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Abstract: This paper presents two uniform theories of diffraction–physical optics (UTD-PO) for-
mulations to undertake analysis of radiowave multiple diffraction resulting from the presence of
both buildings and trees in vegetated urban areas, with the assumption of spherical-wave incidence.
The solutions presented consider buildings modeled as knife-edges and rectangular sections (the
latter being more complex and realistic) and the effect of the tree canopy (the assumption is that
this exceeds the height of the average rooftop) is taken into account by adding proper attenuation
factors/phasors to building diffraction phenomena. The validation of these formulations has been
undertaken by comparing with other methods and measurements performed at 39 GHz on a scaled-
model of the environment under analysis, consisting of an array of bricks and bonsai trees. The chief
advantage of the solutions put forward is that because of recursion, the calculations only include
single diffractions. This avoids any requirement for higher-order diffraction terms in the diffraction
coefficients, which means less computer time/power is demanded. The results of this work may be
useful when planning future mobile communication systems, including 6G networks and beyond.

Keywords: mobile communication; multiple diffraction; uniform theory of diffraction; vegetation

1. Introduction

When studying the propagation of radio waves in urban/semi-urban scenarios, we
must accept the need to analyze the multiple diffraction phenomenon experienced by
waves as they come into contact with the roofs of buildings, as it is one of the chief three
attenuation factors existing within these environments (the other two being free-space
losses and attenuation caused by ultimate diffraction to street-level) [1]. With regard to
this, many different formulations have been put forward, with their basis in either physical
optics [2,3] or the Uniform Theory of Diffraction (UTD) [4,5]. On the other hand, radio wave
multiple diffraction caused by the presence of a series of trees has been widely analyzed
in such works as [6–10]. Nevertheless, in undertaking analysis of vegetated residential
environments, this multiple-diffraction analysis must incorporate the influence of trees
located around buildings (which cause their own particular attenuation because of the
canopy leaves).

In this sense, previous solutions that account for the analysis of the mentioned sce-
nario have been proposed for both UHF [11–13] and millimeter-wave frequencies [14].
However, such formulations assume a plane-wave incidence over the array of obstacles
and, when we take into account that, particularly with micro- or pico-cellular systems,
transmitting antennas may be positioned very close to the series of obstacles, it could be
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more appropriate to make an assumption of spherical-wave incidence in order to achieve
more accuracy and realism in predictions for multiple-diffraction attenuation.

This research presents two UTD-PO formulations to estimate the multiple-diffraction
attenuation that occurs in vegetated residential environments where both buildings and
trees are present, with the assumption of spherical-wave incidence. One solution assumes
that buildings are shaped as knife edges, and this is then expanded to consider buildings
shaped in rectangular sections (which has greater realism and provides more accuracy
in outcomes); this gives the second solution that this research puts forward. The main
advantage of the two formulations offered is that because of recursivity, the calculations
for all iterations require only single diffractions. Thus, we avoid requirements for the
diffraction coefficients to contain higher-order diffraction terms, which reduces the amount
of computer time/power demanded. The multiple-diffraction attenuation results obtained
theoretically are properly compared to those derived from a measurement campaign at
39 GHz undertaken on a scaled-model of the environment under analysis, made of bricks
and bonsai trees. It is important to note that all empirical results put forward in this
research are derived from laboratory experimentation. In this sense, as [15] illustrates,
having measurements derived from laboratory studies—involving either scale or actual
size models—has the advantage that they have been undertaken within controlled environ-
ments, allowing for every parameter to be accounted for, whilst simultaneously offering
information that can be usefully employed in real-world radio propagation scenarios.

2. Propagation Environment

Figure 1 (top) illustrates the propagation scenario under consideration in this research,
showing a group of n buildings of equal height, with trees next to them.

Electronics 2023, 12, x FOR PEER REVIEW 2 of 10 
 

 

In this sense, previous solutions that account for the analysis of the mentioned sce-
nario have been proposed for both UHF [11–13] and millimeter-wave frequencies [14]. 
However, such formulations assume a plane-wave incidence over the array of obstacles 
and, when we take into account that, particularly with micro- or pico-cellular systems, 
transmitting antennas may be positioned very close to the series of obstacles, it could be 
more appropriate to make an assumption of spherical-wave incidence in order to achieve 
more accuracy and realism in predictions for multiple-diffraction attenuation. 

