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Chapter

Detection of Underground Water 
by Using GPR
Dalia N. Elsheakh and Esmat A. Abdallah

Abstract

Water is the human vital requirement for life; in these days, decreasing of the 
fresh water increases the importance of the aquifer water. However, Upper Egypt 
is higher than north Egypt, so the water map continually changes daily, and the 
aquifer water is deeper than 10 m. The ground penetrating radar (GPR) system is 
used for underground water detection. GPR is a promising technology to detect and 
identify aquifer water or nonmetallic mines. One of the most serious components 
for the performance of GPR is the antenna system. The technology of the remote 
sensing and radar is rapidly developing, and it has led to the ultra-wideband 
electronic systems. All of these factors, such as miniaturized, low cost, possible 
compromise solution between depth and resolution, scanning in real time, easy 
to interpret, and decreased the false alarm, are important in designing the ground 
penetrating system. The electrical properties of the sand and fresh water layers are 
investigated using laboratory measurement and EM simulation. Different types 
of antenna may be used in GPR to operate over a frequency range for different 
penetration depth. Frequency-modulated continuous wave is also used for GPR and 
for through-the-wall applications. However, most of these kinds of antennas are 
limited by their large volume for certain applications. Therefore, a compact Vivaldi 
antenna with EBG and a compact planar printed quasi-Yagi antenna with mean-
dered ground plane are designed to fulfill all above requirement.

Keywords: high-frequency structure simulator (HFSS), Yagi antenna, Vivaldi antenna, 
ultra-wideband (UWB), ground-penetrating radar (GPR), water detection,  
printed antenna, reflection coefficient, phase

1. Introduction

After the year 2002, ultra-wideband (UWB) systems have gained popularity 
mainly when the US Department of Federal Communications Commission (FCC) 
allocated a license-free spectrum for industrial and scientific purposes. FCC is 
doing the greatest step in opening new doors of researches for UWB in the field of 
wireless communications and microwave imaging [1, 2]. UWB device is defined 
as any device operating in absolute bandwidth greater than 500 MHz or fractional 
bandwidth greater than 0.2 of central frequency [3]. The frequency band ranges of 
UWB extended from 3.1 to 10.6 GHz that have expected the applications in the fields 
of wireless body area networks (WBAN), wireless local area networks (WLAN), 
wireless interoperability for microwave access (WiMAX), wireless personal area 
networks (WPAN), and ground-penetrating radar (GPR) technology where wide 
bandwidth is required [4]. GPR is the major applications of UWB technology, which 
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is in large degree used in military and civilian applications such as water detection and 
land mines [5]. There are many UWB antennas have been designed for GPR applica-
tions. The study based on the lower-frequency band is conducted mainly to increase 
the penetration depth, while the designing in the higher-frequency band is performed 
to achieve high-resolution imaging for GPR systems. Some of the researches focused 
on the entire UWB frequency range to further improve the bandwidth, while oth-
ers focused on enhancement of the antenna gain [6]. Moreover, GPR is also used in 
remote-sensing techniques as nondestructive testing of concrete and detection of 
trapped people under debris or in opaque environment [7]. For the achievement of 
UWB GPR systems, the performance of various antenna designs, such as bow-tie 
antenna [8], spiral antenna [9], loaded dipole antenna [10], TEM horn antenna [11], 
tapered slot antenna (TSA) [12, 13], and Vivaldi antenna [14, 15], has been evaluated.

Ultra-wideband antenna is one of the preferred antennas for some applications 
in the microwave imaging, object measurement technology, and noninvasive testing 
(NIT) [4–15]. In this era, the microstrip antenna has the advantages of small size, 
high gain, and low cost for good performance in some applications [6–10]. Ground-
penetrating radar (GPR) has been utilized by emitting an electromagnetic wave 
directed into the ground, and the buried objects cause reflections of the emitted 
wave that are then detected by the receiver system. This is contrasted in the electri-
cal properties as the signal reflection coefficient and their related phase [11–17]. 
GPR has an ability to detect the electrical inhomogeneity of metal and dielectric 
object in the presence of surrounding soil or sand [18]. GPR system can exist at the 
same location for the transmitting and receiving, and there are four types of GPR 
system: quasi-monostatic radar if there is no separation distance between transmit-
ter and receiver, monostatic radar if there is single antenna performs both transmit 
and receive operations [19], bistatic radar if the transmitter and receiver have sepa-
rate distance, and multistatic radar if a radar system involves one or more trans-
mitting platforms and multiple receiving platforms [20]. GPR systems have been 
classified as the time domain (impulse radars) and continuous wave (CW) radar 
[21]. CW radar transmits the signal, which can be frequency-modulated continuous 
wave (FMCW), or creates the resulting signal as a combination of monochromatic 
steps through a certain band of frequencies, referred as stepped frequency continu-
ous wave (SFCW) [22]. GPR systems usually work at central frequencies below 
1 GHz, and large bandwidth is needed for a better depth resolution and detailed 
echo. The use of impulse wideband systems involves some technical problems, such 
as Doppler processing, propagation fading, interference rejection, wave clutter, 
detecting birds on or near the water surface, and radar interference.

