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Abstract — In this paper, a comprehen-
sive analysis of a novel GPR antenna fea-
turing almost 30 : 1 relative bandwidth
(55 MHz — >1.5 GHz), with a maximum an-
tenna size of 40 cm is performed. Antenna tran-
sient behavior, near-field radiation, and impact
of the ground are analyzed in details. It has been
shown that the antenna exhibits reduced and
short ringing, low spurious energy emission in
the air region, as well as stable circuital and radi-
ation properties over different types of soil. Fur-
thermore, the analysis of buried pipe detection
using two such antennas has been performed.
Novelty of such investigation lies in the fact that
at the lowest operational frequency both the re-
ceive antenna and buried pipe are situated in
the near-field region, whilst at the highest oper-
ational frequency only the far field is playing the
role. From this analysis, antenna coupling level
and waveforms of the target return, which are of
crucial importance for GPR system design, are
determined.

Index Terms — Antenna coupling, antenna
transient behavior, bow-tie antenna, buried pipe,
ground-penetrating radar, near-field radiation.

I. INTRODUCTION

In Part IT of this paper, the detailed full-wave
analysis of the ultra-wideband cavity-backed re-
sistively loaded bow-tie antenna for ground pen-
etrating radars (GPR) presented by the authors
in [1] and exhibiting almost 30 : 1 relative band-
width (55 M Hz — >1.5 GH z), with a maximum
antenna size of 40 ¢m is carried out. Dielectric

embedding and resistive loading of the radiat-
ing structure are used to reduce the flair angle
and the antenna size, as well as to assure sta-
ble antenna performance over different types of
the ground. To reduce parasitic emission to air,
the antenna is cavity backed [2-3]. Special cavity
filling is suggested in order to keep wideband an-
tenna matching. The specially developed locally
conformal finite-difference time-domain (FDTD)
procedure [1] is used for numerical optimization
of the antenna loading profile.

In the case of stepped-frequency continuous-
wave (SFCW) radar applications (for which the
antenna is designed), the synthesis of a pulse in
time domain requires the deconvolution of the
antenna impulse response [4]. So, antenna fea-
tures such as the transient behavior and near-
field radiation properties have a relevant impact
on the performance of a complete GPR system,
and thus analyzed in details. The proximity ef-
fect of the ground may adversely affect the ra-
diation properties and circuital performance of
the antenna [5] and directly affect the antenna
impulse response. Thus, ground influence on all
antenna characteristics have been studied care-
fully.

An extensive analysis of the subsur-
face radar consisting of two identical cavity-
backed resistively-loaded bow-tie antennas lo-
cated above a lossy homogeneous half space
where an infinitely-long dielectric pipe is buried
is carried out. Novelty of such investigation lies
in the fact that at the lowest operational fre-
quency both the receive antenna and the buried
pipe are situated in the near-field region, whilst
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at the highest operational frequency only the far
field is playing the role. The obtained numerical
results, also, provide a physical insight into the
underlying mechanisms of subsurface diffraction
and antenna mutual coupling processes. This
information in turn is important to specify the
requirements of a complete GPR system such as
maximal level of the received signal [9—-10], sys-
tem dynamic range, and radiation level in the
air region (subject to e.g. FCC regulations), as
well as to optimize the performance of detection
algorithms in terms of clutter rejection.

This paper is organized as follows. Transient
behavior of the antenna and its near-field radi-
ation properties are investigated in Sections II
and III, respectively. The impact of the ground
on the electromagnetic characteristics of the ra-
diator is deeply discussed in Section IV. Finally,
Section V presents a thorough analysis of the
GPR unit in realistic operative scenarios.

II. THE ANTENNA TRANSIENT
BEHAVIOR

The time-domain behavior of the electromag-
netic field radiated by the structure has been in-
vestigated to gain a physical insight into tran-
sient emission phenomena responsible for the an-
tenna properties.

