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Wideband Antenna With Conductive Textile
Radiators for a Dual-Sensor Subsurface Detection

System
A. Oral Salman, Member, IEEE, Emrullah Biçak, and Mehmet Sezgin

Abstract—A wideband antenna with conductive textile radia-
tors (WACTR) is investigated for a pulsed dual-sensor subsurface
detection system, which is composed of a ground penetrating
radar (GPR) sensor and an electromagnetic induction (EI) sensor.
It is demonstrated that undesired clutter of the EI sensor arising
from the metallic mass and conductivity of the GPR antenna
radiators can be removed by choosing textile material for the
antenna without degradation of the antenna’s performance. To
the best of our knowledge, this is the first application of textile
material used in antennas for such an aim. The antenna also
has a new feeding structure to excite the textile patches, which
offers a mechanically more rigid solution and a wider excitation
surface. Some measured and simulated antenna characteristics
are presented for the antenna located in the dual-sensor search
head (DSSH). The ground effects on the antenna performance are
additionally investigated as a complementary study. The detection
results of some selected targets buried in soil by means of the
proposed WACTR are presented. The targets are detected even in
the non-metallic and deep-buried cases and it is also demonstrated
that the GPR and EI sensors are complementary sensors.

Index Terms—Broadband antennas, buried object detection,
electromagnetic induction, ground penetrating radar, multi-sensor
systems, textile industry.

I. INTRODUCTION

S MART textiles or e-textiles have recently received great
interest in the areas of electronics, computer, and biomed-

ical engineering. One of the important applications of this tech-
nology is the sensing of bodily functions of a person such as
heart beat, respiration, and body temperature using wearable
or implantable textile sensors [1]–[3]. In this context a flexible
and wearable antenna is also needed to transmit data, which are
collected from the textile or any kind of sensor on the body,
to the communication center. Antennas made of textile mate-
rial are the best choice for this aim. There are numerous recent
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studies in the literature about designs and applications such as
UWB WBAN [4], Bluetooth [5] and ISM band [6], [7] applica-
tions, dual-band [8], [9], dual-polarized [10], and aperture-cou-
pled [11] textile antennas. Aerospace applications of textile an-
tennas and passive microwave textile components, in particular,
are examined in [12], [13]. Since textile antennas are made of
flexible fabric materials, the effects of antenna bending [14] and
crumpling [15], [16] and moisture [17] on the antenna perfor-
mance play a critical role. The proximity effects of a human
body are important in on-body applications of textile antennas
and are investigated in [18], [19]. Moreover, determination of
electromagnetic parameters of textile material is crucial in the
antenna design. Several techniques have been proposed for elec-
trical characterization of conductive [20], [21] and non-conduc-
tive [22] textiles.

The antennas made from textile material investigated in the
literature are commonly in planar form and can be classified in
two main groups according to the material type of their radiator
patch. A conductive textile material [1], [2], [4]–[6], [8], [10],
[11], [13], [15], [18], [21] is used as the radiator patch in the
first group. The majority of the studies about textile antennas
are addressed in this group, where purely textile antennas are
involved. In the second group, a metallic thin Cu foil [9], [12],
[14], [19], [23] is used instead of textile material as the radiator
patch. In both groups, a non-conductive textile material (i.e.,
acrylic textile, felt fabric, fleece fabric, or cloth itself) is used
as the antenna substrate. The common property of the textile
antennas in both groups is their flexibility and wearability due
to their on-body applications.

In this study, we propose to use conductive textile material in
antenna radiators on a standard FR-4 substrate for a wideband
GPR antenna used in a dual-sensor subsurface detection system
[24]–[27]. This system is composed of a pulsed ground pene-
trating radar (GPR) sensor and a pulsed electromagnetic induc-
tion (EI) sensor. The wideband GPR antenna is a well-known
planar elliptical dipole which operates in a frequency range from
645 MHz to 4.87 GHz (in the dual-sensor search head (DSSH)).
We note that the GPR antenna of the dual-sensor system has
to be mechanically strong in target detection operations,1 and
therefore flexibility of the antenna is not a requirement for this
type of application. Thus, rigid FR-4 is used as the substrate ma-
terial instead of soft non-conductive textile. An antenna of this
form can be described as a semi-textile antenna due to the usage
of textile material in its patches. In the design, a new feeding

1It is a hand-held system and an operator sweeps the dual-sensor search head
in a detection operation by swinging it.
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structure is applied to the proposed antenna to provide a me-
chanical rigidity at the feed points of the antenna and a wider in-
terconnection surface area to transfer RF signal from coax-cable
to the textile patches.

