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This paper presents a radio propagation model for the UHF band that is designed for an outdoor scenario in the Amazon region of
Brazil and comprises city, water, and forest environments. The model is designed for the Mobile and Home Digital Television (M-
DTV andH-DTV) services. In the case ofM-DTV, the electric field is calculated at user height,while for H-DTV it considers a fixed
antenna on houses roofs.The field calculation is based on Geometrical Optics (GO) and the UniformTheory of Diffraction (UTD).
The results for M-DTV show a good agreement with measurement data in an Amazonian city (Belém) for 521MHz. Different
parameters of the proposed model are analyzed: the transition zone city-water, the level of water, the incidence angle in the forest,
and electrical parameters for forest. Finally, the comparison that was made between the electric fields for H-DTV and M-DTV
shows a difference of up to 19 dB.

1. Introduction

Brazil has 62% of the Amazon region [1].This type of scenario
is always a challenge for telecommunication systems, due to
its tropical weather and dense forest. It is generally formed
of wide rivers and islands with dense forest, with cities and
inhabited areas only being found on the borders [2]. The
rivers are important for the economic development of Ama-
zonian cities, because they are usedmainly for commerce and
tourism.

One widely extended service of telecommunications in
Brazil is television (TV), which is in 90% of the residences.
Currently, Brazilian Digital Television (DTV) covers 46% of
the population, i.e., 89 million people, and is based on the
Japanese standard, called Integrated System Digital Broad-
casting (ISDB-T) [3].

The spectrum for DTV is allocated in [470, 806] MHz.
According to the Brazilian Association of Technical Stan-
dards (ABNT), there are two types of receivers in the ABNT
NBR154604 norm [4]: one segment and full segment. One
segment receivers have screens smaller than 7 inches and a
bandwidth of 0.43 MHz, whereas the full segment are meant
for fixed and mobile services, with a bandwidth of 5.7 MHz.

One can usually consider also two types of DTV regard-
ing the way that people watch TV: mobile (M-DTV) and
fixed/home (H-DTV). In the former, users have mobile ter-
minals, while in the latter the antennas are positioned on the
roofs of houses. Several scenarios have been studied for M-
DTV concerning signal propagation, such as urban environ-
ment [5], under ducts [6], mixed land-sea paths [7], and
indoor [8]. ForH-DTV, there are also studies for urban scena-
rios [9] and indoor environments [10]. Furthermore, as the
UHF band is also used in mobile communications, there are
studies of the coexistence of DTV with mobile communica-
tions [11] and for the fifth generation avoiding interference for
DTV [12].

This work focuses on outdoor radio propagation for M-
DTV and H-DTV in a mixed path. In the literature, most
of the studies on radio propagation are designed for land-sea
or city-forest scenarios. In the case of land-sea scenario, the
models are for low frequencies in the HF [13, 14] and MF
bands [15–17] for vertical polarization. ITU-R Recommen-
dation, P.1546 [18], addresses the UHF band, but it does
not differentiate if the first path is over land or sea, unlike
the Okumura model [19] that establishes the correction for
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a mixed path by determining whether the first path is over
water or land; even when Okumura and ITU-R P.1546 can be
applied in a land-water path, they do not consider obstacles
in the transition zone from land to water.

For a mixed city-forest path, [20, 21] address mobile ser-
vices, where the loss caused by obstacles around the receiver is
calculated using knife-edge diffraction. Furthermore, the loss
caused by a forest can be taken as in ITU-R Recommendation
P.833 [22], which gives an attenuation factor for the type of
forest of some countries, including Brazil, but it does not
apply to the Amazon region.

Models for radio propagation in the Amazon region
involve conducting studies inside the forest [23], where
dyadic green functions were applied by using four layers, for
vertical polarization: air, treetop, trunk, and land. Another
study [24] relies on parabolic equations but has limitations
for large propagation angles. A less studied scenario formixed
path involves mixed land-river path as in [25], which analyses
propagation over water when there is the presence of obsta-
cles, like buildings and bridges; however, this study does not
take account of the interaction between diffraction from a
city and reflection over water and only provides results for
distances longer than 1km.

In response to the need to design a propagation model
for mixed paths in the Amazon region, this paper proposes a
model based on Geometrical Optics (GO) and the Uniform
Theory of Diffraction (UTD). Earlier works have imple-
mented reflection and diffraction for urban scenarios, such as
in the models designed by Ikegami [26] and Walfish-Bertoni
[27]. The former considers grazing knife diffraction and the
latter models buildings as several half-screens edges, with the
combination of the two being the COST231 Walfish-Ikegami
model [28], duly assessed in Europe.

The proposed model is called Mixed Path and, unlike
those currently being employed, is designed for a scenario
formed by a mixed city-water-forest-water-forest path, for
M-DTV and H-DTV. It uses UTD, besides GO, because it
is more accurate than knife diffraction when obstacles have
finite conductivity [29]. It has the number of rays enough to
describe the various environments, by including reflection,
diffraction, and refraction/transmission. Therefore, Mixed
Path implements a 2D scenario which reduces the computa-
tional complexity and the number of rays and hence is able to
make a good estimate, for Digital Television. In the literature,
the case studies that apply 3D ray tracing are generally
designed for small urban environments and for a transmitter
lower than the obstacles around it, where the multiples rays
are more significant as shown in [30, 31].

Additionally, Mixed Path model describes the transition
zone between city and water. This highlights the interaction
of diffracted rays caused for the city and reflected rays over
water, whichmight be either a significant constructive or des-
tructive addition, especially when the receiver over the water
is less than 1 km from the city. A refracted/transmitted ray
from air to forest and forest to air (based on the features of the
Amazon forest) is calculated for the forest by taking account
of the absorption it causes.

An environmental correction factor is added to calculate
the electric field over water. Earlier studies [13, 25] noted that

a mixed path (land-water) presents an additional attenuation
compared with propagation only over water. For this reason,
[13] introduces a mixed media propagation factor, but it does
not consider buildings around the transmitter, and in [25] the
equation of free space is replaced by Okumura formulation.

The Mixed Path model for M-DTV has been validated
by measurement data in Belém of Pará. Additionally, it has
been compared with different models of literature, such us
Free Space [32], Okumura-Hata [19, 33], ITU-R P.1546 [18],
and Walfish-Ikegami [28] which is only designed for city
pathways. H-DTV is compared with ITU-R P.1546 for rural
areas, because it is quite similar to the proposed environment
of H-DTV, which always has line of sight.

This paper is organized in seven sections, besides the
current one. Section 2describes the scenario under study, and
Section 3 shows the application of the model. Section 4 pre-
sents an analysis of the model parameters, Section 5 shows
the measurement campaign, and Section 6 analyzes the re-
sults. Finally, Section 7 summarizes the conclusions, and an
Appendix contains the detailed equations.

2. Model Scenario

TheAmazon region is formed by various environments such
as city, river, and forest. Broadcast transmission services have
to be planned for the benefit of the people who use the rivers
for commerce or tourism and also who live behind the dense
forest; thus, the Mixed Path model is designed for both M-
DTV and H-DTV.The scenario is illustrated in Figure 1, with
the different regions denominated as City, Water1, Forest1,
Water2, and Forest2.

In the scenario for M-DTV, the transmitter is in city and
it is higher than the obstacles surrounding it.Thus, a 2D solu-
tion has been found to reduce computational complexity and
the number of rays but without losing the ability to make an
optimal electric field estimation.

