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Abstract— The present work describes the use of a simulation 

model based on asymptotic methods (ray tracing) on the 

propagation of ultra-wideband radio signals in a densely-arborized 

urban channel. The model was previously validated and adjusted 

using data obtained from measurement campaigns in the 

millimeter-wave band in locations different from the one to be 

analyzed here. The simulation uses deterministic methods to 

predict the received power, cross-polar discrimination, root mean 

square delay spread, and mean delay in a channel with a high 

density of scatterers (trees, buildings, and poles). Simulated signals 

were transmitted in the vertical and horizontal polarizations, 

considering non-specular reflections caused by rough surfaces and 

the effect of the transmitter's height variation in outdoor channels. 

 

Index Terms—Deterministic methods, Millimeter-waves, propagation model, 

Ray tracing. 

I. INTRODUCTION 

The recent literature on millimeter-wave (mmW) wireless channels is relatively limited. 

Effectively, the high cost of equipment used in measurement campaigns may limit experimental 

studies on the use of this frequency band. Thus, several simulation techniques have been proposed [1]. 

In lower frequency bands, deterministic models based on ray tracing in urban environments 

provided excellent agreements with results from measurement campaigns [2]. Due to its short 

wavelength and the possible impact of other important mechanisms, mmW propagation studies should 

add procedures to the models previously developed for the Very High and Ultra High Frequency 

bands (VHF and UHF, respectively). Recent studies [3] show that the diffraction mechanism may 

impose severe losses to the signal, so that coverage in non-line of sight (NLOS) channels may be 

deficient in the frequency band of interest [4]. On the other hand, small obstacles, and scatters, 

disregarded in the past, can impact mmW propagation in urban channels. They are present in large 

quantities, which motivated the inclusion of trees, as well as traffic, energy distribution, and lighting 
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poles in this simulation. 

The 26 GHz band is of interest for the implementation of fifth generation (5G) mobile services in 

urban environments. Thus, assessing the propagation of mobile communications signals in these 

environments is important. In these frequencies, waves have limited penetration through constructions 

and are more subject to small scatters. Thus, their application is usually limited to smaller cells, where 

the transmitter is located at lower heights and line-of sight (LOS) configurations are preferred [4]. 

Under these conditions, the vegetation cover present in urban areas can substantially impact signal 

quality. Therefore, the current work simulates the transmission of signals above, within, and below 

the canopy layer, in a scenario where the receivers are 1.5 m above the ground. 

The next Section describes the ray-tracing model, using Geometric Optics (GO) and the Uniform 

Theory of Diffraction (UTD). Section III explains several aspects and techniques of the simulation. 

Section IV shows the results from the simulation along a pre-established route in a square in the city 

of Belém, based on the metrics: Received power; Cross-polarization discrimination (XPD); Root 

Mean Square (RMS) delay spread, and the mean delay for ultra-wideband signals (UWB), assuming 

vertical and horizontal components of the electric field. Finally, Section V analyzes the results from 

the quantitative and qualitative points of view, outlining future studies. 

II. SIMULATION MODEL 

The simulation model originated from Silva and Costa [5]-[7]. Initially, the environment is 

described by a two-dimensional (2D) map, where all buildings bases on a block are grouped and 

replaced by their polygonal convex hull. Then, each polygon is extrapolated in the vertical direction to 

form the right prism that represents the corresponding block. The ground is assumed to be plane and 

horizontal. Each vertical block wall, as well as the ground, has individual constitutive parameters 

(permittivity, permeability, conductivity, roughness, and dimensions). The atmosphere is modeled as 

a uniform and isotropic medium in this work, with specific attenuation of the electromagnetic wave 

described by Recommendation ITU-R P.676-12 [8].  

Each tree has a trunk and canopy, represented by concentric right circular cylinders of specified 

radii and heights. The canopy rests on the trunk. Lighting, energy distribution, and transit poles are 

also represented by right circular cylinders of specified radii and heights. Satellite maps were used to 

deploy the trees and poles in the computational representation of the environment as faithfully as 

possible. 

Ray tracing (RT) is based on the image method. Initially, it determines image trees for the (2D) 

ground projections of the transmitter (Tx), vertical block edges (diffraction points), tree and pole axes, 

and diffuse reflection points. Each image tree considers up to the eighth order of interaction (specular 

reflection) with the environment. Initially, 2D rays are traced, using the sets of image trees. 
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Acceleration techniques which early identify and discard geometrically unrealistic rays were used to 

optimize the processing time [5]. Subsequently, the model generates 2½D rays between the 

transmitter and the receiver (Rx), considering each use 2D ray and the difference between the heights 

of (1) Tx and Rx (to determine the associated aerial ray); (2) Tx and the ground image of Rx (to 

determine associated ground-reflected rays). However, the model does not consider over-the-rooftop 

rays. 

The propagation mechanisms used in this work, well described in [5]-[7] and summarized in the 

next Section, are: 

• direct ray; 

• ground reflection, as well as multiple specular reflections on vertical prism walls; 

• single diffraction at vertical prism edges, combined with ground reflection and multiple 

specular reflections on vertical prism walls; 

• single geodetic diffraction by right circular cylinders representing tree trunks and poles, 

combined with ground reflection and multiple specular reflections on vertical prism walls; 

• single scattering by tree canopies, combined with ground reflection and multiple specular 

reflections on vertical prism walls; 

• single diffuse scattering by the rough walls, combined with ground reflection and multiple 

specular reflections on vertical prism walls; 

• attenuation by tree canopies; 

• blockages by prisms. 

 

Due to the high losses observed for the diffraction and diffuse scattering mechanisms in the 

frequency band of interest [3], only rays experiencing at most one of these interactions with the 

environment were considered. 

