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1ABSTRACT
A measurement campaign aimed at determining the 

diffuse scattering pattern of typical building walls has 

been carried out and results are shown in the paper. 

Such results are then used to determine and tune simple 

diffuse scattering models based on the Effective 

Roughness approach, to be embedded into ray tracing 

simulators. It is shown that by adopting an appropriate 

single-lobe scattering pattern the agreement between 

simulation and measurement is very good. 

I - INTRODUCTION 
Recently, the adoption of Ray Tracing (RT) tools has 

greatly improved field prediction capabilities in urban 

environment and good results have been obtained in a 

variety of cases [1-4]. However, since conventional RT 

only accounts for rays that undergo specular reflections 

or diffractions, it fails to properly describe diffuse 

scattering phenomena which can have a significant 

impact on propagation. As intended here, diffuse 

scattering refers to the signals scattered in other than the 

specular direction as a result of deviations in a building 

wall from a uniform flat layer (surface or volume 

irregularities). Recent experimental studies have shown 

that diffuse scattering plays a fundamental role in 

determining time and angle dispersion of radio signals in 

urban environment [5, 6]. The modeling of diffuse 

scattering from building walls is quite a difficult 

problem, since building wall irregularities cannot be 

modeled as Gaussian surface roughness, as assumed in 

most theoretical studies. Few publications explicitly deal 

with modeling of diffuse scattering for urban field 

prediction [7-11]. In particular, in [10] a simple 

“Effective Roughness” (ER) model for diffuse scattering 

from building walls has been proposed, and in [11] the 

same model has been inserted in a 3D ray tracing 

program, showing a sensible improvement in the 

accuracy of wideband predictions vs. measurements with 

respect to conventional RT. The ER model described in 

[10], however, assumes that the wave impinging on a 

wall is scattered according to a Lambertian scattering 

pattern regardless of the direction of incidence. 

In the present work the ER model has been modified 

into a number of versions by orienting in different ways 

the scattering pattern lobe toward the specular direction, 
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which is more realistic, while preserving physical 

consistency of the model (section II). Then, the 

scattering pattern of real building walls has been 

measured using directive antennas and an appropriate 

measurement set-up (section III). 

Eventually, the experimental scattering patterns have 

been compared with simulation obtained through the 

modified ER model embedded into a 3D RT tool 

(section IV), thus determining the best scattering pattern 

shape and the best values of the scattering coefficient S 

in typical cases. Results and conclusions are drawn in 

sections V and VI, respectively. 

II – THE DIFFUSE SCATTERING MODELS 
The contribution of diffuse scattering to propagation 

is evaluated adopting the "Effective Roughness" (ER) 

approach presented in [10]. A sort of effective roughness 

is associated with each wall, which not only takes into 

account real surface roughness but also the wall 

irregularity effect in a mean, statistical way. 

The power scattered by the wall element dS (figure 

1) is evaluated as a fraction of the incidence power 

according to a proper scattering coefficient (S) and the 

scattered power is spread in all directions as a non 

uniform spherical wave with amplitude Es( s, s, rs).

According to these assumptions, the following relation 

must be satisfied 
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where d is the solid angle of the ray tube impinging on 

the surface element dS, Ei is the amplitude of the 

incident wave and ri , rs are the distances between dS and 

source and reception points, respectively (fig. 1). 

Introducing the actual assumed shape of the scattered 

wave Es (i.e. the scattering pattern) in (1), the absolute 

value of Es( s, s, rs) can be derived. 

Figure 1 – A generic surface element producing reflection 

and diffuse scattering 



The shape of the scattering pattern of the wall strongly 

depends on the characteristics of wall irregularities 

(windows, balconies, irregular brick, surface roughness, 

etc.). In order to account for a wide range of possible 

situations, four different scattering models are 

hypothesized: 

Model 1 (Lambertian model): sss cosEE
0

The “scattering radiation lobe” has its maximum in 

the direction perpendicular to the wall; the exact 

expression of Es0 can be computed from (1), therefore 

getting 
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where K is a constant depending on the amplitude of the 

impinging wave [10].  

In order to steer the scattering lobe in the direction of 

the specular reflection, the following expression for the 

amplitude Es has been considered: 

Models 2,3,4: (2)1,2,3
2
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where  is the angle between the direction of the 

reflected wave and the scattering direction ( s , s).