The parameters defined in Figure 1 are described in what
follows. The transmitter antenna height, ℎ𝑇, is always higher
than the receiver antenna, which can either be for M-DTV,ℎ𝑀𝑅, or for H-DTV, ℎ𝐻𝑅; the latter corresponds to the one
of the antenna, ℎ𝐴, on the top of the building, which can be
either in the city, ℎ𝐵𝐶, or on the border of the river, ℎ𝐵𝐹. The
height of ground level of the city, ℎ𝐺𝐶, is considered to be
higher than the one of the forest, ℎ𝐺𝐹; the forest height, ℎ𝐹,
is taken as the height of the trees. All these heights are taken
as average values.

Horizontal distances illustrated in Figure 1 are as follows:
the distance between transmitter and receiver, 𝑑𝑇𝑅, the dis-
tance between the transmitter and the last point of city deno-
minated the width of the city, 𝑊𝐶. The width of the river
depends on the specific branch being considered, i.e., 𝑊𝑊1

and𝑊𝑊2, and the same applies to the forest,𝑊𝐹1 and𝑊𝐹2.
Finally, the street and building widths,𝑊𝑆

 and𝑊𝐵
, are

obtained from a top view, by drawing a line from the trans-
mitter to the receiver, hence defining an angle𝜑 with the street
or the building, which is always lower than, or equal to, 90∘.

3. Description of the Model

3.1. Rays Used by Mixed Path Model. The model includes
the interaction of the following rays: line of sight, reflection,
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Figure 1: Scenario for Mixed Path model for the services of M-DTV and H-DTV.

Table 1: Rays used for the mixed path model.

𝐸𝐿𝑂𝑆 Line of sight.𝐸𝑟ℎ Reflection on a horizontal surface.𝐸𝑟V Reflection on a vertical surface.𝐸𝑑− Diffraction on the left.𝐸𝑑+ Diffraction on the right.𝐸𝑑−𝑟ℎ Diffraction on the left, reflection on a horizontal surface.𝐸𝑑+𝑟ℎ Diffraction on the right, reflection on a horizontal surface𝐸𝑑−𝑟V Diffraction on the left, reflection on a vertical surface𝐸𝑑+𝑟V Diffraction on the right, reflection on a vertical surface𝐸𝑡 Refraction/Transmission through the forest.

diffraction, diffraction-reflection, and refraction/transmis-
sion. These rays are illustrated in Figure 2 (not at scale) and
Table 1 shows all the possible rays that can exist to calculate
the total electric field for M-DTV and H-DTV.

The notation adopted in Figure 2 is as follows. In the City,𝑏 represents the point of incidence for diffraction, and 𝑝𝑟 is
the point of incidence for reflection. The angle formed with
the direct ray is 𝜃𝐷, and the grazing angles for a reflected ray
on a vertical or horizontal surface are 𝜃𝑟V and 𝜃𝑟ℎ, respectively.
The angles of incidence and refraction/transmission in the
forest are Ψ𝑖𝑎𝐹, Ψ𝑡𝑎𝐹 for air-forest and Ψ𝑖𝐹𝑎, Ψ𝑡𝐹𝑎 for forest-air.
The point of incidence for air-forest refraction/transmission
is 𝑝𝑡 and 𝑛 is the point for forest-air refraction/transmission.
The direct distance (different from 𝑑𝑇𝑅, taken over ground)
from transmitter to the receiver is 𝑅𝑇𝑅.

In the City-Water1-Forest1-Water2-Forest2 case, the line
of sight and reflected rays exist if 60% of the first Fresnel
ellipsoid is unobstructed. In the other cases, there are only
diffracted rays, with the exception of Water2 where there is
only the transmitted ray.

With regard toM-DTV, the maximum number of rays for
each path is 8 for City, 4 for Water1, and 3 for Water2; for H-
DTV, this count is 3 for City (direct, reflected on the rooftop
and diffracted on the building edge), while for the houses
on the border of the river after Water1 and Water2, there is
1 reflected ray over the river.

3.2. General Equations for the Mixed PathModel. The electric
field for each ray that contributes to the total electric field at
the receiver antenna is calculated on the basis of the following
formulas.

(1) Line of Sight. The electric field with line of sight, ELOS, is
[32]

𝐸𝐿𝑂𝑆 (𝑅𝑇𝑅) = √30𝑃𝑇𝐺𝑇𝑅𝑇𝑅√𝐿 𝑒−𝑗𝑘𝑅𝑇𝑅 , (1)

where

(i) 𝑃𝑇: Transmission Power
(ii) 𝐺𝑇: Transmitter antenna gain
(iii) 𝐿: Loss for connectors, cable, etc.
(iv) 𝑘: Free space propagation constant [34].

(2) Reflection. The reflecting surfaces are horizontal or verti-
cal, planar, and smooth. Horizontal surfaces are water, streets,
and rooftops and a vertical surface is the wall of a building.
The coefficient of reflection, Γ, [35] can have horizontal or
vertical polarization and the electric parameters are given by
the reflecting surface. The reflected electric field, 𝐸𝑟, is

𝐸𝑟 (𝑅𝑇𝑅) = 𝐸𝐿𝑂𝑆 (𝑅𝑇𝑝𝑟) 𝑅𝑇𝑝𝑟𝑅𝑇𝑝𝑟 + 𝑅𝑝𝑟𝑅 Γ𝑒−𝑗𝑘𝑅𝑝𝑟𝑅 , (2)
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Figure 2: Rays used in Mixed Path for calculation of total electric field for M-DTV and H-DTV.

where

(i) 𝐸𝐿𝑂𝑆(𝑅𝑇𝑝𝑟): Incidence electric field in 𝑝𝑟
(ii) 𝑅𝑇𝑝𝑟 : Distance between transmitter and 𝑝𝑟
(iii) 𝑅𝑝𝑟𝑅: Distance between 𝑝𝑟 and the receiver
(iv) Γ: Reflection coefficient.

For the service ofM-DTV in City, not all the incident rays
for reflection reach a wall of a building. In determining which
rays are reflected in the wall, ℎ𝑝𝑟𝑔 has to be lower than ℎ𝐵𝐶,
where ℎ𝑝𝑟𝑔 is the height between 𝑝𝑟 and 𝑔, shown in Figure 2.
The following equation is used for ℎ𝑝𝑟𝑔:

ℎ𝑝𝑟𝑔 = ( 𝑊𝑠


2 tan 𝜃𝑟V) + ℎ𝑀𝑅. (3)

The parameters of (3) were described in Section 2.
In the case of Water, as in City, not all the incidence rays

reach the reflecting surface. To know which rays are reflected
over the Water1, the distance between 𝑧 and 𝑝𝑟, 𝑑𝑧𝑝𝑟 , shown
in Figure 2 has to be greater than𝑊𝐶 shown in Figure 1. For
Water2, 𝑑𝑧𝑝𝑟 has to be greater than distance formed by the
addition of𝑊𝐶,𝑊𝑤1, and𝑊𝐹1, shown in Figure 1.

For the service of H-DTV, to determine the rays that
are reflected on the rooftops of the houses, the distance 𝑑𝑝𝑟𝑗
between 𝑝𝑟 and the base of the receiver 𝑗, illustrated in
Figure 2, has to be lower than𝑊𝐵

/2 shown in Figure 1. The
equation for, 𝑑𝑝𝑟𝑗, is

𝑑𝑝𝑟𝑗 = ℎ𝐴
tan 𝜃𝑟ℎ . (4)

(3) Diffraction. In the absence of line of sight, the diffracted
rays are the main contributors to the total electric field.
Diffraction is calculated using UTD, and the diffraction co-
efficients are given in [34].

