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Abstract 

This article introduces a uniform theory of diffraction–physical optics (UTD–PO) formu‑
lation for analyzing radiowave multiple diffraction emanating from trees and buildings 
in green urban areas, considering illumination from a low transmitter and assuming 
spherical‑wave incidence. Based on Babinet’s principle, this solution models buildings 
as rectangular sections and accounts for the influence of tree crowns (assuming these 
rise above the average rooftop height) by incorporating appropriate attenuation fac‑
tors/phasors into the diffraction phenomena of buildings. The validation of the formu‑
lation is achieved through measurements made at the 39 GHz 6G mmWave frequency 
on a scale model of a green urban environment comprising bonsai trees and bricks. 
The main advantage of the proposed solution is that the calculations only include 
single diffractions due to recursion, circumventing the need to use higher‑order 
diffraction terms in the diffraction coefficients, thus reducing the computation time 
and power. Our results may be beneficial for the design of mobile communication 
systems, including 6G networks, situated in green urban areas and with transmission 
source positioned lower than the surrounding infrastructure.

Keywords: Negative incidence, Mobile communication, Multiple diffraction (MD), 
Uniform theory of diffraction (UTD), vegetation

1 Introduction
The analysis of radiowave propagation in urban environments is crucial for the effi-
cient design and deployment of current and future wireless communication systems, 
including emerging technologies like 6G networks. This importance stems from several 
intrinsic characteristics of urban environments and the nature of radiowaves. Urban 
environments present unique challenges for radiowave propagation due to their densely 
populated and structurally complex nature. Buildings, vehicles, vegetation, and other 
urban structures can cause attenuation, diffraction, reflection, and scattering of radio-
waves [1]. Therefore, this can lead to significant issues such as signal attenuation and 
multipath fading, adversely affecting the quality and reliability of wireless communica-
tions [2]. Moreover, with the advent of advanced technologies like 6G networks, which 
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promise ultra-high data speeds and low latency, a precise understanding of wave propa-
gation in urban settings becomes even more critical. 6G networks are likely to operate at 
higher frequencies, such as millimeter and terahertz bands, which are more susceptible 
to propagation losses and atmospheric absorption [3]. Furthermore, a detailed analysis 
of radiowave propagation in urban environments is crucial for the modeling and simula-
tion of wireless networks, allowing researchers and engineers to predict network perfor-
mance and identify potential issues before actual deployment [4]. Meanwhile, whether 
in urban or semi-urban settings, such a study must also take multiple diffraction into 
consideration as radiowaves interact with the rooftops in a residential environment. This 
is a primary cause of signal attenuation in such areas, in addition to free-space loss and 
the attenuation caused by ground-level diffraction [5]. To further elucidate this phenom-
enon, various works have performed analyses of multiple wave diffraction in urban set-
tings through the lenses of a variety of frameworks, from physical optics [6, 7] to the 
uniform theory of diffraction (UTD) [8, 9]. On the other hand, for an optimal design 
of advanced wireless communications networks in urban environments, it may be ben-
eficial to integrate recent advancements in antenna design and propagation modeling. 
In this sense, for example, the incorporation of fractal antennas, known for their ability 
to operate at multiple frequencies due to their self-similar design, offers an enhanced 
bandwidth and multi-band functionality that is crucial for the complex urban environ-
ments where 6G networks will operate. Such antennas are particularly advantageous in 
densely built-up areas as they allow for more flexible frequency usage and can enhance 
signal penetration and distribution through challenging urban topographies [10–13]. 
Furthermore, in the same vein, it is also worth mentioning the fractal-wavelet modeling 
approach, which, applying fractal geometry combined with wavelet transforms, pro-
vides a powerful method for analyzing and simulating the propagation characteristics in 
urban environments. This technique takes advantage of the fractal nature of urban land-
scapes, where the distribution of buildings and vegetation often exhibits self-similarity 
at various scales. This way, by employing wavelet transforms, this method can efficiently 
decompose the radiowave interactions into different scales and frequencies, allowing for 
a more precise and detailed analysis of wave propagation and multi-path effects [14–19].

