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Abstract—This paper presents a full-wave analysis of a ground
penetrating radar (GPR) using the finite-difference time-domain
(FDTD) method. The antenna treated here consists of a resistor-
loaded bow-tie antenna, which is covered with a rectangular
conducting cavity of which inner walls are coated partially or
fully with ferrite absorber. Some techniques are introduced into
the FDTD analysis to obtain the accurate results and to save
the computer resources. The validity of the FDTD analysis is
confirmed experimentally. Furthermore, the effects of the ferrite
absorber on the GPR characteristics are theoretically investigated
in detail. The FDTD results indicate that the remarkable improve-
ment of the antenna characteristics for the GPR system cannot
be attained by the ferrite absorber.

Index Terms—Buried object detection, cavity-backed antennas,
dipole antennas.

I. INTRODUCTION

T HE ground penetrating radar (GPR) or the subsurface
radar is greatly expected as an effective tool for non-

destructively sensing subsurface environment [1], [2]. Var-
ious GPR systems have been investigated and developed
for detecting and identifying underground objects such as
water pipes, power and communication lines, archaeological
remains, and so on [1], [2]. However, conventional GPR
systems are still insufficient for practical uses with respect
to reliability, resolution, detectable depth, and so forth. In
order to overcome these difficulties, it is important to improve
characteristics of signals to be measured as well as signal
processing and imaging methods for detecting the underground
objects. Therefore, the design and development of antennas of
higher performances would be invaluable.

The purpose of this paper is to theoretically investigate
the characteristics of the GPR antenna by using the finite-
difference time-domain (FDTD) method. Some calculated re-
sults are compared with experiments to confirm the validity
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of the theory. The antenna considered here is most often used
bow-tie antenna. The antenna is covered with a conducting
cavity to prevent electromagnetic radiation from affecting
other electric systems and also to prevent the antenna from
receiving the undesired signal arrived from the air. The bow-
tie antenna is connected to the cavity through lumped resistors.
The loaded resistor is considered to damp the natural oscilla-
tion of the antenna and to contrast the signal scattered by the
underground target.

Bourgeois and Smith [3] have analyzed a similar GPR sys-
tem described here by using FDTD method. Their results are
essentially valid only for the scattering in early time because
they used the perfect conductor wall on the outer surface
of computation space. The wall reflections were removed by
the time windowing and the subtraction procedure. However,
these approaches are not always possible because the multiple
scatterings such as wall–wall reflections and antenna-interface
interaction are very complicated. Therefore, some important
properties such as the antenna impedance and the late-time
scattering by the object cannot be calculated. Furthermore, it is
considered from a computational point of view that the FDTD
method should be improved because the geometry of the bow-
tie antenna does not fit in with the rectangular cells. Thus,
the accurate computation of the GPR system including the
scattering by the underground object is still uncompleted. In
addition, in most practical GPR’s, a wave absorber is attached
to the inner walls of the conducting cavity to reduce the
multiple reflection in the cavity. A ferrite sheet is often used
for the wave absorber with an expectation that it will improve
the GPR antenna because the ferrite has a good absorption
property over VHF/UHF frequency range. However, the ferrite
is a extremely weighty material. Therefore, in order to secure
the transportability with maintaining the good property, it is
necessary to optimize the volume and position of the ferrite.

In this paper, a fully three-dimensional FDTD method is
applied to analyze the resistor-loaded bow-tie antenna, which
is covered with the rectangular metallic cavity of which
inner walls are coated partially or fully with the frequency-
dependent ferrite absorber. In all calculations presented in this
paper, Berenger’s perfectly matched layer (PML) absorbing
boundary condition [10] is used. In Section II, some FDTD
implementations to analyze the GPR antenna are described.
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(a)

(b)

Fig. 1. (a) Geometry of GPR antenna. (b) Two GPR antennas above the
ground surface and coordinate system.

First, an accurate modeling of the bow-tie antenna based
on the contour-path method is implemented in the FDTD
update equations. Next, the FDTD computation technique
using a surface impedance boundary condition (SIBC) for
the frequency-dependent ferrite sheet backed by a perfect
conductor used in this GPR is described briefly. Third, an
equivalent circuit model for analyzing the transmitting and
receiving characteristics of a bistatic GPR are presented.
The FDTD results, including these techniques, are compared
with experiments in order to confirm the validity of the
analysis. In Section III, the input impedance and near-field
radiation pattern of the GPR located above the ground surface
are calculated. The transient receiving voltages scattered by
an underground object are also calculated. All the possible
characteristics are thoroughly discussed for contrasting the
effects of the ferrite absorber.