2. GPR system

Egypt desert water, land mines, and Egyptian ancient mummy detection are 
an important, and yet challenging problem remains to be solved and is a mat-
ter of concern for both civilian groups and military. Water depth, quantity, and 
volume are different from location to another, and landmines have huge variety 
in use with various sizes and materials. They are mostly designed in a circular, 
rectangular, butterfly, or cylindrical shapes as V69, PSM-1, Hamdy, and Mon 200 
with dimensions 13, 7.6, 21, and 43 cm, respectively. On the one hand, the electri-
cal properties of water purity are changed due to water quantities and mineral 
contained; on the other hand, the electrical properties of the mummy are varying 
according to biological materials involved as tissues, bones, scapula, and femur, 
respectively [23]. The average effective dielectric constant is equal to 6.5 and 
dielectric loss equal to 15 [24].
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Groundwater is a hidden natural resource. It is found in different proportions, in 
various rock types, and at various depths of ground surface. Previously, in the past, when 
there is no visible flow of water along the rivers or lakes, people used to dig small pits, in 
the river alluvium, then collect the groundwater coming through seepage to use in differ-
ent purposes and for meeting the domestic needs. As well as the people of mountainous 
area, springs are the outcome of seepage from any groundwater system [25, 26].

More than 60% of the global population thrives by using only the groundwater 
resources. The groundwater, which was existing at shallow depths in the open wells, 
has gone deep due to overexploitation. Exploring these water sources becomes a 
challenging task to geoscientists [27–29].

As the signal of the GPR is required to propagate through inhomogeneous 
media, the efficiency of the antenna should be taken into account. Thus, in order 
to enhance the efficiency, a compact shape of Vivaldi is designed [7]. The compact-
ness in the shape of antenna is achieved by using two Vivaldi surface shapes with 
the same feeding network. Frequency-modulated continuous wave (FMCW) is 
another type than pulse wave also used for GPR and for through-the-wall applica-
tions. FMCW systems are transmitting a repetitive waveform with increasing or 
decreasing frequency [21]. UWB-FMCW systems require a linear sweep, which may 
be difficult to create. Lower-frequency signals are required to penetrate the ground 
effectively as the penetration depth decreases with increasing frequencies.

GPR radar could be used for soil with different electrical properties to detect 
water underground [30, 31]. However, a broadband signal with good resolving 
power is required. Thus, the GPR antenna should operate on lower frequency and 
should have a very wide bandwidth. Also, the UWB antenna applied to communica-
tion system with high gain is highly desired [32].

3. Compact ultra-wideband (UWB) Vivaldi antenna

The main object of this section is the detection of water. A compact novel shape 
of Vivaldi antenna as shown in Figure 1 with dimensions of 0.17λ × 0.16λ × 0.013λ 
is proposed in this section [6].

A comparative study was undertaken as shown in Table 1 for different Vivaldi 
antenna that are used of GPR application in the same interesting operating frequen-
cies [8–11] to show that the proposed antenna gives compact size with higher gain 
from 250 MHz up to 10 GHz.

Figure 1. 
3D geometry of the proposed Vivaldi antenna.
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There are a number of techniques used for improving the parameters of printed 
antennas with different feeding techniques. These techniques include electromag-
netic bandgap (EBG), metamaterial, and defected ground structure (DGS). EBG 
structure has gained popularity among all the techniques reported for enhancing 
the parameters due to its simple structural design. The periodical shapes are etched 
as square, mushroom, and circular shapes in the radiator or ground plane to achieve 
inductive and capacitive load to create band-stop characteristics and to suppress 
higher mode harmonics and mutual coupling.