Moreover, numerous studies [20–24] have examined in detail how radiowave diffrac-
tion is specifically affected by trees, which create natural obstacles. Crucially, the study 
of radiowave diffraction in residential areas that comprise both vegetation and buildings 
must consider the attenuation effects due to trees, especially their canopies. Prior work 
in this field has generally concentrated on millimeter-wave [25] and UHF frequencies 
[26–28], thereby assuming plane-wave incidence over obstacle arrays. Yet, in the con-
text of micro- or picocellular systems, the transmission antennas are often situated in or 
around vegetated urban areas; thus, basing on spherical-wave incidence may offer more 
realistic and accurate estimations of multi diffraction attenuation. On the other hand, 
the works presented in [25–28] consider that the transmitting antenna is located above 
the average height of the buildings and trees comprising the environment under study, 
so that the incidence of the waves on the diffracting elements is assumed to have a posi-
tive angle. Nevertheless, in the micro- and picocellular environments mentioned above, 
the transmitting source may be positioned below the average height of buildings and 
trees. In addition, this scenario may also arise when considering the uplink established 
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from a user at street level to the nearest receiving antenna located on top of a surround-
ing building bounded by trees. Therefore, in these cases, the incidence on the obstacles 
would occur with a negative angle and, therefore, the consequent analysis of the multiple 
diffraction caused by the diffracting elements requires a specific formulation developed 
for this purpose. Finally, it is worth mentioning that the formulations proposed in [25, 
26, 28] consider buildings modeled as knife edges, being that the assumption of more 
complex modeling as rectangular sections (plateaus) can yield more realistic attenuation 
results when compared to experimental measurements [29]. In this sense, the work pre-
sented in [27] does model buildings as blocks, but, on the one hand, as already men-
tioned, it assumes only a positive plane-wave incidence on the obstacles and, on the 
other hand, the proposed formulation presents as its main limitation the need to incor-
porate higher-order terms in the diffraction coefficients, which results in a higher com-
putational cost.

In line with this, we here introduce a spherical-wave UTD–PO formulation for the 
estimation of radiowave multiple diffraction attenuation in urban areas comprising both 
houses and trees and with the transmitting antenna located below the average height of 
the obstacles (i.e., negative incidence). Moreover, this formulation models the buildings 
as rectangular structures, making the results more realistic. As our approach is recur-
sive, it offers the key advantage of a simplified calculation process as merely single dif-
fraction calculations are required, eliminating the need to integrate higher-order terms 
into the diffraction coefficients, significantly lessening the computational burden. Fur-
thermore, we use 39 GHz 6G mmWave frequency measurements conducted on a scaled 
model consisting of bricks and bonsai trees to empirically validate our theoretical esti-
mations. It is noteworthy that we obtain our empirical results from a controlled labo-
ratory experiment; according to [30], this permits precise parameter control while also 
delivering insights that can be applied to radiowave propagation situations in the real 
world.

2  Propagation environment
Figure 1 (top) presents the propagation scenario investigated in this study, comprising a 
group of n equally high buildings beside trees.

We assume a constant space z between each building/tree pair and a tree canopy 
height exceeding the average building height. Consequently, the direct ray (LOS path) 

Fig. 1 Considered propagation scenario of a vegetated urban area, with buildings and trees in rows (top); 
the same environment, with the buildings (including the presence of trees) represented rectangular shapes 
(bottom)
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for the spherical wave impinging across the first obstacle with a negative incident 
angle α is obstructed by the canopies. In addition, the transmitting antenna, with a 
height H (negative) below the average building height, is sited a set distance d from 
the obstacle array; thus, it is impinged by a spherical wave. The bottom of Fig. 1 illus-
trates a setting wherein every building/tree pair is represented by a black and green 
block (rectangular section) with the width v; this block combines the effect of the 
buildings and trees in terms of the diffraction phenomena. Hereby, we assume a con-
stant spacing of w between the black and green rectangles, i.e., v + w = z.

3  Theoretical formulation
We ground in the spherical-wave UTD–PO solution for multiple diffraction by a rec-
tangular section illuminated from below by a transmitter [31] and also draw on [32]’s 
approach to consider the attenuation influence of rectangular buildings and trees 
(although the prior work involved positive incidence). Based on that, we introduce a 
new UTD–PO theoretical formulation for multiple diffraction analysis accounting for 
tree canopies beside rectangular buildings and a negative incidence.