II. SOME TECHNIQUES FORANALYZING

GPR AND EXPERIMENTAL CONFIRMATION

Fig. 1(a) shows the geometry of the GPR antenna consid-
ered in this paper. The bow-tie antenna is covered with the
rectangular conducting cavity and its each edge is connected
to the cavity through four lumped resistors. The inner walls
of the cavity are coated with ferrite sheets fully or partially.
The same GPR antennas are placed above a ground surface
and parallel each other as shown in Fig. 1(b). One of which
is a transmitting antenna and other a receiving antenna.

Thus, the GPR antenna treated here is very complicated,
so some relevant techniques are required for analyzing the
antenna. In this section, we will implement several FDTD

Fig. 2. FDTD cells near the slanted edge of the bow-tie antenna.

computation techniques sequentially. The validity of the com-
putations is in part confirmed experimentally.

A. Modeling of Bow-Tie Antenna

The original FDTD method approximates a smoothly curved
or slanted surface by staircase boundaries. The error caused
by the staircase approximation is not so small for antenna
impedance and near fields. The subcell methods [16]–[18],
which locally modify the algorithms for the field components
of the particular cells in the vicinity of the interface, are useful
for accurately modeling arbitrarily shaped objects. The basic
idea of the subcell algorithm described here is similar to the
contour path (CP) method described in [17], [18], but the
resultant update equations are somewhat different from the
original CP method because the arrangement of the contour
path is modified in this paper. Therefore, we will describe here
the subcell method specialized to the bow-tie antenna briefly.

Let the face of a bow-tie antenna be placed on the
plane as shown in Fig. 2. The update equations for

all of the field components near the slanted edge, except
for the -component electric field, should be modified. For
the configuration shown in Fig. 2, the modified components
correspond to and . In the original CP method, the
and are replaced by and ,
respectively. This is referred to as “nearest neighbor approxi-
mation.” However, the nearest neighbor approximation should
be modified to calculate the bow-tie antenna characteristics
more accurately, because the electromagnetic fields near the
conducting edge is quite complex. In this paper, we modified
the calculation of and as follows.

The -component magnetic field can be supposed con-
stant on the all surfaces bounded by the closed contour
(solid line) or (broken line). Applying Faraday’s law to
both contours, the following equation can be obtained:

(1)

where and are the area of the cell surface bounded by
the and , respectively. Transforming (1) to the FDTD
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Fig. 3. Comparison of the input impedances of a bow-tie antenna calculated
by our subcell method and the staircase approximation.

form, the update equation for the is given by

(2)

where

(3)

, , and . Thus,
in our method, the is calculated from the electric field
components at the same time-step. is extrapolated
by and . The update equations
for the -field components can be easily derived by using the
original CP method [17], [18].

Fig. 3 shows the frequency characteristics of the input
impedance of a bow-tie antenna calculated by using this
method or the staircase approximation. The total length of
the antenna is and its flare angle is 45. In this calculation,
the size of a cubical Yee cell was and the time step
was chosen as the Courant limit. The result obtained from
this modeling agree well with the measured data over a wide
frequency range as compared to the staircase approximation.
Thus, the remarkable improvement can be achieved by using
this subcell method.

B. Treatment of Ferrite Sheet Backed by PEC

The ferrite sheet considered here is commercially pro-
vided one whose thickness is 6 mm. All of the constitutive
parameters of the ferrite sheet are not published, but the
measured complex permeability and reflection coefficient are
given at discrete frequencies. In this paper, first the required
constitutive parameters were assumed as

(4)

Fig. 4. Frequency characteristics of the complex relative permeability and
reflection coefficient of the commercially provided ferrite sheet.

(5)

Next, the unknown parameters included in the above equations
were determined by using curve fitting method. The estimated
parameters resulted in , ,
sec, , and S/m. The frequency charac-
teristics of the permeability and reflection coefficient of the
ferrite sheet are shown in Fig. 4. The approximated curves
agree relatively well with the published data.

