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Abstract—The Ground Penetrating Radar (GPR) technique

finds immense applications in civil engineering today, as the

most suitable approach for non-destructive testing of pave-

ments, highways, concrete structures, and more. The major

challenge in carrying out a GPR evaluation is that the proper-

ties of the probed medium are usually unknown. The permit-

tivity and conductivity of the medium may vary from those of

air to water. The electromagnetic waves also have a frequency

dependent attenuation. The ability of GPR to detect signals

reflected and scattered by the targets largely depends upon the

antenna performance. This paper studies a novel 11:1 wide-

band loop bowtie antenna with very good radiation properties

in the entire operating bandwidth. Synthetic and experimen-

tal results are presented for the return loss and gain of the

antenna. Furthermore, experimental results are presented for

the radiation patterns in the E- and H-plane. We also used the

antenna to measure B-scans over two different pipes, a bam-

boo, and a reinforced concrete structure. All results obtained

with the proposed antenna have been compared with results

obtained by using a RC loaded antenna. It has been found

that the loop bowtie antenna has excellent detection capabil-

ity and produces less clutter. The loop loading technique can

be applied to existing antennas for improved GPR imaging.

This will improve the detectability of GPR by improving the

target return signal.

Keywords—antenna, Ground Penetrating Radar, imaging, UHF,

UWB.

1. Introduction

Ground Penetrating Radar (GPR) is used in civil engineer-

ing for non-destructive testing (NDT) of pavements, roads,

bridges, tunnels, and more [1]. It can also be used for

rebar detection in concrete [2]. More recent and advanced

applications include detecting corrosion of rebar due to

contamination by water and salt [3]. Moreover, GPR is

a powerful technique in archeological surveys for mapping

buried artifacts [4]. In the defense sector, GPR is exten-

sively used for landmine detection [5]. The main objective

of GPR is to image subsurface targets or layers for a qual-

itative analysis. The produced data can also be used for

a quantitative study of electromagnetic properties of the

medium and targets.

The depth at which a GPR can probe, depends upon the

electromagnetic properties of the soil. Depending upon the

wetness condition and other composition of the soil, the

permittivity and conductivity can vary in a wide range [6].

In a GPR system, the signals hitting the target and reflecting

to the antenna undergoes a frequency dependent attenuation

owing to the electrical conductivity of the medium. This is

in addition to the loss, which is proportional to the square

of the distance. The reflected amplitude is further deter-

mined by the electric permittivity of the medium and the

target. The reflected amplitude is too small if the permit-

tivity contrast of target and the medium is small. A deep

probing requires a low frequency signal, that penetrates

without much attenuation. For high-resolution imaging,

a large bandwidth is required. Obtaining ultra-wide band-

width at sub-gigahertz frequencies is a challenging task for

GPR antenna designers. High frequency signals are highly

attenuated as skin depth is inversely proportional to the

square root of frequency. So, most GPRs are designed for

sub-gigahertz frequencies. But, the bandwidth has to be

large enough to get a high-resolution image of the target.

A moderate gain is also desired to meet the link budget re-

quirements. Size of the antenna is also an important factor

as the GPR system has to be portable.

Bowtie antennas are most widely used in GPR due to wide

impedance matching and radiation properties [1]. These

antennas are mostly useful only in a 4:1 bandwidth. Be-

yond that, there is a reduction in boresight gain. Many GPR

systems use resistive loaded bowtie antennas to reduce the

size and for increased bandwidth, thus sacrificing the gain

and efficiency. This is a major drawback. Bowtie antennas

can be loaded with lumped resistors to attenuate the cur-

rent at the antenna end to suppress the reflections. This

will result in a large bandwidth and good pulse radiating

ability. Another approach is to provide a continuous load-

ing profile that increases towards the antenna end, which is

found to be very good for pulse radiation. Many designs of

resistive loaded bowtie antennas are available in the litera-

ture [7]–[9].

In this paper, we examine the detection capabilities of RC

loaded bowtie and a novel loop loaded bowtie in an ex-

perimental GPR setup. RC loaded bowtie antenna having
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a 10:1 bandwidth (0.3–3 GHz) had been designed by the

authors [10]. The loop-loaded bowtie antennas has been

recently designed by the authors [11]. The antenna has

a 11:1 impedance bandwidth (0.5–5.5 GHz) without ap-

plying any kind of resistive loading. It has a very good

gain and efficiency in the entire band. A stable radiation

pattern has been obtained throughout the band. The mea-

sured results are interesting. Loading the bowtie antenna

with a loop is an excellent way to confine the near field of

the emitter.

