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1.Introduction 
Ground penetrating radar (GPR) detects objects 

beneath the surface of the earth. It is also used in 

applications such as the characterisation of mortar 

cracks [1], soil surveys [2], diagnosis of pavement 

structures [3], bedrock identifications [4], detection of 

cavities in fragile regions [5], etc. Tree root biomass 

investigation is also done using GPR. This helps in 

aeration through root channels, water infiltration and 

soil amelioration [6]. In short, GPR has proven a 

useful tool in various fields of engineering, 

archaeology, geophysics and so on [7]. 

 

The choice of the antenna greatly affects the efficiency 

of a GPR system. These antennas have to be custom 

designed, considering the fact that the system is 

operating close to the ground. The designers have to 

take into account various characteristics such as 

propagation path, dielectric properties of the sub-

surface, frequency and the bandwidth of the signal.  
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The penetration depth of the signal depends on the 

operational frequency while the resolution of the 

system depends on the bandwidth of the signal. 

 

The propagation media are usually lossy and 

heterogeneous in nature. Moreover, better resolution 

demands the use of higher frequency. A GPR system 

cannot achieve larger penetration depth (low 

frequency) and better resolution (high frequency) at 

the same time. Moreover, eliminating the effects of the 

propagation media on the higher frequencies of the 

antenna is also a challenge. Therefore, designers have 

to make a compromise between the penetration depth 

and the resolution while modelling the antennas. 

 

2.Literature review  
The antenna of a GPR system needs to have high gain, 

low form factor, Ultra-Wideband (UWB) 

characteristics and so on [8]. As such, the types of 

antennas which can meet such requirements are 

limited to dipole antenna [9, 10], Vivaldi antenna [11, 

12], Transverse Electromagnetic (TEM) horn antenna 

[8,11,13,14], bow-tie antenna [10,11] [15–17], planar 

spiral antenna [8,11], and so on. 
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Lu et al. [18] designed a Very High Frequency (VHF) 

band UWB monopole antenna, which was part of the 

Chinese Mars rover Zhurong. The rover landed on 

Mars on 14 May 2021. The overall length of the 

antenna was ∼1/8 times the lowest operating 

frequency. However, with an operation band of 30-90 

MHz, the length of the antenna was 1.35 m. 

 

2.1Planar antenna 

Planar antenna with microstrip or co-planar 

waveguide feeding is a suitable option for integration 

with Printed Circuit Board (PCB) circuitry. In recent 

times, patch antenna [19–21] is gaining popularity in 

GPR applications, given its low profile, lightweight, 

inexpensive and UWB characteristics. 

 

Many designs, including UWB square planar antenna 

[22], half-disk antenna [23] and planar horn antenna 

[24] have focussed on planar antennas. 

 

Several rectangular patch antenna designs have been 

reported in various literature. They have various 

configurations such as circular, elliptical, square, 

pentagonal, hexagonal, and so on, which enhance their 

UWB characteristics [21,25,26]. Half-square [27], 

semi-circular [28] and half-hexagonal [29] monopole 

designs have also been reported for UWB 

applications. Studies by Ling et al. and Thomas et al. 

have demonstrated simple printed patch antennas with 

quasi-transmission lines and band dispensation 

[30,31]. 

 

Numerous designs of spiral antennas for GPR 

applications can be found in existing literature. 

Richardson et al.[32] presented the design of a cavity 

backed UWB spiral antenna, which had an operating 

frequency of 0.75 - 1.25 GHz with a peak gain of 6 dB. 

A fully planar Archimedean spiral antenna design was 

proposed recently by Bousbaa et al., which had an 

integrated planar balun [33]. The proposed antenna 

had physical dimensions of 90 mm × 90 mm for an 

operating range of 2.14 - 9.8 GHz. However, the 

presence of a significant ringing effect and the need of 

a balun has limited the applications of spiral antennas. 

