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ABSTRACT

GPR dipole antenna patterns can be described by the
interference of space and lateral waves.  Because this is
an interference phenomenon, antenna patterns are a
function of frequency, distance, and electrical proper-
ties.  Traditional far-field criteria based on dipoles in a
whole-space are insufficient to describe dipole antennas
on a half-space boundary.  Whole-space criteria fail
because they do not take into account the interference of
space and lateral waves.  The travel time difference
between space and lateral waves increases as the angle
of observation from vertical increases, or with increas-
ing distance from the source.  The result is increased
interference and more abundant lobes with increasing
distance and observation angle.

Since GPR investigations are limited by attenuation and
many environmental and engineering targets of interest
are located within a few wavelengths of the antenna,
asymptotic solutions do not accurately describe antenna
patterns for most GPR applications.  The exclusion of
lateral waves in geometric optics solutions is another
source of error for many GPR applications.  Data were
measured over a water filled tank to verify FDTD
antenna pattern models.  Asymptotic solutions predict
H-plane peaks at an angular distance equal to the critical
angle.  Measured and modeled antenna patterns are
broader and have peaks located at a larger angular dis-
tance, than predicted from asymptotic solutions.  The
peaks approach and decrease the rate of convergence
toward the asymptotic solution with increasing distance
from the source, and data modeled over water demon-
strate that the peaks still do not converge to the asymp-
totic solution at a distance of 24 wavelengths.  The low
directivity of dipole antennas explains why out of the
plane reflections are commonly observed in GPR data.
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INTRODUCTION

Understanding the radiation pattern of dipole antennas
near a planar boundary between two semi-infinite media
has been an important subject for ground penetrating
radar (GPR) research and applications.  Sommerfeld
developed asymptotic far-field solutions for a Hertzian
dipole as early as 1909.  Norton applied Sommerfeld
theory to engineering applications dealing with the
propagation of radio waves over the surface of the earth
and in the upper atmosphere (1936, 1937a, 1937b).
Baños (1966) worked on the conductive seawater-air
interface at low frequencies in which the conduction
currents are greater than the displacement currents.
Baños, using asymptotic integral solutions, divided the
antenna pattern into three regions: 1) near-field, 2) inter-
mediate field, and 3) asymptotic far field.  The bound-
aries between these three regions are described in terms
of wavenumber ratios between the two materials.  Fur-
ther work on antennas over a half-space can be found in
many other publications (Wait, 1962; Annan, 1973;
King et al., 1974; Annan et al., 1975; Sorbello et al.,
1977; Engheta et al., 1982; Smith, 1984; Arcone, 1995).
The advent of faster computers in the 1990’s made
numerical modeling of antenna patterns feasible (Wen-
sink et al., 1990; Roberts and Daniels, 1994; Turner,
1994; Holliger and Bergmann, 1998).  

All of the asymptotic integral techniques require
assumptions to find an analytical solution.  Many of
these assumptions are not valid for GPR applications.
The targets of interest in GPR surveys are often located
in the near-field of the antenna and actual antenna pat-
terns can be significantly different than the patterns
described by asymptotic far-field solutions that include



only geometric optics (GO) terms.  Displacement cur-
rents dominate many GPR applications and solutions
based on assumptions of high conductivity are not
appropriate.  This paper investigates antenna patterns
through numerical modeling and physical measure-
ments.  Because most GPR data are collected with
antennas located on or near the ground, this paper
focuses on dipole antennas located on a half-space inter-
face.  The H-plane applies directly to the most common
mode of GPR data acquisition, in which the transmit and
receive antennas are oriented parallel to each other and
orthogonal to the survey direction (broadside mode).
An understanding of the mechanisms responsible for
producing the H-plane pattern also provides insight  into
other antenna pattern cross-sections.  It is the intent of
this paper to provide a better understanding of the phys-
ical mechanisms that produce antenna patterns.

EXPERIMENTAL SETUP AND MEASURE-
MENTS

Experiments were conducted to verify calculated results
from numerical models.  Measurements were conducted
over a fluid because it is homogeneous and because it
allowed easy movement of probing targets and antennas
in the lower half-space.  The probing target was moved
at a constant radius and thus eliminated the need for
attenuation and spreading corrections.  A 10° bow-tie
antenna located on an air-water interface (Figure 1) was
used as the antenna under test (AUT).  A cylindrical
polyethylene tank having a height of 1.2 m and a diame-
ter of 2.4 m was filled with tapwater characterized by a
relative dielectric permittivity εr = 80 and conductivity
σ = .027 S/m at 60 MHz. 

