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Abstract— A hybrid uniform theory of diffraction-physical optics (UTD-
PO) formulation for the analysis of the multiple-diffraction (MD) that takes 
place over rectangular-shaped obstacles (plateaus) when the latter are 
illuminated from a low source is presented. The solution, which is based on 
Babinet’s principle, has been validated with measurements taken at 60 GHz 
on a scaled model of the environment under study as well as with additional 
measurements performed by other authors. Moreover, the proposed 
approach has been compared with the wide-angle Fourier split-step 
parabolic equation method, with the UTD-PO formulation showing better 
accuracy against experimental data, especially when the distance between 
the transmitter and the receiver is increased. Furthermore, the main 
advantage of the proposed solution is that, due to recursion, the calculations 
imply only single diffractions, thereby avoiding the need of higher-order 
diffraction terms in the diffraction coefficients. 
The results and findings of this work are particularly applicable to the 
planning of microcellular mobile communication systems when the 
transmitting antenna is located below the height of the surrounding 
buildings. 

Index Terms— Mobile communication, multiple diffraction, 
rectangular obstacles, UTD, PO. 

I. INTRODUCTION 

THE analysis of the multiple-diffraction (MD) phenomenon which 
arises when an incident electromagnetic wave impinges over a series 
of obstacles can be essential in several contexts, such as the planning 
of mobile communication systems in urban areas [1,2]. Hence, a large 
number of formulations has been proposed in order to predict the radio 
signal attenuation caused by this phenomenon along the rooftops of 
buildings. Such solutions usually model the obstacles as knife-edges 
of equal height and assume either a plane-wave incidence [3-5] or a 
spherical-wave incidence [6,7]. Nevertheless, if a more complex and 
realistic approach is desired, buildings should be modeled as wedges 
[8] or, more realistically, as rectangular sections, as considered in 
formulations presented in works such as [9,10,11] (for plane-wave 
incidence), and [7,12] (for spherical-wave incidence). In these 
solutions, the angle of incidence over the obstacles is assumed to be 
greater than zero (that is, the transmitter height is greater than the 
average building height).  

However, in microcellular mobile communication systems (where it 
would be better to consider a spherical-wave incidence assumption  
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Fig. 1. Propagation scenario under consideration. 
 
[13]), the transmitting source can be located below the average rooftop 
level, leading to a negative angle of incidence over the array of 
rectangular-shaped obstacles (plateaus). This situation has been 
studied −regarding MD phenomena− in different works [14-16]; all, 
however, consider only one block (building). Therefore, a more in-
depth analysis is required of the MD caused by a series of plateaus of 
equal height when illuminated from a low spherical source. A solution 
based on the wide-angle Fourier split-step parabolic equation method 
(FSSPEM) was recently presented for this purpose [17]. However, its 
agreement with measurements begins to fail when the distance 
between transmitter and receiving point is progressively increased 
(that is, when a greater number of buildings is considered).  

Regarding the above, in this work, a hybrid uniform theory of 
diffraction-physical optics (UTD-PO) formulation which overcomes 
the limitations of previous methods, is presented for the analysis of 
multiple-plateau diffraction when considering illumination from a low 
spherical-wave source (negative angle of incidence). The proposed 
solution combines the UTD-PO recursive approach based on virtual 
spherical sources presented by some of the authors in [7] with the fact 
that the diffraction over one block from a low source can be broken 
down –through Babinet’s principle− into just single and double knife-
edge diffractions (as shown by the authors in [16]). This way, the 
limitation of the UTD-PO approach in [7] for the case of rectangular 
plateaus with illumination from below is overcome. Such limitation 
consisted of the impossibility to analyze negative angles of incidence 
due the fact that, since the rectangular obstacles are seen as a series of 
wedges made of interior angle /2 radians −joined two by two−, the 
spherical waves would hit the right-placed wedges forming the block 
cross-sections from inside the obstacle, which is meaningless. 
Moreover, the main advantage of the proposed solution is that, due to 
recursion, the calculations imply only single diffractions, thereby 
avoiding the need of higher-order diffraction terms in the diffraction 
coefficients while at the same time achieving good accuracy. The 
solution is validated with measurements performed at 60 GHz on a 
scaled model of the environment under consideration (which, as 
shown in [18][19], can be an appropriate method to obtain reliable and 
useful results to be employed in real-world scenarios). Moreover, the 
formulation is also compared with the FSSPE method proposed in 
[17]. The results and findings of this work are particularly applicable 
to the planning of microcellular mobile communication systems when 
the transmitting antenna is located below the height of the surrounding 
buildings. 

