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Abstract

:

This study is devoted to radio wave propagation modeling in the urban environment. Special attention has been paid to the features of vehicular ad hoc networks (VANETs) and vehicle-to-infrastructure (V2I) communications. For the first time, the three-dimensional bidirectional parabolic equation (PE) method has been applied to the specified problem. Buildings and other obstacles are modeled by impenetrable (perfectly electric conducting) cuboids. A harmonic radiation source with an arbitrary direction pattern may be modeled. Numerical simulation is performed for various propagation scenarios. A comparison with the ray-tracing (RT) method is given. The results of the numerical simulation prove the effectiveness and reliability of the proposed method. Some recommendations for deploying VANETs are obtained based on the numerical results.
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1. Introduction


Many studies are currently being conducted on the development, deployment, and operation of vehicular ad hoc networks (VANETs) [1,2,3]. It is expected that such networks will contribute to road safety, effective management of automobile traffic, development of driver assistance systems and autonomous vehicles. This technology is based on the communion of vehicles over a wireless communication channel with each other, fixed base stations and pedestrians. Vehicular communication systems follow the IEEE 802.11p standard, operating at 5.9 GHz.



With the increasing density of transmitting radio devices, the problem of their optimal location is becoming more acute. It is necessary to increase its real coverage and reduce mutual interference. Vehicular communications are characterized by quite complex conditions for radio wave propagation. Such systems are usually deployed in urban areas with dense automobile and pedestrian traffic [4]. Effective deployment of VANETs in urban environments requires a clear understanding of the impact of various propagation effects, as well as the ability to model them depending on specific conditions. In addition, it is necessary to take into account the parameters of the source and receiver, its antennas, and restrictions related to electromagnetic compatibility and sanitary standards. Unlike most of the tropospheric radio wave propagation problems, urban propagation is essentially three-dimensional. The source and receiver are located close to the ground, at an altitude of only a few meters. Propagation is greatly affected by buildings, cars, vegetation, pedestrians, and other urban obstacles. All the variety of wave propagation effects, such as interference, diffraction, scattering, reflection, and refraction, are observed simultaneously. All this reasons create high demands for the corresponding wave propagation models. Propagation models should be essentially site-specific. So effective propagation modeling requires knowledge of the terrain profile and the location of buildings.



All existing urban wave propagation models can be roughly divided into two categories: empirical and deterministic [5]. Empirical models are more widely used because of their simplicity [6]. They are based on a statistical analysis of experimental data and some empirical considerations. Based on them, it is relatively easy to implement computational programs for getting a quick solution to the problem. However, the resulting solutions are only estimates and do not always have sufficient accuracy. In addition, each specific empirical model has rather narrow limits of applicability. Therefore, it is usually necessary to develop new empirical models for each new communication system. Empirical models and measurements are used to study the propagation losses between moving cars in the urban environment [7,8]. Similar research has been conducted for the vehicle-to-infrastructure (V2I) scenario [9]. The default approach to radio coverage prediction is to use the recommendations of the International Telecommunication Union [10], which are based on empirical models. A comprehensive overview of the millimeter-waves propagation models is given in [11].



On the other hand, deterministic methods have rather wide limits of applicability. They can be used under urban, suburban, and rural scenarios for various frequency ranges without significant modifications. The most rigorous of the widely used methods for calculating losses in the urban environment is the 3D ray-tracing (RT) method [12]. It is based on geometric optics and the geometric theory of diffraction. The RT method allows one to model obstacles of an arbitrary geometric shape and size. It is also well adapted to account for complex boundary conditions on the obstacle surface. The advantages of the RT method also include the interpretability of the computation results. The RT method is used in indoor [13], outdoor [14] and outdoor-to-indoor [15] propagation scenarios. There are several studies [16,17] dedicated to the application of the RT method to V2I radio channel modeling in urban areas. A good agreement was obtained with the experimental data. The influence of automobile traffic using the RT method is investigated in [18].



The calculation of propagation by deterministic methods is usually much time and memory consuming than by empirical ones. However, with the growth of the processor’s performance and cloud computing, this argument is gradually losing its relevance. In addition, deterministic methods are useful for calibration and verification of the empirical ones [19], since it is not always possible to provide full-scale measurement campaigns.



