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Abstract—This paper presents a full-wave analysis of a ground of the theory. The antenna considered here is most often used
penetrating radar (GPR) using the finite-difference time-domain  pow-tie antenna. The antenna is covered with a conducting
(FDTD) method. The antenna treated here consists of a resistor- cavity to prevent electromagnetic radiation from affecting

loaded bow-tie antenna, which is covered with a rectangular th lectri ¢ d al ¢ tth ¢ f
conducting cavity of which inner walls are coated partially or other electric systems and also 1o prevent (he anténna from

fully with ferrite absorber. Some techniques are introduced into  receiving the undesired signal arrived from the air. The bow-
the FDTD analysis to obtain the accurate results and to save tie antenna is connected to the cavity through lumped resistors.
the computer resources. The validity of the FDTD analysis is The loaded resistor is considered to damp the natural oscilla-

confirmed experimentally. Furthermore, the effects of the ferrite tion of the antenna and to contrast the signal scattered by the
absorber on the GPR characteristics are theoretically investigated
underground target.

in detail. The FDTD results indicate that the remarkable improve- ) ) o
ment of the antenna characteristics for the GPR system cannot ~ Bourgeois and Smith [3] have analyzed a similar GPR sys-

be attained by the ferrite absorber. tem described here by using FDTD method. Their results are
Index Terms—Buried object detection, cavity-backed antennas, essentially valid only for the scattering in early time because
dipole antennas. 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
HE ground penetrating radar (GPR) or the subsurfaseatterings such as wall-wall reflections and antenna-interface
radar is greatly expected as an effective tool for nomateraction are very complicated. Therefore, some important
destructively sensing subsurface environment [1], [2]. Vaproperties such as the antenna impedance and the late-time
ious GPR systems have been investigated and developedittering by the object cannot be calculated. Furthermore, it is
for detecting and identifying underground objects such @&®nsidered from a computational point of view that the FDTD
water pipes, power and communication lines, archaeologigakthod should be improved because the geometry of the bow-
remains, and so on [1], [2]. However, conventional GPRe antenna does not fit in with the rectangular cells. Thus,
systems are still insufficient for practical uses with respetiie accurate computation of the GPR system including the
to reliability, resolution, detectable depth, and so forth. Igcattering by the underground object is still uncompleted. In
order to overcome these difficulties, it is important to improvaddition, in most practical GPR’s, a wave absorber is attached
characteristics of signals to be measured as well as sigmslthe inner walls of the conducting cavity to reduce the
processing and imaging methods for detecting the undergrounditiple reflection in the cavity. A ferrite sheet is often used
objects. Therefore, the design and development of antennasaefthe wave absorber with an expectation that it will improve
higher performances would be invaluable. the GPR antenna because the ferrite has a good absorption
The purpose of this paper is to theoretically investigajsroperty over VHF/UHF frequency range. However, the ferrite
the characteristics of the GPR antenna by using the finitg-a extremely weighty material. Therefore, in order to secure
difference time-domain (FDTD) method. Some calculated rene transportability with maintaining the good property, it is
sults are compared with experiments to confirm the validityecessary to optimize the volume and position of the ferrite.
In this paper, a fully three-dimensional FDTD method is
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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
Fig. 1. (a) Geometry of GPR antenna. (b) Two GPR antennas above fw the staircase approximation is not so small for antenna
ground surface and coordinate system. impedance and near fields. The subcell methods [16]-[18],
which locally modify the algorithms for the field components