Mixed path model uses a 2DUTD that has a perpendicu-
lar incidence angle of diffraction, and thus the electrical field
can be propagated in the 𝑥, 𝑦 coordinates. When the incident
ray reaches the point of diffraction, the diffracted rays prop-
agate along a disk. On the other hand, a 3D UTD will form a
diffraction cone [34], which means more diffracted rays can
be produced. Previous studies with 3D ray tracing can create
a detailed urban environment that includes buildings of
different heights, and when the transmitter is lower than the
buildings, forward and backward diffraction are significant
[30]. In [31], it is also mentioned that more diffracted rays are
significant when the transmitter is small; however, the cases
of studies are designed for short distances.

The scenario for the Mixed Path model has buildings of
a uniform size and a transmitter antenna that is higher. The
buildings on the left and on the right of the reception point
produce the most significant diffracted rays for City since
these are the nearest buildings. When the receiver over the
water is far from the city, it is not necessary to have many
diffracted rays, because there are no big obstacles over the
water, and thus a 2D UTD can be used.
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This model uses 𝑛 = 1.5, for straight diffraction surfaces.
The Mixed Path model takes into account diffraction on the
left,𝐸𝑑−, and on the right, 𝐸𝑑+.The equation for the diffracted
field, 𝐸𝑑, is
𝐸𝑑 (𝑅𝑇𝑅) = 𝐸𝐿𝑂𝑆 (𝑅𝑇𝑏)√ 𝑅𝑇𝑏𝑅𝑏𝑅 (𝑅𝑇𝑏 + 𝑅𝑏𝑅)𝐷𝑒−𝑗𝑘𝑅𝑏𝑅 , (5)

where

(i) 𝐸𝐿𝑂𝑆(𝑅𝑇𝑏): Electric field at the point of incidence 𝑏
(ii) 𝑅𝑇𝑏: Incidence distance between the transmitter and𝑏
(iii) 𝑅𝑏𝑅: Diffraction distance between 𝑏 and the receiver
(iv) 𝐷: Diffraction coefficient.

Additionally, another important ray is the diffracted-
reflected. In the transition zone from the city to the river,
magnitude and phase of diffracted and diffracted-reflected
rays modify the total electric field over Water1. The electric
field diffracted-reflected, 𝐸𝑑𝑟, is given by the following equa-
tion [34, 36]:

𝐸𝑑𝑟 (𝑅𝑝𝑟𝑅)
= 𝐸𝑑 (𝑅𝑏𝑝𝑟) √𝑅𝑇𝑏𝑅𝑝𝑟𝑅 (𝑅𝑇𝑏+𝑅𝑝𝑟𝑅)√𝑅𝑇𝑏𝑅𝑝𝑟𝑅 (𝑅𝑇𝑏+𝑅𝑝𝑟𝑅) + 𝑅𝑝𝑟𝑅 Γ𝑒

−𝑗𝑘𝑅𝑝𝑟𝑅 , (6)

where

(i) 𝐸𝑑(𝑅𝑏𝑝𝑟): Incidence diffracted electric field in b
(ii) 𝑅𝑇𝑏: Distance between transmitter and b
(iii) 𝑅𝑏𝑝𝑟 : Distance between 𝑏 and 𝑝𝑟
(iv) 𝑅𝑝𝑟𝑅: Distance between𝑝𝑟 and the receiver.

(4) Refraction/Transmission. Two refractions/transmissions
are employed in the forest: the first is air-forest and the
second is forest-air. The forest is a lossy medium; the angle of
refractions/transmission will be complex if Snell’s law is
applied [32]. To ensure a physical coherence, the real angles
for these two refraction/transmissions are calculated on the
basis of [32, 37] and a detailed description is given in
Appendix A ((A.23)-(A.37)). The equation for the electric
refracted/transmitted field [32], 𝐸𝑡, is𝐸𝑡 (𝑅𝑇𝑅)

= 𝐸𝐿𝑂𝑆 (𝑅𝑇𝑝𝑡) 𝑅𝑇𝑝𝑡𝑅𝑇𝑝𝑡 + 𝑅𝑝𝑡𝑛 + 𝑅𝑛𝑅 𝜏𝑎𝑓𝜏𝑓𝑎𝑒−𝑗𝑘𝑅𝑛𝑅 ,
(7)

where

(i) 𝐸𝐿𝑂𝑆(𝑅𝑇𝑝𝑡): Incidence electric field in 𝑝𝑡
(ii) 𝑅𝑇𝑝𝑡 : Distance between transmitter and 𝑝𝑡
(iii) 𝑅𝑝𝑡𝑛: Distance inside the forest between 𝑝𝑡 and 𝑛
(iv) 𝑅𝑛𝑅: Distance between 𝑛 and the receiver
(v) 𝜏𝑎𝑓: Refraction/transmission coefficient air-forest
(vi) 𝜏𝑓𝑎: Refraction/transmission coefficient forest-air.

3.3. Methodology for Total Electric Field in Each Path. As
mentioned in Section 3, with regard toM-DTV, each path has
a different number of rays. However, in some cases, not all the
rays contribute in the total electric field at the receiver. The
direct and reflected rays are conditioned, because if there is
an obstacle between the transmitter and the receiver, they are
unable to reach the receiver. The Mixed Path model uses the
Fresnel parameter to determine whether or not the reflected
ray will arrive at the receiver.

TheFresnel parameter, V [35], indicateswhether or not the
transmitter and the receiver have a line of sight. As a result,
the values of V that are lower than -0.78 indicate that there
is line of sight between the transmitter and receiver. This is
because the first Fresnel zone is unobstructed 60%.

In the case of M-DTV, the direct and reflected rays that
contribute to the total electric field are identified using two
sets of Fresnel parameters for each path. The first Fresnel pa-
rameters are for the direct rays, V𝐶𝐷, V𝑊1𝐷, and V𝑊2𝐷 and the
second Fresnel parameters are for the reflected rays V𝐶𝑟,V𝑊1𝑟,
and V𝑊2𝑟, which are outlined in detail in Appendix A.

With regard to H-DTV, in Forest1 and Forest2, the
reflected rays over the water might be obstructed by the
houses alongside the river. The Fresnel parameters for
reflected rays are V𝐻𝐹1𝑟 and V𝐻𝐹2𝑟, described in Appendix A.

3.4. Total Electric Field for City forM-DTV. TheCity path can
have eight main rays to calculate the total electric field that
arrives at the receiver, as the expression in (8) shows.The total
electric field for City, 𝐸Σ𝑀𝐶, is𝐸Σ𝑀𝐶 (𝑅𝑇𝑅) = 𝐸𝐿𝑂𝑆 (𝑅𝑇𝑅) + 𝐸𝑟V (𝑅𝑇𝑅) + 𝐸𝑑− (𝑅𝑇𝑅)

+ 𝐸𝑑+ (𝑅𝑇𝑅) + 𝐸𝑑−𝑟V (𝑅𝑇𝑅)
+ 𝐸𝑑−𝑟ℎ (𝑅𝑇𝑅) + 𝐸𝑑+𝑟V (𝑅𝑇𝑅)
+ 𝐸𝑑+𝑟ℎ (𝑅𝑇𝑅) .

(8)

The parameters in (8) are the electric fields described
earlier in Table 1 and by (1), (2), (5), and (6).