II. PROPAGATION ENVIRONMENT 
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In Fig. 1, a scheme of the scenario under consideration in this work 
shows a series of n perfectly conducting rectangular obstacles of equal 
height, width v, and constant inter-spacing w. The reference point 
(receiver) is assumed to be located at the same level as the top of the 
blocks (where, if an array of buildings is under study, an eventual final 
diffraction down to a receiver positioned at street level would take 
place), and at a distance w from the last obstacle. The transmitting 
source, on the other hand, is located at a distance d from the first block 
(spherical-wave incidence) and below the blocks height, at a 
downward distance H from the top of the rectangular obstacles, so that 
the incident wave impinges over the first block with a negative angle 
α.  

III. THEORETICAL FORMULATION 

If we first consider the case of n=1 (see Fig. 2), following the 
formulation published by some of the authors in [16] for the analysis 
of diffraction over one rectangular obstacle when illuminated from 
below –where Babinet’s principle is applied−, the field E1 (which can 
also be named as E10 in accordance with the formulation for n>1 which 
will be explained next) can be obtained as: 
 

𝐸 = 𝐸 = 𝐸   𝐸 − 𝐸 (1). 

That is, the summation of one component which accounts for 
propagation over a double knife-edge instead of the rectangular 
obstacle (E’10) and another which considers the reflection caused on 
the top of the block (E’’10−E’’’10, i. e. the difference between a single 
diffraction over the second knife-edge in the absence of the first −with 
an angle of incidence α1 and illumination from above− and a double 
knife-edge diffraction −with an angle of incidence α and, again, 
illumination from above−), where ‘+’ is considered for hard 
polarization and ‘−’ for soft polarization, with 
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where: Ei is the relative amplitude of the spherical source (which has 
been assumed in this case as 1), k is the wavenumber, D(, ’, L) is 
the UTD diffraction coefficient for a knife-edge presented in [20], and 
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Fig. 2. Geometry for n=1. 

 

 
Fig. 3. Geometry for n=2. 
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Then, for n=2 (see Fig. 3), by considering the UTD-PO recursive 
approach based on virtual spherical sources presented by some of the 
authors in [7], the field E2 can be calculated as the average of the 
contributions (E20 and E21) which result from the consideration of the 
spherical wave fronts indicated in Fig. 3 impinging over each obstacle 
separately (with Ei=1 for E20 and Ei=E1RoejRo for E21, being that E1 has 
been calculated in the previous iteration). This way, 
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with E20 and E21 calculated in the same way as for E10, except from 
the facts that, for E20, w is now w’=2w+v and, for E21, as already 
mentioned, Ei=E1RoejRo instead of 1. 
 
Therefore, regarding the above, if we generalize the previous process 
for the case of n plateaus (by considering both the mentioned UTD-
PO recursive approach based on virtual spherical sources and the fact 
that, as previously stated, the diffraction over one block from a low 
source can be broken down –through Babinet’s principle− into just 
single and double knife-edge diffractions), the total field En reaching 
the reference point indicated in Fig. 1 can be obtained as follows (see 
Fig. 4): 
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where R0, α and E(1) should be considered as in (3), (4), and (5), 
respectively, and 
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with Ei as in (17), and R1 and α1 as in (7) and (9), respectively, and 
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with E’(1) as in (11), Ei as in (17), and 
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IV. MEASUREMENT SETUP 

 
Fig. 4. Geometry for n plateaus. 

 

 
Fig. 5. Scheme of the measurement setup. 

 

The scheme of the measurement setup considered in this work can 
be seen in Fig. 5. It should be noted that this setup is the same as that 
employed in [21][22] (where a solution for MD analysis considering 
positive angles of incidence over an array of dielectric plateaus was 
validated with measurements). However, in our case, a series of n 
perfectly-conducting (metallic) square-section bars of width v=0.04 m 
was taken into consideration, along with a negative incident angle α. 
Moreover, the insertion losses of the coaxial cable are 6 dB/m at 60 
GHz and the gain of the antennae range from 4.3 to 4.8 dBi within the 
frequency band taken into account: 58 to 62 GHz. Furthermore, the 
3dB elevation beam width varies from 33° to 24°, while being omni-
directional in the horizontal plane. The ZVA67 Rohde & Schwarz 
vector network analyzer (VNA) employed in the measurements bears 
a dynamic range −for the 50 to 65 GHz band− of  >107 dB (typ. 115 
dB), and its measurement accuracy can be found in [23]. Moreover, it 
should be noted that the measurement setup could be subject to 
different errors which might come from the variation of the VNA’s 
resolution, misalignments of the antennas, etc. 
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Measurements were performed for three different values of n (1, 3, 
5), w=0.192 m, soft polarization, and two values of d (0.10 and 0.20 
m). The transmitting antenna height H was varied from -0.02 m to 0 
m in steps of 0.0025 m, when d=0.20 m, and from -0.01 to 0 m with 
the same steps, when d=0.10 m. Moreover, as shown in Fig. 5, a 
metallic screen was positioned at the first bar in order to remove any 
contribution coming from below the series of obstacles. 