First, an accurate modeling of the bow-tie antenna basetithe particular cells in the vicinity of the interface, are useful
on the contour-path method is implemented in the FDT[r accurately modeling arbitrarily shaped objects. The basic
update equations. Next, the FDTD computation techniqigea of the subcell algorithm described here is similar to the
using a surface impedance boundary condition (SIBC) fépntour path (CP) method described in [17], [18], but the
the frequency-dependent ferrite sheet backed by a perfeegultant update equations are somewhat different from the
conductor used in this GPR is described briefly. Third, apriginal CP method because the arrangement of the contour
equivalent circuit model for analyzing the transmitting angath is modified in this paper. Therefore, we will describe here
receiving characteristics of a bistatic GPR are presentddie subcell method specialized to the bow-tie antenna briefly.
The FDTD results, including these techniques, are compared-et the face of a bow-tie antenna be placed on the

with experiments in order to confirm the validity of thekAz plane as shown in Fig. 2. The update equations for
analysis. In Section Ill, the input impedance and near-fiell of the field components near the slanted edge, except
radiation pattern of the GPR located above the ground surfdee the z-component electric field, should be modified. For
are calculated. The transient receiving voltages scatteredthg configuration shown in Fig. 2, the modified components
an underground object are also calculated. All the possitsierrespond taz; and £;. In the original CP method, the;

characteristics are thoroughly discussed for contrasting thedE; are replaced by, (i—1/2,j, k) and &, (i, j+1/2, k),
effects of the ferrite absorber. respectively. This is referred to as “nearest neighbor approxi-

mation.” However, the nearest neighbor approximation should
Il. SOME TECHNIQUES FORANALYZING be modified to calculate the bow-tie antenna characteristics
GPR AND EXPERIMENTAL CONFIRMATION more accurately, because the electromagnetic fields near the

. conducting edge is quite complex. In this paper, we modified
Fig. 1(a) shows the geometry of the GPR antenna constq-e calculation ofE* and E* as follows
z Y .

ered in this paper. The bow-tie antenna is covered with ther,o ~-component magnetic fiel#. can be supposed con-

rectangular conducting cavity and its each edge is connecgeigm on the all surfaces bounded by the closed contur

to the cavity through four lumped resistors. The inner Wa'@olid line) or C» (broken line). Applying Faraday’s law to
of the cavity are coated with ferrite sheets fully or partiallyboth contours, the following equation can be obtained:
The same GPR antennas are placed above a ground surface '

and parallel each other as shown in Fig. 1(b). One of which 1 1
. - N — Edl= — E.dl (1)
is a transmitting antenna and other a receiving antenna. S1 Je, Sy Je,
Thus, the GPR antenna treated here is very complicated,
so some relevant techniques are required for analyzing thlbereS; and .S, are the area of the cell surface bounded by
antenna. In this section, we will implement several FDTEhe C; and C,, respectively. Transforming (1) to the FDTD
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Eig. 3. Ct;)mﬁ)arisohn gf thz inhput impedances of a bow-tie antenna calculaigfl 4 Frequency characteristics of the complex relative permeability and
y our subcell method and the staircase approximation. reflection coefficient of the commercially provided ferrite sheet.

form, the update equation for the? is given by [bs — fhoo
Az(l— a) 1 p= uo<uoo t T on jwm)' (5)
E"&",4,k) = 7*E;}<i+—,j+1,k) . . .
1 2 Next, the unknown parameters included in the above equations

3 51— ) E"<L L1 1 k) were determined by using curve fitting method. The estimated
x} Y Ty parameters resulted jn, = 130, p1oo = 1, 70 = 1/(127x107)
Ay(l—a) [ . 1 sec,e, = 28, ando = 0.001 S/m. The frequency charac-

- Ey <'7J + J€> terigtics of the permeabillity apd reflection coefficient of the

aha ahy ferrite sheet are shown in Fig. 4. The approximated curves

B+ L5 k) - ——E)"(i,5%, k) agree relatively well with the published data.