The main reason for combining two sensors in the inspec-
tion of underground objects is to obtain a better detection and
identification (discrimination) performance. In this context, the
greater the number of sensors used, the more information about
the probed object is obtained. If the information obtained from
the sensors is processed in a proper manner, identification of a
buried object can be accomplished successfully. The most pop-
ular pair of sensors in hand-held buried object inspection appli-
cations is an electromagnetic induction2 (EI) and GPR sensors
pair. In our subsurface detection system, the same pair of sen-
sors is utilized, thus providing a higher discrimination and de-
cision performance [25], [28], [29].

One important issue is the detection and identification of
metallic as well as non-metallic objects by such a dual-sensor
subsurface detection system. Metallic and non-metallic objects
can be detected by one or both of these two sensors most of
the time. While the dielectric content of a buried object is de-
tected only by using the GPR sensor, the metallic content may
be detected by using both the GPR and EI sensors. However,
there are some conditions under which only one of the sensors
can sense an underground target in a detection operation. For
example, when the amount of metallic content is absent or not
high enough for the EI sensor’s detection capability, it may not
be detected by the EI sensor, but the GPR sensor may detect the
underground object in this case. On the other hand, when the
physical dimensions of the buried object are not large enough
in terms of electromagnetic wavelength or the orientation of the
object is not proper for GPR sensing, the GPR sensor does not
detect such a buried object, even it is metallic. The EI sensor may
detect this target in this case. Such kinds of scenarios show that
the EI and GPR sensors can be considered as complementary
sensors for underground object inspection. Moreover, as men-
tioned in the paragraph above, the usage of a multi-sensor system
in subsurface detection gives an opportunity to discriminate
buried objects. For example, the EI sensor may provide the same
metallic density and the same detection signals for a metallic
target at a specific depth compared to another underground object
which has a higher metallic content and is buried deeper than the
first one. In this case, burial depths and physical dimensions can
be differentiated from GPR data of the targets and it is possible
to determine that these targets are different.

There is an important problem in the integration of these two
sensors in subsurface detection. A classical entirely metallic
(Cu) GPR antenna which has to operate very close to the coils
of the EI sensor creates a clutter for the EI sensor and prevents
detection of targets by the EI sensor. In this case, the sensitivity
of the EI sensor decreases severely. Although the problem can
be solved partly by additional hardware, it still seriously affects
the EI sensor’s sensitivity performance. Another solution to re-
move this clutter, which arises from the large metallic mass and
conductivity of the GPR antenna, is to reduce the surface area
of the antenna by designing the antenna in a notched[30] or
gridded form. When the surface notching is applied to a planar

2This sensor is sometimes called a “metal detector”.

elliptical dipole, stop-bands in the operating frequency band and
impedance mismatches may arise [31]. Similarly, the meshing
of the antenna surface reduces the antenna gain and directivity
[32]. More importantly, the notching or gridding of the antenna
surface only helps to reduce the metallic mass the antenna. How-
ever, the EI sensor is sensitive to both the metallic mass and the
conductivity of the antenna material, and the choice of textile
material as antenna radiators promises to alleviate this undesired
cluttering problem by offering reduced metallic mass and con-
ductivity at the same time.

To the best of our knowledge, this is the first application of
the usage of textile material in a wideband GPR antenna for a
dual-sensor subsurface detection system to remove the EI clutter
caused by the metallic mass and the conductivity of the antenna
material.

The outline of the paper is as follows. The properties of the
conductive textile material used for the GPR antenna are pre-
sented in Section II-A. The dual-sensor search head (DSSH)
employed for the antenna element is described in Section II-B
and the performance of the WACTR in the DSSH is presented
in Section II-C. Subsequently, the ground effects on the antenna
performance and the removal of the EI clutter are discussed in
Sections II-D and III, respectively. Finally, a detailed discussion
of target detection using the proposed antenna structure in the
dual-sensor subsurface detection system is given in Section IV.