 

Guo et al. [34] demonstrated the design of a UWB 

Vivaldi antenna which was to be used in a GPR 

system. It was designed to have exponential tapered 

slots and demonstrated a wide operating band from 0.3 

- 2 GHz with gains of 4.4-11.5 dBi. In spite of its very 

good performance, its size 450 mm × 600 mm was too 

large to be fabricated using the commonly available 

Flame Retardant 4 (FR4) boards, which come in sizes of 

300 mm × 300 mm.  

Cheng et al.[12] presented another design of a compact 

vivaldi antenna for GPR systems. It was loaded with 

artificial materials with gains of 1-2 dB. Others have 

reported using Vivaldi elements in the metastatic 

antenna array design[35], planar slotted patch antenna 

[36] and a printed circular UWB antenna[37] for GPR 

applications. 

 

Bow-tie antennas have become a preferred choice for 

GPR applications and a wide variety of designs have 

been proposed over the years [17, 38, 39]. Major GPR 

manufacturers like GSSI, GeoRadar, MALA and 

others use bow-tie antennas in their flagship products. 

 

Takizawa et al. [40] presented a folded bow-tie 

antenna having UWB characteristics. A cavity backed 

bow-tie antenna was proposed by Liu et al. [41]. 

 

A  dielectric loading was used to improve its 

performance. The antenna had an operating frequency 

range of 1-4GHz and a 5–9 dBi boresight gain. A 

slotted bow-tie antenna design was presented by Li 

and Chen [42] in which the antenna was loaded with 

an artificial magnetic conductor. It had an operating 

range of 0.56 - 1.18 GHz. Modifications based on 

bow-tie antennas are also studied nowadays.  

 

Chen et al.[43] recently presented a tripod-shaped 

UWB antenna, which was based on bow-tie antenna. 

The antenna’s bandwidth was 0.75 - 1.85 GHz; and the 

simulation results showed good UWB characteristics. 

 

2.2 Feeding mechanisms 

Various feeding mechanisms such as Microstrip Line 

(MPL), Coplanar Waveguide Line (CPW), coplanar 

parallel stripline, double sided parallel strip line etc. 

can be used to feed a planar antenna [44]. Among 

these, MPL and CPW are the most popular ones. 

 

Garg et al. [45] extensively studied the design and 

analysis of feeding techniques for microstrip lines. 

However, MPL has certain inherent disadvantages 

such as narrow bandwidth and inability to feed 

balanced antennas like bow-tie, planar spiral etc. The 

cross sectional view of an MPL is shown in Figure 1. 

Planar monopole antennas are generally fed with MPL 

as presented in [21,28,46]. 

 

CPW is preferred for feeding antennas, which have 

balanced output as well as various other advantages 

such as ease of fabrication, control over impedance 

characteristics etc. [47]. The cross section of a 

coplanar waveguide is shown in Figure 2. Wideband 

and balanced planar antennas are generally fed with 



International Journal of Advanced Technology and Engineering Exploration, Vol 8(79)                                                                                                             

755          

 

CPW [48, 49] as it retains or enhances the wideband 

characteristics of the antennas and also helps in 

impedance matching. For antennas used in GPR 

applications, ungrounded CPW is generally used as 

the antenna side facing the earth’s surface does not 

have any ground plane. 

 

 
Figure 1 Cross section of MPL 

 

 
Figure 2 Cross section of CPW 

 

Most of the antenna types discussed above have wide 

bandwidths and simple structures. However, most of 

them are not suitable for fabrication using PCBs as 

they do not have planar structures. Even if they have a 

planar structure, the problem of feeding and 

impedance matching arises since they cannot be 

printed on the same PCB as the one having associated 

electronics. Moreover, the use of artificial materials as 

reflectors and loading elements complicates the design 

process for such antennas. 

 

In this paper, a comparative analysis of a planar 

microstrip antenna and a bow-tie slot antenna is 

presented. Both antennas are designed and simulated 

for a central frequency of 1.5 GHz and are fabricated 

on an FR4 substrate. The planar microstrip antenna is 

fed with a 50 Ω MPL, whereas co-planar waveguide 

feeding is used for the bow-tie antenna. The design 

parameters are optimised by multiple simulation runs. 