This research presents two UTD-PO formulations to estimate the multiple-diffraction 
attenuation that occurs in vegetated residential environments where both buildings and 
trees are present, with the assumption of spherical-wave incidence. One solution assumes 
that buildings are shaped as knife edges, and this is then expanded to consider buildings 
shaped in rectangular sections (which has greater realism and provides more accuracy in 
outcomes); this gives the second solution that this research puts forward. The main ad-
vantage of the two formulations offered is that because of recursivity, the calculations for 
all iterations require only single diffractions. Thus, we avoid requirements for the diffrac-
tion coefficients to contain higher-order diffraction terms, which reduces the amount of 
computer time/power demanded. The multiple-diffraction attenuation results obtained 
theoretically are properly compared to those derived from a measurement campaign at 
39 GHz undertaken on a scaled-model of the environment under analysis, made of bricks 
and bonsai trees. It is important to note that all empirical results put forward in this re-
search are derived from laboratory experimentation. In this sense, as [15] illustrates, hav-
ing measurements derived from laboratory studies—involving either scale or actual size 
models—has the advantage that they have been undertaken within controlled environ-
ments, allowing for every parameter to be accounted for, whilst simultaneously offering 
information that can be usefully employed in real-world radio propagation scenarios. 

2. Propagation Environment 
Figure 1 (top) illustrates the propagation scenario under consideration in this re-

search, showing a group of n buildings of equal height, with trees next to them. 

 
Figure 1. Propagation scenario under consideration for vegetated residential areas having trees
and buildings in rows (top), and the same environment with buildings shaped as knife edge forms
(middle) and as rectangular sections (bottom).

It is assumed that the space z between each pair of trees and buildings is constant
and that the tree canopy exceeds the average height of the building. This means that the
direct ray (LOS path) for the spherical wave that impinges with the positive incident angle
α across the group of obstacles encounters obstruction from the tree canopies (as also
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occurs with the diffracted rays). The middle illustration of Figure 1 shows a theoretical
propagation scenario whereby every pair of buildings/trees has undergone replacement
with an absorbing knife edge (illustrated in black and green). This type of knife edge (with
the spacing z still being constant) incorporates the influence of the tree canopy and the
buildings in terms of the diffraction phenomenon encountered by waves, which leads to the
initial theoretical formulation that will be detailed in the following section. Furthermore,
the transmitting antenna, having a height H in relation to the height of the average building,
has a location at a set distance d from the obstacle array, which means they are impinged
by a spherical wave. In order that the buildings could be more realistically modeled, the
bottom of Figure 1 shows an environment in which every pair of buildings and trees has
undergone replacement with a finitely conducting block (rectangular section), pictured
in black and green, with the width v. In this instance, the assumption is made that the
rectangles have a constant spacing of w so that v + w = z; they also include the influence of
buildings/tree canopies with respect to the diffraction phenomena, from which we derive
the second theoretical formulation that will then be presented.

3. Theoretical Formulations

Through consideration of the two-dimensional (2D) UTD-PO solutions for analyzing
multiple-diffraction of spherical waves by rows of knife edges and rectangular sections
previously published by some of the researchers involved in this work in [16], in this paper,
new theoretical formulations that include the influence of the tree canopies are presented.
They have been developed by multiplying, where appropriate, an attenuation factor and
corresponding phase factors by both diffracted and direct terms so that the influence of the
tree canopies have joint consideration with the other obstacles.

3.1. Buildings Modeled as Knife-Edges

As stated before, by considering the UTD-PO formulation presented in [16] for the
analysis of the multiple diffraction caused by an array of knife-edges—when assuming
spherical-wave incidence—we may calculate the total field that reaches the reference point
shown in Figure 1 (middle) with the following formula, where recursion allows for the
field to be expressed in terms of single diffractions, thereby providing a straightforward
and fast calculation that does not need to incorporate higher-order diffraction terms:

For n ≥ 1,

En = 1
n

[
E0 A

[
R0
Rn

exp(−jk(Rn − R0)) exp(−j∆k∆d cos α) +
√

R0
nw[R0+nz]

·D
(

φ = 3π
2 , φ′ = π

2 + α, L = R0nz
R0+nz

)
exp(−jknz) exp(−j∆k∆d)

]
+

n−1
∑

m=1
Em

[
R0

Rn−m
exp(−jk(Rn − Rm)) +

√
R0

(n−m)z[R0+(n−m)z]