II. THE DESIGN OF WACTR FOR THE PULSED DUAL-SENSOR

SUBSURFACE DETECTION SYSTEM

A. The Properties of the Textile Material

The first step in designing a wideband antenna with conduc-
tive textile radiators (WACTR) is the correct selection of textile
material. A good conductive textile material should have a low
and stable electrical sheet resistance3 which is less than ,
and this resistance must be homogeneous over the antenna sur-
face [5]. In our application, the fabric does not need to be flex-
ible because it is placed on an FR-4 substrate with a solid planar
surface.

There are a number of conductive textiles commercially
available in the market. We have preferred conductive polyester
woven taffeta manufactured by TECKNIT Europe Ltd as the
conductive textile material for the antenna radiators and cavity
walls of the dual-sensor search head (DSSH). The microscopic
optical view of the conductive textile material with
magnification is given in Fig. 1. As seen, the conductive textile
is made of a dense woven material where there is almost no
empty space between two neighboring meshes. The polyester
fibers are plated with . The total metallic mass of
the antenna made of the described conductive textile material
is much lower than the metallic mass of the one made of a
classical Cu material due to its rather thin metallic plating.
The sheet resistance specified by the manufacturer is typically

and the sheet thickness is , and thus
the conductivity of the textile material is , which
is approximately 300 times smaller than the conductivity of

. The effect of the electrical conductivity

3The sheet resistance is a measure of electrical resistivity of thin materials
with a uniform thickness [33]�� � ����, where � is conductivity (in S/m) and
� is sheet thickness (in m).
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Fig. 1. The microscopic optical view (with ���� magnification) of the con-
ductive textile material.

of textile material on antenna gain and field pattern has been
investigated by other researchers [12], [23], [34]. In [12], [23],
textile antennas made of a conductive fabric and solid copper
were compared experimentally and no significant reduction in
antenna performance was observed. In [34], S-parameters and
field patterns of several textile antennas with different conduc-
tivity values were simulated. It was shown that a conductivity
value of not less than is convenient for reasonable
gain and field pattern.4 We also simulated the antenna gain for
different conductivity values. Comparing the simulated antenna
gains5 of an elliptical planar WACTR and a solid Cu antenna of
the same size, the maximum difference in gain was found to be
0.6 dBi, which is not significant. These results allow us to use
this low loss and low metallic mass textile material instead of
solid metallic material (Cu) in the design of the proposed GPR
antenna without reducing the performance of the antenna.

The given properties of the conductive textile material
above offer a reduction in the metallic mass and the conduc-
tivity, which is necessary for removing the EI clutter from the
dual-sensor subsurface detection system (this topic will be
discussed in Section III in detail).

B. The Dual-Sensor Search Head (DSSH)

Having discussed the properties of the textile material,
we now present a description of the dual-sensor search head
(DSSH), which contains the wideband GPR antenna with
conductive textile radiator (WACTR). Note that the GPR sensor
requires a wideband antenna to send a short pulse signal to
the underground target and the antenna has to provide low
frequency components as well as high frequency ones for better
penetration into the ground.

In this study, a linearly polarized elliptical planar dipole an-
tenna on an FR-4 substrate is chosen as the wideband antenna
element for the GPR sensor. This antenna structure is very well-
known in the literature [31], [35]–[37]. So, we will not give a full
description of the antenna element; instead some necessary tips
for the design will be given and, in particular, the performance
of the antenna in DHSS will be described in the next section.
If more details about the planar elliptical dipole antenna are re-
quired, readers can refer to the references given above.