An IBM PC Intel Core i5 Q6600K with 16 GB DDR4 was used in the simulations, taking an 

average of 148 minutes for each simulated Rx position.   

The radiation diagrams of the Tx and Rx antennas are modeled by the combination of an axially-

symmetric Gaussian beam and a constant lateral lobe [9] 

      𝐺(𝜃) = 𝐺𝑚𝑎𝑥𝑒
−4𝑙𝑛2(

𝜃

𝜃3𝑑𝐵
)
2

+ 𝐺𝑜   

     

(1) 
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where 𝜃 represents the angle between the desired ray direction and the beam axis, 𝐺𝑚𝑎𝑥 is the 

maximum gain, and 𝜃3𝑑𝐵 is the half-power beamwidth (HPBW). Assuming that the gain of the lateral 

lobe 𝐺𝑜 is very small, the normalization of (1), integrated over the entire solid angle radiated by the 

antennas, induces a relationship between 𝐺𝑚𝑎𝑥 and 𝜃3𝑑𝐵. The objective is to simulate the effects from 

highly-directive antennas, with beam axes respectively oriented along the directions of departure 

(DoD) and arrival (DoA) of the most intense ray identified during the simulation, as expected for 5G 

technology antennas [10]. Plots associated with equation (1) are available in Recommendation ITU-R 

P.699-7 [9]. 

The propagation of electromagnetic fields along the rays is simulated with basis on fundamental 

theoretical principles: Geometric Optics (GO), and Uniform Theory of Diffraction (UTD). In 

particular, the mechanisms associated with direct rays, specular reflections, diffraction on vertical 

edges, reflection and diffraction on cylindrical surfaces, non-specular reflection on rough walls, 

scattering by tree canopies, and path loss due to tree canopies are individually treated in [11]-[25], 

respectively, and together in [5]-[7]. Each of the above formulations were validated in several selected 

environments, described in the appropriate Section. 

III. ELECTROMAGNETIC MODELING 

A. Polarization of the transmitted signal 

The model uses two linearly polarized and orthogonal field components (H: horizontal; and V: 

vertical) for each ray. In the direct ray mechanism, depolarization does not occur. However, these 

components may experience depolarization due to the ray interactions with the environment. Thus, 

each ray can have four combinations of orthogonal components at the observation point, named VV, 

HH, HV, VH. The first symbol indicates the polarization of the transmitted signal, and the second 

symbol shows the signal polarization at the observation point (Tx and Rx, respectively). 

B. Direct Ray 

In this mechanism, there are no interactions of the beam with the environment. The received field 

𝐸⃗ 𝑅𝑥 is given by 

                                                   𝐸⃗ 𝑅𝑥 = 𝐸⃗ 𝑇𝑥(𝐷√𝐺𝑇𝑥𝐺𝑅𝑥𝐴𝑔𝐴𝑒𝑓𝑒
−𝑖𝑘𝑟) (2) 

where: 

• 𝐸⃗ 𝑇𝑥  (V/m) is the transmitted field in the desired polarization H or V; 

• 𝐷 (m-1) is the scattering coefficient, equal to 1/𝑟 for spherical wavefronts, where 𝑟(m) is the 

distance between the Tx and Rx antennas (total path); 

• 𝐺𝑇𝑥 and 𝐺𝑅𝑥 (dimensionless) are the (dimensionless power) gains of the Tx and Rx antennas in 

the directions of departure and arrival, respectively; 
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• 𝐴𝑔 (dimensionless) is the power loss due to atmospheric gases [8]; 

• 𝐴𝑒𝑓 (m
2) is the effective reception area, typically 𝜆2/4𝜋, where  is the wavelength (m). 

C. Specularly Reflected Rays 

In this mechanism, rays are specularly reflected on the ground or on the vertical prism walls, 

possibly experiencing multiple interactions of the latter type. For each specular reflection, the incident 

field is projected onto the plane of incidence (defined by incidence direction and the unit vector 

orthogonal to the face) and its orthogonal direction. The amplitudes of the projected fields are then 

multiplied by the (dimensionless) reflection coefficients (Γ𝑣𝜌) and (Γℎ𝜌), respectively. The results are 

finally combined into vertical and horizontal components with respect to the reflected ray direction.  

This process is repeated for all specular reflections of the ray with the environment. This procedure is 

performed for all field components and specular reflections along a ray. The parameters Γ𝑣 and Γℎ are 

the Fresnel reflection coefficients [13] for the associated polarization The factor 𝜌 represents the 

roughness effects from the reflecting face, which depends on several parameters, which include the 

standard deviation of the height fluctuations of the irregular surface [14]. The received electric field is 

calculated by 

𝐸𝑅𝑥𝑃𝑄 = 𝐸𝑇𝑥𝑃 (𝐷𝑃𝑄√𝐺𝑇𝑥𝑃𝐺𝑅𝑥𝑄𝐴𝑔𝐴𝑒𝑓𝑒
−𝑖𝑘𝑟) (3) 

where 𝑃𝑄 denotes the combinations HH, HV, VV, VH, the term 𝐷𝑃𝑄(m-1) is equal to the product of 

all appropriate complex reflection coefficients, divided by 𝑟 (the sum of the ray segment lengths). The 

above equation accounts for the effects of multiple specular reflections. 

Equations (2) and (3) share the same format and the terms within parentheses indicate the associated 

ray class contribution to the channel transfer function for each combination of Tx, Rx, polarization 

(HH, HV, VV, VH), and environment. The contributions from the other interaction mechanisms will 

be similarly represented.  

D. Rays with a Single Diffraction 

Now, a ray reaches a vertical edge formed by the intersection between two consecutive prism walls. 