·D
(

φ = 3π
2 , φ′ = π

2 + α, L = R0(n−m)z
R0+(n−m)z

)
exp(−jk(n−m)z)

]]
(1)

where
Rx =

√
H2 + (d + x · z)2 (2)

E0 = Ei
R0

exp(−jkR0) (3)

where Ei represents the relative amplitude of the spherical source and k represents the
wavenumber, D(φ, φ’, L) provides the UTD diffraction coefficient when an absorbing
knife-edge is used, as shown in [17], where ∆d represents average propagation path length
moving through the tree canopy,

A = exp
(
− Lv

8.686

)
(4)
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and Lv represents the attenuation (in dB) caused by vegetation (relative to free space); therefore

Lv =

{
26.6 f−0.2∆d0.5 trees out− of− leaf

15.6 f−0.009∆d0.26 trees in− leaf
(5)

with the assumption of the COST235 model [18], showing f in MHz and ∆d in m,

∆k = k(nR − 1) (6)

with nR representing the real part of the leaves’ refractive index [19]

nR =
√

ε
′ + n2

I (7)

and nI is the imaginary part of the leaves’ refractive index

nI =
Lv

8.686 when ∆d = 1 m (8)

with ε’ being the real part of the leaves’ relative permittivity

ε
′
= A

′ − B
′
md (9)

with
0.1 ≤ md ≤ 0.5 (10)

Coefficient values for A’ and B’ are shown in [19]. In this research, typical values of
md = 0.3, A’= 8.8 and B’ = 4.3 are used.

3.2. Buildings Modeled as Rectangular Sections

Employing identical methods as Section 3.1, and considering the UTD-PO formulation
presented in [16] for the analysis of multiple diffraction caused by a series of rectangular
sections—when assuming spherical-wave incidence—we can calculate the total field reach-
ing the reference point shown in Figure 1 (bottom); thus (again, recursion allows for the
field to be expressed in terms of single diffractions):

For n ≥ 1,

En = 1
2n

{
E0 A

[
R0
R2n

exp[−jk(R2n − R0)] exp(−j∆k∆d cos α) +
√

R0
n(v+w)[R0+n(v+w)]

·D
(

φ′ = π
2 + α, φ = 3π

2 , L =
√

R0n(v+w)
R0+n(v+w)

)
exp[−jkn(v + w)] exp(−j∆k∆d)

]
+

n−1
∑

q=1
Eq

[
R0

R2(n−q)
exp

[
−jk(R2n − R2q)

]
+
√

R0
(n−q)(v+w)[R0+(n−q)(v+w)]

·D
(

φ′ = π
2 + α, φ = 3π

2 , L =

√
R0(n−q)(v+w)

R0+(n−q)(v+w)

)
exp[−jk(n− q)(v + w)]

]
+

n
∑

r=1
E(r)

[
R0

R′2(n−r)+1

exp[−jk(R2n − R2r−1)] +
√

R0
[(n−r)(v+w)+w][R0+(n−r)(v+w)+w]

·D
(

φ′ = α, φ = π, L =

√
R0[(n−r)(v+w)+w]

R0+[(n−r)(v+w)+w]

)
exp(−jk[(n− r)(v + w) + w])

]}
(11)

Rx =


√[

d + x
2 (v + w)

]2
+ H2, x even√[

d + x−1
2 (v + w) + v

]2
+ H2, x odd

(12)

R
′
x =

√[
d + x−1

2 (v + w) + w
]2

+ H2 (13)
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Expressing E0 as in (3), D(φ, φ’, L) represents the UTD diffraction coefficient for a
finitely conducting wedge, as shown in [20], and E(n) represents the field reaching the
corners at the rooftops’ right, as may be seen in Figure 1 (bottom):

E(n) = 1
2n−1

{
E0 A

[
R0

R2n−1
exp[−jk(R2n−1 − R0)] exp(−j∆k∆d cos α)

+
√

R0
[n(v+w)−w][R0+n(v+w)−w]

exp(−j∆k∆d)

·D
(

φ′ = π
2 + α, φ = 3π

2 , L =

√
R0[n(v+w)−w]

R0+[n(v+w)−w]

)
· exp(−jk[n(v + w)− w])

]
+

n−1
∑

m=1
Em

[
R0

R2(n−m)−1
exp[−jk(R2n−1 − R2m)]

+
√

R0
[(n−m)(v+w)−w][R0+(n−m)(v+w)−w]

·D
(

φ′ = π
2 + α, φ = 3π

2 , L =

√
R0[(n−m)(v+w)−w]

R0+[(n−m)(v+w)−w]

)
· exp(−jk[(n−m)(v + w)− w])

]
+

n−1
∑

p=1
E(p)

[
R0

R2(n−p)
exp

[
−jk(R2n−1 − R2p−1)

]
+
√

R0
(n−p)(v+w)[R0+(n−p)(v+w)]

·D
(

φ′ = α, φ = π, L =

√
R0(n−p)(v+w)

R0+(n−p)(v+w)

)
· exp(−jk(n− p)(v + w))

]}
(14)

assuming the rest of the parameters defined as in the previous sub-section.