The planar structure of the antenna is crucial in this applica-
tion because the antenna is required to have a negligible height

4Our textile material meets this criterion.
5The graphical results of the simulations are not given here due to lack of

space.

in the DSSH as depicted in Fig. 2. As shown in Fig. 2(a), the
GPR antenna with conductive textile radiators consists of a re-
ceiver (Rx) antenna and a transmitter (Tx) antenna, which are
completely identical. The distance between the Tx and Rx an-
tennas is 145 mm, which is measured from the centers of the
two antennas. The coils of the EI sensor are embedded into the
frame of the DSSH. Note that the plastic bottom cover is not
shown in the figure, and the details of the EI sensor are not pre-
sented here because it is out of the scope of this article.

A detailed sketch of the individual parts of the antenna with
dimensions (in mm) is shown in Fig. 2(b). The elliptical radia-
tors of the antennas are made of conductive textiles whose prop-
erties were explained in the previous section. The dielectric sub-
strate of the antenna is an FR-4 with
1.6 mm thickness. The axial ratio, which is the ratio of major to
minor axes of an ellipse, is chosen as 1.5. This optimum value
was reported in [35] as giving the best antenna matching and
gain. The conductive textile radiators are attached to the sub-
strate with two-sided Scotch tape. The outer case of the DSSH
is made of plastic. Each WACTR is placed on a cavity. The cavity
is constructed from the same conductive textile material, which
is also attached using two-sided Scotch tape to the inner wall of
the DSSH plastic case. The conductive textile cavity is connected
to the ground electrically by a standard electric cable. An LS-24
[38] absorber layer produced by Emerson & Cuming is within
the cavity and underneath the patches. The cavity along with the
absorber in the DSSH has several important functions. The first
one is to decrease the back-lobe level of the antenna, which may
cause false detections from the upper hemisphere of the DSSH.
The second one is to reduce the coupling between the receiver
and the transmitter antennas, which is a requirement for a GPR
system. Another important function is to protect the operator and
the RF circuitry of the system from the high power of the short
pulse.6 The absorber layer additionally reduces the ringing ef-
fect occurring between the cavity walls and the antenna.

The details of the antenna feed can also be seen in Fig. 2(a).
We remark that the feeding structure of the antenna employed
here is new. The textile material of the antenna is electrically
connected to the feeding using a bolt, a nut, and a washer (see
front view in Fig. 2(a). The bolt and nut are attached to a stripline
via an intermediate conductor strip (see back view in Fig. 2(a).
This stripline connects coaxial cable to the intermediate con-
ductor strip. The advantage of this feeding type is the rigidity
of the connection between the textile material and the coaxial
cable. It is a more solid solution than soldering or adhering
coaxial cable directly to the textile material. The pressure be-
tween washer and textile material is fixed at the same level
by means of a torque limited wrench to tighten up the bolt.
Moreover, an electrical connection through a wider surface is
supplied using the washer. Also note that the bolts, nuts, and
washers used here are made from inox, which is a specific stain-
less steel alloy composed of carbon steel and chromium.

C. The Performance of the WACTR in the DSSH

To give the reader some key points of the GPR antenna de-
sign, we now assess the performance of the WACTR located in

6The device was tested in the operational mode according to EMC standard
rules [39] and it passed successfully.
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Fig. 2. (a) Photographic view of the WACTR (Tx and Rx), which are connected
to the DSSH (b) a detailed sketch of the individual parts of the antenna with
dimensions (in mm).

Fig. 3. The measured (——) and simulated (— — —) SWR curves of the
WACTR in free space and in the DDSH.

the dual-sensor search head (DSSH) in the light of the measured
and simulated results. The corresponding free-space results are
also given for comparison to demonstrate the improvement of

Fig. 4. The E-plane (� � � plane) measured ��� and simulated (— —) nor-
malized �� field patterns of WACTR (a) in free space and (b) in the DSSH at
1 GHz.

antenna performance in the DSSH, that is, better matching and
gain, the back-lobe reduction in antenna pattern, and the reduc-
tion of the coupling between Tx and Rx antennas in DSSH,
which are the crucial points for a GPR antenna of a subsurface
sensing system.