The antennas have been designed for best possible 

performance characteristics without using artificial 

materials for loading purposes. The antennas are 

fabricated on commonly available FR4 substrates and 

return loss measurements are obtained using a Vector 

Network Analyser (VNA). 

 

3.Methods 
3.1Planar microstrip patch antenna 

A patch antenna consists of a patch which radiates and 

ground plane (full or partial). The partial ground plane 

can have a defected ground structure [50]. The 

difference between electrical and physical size 

depends on fringing effect as well as the thickness and 

permittivity of the substrate. 

 

The patch length is critical in the design of the antenna 

as it determines the resonant frequency. The patch 

length L and width W for a rectangular patch antenna 

is shown by Equation 1 and 2 [45] as: 

𝐿 =
𝑐

2𝑓𝑟√𝜖𝑟
    (1) 

𝑊 =
𝑐

2𝑓𝑟√
(𝜖𝑟+1)

2

    (2) 

where, c is the velocity of light, 𝑓𝑟 is the frequency of 

resonance and 𝜖𝑟 is the relative permittivity of the 

substrate. 

 

The feeding point of a patch antenna is typically 

located somewhere along the resonant length in the 

centre of the patch width. Observing the variations in 

the magnetic and electric fields, it is found that the 

impedance is ∼50 Ω somewhere along the resonant 

length of the patch, around 12.5 mm from the edge. 

This is the feeding point of the antenna. A microstrip 

line at the edge of the patch is used to feed it. The 

advantage of using MPL is the ability to place circuitry 

on the same PCB. 

 

The impedance near the edge of the patch is quite high. 

This is solved by creating an inset for the microstrip 

line to the 50 Ω impedance point.  

 

From equations 1 and 2, the dimensions of the patch 

are calculated, considering  fr = 1.5 Ghz and c = 3 ×10
8

 

m/s. 

 

The antenna’s geometry is shown in Figure 3. An FR4 

substrate with copper on both sides is considered. The 

patch is fed by a MPL of 2.8 mm width. The thickness 

of copper clad is tc = 0.035 mm (1.4 mils). The ground 

plane covers the entire area on the other side of the 

substrate. The dimensions are further optimised 

through several simulation runs in CST Microwave 

Studio (Name of the software) to get the values as 

given in Table 1. 
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Figure 3 Geometry of the microstrip antenna 

 

Table 1 Optimised parameters for MPL fed patch antenna design 

Parameters Symbols Values 

Patch length L 45.65 mm 

Patch width W 61.43 mm 

Length of the feed line L
f
 36.61 mm 

Width of the feed line W
f
 2.8 mm 

Height of the substrate, FR4 h 1.6  mm 

Height of the conductor, Cu layer t
c
 0.035 mm 

Dielectric constant of the substrate ε
r
 4.3 

Feed line inset length F
i
 12.5 mm 

Gap between feed line and patch Gpf 1 mm 

 

3.2CPW-fed Bow-tie slot antenna 

The characteristics of a bow-tie antenna are mainly 

specified by angles and therefore, it is considered as a 

frequency-independent antenna. Three parameters 

primarily determine its geometry, as shown in Figure 

4 [15]. 

• flare angle 𝜽𝒇 affects the bandwidth  

• gap g between the arms influences the antenna 

performance  

• length a of the armaffects radiation efficiency   

 

 
Figure 4 Geometry of the bow-tie antenna 

 

The relation between characteristic impedance and 

flaring angle is shown by Equation 3 [38]. 

𝑍𝑐 = 120 ln (𝑐𝑜𝑡 (
𝑓

4
) 𝑎)   (3) 

where 𝜽𝒇 is the flaring angle. The length l for a 

wavelength λ
0
   is shown by Equation 4 [39]. 