1 1 The wavelength in the ferrite is much shorter than that
(2) of free-space because the ferrite has high constitutive pa-
where rameters described above. This requires much finer cells and
. ly: 1< Ay large computer resources for accurately computing the fields

o= {Ay; Iy > Ay (3) within the ferrite. However, if the external fields are only

of interest, a surface impedance boundary condition (SIBC)
hi = i — Ay, ha = lp =13, and a = S»/S1. Thus, can be effectively applied to the interface. This eliminates
in our method, theE? is calculated from the electric field the need to use much finer cells throughout the whole FDTD
components at the same time-stéfj(z, j*, k) is extrapolated computation space. Several SIBC's for lossy materials having
by Ey(¢,j+1/2,k) andEy (¢, j+3/2, k). The update equations constant constitutive parameters have been proposed [4]-[8].
for the H-field components can be easily derived by using thgowever, these SIBC’s cannot be applied directly to the ferrite
original CP method [17], [18]. backed by a conductor discussed here because the strong
Fig. 3 shows the frequency characteristics of the inpdispersion is caused by both material dispersion itself and
impedance of a bow-tie antenna calculated by using thisultiple reflection in the sheet. The SIBC for a lossy dielectric
method or the staircase approximation. The total length Rfyer backed by a perfect electric conductor (PEC) has been
the antenna id and its flare angle is 45 In this calculation, studied [9], however, the layer was assumed to be physically
the size of a cubical Yee cell wab/21 and the time step very thin and the multiple reflection within the layer was
was chosen as the Courant limit. The result obtained fr%gbcted_ On the other hand, the authors have imp|emented
this modeling agree well with the measured data over a wigge SIBC for a dispersive layer backed by a PEC taking
frequency range as compared to the staircase approximatigicount of multiple reflection [20], [21]. This SIBC can be
Thus, the remarkable improvement can be achieved by usiplied directly to analyze the scattering due to the ferrite-

this subcell method. coated conducting cavity. Therefore, only the basic idea will
_ be shown here.
B. Treatment of Ferrite Sheet Backed by PEC When |ep/copo] > 1 as for the ferrite, the surface

The ferrite sheet considered here is commercially prénpedance is independent both of a polarization and an
vided one whose thickness is 6 mm. All of the constitutiviicident angle of an incident field and is approximated by
parameters of the ferrite sheet are not published, but the L 25
measured complex permeability and reflection coefficient are Z(s) = Z > T o (6)
given at discrete frequencies. In this paper, first the required =1 deps® + By

constitutive parameters were assumed as where Py = (20— 1)(r/2), s = jw, L is the truncated number
€ = eoer + —, (4) of the series expression of a tangential function drid the
jw thickness of the sheet. The transient electric field on the ferrite
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Fig. 5. Equivalent circuits of (a) the transmitting system and (b) the receivirkgg. 6. Incident pulse.
system.

i . of the transmitting antenna is then given by
surface is expressed by a convolution integral of the magnetic
field and the corresponding time-domain surface impedance 2V — R 3

E;}(iﬁ,jﬁ,kﬁ) = (8)

L 3 Ax
Zy(r) =" ettt (7)  The currentl is calculated from the magnetic field components
I=1p=1 surrounding theE,(ift, js, k). The 1/2 time-step offset

wheres;,, (p = 1,2,3) are three poles of (6) which are allbetween the current and the voltage is caused from the
single order for the parameters described above @pdare 1/2 time-step offset between the electric and magnetic fields
the residue for each pole. The convolution integral can iepresentation in FDTD method.
evaluated recursively for the surface impedance expressed byhe equivalent circuit of the receiving system and the
the sum of exponential functions such as (7). In this papéerminal port of the receiving antenna are shown in Fig. 5(b).
the piecewise linear recursive convolution (PLRC) metholo is the internal resistance of the receiver. The transient
described in [19] was used for evaluating the convolutioi¢ceived voltage at the receivék is given by
integral. 2R
Vi = —AxE;(if,,,jf,,,kf,,)&)T(}%.

. . . . In the above equations, the values Bf and Ry can be
In this section, let us discuss how the antenna is fed agﬁosen arbitrarily in the computational point of view, but a
how the receiving signal is calculated in the FDTD frameworK, y P P !