Initially, the procedure described in Section III.C determines, for each polarization, the incident 

field component at the diffraction point, considering all possibly existing multiple specular reflections 

betweenTx and this vertex. The ray is then temporarily assumed to consist of two segments. The first 

is aligned with the real segment ending at the diffraction point, preserving its rectified distance r1 to 

Tx and the incident field components. The second is aligned with the real segment beginning at the 

diffraction point, preserves its rectified distance r2 to Rx. 

Each field component at the diffraction point is then projected onto the incidence plane (defined by 

direction of the first assumed ray segment and the unit vector aligned with the edge) and the direction 
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orthogonal to it. The projections are respectively multiplied by the proper diffraction coefficient to 

determine the projections of the field in the diffraction plane (defined by the direction of the second 

assumed ray segment and the unit vector aligned with the edge) and the direction orthogonal to it. The 

diffraction coefficients are obtained from the original UTD formulation by Kouyoumjian and Pathak 

[21], as modified by Luebbers [15], who introduced reflection coefficients to consider diffraction by 

edges characterized by faces with finite electromagnetic parameters. In the final step of the diffraction 

formulation, the results are combined into vertical and horizontal components with respect to the 

direction of the second assumed ray segment.  

If applicable, multiple specular reflections between the diffraction point and Rx are considered, as 

described in the second paragraph of the present Section. 

Each received field component resulting from a single diffraction and multiple specular 

reflections,using the common notation of (3), is determined by 

                                  𝐸𝑅𝑥𝑃𝑄 = 𝐸𝑇𝑥𝑃 [𝐷𝑃𝑄√𝐺𝑇𝑥𝑃𝐺𝑅𝑥𝑄𝐴𝑔
𝑟1

𝑟2(𝑟1+𝑟2)
𝑒−𝑖𝑘𝑟] (4) 

where the term 𝐷𝑃𝑄(𝑚1 2⁄ )is the product of the reflection and diffraction coefficients appropriate to 

the interactions. 

The formulation presented in the above paragraphs will also be applied to rays with multiple 

specular reflections and other single interactions with the environment of a different type (reflection 

or diffraction by poles or tree trunks; diffuse reflection by a rough wall section; or scattering by a tree 

canopy). For each ray of any of these classes, the different interaction and multiple specular 

reflections may occur in any order. The effects from multiple specular reflections (before or after any 

of the above different interaction) will be treated similarly.  Thus, only the formulations for the 

different interactions will be described in Sections III.F to III.G. The already explained necessary 

changes to include multiple specular reflection effects will remain implicit. 

E. Interactions with Cylinders 

Tree trunks and poles are modeled as vertical circular cylinders with proper dielectric constants and 

conductivities, disregarding diffractions at their tops. The ray-cylinder interaction model adopts the 

previous temporary assumption of two segments, with respect to the point of interaction with the 

cylinder. The far end of the first segment and the cylinder define the illuminated and shadow regions. 

If the far end of the second segment is in the illuminated region, the cylinder reflects the ray. In this 

case, considering only the present interaction, the ray contribution to the received field can be 

expressed by [22] 
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                                          𝐸⃗ 𝑅𝑥
′ ≈ [𝑅𝑠𝐸⊥

𝑖 (𝑄𝑟)𝑒̂⊥ + 𝑅ℎ𝐸∥
𝑖(𝑄𝑟)𝑒̂∥

𝑟]√𝜌1
𝑟𝜌2

𝑟 𝑒−𝑖𝑘𝑟2

𝑟2
 (5) 

where: 

• 𝐸∥
𝑖(𝑄𝑟) and 𝐸⊥

𝑖 (𝑄𝑟) (V/m) are the complex components of the incident field at the reflection 

point 𝑄𝑟 in the plane of incidence, defined by the direction of incidence on the cylinder and the 

normal to the cylinder surface at the interaction point, and the direction orthogonal to the plane of 

incidence, respectively, considering propagation from Tx  to 𝑄𝑟 and including multiple specular 

reflection effects; 

• 𝑒̂⊥(dimensionless) is the unit vector orthogonal to the incidence plane; 

• 𝑒̂∥
𝑟(dimensionless) is the unit vector contained in the incidence plane; 

• 𝜌1,2
𝑟 (m) are the principal radii of curvature of the reflected wavefront at the far end of the second 

segment; 

• the (dimensionless) reflection coefficients 𝑅𝑠  and 𝑅ℎ are determined according to the 

electromagnetic parameters of the cylinder (for example, 𝑅𝑠.ℎ = ∓1 for perfect electrical 

conductors, respectively; for tree trunks, 𝑅𝑠.ℎ are provided by the heuristic Luebbers formulation 

for the appropriate polarization [15]). 

If the far end of the second segment is in the shadow region, the mechanism that transports energy 

is diffraction around the cylinder surface. The segments are adjusted so that the incident ray becomes 

tangentially touches the cylinder surface, propagates along the surface and tangentially emerges from 

it towards the far end of the second segment. Considering only the diffraction effect, the electric field 

at the Rx can be represented by [22] 

𝐸⃗ 𝑅𝑥
′ ≈ [𝑇𝑠𝐸𝑏1(𝑄1)𝑏̂2 + 𝑇ℎ𝐸𝑛1(𝑄1)𝑛̂2]√𝜌2

𝑑
𝑒−𝑖𝑘𝑠𝑑

𝑠𝑑
 (6) 

Let 𝑡̂1,2 and𝑛̂1,2 be the (dimensionless) tangent and normal unit vectors out of the cylinder at the 

incidence and emerging points 𝑄1,2, respectively. In equation (6), the (dimensionless) unit vectors 

are defined by   𝑏̂1,2 =  𝑡̂1,2 × 𝑛̂1,2  at these points, respectively. Additionally, 𝐸𝑏1(𝑄1) and 