Shown in Fig. 1 is the distribution of the
y— component of the electric field excited along
the H —plane of the antenna (zz—plane), where
the other E—field components are vanishing due
to the symmetry of the radiating element. The
observation points are located at different polar
angles 6, along a circle of radius r, = 40 cm,
centered at the projection of the feeding point
on the air-ground interface. The field compo-
nent FE, is graphed positive on the side of the
time axis for which 6 points away from the axis
(clockwise direction). The dashed curves marked
Wy, (i=0,1,2,..) and Wy, (j = 1,2,...) con-
nect the times of arrival for different wavefronts
in the ground and air region, respectively (see
Fig. 2). In particular, the curve W, related
to the radiation process occurring at the feeding
point is roughly a circle meaning that, at every
observation point in the ground, the radio wave
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180°

Fig. 1. Time-domain behavior of the electric
field radiated along the H—plane of the an-
tenna. The observation points are located at
different polar angles @, along a circle of ra-
dius r, = 40 c¢m, centered at the projection of
the feeding point on the air-ground interface.

contribution from the feed arrives at the same
time

T
tgo = to + a\/erg ) (1)

where ¢y denotes the speed of light in free space.
As it appears from Fig. 2, the interaction of this
wave with the metallic walls forming the shield-
ing structure is responsible for the excitation of a
diffracted field contribution, resulting in two dif-
ferent wavefronts W, and W,, . The time of
arrival of such radio signal changes with the an-
gle of observation in the ground and air regions,
as

D, \/Tz—I—DTg—’I"DCCOSH
tg1 2t0+%,/€7«++ @ 67«9
(2)
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Fig. 2. Spatial distribution of the electric field
excited along the H —plane of the cavity-backed
resistively-loaded bow-tie antenna at the nor-
malized time t/7, = 17.5 (a), and t/7; = 35
(b). The antenna is elevated over a homogeneous
ground with electrical properties e,, = 6 and
oy = 0.015 S/m. The radiation process from
the feed, as well as the diffraction phenomena
arising from the field interaction with the cavity
can be noticed.

and

D, \/r2+DT‘21—rDCCOSH
tal ~tg + %\/a + co ;

(3)
respectively. The diffracted field then propagates
back to the feed point, generating secondary
undesired emission/diffraction phenomena with
wavefronts W,, and W,,. This process re-
peats and results in the well-known ringing ef-
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fect. This information can be usefully employed
to optimize the antenna performance in realistic
GPR surveys in terms of clutter rejection.

III. THE NEAR-FIELD ANTENNA
PERFORMANCE

The goal of this study is to analyze antenna
radiation properties in the near-field region, and
the spatial distribution of the radiated electro-
magnetic field in the ground. Furthermore, the
impact of different loading profiles on the total
radiation level is analyzed.

Field radiation processes from the antenna
in the near-zone have been investigated for three
different loading profiles: o9 = 10 S/m < %aopt )
00 = Oopt, and og = 100 S/m > o4p. The
goal of this study was to analyze the impact of
different loading profiles on the total radiation
level and the focusing of the electromagnetic field
into the ground. From Fig. 3, it appears that at
low frequencies (e.g., f = 100 M Hz) variations
of the loading profile parameter result in con-
siderable variations of the radiated downwards
electric field (differences are of about 10 dB).
However, starting from f ~ 200 M Hz, varia-
tions of the loading profile do not cause signifi-
cant differences in the magnitude of the radiated
field. It, also, means that the antenna efficiency
is not considerably affected by the resistive load-
ing profile that, on the other hand, plays an im-
portant role in the impedance matching prop-
erty of the antenna. As it appears in Fig. 3, the
surface waves level excited at the air-ground in-
terface decreases with frequency. Consequently,
the parasitic coupling processes in the antenna
pair configuration may be expected to be max-
imum at low frequency because of the reduced
electrical size of the radiating structure.

In the higher frequency band, several higher-
order modes can propagate inside the metallic
cavity, and each mode is characterized by a spe-
cific guided wavelength and, consequently, radi-
ation angle into the ground. Such phenomenon
can be observed in the field map shown in Fig.
3¢ . Furthermore, Fig. 4 clearly demonstrates
the effectiveness of the shielding structure in re-
ducing the spurious energy emission level in the
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Fig. 3. H— plane near-field radiation pattern of
the cavity-backed resistively-loaded bow-tie an-
tenna at frequency f = 100 MHz (a), f =
200 MHz (b), f =1 GHz (c¢). The observa-
tion points are located along a circle of radius
ro, = 40 ¢m centered at the projection of the
feeding point on the air-ground interface.

