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Abstract — In this paper, the design of cavity-
backed bow-tie antennas for ground-penetrating
radars is presented. Dielectric embedding and
resistive loading of the radiating structure are
employed to achieve at least 30 : 1 relative
bandwidth (55 M Hz— >1.5 GHz), with a max-
imum antenna size of 40 ¢m and stable an-
tenna performance over different types of the
ground. The design procedure is described in de-
tail and provides useful guidelines for the consid-
ered class of radiators. Antenna parameters are
optimized numerically to combine a large opera-
tional bandwidth with reasonably high antenna
efficiency. To this end, a full-wave locally confor-
mal finite-difference time domain procedure use-
ful to model electromagnetic structures having
complex geometrical and electrical characteris-
tics in the vicinity of the ground is adopted.

Index Terms — Bow-tie antenna, dielectric em-
bedding, ground-penetrating radar, locally con-
formal finite-difference time-domain modeling,
resistive loading.

I. INTRODUCTION

Antennas for ground-penetrating radars
(GPR) must meet severe specifications regard-
ing low-frequency operation, broadband charac-
teristics, small volume occupation, and reason-
able efficiency for good signal-to-noise ratio of
the radar image [1]. Due to increase with fre-
quency of the radio wave attenuation in geophys-
ical media, typical GPR operates at the frequen-
cies below 1 GHz. The operational frequency
range is determined by the particular application

and its relation to the nature of the target, soil
constitution, desired depth of penetration, and
inversion/classification method being used. For
example, a desirable frequency range for detect-
ing subsurface utilities (like water and gas pipes,
cables, etc.) is thought to be from 100 M Hz to
1 GHz [1]. While low frequencies within this fre-
quency range can be used for subsurface utilities
detection via near-field coupling, high frequen-
cies can be used for accurate ranging. For either
impulse or stepped-frequency continuous-wave
(SFCW) radio transmission technique, the adop-
tion of broadband antennas with relative band-
width above 100% is essential. But, the broad-
band characteristics must not be obtained at the
expense of either the efficiency or the antenna
volume. Furthermore, it is required that GPR
antennas exhibit stable performance over differ-
ent types of ground keeping the same wavelet and
magnitude of the radiated field. In addition, high
isolation between transmit and receive antennas
is required to reduce the parasitic mutual cou-
pling. In short, large operational bandwidth at
low frequencies, ground invariant performance,
high efficiency, small size, and good isolation in
an antenna pair, which are sometimes mutually
conflicting requirements, are all to be satisfied
[2].

As known, cavity-backed spiral and bow-tie
antennas might be a suitable choice in GPR ap-
plications [3—5]. The spiral antennas possess a
large fractional bandwidth. However, their dis-
persion nature results in an extended time re-
sponse of the radiated electromagnetic field, and
consequently either hardware or software decon-
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volution of the received radio signal is needed.
As spiral antenna performance depends on prop-
erties of the ground, such deconvolution often
fails to provide good results [1]. Furthermore,
reflections from the ends of the arms cause both
clutters and degradation of the circularity of the
polarization, while the proximity of the ground
adversely affects the reactive field of the antenna,
resulting in a significant degradation of its char-
acteristics in terms of radiation pattern, and in-
put impedance. The bow-tie antennas, which
basically are the limiting case of biconical an-
tennas, are attractive mainly due to their con-
struction simplicity and wideband property [3—
4], and they are widely employed in GPR ap-
plications [1], [8—13]. Bow ties with circular
ends and some resistive loading demonstrate re-
duced late-time ringing [5-7]. Cavity-backing is
used to decrease the back-radiation level in the
air region [13]. However, the operational band-
width of cavity-backed bow ties exceeds rarely
30% — 40% , which is considerably below the de-
sired figure of merit (100%).

In this paper, we have designed a novel GPR
antenna featuring an extremely large fractional
bandwidth (more than 100%), good transient
behavior, ground invariant performance, reason-
ably high bandwidth, electrically small size, low
mutual coupling in an antenna pair, and low
back radiation. The antenna is designed to be
used with SFCW radar and targeted antenna
specifications are: the operational frequency
band, based on the reflection coefficient with re-
spect to 50 Q feeding line, from 100 M Hz to
1 GHz (10 : 1 relative bandwidth); maximal
antenna size of 40 em by 40 em by 30 cm
(length x width x height); coupling between
Tz and Rz antennas in the radar system below
—30 dB. Neither in literature nor in commer-
cial systems, antennas with similar specifications
have been found. For the antenna optimiza-
tion and performance analysis a dedicated locally
conformal finite-difference time-domain (FDTD)
procedure, useful to accurately analyze electro-
magnetic structures having complex geometrical
and electrical characteristics and to take into
account the impact of the ground, is adopted.
The design procedure is described thoroughly
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and provides useful guidelines for the considered
class of radiators. Detailed analysis of circuital
and radiation properties of the antenna is pre-
sented in Part II of this paper.