𝐸𝑛1(𝑄1) (V/m) are the  respective components of the electric field incident on 𝑄1in the directions of 

𝑏̂1 and 𝑛̂1, which consider propagation from Tx  to 𝑄1 (including multiple specular reflection 

effects); 𝜌2
𝑑 = 𝑠𝑖 + 𝑡, where 𝑠𝑖  (m) is the rectified distance from 𝑄1 to the far end of the first segment 

and 𝑡(m) is the length of the ray arc (𝑄1, 𝑄2) along the cylinder surface; and 𝑠𝑑  (m) is the rectified 

distance from 𝑄2 to the far end of the second segment. Finally, 𝑇𝑠 and 𝑇ℎ  (𝑚
1 2⁄ ) are the diffraction 

coefficients for the associated polarization [16], [22]. 
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If applicable, multiple specular reflection effects from 𝑄𝑟 or 𝑄2 to Rx should be included. Finally, 

(𝐺𝑇𝑥𝑃𝐺𝑅𝑥𝑄𝐴𝑔)
1 2⁄

multiplies each component of the received field.  

F. Diffuse Reflections from Rough Walls 

The diffuse reflection model is suffered by lightning and is represented by the equation [17], [23] 

                                        𝑃𝑅𝑥 =
1

4𝜋
𝑃𝑇𝑥𝐺𝑇𝑥(𝜃𝑇)𝑅𝐶𝑆 (

𝜆

4𝜋𝑅𝑇𝑅𝑅
)
2
𝐺𝑅𝑥(𝜃𝑅) (7) 

where 𝑃𝑇𝑥  (W) is the transmitted power; 𝐺𝑇𝑥 (𝜃𝑇)is the (dimensionless) gain of the transmitter 

antenna; the angle between the Tx beam axis and the direction of departure (from Tx to the scattering 

point) is 𝜃𝑇 (rad); RT (m) is the distance from Tx to the scattering point; 𝐺𝑅𝑥 (𝜃𝑅), 𝜃𝑅 and RR are 

analogous parameters associated with Rx and the scattering; and λ (m) is the wavelength of the 

transmitted signal. Finally, RCS (m2) is the radar cross section of the wall section, represented by 

𝑅𝐶𝑆 = 𝐴𝑒𝑓𝑓 cos 𝜃𝑖 𝑆
2𝑓𝑔𝑒

2 (𝜃𝑠, 𝜑𝑠) (8) 

where 𝐴𝑒𝑓𝑓 (m
2) is the effective illuminated area. In combination with the radiation pattern of the Tx 

antenna, it is estimated by 

                                 𝐺𝑇𝑥(𝜃𝑇)𝐴𝑒𝑓𝑓 = ∑ 𝐺𝑇𝑥(𝜃𝑇𝑛)𝛿𝐴𝑛
𝑁
𝑛=1                                                      (9) 

where 𝑁 is the total number of sections assumed on the wall, 𝛿𝐴𝑛 (m2) is the corresponding section 

area, and 𝜃𝑇𝑛 (rad) is the angle between the segment joining Tx to the center of the section and the 

beam axis. The current implementation assumes 𝑁 = 3 and the average value of the Tx and Rx 

antenna heights determines the section centers. It is important to note that, depending on the Tx 

antenna radiation pattern, 𝐴𝑒𝑓𝑓 may be less than the total area of corresponding section.  

In (8), 𝜃𝑖 (rad) is the angle between the incident ray direction and the normal to the wall 

section; 𝑆2 = (1 − 𝛽) is the (dimensionless) fraction of the incident power that is scattered. This 

factor can be approximated by 𝛽 ≈  (|Γ|𝜌)2, if the power transmitted through the wall is neglected 

[10], [17]. The (dimensionless) term 𝑓𝑔𝑒
2  (𝜃𝑠, 𝜑𝑠) represents the angular distribution of the power 

scattered by each rough wall section, which can be modeled by [16] 

𝑓𝑔𝑒
2 (𝜃𝑠, 𝜑𝑠) = 𝑓𝑛 {𝐹 cos 𝜃𝑠 + (1 − 𝐹) [(

1 + cos𝜓𝑅

2
)
𝛼𝑅

]} (10) 

The angular distribution model combines the Lambertian and Directional formulations, according to 

the multiplication factors 𝐹 (0 ≤ 𝐹 ≤ 1) and (1 − 𝐹). The normalization term 𝑓𝑛 ensures that the 

integral of 𝑓𝑔𝑒
2  (𝜃𝑠, 𝜑𝑠) over the applicable hemisphere is equal to one. The angle 𝜓𝑅 (dependent on 

𝜃𝑠 and 𝜑𝑠) is measured from the hypothetical specular reflection direction and the directivity of the 

second component increases with 𝛼𝑅. Fig. 1 shows normalized diagrams associated with (10) in the 
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plane of incidence (defined by the direction of incidence and the normal to the rough wall), setting the 

specular reflection angle to 45o and assuming the following parameter combinations: (1) 𝐹 = 1.0 

(Lambertian scattering, purple); (2) (F = 0.8, 𝛼𝑅 = 6) (blue);(3) 𝐹 = 0.6 and 𝛼𝑅 = 6, used in the 

simulation to be described (red); (4) 𝐹 = 0.2 and 𝛼𝑅 = 6 (green); and (5) 𝐹 = 0.2 and 𝛼𝑅 = 20 

(black), which emphasize the function of the directional component. 