The basic concepts, working principles, and equivalent models of the different 
shapes of electromagnetic bandgap structure (EBG) are presented [36]. EBG has 
been used in the design of the Vivaldi antennas for improving the bandwidth and 
gain of proposed antenna and suppressing the higher harmonics mode and mutual 
coupling between adjacent elements. In addition, the proposed antenna cross-
polarization is improved for the radiation characteristics [6].

3.1 Vivaldi antenna geometry and principle theory

A relatively large number of published UWB Vivaldi antennas consist of a 
feed line and exponential ground plane. Our proposed antenna starts as shown in 
Figure 2(a) from one layer of FR4 low-cost substrate with conventional exponential 
Vivaldi tapered slot line shape using empirical Eq.(1) [4]:

  y = ±0.018  e   0.27x   (1)

where x and y are the axes of the inner and outer exponential to improve the 
impedance bandwidth. The first step is without any slot, Figure 2(a), the second 
with circular EBG-etched slot on the edge of exponential tapered slot.

The symmetrical circular electromagnetic bandgap structure (EBG) slots are 
etched to increase the antenna bandwidth as shown in Figure 2(b). The modified 
version from the first one is obtained by slotting the two arms of the Vivaldi antenna.

To improve the bandwidth of the Vivaldi antenna, symmetrical semicircular 
slots are etched to increase the antenna bandwidth as shown in Figure 2(c). 
 Figure 2(c) and (d) shows the geometry of the proposed antenna in two different 
configurations. The substrate used is FR4 dielectric substrate of thickness 1 cm, a 
relative permittivity of 4.4 and a loss tangent of 0.02.

Finally, dual FR4 substrates printed with Vivaldi ground plane with the same 
feeding line are used. The final geometry of the proposed antenna design with 
ground plane and feeding network is shown in Figure 3. This design is used to 
investigate a dual substrate layer of Vivaldi ground plane antenna as shown in 
Figure 3(a) with the same feeding network as shown in Figure 3(b). Proposed 
Vivaldi antenna consists of two layers from the dielectric sheet, the feeding line is 
sandwiched between them, and the two layers of metallic Vivaldi are mounted on 

Ref. L × W cm2 Sub. thickness (cm) Diel. properties Gain (dBi) BW (MHz)

[8] 60 × 40 0.32 εr = 4.4, tanδ = 0.02 9 500–1500

[9] 60 × 30 0.315 εr = 2.33, tan δ = 0.002 9 500–1500

[10] 7.8 × 7.5 0.16 εr = 4.4, tan δ = 0.02 8 1000–4000

[11] 100 × 90 1 εr = 4.4, tan δ = 0. 02 10 50–250

Ours 13 × 12 2 εr = 4.4, tan δ = 0.02 17 250–10,000

Table 1. 
Comparison of the proposed antenna with other antennas (all dimensions in cm).
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the dielectric substrate (one at the top and the other at the bottom) as shown in 
three dimensions of the proposed Vivaldi antenna in Figures 1 and 7.

3.2 Antenna simulation and measured results

The reflection coefficients of the antenna versus frequency for the four-step 
design of Vivaldi antennas in frequency range from 0.25 to 10 GHz are shown in 
Figure 4(a), and the zooming range from 0.25 to 2 GHz is shown in Figure 4(b). 
The final antenna design achieves improvement in antenna impedance matching all 
over the band. The dimensions of the proposed antennas are shown in Table 2.

The surface current density distributions of the compact Vivaldi antenna is 
shown in Figure 5 at different resonant frequencies 0.4, 0.5, 0.75, 1.5, 1.75, and 
2 GHz. The current distribution of the proposed antenna is studied to verify the 
operation of the proposed Vivaldi antenna. The exponential edge is responsible 
for the fundamental resonant frequency of the proposed antenna at 1.75 GHz as 
shown in Figure 5. The semicircular slots are etched to create the frequencies at 
0.5 and 0.75 GHz. By adding stubs with different lengths, they are affecting the 
resonance from 1 to 2 GHz. The highest magnitude of current (red) is related to 
the corresponding radiating element. The simulated antenna gain of single and 
dual substrate is shown in Figure 6(a). The gain gives better performance by 
using dual substrate layer, and it increases from 8 to 17 dBi in average over the 
operating band from 0.2 to 2 GHz. The average radiation efficiency is around 
80% over the operating band for dual substrate, while its value is 50% for single 
substrate as shown in Figure 6(b).