Scattering models 2, 3 and 4 have been obtained from 

(2) for  = 1, 2 and 3, respectively. 

According to (2), it is evident that the maximum Es is 

achieved for  = 0 (i.e. in the direction of specular 

reflection); moreover, the greater , the narrower the 

scattering lobe. In figure 2, the normalized scattering 

patterns of models 2,3,4 are shown, for an incidence 

angle of  30º, with  respect to the lambertian model. 

Figure 2 – Comparison of  scattering patterns 

For each model, the expression Es0 can be computed by 

expressing the angle in function of the incidence and 

scattering directions, and then solving equation (1). By 

means of simple considerations, it is easy to show that: 
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In short, the following expressions have been obtained: 

model 2 (  = 1):
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III - THE MEASUREMENT CAMPAIGN 
The measurement campaign consists in a set of CW 

measurements of the power backscattered by 3 different 

building walls, with the Tx and the Rx equipped with 

directive antennas oriented toward the center of the wall. 

Frequency was 1296 MHz, Tx power about 9 dBm, and 

the total cable losses were of about 5 dB. Three different 

types of wall have been chosen, each one representative 

of a different class: a metal, relatively smooth wall of an 

airport hangar, an uniform brick wall of a warehouse, 

and a typical brick wall with windows, doors and other 

elements of a rural building. All walls were nearly the 

same size of about 10 by 6(height) meters. A parabolic 

antenna with 1.5 m diameter was used in the Rx, while 

two different types of antenna were used to illuminate 

the wall: a circular horn antenna and a parabolic antenna 

with 1 m diameter. The wall was illuminated in 2 

different modes: normal incidence (Tx2 in fig. 3) and 

slant incidence (Tx1 and Tx3). It is important to notice 

that Tx1 and Tx3 are not equivalent, because the 

radiation pattern of the antennas is not perfectly 

symmetric. 

Figure 3 – Tx and Rx positions (top view) 

 The Rx antenna was positioned on equispaced 

points (angular separation of 9°) on a semicircle 

centered in the centre of the wall. Rx antenna and 

annexed equipment (cables, receiver and a spectrum 

analyzer) were placed on a mobile carriage, equipped 



with an electromechanical pointing system with a video 

camera.  

Finally, in each case, the distance from the wall 

centre was determined so that the –6 dB main lobe 

footprint on the wall would be all contained into the wall 

frame for normal incidence, so as to minimize the effect 

of the horizontal top edge and of surrounding objects 

(which were in all cases quite far). The chosen distance 

was 3.8 m for the horn antenna, 9 m for the 1 m 

parabolic antenna, and 13 for the 1.5 m parabolic 

antenna. Tx and Rx antennas were always at a height of 

3 m from the ground. Given the relatively small 

distances, the Rx antenna wasn’t in far field w.r.t. the Tx 

antenna for every Tx/Rx position. However, comparing 

measurements with RT simulations in reference, free 

space cases, we observed that deviations due to near 

field effect were of the order of a few dB’s. 

IV – THE VALIDATION METHOD 
The models proposed in section II are checked with 

measurements in the following way. Since it is 

impossible to single out only the diffuse scattering 

contribution from measurements, due to the limited 

directivity of the available antennas, we decided to 

compare measurements with accurate 3D RT simulations 

of the complete topologies above described, considering 

the detailed radiation patterns of the antennas (see figure 

4). Standard electromagnetic characteristics were used 

for brick walls ( r=5 and conductivity, =1.e-2) and of 

course perfect conductor characteristics for the metal 

hangar wall. The adopted 3D RT program[11] includes 

all of the scattering models described in section II and 

was used here in non-coherent mode, i.e. the 

contributions coming from direct ray, reflected ray, edge 

diffracted rays and scattered ray were summed in power. 

For simplicity, a single scattered ray is computed for 

each Rx which is assumed to spring from the center of 

the wall, as in [11] for “far walls”. The tuning of the 

scattering model is quite accurate because the scattering 

contribution is almost always dominant, except in the 

specular reflection and in back-to front peaks (see 

Figures 5 to 10 in section V). 