𝑙 = 𝜆0 × (
1

√𝜖𝑒𝑓𝑓
)    (4) 

  

The effective relative permittivity for an antenna of 

width 𝑤 and substrate thickness ℎ can be calculated 

using Equation 5 [38]. 
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𝜖𝑒𝑓𝑓 = (
𝜖𝑟+1

2
) + (𝜖𝑟 − 1) (1 + (10

ℎ

𝑤
))

−0.5555

 (5) 

 

Where both w and h are in mm. The resonant 

frequency (fr) of the different modes of the antenna is 

shown by Equation 6 [38]. 

𝑓𝑟 = 𝑐
𝐾𝑚𝑛

2𝜋√𝜖𝑟
    (6) 

where Kmn is the resonating mode. 

 

A slot type structure is chosen for the bow-tie as its 

radiation pattern can be controlled more easily. The 

characteristic impedance Zo, of the coplanar 

waveguide is calculated by the Equations 7, 8, 9, 10 

and 11 [51]. 

𝑍0 = (
30×𝜋

√𝜖𝑒𝑓𝑓
) (

𝐾(𝑘′)

𝐾(𝑘)
)   (7) 

where  

𝜖𝑒𝑓𝑓 = 1 + {
(𝜖𝑟−1)

2
} {(

𝐾(𝑘′)

𝐾(𝑘)
) (

𝐾(𝑘1)

𝐾(𝑘1
′ )

)}   (8) 

  

𝑘 =
𝑤𝑐𝑝𝑤

𝑤𝑐𝑝𝑤+2𝑆𝑐𝑝𝑤
     (9) 

𝑘1 =
sinℎ(

𝜋𝑤𝑐𝑝𝑤

4ℎ
)

sinℎ(
(𝑤𝑐𝑝𝑤+2𝑆𝑐𝑝𝑤)𝜋

4ℎ
)
   (10) 

  

𝑘′ = √(1 + 𝑘2)     (11) 

 

Here, k denotes complete elliptic integral of the first 

kind, wcpw is the width of the CPW feed, and Scpw is the 

width of the space between the CPW, as shown in 

Figure 2. 

 

By using the Equation 3 to Equation 11, the design 

parameters for the bow-tie antenna are calculated. 

 

The design of the bow-tie antenna is shown in Figure 

5. The antenna is designed on a single sided copper-

clad FR4 substrate and fed by a CPW line. The 

thickness of copper clad is tc = 0.035 mm (1.4 mils). 

The dimensions are further optimised through several 

simulation runs in CST Microwave Studio to get the 

final values shown in Table 2. 

 

 
Figure 5 Design of the bow-tie antenna 

 

Table 2 Optimised parameters for CPW fed bow-tie antenna design 

Parameters Symbols Values 

Arm length L
a
 72.10 mm 

Arm width W
a

 42.50 mm 

Feeding angle Θ
f
 31.88° 

Length of CPW feed L
g
 133.00 mm 

Inner width of the CPW feed line W
gi

 2.80 mm 

Outer width of the CPW feed line W
go

 3.80 mm 

Width of the substrate, FR4 W
p

 170.00 mm 

Length of the substrate, FR4 L
p
 180.00 mm 

Height of the substrate, FR4 h 1.6 mm 

Height of the conductor, Cu layer t
c
 0.035 mm 

Dielectric constant of the substrate ε
r
 4.3 
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3.3Fabrication 

The Gerber files generated by CST Microwave Studio 

are used to fabricate both the antennas using an 

automated Computerized Numerical Control (CNC) 

prototyping machine A437. To fabricate the microstrip 

patch antenna, a commonly available 300 mm × 300 

mm double sided FR4 copper clad board is placed on 

the bed of the prototyping machine. The machine 

removes the unnecessary copper from the board as 

specified in the Gerber file and cuts it to size 122.86 

mm × 91.3 mm. The tool has a resolution of 1 μm. 

Figure 6 shows the fabricated microstrip patch 

antenna. 

 

 
Figure 6 Picture of the fabricated microstrip patch 

antenna 

 

To fabricate the bow-tie antenna, a similar process is 

undertaken, and the FR4 board is cut to a size of 180 

mm × 170 mm. Figure 7 shows the fabricated bow-tie 

antenna. 