However, expression (8) can be altered, and the values of
the direct ray, reflected ray, or both can be zero. In the case of
direct ray, when V𝐶𝐷 has values greater than -0.78, the direct
ray does not arrive at the receiver, and, as a result, it is zero.
Furthermore, the reflected ray might be zero when one of
the two conditions to be added in (8) is not accomplished.
These two conditions are as follows: (i) given in Section 3, the
incident ray has to reach the reflecting surface and (ii) the
values for V𝐶𝑟 must be lower than -0.78.

3.5. Total Electric Field for Water1 for M-DTV. The second
path forM-DTV isWater1. In this model, the transmitter is in
the city, and thus the electric field calculated over the water is
calculated as a mixed path. Different techniques are applied
for mixed paths, as shown in ITU-R 1546 [18, 25].

TheMixed Path model adds an environmental correction
factor, so that the attenuation caused by City in the electric
field over Water1 can be incorporated. Then, first of all, the
correction factor is calculated. After this, it is added to electric
field calculated for the water considering the obstacles in
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the border City-Water1. The environmental correction factor,
(𝐶𝑊1), is given by the following equation:

𝐶𝑊1 (𝑊𝐶) = 𝐸Σ𝑀𝐶 (𝑊𝐶) − 𝐸𝐿𝑂𝑆 (𝑊𝐶) . (9)

The electric field over Water1 without considering the
attenuation from City, 𝐸Σ𝑀𝑊1, is given by

𝐸Σ𝑀𝑊1 (𝑅𝑇𝑅) = 𝐸𝐿𝑂𝑆 (𝑅𝑇𝑅) + 𝐸𝑟ℎ (𝑅𝑇𝑅) + 𝐸𝑑− (𝑅𝑇𝑅)
+ 𝐸𝑑−𝑟ℎ (𝑅𝑇𝑅) . (10)

Hence, the equation for mixed path City-Water1 is

𝐸𝑀𝑃𝑊1=𝐸Σ𝑀𝑊1 (𝑅𝑇𝑅) + 𝐶𝑊1 (𝑊𝐶) . (11)

The electric fields of (10) were described earlier in Table 1
and by (1), (2), (5), and (6).

Equation (10) can be modified the same as in (8): direct
ray is zero when V𝑊1𝐷 is greater than -0.78.The reflected ray
is zero when the incident ray does not reach the water surface
or V𝑊1𝑟 is greater than -0.78.

3.6. Total Electric Field for Water2 for M-DTV. Following the
methodology forWater1, the environmental correction factor
for Water2 (𝐶𝑊2)is
𝐶𝑊2 (𝑊𝐶+𝑊𝑊1) = 𝐶𝑊1 (𝑊𝐶) + 𝐸Σ𝑀𝑊1 (𝑊𝐶+𝑊𝑊1)

− 𝐸𝐿𝑂𝑆 ((𝑊𝐶+𝑊𝑊1)) . (12)

In (12), 𝐸Σ𝑀𝑊1 is limited to have a maximum value, the
value of free space.

The total electric field, 𝐸𝑀𝑊2, forWater2, without includ-
ing the environmental correction factor, is

𝐸Σ𝑀𝑊2 (𝑅𝑇𝑅) = 𝐸𝐿𝑂𝑆 (𝑅𝑇𝑅) + 𝐸𝑟V (𝑅𝑇𝑅) + 𝐸𝑡 (𝑅𝑇𝑅) . (13)

The electric fields in (13) were described earlier in Table 1
and in (1), (2), and (7).

The total electric field for the mixed path in Water2 is

𝐸𝑀𝑃𝑊2 = 𝐸Σ𝑀𝑊2 (𝑅𝑇𝑅) + 𝐶𝑊2 (𝑊𝐶+𝑊𝑊1) . (14)

In (13), the direct ray and reflected ray can be zero. The
direct ray is zero when the values of V𝑊2𝐷 are greater than -
0.78. Additionally, the reflected ray is zero when the reflected
ray does not reach the reflecting surface, in this case water, or
when the values of V𝑊2𝐷 are greater than -0.78.

3.7. Total Electric Field for H-DTV in City. In the case of H-
DTV, for City path, the total electric field, 𝐸Σ𝐻𝐶, is given by

𝐸Σ𝐻𝐶 (𝑅𝑇𝑅) = 𝐸𝐿𝑂𝑆 (𝑅𝑇𝑅) + 𝐸𝑟ℎ (𝑅𝑇𝑅) + 𝐸𝑑− (𝑅𝑇𝑅) . (15)

The electric fields in (15) were described earlier in Table 1
and in (1), (2), and (5).

In (15), the reflected ray can be zero if the incident ray of
reflection does not reach the roof, as mentioned in Section 3.

3.8. Total Electric Field for H-DTV in Houses on the Border
of Forest1 and Forest2. With regard to houses located on the
border of the forest path according to Figure 1, the correction
factor is not been added because it is considered to be line
of sight in this situation. The total electric field, 𝐸Σ𝐻𝐹1.2, for
Forest1 and Forest2 is𝐸Σ𝐻𝐹1.2 (𝑅𝑇𝑅) = 𝐸𝐿𝑂𝑆 (𝑅𝑇𝑅) + 𝐸𝑟ℎ𝐻 (𝑅𝑇𝑅)

+ 𝐸𝑟ℎ𝑊1,2 (𝑅𝑇𝑅) + 𝐸𝑑− (𝑅𝑇𝑅) , (16)

where
(i) 𝐸𝑟ℎ𝐻(𝑅𝑇𝑅): Reflective field over the roof of the houses
(ii) 𝐸𝑟ℎ𝑊1,2(𝑅𝑇𝑅): Reflective field over Water1 or Water2.
The electric fields in (16) were described earlier in Table 1

and in (1), (2), and (5).
Furthermore, in (16), the reflected field can be zero if

V𝐻𝐹1𝑟 is greater than -0.78 for Forest1, and in the case of
Forest2, the reflected ray is zero when V𝐻𝐹2𝑟 is greater than
-0.78.

4. Analysis of the Mixed Path Parameters

The Mixed Path model predicts the electric field in an
Amazon environment, where the signal interacts with dif-
ferent electrical parameters from city, water, and forest.
Furthermore, the receivers are over ground level, over water,
over rooftops, and both in front of and behind forest. Three
parameters were analyzed forM-DTV: (a) the transition zone
City-Water1, for the receiver over Water1, (b) the electrical
parameters of the forest, and (c) the incidence angle at the
forest. The level of the river is also analyzed for H-DTIV.

4.1. Transition Zone City-Water1. The electric field which is
calculated with a receiver at different distances over Water1
is shown in Figure 3. The distances over the water are given
by (A.13), from Appendix A. The buildings in the transition
zone City-Water1 are 15 m in height. The city width is 1.1 km.
The other parameters are the same as in Appendix B.

Figure 3 illustrates how the receiver over Water1 leaves
the shadow zone caused by the City, where there are only
diffracted rays of up to 0.28 km. After this, an increase of
the signal is observed because the ray with line of sight is
added. Finally, after a distance of 0.39 km, reflected ray is also
added. The red line indicates a diffracted ray only up to 0.39
km, and after this distance, only direct and reflected rays are
used. The blue line indicates a diffracted ray in all the points
of reception.

In Figure 3, an arrow indicates the unobstructed third
zone of Fresnel from a distance of 0.8 km. This means that,
from 0.8 km, the blue and the red lines have almost the same
values because the direct ray and the reflected ray are themain
contributors to the total electric field.

Additionally, at 0.6 km, the red line shows a destructive
addition of reflected ray and direct ray. At the same distance,
the blue line shows a less pronounced attenuation because it
is affected by the diffracted rays from the city. The transition
zone city-river shows that signal over the water is attenuated,
especially at a distance less than 1 km from the city.
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Figure 3: Transition zone City-Water1: Electric field versus distance
only over the water.