The wavelength in the ferrite is much shorter than that
of free-space because the ferrite has high constitutive pa-
rameters described above. This requires much finer cells and
large computer resources for accurately computing the fields
within the ferrite. However, if the external fields are only
of interest, a surface impedance boundary condition (SIBC)
can be effectively applied to the interface. This eliminates
the need to use much finer cells throughout the whole FDTD
computation space. Several SIBC’s for lossy materials having
constant constitutive parameters have been proposed [4]–[8].
However, these SIBC’s cannot be applied directly to the ferrite
backed by a conductor discussed here because the strong
dispersion is caused by both material dispersion itself and
multiple reflection in the sheet. The SIBC for a lossy dielectric
layer backed by a perfect electric conductor (PEC) has been
studied [9], however, the layer was assumed to be physically
very thin and the multiple reflection within the layer was
neglected. On the other hand, the authors have implemented
the SIBC for a dispersive layer backed by a PEC taking
account of multiple reflection [20], [21]. This SIBC can be
applied directly to analyze the scattering due to the ferrite-
coated conducting cavity. Therefore, only the basic idea will
be shown here.

When as for the ferrite, the surface
impedance is independent both of a polarization and an
incident angle of an incident field and is approximated by

(6)

where is the truncated number
of the series expression of a tangential function andis the
thickness of the sheet. The transient electric field on the ferrite
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(a) (b)

Fig. 5. Equivalent circuits of (a) the transmitting system and (b) the receiving
system.

surface is expressed by a convolution integral of the magnetic
field and the corresponding time-domain surface impedance

(7)

where are three poles of (6) which are all
single order for the parameters described above andare
the residue for each pole. The convolution integral can be
evaluated recursively for the surface impedance expressed by
the sum of exponential functions such as (7). In this paper,
the piecewise linear recursive convolution (PLRC) method
described in [19] was used for evaluating the convolution
integral.

C. Equivalent Circuit Model

In this section, let us discuss how the antenna is fed and
how the receiving signal is calculated in the FDTD framework.
While extremely accurate results can be obtained if the feed
region is modeled precisely, the whole FDTD space should be
restricted because of the limited computer memory. In [3], a
parallel-wire transmission line was modeled into FDTD com-
putation. However, the conductors of the transmission lines
may not affect the surrounding fields considerably because
the transmission line or a coaxial cable is usually arranged
perpendicularly to the antenna conductor. The time delay of the
signal between both ends of the cable can be easily estimated.
Therefore, there is no particular problem if the transmission
line or the coaxial cable is modeled by an equivalent circuit.
In this paper, the equivalent circuit model is incorporated
into the FDTD calculation. Using this model, any special cell
modifications are not needed.

Fig. 5(a) shows the equivalent circuit of the transmitting
system and the feed point of the transmitting antenna.
is the source voltage, is the internal impedance of the
signal generator, and is the input impedance of the antenna.
Assuming that the transmission line is lossless and neglecting
the multiple reflection and time delay between the ends of the
transmission line, the voltage at the terminal is expressed
as , where is the incident voltage, is the
characteristic resistance of the transmission line, andis the
electric current. The electric field component at the terminal

Fig. 6. Incident pulse.

of the transmitting antenna is then given by

(8)

The current is calculated from the magnetic field components
surrounding the . The time-step offset
between the current and the voltage is caused from the

time-step offset between the electric and magnetic fields
representation in FDTD method.

The equivalent circuit of the receiving system and the
terminal port of the receiving antenna are shown in Fig. 5(b).

is the internal resistance of the receiver. The transient
received voltage at the receiver is given by

(9)

In the above equations, the values of and can be
chosen arbitrarily in the computational point of view, but a
reasonable choice for is to use the value of the characteristic
resistance of the transmission line or coaxial cable. We chose

in all of the following calculations.

D. Comparison with Experiment

In order to confirm the validity of the methods described
in the previous sections, FDTD results are compared with
experimental results. The sizes of the bow-tie antenna and the
cavity, the values of the loaded resistors, and other parameters
are as follows [see Fig. 1(a)]. The total length of the bow-tie
antenna is 24.6 cm and its flare angle is 67.4. The cavity size
is cm, cm, and cm. The upper face and
two side faces of the inner walls are coated with the ferrite
sheet described in Section II-B. The resistors whose values are

and are connected between the bottom
of the cavity and the edge of the bow-tie antenna. The two
same GPR antennas, one of which is the transmitting antenna
and the other the receiving antenna are placed in free-space
[ in Fig. 1(b)] and parallel to each other. The distance
between them is cm.

