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Abstract — This work deals with the electromagnetic
modeling of metallic cylindrical objects, buried in the
soil or embedded in a structure, by means of a suit-
able set of wires. The most widely used criterion for
choosing the wire size is the so-called same-area rule,
coming from empirical observation and stating that the
total surface area of the wires has to be equal to the
surface area of the object being modeled. Recent stud-
ies have shown that the same-area criterion yields af-
fordable results but is quite far from being the opti-
mum: better results can be obtained with a wire ra-
dius shorter than what is suggested by the rule. This
motivated us to carry out an investigation of the accu-
racy of the rule. We carried out simulations by using
a commercial software implementing the finite-element
method and found that the best accuracy is achieved
with wires having a radius about 10-15% shorter than
what is suggested by the rule. In particular, when a
higher number of wires is used in the model, the radius
needs to be shortened more.

I. INTRODUCTION

Ground Penetrating Radar (GPR) is a non-destructive
technique that uses low-power wide-band electromagnetic
waves to produce high-resolution images of the subsurface
and structures [1]. GPR has gained broad acceptance inter-
nationally and nowadays is employed for a great variety of
tasks, including archaeological investigations and inspec-
tion of ancient buildings, statues and further items of cul-
tural or historical interest [2].

In the GPR field, a lot of research focuses on the devel-
opment of electromagnetic-modelling tools, which help to
understand how target structures get translated into radar-
grams [3, 4]. Electromagnetic simulators can support the
choice of the most proper equipment for a survey and are
especially useful in the interpretation of experimental data.

This work deals with the electromagnetic modelling of
cylindrical conducting targets embedded in a half-space by

means of a suitable set of small circular-section cylinders
(wire-grid modelling).

Wire-grid modelling of conducting objects was intro-
duced by Richmond in 1966 [5] and, since then, this
method has been extensively used over the years to sim-
ulate arbitrarily-shaped objects and compute radiation pat-
terns of antennas, as well as the field scattered by targets.
The most widely used criterion for choosing the wire size
is the so-called same-area rule [6], coming from empiri-
cal observation and stating that the total surface area of the
wires has to be equal to the surface area of the object being
modelled.

Ludwig [7] studied the reliability of the same-area rule
by examining the canonical radiation problem of a trans-
verse magnetic field by a circular cylinder fed with a uni-
form surface current, compared with a wire-grid model.
Paknys [8] considered the wire-grid modelling of a circu-
lar cylinder with a uniform current on it, or illuminated by
a transverse magnetic monochromatic plane wave. Both
investigations concluded that the rule is optimum.

More recently, a circular cylinder in a dielectric half-
space was studied, illuminated by a transverse magnetic
monochromatic plane wave [9]; the scattered field was cal-
culated in the spectral domain by using the cylindrical-
wave approach and results obtained for different wire-grid
models were compared with the exact solution. Such com-
parisons showed that the same-area criterion is afford-
able but higher accuracy is obtained with smaller wires.
The open-source tool gprMax [3], implementing the finite-
difference time-domain technique, was used in [10] to
study the wire-grid modelling of conducting objects em-
bedded in a half-space or in a multilayer; the source was a
line of current, with Ricker waveform. Results obtained in
[10] confirmed the conclusions drawn in [9], notwithstand-
ing a different numerical method was used and simulations
were performed in the time domain. The highest accuracy
was obtained by shortening the radius of about 10%.

All those studies motivated us to further investigate the
accuracy of the same-area rule. In this paper, we present
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simulation results that we obtained for the wire-grid model
of a metallic cylinder in a half-space. We used COMSOL
Multyphysics to perform our simulations, which is a com-
mercial software implementing the finite-element method.
We obtained results in both the spectral and time domains.
Our results are in agreement with [9] and [10].