To validate the simulated results of the proposed antennas with single and dual 
substrate, they are fabricated by using printed circuit board (photolithographic) 

Figure 2. 
The top view of Vivaldi antenna, (a) conventional Vivaldi, (b–d) modified Vivaldi antenna.

Figure 3. 
Geometry of the proposed Vivaldi antenna (a) ground plane and (b) feed line.
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technology and measured by using Agilent vector network analyzer technologies 
“Field Fox” Microwave Analyzer N9918A 26.5 GHz. Figure 7 shows the photo of 
the fabricated antenna, feeding line, and Vivaldi antenna with dual substrate. The 
comparison between the measured and simulated results has been performed for 
the proposed Vivaldi antenna with single substrate that indicates good agreement.

Lsub Wsub 2R Wslot W1 W2 W3

13 12 8 11.5 2.1 1.2 0.6

W4 L1 L2 L3 L4 Dslot Lslot gslot

3 3 4 4 3 2.4 4 0.6

LVfe LHfe Wfe Led Sd P 2r

4.5 3.5 1.1 1.5 1.9 0.9 0.6

Table 2. 
Dimensions of the proposed antenna (all dimensions in cm).

Figure 4. 
|S11| versus frequency for the design steps of the proposed antennas (a) whole operating band and (b) zoom on low 
operating frequency.

Figure 5. 
(a–f) Surface current densities for proposed Vivaldi antenna at 0.4, 0.5, 0.75, 1.5, 1.75, and 2 GHz, respectively.
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Figure 8(a) shows the whole range of the operation presenting proposed 
antenna from 0.2 to 10 GHz, while Figure 8(b) shows the zoom-operating range 
from 0.2 to 2 GHz. The measured reflection coefficient of proposed Vivaldi antenna 
with dual substrate is shown in Figure 9. Figure 9(a) shows the whole range from 
0.2 to 10 GHz, while Figure 9(b) shows the zoom-operating range from 0.2 to 
2 GHz. One can notice that there is a slight difference between the measured and 
simulated results of the reflection coefficient due to soldering of feeding launcher 
and fabrication tolerances.

Figure 7. 
Photo of the fabricated antenna, (a) top view of one substrate, (b) the feeding line, and (c) 3D of dual substrate.

Figure 6. 
(a) Vivaldi antenna gain variation versus frequency and (b) radiation efficiency versus frequency of the 
proposed antenna.

Figure 8. 
Reflection coefficient versus frequency for the proposed one substrate layer of Vivaldi antenna.
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Figure 9. 
Reflection coefficient versus frequency for the proposed two substrate layers of Vivaldi antenna.

Figure 10. 
(a–d) 3D radiation pattern of dual layer substrate at 0.5, 1, 1.5, and 2 GHz, respectively.

Figure 11. 
From (i) to (iv) 2D radiation pattern at 0.5 GHz, 1 GHz, 1.5 GHz, and 2 GHz, respectively, of single and dual 
substrate (a) Φ°=0°, (b) Φ°=90°, of single and dual substrate, and (c) from (i) to (iv) θ=90° , (  one 
substrate antenna, and  dual substrate antenna).
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Figure 10 shows the three-dimensional radiation patterns of the proposed dual 
substrate Vivaldi antenna at different operating frequencies within the operating 
band at 0.5, 1, 1.5, and 2 GHz. The radiation patterns correspond to the axes shown 
in Figure 1. In the antenna, the radiator and the ground plane are participating 
to radiation. End-fire radiation pattern is an important requirement for ultra-
wideband GPR application system. At lower frequencies of operation, the pattern 
resembles a conventional dipole antenna, but at higher end of the UWB spectrum, a 
few ripples are observed which is due to higher-order modes.