 

 

Fig. 1. Diffuse scattering diagram in the incidence plane with parameters: (1) 𝐹 = 1.0 (Lambertian scattering, purple); (2) 

(F = 0.8, 𝛼𝑅 = 6) (blue); (3) 𝐹 = 0.6 and 𝛼𝑅 = 6, used in the simulation to be described (red); (4) 𝐹 = 0.2 and 𝛼𝑅 = 6 

(green); and (5) 𝐹 = 0.2 and 𝛼𝑅 = 20 (black). 

 

The diffuse reflection mechanism results from many micro-interactions caused by the wall 

roughness and the resulting field at the receiver is considered incoherent and non-polarized [17], [18]. 

Therefore, the resulting field is represented by the combination of two orthogonal linearly polarized 

components with the same absolute value. Simultaneously, their phases are randomly and 

independently sorted, using a uniform distribution in the interval [0, 2π). In more detail, the square 

root of the power ratio in (7), considering (8), produces: 

𝜒 = √𝑃𝑅𝑥 𝑃𝑇𝑥⁄ = |𝐸⃗ 𝑅𝑥| |𝐸⃗ 𝑇𝑥| =⁄

=
𝜆

4𝜋𝑅𝑇𝑅𝑅
𝑓𝑔𝑒(𝜃𝑠, 𝜑𝑠)  × √

𝐺𝑇𝑥(𝜃𝑇)𝐺𝑅𝑥(𝜃𝑅)

4𝜋
𝐴𝑒𝑓𝑓(1 − 𝛽)𝑐𝑜𝑠𝜃𝑖 

 

(11) 

where |𝐸⃗ 𝑅𝑥| and |𝐸⃗ 𝑇𝑥|are the absolute values of the received and transmitted field, respectively. Thus, 

for each component of the transmitted field and each wall section, the received field resulting from 

diffuse reflection is represented by 

𝐸⃗ 𝑅𝑥 = 
1

√2
𝜒|𝐸⃗ 𝑇𝑥|√𝐴𝑔(𝑒−𝑖𝜑1𝜃̂𝑠 + 𝑒−𝑖𝜑2𝜑̂𝑠) (12) 

where 𝜃𝑠 and 𝜑̂𝑠 are unit vectors orthogonal to each other and to the segment that connects the center 

of the wall section center to Rx, while 𝜑1 and  𝜑2 are independent random variables uniformly 
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distributed in the interval [0, 2π). 

G. Scattering by Tree Canopies 

Energy scattering by tree canopies is an electromagnetic problem of great complexity. The 

implementation used by the present version of the model has a relatively low computational cost and 

was adjusted to anechoic chamber measurement results using a few tree species. The work of 

Caldeirinha and Al-Nuaimi [24] is the basis for the implementation. The (dimensionless) normalized 

scattering pattern that characterizes the power received at an observation point is approximated by 

𝐷𝑛(𝜃) =
4𝛼𝛽𝑠

−2𝑒
−(

𝜃

𝛽𝑠
)
2

+ (1 − 𝛼)

4𝛼𝛽𝑠
−2 + (1 − 𝛼)

 
(13) 

where the scattering angle 𝜃 is defined from the incidence direction and 𝐷𝑛(0) = 1. The scattering 

pattern combines a Gaussian beam with an isotropic component (1 − 𝛼), where α (rad) is the ratio 

between the forward and the total scattered powers. Two measurement campaigns at 20 GHz and 62.4 

GHz validated the model, which also estimated good adjustment values for its parameters (𝛽𝑠 = 𝜋 12⁄  

rad and 𝛼 =  0.5 rad). 

Very similar results were observed, in that study, for both orthogonal polarizations. A study of 

independent experimental results [25] indicated that the scattered signal phase and polarization are 

randomly distributed. Thus, the scattered field results combine two orthogonal components 𝐸𝑠𝐻,𝑉 with 

common intensity and random phases. Each component is represented by 

𝐸𝑠𝐻,𝑉 = 
1

√2
|𝐸𝑖𝑛𝑐|√(1 − 𝜉)𝐷𝑛(𝜃)𝑒−𝑖𝜑𝐻,𝑉 (14) 

where |𝐸𝑖𝑛𝑐| (V/m) is the absolute value of the incident field; 𝜉 (0 ≤ 𝜉 ≤ 1) is the fraction of the 

incident power absorbed by the tree top; and 𝜑𝐻,𝑉 are independent random phases, uniformly 

distributed in the interval [0, 2π). 

H. Power Loss Associated with Propagation Through Vegetation 

All fields associated with rays that intercept tree canopies experience additional attenuation. This 

phenomenon is distinct from the scattering due to tree canopies described in the previous section. 

Each component of the electric field associated with a ray that intercepts tree canopies is multiplied 

by: 

                                                                   10−
𝛾𝑡𝑑𝑡
20 𝑒−𝑗𝜑                   (15) 

where γt is the specific attenuation for canopy propagation (dB/m) [19], [20]; 𝑑𝑡  (𝑚) is the total length 

of the ray inside tree canopies; and φ is a random phase uniformly distributed in the interval [0, 2π). 

Recommendation ITU-R P.833-9 [19], based on the Radiative Energy Transfer (RET) method, 

indicates that γt has a linear dependence on the operation frequency. It should be noted that the RET 
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calculation model for isolated trees in Recommendation ITU-R P.833-9 [19] is based on the frequency 

(GHz), typical leaf size and the leaf area index (LAI) of the tree species. Mango tree leaf lengths and 

widths range from 150 mm to 400 mm and 60 mm to 160 mm, with mean values 243.44 mm and 

55.74 mm, respectively. Their average length/width ratio equals 4.37 [26]. Mango tree cultivars 

exhibit LAI values in the range (1.18, 4.48), with mean value 2.94 [27]. These parameters 

substantially differ from most listed in Recommendation ITU-R P.833-9 [19]. Additionally, to 

circumvent the complexities involved in the association of RET calculations with ray tracing, the 

present model approach considers the total route through canopies, where the specific attenuation was 

adjusted to trees located in the cities of Rio de Janeiro and Belém [5],[28]. 