In this paper, we propose to use the rigorous parabolic equation (PE) method [20], which is based on Maxwell’s equations. This method is widely used for solving problems of long-range propagation in tropospheric waveguides [21,22]. Although the PE method is usually used in a two-dimensional inhomogeneous environment, there are a number of papers devoted to its application in essentially three-dimensional problems. Application of the vector PE to modeling diffraction on buildings is discussed in [23,24]. Calculation of scattering from cars on the motorway using the PE method is considered in [25]. The PE method is used to calculate the field in tunnels [26].



The aim of this work is to prove the possibility of effective use of the three-dimensional bidirectional PE method in the radio wave propagation problem in dense urban development. When setting the problem and providing the numerical results, special attention has been paid to the above-mentioned features of VANET and V2I communications. This paper does not consider the influence of complex boundary conditions and Fresnel reflections [27]. Obstacles are modeled by impenetrable cuboids. Time variances and signal delays are also out of consideration. Keeping in mind the made simplifications of the environment, the real-world application of the obtained results is quite limited.



The paper is organized as follows. In the next section, we analyze the requirements for propagation models that arise from the specifics of VANET and pose the research task. Section 3 is devoted to the theoretical analysis of the proposed two-way 3D PE method. Numerical examples and comparison with the RT method are given in Section 4.




2. Problem Statement


In this paper, we proceed from the IEEE 802.11p standard and the operation frequency of 5900 MHz. We calculate propagation losses from a stationary located VANET base station to potential receivers on the vehicles. The base station is equipped with a vertically polarized dipole antenna and is located at a height of 2–5 m. It is assumed that the receiving antenna is located on the roof of the car at a height of about 1.5 m. Based on the average values for the corresponding equipment and sanitary standards, we further assume that the source power is 27 dBm, and the minimum threshold of the received signal is −96 dBm.



Interaction with the Earth’s surface, buildings, and cars will be taken into account. In this research, we restrict ourselves to the case of perfectly electric conducting (PEC) impediment boundaries.



The input data of the method under development are the radiation pattern and the height of the transmitting antenna, the location and geometric shape of buildings, cars and other obstacles. In this study, all obstacles are modeled by PEC cuboids. We are seeking a three-dimensional distribution of the received signal level.




3. 3D Parabolic Equation Method


The main advantage of the PE method is that it is directly derived from Maxwell’s equations [20]. This potentially allows it to take into account the vector nature of electromagnetic fields and depolarization effects. Unlike the RT method, the PE does not require separate consideration of diffraction, scattering, reflection, and refraction. These effects are already present in the original equation and are taken into account automatically. The only exception is backscattering, which is taken into account using the iterative procedure described below. The disadvantage of the PE method is the computational time and the relative complexity of the software implementation since rather non-trivial numerical methods are used.



Initially, the PE method was a narrow-angle approximation [28]. Currently, the limit on the maximum propagation angle is removed and modern modifications of the PE method allows calculating the field for any propagation angles [20,29], provided that a sufficiently dense computational grid is selected. The optimal selection of the computational parameters for the PE method is discussed in [29].



In this research, we consider a harmonic signal source, although there are works devoted to the application of the PE method in the time domain [30].



3.1. Derivation


Next, we assume a harmonic dependence of the form   exp ( − i ω t )  . The solution is seeking in the Cartesian coordinate system. Using the vector electric and magnetic Hertz potentials (  Π e   and   Π m  ), the original Maxwell equations may be written as follows [31]


  Δ  Π e  +  k 2   Π e  = δ  ( x )  δ  ( y )   f e   z   e z  ,  



(1)






  Δ  Π m  +  k 2   Π m  = 0 ,  








where   k = 2 π / λ   is the wavenumber,  λ  is the wave length,   δ ( · )   is the Dirac delta function,    e z  =  ( 0 , 0 , 1 )   . The function on the right-hand side of Equation (1) is responsible for the radiating source modeling. In our case, the source is omnidirectional in the horizontal plane and has a direction in the vertical plane. The radiation pattern in the vertical plane is modeled by function    f e   z   .