The incident voltage is shown in Fig. 6. The dotted line
shows the measured voltage generated from a pulse generator.
The solid line shows the approximated Gaussian pulse, which
is used for the FDTD calculation. In our calculation, we used
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Fig. 7. Comparison of the received voltages obtained from the FDTD
method and the experiment. The transmitting and receiving antennas are
located in free-space. (a) The results for the uncoated. (b) The results for
the ferrite coated.

the cubical cell whose size is 0.6 cm and the time step was
chosen as Courant limit.

The FDTD and experimental results of the received voltage
are shown in Fig. 7, where the uncoated data is illustrated
by shifting the actual data by two voltages. In both cases,
the agreement is excellent, but there is a slight difference
between them. This difference might be caused mainly by the
error of the approximation for the incident pulse. Thus, the
effectiveness of the FDTD calculation and the validity of the
methods described above have been confirmed experimentally.

It is noted here that the dispersion property of a resistor
should be involved to obtain more accurate results, because
some practical resistors show frequency dependency, particu-
larly in a high-frequency range. This dispersion characteristics
will be easily incorporated into FDTD update equations using
the PLRC method, for example. However, in the above calcu-
lation, the resistors have been assumed to be independent of
frequency because the measurement of the dispersion of the
resistor is quite difficult in high-frequency range.

III. T HE EFFECTS OFFERRITE

ABSORBER ONGPR CHARACTERISTICS

In this section, the characteristics of the GPR located above
the ground surface are calculated to investigate the effects of
the ferrite absorber. In the FDTD calculation, the cell size, time
step, and incident pulse are the same as those in Section II.D,
but the GPR antenna treated here is slightly different from the
one treated in Section II.D. The size of the cavity are
cm, cm, and cm. The values of the resistors
are and . The height of the antennas
is 0.6 cm. The relative permittivity of the ground is .

Actual soil consists of frequency-dependent, inhomoge-
neous, lossy materials. Although the conventional absorbing
boundary conditions (ABC’s) based on the one-way wave
equation are able to be applied to the dispersive medium, their
accuracy is not so high because the velocity in the dispersive
medium depends on frequency and cannot be determined
uniquely. On the other hand, the original Berenger’s PML-
ABC has been extended to the one for dispersive media [22].
Therefore, actual soil might be simulated in a FDTD analysis if

(a)

(b)

Fig. 8. Near-field pattern ofEx in the y-z plane at the frequencies of 250
MHz and 600 MHz. (a) Two antennas. (b) Single antenna.

the electrical properties of the soil including the dispersivility
and inhomogeneity are known completely. However, the soil
property greatly depends upon the circumstances such as
water content and constitutive particles. Therefore, even if
complicated properties of soil are taken into consideration,
the obtained results may not have generality, except for
specific applications. Furthermore, it is considered that the
loss, dispersivility, and inhomogeneity of soil may not affect
considerably to the ferrite effect on the antenna characteristics
of the GPR. For the above reasons, the ground is assumed to
be an uniform lossless nondispersive dielectric half-space in
this paper.

A. Near-Field Pattern

The origin of the coordinate system is located on the ground
surface and at the center of the antennas. The radial distance
between the origin and the observation points is set to
cm.

Fig. 8(a) shows the near-filed patterns of main polarization
at the frequencies of 250 MHz and 600 MHz. The

“partially coated” denotes the result when the ferrite is attached
to only the upper face of the cavity, and “fully coated” denotes
the one when the inner surfaces are fully coated with the
ferrite. In the fully coated case, the undesired radiation to the
air is large as compared to the other two cases, especially at
250 MHz. Fig. 8(b) shows the pattern of the single antenna
at the same frequencies. The similar conclusions to the above
two antennas case are observed. Therefore, the enhancement
of the undesired radiation is not caused by a mutual coupling
of the antenna, but by ferrite coating.
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Fig. 9. Spectrum ofEx at the angles of� = 0
� and� = 180

�.

Fig. 10. Input impedance versus frequency.

Fig. 9 shows the frequency characteristics of just above
and just below the antennas. At

, the three cases make relatively little difference in
the level over the wide-frequency range. On the other hand, at

, the magnitude of increases in the lower frequency
range when the inner surfaces of the cavity are fully coated
with the ferrite sheets.