The measured and simulated7 SWR curves of the proposed
WACTR in free space and in the DSSH are displayed in
Fig. 3. For the antenna in free-space, the operating frequency
band8 occurs between 928 MHz and 4750 MHz.
On the other hand, the lower operating frequency of the antenna
in the DSSH is 645 MHz, which is 283 MHz lower than that
of the antenna in free-space. Comparing SWR characteristics
of the antennas in free space and in the DSSH, the bandwidth
ratios9 are 5.12 and 7.55, respectively. That is, the bandwidth
increases as the lower edge of the operating band shifts to the
lower frequencies. This is because the antenna matching is
improved by placing the antenna in the absorber and cavity.

To demonstrate the back-lobe reduction of the antenna in the
DSSH, the E-plane ( plane) measured and simulated nor-
malized field patterns of the WACTR in free space and in the
DSSH at 1 GHz are shown in Fig. 4. It can be seen that there is a
good match between the simulated and measured patterns. The
antenna has a wide pattern giving 85 and 98 half power beam
widths for the antenna in free space and in the DSSH, respec-
tively. Thus the pattern of the antenna in the DSSH widens by
approximately 15% compared to the antenna in free space. As
expected, the back-lobe of the antenna decreases to for
the antenna placed within the absorber and the cavity as com-
pared to the free-space case. This result agrees with the role of
the absorber and cavity, which were explained in the previous
section.

The H-plane ( plane) patterns of the antenna in the DSSH
were also measured (not given in the text due to lack of space)
and it is observed that the H-plane patterns are very similar to
the E-plane patterns (i.e., in Fig. 4(b) but a little narrower than
E-plane patterns due to the geometry of the antenna (a larger

7All simulations presented in the paper were performed using CST Mi-
crowave Studio.

8It is noted that the electrical length of the minor axis of the planar ellip-
tical dipole antenna is critical to achieve such a bandwidth. Schantz reported in
[35]–[37] that the minor axis is predicted to be approximately �����, where �
is the wavelength of the lower operating frequency of the elliptical dipole. In
our application, the minor axis length is almost �����, which is very close to
that prediction.

9This is the ratio of upper to lower operating frequencies.
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Fig. 5. The measured (—�—) and simulated (— —) gains of the WACTR in
free space and in the DSSH.

aperture in the H-plane with reference to the dimensions of the
antenna given in Fig. 2(b).

In addition, the gain of the WACTR was measured using the
three-antennas method.10 The measured and simulated gains of
the antenna in free space and in the DSSH are displayed in
Fig. 5. The measured maximum gains are 3.54 dBi and 4.32 dBi,
respectively. As can be seen from the results, the WACTR in the
search head has more broadband as well as higher gain charac-
teristics as compared to the antenna in free space.

The simulated current distributions can be useful to explain
the radiation mechanism and the behavior of WACTR in the
DSSH, which are displayed in Fig. 6(b) for several frequencies
(on the gray magnitude scale and in vector form). The corre-
sponding simulated current distributions in free space are also
given in Fig. 6(a) for comparison. It can be observed that the cur-
rent magnitude level is generally higher along the edges of the
radiators and at the feed points of the antenna. For the frequen-
cies below 3 GHz, the current is homogeneously distributed over
the conductive textile patches; all parts of the textile radiators
contribute radiation intensely. The current also has the highest
level for the lower frequency range, where the gain has a higher
profile as well (see the gain curves in Fig. 5 for comparison).
However, the current is not homogeneously distributed over the
antenna radiators and is low-level above 3 GHz. Some parts
of the radiators hardly contribute to the radiation at all in the
upper frequency band, which corresponds to the low-gain re-
gion (Fig. 5).

It can be observed from Fig. 6(b) (for WACTR in the DSSH)
that the outer part of the radiators (i.e., the cavity walls made of
the same conductive textile material) has a current distribution
as well. The current arrows can also be seen at the side walls of
the cavity. The more the frequency increases, the more the mag-
nitude of the current on the cavity decreases. This is because the
absorber (invisible in Fig. 6(b) is not thick enough to absorb all
electromagnetic energy at the lower frequencies. Moreover, the
lowest operation frequency of the LS-24 absorber recommended

10An EMCO 3115 double ridged horn antenna was used as the standard an-
tenna, of which gain is known and the operational frequency range is between
1 GHz and 18 GHz.

Fig. 6. The simulated current distribution (in magnitude and direction) of the
WACTR (a) in free space and (b) in the DSSH for several frequencies.