We set the Dirichlet condition on vertical surfaces (walls of buildings) [23]


   Π  z  e  = 0 ,  








and the Neumann condition on horizontal surfaces (ground surface and roofs)


    ∂  Π  z  e    ∂ n   = 0 .  











Depolarization effects can be ignored for the selected problem geometry and boundary conditions. Thus, further in this paper we can limit ourselves to considering the scalar three-dimensional Helmholtz equation


     ∂ 2  ψ   ∂  x 2    +    ∂ 2  ψ   ∂  y 2    +    ∂ 2  ψ   ∂  z 2    +  k 2  ψ = 0 ,  










  ψ  x , y , z  =  Π  z  e   x , y , z  .  











To remove factor   exp ( i k x )  , we take into consideration a new function


  u ( x , y , z ) = exp ( − i k x ) ψ ( x , y , z ) .  











The waves traveling in a positive x-direction are subject to the following equation [20]


    ∂ u   ∂ x   = i k  (   1 + L   − 1 )  u ,  



(2)






  L u =  1  k 2      ∂ 2  u   ∂  y 2    +  1  k 2      ∂ 2  u   ∂  z 2    .  











Step-by-step solution of (2) can be written using the propagation operator  P  as follows


  u  ( x + Δ x , z )  = exp  i k Δ x    1 + L   − 1   u  ( x , z )  = P u  ( x , z )  .  



(3)







The wave field is generated by the initial condition


  ψ  ( 0 , z )  =  f e   ( z )  .  












3.2. Split-Step Fourier Numerical Method


There are two most commonly used numerical methods for solving PE (2): split-step Fourier method (SSF) [32,33] and finite-difference (FD) approximations [21,34]. Both methods have their pros and cons [35,36]. FD methods are well suited for complex boundary conditions modeling, but so far they are inferior to the SSF method in performance, especially in the three-dimensional case. Since accounting for the complex boundary conditions is beyond the scope of this paper we further use the SSF method.



All existing numerical methods for solving PE are step-by-step with respect to the variable x. We use a uniform computational grid with a step   Δ x   by the longitudinal coordinate x and   Δ y  ,   Δ z   by the transversal coordinates y and z.



Using the definition of a pseudodifferential operator via the Fourier transform [37], propagation operator (3) takes the form


  u  ( x + Δ x , y , z )  =  1  2 π    ∫  − ∞   + ∞    ∫  − ∞   + ∞   exp  i  k y  y + i  k z  z  exp  i k Δ x    1 −   k  y  2   k 2   −   k  z  2   k 2     − 1    u ˜   ( x ,  k y  ,  k z  )  d  k y  d  k z  ,  



(4)






   u ˜   ( x ,  k y  ,  k z  )  =  1  2 π    ∫  − ∞   + ∞    ∫  − ∞   + ∞   u  ( x , y , z )  exp  ( − i  k y  y − i  k z  z )  d y d z .  



(5)







For numerical calculation of integrals (4) and (5) we introduce the following uniform grid in the spatial and spectral domains


   y s  = 2  y  m a x    s −   n y  2   ,  s = 0  . . .   n y  − 1 ,  










   z t  = 2  z  m a x    t −   n z  2   ,  t = 0  . . .   n z  − 1 ,  










   k  y , s   =  π  y  m a x     s −   n y  2   ,  s = 0  . . .   n y  − 1 ,  










   k  z , t   =  π  z  m a x     t −   n z  2   ,  t = 0  . . .   n z  − 1 .  











Two-dimensional Fourier transform (5) is approximated as follows [38]


   u ˜   ( x ,  k  y , s   ,  k  z , t   )  ≈   ( − 1 )   t + s     Δ y Δ z   2 π   FFT 2    ( − 1 )   p + q   u  ( x ,  y p  ,  z q  )   ,  








where   FFT 2   is the two-dimensional discrete Fourier transform operator. Negative z values are used for ground boundary modeling. Integral (4) is calculated in the same way.



The numerical solution of the problem is sought in an unbounded domain. The method of artificial absorbing layer is used to model transparent boundaries of the finite computational domain [23].