Beginning with the initial case of n = 1 , Fig. 2 shows the decomposition, via Babi-
net’s principle, of the analysis of this scenario into additions and subtractions of dif-
ferent geometries incorporating solely diffraction over knife edges. In particular, the 
first geometry is a double diffraction with negative incidence (whereby the adjacent 
tree canopy is considered by including the corresponding attenuation factor and pha-
sor); the subtraction of the two remaining geometries (respectively, representing pos-
itive incidence over one and two knife edges) presents the reflection generated by the 
top of the rectangular section modeling the building.

Hence, we can determine the total field arriving at the reference point in Fig. 2 ( E1 , 
also termed E10 in line with the formulation for n > 1 , as explained in the following) 
using the formula:

where “+” is for hard polarization and “-” is for soft polarization, and

(1)E1 = E10 = E′
10 ± E′′

10 − E′′′
10

Fig. 2 Considered propagation scenario for vegetated urban areas for n = 1 , demonstrating the breakdown, 
via Babinet’s principle, of this scenario into knife‑edge geometries
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where Ei is the spherical source’s relative amplitude (here assumed to be 1), k is the 
wavenumber, D(φ,φ′, L) is the UTD diffraction coefficient for a knife edge, as per [33], 
and
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Further, �d is the average propagation path length through the tree canopy,

and Lv is the attenuation (in dB) due to vegetation (relative to free space), thus

assuming the COST235 model [34], being that f  is in MHz and �d is in m,

where nR is the real part of the refractive index of the leaves [35]

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

where ε′ is the real part of the leaves’ relative permittivity

where

The coefficient values for A′ and B′ are presented in [35]. Here, we use typical values of 
md = 0.3 , A′ = 8.8 and B′ = 4.3.

Thus, for n ≥ 1 , based on the previous analysis and the recursive UTD–PO 
approach based on virtual spherical sources introduced in [9], we may obtain the total 
field En arriving at the reference point in Fig. 1 as

where R0 , α and E(1) are to be considered as in (3), (4), and (5), respectively, �d is once 
more the average propagation path length through the tree canopy, A is to be considered 
as in (13), and
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with Ei as in (23), and R1 and α1 as in (7) and (9), respectively, and

and, finally,

with E′(1) as in (11), Ei as in (23), and

4  Methods/experimental
Figure 3 depicts the considered measurement setup schematically. The setup is similar to 
that of [36–38], although we here consider arrays of bricks and bonsai trees.

We considered a frequency band from 38 to 40 GHz and assumed the following values: 
n = 1–3–5, d = 1 m (130�) , w = 69.9 cm (90.9�) , and hard/vertical polarization.
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Fig. 3 Measurement setup
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The brick width was v = 5.1 cm, and the canopies of the five bonsai trees were on aver-
age 20.8 cm (27�) wide and 14.6 cm (19�) high, with an average leaf width of 2.3 cm (3�) . 
To create a negative incidence, we varied the transmitting antenna’s height H from 0 m 
to −0.05 m (5.2�) in 0.01 m (1.3�) increments (six positions), which provided attenuation 
relative to the free-space field strength for all considered H values. The resulting maxi-
mum incident angle α value of −2.86° is appropriate for analyzing multiple diffraction 
scenarios. We used 293 frequency points to assess the channel frequency response; these 
points were regularly spaced along the 38–40 GHz range. As a result, there was no time 
aliasing when the maximum distance of 293/BW*3e8 = 44 m was measured; notably, the 
measurement environment’s maximum dimension was 7 m.

For the measurements, we used STEATITE Q-par 0.8–40 GHz omnidirectional anten-
nas [39], which had a −2.2–6.9 dBi gain range. It should be noted that a far-field charac-
terization was assumed. As the antennas’ maximum dimension was D < 6 cm, the far 
field began at 2D2/� [1] [40], i.e., at a 0.93 m distance. As mentioned, we took 1 m as 
the distance existing between the transmitter and the first brick/bonsai pair. The power 
transmission of the Rohde and Swartz ZVA 10 MHz–67 GHz Vector Network Analyzer 
(VNA) [41] used here was -20 dBm, and it had a 1000 Haz intermediate frequency. Due 
to our proper application of [36]’s time-gating technique, we were able to eliminate any 
undesirable contributions when selecting multiple diffraction contributions to compute 
the relative attenuation.