This paper is organized as follows. The pro-
posed antenna structure is briefly described in
Section II. The full-wave FDTD-based model-
ing approach for the electromagnetic character-
ization of the proposed antenna is discussed in
Section III. Finally, Section IV describes the op-
timization and design guidelines of the antenna.

II. THE PROPOSED ANTENNA
STRUCTURE AND DESIGN

The proposed antenna is based on a circular-
ended bow tie (see Fig. 1). The initial radia-
tor consists of two circularly-ended flairs, whose
electrical conductivity oy varies with the radial
distance p from the feeding delta gap. Dielec-
tric embedding and resistive loading of the radi-
ating structure are used to reduce the flair angle
while keeping antenna input impedance at 50 2
and compacting the antenna size [5]. To reduce
parasitic emission to air, the antenna is cavity-
backed. Special cavity filling is suggested in or-
der to keep wideband antenna matching. The
loading profile is optimized based on numerical
simulations.

To design such an antenna we use the follow-
ing procedure:

1. determine the dielectric embedding;

2. determine the bow-tie flair angle based on
the required antenna impedance;

3. determine the optimal resistive loading.

The first two steps are based on analytic
techniques while the last one requires numerical
simulations.

A. The absorber-filled cavity

To reduce the antenna back-radiation level,
potentially resulting in FMIs with nearby elec-
tronic equipment, a suitable shielding structure
is adopted (see Fig. 1). This in turn is use-
ful to meet the severe restrictions of the allowed
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transmitted power level usually imposed by local malism [14]. The description of the electromag-

authorities.
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Fig. 1. Bottom (a) and cross-sectional (b) view
of the cavity-backed resistively-loaded bow-tie
antenna for GPR applications. Antenna char-
acteristics: D, =40ecm,s=1cm, t. = 0.5 cm,
O = 130°, 6 = 0.25 ecm, h, = 285 cm,
he =3 cm, &, =6, 04 = 0015 S/m, hy =
05cm, e, =3,0. =08/m, ho =10 cm,
g =10, 0_=0S5/m,h; =6 cm, g, = 11,
o1 = 0.125 S/m, hg = 6 cm, &, = 15, 09 =
025 S/m, h3 =6 cm, e,y =20,03=18/m.
The reference system adopted to express the field
quantities is shown.

The considered cavity may be regarded as an
inhomogeneously filled circular waveguide, ter-
minated on a perfectly conducting wall, where
the spatial distribution of the electromagnetic
field can be represented as the superposition of
an infinite number of modes. The voltage and
current relevant to each mode can be conve-
niently evaluated using the transmission-line for-

netic field within the structure is thereby reduced
to the description of the electrical behavior of an
infinite set of transmission lines terminated on
an ideal short circuit (see Fig. 2). The input
impedance of each transmission line can be eas-
ily evaluated as

Zicosk_h_+jZ. sink_h_

Z_ =17
“Z. cosk_h_ +jZysink_h_"’

(1)

7, = Zci Ziv1coskih; —{_,jZCi s%n kih; ’ (2)
Zci COS k‘@h@ + ]Zi—i-l Sin k‘lhl

for i=1,2,3,and Z,=0.1In (1) and (2) k_,
Z.  and k;, Z, denote the propagation con-
stant and characteristic impedance of the generic
mode within the antenna substrate and the i—th
absorbing layer (i = 1,2, 3), respectively. The
thickness and electrical properties of such mate-
rials have been determined by imposing, at the
central working frequency f. = 550 M Hz, the

ks, Z., hs

ko, Ze, || o
{ }

ki, Z, hy

—o—
—o—

Fig. 2. Transmission-line equivalent circuit of
the generic electromagnetic mode propagating in
the antenna cavity.
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matching condition

IP_| < 0.05, (3)
being
I (4)
T Z_ — Zc,

the input reflection coefficient relevant to the
transmission-line equivalent circuit relevant to
the fundamental mode (T'Ej;) propagating
within the cavity. In (3) the manufacturing con-
straint &,_ < 10 has been also enforced. By
doing so, the parameters specified in the cap-
tion of Fig. 1 have been obtained. In particu-
lar, by selecting the relative permittivity of the
superstrate as e,_ = 10 we set the cut-off fre-
quency of the fundamental mode of the cavity to
be equal to about 139 M Hz. Below such fre-
quency, the cavity essentially behaves like a re-
active load for the antenna. It should be pointed
out that the absorbing panels to be embedded in
the shielding cavity can be realized using suitable
filled polymer composites [15-16]. The electrical
properties of such materials can be conveniently
adjusted by properly setting the volume fraction
of the ceramic and ferrite filler.