CARATELLI, YAROVOQOY: CAVITY-BACKED RESISTIVELY LOADED CIRCULAR-END BOW-TIE ANTENNAS FOR GPR APPLICATIONS - PART Il

air region, as well as enhancing the antenna per-
formance in terms of near-field front-to-back ra-
diation ratio, defined as follows

|E (07 07 _T0)|

FBR (r,) = 20log AR

(4)
denoting r, the observation distance from the
projection of the feeding point on the air-ground
interface. As it can be inferred, such parame-
ter is conveniently introduced to quantify elec-
tromagnetic field focusing properties of the an-
tenna. In Fig. 4, we can notice that the
shielded antenna is characterized by a reduced
back-radiation level, which is at least 9 dB be-
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Fig. 4. Effect of the shielding cavity on the H—
plane radiation pattern at 200 M Hz (a), and
the front-to-back radiation ratio (b) of the an-
tenna. The observation distance from the pro-
jection of the feeding point on the air-ground
interface is r, = 40 em .
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low the peak value of the radio signal propagat-
ing in the soil over the whole operational fre-
quency band. This in turn is useful to reduce po-
tential electromagnetic interferences with nearby
sensitive electronic equipment.

To analyze the electromagnetic field trans-
mitted into the ground, the subsurface antenna
footprint at a depth of 15 ¢m has been also
computed at frequencies f = 100 MHz, f =
200 MHz, and f =1 GHz. The antenna foot-
print, representing the spot illuminated by the
antenna on the ground surface or subsurface,
plays an important role in GPR applications,
In fact, as indicated by Daniels [4], radar imag-
ing can be improved when the shape and size of
footprint are comparable to those of the targets.
When a footprint is too large it gives rise to sub-
surface clutter. On the other hand, a too small
footprint makes the detection of buried objects
difficult because of the reduced strength of the
target response in a radar survey (B— scan). An
optimal footprint is, also, important to improve
target localization. For long targets like buried
pipes or cables, it is desired to have a footprint
with elongated shape, whereas for circular tar-
gets such as landmines, a footprint with circular
shape would be preferred.

Figure 5 demonstrates that the electric field
transmitted by the antenna in the ground is
mainly polarized along the y— axis (in E—
plane of the antenna). In particular, the peak
level of the normalized cross-polar field compo-
nent FE./|E.|. ... at a depth of 15 cm is
found to be below —9.5 dB over the whole
operational frequency band, from 100 MHz
to 1 GHz. In Fig. 5, one can also notice
that the —3dB subsurface footprint of the con-
sidered antenna features a quasi-elliptical shape
with semi-axes a,, a, directed along the co-
ordinate axes. It results that a, < a, at low
frequency (f < 200 M Hz), meaning that the
footprint exhibits an elongated shape along the
y— axis, which would be suitable for detecting
and locating long objects. The effective footprint
assumes a nearly circular shape (a, ~ a,) at
f >~ 200 M Hz, where the antenna efficiency and
the energy level transmitted by the radiating ele-
ment into the ground are maximum. Such mode
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of operation is to be preferred for detection of
circular-symmetric targets. Moreover, as in this
case the largest size of the footprint is obtained,
the mentioned operating frequency is well suited
to perform a quick scan over a large area. In the
high-frequency band (f 2 200 M Hz) a, tends
to be greater than a, , mainly due to the effect of
higher-order modes excited in the metallic cav-
ity. As a result, the footprint tends to become
elongated along the z— axis, which is useful to
improve localization of long objects as in the low-
frequency operation mode. In conclusion, Fig.
5 shows the footprint adaptation capability of
the proposed antenna in the frequency domain
with respect to the size and shape of the targets.
Moreover, it’s worth noting that higher operat-
ing frequency causes the radar footprint to con-
centrate in a reduced area near the feeding point.
This information can be usefully employed to op-
timize the localization of small buried objects, as
well as to improve the performance of detection
algorithms in terms of clutter rejection.