Fig. 7. The measured (——) and simulated (— —) coupling between Rx and
Tx WACTRs in free space and in the DSSH for the coupling distance of 145 mm.

by the manufacturer is 1 GHz [38]. The magnitude of the cur-
rent on the cavity is lower than that on the antenna radiators
due to the absorber layer between the antenna and the cavity.
When the current distributions over the antennas at a fixed fre-
quency are compared for both cases (in free space and in the
DSSH, Figs. 6(a) and 6(b) respectively), it is observed that the
existence of the cavity along with the absorber does not signifi-
cantly affect the current distribution on the patches.

The coupling between Tx and Rx antennas is another impor-
tant issue for the GPR system. High coupling causes difficulty in
sensing the targets and thus results in clutter. The measured and
simulated couplings between Rx and Tx WACTRs (in free space
and in the DSSH) are given in Fig. 7, where the coupling dis-
tance (center-to-center distance between Tx and Rx antennas)
is 145 mm. As seen in the figure, the coupling is decreased by
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Fig. 8. The measured (a) return loss, (b) coupling between Tx and Rx WACTRs, and (c) simulated gain in free space and 5 cm above the soil.

placing the WACTRs in the DSSH, and as a result, a low cou-
pling between Tx and Rx WACTRs is achieved. This is a desired
decrease in coupling and varies between 5 dB and 30 dB with
respect to the frequency depending on antenna gain.

D. The Effects of the Ground on Antenna Performance

For a hand-held subsurface sensing system, when the operator
sweeps the dual-sensor search head (DSSH) in the vicinity of the
ground, the GPR antenna is forced to operate in the presence of
the ground. So, the possible effect of the ground on the antenna
performance becomes critical and needs to be investigated as
well. For this purpose, the corresponding measurements were
performed in the test site. The electromagnetic properties of the
soil in which the target was buried are presumed to be ,

(on average over a 0.6–2.2 GHz band), and
[40].

In this group of measurements, return loss and coupling be-
tween Tx and Rx WACTRs located in the DSSH was measured
while the search head was 5 cm above the soil surface. The mea-
surements when there is no soil close to the DSSH are also in-
cluded here for comparison. It can be observed from the results
in Figs. 8(a) and 8(b) that the return loss and the coupling be-
tween Tx and Rx WACTRs both increase to some degree when
the antenna approaches the soil. The reason for this increase in
return loss and coupling can be explained by the reflection of
electromagnetic waves from the soil. Hence, the proximity of
the ground to the antenna makes return loss and coupling pa-
rameters worse.

It is not possible to measure antenna patterns and gains when
the soil is close to the antenna because the antenna beam faces to
the ground. Thus, only simulations for these antenna parameters
were performed and the simulated gain curves of the antenna
in free space and 5 cm above the soil are given in Fig. 8(c).
Although the measured return loss and coupling parameters get
worse, the antenna gain improves remarkably in proximity to
the ground, achieving almost 3 dB enhancement compared to
the average over the band of interest.

III. THE PREVENTION OF THE ELECTROMAGNETIC INDUCTION

(EI) CLUTTER

As mentioned in the Introduction, the main aim of this study is
to design an antenna for the GPR sensor of a pulsed dual-sensor
subsurface detection system where the antenna does not create
clutter for the electromagnetic induction (EI) sensor. This is

Fig. 9. The solid Cu (up) and gridded Cu (down) GPR antennas which are the
same size as the WACTR given in Fig. 2(a). The antennas are shown out of the
DSSH.