In summary, many 2½D individual rays (in some cases, more than 100,000) are traced between the 

Tx and Rx antennas. Each ray belongs to a class (with multiple specular reflections; with single 

diffraction or scattering, combined or not with multiple specular reflections in any order; etc.). The Tx 

antenna emits H and V components, independently tracked along each ray, as a result, considering the 

interactions with the environment and the proper algorithms described in Sections III.B to III.G, the 

co- and cross-polarized field components (HH, HV, VH, and VV) due to each ray are calculated at the 

Rx antenna. The total field component received for any polarizationcombination results from the sum 

of the complex contributions from all the individual rays, weighted by the TX and Rx antenna 

patterns, atmospheric losses, and attenuation due to propagation through tree canopies (according to 

the formulation in Section III.H). Appendix I shows a simplified block diagram of the electromagnetic 

calculation for each ray class in this model. 

IV. SIMULATION 

In the simulation model, a channel is characterized by the Tx and Rx antenna positions, orientations 

of their main beams, emitted and received field polarizations and the environment. The estimated 

channel transfer function H(f) is specified over a UWB frequency spectrum, discretized into a large 

number of uniformly spaced frequencies. Thus, H(f) is calculated, for each discretized frequency, by 

the sum described in the last paragraph of the previous Section. Applying the fast inverse Fourier 

transform (IFFT) to the transfer function H(f), the impulse response is obtained, which can be used to 

determine the power delay profile (PDP) of the channel. The numerical integration of the PDP over 

the delay domain yields the received power. From the PDP, the mean delay and RMS delay spread 

can be estimated. The XPD is calculated by the ratio between the received powers associated with the 

co- and cross-polarized components of the electric field, as described in [3], [5], [12]. 

The simulation implements the Beam Combination technique [29] by aligning of the main beam 

axes of the Tx and Rx antennas with the directions of departure (DoD) and arrival (DoA) of the ray 

with the most intense electric field.  

The Praça da República in Belém, Pará, Brazil, shown in the overview of Fig. 2, was chosen as the 



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 20, No. 4, December 2021 

DOI:http://dx.doi.org/10.1590/2179-10742021v20i4254762

 
Brazilian Microwave and Optoelectronics Society-SBMO received 28 Jan 2021; for review 28 Jan 2019; accepted 08 apr 2021 

Brazilian Society of Electromagnetism-SBMag © 2021 SBMO/SBMag               ISSN 2179-1074 

 

737 

simulation environment. The square is heavily arborized and surrounded by multi-story buildings. Its 

southern and northern sides have the tallest buildings, with dozens of floors. The Tx was located at a 

fixed position, at heights of 3 m, 12 m, and 30 m above the ground. This height variation evaluated 

the effects of propagation for Tx below, between, and above the canopy layer. The dimensions of the 

mango (Mangifera Indica) trees located in the square were obtained from previous campaigns carried 

out by Silva et al. [26], who studied propagation in urban vegetation areas, identifying an average 

total height of 20.0 m. The canopies start at an average height of 3.8 m. The canopies and tree trunks 

have average diameters of 12.0 m and 0.5 m, respectively. The Rx was displaced along a pre-

established route at uniform intervals of 20.0 m, always at the height of 1.5 m from the plane and 

horizontal ground. 

 

Fig. 2. Three-dimensional photo of Praça da República in Belém, Pará, Brazil, with a predominance of mango 

(Mangifera Indica) trees on its outer edges, with sparse vegetation inside. [Adapted from Google Maps]. 

 

Fig. 3 describes the environment and the Tx (yellow circle) and Rx (red circles) positions along the 

selected route. The transmitter Tx is located at the center of the square's north face, without building 

or tree obstructions within a radius of 25.0 m. The square is surrounded by leafy trees along its outer 

edges, with sparse vegetation inside. Table I shows the transceiver locations, the distance between Tx 

and Rx, and the number of rays detected for each simulated Rx position. 
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Fig. 3. Tx (yellow circle) and Rx positions along the route (red circles). [Adapted from Google Maps] 

TABLE I.     TX AND RX POSITIONS, DISTANCES AND NUMBERS OF ASSOCIATED RAYS 

Id Position DistanceTx- Rx (m) Numbers of Rays 

TX 1 27 07 S 48 29 36 W 0.0  

Rx1 1 27 05 S 48 29 43 W 230.5 73256 

Rx2 1 27 05 S 48 29 42 W 209.6 69444 

Rx3 1 27 06 S 48 29 42 W 191.1 71852 

Rx4 1 27 06 S 48 29 41 W 175.4 77984 

Rx5 1 27 07 S 48 29 41 W 157.5 59738 

Rx6 1 27 07 S 48 29 40 W 137.9 66082 

Rx7 1 27 07 S 48 29 40 W 125.7 74016 

Rx8 1 27 08 S 48 29 39 W 113.6 67160 

Rx9 1 27 08 S 48 29 39 W 101.7 62878 

Rx10 1 27 09 S 48 29 38 W 93.1 55462 

Rx11 1 27 09 S 48 29 38 W 88.5 52770 

Rx12 1 27 10 S 48 29 38 W 107.2 58914 

Rx13 1 27 10 S 48 29 39 W 126.2 50228 

Rx14 1 27 11 S 48 29 39 W 145.6 61988 

Rx15 1 27 12 S 48 29 39 W 142.8 48656 

Rx16 1 27 12 S 48 29 38 W 146.7 35780 

Rx17 1 27 12 S 48 29 37 W 147.6 33654 

Rx18 1 27 13 S 48 29 37 W 152.4 41662 

Rx19 1 27 13 S 48 29 36 W 155.9 48004 

0 m 100 m 200 m

RX1

RX2

RX10

RX23

TX
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Rx20 1 27 13 S 48 29 35 W 161.5 57840 