4. Measurement Setup

Figure 2 illustrates an outline of the measurement setup considered. This is an identical
measurement set up to be carried out in [21–23]; however, in this instance, we assume the
use of arrays of bonsai trees and bricks.
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Figure 2. Scheme of the measurement setup.

A 38 to 40 GHz frequency band was considered. The assumed values were n = 1–3–5,
w = 69.9 cm (90.9 λ), d = 1 m (130 λ) and hard/vertical polarization.

The width of the bricks was v = 5.1 cm; the five bonsai trees under consideration had a
canopy with an average width of 20.8 cm (27 λ) and an average height of 14.6 cm (19 λ); the
average leaf width was 2.3 cm (3 λ). We varied the height H of the transmitting antenna
between 0 m and 0.04 m (5.2 λ)—implying that the bonsai canopy would always obstruct
the direct ray (as occurs with the diffracted rays)—in increments of 0.01 m (1.3 λ) (five
positions), which gave us the attenuation relative to the strength of the free-space field for
all H values. Thus, the maximum value of the incident angle α was 2.29◦, which is suitable
for consideration of multiple-diffraction scenarios. We analyzed the channel frequency
response using 293 frequency points, spaced at regular intervals across the 38–40 GHz
range. Consequently, time aliasing was not present when measuring a maximum distance
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of 293/BW* 3 × 108 = 44 m; in this regard, it should be noted that the maximum dimension
of the measurement environment was 7 m.

The antennas employed for measuring purposes were STEATITE Q-par 0.8 to 40 GHz
omni-directional antennas [24] with a gain range between −2.2 and 6.9 dBi. Notably, this
study assumes a far-field characterization. The maximum dimension of the antennas is
D < 6 cm, and thus the far-field starts at 2D2/λ [25,26], that is, a distance of 0.93 m. As
noted above, this paper considers the distance between the transmitter-first brick/bonsai
pair to be 1 m. The used Rohde and Swartz ZVA 10 MHz–67 GHz Vector Network Analyzer
(VNA) [27] had a power transmission of −20 dBm and an intermediate frequency of
1000 Hz. In addition, we correctly applied the time-gating technique presented in [21],
allowing the selection of multiple-diffraction contributions to estimate relative attenuation
while also eliminating any prevailing undesirable contributions.

5. Results

Figure 3 shows the attenuation at the Rx of Figure 2, relative to the free space field, as
a function of H, obtained using the proposed UTD-PO formulation for trees and rectan-
gular sections that undergoes comparison with the measurements from the scaled-model
consisting of bonsai trees and bricks.
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Figure 3. Comparison of the attenuation obtained with the UTD-PO solutions for rectangular sections
(with and without trees), as a function of H, and measurements. Parameters of f = 39 GHz, n = 1–3–5,
d = 1 m, w = 69.9 cm, v = 5.1 cm, relative permittivity of the bricks εr = 4.37 + 0.04j, ∆d = 9 cm,
hard/vertical polarization, and the COST 235 foliage-attenuation model for the in-leaf case have
been considered.

For comparison, the outcomes of considering just rectangular sections (bricks) are
also shown. In this case, the measurements were undertaken with no bonsai trees present
and, for the theoretical predictions, the UTD-PO solution proposed by some of the authors
of this research in [16] have been used. Parameters of f = 39 GHz, n = 1–3–5, d = 1 m,
w = 69.9 cm, v = 5.1 cm, relative permittivity of the bricks εr = 4.37 + 0.04j [28], ∆d = 9 cm,
hard/vertical polarization, and the COST 235 foliage-attenuation model for the in-leaf
case, have been considered. It should be noted that, with such parameters considered for
the scaled-model, for example, in a real environment, a distance of 30 m between each
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tree-building pair would correspond to a frequency of 975 MHz. On the other hand, a
step of 0.01 m has been assumed for the experimental data; therefore, considering the
frequency employed (39 GHz), it leads to almost one measurement per wavelength, which
is sufficient to ensure the accuracy of the results. As can be seen, there is a robust agreement
between the measurements and the formulations from theory whether or not trees are
present for the triple values of n under consideration. In relation to this, a significant offset
of approximately 7.6 dB may be seen for formulations that incorporate trees and those
which do not. Moreover, as H increases, the attenuation decreases in both cases owing to
the less impact that multiple-building diffraction losses have at greater angles of incidence.