IV. THE IMPACT OF THE
GROUND

The goal of this study is to analyze the im-
pact of the ground on circuital and radiation
properties of the antenna. This, also, includes
analysis of the antenna performance for different
elevations above the air-ground interface.

The circuital characteristics of the antenna
with optimal loading profile (09 = o) have
been analyzed in detail for different subsurface
conditions (see Fig. 6). In particular, the pro-
posed radiating element has been assumed to
be elevated over sandy soil (e, = 4, 04 =
0.004 S/m), asphalt (e, = 6, oy = 0.015 S/m),
and dry clay (e, = 16, o4 = 0.03 S/m). It can
be noticed that the antenna is well matched to
the feeding line starting from the frequency f; ~
55 M Hz. Due to resistive loading and dielec-
tric embedding, the antenna input impedance as
well as the lowest operational frequency f, are
only slightly affected by the very different opera-
tive conditions (see Fig. 6). On the other hand,
the ground is responsible for a minor loading ef-
fect of the antenna in the low-frequency band,
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Fig. 5. Normalized subsurface antenna footprints at 15 ¢m depth inside the ground. Frequency:

f =100 MHz (a), f =200 MHz (b), f =1 GHz (¢).

The antenna is elevated over a ground

modeled as a homogeneous half space with electrical properties e,, =6 and o, = 0.015 S/m.
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where the absorbing property of soil plays a sig-
nificant role to reduce the level of spurious re-
flections and, consequently, the fluctuations in
the impedance curves. Moreover, when the soil
changes from soft ground (e.g. sand) to hard
ground (e.g. clay), the footprint tends to become
more compact in the H—plane of the antenna
(z—direction), as it clearly appears from Fig. 7.
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Fig. 6. Frequency behavior of the input reflec-
tion coefficient of the cavity-backed resistively-
loaded bow-tie antenna for different electrical
properties of the ground. The antenna is ele-
vated 3 cm over the air-ground interface.

The input impedance of the considered radi-
ating structure as function of the elevation above
ground has been also evaluated. The computed
results are given in Figs. 8 and 9. As it can be
noticed in Fig. 8, the influence of the antenna el-
evation on the frequency behavior of the relevant
input reflection coefficient is very significant only
for close proximity to the interface. In particular,
the smaller the distance from the interface, the
better the impedance matching of the antenna
to the feeding line due to the additional resistive
loading effect of the lossy ground. The antenna
elevation, also, has impact on the structure per-
formance in terms of radiated power level, and
radar footprint. In Fig. 9, one can observe that
decreasing the distance of the radiator from the
air-ground interface generally leads to a flatten-
ing of the subsurface footprint in the FE—plane
of the antenna (y—direction). Moreover, as it
appears from Fig. 10, the amount of energy cou-
pled into the ground tends to increase as the el-
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evation over the soil becomes smaller, while re-
ducing the parasitic back-radiation level in the
air region. This information should be properly
taken into account in a GPR survey in order to
enhance the radar detection of buried targets.

V. THE RADAR DETECTION OF
BURIED DIELECTRIC PIPES

In this section, emphasis is devoted to the
analysis of detectability of an infinitely-long
buried dielectric pipe by the subsurface radar
unit consisting of two identical cavity-backed
resistively-loaded bow-tie antennas (see Fig. 11).
The coupling level between the transmit and re-
ceive antennas is a critical parameter in GPR
design limiting detectability of buried targets.
In the considered configuration, the transmit
(Tx) antenna, denoted as antenna #1, emits a
Gaussian electromagnetic pulse that propagates
into the ground, where it interacts with the tar-
get, modeled as a y—directed circular cylin-
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Fig. 7. Normalized —3 dB subsurface an-
tenna footprint at 15 e¢m depth for different
ground characteristics. The operating frequency
is f =200 MH z, where the antenna efficiency
and the energy level transmitted into the ground
are maximum. The antenna is elevated 3 c¢m
over the air-ground interface.



der having diameter D, = 20 cm, buried at
a depth h, =50 ¢m . This interaction results in
a diffracted electromagnetic field which is mea-
sured by the receive element (Rz) of the radar,
denoted as antenna #2. By changing the loca-
tion of the radar on the soil interface and record-
ing the output of the receive antenna as function
of time (or frequency) and radar location, one
obtains the scattering data, which can be pro-
cessed to get an image of the subsurface.
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Fig. 8. Frequency behavior of the input reflec-
tion coefficient of the cavity-backed resistively-
loaded bow-tie antenna as function of the el-
evation above ground, modelled as a lossy ho-
mogeneous half-space having relative permittiv-
ity &, = 6 and electrical conductivity o, =
0.015 S/m.