A brief description of the considered antennas is given in

Section 2. Simulated and measured parameters are pre-

sented and discussed in Section 3. Experimental results of

GPR survey are given in Section 4. Section 5 concludes

the work.

2. Description of the Antennas

Two types of antennas are considered and compared in this

paper. The first is a RC loaded bowtie and the second one is

a loop loaded bowtie. The design and optimization of these

antennas were carried out by using a commercial electro-

magnetic simulation software CST Microwave Studio.

2.1. RC Loaded Bowtie Antenna

The RC loaded bowtie antenna is designed for the

300 MHz – 3 GHz frequency range, as described in [10].

It is constituted by two half-ellipses. Periodic slots are

cut on the antenna arms, which act as capacitive loading.

A graphite sheet of 1 mm thickness is placed over each

arm to provide a resistive loading. The combined resistive-

capacitive loading enhances the bandwidth while maintain-

ing the compact size 30× 23 cm. The antenna is fed us-

ing a vertical microstrip to parallel stripline transition. The

dimensions with reference to Fig. 1 are: W = 220 mm,

L = 286 mm, g = 1.5 mm on FR4 substrate (relative per-

mittivity 4.4) of dimensions 300× 230 mm and thickness

1.5 mm (Fig. 3a).

Fig. 1. Geometry of RC bowtie antenna.

2.2. Loop Loaded Bowtie Antenna

The geometry of the loop loaded bowtie antenna is de-

picted in Fig. 2. This antenna does not require any kind

Fig. 2. Geometry of loop bowtie antenna.

of dissipative loading. Each bowtie arm is etched on ei-

ther side of the substrate. One of the arm is fed with

a simple microstrip feed, while the other arm on the op-

posite side acts as ground plane. The overall size of the

antenna is 23× 23 cm. The dimensions with reference to

Fig. 2 are: W = 230 mm, Lb = 172 mm, R = 196 mm,

g = 1.5 mm. FR4 glass epoxy substrate (relative permit-

tivity 4.4) with thickness 1.6 mm has been chosen for the

design (Fig. 3b).

Fig. 3. RC bowtie antenna (a) and loop bowtie antenna (b).
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3. Simulation and Measurement of

Antenna Parameters

Simulations were carried out by using the time-domain

solver, based on the Finite Integration Technique (FIT),

implemented in CST Microwave Studio. The meshing pa-

rameters were properly chosen, to represent correctly the

smallest features of the antenna geometry. In particular,

we applied the following rules of thumb: the largest mesh

cells must be at least λ

10
at the highest frequency of sim-

ulation. The lower mesh limit must be appropriate for the

modeling of the smallest dimensions of the geometry. The

vacuum bounding box surrounding the antenna must be at

a distance of λ

4
at the lowest frequency of interest.

3.1. Bandwidth

Figure 4 shows the simulated and measured magnitude of

the S11 parameter for the RC bowtie. The graph indicates

a 10 dB return loss in the frequency range 0.3–3 GHz, for

a good impedance match with a 50 Ω feed. The bandwidth

is 2.7 GHz. Figure 5 shows the magnitude of the S11 pa-

rameter for the loop bowtie. The impedance bandwidth, as

can be observed from the figure, is centered on 3 GHz and

in the 0.5–5.5 GHz interval. This corresponds to a 11:1

bandwidth.

Fig. 4. Measured |S11| vs. frequency of RC bowtie.

Fig. 5. Measured |S11| vs. frequency of loop bowtie.

3.2. Realized Gain

The realized gain was measured by exploiting a method

based on Friis transmission formula and by using two iden-

tical antennas as outlined in [12]. The measured gain of

the two antennas is plotted in Fig. 6. The gain of the RC

loaded bowtie decreases considerably after 1.25 GHz. This

is a drawback of the bowtie antenna – the forward gain

drastically reduces after a two-octave bandwidth. The loop

bowtie has a positive gain in the entire bandwidth, around

an average value of 3.13 dBi. The reflected fields from the

ring around the bowtie reach the center with the same phase

and this significantly improves the forward gain throughout

the operating frequency band. The peak gain is also higher

compared to the RC bowtie.

Fig. 6. Realized gain vs. frequency.

The characteristics of the two antennas are summarized in

Table 1.

Table 1

Summary of antenna characteristics

Antenna
Bandwidth

Peak Average

type gain gain

RC loaded bowtie 0.3–3 GHz 3.6 dBi –2.8 dBi

Loop bowtie 0.5–5.5 GHz 5.2 dBi 3.13 dBi

3.3. Radiation Pattern

Radiation pattern measurements were carried out in out-

door environment. The measured radiation patterns of the

RC bowtie antenna, in the E and H planes, at two repre-

sentative frequencies (1 and 2.5 GHz) are shown in Fig. 7.