 

 
Figure 7 Picture of the fabricated Bow-tie Antenna 

 

4.Results 
The microstrip antenna is excited with 50 Ω 

waveguide port and simulated. The return loss and the 

Voltage Standing Wave Ratio (VSWR) of the 

fabricated antenna are measured with a VNA. Figures 

8 and 9 show the simulated and the experimental 

return loss and the VSWR characteristics of the 

microstrip patch antenna. As seen from the figures, the 

simulated results closely resemble the measured 

results. The simulated bandwidth covers from 1.48 

GHz to 1.52 GHz (∼2.66%) at S11 = -10 dB level with 

the minimum return loss at 1.50 GHz (-29.33 dB). The 

measured bandwidth covers from 1.494 GHz to 1.524 

GHz (∼2%) with minimum return loss at 1.51 GHz (-

30.53 dB). The discrepancies in simulated and the 

measured results may be attributed to the 

SubMiniature Version A (SMA) connector, which is 

not considered during simulation, and the variation of 

dielectric properties of the substrate used to fabricate 

the antenna. 

 

The bow-tie antenna is excited with 50 Ω waveguide 

port and the simulation is carried out. The return loss 

and the VSWR of the fabricated antenna are measured 

using a VNA. Figures 10 and 11 show the simulated 

and experimental return loss and the VSWR 

characteristics of the bow-tie antenna. 

 

As seen from the figures, the simulated bandwidth 

covers from 1.33 GHz to 1.96 GHz (42%) at S11 = -

10 dB level with the minimum return loss at 1.499 

GHz (-36.99). The measured bandwidth covers from 

1.26 GHz to 2.24 GHz (∼65.33%) with minimum 

return loss at 1.46 GHz (-33.60). The discrepancies in 

simulated and measured results may be attributed to 

the SMA connector used, which is not considered 

during simulation, defects during fabrication of the 

CPW feed line and the variations of dielectric 

properties of the used to fabricate the antenna. 

 

Figure 12 shows the simulated directivity and the gain 

patterns of the microstrip and bow-tie antennas in E-

plane (Phi = 0°) and H-plane (Phi = 90°). Both the 

antennas show good directivity and gain in the endfire 

direction. However, it is seen that the bow-tie antenna 

has a narrower beam width and higher gain. Figures 

13 and 14 show the simulated 3D radiation patterns of 

the microstrip and bow-tie antennas respectively. The 

microstrip antenna has a gain of 1.57 dB whereas the 

bow-tie antenna’ gain is 7.02 dB at their centre 

frequencies. The higher gain of the bow-tie will 

definitely make it a better GPR antenna because the 

signal can propagate deeper into the ground. 
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Figure 8 S-Parameters of microstrip patch antenna 

 

 
Figure 9 VSWR of microstrip patch antenna 

 

 
Figure 10 S-Parameters of bow-tie antenna 
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Figure 11 VSWR of bow-tie antenna 

 

 
(a) Simulated directivity patterns for microstrip patch antenna 

 

 
(b) Simulated directivity patterns for bow-tie antenna 

 



International Journal of Advanced Technology and Engineering Exploration, Vol 8(79)                                                                                                             

761          

 

 
(c) Simulated radiation patterns for microstrip patch antenna 

 

 
(d) Simulated gain patterns for bow-tie antenna 

Figure 12 Simulated directivity and gain patterns for both antennas 

 

 
Figure 13 3D Radiation pattern of microstrip patch antenna 
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Figure 14 3D Radiation pattern of Bow-tie Antenna 

 

5.Discussion 

It is seen that the bow-tie antenna has better directivity 

and much higher gain in the endfire direction, 

compared to the microstrip planar antenna. It is also 

seen that the antenna shows resonance at 1.56 GHz (-

24.67 dB), 2.02 GHz (-22.95 dB) and 2.56 GHz (-

23.19 dB). These may be attributed to the capacitive 

effect due to the coplanar waveguide feeding. The 

measured results show a better bandwidth (∼65.33%) 

than the simulated results (42%). The bow-tie antenna 

has better bandwidth than the microstrip antenna for 

the same central frequency of 1.5 GHz. 