Figure 1 :  Experimental setup for measuring antenna
patterns over water filled tank.

A moveable arm constructed of PVC pipe drilled with
holes to allow water to enter the portion of the structure
that was submerged, and thus lower its radar cross sec-
tion, served as the supporting structure for the scattering

target.  The radiation pattern was determined from back-
scattering measurements, where a probing target was
used to generate the backscattered fields.  Compared to
the direct probing technique that uses a field probing
antenna, no cable is present to cause measurement error.
The probing target consisted of a thin rectangular con-
ducting plate.  The probing target orientation with
respect to the AUT was constant. This eliminated the
need for probe pattern correction except at large angles
(near interface) where the coupling between the inter-
face and probe became significant.  Measurements were
conducted with several other targets such as metallic
spheres, and metallic tape wrapped about the PVC sup-
port structure, and similar antenna pattern results were
obtained.  The conducting plate gave the strongest sig-
nal level and resulted in the best signal-to-noise ratio
among the probing targets tested.  A swept-frequency
network analyzer was used to transmit and receive the
electromagnetic signals via the AUT.  A personal com-
puter was used to record data and control the motor and
network analyzer that recorded data at 1° increments up
to 5° below the air-water interface.

The network analyzer and feed cable were calibrated by
adding a short, open, and matched load to the end of the
feed cable.  A background measurement with no target
present was later used in processing to remove scatter-
ing from the tank walls and water surface.  Range gate
was also applied to isolate interactions between the
probing target and the tank.  The data were then Fourier
transformed back into the frequency domain so that
antenna patterns could be computed for each frequency.

FINITE DIFFERENCE TIME DOMAIN MODEL-
ING

Finite difference time domain (FDTD) modeling was
performed to investigate the physical mechanisms that
produce antenna patterns for horizontal dipole antennas
located on air-ground interfaces.  An infinite line source
was used to approximate the H-plane of dipole antennas.
A Gaussian pulse was used as the excitation signal for
the line source at time = 0.  It was observed that there
are two mechanisms, the space waves (direct and
reflected) and the lateral waves.  Figure 2 shows a snap
shot of the calculated result at time = 15 ns over water
having a relative dielectric permittivity of 81 and con-
ductivity of 0 S/m.  The wavefront of the lateral wave is
inclined at an angle equal to the critical angle with
respect to the half-space interface.  For a half-space
characterized by  εr= 81 and σ = 0 S/m, the critical angle

( ) is given by   for a lossless, non-
magnetic material.  The wavefronts for the space and
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lateral waves would appear spherical and conical in
three-dimensions.
.

Figure 2:  Snap shot of the FDTD calculated fields
for an infinite line source located on an air-water inter-
face (εr= 81, σ = 0 S/m).  The wavefronts of the space
and lateral waves are clearly visible.

Figure 3 compares normalized FDTD and measured
antenna patterns at a distance equal to 2 wavelengths in
water.  The peaks of the measured and modeled patterns
agree and are observed at approximately 30°.  Construc-
tive interference between direct and lateral waves is
responsible for producing these peaks.  The side lobes
observed in the modeled data are not present in the mea-
sured data.  This discrepancy may be caused by mea-
surement error near the interface produced by strong
coupling between the probe and interface.  Figure 4
compares the pattern obtained from the FDTD simula-
tion at a distance of 8 wavelengths (solid) with that pre-
dicted from far-field asymptotic integral solutions
(dash-dot).  The asymptotic solutions represent the geo-
metric optics solution for the fields and thus does not
contain the lateral wave component.  The interference
between the direct and lateral waves gives rise to the
lobed structures in the antenna patterns and explains the
lack of side lobes in the GO solution.  The radiation
peaks predicted from the FDTD simulation slowly con-
verge and approach the 6° location predicted by the far-
field solution as distance increases (compare Figures 3
and 4).  By a distance of 24 wavelengths, the peaks are
located at approximately 15°, but still have not reached
the critical angle, as predicted by GO asymptotic solu-
tions. 

Figure 3:  Comparison of measured (solid) and FDTD
calculated (dashed-dot) normalized antenna patterns at a
distance of 2 wavelengths in water (f = 100 MHz, εr =
80, σ = .027 S/m).

Figure 4:  Comparison of GO asymptotic solution
(dashed-dot) and FDTD (solid) at a distance of 8 wave-
lengths in water (f = 100 MHz , εr = 81,  σ = 0 S/m).