From Figs. 8 and 9, it is found that while the desired
radiation to the underground is the same level in all cases,
the undesired radiation to the air is enhanced by the ferrite,
particularly in the low-frequency range. This is considered that
the electric current flowing on the outer surfaces of the cavity
increased by attaching the ferrite to the inner surfaces. These
results indicate that “shielding effect” due to the conducting
cavity is reduced by ferrite coating.

B. Input Impedance

The broad-band impedance characteristic is required for the
GPR antenna over a wide-frequency range in order to radiate
an electromagnetic pulse with little distortion. Fig. 10 shows
frequency characteristics of the input impedance of the GPR
antenna for the three cases. It is found that the broad-bandness
is attained by coating with the ferrite partially or fully on the
whole, but remarkable improvement cannot be attained over
the wide-frequency range. However, the partially coated case
shows its effectiveness for a relatively low-frequency range.
On the other hand, for the fully-coated case the impedance

Fig. 11. Comparison of the received voltages.

characteristic in a lower frequency range (approximately up
to 200 MHz) is inferior to the other two cases. This indicates
that a mono-pulse including a large quantity of low-frequency
spectrum, as shown in Fig. 6, will be distorted considerably
when it is radiated from the antenna. It is noted here that
for this type of GPR antenna the undesired radiation to
the air is possibly increased when the impedance matching
characteristic is improved by attaching the wave absorber to
the inner walls of the cavity.

C. Receiving Characteristic

Fig. 11 shows the transient received voltage when a very
thin 29.4-cm 30-cm rectangular PEC sheet is buried just
below the center of the transmitting and receiving antennas at
the depth of 90 cm. The early time signals are the contributions
from the direct coupling between two antennas and from the
reflection at the ground surface. The peaks at approximately
14 ns are the signal scattered by the buried PEC.

When the inner walls of the cavity are fully coated with
the ferrite sheets, a ringing of the signal increases for a
long period. This ringing is considered to be caused by the
direct coupling, not by the natural resonance of the antenna
itself because that the radiated field in the air is enlarged in
the fully coated case as discussed in the previous section.
Moreover, the distortion of the target signal is more severer
than the other two cases. This distortion is due to the poor
impedance characteristic in the lower frequency range, as
shown in Fig. 10.

It is also found from Figs. 10 and 11 that the amplitudes of
the target signals are all the same order even if the broad-band
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impedance characteristic was attained by ferrite coating. This
is due to the fact that the radiation to the air is enhanced by
attaching the ferrite as mentioned in Section III-A.

The received voltage for two bare dipole antennas with the
length of 30.6 cm is also shown in Fig. 11(d) for comparison.
The directly coupled signal and antenna ringing are serious as
compared to the bow-tie case and it is impossible to distinguish
the target signal only from this waveform.

IV. CONCLUSION

The resistor-loaded bow-tie antenna which is covered with
the ferrite-coated cavity has been analyzed by using FDTD
method. In the first half of this paper, some techniques
for analyzing the GPR have been implemented. The input
impedance of a bow-tie antenna and the receiving char-
acteristic of the bistatic GPR located in free-space were
calculated and measured in order to confirm the validity of
these techniques. The results were in good agreement and
demonstrated the validity of our methods.

In the second half, the effects of the ferrite on the GPR
characteristics were investigated in detail for the optimization
of the GPR antenna. It was found that the impedance char-
acteristic of the GPR antenna was improved some extent by
attaching the ferrite sheets to the inner walls of the cavity
partially or fully. However, for the type of GPR antenna
discussed in this paper, the undesired electromagnetic wave
radiated to the air was enhanced by attaching the ferrite
especially to the whole inner walls of the cavity. This is
considered that the electric current flowing on the outer faces
of the cavity increased by coating the inner faces with the
ferrite. This result indicates that “shielding effect” due to
the conducting cavity decreases by ferrite coating. It was
also found that the ringing in the received signal which is
mainly due to the direct coupling between the transmitting
and receiving antennas, was enhanced by attaching the ferrite.
Furthermore, the target signal scattered by the buried object
was distorted by ferrite-coating. Thus, there is no remarkable
advantages obtained by coating the inner surfaces of the cavity
with the ferrite absorber at least for the structures investigated
in this paper. An investigation for other type of GPR’s will
be next important theme.
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