4.2. Electrical Parameters of the Forest and Incidence Angle
for Refraction/Transmission. The electrical parameters for
dense, sparse, and medium forest have been studied for M-
DTV, and these parameters are in [21]. The electric field
was calculated varying only the electrical parameters with a
receiver located at the same place over Water2. The width
of forest is 2 km. The width of City is 1km and the width
of Water1 is 1 km. The other parameters are shown in
Appendix B.

The results showed that the electric field for a sparse
forest is 84 dB𝜇V/m, for a median forest is 74 dB𝜇V/m, and
for a thick forest is 72 dB𝜇V/m. There is a difference of 12
dB between a thick and a sparse forest and 2 dB between a
medium and a thick forest. Thus, the electric field for a thick
forest is the lowest.

The last parameters for M-DTV are the angles of inci-
dence, forest-air, 𝜓𝑖𝑎𝑓, illustrated in Figure 2. The receiver is
overWater2 and the point of incidence in the forest,𝑝𝑡 , shown
in Figure 2 is the same for all the angles evaluated.

Figure 4 shows that electric field decreases when there
is an increase in the incidence angle air-forest. Angles
lower than 62 degrees are not taken into account because
the refraction/transmission forest-air does not occur. At 89
degrees, the electric field is 30 dB less than that at 63 degrees.

4.3. Level of the River. The river level was analyzed for H-
DTV.The receiver has a fixed position on the border of Forest1
at a distance of 5.01 km from the transmitter. As themaximum
level of the river is 0 m, negative numbers were used in
Figure 5 to represent the decreasing river level.

The electric field at a 0 m river level is 113 dB𝜇V/m, 14 dB
more than when the river level decreases by 3 m. The height
from the ground of the City and Forest1 have to be increased
to estimate the level river in this model.
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Figure 4: Electric field versus forest incidence angle.
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Figure 5: Electric field versus river level.

5. Measurement Campaign

Two measurement campaigns were carried out to validate
Mixed Path model.The first was conducted over Belem city at
distances of up to 20 km. The second was over the water and
some points in Belem City. These two measurement cam-
paigns are detailed next.

5.1.Measurement Campaign in BelemCity. Themeasurement
data for the city were collected in Belem, Pará, with the assis-
tance of a technical team from a local TV station for distances
up to 20 km. The transmission central frequency was 521
MHz, with a bandwidth of 6 MHz. There were 37 recep-
tion points over the city.

The height of the receiver antenna was 4 m and the
height of the transmitter antenna was 114.58 m, both above
ground level. The Effective Isotropic Radiated Power (EIRP)
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1.6 km
2.6 km

5 km

Figure 6: Radials of measurement data over water and city near the
river.

was 49.32 dB.The antenna gain with regard to a reference iso-
tropic antenna was expressed in units referred to as dBi.
Thus, the receiver antenna gain was 5 dBi and the transmitter
antenna gain was 13.25 dBi. Both the transmitter and receiver
antennas had horizontal polarization and were omnidirec-
tional.

Power reception was collected with an ANRITSU spec-
trum analyzer, the geographic coordinates were measured
with a GARMIN’S GPS 12 MAP Personal Navigator𝑇𝑀. The
city of Belem can be characterized as a suburban city because
it has some high buildings, near the transmitter placement,
and also a residential area.

5.2. The Measurement Campaign over Water. Data over the
water was collected with a Site Master ANRITSU S332E
that used the same transmitter in the City. The receiver
antenna gain was 2.15 dBi and was mounted on a ship (called
Curupira) with a height of 5 m above sea level. The measure-
ments over water were carried out continuously. The receiver
antenna was rotated to obtain the maximum power recep-
tion. A total of 256 points were collected and distributed in
three radials shown in Figure 6, and 16 of them were col-
lected behind the forest. Additionally, 27 reception points
were collected in City near the river, illustrated in Figure 6.
The receiver antenna was 4 m in height over the ground level.

From Figure 6, it can be seen that the radials have differ-
ent paths that include city, water, and forest. By having these
features, Amazon cities are unique scenarios.

Figure 7(a) shows the City-Water1 scenario where the
river has a smooth surface, while in Figure 7(b) the forest and
houses can be observed on the border of the river. Figures 7(c)
and 7(d) illustrate the reception devices above the water.

6. Results

6.1. Results for M-DTV in the City. This section compares
the measured and predicted results. The radio propagation
models areOkumuraHata,Walfish-Ikegami, theRecommen-
dation ITU-R. P.1546, and the Mixed Path model.

The parameters for the simulations are given in
Appendix B. The measured data were organized in annuli of
200 m, in order to have a more uniform scenario.

Table 2: RMS error for city-MDTV.

RMS Error [dB] for City-MDTV
Mixed Okumura Walfish- ITU-R
Path Hata Ikegami P.1546
6.17 10.7 8.8 7.0

The assessments of the results of the different propagation
models for the City are comparedwith themeasurement data,
through the calculations of RMSE. In Table 2, the Mixed Path
model has the lowest RMSE because, unlike the othermodels,
it includes features of Belem city, such as the height of the
buildings and the electrical parameters.

6.2. Results for M-DTV over Water. The simulation data are
illustrated in two procedures, radials and annuli, in Figures
8 and 9, respectively. Annuli cannot be employed for data
after the forest, because the width of forest is different for each
radial, as shown in Figures 8(a) and 8(b).

The results for the predicted electric field and mea-
sured data are illustrated in Figure 8(a) for Radial 2 and in
Figure 8(b) for Radial 3.

In Figures 8(a) and 8(b), for distances up to 2.6 km, the
signal shows significant increasing or attenuation because it is
the transition zone city-water. However, for distances greater
than 2.6 km, the signal has a soft decreasing.

The current radio propagationmodels, such asOkumura-
Hata and ITU-R P.1546, do not predict the signal in the
transition zone city-water. In contrast, as shown in Figure 8,
the Mixed Path model is in closest agreement with the
measurement data in the transition zone.The calculations for
Radial 2 and Radial 3 with the Mixed Path model have the
same parameters which are given in Appendix B, with the
only difference being that the width of the city for Radial 2
is 1. 44 km while for Radial 3 it is 1.55 km.

The Mixed Path model predicts the attenuation and
recovery of the signal in the transition zone for Radial 2.
However, for Radial 3,Mixed Path is not as accurate as that for
Radial 2 in the transition zone. This fact can be attributed to
the fact that Radial 3 was located in front of a port.However, it
is able to predict most of measurement data in the transition
zone.

Simulations over Water2 are also illustrated in Figures
8(a) and 8(b). No radio propagation models were found
for a receiver behind a forest and over the river that is
the case of Water2. The current models such us Okumura
and ITU-R. P.1546 are designed for scenarios with city-
river. Recommendation ITU-R P. 833 was used to add the
attenuation caused by forest. The attenuation for the forest
was calculated using the parameters for Rio de Janeiro and
added to formulation of Okumura and ITU-R P.1546.

It is now possible to compare the models from literature,
Mixed Path model and measurement data, as illustrated in
Figure 8; Mixed Path model has the best agreement with
measurement data.