4. Printed quasi-Yagi antenna with size reduction for water detection

Nowadays, quasi-Yagi printed antenna is extensively used in modern radar 
systems due to some advantages as high directivity, good radiation efficiency, 
affordable, low profile, and easy fabrication [33-35, 37]. However, the disadvan-
tage of these antennas is narrow bandwidth, which achieves about 10%. So, the 
microstrip-fed quasi-Yagi antenna was initially introduced in 1991 [38] to improve 
the bandwidth of planar printed quasi-Yagi antennas, and many designs have been 
reported in [39]. A quasi-Yagi antenna based on microstrip-to-slot-line transi-
tion structure was presented in [40]. Modified wideband microstrip-to-coplanar 
strip-line (CPS) balun was used in quasi-Yagi antenna designs for increasing the 
antenna bandwidth [41]. Approximately 48 and 38.3% bandwidths were achieved 
by using the microstrip-to-coplanar strip-line transition structures in [42] and [43], 
respectively. However, the antenna bandwidths are still restricted by the delay line 
used in the balun structures. Coplanar waveguide feeding or ultra-wideband balun 
was presented to improve the bandwidth in some designs [44]. A broad bandwidth 
of 44% was obtained in [45]. However, the asymmetric nature of the printed quasi-
Yagi antenna deteriorates the unidirectional radiation patterns. An ultra-wide band 
balun feeding structure in which the balun was realized via holes was used in quasi-
Yagi antenna for wideband in [46]. Slot and CPS-fed feeding structures were also 
used in planar printed quasi-Yagi antenna to increase the bandwidth. The maximum 
available bandwidth of these techniques is about 55%. To improve the bandwidth 
of quasi-Yagi antenna by modifying the driver to a tapered driver or bowtie driver, 
rapid developing technology of remote sensing and radar has led to the ultra-wide 
band (UWB) electronic systems.

4.1 Antenna design and geometry

Figure 12 shows the geometric structure and parameters of the proposed planar 
quasi-Yagi antenna. This antenna is printed on commercial thick FR4 substrate and 
a thickness of 9.5 mm. The antenna consists of a microstrip-line-to-slot-line transi-
tion structure, a meandered driver T-shaped dipole and two meandered parasitic 
strips on top layer. The feeding system is printed on the other substrate side with 
lengths Lf and SD with a circular resonator. The circular resonator is used to match 
the input impedance of the antenna to a 50 Ω feeding line. The dimension of the 
substrate width and length are 72 × 70 cm2. For matching the antenna, a  λ / 4  slot line 
ended with a circular slot of diameter LD is used.

The traditional printed quasi-Yagi antenna started to resonate from 90 MHz as 
shown in Figure 13(a). Folded stub ground plane and driven dipole that is etched in 
order to reduce the size of the printed quasi-Yagi antenna, as shown in Figure 13(b), 
are employed. The ground plane width and the driver dipole length are equal. The 
antenna shown in Figure 13(b) has 80 MHz as the lowest frequency. Since the ground 
plane has reduced size, the bandwidth of the antenna is reduced. A driver meander 
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dipole is etched to increase the electrical size of the antenna (Figure 13(c)). The 
antenna started to operate from 62.5 to 185 MHz. Two meandered stubs are sym-
metrically extended from its ground plane as shown in Figure 13(d). The reflection 
coefficients |S11| of the antenna design procedure are shown in Figure 14.

As shown, the antenna consists of a circular balun feeding which takes the form 
of a curved microstrip line step transition, in addition to a printed dipole, a ground 
plane, and two parasitic strips. The larger dipole is located at a distance S away from 
the ground plane which has a greater length than the larger dipole itself, so it can act 

Figure 13. 
The compact printed quasi-Yagi antenna design steps [37].

Figure 14. 
Simulated |S11| of the design steps as shown in Figure 11 [37].

Figure 12. 
The quasi-Yagi antenna configuration (a) upper and (b) bottom layer [37].
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as a reflector. On the second size of the substrate, the two dipoles are located, their 
line length is 2.6 cm, and the two parasitic spacing was optimized using the reading-
made software package HFSS ver.14 in order to improve the antenna performance 
which means that it has a wide bandwidth, stable radiation, moderate gain, and 
high front-to-back ratio.

In quasi-Yagi antenna design, metallic strip is always used as a director. To improve 
the directivity and impedance matching in the high-frequency band, the two metallic 
strips are used. The simulated surface current distributions of the proposed antenna at 
50, 100, and 150 MHz are shown in Figure 15. The directors have weak surface current 
as shown in Figure 15, while the two parasitic strips have a large magnitude of surface 
current at 50 MHz. the largest value of surface current at resonant 100 MHz takes place 
at larger parasitic strip and the driven dipole. At 150 MHz, the current concentrates 
on the meandered driven dipole. Compared to Figure 15, the surface currents on the 
metallic strips are enhanced, which means that the effects of the parasitic strips as 
directors improved the antenna performance at the high-frequency band.