In Figure 4, the attenuation—relative to the free space field—obtained at the reference
points of Figure 1 (middle and bottom) with the UTD-PO solutions proposed in this work
for buildings modeled as knife-edges and rectangular sections, respectively, as a function
of the number of obstacles, is depicted.
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Figure 4. Attenuation obtained with the UTD-PO solutions (with and without trees) for buildings
modeled as knife-edges and rectangular sections, as a function of the number of obstacles. Results
obtained with models derived from [13,29] are also shown in the plot. Parameters of f = 3.5 GHz,
d = 30 m, z = 50 m, w = 20 m, v = 30 m, relative permittivity of the bricks εr = 4 + 0.28j, ∆d = 4 m,
hard/vertical polarization, and the COST 235 foliage-attenuation model for the in-leaf case have
been considered.

The figure also illustrates the outcomes when trees are absent and, in this instance, for
the models considering buildings as knife-edges and rectangular shapes, we have taken
into consideration the UTD-PO formulations proposed by some of the authors of this
research in [16]. On the other hand, for comparison purposes, results obtained with models
derived from [13,29] for multiple diffraction by buildings in the presence (and absence) of
trees (when assuming spherical-wave incidence in both cases) are also shown in the plot.
Parameters of 5G frequency f = 3.5 GHz, z = 50 m, v = 30 m, w = 20 m, relative permittivity
of the bricks εr = 4 + 0.28j [30], ∆d = 4 m, hard/vertical polarization, and the COST 235
foliage-attenuation model for the in-leaf case have been considered.

As can be observed, a solid agreement is obtained between the UTD-PO solutions
proposed in this work and the methods derived from [13,29].
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Furthermore, the influence of including trees as far as a diminution of the received
field goes is extremely significant. This extra attenuation, which appears to reach a
constant offset as n increases, can achieve a value, regarding the UTD-PO solutions,
in the worst cases—H = 1.5 m (knife edges) and H = 0.5 m (rectangles)—of 20.93 and
20.78 dB, respectively.

On the other hand, building modeling appears to have a significant role too, being
especially relevant when we assume higher angles of incidence (H = 1.5 m), causing extra
attenuation (that, again, appears to settle with an increase in the quantity of obstacles)
rising in the worst case scenario (H = 1.5 m) to 3.66 dB (when considering the UTD-
PO formulations) for rectangular buildings plus trees rather than knife-edge buildings
plus trees.

Finally, as was previously mentioned, attenuation values are greater—for both building
modeling—with H = 0.5 m as compared to those obtained for H = 1.5 m, owing to the
greater impact that the multiple-building diffraction phenomenon has at smaller angles of
incidence in terms of signal losses.

6. Conclusions

This research has proposed a pair of UTD-PO formulations to calculate the multiple
diffraction attenuation of radio waves caused by buildings and trees in vegetated urban
areas. These solutions both make assumptions of spherical-wave incidence and consider
buildings modeled as knife edges and rectangles (the latter being more complex and closer
to reality), respectively. Proper validation of these formulations has been undertaken by
comparing their attenuation predictions with other methods and measurements performed
at 39 GHz with a scaled-model of the environment in question, built of bonsai trees
and bricks. The chief advantage of these presented models is that, because of recursion,
the calculations only require single diffractions, thus avoiding the need for higher-order
diffraction terms for the diffraction coefficients, allowing for a lowering of the amount of
computer time/power required.

The outcomes demonstrate that in both of the proposed formulations, it is clear that
the existence of trees causes notable attenuation (up to almost 21 dB of additional losses at
3.5 GHz). Furthermore, the consideration of buildings modeled with greater realism (i.e.,
rectangular sections) supposes extra losses that would not have arisen with less complex
knife-edge modeling. The outcomes of this research may be used when planning future
mobile communication systems, including 6G networks and beyond.
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