On the basis of these results, a comparison about attenu-
ation caused by forest and City can be made. Table 3 shows
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(a) City-Water1 (b) Water1-Forest

(c) Curupira ship (d) Spectrum analyzer and GPS

Figure 7:The measurement campaign over Water in Belém, State of Pará.
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Figure 8: Results over Water for M-DTV: (a) Radial 2, (b) Radial 3.

some distances and the values of electric field when the
receiver is in the City andWater2.Then, for a distance around
8 km, a receiver in the City obtains a signal 17 dB stronger
than a receiver in Water 2. Furthermore, a receiver located at
20 km in the City has an electric field of 70 dBuV/m while

1 1.5 2 2.5 3 3.5 4 54.5

El
ec

tr
ic

 F
ie

ld
 [d

Bu
V

/m
]

85

90

95

100

105

110

115

120

125

130 C W1

Measurements
Mixed Path
Oku.-Hata

Walfish Ikegami
ITU-R P.1546
Free Space

Figure 9: Results over City and Water1 for M-DTV in annuli.

a receiver over Water2 has an electric field of 63 dBuV/m at
8.16 km.Thismeans the forest causes huge signal attenuation.

In Figure 9, the measurement data and simulations of the
radio propagation models are shown in annuli of 200 m. It
should be mentioned that even when water is uniform the
transition zone city-water is different for the three radials
because of the buildings in the City.

Radial 1 was not illustrated because the electric field is
similar to Radial 2. However, the RMS error shown in Table 4
was calculated for the three radials.
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Table 3: Comparison of the electric fields between the city and water2.

City Water2 for Radial 2
Distance [km] Electric Field [dBuV/m] Distance [km] Electric Field [dBuV/m]
7.89 80 8.16 63
19.5 70 Not calculated

Table 4: RMS error for water –M-DTV.

RMS Error [dB] for Water -MDTV
Mixed Path Okumura Walfish –Ik. ITU-R P.1546

R1 3 10.9 - 3.9
R2 2.7 14.2 - 5.3
R3 4.6 16.6 - 5.6
Average Radials 3.4 13.9 - 4.9
Annuli 2.7 12.5 10.6∗ 4.3
∗Walfish Ikegami was only evaluated in the City, as shown in Figure 11.

With regard to the annuli, the City is represented as far
as 1.6 km and data over the Water1 as far as 4.9 km from
the transmitter. Figure 9 depicts the Okumura-Hata model
and Walfish-Ikegami model with higher values than the
measurement data. ITU-R P.1546 has similar values of mea-
surement data, but it does not analyze the transition zone.
Finally, theMixed Pathmodel predicts similar values to those
of the measurement data.

Table 4 shows the RMS error for radials and annuli, by
comparing models from the literature, Mixed Path model,
andmeasurement data. TheMixed Path model has the lowest
RMS error in the three radials and annuli, because it includes
transition zone city-river, the height of the buildings, and
the width of the city with buildings. Furthermore, it uses the
electrical parameters of a medium forest with a height of 12
m. The other models are not for a scenario with City-Water
and Forest.

6.3. Results for H-DTV. TheMixed Path model was designed
for M-DTV and H-DTV and was validated with measure-
ment data for M-DTV. Now, simulations with Mixed Path
model are shown for H-DTV and compared with ITU-R
P.1546 for rural areas.TheFree Spacemodel is taken as a refer-
ence of signal strength.

Simulation for Radial 3 is presented in Figure 10. The
other two radials are similar andwere not illustrated, although
they were considered to calculate the RMS error. The param-
eters for simulation are given in detail in Appendix B, though
it is worth mentioning that the height of the receiver in city is
18 meters and on Forest1 and Forest2 is 6 meters.

In Figure 10, theMixed Pathmodel has higher values than
free space. These high values can be explained by the theory
of two rays, in which there is a zone known as an interference
zone, where the signal shows significant increasing and de-
creasing around the free space values.

The break distance given in [35] indicates the distance
where interference zone ends. Thus, all the distances lower
than the break distance are into the interference zone.
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Figure 10: Mixed Path for H-DTV.

For Radial 1 in the City the break distance is 40 km and
15 km for Forest1 and Forest2. Thus, the simulations for the
radials are in the interference zone, which explains why they
have higher values than the free space values.

The first path for H-DTV is the City, as Figure 10 illus-
trates. ITU-R P. 1546 shows similar values to the Mixed Path
values. However, ITU-R P.1546 in Forest1 and Forest2 pre-
sents lower values because, in rural areas, ITU-R P.1546 in-
cludes constructions of 10m in height. In Forest1 and Forest2,
the receiver is 6 m in height. This means that ITU-R P. 1546
has a receiver that is lower than the obstacles around it, and
as a result the values are lower in the Forest than in the City.

In addition, in Forest1 and Forest2, a particular feature for
Mixed Path model is observed in Figure 10, the values of the
first point of reception for Forest1 and Forest2. In the case
of Forest1, the first reception point has a lower value than
the others. On the other hand, for Forest2, the first point is
higher than the others.This is due to the fact that the reflected
ray from the water may have a destructive or a constructive
addition. The simulation uses 0 m at sea level.

TheRMSerror forH-DTV is calculated between the ITU-
R P.1546 and Mixed Path model. Table 5 displays the RMS
error by only taking account of the City path andCity-Water1-
Forest1-Water2-Forest2. The models evaluated only for City
are similar with an RMS error less than 2 dB. However, with
regard to the complete Path, City-Water1-Forest1-Water2-
Forest2, the RMS error increases, because ITU-R P.1546 does
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Table 5: RMS error for H-DTV: ITU-R P.1546 versus mixed path.

RMS Error [dB] for H-DTV
Path Radial 1 Radial 2 Radial 3 Average
Only City 1.4 1.8 1.3 1.5
Complete Path 19.5 16.7 15.1 17.1
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Figure 11: Total electric field for Radial 2, M-DTV versus H–DTV.

not consider line of sight between transmitter and receiver in
the forest, as the Mixed Path model does.

6.4. Comparison between M-DTV and H-DTV. The total
electric field corresponding to Radial 2 for M-DTV and
H-DTV is shown in Figure 11. The simulation scenario is
formed by City-Water1-Forest1-Water2-Forest2. The values of
the electric field for H-DTV are higher than those for M-
DTV, sinceH-DTVhas line of sight at all the reception points.

The electric field for M-DTV is calculated in the City
and over the Water1 and Water2, as shown in Figure 11. The
electric field for H-DTV is calculated in City and up to 500m
on the border of Forest1 and Forest2; after this distance, there
is only dense forest. Hence, the electric field for M-DTV is up
to 19 dB less than electric field for H-DTV in the City path.

7. Conclusions

This paper has provided a radio propagation model for a
singular scenario present in the Amazon region, which is
characterized by dense forest and wide rivers. The purpose
of this model is to improve radio telecommunication systems
in mixed path environments.

The service analyzedwasDigital TV, because the frequen-
cies ranges of this service can penetrate the forest, and then
signal reaches communities behind the dense forest. This
model is designed for home reception (H-DTV), which is
characterized for a fixed antenna over the rooftop. Moreover,
with the growing use of mobile devices, it was decided to

design a model for mobile digital television (M-DTV), by
evaluating its propagation over rivers.

The proposed model considers a scenario formed by
City-Water1 –Forest1- Water2-Forest2. It was shown that the
forest attenuated more than a suburban City, since the signal
received at a distance of 8 km behind the forest is lower than
a signal received at 20 km in a suburban City.

The techniques used for Mixed Path model are GO and
UTD. Ten rays are used for M-DTV based on line of sight,
reflection, diffraction, and refraction/transmission. Four rays
are used for H-DTV which are line of sight, reflection on the
rooftops, reflection on the water, and diffraction.