While extremely accurate results can be obtained if the fel sonable choice fdt, is to use the value of the characteristic

region is modeled precisely, the whole FDTD space should Egesistance cif the.transmission line or coaxial qable. We chose
restricted because of the limited computer memory. In [3],°a° — Ty =50 & in all of the following calculations.
parallel-wire transmission line was modeled into FDTD com- ) ) )
putation. However, the conductors of the transmission lin&s Comparison with Experiment
may not affect the surrounding fields considerably becauseln order to confirm the validity of the methods described
the transmission line or a coaxial cable is usually arrangéd the previous sections, FDTD results are compared with
perpendicularly to the antenna conductor. The time delay of theperimental results. The sizes of the bow-tie antenna and the
signal between both ends of the cable can be easily estimatslity, the values of the loaded resistors, and other parameters
Therefore, there is no particular problem if the transmissiare as follows [see Fig. 1(a)]. The total length of the bow-tie
line or the coaxial cable is modeled by an equivalent circuéintenna is 24.6 cm and its flare angle is 87 ¥he cavity size
In this paper, the equivalent circuit model is incorporated [ = 31 cm,w = 21 cm, andh = 11 cm. The upper face and
into the FDTD calculation. Using this model, any special cetivo side faces of the inner walls are coated with the ferrite
modifications are not needed. sheet described in Section II-B. The resistors whose values are
Fig. 5(a) shows the equivalent circuit of the transmittindg?; = oo and Rz = 200 € are connected between the bottom
system and the feed point of the transmitting anteniia. of the cavity and the edge of the bow-tie antenna. The two
is the source voltageZ, is the internal impedance of thesame GPR antennas, one of which is the transmitting antenna
signal generator, and is the input impedance of the antennaand the other the receiving antenna are placed in free-space
Assuming that the transmission line is lossless and neglectiag = 1 in Fig. 1(b)] and parallel to each other. The distance
the multiple reflection and time delay between the ends of thetween them igl = 3.6 cm.
transmission line, the voltage at the termifal is expressed  The incident voltagd/, is shown in Fig. 6. The dotted line
asVy = 2Vy— Ry I, wherel;, is the incident voltageR; is the shows the measured voltage generated from a pulse generator.
characteristic resistance of the transmission line, Aiglthe The solid line shows the approximated Gaussian pulse, which
electric current. The electric field component at the termina used for the FDTD calculation. In our calculation, we used

)
C. Equivalent Circuit Model
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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, =

. . . . 250MHz 600MHz
the agreement is excellent, but there is a slight difference
between them. This difference might be caused mainly by the eld o (t:]) | ot f
error of the approximation for the incident pulse. Thus, thgd: 8. Nearfield pattern of.. in the y- plane at the frequencies of 250
effectiveness of the FDTD calculation and the validity of the Hz and 600 MHz. (a) Two antennas. (b) Single antenna.
methods described above have been confirmed experimentally.

It is noted here that the dispersion property of a resisttite electrical properties of the soil including the dispersivility
should be involved to obtain more accurate results, becaws® inhomogeneity are known completely. However, the soil
some practical resistors show frequency dependency, partipteperty greatly depends upon the circumstances such as
larly in a high-frequency range. This dispersion characteristiog@ter content and constitutive particles. Therefore, even if
will be easily incorporated into FDTD update equations usingpmplicated properties of soil are taken into consideration,
the PLRC method, for example. However, in the above calctine obtained results may not have generality, except for
lation, the resistors have been assumed to be independenspcific applications. Furthermore, it is considered that the
frequency because the measurement of the dispersion of lthes, dispersivility, and inhomogeneity of soil may not affect

N “ unit: dB

) gl

resistor is quite difficult in high-frequency range. considerably to the ferrite effect on the antenna characteristics
of the GPR. For the above reasons, the ground is assumed to
IIl. THE EFFECTS OFFERRITE be an uniform lossless nondispersive dielectric half-space in
ABSORBER ONGPR GHARACTERISTICS this paper.