The channel frequency response was undertaken at 301 frequency 
points, equally spaced between 58 GHz and 62 GHz, leading to a 
frequency step of 13.3 MHz, with 1 Hz being the intermediate 
frequency. As we selected 301 measurement points, we were able to 
measure a maximum distance of 301/BW*3e8 = 22.6 m without time 
aliasing (the maximum dimension of the measurement environment 
was 7 m). The power transmitted by the VNA was -10 dBm, giving a 
dynamic range of more than 100 dB at 60 GHz, and the time-gating 
technique described in [21] was properly applied. This technique 
permits us to select MD contributions while simultaneously removing 
the remaining undesirable contributions. 
 

V. RESULTS 

Fig. 6 shows the total attenuation (MD losses and free-space loss) 
at the reference point shown in Fig. 1, obtained using the proposed 
UTD-PO formulation. Parameters of frequency=9.375 GHz, v=0.1 m, 
w=0.4 m, d=0.162 m, H=-0.03 m (α=-10.5), and hard polarization 
were considered. For comparison purposes, the results obtained for 
this scenario by using the FSSPE method proposed in [17] are also 
shown in the plot, along with the measurements performed in the cited 
work. As can be observed, a solid agreement is found between the 
outcomes of the UTD-PO solution and the measurements. However, 
when compared with the empirical data, the FSSPE formulation shows 
a certain inaccuracy, which becomes greater as the number of plateaus 
increases (that is, as the distance between the transmitter and receiver 
grows). Moreover, as an extra validation of the proposed UTD-PO 
formulation, a comparison between the knife-edge case (with a 0.5 m 
spacing) −calculated with the method presented in [7]− and the UTD-
PO solution of the present work when considering v=0 m and w=0.5 
m is also shown in the plot. As can be seen, an excellent agreement is 
found between both curves. 
 

In Figs. 7 and 8, the attenuation relative to the free-space field (MD 
losses) obtained at the receiver (Rx) shown in Fig. 5 through the 
proposed UTD-PO formulation is shown −for d=0.10 m and d=0.20 
m, respectively− and compared with the measurements on the scaled 
model performed by the authors, at 60 GHz, and explained in the 
previous section. As can be observed, an excellent agreement is found 
between the measurements and the UTD-PO solution proposed in the 
current study, with a maximum difference of 0.48 dB for d=0.10 m 
(when H=-0.005 m and n=5) and 0.52 dB for d=0.20 m (when  
H=-0.0025 m and n=3). In any case, in order to quantify such 
agreement, in Table I, the mean and the variance of the error (in dB) 
between the theoretical results and the measured values are shown. As 
can be observed, the statistical parameters exhibit a small error 
between both outcomes for all the cases considered. 

 

V. CONCLUSIONS 

A UTD-PO solution, based on Babinet’s principle, to calculate MD 
attenuation of radio waves caused by rectangular-shaped obstacles 
(plateaus) when illuminated from a low source has been presented. 
The formulation has been successfully validated through solid 
agreement with measurements (both those taken by the authors and 
those published in other works). Moreover, the UTD-PO model has 
been compared with the wide-angle FSSPE method, with the results  

 
Fig. 6. Comparison of the total attenuation (MD losses and free-space loss) at 
the reference point shown in Fig. 1, as a function of n, between the UTD-PO 
solution and the FSSPE method/measurements presented in [15]. 
Frequency=9.375 GHz, v=0.1 m, w=0.4 m, d=0.162 m, H=-0.03 m, and hard 
polarization. A comparison between the knife-edge case and the proposed 
UTD-PO solution with v= 0 m and w=0.5 m is also shown in the plot. 

 
Fig. 7. Comparison of the attenuation obtained with the UTD-PO solution, as 
a function of H, and measurements. Frequency=60 GHz, n=1-3-5, d=0.10 m, 
w=0.192 m, v=0.04 m, and soft polarization. 

 
Fig. 8. Comparison of the attenuation obtained with the UTD-PO solution, as 
a function of H, and measurements. Frequency=60 GHz, n=1-3-5, d=0.20 m, 
w=0.192 m, v=0.04 m, and soft polarization. 
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showing how the former achieves better accuracy than the latter when 
both formulations are contrasted with experimental data, especially 
when the distance between the transmitter and the receiver is increased 
(that is, a greater number of blocks is considered). 
The results and findings of this work are especially applicable to the 
planning of microcellular mobile communication systems when the 
transmitting antenna is located below the height of the surrounding 
buildings. 
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