The electric field over the water was calculated by adding
an environmental correction factor, so that the attenuation
caused by City could be incorporated. The environmental
correction factor was validated with measurement data, in a
mixed path in Belem, Pará.

The transition zone City-Water1 for M-DTV has attenu-
ation that depends on the height of the buildings in the city.
The interaction of diffracted rays from the city and reflected
rays over water is a significant factor in the transition zone.
After the transition zone, the main rays are the direct ray and
reflected ray over the water.

The simulations for H-DTV show higher values than
simulations for M-DTV. In the City, the difference is up to
19 dB, because when the H-DTV is calculated, it includes line
of sight.

The electric field calculated for a thick forest is 12 dB less
than the electric field calculated for a sparse forest; then, elec-
trical parameters can influence the result for total electric
field.

In the case of the incidence angle air-forest, the electric
field decreases with the increase of the incidence angle.
However, not all the incidence angles air-forest produce a ray
that is transmitted from forest to air.

In the case for H-DTV, when it has a receiver located at
5.10 km from the transmitter and when the level of water
decreases 3 meters, the signal decreases in 15 dB.

The Mixed Path model has the lowest average RMS error
(3.43 dB) with regard toOkumura (13.9 dB) and ITU-R P.1546
(4.9 dB) for radials. Furthermore, theMixed Path has an RMS
error of 2.75 dB for annuli, 12.5 dB for Okumura, 4.3 dB for
ITU-R P.1546, and 10.6 dB forWalfish-Ikegami, although this
last model was only evaluated in city. This provides evidence
that theMixed Pathmodel has the best agreement for amixed
path in the Amazon region.

Appendix

A.

A.1. Geometrical Expressions. The Fresnel parameter is used
to find out if a direct ray or a reflected ray or both have to be
added to the total electric field. The Fresnel parameter, V, is
given for the following equation.

V = ℎ√ 2𝑅𝑇𝑅𝜆𝑅1𝑅2 (A.1)
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where:

(i) 𝑅1: Distance between transmitter and the obstacle.
(ii) 𝑅2: Distance between the obstacle and the receiver.
(iii) ℎ: Height of the obstacle.
The equations were formulated for the Mixed Path model

on the basis of (A.1). The following equations are for Fresnel
parameters of M-DTV, and the parameters of the equations
are illustrated in Figures 1 and 2.

The Fresnel parameters for the City are described as
follows, V𝐶𝐷 is for direct ray and V𝐶𝑟 for the reflected ray. First
of all, a calculation is made of the width of the street𝑊

𝑆 , andℎ𝐶𝐷 that is the height of the obstacle for the direct ray andℎ𝐶𝑟 that is the height of the obstacle for the reflected ray. The
equations the for city path are as follows:

𝑊
𝑠 = 𝑊𝑠

sin (𝛼) (A.2)

ℎ𝐶𝐷 = cos 𝜃𝐷(ℎ𝐵 − ℎ𝑅𝑀 − (𝑊
𝑆2 ) tan 𝜃𝐷) (A.3)

ℎ𝐶𝑟 = sin 𝜃𝑟V (ℎ𝐵 − ℎ𝑅𝑀 − 1.5𝑊𝑆
 cot 𝜃𝑟V) (A.4)

V𝐶𝐷

= ℎ𝐶𝐷√ 2𝑑𝑇𝑅 cos 𝜃𝐷𝜆 (𝑑𝑇𝑅 −𝑊𝑠
/2 − ℎ𝐶𝐷 sin 𝜃𝐷) (𝑊𝑠

/2 + ℎ𝐶𝐷 sin 𝜃𝐷)
(A.5)

V𝐶𝑟

= ℎ𝐶𝑟√ 2(𝑑𝑇𝑅 +𝑊𝑠
/2) sin 𝜃𝑟V𝜆 (𝑑𝑇𝑅 −𝑊𝑠

/2 − ℎ𝐶𝑟 cos 𝜃𝑟V) (𝑊𝑠
 + ℎ𝐶𝑟 cos 𝜃𝑟V)

(A.6)

where:

(i) 𝑊𝑠: Width of the street.

For Water1, V𝑊1𝐷, is for the direct ray and V𝑊1𝑟 for the
reflected horizontal ray. The height of the obstacle for direct
ray, ℎ𝑊1𝐷, and the height of the obstacle for reflective ray,ℎ𝑊1𝑟, are both calculated, together with.The distance over the
water, 𝑑𝑊1,. The equations are as follows:

𝑑𝑊1 = 𝑑𝑇𝑅 −𝑊𝑐 (A.7)

ℎ𝑊1𝐷 = cos 𝜃𝐷 (ℎ𝐵𝐶 + ℎ𝐺 − ℎ𝑀𝑅 − 𝑑𝑊1 tan 𝜃𝐷) (A.8)

ℎ𝑊1𝑟 = cos 𝜃𝑟ℎ (ℎ𝐵𝐶 − ℎ𝑇 +𝑊𝐶 tan 𝜃𝑟ℎ) (A.9)

V𝑊1𝐷

= ℎ𝑊1𝐷√ 2𝑑𝑇𝑅 cos 𝜃𝐷𝜆 (𝑑𝑇𝑅 − 𝑑𝑊1 − ℎ𝑊1𝐷 sen 𝜃𝐷) (𝑑𝑊1 + ℎ𝑊1𝐷 sin 𝜃𝐷)
(A.10)

V𝑊1𝑟

= ℎ𝑊1𝑟
√ 2 (ℎ𝑇 + ℎ𝐺) cot 𝜃𝑟ℎ cos 𝜃𝑟ℎ𝜆 ((ℎ𝑇 + ℎ𝐺) cot 𝜃𝑟ℎ − 𝑑𝑇𝑅 + ℎ𝑊1𝑟 sin 𝜃𝑟ℎ) (𝑑𝑇𝑅 − ℎ𝑊1𝑟 sin 𝜃𝑟ℎ)

(A.11)

The last path for M-DTV is Water2. The Fresnel parame-
ters are V𝑊2𝐷 for direct ray and V𝑊2𝑟 for the reflected ray. The
height of the obstacles is represented for the direct ray ℎ𝑊2𝐷

and reflected ray ℎ𝑊2𝑟. The distance over the water 𝑑𝑊2 and
the distance between the transmitter and the last point of the
Forest1, 𝑑𝑇𝐹1, are also calculated. The equations based on the
Fresnel parameters for Water2 are:

𝑑𝑇𝐹1 = 𝑊𝐶 +𝑊𝑊1 +𝑊𝐹1 (A.12)

𝑑𝑊2 = 𝑑𝑇𝑅 − 𝑑𝑇𝐹1 (A.13)

ℎ𝑊2𝐷 = cos 𝜃𝐷 (ℎ𝐹 + ℎ𝐺𝐹 − ℎ𝑀𝑅 − 𝑑𝑊2 tan 𝜃𝐷) (A.14)

ℎ𝑊2𝑟 = cos 𝜃𝑟ℎ (ℎ𝐹 + ℎ𝐺𝐹 − ℎ𝑇 − ℎ𝐺 + 𝑑𝑇𝐹1 tan 𝜃𝑟ℎ) (A.15)

V𝑊2𝐷 = ℎ𝑊2𝐷√ 2𝑑𝑇𝑅 cos 𝜃𝐷𝜆 (𝑑𝑇𝑅 − 𝑑𝑊2 − ℎ𝑊2𝐷 sin 𝜃𝐷) (𝑑𝑊2 + ℎ𝑊2𝐷 sin 𝜃𝐷) (A.16)

