters), and in two scenarios they were 

surrounded by woodland, which corresponds to military scenarios rather than typical telecom 

scenarios. The accuracy of the WRAP 3D model has shown to be almost the same as the accuracy of 

the Detvag-FOI/90 (both give acceptable AE, STDe, RMSE), but the computational speed of the 

WRAP 3D model is slightly faster. On the other hand, combination of the horizontal part of the 

proposed model and the Detvag-FOI/90 model gives the best accuracy, but is slow in terms of 

computational speed. If the computational speed is primary, one uses the WRAP 3D with reasonable 

accuracy. If better accuracy is aimed, the Detvag-FOI/90 and horizontal part combination is more 

suitable, but its computational time is long. In addition to path loss calculations, the WRAP 3D 

model is capable of estimating the power delay profile and RMS delay spread, which are important 

parameters while designing radio network systems. 

 The vertical part was implemented by using different knife-edge diffraction methods, which 

in most cases give good results, but in some cases (such as the one in 3.4.2) they appear to 

overestimate the diffraction loss. According to [14], the Vogler diffraction model is the most 

accurate, but in the same time the most time consuming. A method that yields results that are close to 

the Vogler solution is the Slope-UTD method [34] and it is less time consuming than the Vogler 

solution. By using the Slope-UTD method instead of the current knife-edge diffraction methods in 

WRAP 3D, the accuracy could be improved. The horizontal part can be further improved by taking 

into account scattering from buildings in urban environments, and from hills in rural environments, 

typically by using a statistical approach. By taking into account this scattering and the time delay 

caused by propagation through woodland, the estimation of the delay spread may be improved. The 

environmental parameters such as material of the buildings, architecture of the buildings and 

woodland vary from one place to another, i.e. Stockholm and Tokyo; therefore, a parameter 

calibration is necessary. By calibrating the reflection coefficient value and path loss exponent, one 

may obtain even better accuracy. 
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