In contrast to other widely used computational electromagnetic methods, such as finite difference time domain method or method of moments [39], the PE method allows using sufficiently large grid steps. Namely, the longitudinal grid step   Δ x   may be taken equal to hundreds of wavelengths. Transversal grid steps   Δ y   and   Δ z   may be also taken equal to several wavelengths in some cases. It makes the PE method the most effective among all computational electromagnetic methods for the considered problem.




3.3. Two-Way PE


PE (2) is unidirectional, i.e., it does not take into account backscattering from obstacles. When the parameters of the propagation medium do not depend on the longitudinal coordinate or depend weakly, this approximation is justified. However, in some cases, such as urban propagation, backscattering cannot be ignored. Modification of the PE method for the case of bidirectional propagation was proposed in [40] for solving the computational underwater acoustic problems. The permeable seabed was considered as an obstacle. The problem of two-dimensional multiple scattering on impenetrable knife-edges using the bidirectional (two-way) PE method was tackled in [41,42]. There are a number of works [43,44,45] in which the two-dimensional two-way PE method is applied to the radio wave propagation problem with terrain inhomogeneities. Three dimensional two-way PE for radio wave propagation was introduced in [33].



The idea behind all implementations of the bidirectional PE method is to iteratively solve the unidirectional PE alternately in the forward and backward direction. Inhomogeneities are approximated by piecewise constant functions. When the wavefront reaches the next vertical face of the obstacle (say it is located at the point   x n  )


   u f ′   (  x n  , y , z )  = P  u f   (  x  n − 1   , y , z )  ,  








it splits into two


   u f ′   (  x n  , y , z )  =  u  f   i n    (  x n  , y , z )  +  u  f   o u t    (  x n  , y , z )  ,  










   u  f   i n    (  x n  , y , z )  =       u f ′   (  x n  , y , z )  ,      y , z  ∈  Ω  x n   ,       0 ,      y , z  ∉  Ω  x n   ,       










   u  f   o u t    (  x n  , y , z )  =  u f   (  x n  , y , z )  =      0 ,      y , z  ∈  Ω  x n   ,        u f ′   (  x n  , y , z )  ,      y , z  ∉  Ω  x n   ,       








where   Ω  x n    is the intersection of plane     ( x , y , z )  | x =   x n  , y ∈  ( − ∞ , ∞ )  , z ∈  ( − ∞ , ∞ )    perpendicular to the propagation direction and an obstacle. Component    u  o u t    ( x , y , z )    that occurs outside the obstacle continues its propagation, while    u f  i n    ( x , y , z )    is used as the initial distribution of the field when propagating in the opposite direction (keeping the boundary conditions on the vertical face)


   u b ′   (  x n  , y , z )  = P  u b   (  x  n + 1   , y , z )  ,  










   u b   (  x n  , y , z )  =      −  u  f   i n    (  x n  , y , z )  ,      y , z  ∈  Ω  x n   ,        u b ′   (  x n  , y , z )  ,      y , z  ∉  Ω  x n   .       











This operation is repeated in the forward and backward directions until convergence. The final bidirectional field is written as follows


  u =  u  f  1  +  u  b  1  +  u  f  2  +  u  b  2  + … ,  








where upper index means the iteration number. This algorithm can be generalized to several obstacles in an obvious way.



The two-way PE method yields very promising results when solving various diffraction problems in an environment with obstacles. The main drawback is that the convergence of the underlying iterative procedure remains unclear. A comparative analysis of the two-way PE method with other more accurate approaches is performed in [46].





4. Numerical Results and Discussion


This section presents the results of numerical modeling for various propagation conditions. In all further examples, the antenna is located at a height of 4 m at the point   ( 0 , 0 , 4 )  . The antenna is omnidirectional in the horizontal plane and has a Gaussian radiation pattern [20] with beam width 15   ∘   in the vertical plane. The radiation frequency is equal to 5900 MHz. The polarization is vertical. For the assessment of the proposed method accurately, the implementation of the ray-tracing method from FEKO WinProp software package is used. The Matlab code of the proposed method is located in [47].