V – RESULTS 
Comparisons between measurements and RT 

predictions, including the ER models proposed above, 
are shown in this section. All figures show the received 
power (measured and simulated) vs. Rx angular position. 
All the antennas used in the measurement campaign 
have been preliminarily characterized on both the 
horizontal and the vertical plane. In fig. 4 the horizontal 
radiation patterns of the Tx antennas (1 m parabolic and 
horn) are reported, while in fig. 5 the horizontal pattern 
of the Rx antenna (1,5 m parabolic) is reported. All 
vertical patterns are omitted, because in all considered 
cases Tx and Rx antennas are at the same height, and 
therefore their effect is irrelevant. 

Fig 4 – Tx antennas – Horizontal patterns 

Fig 5 – Rx antenna – Horizontal pattern 

In fig. 6 and fig. 7 a comparison between the 
measurements and the predictions obtained with the 
different ER versions is shown in the case of  the rural 
building illuminated by a Tx antenna pointed at 150°  
with respect to the wall plane (position 3 in fig. 3). The 
former shows the results obtained using the 1 m 
parabolic antenna as Tx, the latter shows the same result 
with the horn antenna. For all models, S was set to 3.5. 
In both cases the best model at minimum squares is 
model 4. Using model 4 the agreement is very good for 
Rx’s in central positions and Rx’s behind the Tx 
antenna, whereas using the Lambertian model in the 
same positions the scattered power appears 
overestimated. 

Horn antenna

1 m Parabolic
antenna

1,5 m Parabolic  
antenna

Normalized  
Gain  (dBi) 

Normalized  
Gain  (dBi) 



Fig 6 - Comparison of models – Rural building wall 

illuminated with 1 m parabolic antenna at 150° 

Fig 7 - Comparison of models – Rural building wall 

illuminated with horn antenna at 150°

In the following figures (8 to 11) comparisons 

between measurements and predictions for different 

values of the S parameter are shown: in all cases model 

4 is adopted, which demonstrated to be the best in all 

topologies.
In figures 8 to 10 the results for the hangar wall, the 

brick wall and the rural building wall are shown, 
respectively: all measured and simulated values are 
relative to slant illumination, with 1 m parabolic antenna 
as Tx. For the hangar wall the Tx antenna was pointed at 
30° (Tx position 1 in fig.3), for the brick walls at 150° 
(Tx position 3). Analogous results have been obtained 
for normal illumination: in figure 11 the results for the 
rural building wall, illuminated by the 1 m parabolic 
antenna perpendicular to the wall, are shown. In all the 
graphs, the dashed line represents prediction without 
scattering (S=0). 

Fig. 8 shows that for the hangar wall, the predicted 
power without scattering is slightly underestimated at 
some points, whereas using S=0.05 a good agreement 
with measurements is achieved everywhere. 

Fig 8 – Hangar wall illuminated with  1 m parabolic 

antenna at 30° 

In fig. 9 it is shown that the best value of S, for the 

brick wall, is of about 0.2. 

Fig 9 – Brick wall illuminated with 1 m parabolic 

antenna at 150° 

Fig 10 – Rural building wall illuminated with 1 m 

parabolic antenna at 150° 

Finally, figures 10 and 11 show that predictions with 

S=0 are totally incorrect for a wall belonging to the rural 

building, which is quite representative of many classes 



of real buildings: therefore in such cases the introduction 

of diffuse scattering is definitely necessary to get a good 

result. The best value for S is between 0.3 and 0.4 in 

these cases, in agreement with previous studies [10, 11]. 

Fig 11 – Rural building wall illuminated with 1 m 

parabolic antenna at 90° 

VI - CONCLUSIONS 
A measurement campaign aimed at determining the 

scattering pattern of typical building walls is reported in 

the paper. In addition, the diffuse scattering ER model is 

modified and tuned in order to get the best agreement 

with measurements. It is shown that “model 4” is the 

best in all cases, and the optimum scattering coefficient 

S values are of 0.1, 0.2 and 0.35 in the three considered 

topologies considered, respectively. Being the latter 

topology quite representative of simple, brick-wall 

suburban buildings, we can infer that S=0.35 is the 

recommended value for field prediction in suburban 

areas, in agreement with previous work [10, 11]. 

Simulations in dense urban environment would probably 

require even greater values of S, i.e. greater diffuse 

scattering contribution. 
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