Rx21 1 27 14 S 48 29 35 W 171.8 69210 

Rx22 1 27 14 S 48 29 34 W 186.4 60580 

Rx23 1 27 15 S 48 29 33 W 202.2 53308 

 

The first three Rx positions are close to the west edge, inside an area with several trees. From Rx4 

to Rx9, the route crosses the center of the square, with less vegetation. Rx10 to Rx14 display LOS 

propagation conditions. On the other hand, the direct links from Tx to each of receiver positions Rx15 

to Rx19 are blocked by Teatro da Paz, which is the largest building inside the square. The last five Rx 

positions are located on the southern edge of the square, surrounded by trees. 

Fig. 4 describes the computational representation of the environment: green and black circles 

represent tree and pole projections, respectively, and black polygons represent the prism ground 

projections. The previous color code identifies the Tx (yellow circle) and Rx positions along the route. 

 
Fig. 4. Computational representation of the environment: green and black circles represent tree and pole projections, 

respectively; black polygons represent the prism ground projections. 

 

The simulation was performed at the center frequency of 26 GHz, assuming the transmission of a 

UWB signal with uniform power spectral density along a 500 MHz bandwidth. The Tx and Rx 

antennas have a maximum gain of 24 dBi and 10° HPBW. The power transmitted for all polarizations 

was 1 W. The ground and building walls have a dielectric constant r = 3, conductivity  = 15 mS/m, 

and roughness h = 0.75 mm. The specific attenuation due to atmospheric gases is  = 0.1 dB/km, and 

the specific attenuation due to tree tops linearly varies in the range [6.83 dB/m, 6.98 dB/m] over the 

frequency band, modeled according to [5] and [28]. The adopted diffuse scattering model combined 

the Lambertian and Directional components according to (10), with F = 0.6 and directivity factor 𝛼𝑅= 

6 [5]. The perfect electric conducting poles have a height of 10.0 m and a diameter of 0.3 m [28]. For 

each simulated Rx channel, the axes of the Tx and Rx antenna beams respectively align with the DoD 
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and DoA directions of the ray with the greatest electric field intensity. 

V. RESULTS  

A. Ray Tracing 

Table I established that Rx15 to Rx19, with direct rays blocked by Teatro da Paz, were reached by 

a significantly smaller number of rays than all the other receivers, including those located at the end 

of the route (Rx21 to Rx23). Receivers Rx1 to Rx3 and Rx20 to Rx22, located inside areas with 

several trees, and Rx4 to Rx9, located in the center of the square, were reached by the largest number 

of number of rays. It is noted that these numbers are greater than the ones associated with most of the 

receivers that operate under LOS conditions (Rx10 to Rx13). These observations are mainly credited 

to tree scattering effects, less important in the region of the last receiver group, less vegetated than the 

others. 

    Fig. 5 plots the rays associated with Tx-Rx1 (surrounded by trees) and Tx-Rx17 (NLOS), identified 

by the large red and green circles. Black polygons represent the prism projections. Red asterisks and 

triangles represent scatterers and diffraction points, respectively. Rays specularly reflected, diffracted 

and scattered by trees, poles, or rough walls, are represented by blue, magenta, and green lines, 

respectively. It is noted that reflections by the building walls (in special, those facing the square) 

confine the energy inside the square. The relative importance of scattering is evident in Panel (b). 

However, the contribution of specular reflection and the scattering from trees, poles, and rough 

surfaces surrounding Rx1 should also be identified in Panel (a). 

 

Fig. 5. Panel (a) presents ray tracing results for Rx1; Panel (b) shows ray tracing results for Rx17, using the same 

convention, described in the text. 

B. Received Power 

For each Tx height, Rx location, and polarization combination, the received power was calculated 

as described in the last paragraph of Section III and the first paragraph of Section IV. Fig. 6 shows the 

variation of the power received by each Rx, considering different Tx heights above the ground 

(below, within, or above the canopy layer), for the co-polarization combinations VV or HH. The 

simulation for hTx = 3 m indicates decreases in the powers received by Rx2 and Rx4 that are 

(a)

(b)

(a)

(b)
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approximately equal to 30 dB and 20 dB, relative to those of the neighbor receivers, regardless of the 

above polarization combinations.These excess attenuations are due to blockages of the corresponding 

direct rays by tree trunks. It is observed that the received power remains relatively constant for Rx9 

and the LOS channels Rx10 to Rx14, since the direct rays experience small attenuations or remain 

totally unblocked. The Teatro da Paz building blocks the direct beams Tx-Rx16 to Tx-Rx19, causing 

a sharp decrease in the corresponding received powers. For the hTx = 12 m simulation, most rays 

associated with Rx1 to Rx6 and Rx16 to Rx23 intercept the tree canopies (regardless of their positions 

relative toTx and the receivers), being severely attenuated for both attenuation combinations. On the 

other hand, the received power levels for Rx9 and the LOS channels Rx10 to Rx14 remain close to the 

previous ones, since the corresponding direct rays were not substantially affected by the increase of 

the Tx height.The simulation results for hT x= 30 m are similar to the ones corresponding to hTx = 12 

m. However, there is a sharp decrease noted in the powers received by Rx16 to Rx22, because the 

rays traced from Tx at a greater height now interact with the canopies. 

 

Fig.6. Received powers estimated for all 23 receivers, the VV and HH polarizations and Tx heights above ground. 