Finally, the permittivity of the antenna sub-
strate has been selected to be ., =3 in order
to achieve a smooth transition from the antenna
feeding line to homogeneous soils with relative
dielectric constant ¢e,, > 3, so minimizing the
return-loss level in the operating frequency band.

B. The bow-tie flair angle

A resistively-loaded bow-tie antenna may be
regarded as a coplanar fin transmission line,
whose characteristic impedance, according to
quasi-static theory [17], can be calculated us-
ing the relevant static capacitance. A model
to evaluate such capacitance by conformal map-
ping is proposed in [18]. As a result, the above-
mentioned characteristic impedance is expressed

as follows K (k)
o
Zy = 5
"TUERR) )
where K (-) is the complete elliptic integral of
the first kind [19] with moduli

_ 1—5sin©;/2
- 1+sin©g/2°

(6)
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K =1-k2, (7)

1o denotes the free-space characteristic
impedance, and &, = (er . —|—€L) /2 is the
effective relative permittivity value at the di-
electric interface (see Fig. 1), where the antenna
flairs are realized. Consequently, by imposing
the impedance matching condition Zy = Ry,
the flairs angle ©; can be easily determined.
So, in order to achieve the input impedance of
50 ©, we have to select the antenna flair angle
of 150°.

I1I. THE FULL-WAVE ANTENNA
MODELING

The analysis and design of complex radiat-
ing structures requires accurate electromagnetic
field prediction models. One such widely used
technique is the finite-difference time-domain
(FDTD) algorithm. However, in the conven-
tional formulation proposed by Yee [20-21], each
cell in the computational grid is implicitly sup-
posed to be filled by a homogeneous material.
For this reason, the adoption of Cartesian meshes
could result in reduced numerical accuracy when
structures having curved boundaries are to be
modeled. In this case, the locally conformal
FDTD scheme in [22-23] provides clear advan-
tages over the use of the stair-casing approach
or unstructured and stretched space lattices, po-
tentially suffering from significant numerical dis-
persion and/or instability. Such a scheme, nec-
essary to improve the numerical accuracy of the
conventional algorithm, is based on the defini-
tion of effective material parameters suitable to
describe the geometrical and electrical character-
istics of complex electromagnetic structures [22].
By using the mentioned subcell method, the de-
sign and accurate full-wave analysis of the con-
sidered class of ultra-wideband bow-tie antennas
have been carried out.

As shown in Fig. 1, the radiating structure
is assumed to be elevated to a height h, =
3 cm over the ground, modeled as a lossy ho-
mogeneous half-space having relative permittiv-
ity &, = 6 and electrical conductivity o, =
0.015 S/m, corresponding to the asphalt. A
voltage source of amplitude V; = 1 V and in-



ternal resistance R, = 50 {1 is employed to ex-
cite the structure. The locally conformal FDTD
characterization of the structure has been per-
formed by making use of a non-uniform compu-
tational grid with maximum cell size Ahpax =
Amin/16 ~ 0.5 cm , where Ap;, is the operating
wavelength inside the ground at the maximum
frequency fmax = 1.5 GHz in the excitation
signal, which is a Gaussian pulse of the form

P (1) = exp [— (* ;g“)z] ®

where to = 107,, and

vIn10

7Tfmax '

Tg = (9)
The selection of 7, according to (9) gives the
source pulse significant energy in the frequency
band up to fnax. The pulse is coupled into
the finite-difference equations used to update the
electric field distribution within the feeding delta
gap. As usual, the antenna input voltage Vj, (t)
and current I, () are related to the normalized
incident and reflected waves by

1 [Vm_(t) + I (1) \/Z_o] :

a(t):2 7

(10)

bt = [VjZL? L) \/Z_o] RS

Therefore, the antenna input reflection coeffi-
cient can be easily determined as

(12)

where F[] denotes the Fourier transform oper-
ator.

In all calculations presented in this pa-
per, a ten-cell uniaxial perfectly matched layer
(UPML) absorbing boundary condition for lossy
media [24] has been used at the outer FDTD
mesh boundary to simulate the extension of the
space lattice to infinity. As outlined in [21], the
UPML is indeed perfectly matched to the inho-
mogeneous medium formed by the upper air re-
gion and the lossy material half space modeling
the ground. So, no spurious numerical reflections
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take place at the air-ground interface. In partic-
ular, a quartic polynomial grading of the UPML
conductivity profile has been selected in order to
have a nominal reflection error Rppsp ~ e 6.