The pattern is close to a “figure of 8” in the E-plane and

omni-directional in the H-plane, at lower frequencies. One

can observe the sharp null in the boresight at 2.5 GHz.

The measured radiation patterns of the loop bowtie at the

designated frequencies are presented in Fig. 8. Boresight

radiation has been significantly improved at 2.5 GHz, due

to the loop.
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Fig. 7. E-plane and H-plane radiation pattern of RC bowtie at: (a) 1 GHz and (b) 2.5 GHz.

Fig. 8. E-plane and H-plane radiation pattern of loop bowtie at: (a) 1 GHz and (b) 2.5 GHz.

4. Results of GPR Experiments

Our experimental GPR comprises a portable Vector Net-

work Analyzer (VNA) and a single antenna for transmis-

sion and reception of signals. The antenna is used without

any reflector. The photograph of the setup is shown in

Fig. 9. The transmitting/receiving antenna is connected to

port 1 of the VNA. The frequency is swept from 300 MHz

to 3 GHz, in steps of 4.5 MHz. Complex reflection coeffi-

cient data are acquired at a spatial interval of 2 cm, along

a horizontal line. Each instance of measurement is called

one A-scan. Inverse Fourier transform of the collected fre-

quency domain data gives the time domain data. Ensemble

of A-scans along a line gives the B-scan image of the target.

The clutter in the image is removed by a simple averaging

procedure, as outlined in [13].

To compare the performance of the antennas, GPR surveys

were carried out to detect four types of targets:

1. a brass pipe of diameter 2.54 cm,

2. a galvanized iron pipe of diameter 5.08 cm,

3. a dry bamboo of diameter 7 cm and,

4. reinforcement bars inside concrete.

The depth of the target is about 40 cm from the antenna in

the first three cases. In the fourth experiment, the depth of Fig. 9. Photograph of the experimental GPR.
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Fig. 10. Color (a) and gray scale GPR images of brass pipe (b). (See color pictures online at www.nit.eu/publications/journal-jtit)

Fig. 11. Color (a) and gray scale GPR images of galvanized iron pipe (b).
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Fig. 12. Color (a) and gray scale GPR images of dry bamboo (b).

Fig. 13. Color (a) and gray scale GPR images of reinforcement bars in concrete (b).
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the rebar and the distance between the bars are not known

to us. Due to the fact that the bowtie antenna is linearly

polarized, the antenna axis is aligned with the target to

maximize the return signal.

Let us start with results obtained in the first experiment,

i.e. when the target was a brass pipe. Figure 10 shows the

GPR images in color and gray scale. The target is located

at the apex of the hyperbola, about 50 cm on the horizontal

axis. It can be seen that the image produced by the loop

bowtie is sharper and more clutter free, compared to that

produced by the RC bowtie.

In the second experiment, the target was a galvanized iron

pipe of diameter 5.08 cm. Figure 11 shows the detected im-

age of the pipe. In this case, too, a better image is obtained

with the loop bowtie compared to the RC bowtie.

In the third experiment, the target was a dry bamboo. The

GPR images are shown in Fig. 12. In the previous cases,

the targets were metallic, hence reflections from the targets

were high. But, in this case, there is a dielectric target

and the dielectric contrast between the target and the sur-

rounding medium is smaller. So, the reflections from the

target are rather weak. From the figure, it is observed that

RC bowtie could not produce an image of the target. Even

in this case, the image produced by loop bowtie has been

exemplary. So, a potential application of the loop bowtie

antenna may be in detection of non-metallic landmines.

In the fourth experiment, a GPR survey of concrete roof

was conducted in order to detect the rebar inside. The

image obtained is shown in Fig. 13. The reinforcement bars

separated by a distance of about 25 cm are visible in the

image. In the case of the RC bowtie, there are multiple hy-

perbolas below the actual location of rebar. With the loop

bowtie, those clutters are not much visible in the image.

5. Conclusion

The performance of two types of antennas for GPR: a RC

loaded bowtie and a novel loop bowtie, has been experi-

mentally studied and compared. GPR images produced by

the loop loaded antenna turned out to be better than those

produced by the RC loaded bowtie, for all the test targets

considered. The loop loading technique can be employed in

existing antennas also, to enhance the radiation properties.

The results presented in this paper emphasize the role of

efficient antennas for improved GPR detection capability.

This also signifies the importance of more research required

to design efficient ultra-wideband antennas at sub-gigaherz

frequencies, for GPR and similar applications.
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