Fig. 10. The electromagnetic induction (EI) sensor detection signals of Target
#1 (see Table I) when (a) the WACTR (b) the gridded Cu of the same size, and
(c) solid Cu antennas are used as the GPR antenna, respectively.

achieved by choosing conductive textile as the antenna material
with a reduced metallic mass and conductivity. To demonstrate
the capability of the proposed antenna in avoiding clutter, the EI
detection signals of a target will be compared when the WACTR
(Fig. 2(a)) and solid Cu antenna of the same size (Fig. 9, upper
antenna) are used as the GPR antenna, respectively. The target
used in the measurement involves a small metallic content and
is named Target #1 (see Table I). The EI detection signals of
the target when each antenna is connected to the system are dis-
played in Figs. 10(a) and 10(c). In the graphs, the vertical axes
represent the detection signal strength and the horizontal axes
represent the movement direction index; both are in arbitrary
units. The length and the total area of the dark region in the
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TABLE I
THE REPRESENTATIVE TARGETS AND BURIAL DEPTHS

graphs depend on the metallic mass, conductivity, shape, burial
depth, and orientation of the target. It can be seen from Fig. 10(a)
that Target #1 is rather easily detected by the EI sensor without
parasitic coupling of the GPR antenna when WACTR, which
is made of conductive textile radiators, is used as the GPR an-
tenna. However, the EI sensor detection signal level increases
tremendously when the solid Cu antenna is connected to the
GPR sensor (Fig. 10(c)). The detection signal of Target #1 is
shadowed and it is not possible to detect the target by means of
the solid Cu antenna. Actually, this is a false detection signal
generated entirely because of the highly metallic mass and con-
ductivity of the Cu material of the antenna.

Does gridding of the metallic antenna surface help to over-
come this cluttering problem, providing only a reduced metallic
mass? For this aim, a gridded Cu antenna (Fig. 9, lower antenna)
was fabricated. In this antenna structure, approximately 40% of
the metallic content was removed from its surface. The EI sensor
detection signal of Target #1 was also obtained after the gridded
antenna was connected to the system as the GPR antenna and it
is shown in Fig. 10(b). This measurement shows that the clutter
signal level is reduced to some degree; however the reduction is
still insufficient to obtain a clear detection signal like the one ob-
tained from WACTR as shown in Fig. 10(a). Moreover, the gain
of the gridded antenna is reduced by around 2 dBi compared
with the solid one.11 If one attempts to reduce the surface area
of the gridded Cu antenna further, the gain will also decrease
and the antenna will become a very low-gain antenna, showing
that this is an impractical method. In this manner, the gridding
process of a solid Cu antenna surface is not as efficient as the
use of textile radiators in antenna and does not help to overcome
the EI cluttering problem.

As a result, the reduced metallic mass along with the reduced
conductivity of the conductive textile material allows us to use

11The decrease in the gain of the WACTR was only 0.6 dBi, which is not
significant.

Fig. 11. The pulse signal delivered to the WACTR.

the WACTR as the GPR antenna of the dual-sensor system in-
stead of the solid or gridded Cu antenna. The inner surface of
the cavity walls is also covered with the same conductive textile
material for the same reason. That is, the textile-made cavity
does not generate clutter for the EI sensor as compared to the
case of the Cu-made cavity.

IV. THE TARGET DETECTION

We now present some target detection examples while the
proposed WACTR are located in the search head along with
the coils of the EI sensor, which is employed for subsurface
detection. In Fig. 11 the pulse signal delivered to the WACTR
is depicted.

The detection results of representative targets are given in
Fig. 12, where the raw GPR data, the processed GPR images
(buried object spatial signatures),12 and the detection signals
(in a.u.) of the GPR and the EI sensors are shown in the first
to fourth rows, respectively. The horizontal and vertical axes
of the GPR images are both in arbitrary units and represent the
movement direction index and the depth index, respectively.
The physical properties and burial depths of the targets are
given in Table I. The targets, which are surrogates of real
land-mines and triggers, were buried in the test field composed
of soil with electromagnetic parameters of , ,
and [40], which are the same values as those used
in Section III.

It can be observed from Figs. 12(a)–12(c) that the GPR spa-
tial signatures of the buried objects were made visible via the
proposed WACTR, even for Target #4, which is an entirely di-
electric cylinder with a large burial depth (20 cm). Note that all
of those targets are detected by the EI sensor as well due to their
metallic content.