1000

/
140y /00 -p/l

o/l
0, =10" S/m

U/(P) =0y
800 i

§ 600 0,=200 S/m
B o,=150 S/m
. 400 0,= 100 S/m
&
200 0,=10 S/m

&
0

0 01 02 03 04 05 06 07 08 09 1
P/lf

Fig. 3. Resistive loading profile of the cavity-
backed circular-end bow-tie antenna flairs.

For the individual antenna elevated above
ground, the total FDTD mesh dimensions are
282 x 283 x 253 in the =z, y, z directions
respectively, and the computational time is ap-
proximately 1.4 s per step on a workstation
provided with a 2.33 GHz Intel Xeon proces-
Sor.

IV. THE ANTENNA
OPTIMIZATION

It is commonly understood that in GPR ap-
plications for detection of buried objects, it is
essential that the probing pulse exhibits reduced
late-time ringing in order to prevent masking of
the targets. Late-time ringing is caused mainly
by the multiple reflections between the antenna
open ends and the feed point, which are respon-
sible for the narrowband behavior of the radiat-
ing structure. To properly enlarge the antenna
bandwidth (thus reducing the late-time ringing),
we apply to the flairs of the proposed radiator a
resistive loading with distribution

1+ Umin/UO - P/lf
ar(p) =00 ;
! p/ls

(13)

similar to the ideal Wu-King profile (see Fig. 3).
In (13), lf = D./2 — s, = 19 cm is the flair
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length, which is determined from the maximal
allowed size of the antenna, and owin = o (lf)
is the electrical conductivity value at the antenna
end sections. In particular, the considered resis-
tive loading can be easily realized by means of
well-established technologies extensively used in
printed circuit board (PCB) manufacturing and
lithographic processes, such as thick film print-
ing on ceramic, etched printed circuit technology,
and screen printed ink technology [25]. Among
these, screen printed ink technology appears to
be the most robust and flexible. In fact, inks
can be mixed to any required resistance within
bounds, and the profile can be built up from
many layers, thus eliminating the possibility of
inter-segment discontinuities.

I 1dB

104

-12

-18

-2

-30

0.00.10.20.80.40.50.60.70.8 0.9 1.0 1.1
f [GHz]

Fig. 4. Frequency behavior of the antenna input
reflection coefficient for different loading profiles.
The antenna is elevated 3 cm over the ground,
modeled as a lossy homogeneous half-space hav-
ing relative permittivity e,, = 6 and electrical
conductivity o, =0.015.S/m.

A specific parametric analysis has been car-
ried out to determine an optimal value of the pa-
rameter oy appearing in (13) which results in
achieving the lowest operational frequency, the
operational bandwidth above 1 GHz, and a rea-
sonably high efficiency (see Fig. 4). The total
antenna efficiency is given by

ea (f) =€ (f)em (f), (14)

where

(15)
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e (f) =1~ [Ty (f)|2

are the radiation and input mismatch effi-
ciency terms, respectively. In (15), P, (f) =
sRe {Viy, (f) Iz, (f)} is the real input power ac-
cepted by the antenna, while the total radiated
power Pr.q(f) can be determined by integrat-
ing the real part of the Poynting vector over a
surface S, in the air region, enclosing the radi-
ating structure, namely

(16)

Paa($) = ghe{ [[[ B e ds}

(17)
It has been numerically found that the value
o0 = oopt =~ 30 S/m provides a good com-

promise between impedance matching and effi-
ciency. In particular, with the specified resis-
tive loading profile, the antenna exhibits an ex-
tremely large operational bandwidth (based on
the reflection coefficient) from 55 M Hz to at
least 1.5 GHz. Inspection of Fig. 5 also re-
veals that e, (f) assumes reasonably high values
(> 15%) in the low-frequency band, but rapidly
decreases at higher frequencies because of the

Fig. 5. Frequency behavior of the antenna effi-
ciency for different loading profiles. The antenna
is elevated 3 c¢m over the ground, modeled as
a lossy homogeneous half-space having relative
permittivity &,, = 6 and electrical conductiv-
ity o4 =0.015S/m.