5  Results and discussion
Figure 4 presents the attenuation at the Rx in Fig. 3, relative to the space field, as a func-
tion of H. The figure presents a comparison of the attenuation obtained through the 
UTD–PO formulation for trees and rectangular sections, proposed in this study, and 
that derived from the measurements performed on the scaled bonsai/brick model.

Fig. 4 Attenuation based on the proposed UTD–PO solution for rectangular sections with trees, as a function 
of H, compared with the measurements performed on a scaled model. Considered parameters: f = 39 GHz, 
n = 1–3–5, w = 69.9 cm, d = 1 m, v = 5.1 cm, bricks’ relative permittivity ǫr = 4.37 + 0.04j, hard/vertical 
polarization and ∆d = 9 cm; the COST 235 foliage attenuation model was considered for the in‑leaf case
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We considered the following parameters: f = 39 GHz, n = 1–3–5, w = 69.9 cm, v = 
5.1 cm, d = 1  m, bricks’ relative permittivity ǫr = 4.37 + 0.04j [42], ∆d = 9  cm, and 
hard/vertical polarization; the COST 235 foliage attenuation model was considered for 
the in-leaf case. As we assumed a 0.01 m step for the experimental data, and consider-
ing the used frequency (39 GHz), there is nearly one measurement per wavelength; this 
is adequate to produce accurate results. Our findings reveal a solid agreement between 
the model measurements and the theory-based formulations for all three considered n 
values. In this sense, it is also noteworthy that the agreement between the UTD–PO 
model predictions and the experimental measurements is remarkably consistent across 
different values of n. Moreover, as the number of obstacles increases, there’s a noticeable 
rise in attenuation, particularly as H becomes more negative. This is indicative of the 
wave encountering more blockage from the rectangular sections and the tree canopies 
as the angle of incidence becomes increasingly negative, leading to higher energy being 
obstructed and, consequently, a reduced signal strength at the reference point.

6  Conclusion
We present a UTD–PO formulation that is based on Babinet’s principle for the estima-
tion of the multiple diffraction attenuation of radiowaves due to the presence of build-
ings and trees in an urban setting with vegetation, assuming spherical-wave incidence 
from a transmission source situated at a low height. The buildings and trees were mod-
eled as rectangular sections which include the influence of vegetation through the cor-
responding attenuation factors and phasors, and the solution was validated through a 
comparison between the attenuation predictions and measurements on a scaled model 
of the considered environment performed at 39 GHz; the obstacles were hereby mod-
eled using bricks and bonsai trees. The presented formulation is particularly useful in 
that, because of recursion, merely single diffractions are required for the estimation, 
thereby bypassing the need for higher-order diffraction terms within the expressions of 
the diffraction coefficients. This reduces the computing time and power needed for the 
estimations.

Our findings may be of great value for use in the planning of mobile communication 
systems in the future, even going beyond 6G networks. Thus, the enhanced understand-
ing and precise modeling of radiowave propagation phenomena as influenced by urban 
structures and vegetation can lead to more reliable and efficient network designs. This, 
in turn, could lead to improved quality of service for end-users, as well as cost savings 
for network operators due to more accurate deployment strategies.

Looking ahead, there are several promising avenues for further research. One potential 
direction involves extending our UTD–PO formulation to incorporate different types 
of vegetation with varying densities and heights, which could provide a more compre-
hensive understanding of their impact on wave propagation. Another avenue could be 
the exploration of our model’s applicability to other frequency bands, particularly those 
envisioned for use in future wireless communication technologies. Additionally, investi-
gating the effects of varying urban layouts and building materials on radiowave propaga-
tion would further enhance the utility of our model. Finally, integrating our findings into 
larger-scale network simulation tools could offer insights into the design and optimiza-
tion of next-generation wireless networks.
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UTD  Uniform theory of diffraction
PO  Physics optics
6G  Sixth generation
MD  Multiple diffraction
UHF  Ultra‑high frequency
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