II. WIRE-GRID MODELLING OF A METALLIC
CYLINDER IN A HALF-SPACE

A perfectly-conducting (PEC) circular cylinder embed-
ded in a dielectric half-space is considered. The cylinder
has radius R = 50 mm and is located at a depth of 100
mm below the separation surface between the air and a host
material with relative permittivity €, = 4. The wire-grid
model consists of N perfectly-conducting circular cylin-
ders with radius r, uniformly-spaced; each wire has the
axis on the perimeter of the cylinder to be modelled (see
Fig. 1). Two cases are studied in this paper: N = 16 and
N = 32. The same-area rule suggests to use r = R/N =
3,125 mm and r = R/N = 1,562 mm, respectively, for 16
and 32 wires.

Finite-element method results are presented in Fig. 2, in
the case of 16 wires. In the upper panel, the absolute value
of the scattered electric field is shown as a function of fre-
quency for different values of the wire radius; the scattered
electric field is calculated immediately above the interface
between air and soil, over the cylinder axis. In the bot-
tom panel, the absolute error of the scattered electric field
is plotted as a function of time, for the same values of the
wire radius and probing position. The absolute error is de-
fined as the magnitude of the difference between the exact
A-scan (calculated in the presence of the circular cylinder)
and the A-scan obtained for the wire-grid model. Accord-
ing to a nomenclature widely accepted by the GPR com-
munity, the term A-scan here refers to an array of electric-
field values calculated in a fixed spatial point and in a series
of consecutive instants (a GPR trace). The curves in Fig. 2
show that best accuracy is achieved when the wire radius
is shortened of 10% with respect to the value suggested
by the same-area rule. This is in agreement with results
presented in previous studies.

Fig. 1. a) A circular-section cylindrical object in a half-
space; b) Wire-grid model of the object with 16 wires; c)
Wire-grid model of the object with 32 wires,
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A refinement of this analysis is presented in Fig. 3.
Here, we considered different values of the wire radius
ranging from 85% to 91% of the value suggested by the
rule of thumb. The results that we obtained suggest that
the best accuracy is achieved when the radius is shortened
of 12% with respect to the value suggested by the same-
area rule.
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Fig. 2. Wire-grid modelling of a metallic circular cylinder
by means of 16 wires: results in the spectral (upper panel)
and time (bottom panel) domains.

As already mentioned, we repeated the simulations in
the case of a higher number of wires. In particular, in Fig. 4
spectral- and time-domain results are presented when N =
32. With this number of wires, the most accurate model is
obtained when the radius is shortened of 14% with respect
to what suggested by the same-area rule. Actually, it seems
that the wire radius needs to be shortened more when a
higher number of wires is used.
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Fig. 3. Refinement of the analysis presented in Fig. 2.

III. CONCLUSIONS

In the framework of wire-grid electromagnetic mod-
elling of buried two-dimensional objects, we investigated
the accuracy of the same-area rule. We carried out simula-
tions by using the commercial software COMSOL Multi-
physics, implementing the fine-element method. We con-
sidered different wire-grid models of a metallic cylinder
embedded in a dielectric half-space. Namely, models with
16 and 32 wires were simulated and the wire radius was
varied. The best accuracy was obtained by shortening the
wire radius of about 10% — 15% than what is suggested by
the same-area rule.

Wire-grid modelling problems are of particular inter-
est for the electromagnetic simulation of Ground Penetrat-
ing Radar (GPR) scenarios. We considered only a two-
dimensional problem, but this is of practical interest. In-
deed, in utility detection, quality controls of reinforced
concrete, and many other GPR applications, the sought tar-

gets often are long and thin, hence two-dimensional meth-
ods can be employed to simulate them.

The wire-grid modelling technique is also useful for
shielding applications and in the measurement of electro-
magnetic properties of materials through the use of coaxial
cages.
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Fig. 4. Wire-grid modelling of a metallic circular cylinder
by means of 32 wires: results in the spectral (upper panel)
and time (bottom panel) domains.
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