4.2 Antenna parameter study

The antenna structure was optimized to operate at 100 MHz center frequency. 
The reflection coefficient against frequency for different values of L1 is shown 
in Figure 16(a). As the value of L1 is increased (in steps from 40 to 55 cm), the 
resonance frequency decreased. At L1 = 50 cm, the antenna provides the largest 
beamwidth. One can say that the resonant frequency of the lower band is mainly 
determined by the length of the larger strip. The dipole in this antenna acts as 
director of quasi-Yagi antenna. Also, simulation was done to see the effect of L2 
on the antenna bandwidth. Figure 16(b) shows S11 against frequency for differ-
ent values of L2, which shows that as L2 increased from 20 to 35 cm, the highest 
frequency almost did not change, while the lower resonance (50 MHz) slightly 
changed. When the ground plane circular slot LD was changed from 4 to 5.5 cm, 
impedance matching was affected, while the lower and higher frequency did not 
change (Figure 17(a)). One can conclude that the diameter of the slot affects the 
feeding impedance. The effect of the feeding length Lf was studied as shown in 
Figure 17(b). Lf was varied from 15 to 16.5 cm which caused noticeable changes in 
the operating frequency band and the value of the reflection coefficient. The length 
Lf highly affects the impedance matching, and the optimized length of the feeding 
is 16 cm. Figure 18(a) shows the reflection coefficient of the antenna as a function 
of the spacing between the driver and director (T and T1).

Increments of the spacing decreased the coupling effect between the parasitic ele-
ment and the dipole induced significant changes in the reflection coefficient in the oper-
ating band region from 50 to 150 MHz, but negligible changes occur in the bandwidth.

Figure 15. 
The surface current distribution of the printed quasi-Yagi antenna at (a) 50, (b) 100, and 150 MHz [37].
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In the high-frequency region of 100 MHz band, the antenna performance is 
affected mainly by the spacing between the driver and the director. The quasi-Yagi 
antenna and the T-dipole were designed to operate at 50 and 150 MHz, which shows 
that a suitable choice of this spacing is very important for the wideband operation 
of the proposed antenna.

The reflection coefficient S11 against frequency is shown in Figure 19 for dif-
ferent values of the parameter D (balun circle) and SD (length from the feeding). 
The lower resonance and impedance matching are varied as D increases from 4 to 

Figure 17. 
Effect of the length (a) LD and (b) Lf on the simulated reflection coefficient [37].

Figure 16. 
Effect of the length (a) L1 and (b) L2 on the simulated reflection coefficient [37].
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5.5 cm. As the value of SD is changed from 15 to 18 cm, the behavior of S11 is changed 
significantly, so the choice of SD is very important for the operation of the antenna.

4.3 Ground-penetrating radar antenna system

FMCW GPR system is used for the detection of underground water in the 
frequency range from 50 to 150 MHz. Figure 20(a) shows the radar system which 
requires a high-gain antenna to obtain acceptable scanning resolution. We used labora-
tory measurement and EM simulation in order to investigate the electrical and physical 
properties of the sand and fresh water. The simulated parameters depend on the Debye 
dispersive model inherent in HFSS software package. Figure 20(b) shows the study 
of the ground effect on the radiation characteristics of the antenna S11 projection. 
The distance K between the antenna and the ground surface was increased from up to 
100 cm. The volume of the sand layer was 300 × 200 × 200 cm3. Figure 21 shows the 
reflection with and without the sand layer. It was found that in order to keep S11 very 
close from the case of free space, K should not be less than 50 cm. Figure 22 shows 
both the gain and radiation efficiency. It is clear that the gain was increased by about 
1.5 dBi compared to the case of free space, which may be attributed to the increase in 
directivity at certain frequencies, while it remains unchanged in other frequencies. 
The antenna radiation efficiency, as indicated from Figure 22, is reduced. The three-
dimension radiation pattern of the proposed antenna in both cases is also studied at 
three different resonant frequencies 50, 100, and 150 MHz, respectively, as shown in 
Table 3, while the 2D radiation patterns at xy-plane (EФ, Eθ) at Ф = 0° and yz-plane 

Figure 18. 
Effect of the length (a) T1 and (b) Ton the simulated reflection coefficient.

Figure 19. 
Effect of the length (a) D and (b) SD on the simulated reflection coefficient.
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Figure 20. 
(a) The GPR antenna system for water detection and (b) the effect of K on proposed antenna 
reflection coefficient [37].

Figure 21. 
|S11|of the receiver antenna in different cases at K = 50 cm.