V𝑊2𝑟 = ℎ𝑊2𝑟√ 2 (ℎ𝑇 + ℎ𝐺) cot 𝜃𝑟ℎ cos 𝜃𝑟ℎ𝜆 ((ℎ𝑇 + ℎ𝐺) cot 𝜃𝑟ℎ − 𝑑𝑇𝐹1 + ℎ𝑊2𝑟 sin 𝜃𝑟ℎ) (𝑑𝑇𝐹1 − ℎ𝑊2𝑟 sin 𝜃𝑟ℎ) (A.17)

In the case of H-DTV, the Fresnel parameter is used to
determine if the reflected ray is being diffracted for the house
on the border of the island. First the height of the obstacle for

the reflected ray ℎ𝐻𝑊𝑟1,2 in Water1 and Water2 is calculated.
The equations to calculate the Fresnel parameter, V𝐻𝑊1,2, for
H-DTV in the river path are:

ℎ𝐻𝐹1𝑟 = cos 𝜃𝑟ℎ (𝑑𝑇𝑅 tan 𝜃𝑟ℎ − (ℎ𝐵𝐹 + ℎ𝐺𝐹)) (A.18)

𝑊𝐵
 = 𝑊𝐵

sin 𝛼 (A.19)
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Table 6: Values for the simulation of the results.𝑃𝑡 = 6000 𝑊 𝐺𝑅 = 0 dBd L= 1.4 dB
f = 521 MHz ℎ𝐺𝐶 = 7m ℎ𝑇 = 114.58 𝑚ℎ𝑀𝑅 = 4 𝑚 (City) ℎ𝐵𝐶 = 15 𝑚 ℎ𝐺𝐹 = 2 𝑚ℎ𝑀𝑅 = 5 𝑚 (Water)ℎ𝐴 = 3 𝑚 ℎ𝐵𝐹 = 3 𝑚 ℎ𝐹 = 12 𝑚𝛼(𝑎𝑛𝑒𝑖𝑠) = 10∘ 𝑊𝐵 = 10 𝑚 𝑊𝐶 (𝑅1) = 1.68 𝑘𝑚𝑊𝐶 (𝑅2) = 1.4 𝑘𝑚 𝑊𝐶 (𝑅3) = 1.55 𝑘𝑚 𝑊𝑆 = 9 𝑚𝜀𝑏 = 7
(building [38])

𝜎𝑏 =0.0473 𝑆/𝑚
(building [38])

𝜀𝑤 = 80
(water [39])𝜎𝑤 = 0.05 𝑆/𝑚

(water [39])
𝜀𝑓 = 1.1

(forest [21])
𝜎𝑓 = 0.1 𝑚𝑆/𝑚
(forest [21])𝜀𝑠 = 2.7

(street [20])
𝜎𝑠 = 0.04 𝑆/𝑚
(street [20])

V𝐻𝐹1𝑟

= ℎ𝐻𝐹1𝑟√ 2ℎ𝐻𝑅 cos
2 𝜃𝑟ℎ𝜆 (ℎ𝐻𝑅 − sin 𝜃𝑟ℎ𝑑𝑇𝑅 + ℎ𝐻𝐹1𝑟 sin
2 𝜃𝑟ℎ) (𝑑𝑇𝑅 − ℎ𝐻𝐹1𝑟 sin 𝜃𝑟ℎ)

(A.20)

ℎ𝐻𝐹2𝑟 = cos 𝜃𝑟ℎ (𝑑𝑇𝑅 tan 𝜃𝑟ℎ − (ℎ𝐵𝐹 + ℎ𝐺𝐹)) (A.21)

V𝐻𝐹2𝑟

= ℎ𝐻𝐹2𝑟√ 2ℎ𝐻𝑅 cos
2 𝜃𝑟ℎ𝜆 (ℎ𝐻𝑅 − sin 𝜃𝑟ℎ𝑑𝑇𝑅 + ℎ𝐻𝐹2𝑟 sin
2 𝜃𝑟ℎ) (𝑑𝑇𝑅 − ℎ𝐻𝐹2𝑟 sin 𝜃𝑟ℎ)

(A.22)

A.2. Real Angles for Refraction/Transmission in the Forest.
Theequations to calculate the real angles for refraction/trans-
mission in air-forest sinΨ𝑡𝑎𝐹 and forest-air sinΨ𝑡𝐹𝑎 are:
Air-Forest

sinΨ𝑡𝑎𝐹 = 𝛽𝑎 sinΨ𝑖𝑎𝐹√(𝛽𝑎 sinΨ𝑖𝑎𝐹)2 + 𝑞𝑎𝐹2 (A.23)

𝑀 = 1 − (𝑎𝑎𝐹2 − 𝑏𝑎𝐹2) sin2 Ψ𝑖𝑎𝐹 + 𝑝𝑎𝐹2 (A.24)

𝑞𝑎𝑓 = 𝛽𝐹 (𝑀) − 2𝛼𝐹𝑎𝑎𝐹𝑏𝑎𝐹 sin2 Ψ𝑖𝑎𝐹√2 (𝑀) (A.25)

𝑎𝑎𝐹 = 𝛽𝑎𝛽𝐹𝛽𝐹2 + 𝛼𝐹2 (A.26)

𝑏𝑎𝐹 = 𝛽𝑎𝛼𝐹𝛽𝐹2 + 𝛼𝐹2 (A.27)

𝑝𝑎𝐹2 = 2𝑎𝑎𝐹𝑏𝑎𝐹 sin2 Ψ𝑖𝑎𝐹sen 2𝑦𝑎𝐹 (A.28)

sen 2𝑦𝑎𝐹 = √ 𝐴𝑎𝐹
2

1 + 𝐴𝑎𝐹
2

(A.29)

𝐴𝑎𝐹 = 2𝑎𝑎𝐹𝑏𝑎𝐹 sin2 Ψ𝑖𝑎𝐹1 − (𝑎𝑎𝐹2 − 𝑏𝑎𝐹2) sin2 Ψ𝑖𝑎𝐹 (A.30)

Forest-Air

sinΨ𝑡𝐹𝑎 = 𝛽𝐹 sinΨ𝑖𝐹𝑎√(𝛽𝐹 sinΨ𝑖𝐹𝑎)2 + 𝑞𝐹𝑎2 (A.31)

𝑞𝐹𝑎 = 𝛽𝑎√[1 − (𝑎𝐹𝑎2 − 𝑏𝐹𝑎2) sin2Ψ𝑖𝐹𝑎 + 𝑝𝐹𝑎2]2 (A.32)

𝑎𝐹𝑎 = 𝛽𝐹𝛽𝑎 (A.33)

𝑏𝐹𝑎 = 𝛼𝐹𝛽𝑎 (A.34)

𝑝𝐹𝑎2 = −2𝑎𝐹𝑎𝑏𝐹𝑎 sin2Ψ𝑖𝐹𝑎sen 2𝑦𝐹𝑎 (A.35)

sen 2𝑦𝐹𝑎 = −√ 𝐴𝐹𝑎
2

1 + 𝐴𝐹𝑎
2

(A.36)

𝐴𝐹𝑎 = −2𝑎𝐹𝑎𝑏𝐹𝑎 sin2 Ψ𝑖𝐹𝑎1 − (𝑎𝐹𝑎2 − 𝑏𝐹𝑎2) sin2Ψ𝑖𝐹𝑎 (A.37)

where:
(i) 𝛽𝐹, 𝛽𝑎: The phase constant for the forest and air [32].
(ii) 𝛼𝐹: Attenuation constant for the forest [32].

B.

See Table 6.
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