As discussed in the Introduction, for some kinds of targets,
one of the sensors may not give a response while the other one
may. Two examples are given to demonstrate this situation in
Figs. 12(d) and 12(e), for Targets #4 and #5, respectively. No
response is obtained by the EI sensor from Target #4, which is
entirely dielectric, due to its non-metallic structure, while the
GPR sensor gives a detection signal and image for this target.
Similarly, for Target #5, which is a very thin metallic triggering
mechanism, the GPR sensor does not give a detection signal or

12To obtain the buried object spatial signatures, the background subtraction
method [30] is used.
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Fig. 12. The raw GPR images (first row), the processed GPR images (second row), the GPR sensor detection signals (third row), and the EI sensor detection
signals (fourth row) of the representative Targets (a) # 1 (b) # 2 (c) # 3 (d) # 4 (e) # 5.

image because of the target’s orientation, even though it has a
metallic structure; on the other hand, the EI sensor obtains a de-
tection signal from the same target. Those two examples demon-
strate that the two sensors operate as complementary sensors.

The GPR images and the detection signals of the targets given
in the second and the third rows of Fig. 12 show that the pro-
posed WACTRs exhibit a good performance in the GPR sensor.
Moreover, as discussed previously, the EI sensor works properly
and the GPR antenna does not mask the EI sensor’s detection
signal by means of the conductive textile material used in the
GPR antenna (and also as the covering material of the inner sur-
face of the cavity), which has low loss and low metallic mass.

V. SUMMARY AND CONCLUSIONS

A wideband antenna with conductive textile radiators
(WACTR) has been proposed for a dual-sensor subsurface
detection system composed of pulsed GPR and EI sensors. The
most challenging problem of a combined GPR and EI sensor
subsurface detection system is the EI clutter arising from the
metallic mass and conductivity of the GPR antenna. In our
study, this clutter is overcome by replacing conventional solid
(or gridded) Cu material of the antenna with a conductive textile

material without reducing the performance of the antenna sig-
nificantly. The measurements demonstrated that the EI sensor
signal is not masked by the conductive textile material of the
antenna due to its reduced mass as well as reduced conductivity.

The antenna used in the dual-sensor search head (DSSH) is
a linearly polarized planar elliptical dipole with conductive tex-
tile patches. In the DSSH, the antenna is inserted in a cavity also
made from the same conductive textile material to prevent the
clutter. There is an absorber layer inserted between the antenna
and the cavity. The cavity along with the absorber reduces the
back-lobe level of the antenna, thus preventing possible false de-
tections from the upper hemisphere and protecting the operator
and RF circuitry from a possible high power effect of the short
pulse. The absorber layer is additionally responsible for allevi-
ating the ringing effect.

Some antenna characteristics were measured and compared
with the simulated data. The corresponding measurements
and simulations show that the antenna performance, that is,
increased bandwidth, gain, and operational frequency band
and decreased coupling between the Rx and Tx antennas, is
improved by inserting the antenna in the DSSH as compared to
the case in free space.
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The introduced feeding style of the antenna is also new. A
bolt, a nut, and a washer made from inox were used in the
feeding structure of the antenna, which can easily be imple-
mented by means of a torque limited wrench. Such a feeding
structure is mechanically stronger than the classical method of
soldering or adhering cables directly to the textile material of
the antenna, and it provides a wider excitation surface.

Considering the simulated current distributions of the an-
tenna, the current magnitude level is higher along the edges
and at the feeding points of the antenna. Also, the current is
homogeneously distributed for the frequencies lower than 3
GHz, which corresponds to the high-gain region. In addition,
the current distributions on the textile cavity show that the
current magnitude level increases with decreasing frequency
due to the rather poor performance of the absorber layer at
low frequencies. The existence of the absorber and cavity,
on the other hand, does not significantly change the current
distribution on the radiators of the antenna.

The performance of the WACTR was also tested in a real test
site and satisfactory results were obtained. In those tests, rep-
resentative targets buried in soil could be detected even in non-
metallic and deep burial cases. It was also demonstrated that the
EI and GPR sensors are complementary and using them together
provides a higher discrimination and decision performance.

It was observed that the proximity of the antenna to the
ground changes the antenna parameters to some degree. While
the return loss and coupling worsen, antenna gain is improved
by the presence of the soil.

As a result, the proposed WACTRs have been applied suc-
cessfully to the pulsed dual-sensor subsurface detection system
by overcoming the EI clutter.
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