C. Mean Delay 

Fig. 7 illustrates the simulated values for the mean delay, using only the vertical component. The 

mean delays for the initial receivers show high values that decrease until Rx11, which has the shortest 

distance to Tx. Then, it increases with the distance to Tx. The simulation for hTx = 3 m indicates an 

increase in the mean delay for Rx2, relative to those for the neighbor receivers, due to the blockage of 

the corresponding direct ray by a tree trunk. A substantial increase in the mean delays for Rx15 to 

Rx19, due to the NLOS condition forced by the Teatro da Paz building. This condition remains until 

Rx20, which resumes the previous smooth increase related with the Tx-Rx distance. For the 

simulations associated with hTx = 12 m and hTx = 30 m, this metric displays a similar general behavior. 

However, the effects from propagation through and scattering due to tree canopies are observed in the 

time delays for Rx1 to Rx6 and Rx16 to Rx23. 
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D. RMS Delay Spread 

Fig. 8 shows the variation of the RMS delay spread, strongly affected by the type of ray reaching 

the Rx. The direct and specular reflection rays generally display higher powers and smaller delays 

than those associated with scattering or diffraction. Their presence favors small values of the RMS 

delay spread. The simulation for hTx = 3 m shows a substantial variation of RMS delay spread at Rx 

positions close to vegetation and with attenuated (or blocked) direct rays. These conditions generally 

increase the relative powers of scattered or diffracted rays, with disperse delays. This condition 

increases the RMS delay spread. Indeed, the channels operating under strict or approximate LOS 

conditions consistently displayed low values for the present metric, for all Tx heights. The other 

receivers showed substantial variations for the RMS delay spread, due to ray interactions with the tree 

tops. The present observations are in good agreement with those available in the literature [7]. 

 

 

Fig.7. Mean delay estimated for all 23 receivers and Tx heights, with minor variations observed for strict or approximate 

LOS conditions. 

 

 

Fig.8. RMS delay spread estimated for the 23 receivers and Tx heights, with minor variations observed for strict or 



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 20, No. 4, December 2021 

DOI:http://dx.doi.org/10.1590/2179-10742021v20i4254762

 
Brazilian Microwave and Optoelectronics Society-SBMO received 28 Jan 2021; for review 28 Jan 2019; accepted 08 apr 2021 

Brazilian Society of Electromagnetism-SBMag © 2021 SBMO/SBMag               ISSN 2179-1074 

 

743 

approximate LOS conditions. 

E. XPD 

Fig. 9 illustrates the behavior of 𝑋𝑃𝐷𝑉𝐻 = 20 𝑙𝑜𝑔 |𝐸𝐻𝐻 𝐸𝑉𝐻⁄ | and 𝑋𝑃𝐷𝐻𝑉 = 20 𝑙𝑜𝑔 |𝐸𝑉𝑉 𝐸𝐻𝑉⁄ |, 

which show opposite effects to those observed in the RMS delay spread. Their values increase with 

the predominance of the direct and reflected rays, reaching their highest values. It is possible to 

observe the substantial variation of this metric as a function of the predominant mechanisms of the 

rays reaching each Rx. In general, the results for the receivers affected by scattering (Rx1-Rx6 and 

Rx20-Rx23, particularly for hTx = 12 m and hTx = 30 m) or operating under NLOS conditions (Rx16-

Rx19, for all Tx heights) display the smallest XPD values. 

 

Fig.9. XPD between co-polarized and crossed signals. It is possible to notice substantial variation, caused mainly by trees 

close to the receivers. 

VI. CONCLUSION AND FUTURE WORK 

In this work, it was evident that the analyzed metrics showed better results in channels displaying 

strict or approximate LOS conditions. Trees and other scatterers can substantially impact the 

propagation of millimeterwaves, and consequently degrade the performance of UWB systems 

operating in this frequency band. 

As expected, excess attenuations in the received power were observed in response to blockages of 

the corresponding direct rays by tree trunks and the Teatro da Paz building, as well as by propagation 

through tree canopies. The mean delay depends on the distance from Tx to Rx, being also affected by 

NLOS conditions forced by tree trunks and the Teatro da Paz building, as well as by propagation 

through and scattering due to tree canopies. The dominance of direct and specular reflection rays 

generally favors small values of the RMS delay spread. On the other hand, the simulation results show 

substantial variations of the RMS delay spread at Rx positions close to vegetation and with attenuated 

(or blocked) direct rays. These conditions generally increase the relative contributions of scattered or 

diffracted rays, increasing the RMS delay spread. The results also show XPD behaviors in opposition 

to those observed in the RMS delay spread. The Tx height effects on these parameters were discussed. 
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Possible extensions of the current simulation model should consider the effects from other 

scatterers, such as vehicles (parked or in motion), traffic-control plates and persons. Rain attenuation 

and scattering are also extremely important in the millimeter-wave band. It should be remembered 

that the current model version is based on the 2½D ray-tracing technique, which assumes building 

blocks with infinite heights. In principle, a full 3D model could be developed to consider building 

blocks with finite heights and over-the-rooftop rays. However, the additional complexity should be 

weighted by the multiple-diffraction effects that would be present in these rays, tending to severely 

attenuate the associated fields. 

The study will also proceed with the simulation of the channel behavior in new bands and other 

environments, combined with the possible comparison with data obtained in measurement campaigns 

performed in urban regions with dense tree coverages. 

APPENDIX I 

The diagram summarizes the application of the formalism described in section III and shows the field 

calculation at the receiver for each ray type. Note that the red, yellow, green and purple boxes 

represent the application of the respective coefficients described for each case. Additionally, an 

attenuation power loss is applied if any tree canopy interception occurs. 
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