In this section, the characteristics of the GPR located above )
the ground surface are calculated to investigate the effects’bfNear-Field Pattern
the ferrite absorber. In the FDTD calculation, the cell size, time The origin of the coordinate system is located on the ground
step, and incident pulse are the same as those in Section IkDiface and at the center of the antennas. The radial distance
but the GPR antenna treated here is slightly different from tlhetween the origin and the observation points is set$060
one treated in Section II.D. The size of the cavity &re 29.4 cm.
cm, w = 20.4 cm, andh = 6 cm. The values of the resistors Fig. 8(a) shows the near-filed patterns of main polarization
are Ry = 330 2 and Ry, = 470 Q). The height of the antennasE, at the frequencies of 250 MHz and 600 MHz. The
is 0.6 cm. The relative permittivity of the groundds = 4. “partially coated” denotes the result when the ferrite is attached
Actual soil consists of frequency-dependent, inhomogé only the upper face of the cavity, and “fully coated” denotes
neous, lossy materials. Although the conventional absorbitite one when the inner surfaces are fully coated with the
boundary conditions (ABC’s) based on the one-way waverrite. In the fully coated case, the undesired radiation to the
equation are able to be applied to the dispersive medium, thaiir is large as compared to the other two cases, especially at
accuracy is not so high because the velocity in the dispers80 MHz. Fig. 8(b) shows the pattern of the single antenna
medium depends on frequency and cannot be determirsdhe same frequencies. The similar conclusions to the above
uniquely. On the other hand, the original Berenger's PMliwo antennas case are observed. Therefore, the enhancement
ABC has been extended to the one for dispersive media [28f.the undesired radiation is not caused by a mutual coupling
Therefore, actual soil might be simulated in a FDTD analysisdff the antenna, but by ferrite coating.
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Fig. 10. Input impedance versus frequency. characteristic in a lower frequency range (approximately up

to 200 MHz) is inferior to the other two cases. This indicates

Fig. 9 shows the frequency characteristicsifjust above hat @ mono-pulse including a large quantity of low-frequency
(6 = 0°) and just below(¢ = 180°) the antennas. At spectrl_Jm_, as s_hown in Fig. 6, will be dlstprted considerably
§ — 180°, the three cases make relatively little difference iyNen it is radiated from the antenna. It is noted here that
the level over the wide-frequency range. On the other hand /4 this type of GPR antenna the undesired radiation to
6 = 0°, the magnitude of2, increases in the lower frequenc he air is ppsslb_ly increased when .the impedance matching
range when the inner surfaces of the cavity are fully coat&faracteristic is improved by attaching the wave absorber to
with the ferrite sheets. the inner walls of the cavity.

Erqm Figs. 8 and 9, it is found that while t_he desireg Receiving Characteristic
radiation to the underground is the same level in all cases,_. ) )
the undesired radiation to the air is enhanced by the ferrite,F'g' 11 shows the transient received voltagg When a very
particularly in the low-frequency range. This is considered thHtn 29-4-cmx 30-cm rectangular PEC sheet is buried just
the electric current flowing on the outer surfaces of the cavi low the center of the transmlttlng_ and receiving antgnngs at
increased by attaching the ferrite to the inner surfaces. Théd§ depth of 90 cm. The early time signals are the contributions

results indicate that “shielding effect” due to the conductingOm the direct coupling between two antennas and from the
cavity is reduced by ferrite coating. eflection 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

The broad-band impedance characteristic is required for loeg period. This ringing is considered to be caused by the
GPR antenna over a wide-frequency range in order to radiaieect coupling, not by the natural resonance of the antenna
an electromagnetic pulse with little distortion. Fig. 10 showitself because that the radiated field in the air is enlarged in
frequency characteristics of the input impedance of the GRIRe fully coated case as discussed in the previous section.
antenna for the three cases. It is found that the broad-bandndsseover, the distortion of the target signal is more severer
is attained by coating with the ferrite partially or fully on thehan the other two cases. This distortion is due to the poor
whole, but remarkable improvement cannot be attained ovarpedance characteristic in the lower frequency range, as
the wide-frequency range. However, the partially coated casleown in Fig. 10.
shows its effectiveness for a relatively low-frequency range. It is also found from Figs. 10 and 11 that the amplitudes of
On the other hand, for the fully-coated case the impedanites target signals are all the same order even if the broad-band

B. Input Impedance
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