loading effect of the cavity, and the proximity
effect of the ground. In particular, by increasing
the conductivity parameter o, the total effi-
ciency becomes larger, since the material form-
ing the antenna flairs tends to behave like a per-
fect electric conductor, so leading to an overall
reduction of the ohmic losses level. Unfortu-
nately, a significant low-frequency degradation
of the antenna return-loss occurs for oo 2 oopt
or og < %aopt. From a physical point of view,
this means that the radio waves due to the field
reflection from the antenna ends, as well as from
the air-ground interface and the metallic cav-
ity walls, contain significant energy when return-
ing to the feed point. It’s worth noting that a
non-flat frequency behavior of the antenna radi-
ation efficiency can be responsible for a spread-
ing of the electromagnetic pulse transmitted by
the radiator. However, since the proposed struc-
ture is mainly intended for SFC'W radar appli-
cations, a suitable power equalization technique
can be conveniently adopted to guarantee a uni-
form level of radiated energy [26].

80 40
@ -— 5, =10 §/m
60 — 0 = Oopt 30
—_ -=c= g, =100 S/m —
N N
= 0 oy =
E 4 Reflection from the ground 20 E
S =
—_— Reflection from the shielding structure —

b

5 10 15 20

Fig. 6. Time-domain behavior of the normalized
incident and reflected waves at the antenna in-
put terminals for different loading profiles. The
antenna is elevated 3 c¢m over the ground, mod-
eled as a lossy homogeneous half-space having
relative permittivity e,, = 6 and electrical con-
ductivity o4 =0.015 S/m.

Figure 6 clearly illustrates some key effects
of the resistive loading distribution along the
antenna flairs. Shown is the time-domain be-
havior of the normalized waves a(t), b(t) at
the input terminals of the radiator. In partic-
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ular, the peak at ~ 3.2 ns represents the
incident voltage pulse. Those at ~ 3.5 ns,
~ 7.2 ns, and ~ 10 ns correspond, respec-
tively, to reflections from the ground, the an-
tenna ends, and the shielding structure, which
should be minimal for a well-designed GPR sys-
tem. As it appears, highly conducting loading
profiles (o9 > oop) reduce the reflections from
the ground, whereas increasing the resistivity
(00 < 200pt) is an effective means to lower reflec-
tions from the edges of the antenna panels and
the shielding structure. So, the optimal loading
distribution (o9 = o,pt) represents a trade-off
between the above-mentioned operation modes.

V. CONCLUSION

We have designed a cavity-backed loaded
bow-tie antenna for ground-penetrating radars.
Dielectric embedding and resistive loading of the
radiating structure are used to reduce the flair
angle and the antenna size, as well as to assure
stable antenna performance over different types
of the ground. In order to reduce parasitic emis-
sion to air, the antenna is cavity-backed. Special
cavity filling is suggested in order to keep wide-
band antenna matching. The antenna exhibits
an extremely large operational bandwidth (based
on the reflection coefficient) from 55 M Hz to
at least 1.5 GH z, radiation efficiency level com-
parable with Wu-King dipoles, electrically small
size of 40 em by 40 em by 29 em (length x
width x height). Furthermore (as it is shown in
Part II), the antenna has ground invariant per-
formance and mutual coupling below —30 dB
in a pair configuration.

The antenna optimization and circuital per-
formance investigation have been carried out
numerically by means of a dedicated full-wave
technique based on a locally conformal FDTD
scheme, which does not require the stair-case
approximation and, thus, ultimatively suits for
accurate modeling of structures with cylindri-
cal shape. From the numerical optimization,
it has been found that the conductivity value
oopt =~ 30 S/m results in an optimal resistive
loading distribution in terms of the lowest oper-
ating frequency, the largest absolute operational
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bandwidth and reasonable efficiency. For this
loading profile, the antenna with maximum size
of about 40 ¢m is matched to the 50 2 feeding
line starting from the frequency f; ~55 M Hz.

At the lowest operational frequency, the nor-
malized volume featured by the antenna is given
by V/A} =~ 0.025%, being )¢ the relevant
free-space wavelength. Thus, the proposed an-
tenna exhibits a strongly reduced volume oc-
cupation. Despite that, it has been numeri-
cally demonstrated that the antenna efficiency
assumes reasonably high values (> 15%) in the
low-frequency band, while it decreases at higher
frequencies because of the loading effect of the
cavity and the proximity effect of the ground. It
should be noticed that the efficiency of a dipole of
similar dimensions with the ideal Wu-King load-
ing profile in free space is below 15% . Thus, the
efficiency of the proposed antenna is comparable
with that of an ideal Wu-King dipole antenna.

Finally, it has been shown that starting from
f >~ 200 MHz variations of the loading profile
do not cause considerable differences in the an-
tenna efficiency which means that the efficiency
is not much affected by the resistive loading of
the radiating flairs.
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