 

5.1Comparison 

Table 3 compares the performance of the bow-tie 

antenna with other UWB antennas as reported in 

literature. The proposed antenna is simple to fabricate, 

low cost while preserving good directivity and high 

gain. Moreover, it is smaller in size than the other 

antennas. 

 

Table 3 Comparison of antenna performance 

Reference Structure Frequency 

(GHz) 

Max Gain (dB) Complexity/ease 

of manufacturing 

Richardson et al. [32] Cavity backed spiral (3D) 0.75-1.25 6 Complex 

Guo et al. [34] Vivaldi with exponential tapered slots (planar) 0.3-2 11.5 Simple but Large Size 

Liu et al. [41] Cavity backed bow-tie with dielectric loading (3D) 1-4 9 Complex 

Li and Chen [42] Slotted bow-tie with artificial magnetic conductor (planar) 0.56 - 1.18 - Complex 

Proposed antenna CPW fed bow-tie (planar) 1.26-2.24 7 Simple and Low Cost 

 

5.2Limitations 

The GPR waveform is usually a short pulse with a very 

large instantaneous bandwidth. Such short pulses are 

generated by imposing a step function voltage onto an 

antenna, which creates a ringing effect (oscillations) 

for normal antennas. When this effect is strong, deeper 

targets of interest in a GPR survey may be completely 

masked. By applying resistive loading to the antenna, 

this effect can be reduced. As seen in Figures 12 (b) 

and (d), the directivity and the gain patterns of the 

bow-tie antenna extend to both front and back sides of 

the antenna. This affects its Front-To-Back (F/B) ratio. 

 

Complete list of abbreviations is shown in Appendix 

I. 

 

 

6.Conclusion and future work  
In this paper, the simulated and the measured results 

of a planar microstrip antenna and a bow-tie slot 

antenna are discussed. The use of UWB signal source 

in GPR is well known. The main advantage of using a 

UWB signal is the need for better vertical resolution 

(depth resolution). The antennas are first designed and 

simulated using CST Microwave Studio. Later, the 

fabricated antennas are tested using a Rohde & 

Schwarz ZNB20 VNA. The measured bandwidth of 

the bow-tie antenna is ∼65.33% (1.26 GHz to 2.24 

GHz) as compared to the microstrip antenna’s 

bandwidth of ∼2% (1.494 GHz to 1.524 GHz). The 

microstrip antenna has a maximum gain of 1.57 dB 

whereas the bow-tie antenna has a maximum gain of 

7.02 dB. The high bandwidth and gain of the bow-tie 
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antenna makes it a better GPR antenna with deep 

penetration and better resolution imaging. Its planar 

structure, low form factor and lightweight design 

make the bow-tie antenna easy to be integrated within 

the enclosure containing other GPR equipments, as 

compared to other antenna types such as the horn 

antenna and the spiral antenna. The CPW feeding 

mechanism makes the bow-tie antenna suitable for 

integration with PCB circuitry. The authors plan to 

further improve the existing design by reducing the 

ringing effect. The directivity, gain and the F/B ratio 

of the bow-tie antenna can be further improved if a 

planar reflector is used.  
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Appendix I 
S.No. Abbreviation Description 

1 CNC Computerized Numerical Control 

2 CPW Coplanar Waveguide  

3 (F/B) ratio Front-To-Back Ratio 

4 FR4  Flame Retardant 4 

5 GPR Ground penetrating radar  

6 MPL Microstrip line  

7 PCB Printed circuit board 

8 SMA  SubMiniature version A 

9 TEM Transverse electromagnetic  

10 UWB Ultra-wideband  

11 VHF Very high frequency 

12 VNA Vector Network Analyser 

13 VSWR Voltage standing wave ratio  
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