The following computational parameters of the SSF method are used in all the examples:   Δ x = 2   m,   Δ y = λ / ( 2  2  )  ,   Δ z = λ / ( 2  2  )  . This choice of parameters allows calculations for all propagation angles [23]. The wavelength  λ  is approximately equal 0.05 m.



4.1. Propagation without Obstacles


First, we consider the simplest case of propagation over a smooth, PEC surface without obstacles. Figure 1 demonstrates the distribution of the signal level on the height of 1.5 above the ground. This height is selected based on the average car height and, accordingly, the height of the receiving antenna. The alternation of interference minima and maxima is clearly observable. In particular, the influence of interference can lead to a decrease in the level below the threshold value −96 dBm. It is also clearly seen that the PE and RT methods yield almost indistinguishable results.




4.2. Diffraction on a Single Building


The following example shows wave propagation in the presence of a single building. The building is modeled through the PEC cuboid with shape 10 m × 20 m × 20 m. Figure 2 demonstrates the two-dimensional distribution against range and height, obtained by the two-way PE method.



The backscattering from the obstacle, modeled by the bidirectional PE, is clearly visible. Figure 3 and Figure 4 demonstrate the two-dimensional distribution of the signal level at the height of 1.5 m, obtained by the PE and RT methods, respectively.



In general, both methods produce similar results.



One can clearly see from Figure 5, that the field behind the building is significantly lower than the threshold −96 dBm. The loss behind the obstacle is about 50 dBm. It can be concluded that it is almost impossible for the radio waves to overcome buildings from above within the considered frequency and power of the transmitter. Thus, if the height of buildings is not known during modeling, it can be considered infinite without much loss of accuracy.




4.3. Propagation in a Street Canyon


The following example shows the propagation of 5900 MHz waves in a street canyon waveguide. The width of the canyon is 20 m and the buildings are 20 m high. Again, all surfaces are PEC. The projections of the field on the planes   x z   and   x y   are depicted in Figure 6 and Figure 7, respectively.



Figure 8 shows a comparison of the signal strength in free space (as in first example) and in a street canyon. It is clearly seen that the interference pattern caused by the ground surface is supplemented by the interference caused by reflection from buildings. This leads to even more significant fluctuations in the signal level depending on the distance. Interference minima can lead signal to fade at certain distances from the source.




4.4. Diffraction on a Crossroad


Next, we consider the propagation of radio waves through the crossroad. The crossroad is located at a distance of 100 m from the source. Figure 9 and Figure 10 demonstrate the two-dimensional distribution of the field at the height of 1.5 m, calculated by two-way and one-way PE method, respectively.



Due to the diffraction, some of the energy gets to the next street. Further, this energy is propagated by reflection from buildings. This is clearly seen when comparing the results obtained by the one-way and two-way PE methods. Due to diffraction and reflection, a sufficiently strong signal level can be achieved even outside the line of sight. However, this effect depends significantly on the geometry of the propagation medium and obstacles location. For example, one can see from Figure 11, that the waves propagate much better to the left side of the road than to the right. This is due to the mutual location of the buildings in the considered example.




4.5. Impact of Car Traffic


In the final example, we will analyze the influence of automobiles and buses on the propagation of radio waves. Passenger cars and busses are modeled by a PEC cuboid with shapes 4 m × 2 m × 1.5 m and 12 m × 2.5 m × 3 m, respectively. Figure 12 shows scattering of radio waves on three cars and two buses, with no other obstacles.



In Figure 13 similarly positioned vehicles are placed in a 20 m wide street canyon. It can be seen that passenger cars do not significantly affect the electromagnetic field distribution.



At the same time, buses contribute to field attenuation of 20 dBm at the height of 1.5 m directly behind them. One can see from Figure 14, that reflections from buildings in a street canyon stimulate to significantly compensate for the shadow zone behind a massive road obstacles. In free space without buildings, the field level behind the obstacle remains 10–20 dBm lower.