Figure 22. 
|S11| comparison between measured and simulated reflection coefficient of the proposed antenna [37].
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Fre. (MHz) XY YZ

50

100

150

Table 4. 
The 2D EФ and Eθ (phi = 90° and theta = 90°) at frequencies 50, 100, and 150 MHz with and without sand 
layer, black; without sand, red; with sand layer, solid line (EФ) and dash line (Eθ), respectively

Table 3. 
The 3D radiation pattern at different resonant frequencies with and without sand layer
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(EФ, Eθ) at θ = 90° of the original design are plotted in Table 4 at the same frequencies. 
The two-dimensional radiation patterns at 50, 100, and 150 MHz with and without 
sand are platen in Table 4. A slight change took place in the E-plane and H-plane 
radiation patterns keeping good directivity within the whole frequency band. The 
bock lobes are below −5 dB. Deterioration takes place in the H-plan (YZ plane) as the 
frequency increases especially in the high-frequency bands (e.g., 500 MHz).

4.4 Fabrication and measurements

A photolithographic technique on FR4 substrate with 100 μm copper thickness was 
used to realize the proposed antenna. A 50 Ω SMA launcher was used as a transition 
between the microstrip antenna and the coaxial line, which was not included in the 
simulation process. Rohde and Schwarz ZVA67 VNA was used to measure S11. The 
antenna gain and radiation efficiency are also tested as shown in Figure 23 in both cases 
namely free space and in the presence of sand layer. The antenna gain is also tested as 
shown in Figure 23 in both cases namely free space and in the presence of sand layer. 
The proposed antenna performance is investigated with and without sand layer as 
shown in Figure 20(a). The sufficient distance that keeps the antenna reflection coef-
ficient near from free space is almost about 50 cm as shown in Figure 20(b). Figure 23  
shows that the antenna radiation efficiency is increased at present of sand layer by 5%. 
While the antenna gain is reduced by about 1.5 dBi in the present of sand layer. The 
gain in the present of sand layer increases at certain resonant frequency due to increase 
in directivity and has value less than free space on the other resonant frequencies. The 
optimized antenna reflection coefficient is measured, and there is a good agreement 
with the simulated results. The measured bandwidth extends from 56 to 150 MHz for 
the −6 dB reflection coefficient, while the simulated bandwidth extends from 45 to 
140 MHz. This bandwidth completely covers the specification for operation.

The slight difference between the measured and simulated reflection coefficient 
could be from misalignment between curved microstrip line and the circular slot 
of the balun and effect of the SMA connector, in addition to some fabrication 
tolerances.

Figure 23. 
The antenna gain and efficiency with and without sand layer [37].
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5. Conclusion

The importance of aquifer water increased these days after decreasing the fresh 
water. A precise approach for the detection of buried nonmetallic objects is ground-
penetrating radar (GPR). It should be importance of aquifer water increased these 
days after decreasing the freshwater. A precise approach for the detection of buried 
nonmetallic objects is ground penetrating radar (GPR). A novel, miniaturized, and 
low-cost antennas, which compromise between depth and resolution for different 
applications, are highly needed. This requires hundreds of conducting research 
activities in this area. However, although GPR has shown some promising results, 
the complexity of the problem requires certain challenges on the operation of 
GPR systems. One of the most serious hardware components for the performance 
of ground-penetrating radar (GPR) is the antenna system. First, a new compact 
Vivaldi antenna is designed to achieve ultra-wideband extending from 0.4 to 
10 GHz and high average gain of about 17 dBi with average radiation efficiency 
of about 80%. The proposed antenna consists of dual exponential Vivaldi shapes 
on both dielectric substrates with the same feeding network. The GPR results in 
frequency range extending from 0.4 to 2 GHz of the water detection have also been 
investigated under certain system parameters. Second, ultra-wideband printed 
quasi-Yagi antenna has been introduced. The proposed antenna has the advantage 
of simple single feed structure which consists of a circulator balun with a microstrip 
line and a circulator slot. The antenna bandwidth extends from 47 to 150 MHz 
based on −6 dB reflection coefficient. The gains at the upper and lower bands are 
3.5 and 6.5 dBi. It should be noted that the proposed antenna has the advantage of 
simple structure and stable end-fire radiation pattern, which makes it widely used 
in ground-penetrating radar. The average simulated gain in this band is about 5 dBi. 
At the same time, this antenna possesses low profile and miniaturization character-
istics. Furthermore, the wide beamwidth and high gain can promise the antenna to 
be widely applied in many communication systems.
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