Since the considered structure is reciprocal
and symmetrical (see Fig. 11), the relevant scat-
tering matrix S is completely described in terms
of the Si1 and S5 parameters, whose evalu-
ation is carried out by feeding the radiating ele-
ment #1, and setting the excitation signal of the
antenna #2 equal to zero.

As it appears from Fig. 12, the return loss
of the transmit antenna is negligibly affected
by the buried target that, at the same time,
has a reduced impact on the So;
ter. This means that the antenna coupling is
mainly responsible for the received signal. It is
worth mentioning that the maximum coupling
level is a decreasing function of antenna sepa-
ration, d,, and tends to become larger as the
relative permittivity of the pipe &;,, increases

parame-
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Fig. 9. Normalized —3 dB subsurface antenna
footprint at 15 ¢m depth for different elevations
above ground. The operating frequency is f =
200 M Hz.

(see Fig. 12). In particular, for an antenna sep-
aration d, = 5 cm, the coupling level is below
—30 dB over the whole operational frequency
band 100 MHz —1 GHz. The effect of the an-
tenna elevation above the ground, h, , has been
also investigated, although the relevant analysis
is not reported here for sake of brevity. It has
been found that, as h, decreases, the antenna
return-loss response is slightly shifted towards
lower frequencies because of the proximity effect
of the soil. On the other hand, the ground influ-
ence on the S9; parameter is noticeable only at
high frequencies, where the mutual coupling level
decreases as the radiating elements approach the
air-ground interface.

As it can be noticed in Fig. 13, the peak-to-
peak level of the voltage contribution wg4, due
to the presence of the pipe, excited at the input
terminals of the receive antenna, is essentially
function of the difference between relative per-
mittivities of the ground and the pipe, namely
the dielectric contrast Ae, = &, —¢&,, and
is about one order of magnitude smaller than
the peak-to-peak level of the voltage contribu-
tion wv,, due to direct antenna coupling, un-
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Fig. 10. H— plane radiation pattern at
200 M H~z of the resistively-loaded bow-tie an-
tenna for different elevations over the soil. The
observation distance from the projection of the
feeding point on the air-ground interface is r, =
40 em .

der the assumption that the depth of the buried
target is h, = 50 em. The spectrum of the
radio signal arising from the subsurface diffrac-
tion is similar to the spectrum of the direct cou-
pling, and the relevant largest spectral contribu-
tion is given by the frequency harmonics around
200 M H z, the frequency around which the di-
rect coupling reaches its maximum. It should be
noticed that parasitic antenna coupling can po-
tentially result in the early-time masking of the
buried target. So, to reduce or possibly prevent
such problem, it is of crucial importance in a
GPR design to adopt an antenna system with a
short in time direct coupling response, and re-
duced decaying factor. In particular, it has been
numerically found that the exponential decaying
factors of vg, and wv,, are, for the considered
antenna pair configuration, 74, ~ 2.766 ns and
Try = 2.518 ns, respectively.

It is worth noting that, where the dielectric
contrast of the buried pipe Aeg, 1is negative, a
phase inversion occur in the diffracted field dis-
tribution and, consequently, in the relevant radio
signal component detected by the receiver. This
results in interference phenomena responsible for
a significant downward focalization of the total
field, as outlined in Fig. 14. Such information
can be usefully employed to optimize the detec-
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tion of buried pipes in subsurface radar applica-
tions, as well as to enhance the performance of
detection algorithms in terms of clutter rejection.