5. Conclusions


Line-of-sight propagation is possible at distances exceeding 700 m from the source within the specifications of the problem under consideration. Signal reception is also possible in non-line-of-sight, but it significantly depends on the relative location of buildings in the propagation area. Passenger cars do not significantly affect the signal strength. Trucks and buses can contribute to 10–20 dBm attenuation. At the same time, the impact of traffic is more noticeable in free space without massive obstacles than in the street canyon waveguide. The height of buildings does not have a significant impact on the propagation, since waves at the considered frequency of 5900 MHz with a typical emitter power of 27 dBm are practically not able to overcome buildings from above if its height exceeds four to five floors.



The three-dimensional two-way PE method can be effectively applied to the radio wave propagation problem in urban development. Despite the relatively small wavelength (0.05 m), the three-dimensional two-way PE method made it easy to calculate the field at a distance of up to 700 m from the source. In all the considered examples, the calculation time of the PE method did not exceed 10 min. Interference, diffraction, scattering, and reflection can be effectively modeled within the proposed approach. The comparison with the RT method also proves the adequacy of the proposed model. The proposed method can be used for direct field calculation in complex urban conditions as well as for calibration and verification of simple empirical models.



Of course, the proposed approach in its present formulation is far from competing with specially elaborated empirical and RT-based models in real-world scenarios. In this paper, we did not consider complex impedance boundary conditions and depolarization effects. However the PE method, in principle, can handle them after a certain modification, which should be carried out in the future. Vegetation can be further modeled by the spatial variations in the refractive index. Time variance may be also accounted for within the proposed approach [48]. In this paper, we used the implementation of SSF on the CPU. However, given the good parallelizability of multidimensional discrete Fourier transforms, it is possible to achieve a significant increase in performance by using the GPU in the future. The indisputable advantage of the proposed method is its strong theoretical basis. There are reasons to believe that after several modifications of the proposed method, it can be effective in a wide class of real-world applications.



Matlab implementation of the proposed approach, developed by the authors, is freely available in Lytaev [47].
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	Ray-tracing



	PEC
	Perfectly electric conducting



	SSF
	Split-step Fourier
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Figure 1. Propagation without obstacles. Distribution of the signal level at the height of 1.5 above the ground. 






Figure 1. Propagation without obstacles. Distribution of the signal level at the height of 1.5 above the ground.
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Figure 2. Diffraction on a cuboid. Two-dimensional distribution of the signal level (dBm) calculated by the two-way PE method. 






Figure 2. Diffraction on a cuboid. Two-dimensional distribution of the signal level (dBm) calculated by the two-way PE method.
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Figure 3. Diffraction on a cuboid. Two-dimensional distribution of the signal level (dBm) at the height of 1.5 m, calculated by the two-way PE method. 
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Figure 4. Diffraction on a cuboid. Two-dimensional distribution of the signal level (dBm) at the height of 1.5 m, calculated by the RT method. 
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Figure 5. Diffraction on a cuboid. Distribution of the signal level at the height of 1.5 above the ground. 
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Figure 6. Propagation in a street canyon. Two-dimensional distribution of the signal level (dBm) along the x axis, calculated by the PE method. 
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Figure 7. Propagation in a street canyon. Two-dimensional distribution of the signal level (dBm) at the height of 1.5 m, calculated by the two-way PE method. 
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Figure 8. Propagation in a street canyon. Distribution of the signal level at the height of 1.5 above the ground. 
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Figure 9. Propagation in a crossroad. Two-dimensional distribution of the signal level (dBm) at the height of 1.5 m, calculated by the two-way PE method. 
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Figure 10. Propagation in a crossroad. Two-dimensional distribution of the signal level (dBm) at the height of 1.5 m, calculated by the one-way PE method. 
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Figure 11. Propagation in a crossroad. Two-dimensional distribution of the signal level (dBm) at the distance of 125 m from the source along a perpendicular street, obtained by the two-way PE method. 
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Figure 12. Scattering on vehicles. Two-dimensional distribution of the signal level (dBm) at the height of 1.5 m, calculated by the two-way PE method. 
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Figure 13. Scattering on vehicles in a street canyon. Two-dimensional distribution of the signal level (dBm) at the height of 1.5 m, calculated by the two-way PE method. 
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Figure 14. Scattering on vehicles. Distribution of the signal level at the height of 1.5 above the ground. 
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