The lobes in the FDTD model are caused by the interfer-
ence of the direct and lateral waves.  The number and
amplitude of lobes is determined by the relative ampli-
tude and phase difference of the direct and lateral wave
components.  The number of lobes increases with
increasing distance from the source and increased obser-
vation angle because of increased phase difference
between the direct and lateral waves under these condi-
tions (observation angle is measured from vertical and
equals at the interface). The lateral wave phase
front is characterized by kdLo + koL1 + kdL2 = constant,
and is inclined with respect to the interface by an angle
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equal to the critical angle (Figures 2 and 5), where k
denotes wavenumber.

Figure 5:  Propagation geometry for lateral waves.

Lateral waves are attenuated less than space waves in
lossy materials.  The total travel path of space waves is
confined to the lossy medium while the lateral waves
travel from the transmit antenna to the surface through
the lossy medium and then propagate in air with little
attenuation to the receive antenna.  Lateral wave ampli-
tudes are characterized by d-1/2L1

-3/2 for a point source
and show caustic behavior in the neighborhood of

 (Brekhovskikh, 1980).  This is in contrast to
guided surface waves with spreading confined to two
dimensions and thus characterized by a  spreading
factor.  Where d = lateral distance between source and
observation point and r = radial distance.  The lateral
wave is evanescent and decays exponentially away from
the interface in the upper air half-space.  Increased
attenuation of  lateral waves relative to space waves is
observed in FDTD models for lossy media.   

Figure 6:  FDTD normalized polar antenna pattern plot
at a distance of 2 wavelengths in water for εr = 81 and  σ
= 0 S/m (solid),  σ = .027 S/m (dashed) [0-180° air, 180-
360° water].

The effects of electrical properties on antenna patterns
are illustrated in Figures 6 and 7.  Figure 6 is a normal-
ized polar plot that compares antenna patterns at a dis-

tance of 2 wavelengths for water having a permittivity
of 81 and conductivities of  0 and .027 S/m respectively.
Fields radiated into the ground relative to the air weaken
with increases in subsurface conductivity.  Decreasing
the relative dielectric permittivity from 81 to 7 causes
the critical angle to increase from approximately 6° to
22°.  This results in broader main lobes as shown in Fig-
ure 7.  Radiation into the air is also reduced by increases
in the dielectric permittivity of the subsurface.

Figure 7:  FDTD normalized polar antenna pattern plot
at a distance of 2 wavelength in water for  σ = 0 S/m and
εr = 81 (solid), εr = 7 (dashed) [0-180° air, 180-360°
soil].

CONCLUSIONS
This manuscript has investigated H-plane antenna pat-
terns for horizontal dipoles located on half-space inter-
faces.  This is useful for GPR because most GPR
surveys are conducted in broadside mode with antennas
located on or near the ground.  FDTD techniques pro-
vide a useful tool to understand broad-band width GPR
antenna radiation properties as long as the distance of
interest is not too large to pose computation problems.
The measurement setup proved to be useful for deter-
mining the radiation pattern of dipole GPR antennas in
the presence of a homogeneous liquid such as water.
The measured H-plane pattern agrees well with that pre-
dicted by the FDTD model.  The FDTD model allows
for the computation of antenna patterns for materials
having different electrical properties.  Radiation into the
air relative the soil is reduced by increases in dielectric
permittivity.  The directivity of antenna patterns also
increases with increases in dielectric permittivity.

In general, GPR antenna patterns can be characterized
by the interference of space and lateral waves.  The
space wave term is the geometric optics term and is
composed of a direct wave originating at the position of
the transmit antenna and a reflected wave that appears to
originate from the image of the transmit antenna and
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modified by the Fresnel reflection coefficient. It is the
interference between these direct and lateral waves that
produces the lobes observed in antenna patterns.  The
interference of direct and lateral wavefronts is clearly
visible in FDTD models.  Because this is an interference
phenomenon, antenna patterns are a function of fre-
quency and depth of investigation.

The lateral wave can be the dominant term in lossy
materials because of its shorter travel path through the
lossy half-space compared to space waves.  The pres-
ence of  lateral waves makes it impractical to apply the
asymptotic solutions to most GPR applications.  H-
plane patterns for a dipole tend to be broader and thus
less directive in most GPR applications than predicted
by GO solutions.  The majority of H-plane energy is not
radiated directly below the antenna, but occurs to the
side.  Low directivity explains why out of the plane
reflections are commonly observed in GPR data.  This
property is useful for target detection but is not useful
for accurately locating targets.  The broad antenna pat-
terns demonstrate why migration and 3D GPR surveys
are necessary to accurately locate buried objects with
dipole antennas.
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