VI. CONCLUSION

We have investigated the performance of
a novel cavity-backed loaded bow-tie antenna
which has been designed for a new ground pene-
trating radar. The considered radiating struc-
ture shows an outstandingly large operational

< W)
8

hc -

(b)

Fig. 11. Bottom (a) and cross-sectional (b) view
of a subsurface radar unit consisting of two iden-
tical cavity-backed resistively-loaded bow-tie an-
tennas located above a lossy homogeneous half
space where an infinitely-long dielectric pipe is
buried. Structure characteristics: D, = 40 c¢m,
s =1cm, t. = 05cm, Oy = 130°, ¢
0.25 cm, he = 285 em, hy = 3 em, &, =
o, =0.0158/m,h, =05cm, e, =3,04 =
0S/m,h_=10cm,e,_ =10, 0_ =0 S/m,
hi =6 cm, e, =11, 01 = 0.125 S/m, hy =
6 cm, e, = 15, 09 = 0.25 S/m, hg = 6 cm,
ery =20,03=18/m,d, =5 cm, hy =50 cm,
D, =20cm .
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Fig. 12. Frequency behavior of the scattering pa-
rameters of the cavity-backed resistively-loaded
bow-tie antenna pair for different permittivities
of the buried pipe, having electrical conductiv-
ity o, =0.01 S/m. The antenna separation is
assumed to be d, =5 cm.

bandwidth from 55 M Hz to >1.5 GHz com-
bined with a maximal size of 40 cm .

The circuital and radiation characteristics of
the antenna with optimal loading profile have
been investigated in detail for different subsur-
face conditions. The ground is responsible for a
minor loading effect of the structure in the low-
frequency band, where the absorbing property of
soil plays a significant role to reduce the level of
spurious reflections and, consequently, the fluc-
tuations in the impedance curves. Similar minor
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Fig. 13. Transient voltages at the receiver due to
the direct coupling between antennas, and scat-
tering from a buried dielectric pipe having rela-
tive permittivity ,, and electrical conductivity
op=0.01 S/m.
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Fig. 14. Spatial distribution of the electric field
excited along the vertical cut-plane of the an-
tenna pair operating in presence of a buried di-
electric pipe having relative permittivity e,, = 2
(a) and e., = 8 (b). Operational frequency:
f=500 MHz.

variations in the impedance curves have been ob-
served by variations of the structure elevation
above the ground. Antenna radiation properties
in the near-field region are, also, only slightly
affected by the ground. In particular, when the
soil changes from soft ground (e.g. sand) to hard
ground (e.g. clay), the antenna footprint tends
to become slightly more compact. In general,
the antenna clearly demonstrates ground invari-
ant behavior, which is of ultimate importance for
synthesis of time-domain pulses in SFC'W radar
applications.
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The analysis of near-field radiation processes
has shown a reasonably good transient behav-
ior of the antenna, which simplifies the task of
deconvolution of the antenna impulse response
from the measured SFCW data. This behavior
makes it possible to use the developed antenna
in a time-domain radar. An interesting footprint
adaptation capability of the proposed antenna
in the frequency domain with respect to the size
and shape has been observed. Such property can
be usefully adopted to improve the radar detec-
tion of buried targets in a GPR survey. Also,
the antenna exhibits relatively high value for the
front-to-back radiation ratio and reduced spuri-
ous energy emission level in the air region, which
allows for increase of the total output power of
the radar transmitter without breaching allowed
(e.g., by FCC regulations) radiation levels.

A particular attention has been devoted to
the analysis of detectability of buried pipes by
the subsurface radar unit consisting of two iden-
tical antennas. It has been found that the direct
coupling level between transmit and receive an-
tennas is below —30 dB over the whole operat-
ing frequency band from 100 MHz to 1 GHz.
In particular, the exponential decaying factor of
the radio signal contribution at the receiver end
due to the parasitic antenna coupling is reason-
ably small. Such feature is particularly impor-
tant in order to reduce the early-time masking of
the target in a GPR survey. The waveform and
magnitude of received signals due to scattering
from buried dielectric pipes have been also in-
vestigated. The obtained numerical results have
provided a useful physical insight into antenna
mutual coupling, and scattering from buried tar-
gets. This information is required to evaluate the
required GPR dynamic range where the maxi-
mal received signal is due to the antenna cou-
pling and the minimal detectable signal should
be smaller than the weakest reflection from a thin
dielectric pipe on the maximal expected depth.
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