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ABSTRACT 

 

 

Major challenges faced by airborne VHF monopole antennas are to achieve wideband 

characteristics in permissible antenna height and to find the apt location for mounting, 

so as to satisfy sufficient ground plane around its feed point. The increased applications 

of electromagnetic spectrum result in a large number of antennas competing in the 

limited space available on platform. The deficient ground plane can deteriorate the 

radiation characteristics of antenna. Printed monopole antennas can overcome this 

deficiency, as the ground plane of these antennas are implemented in the same plane of 

that of the radiating element.  

 

Hence, the present work deals with the development and analysis of two novel wideband 

printed monopole antennas in VHF band for mounting on airborne platforms. The 

radiation characteristics of these antennas were evaluated for free standing condition 

and also for mounted on standard ground plane condition. The performance of the 

presented printed monopole antennas are comparable to the VHF airborne blade 

monopole antennas operating in the same frequency band with the added advantage of 

requiring nil ground plane. The thesis also proposes empirical relations to calculate 

the resonant frequency of the antennas in terms of its geometrical parameters. 
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1. Introduction 

 

Antennas are indispensable component of any wireless communication device. 

An antenna is a transducer between the transmitter and the free space waves and vice 

versa. They efficiently transfer electromagnetic energy from a transmission line into 

free space. 

The history of antenna starts with Hertz when he proved Maxwell’s theoretical 

prediction of electromagnetic waves by the classical experiments in 1880s. Guglielmo 

Marconi transmitted wireless radio signals across the Atlantic Ocean on December 12, 

1901 and is credited as the father and inventor of the radio. Prior to the 1920s, the 

radio was primarily used to contact ships, which were out at sea. With the First World 

War, importance of the radio became apparent as it was used for sending and 

receiving messages to the armed forces. At the end of World War II, antenna theory 

was mature to a level that made the analysis possible of, many antennas like 

freestanding dipole, horn and reflector antennas, monopole antennas, slots in 

waveguides and arrays. Microstrip antennas were developed in 1953, which was then 

followed by the theoretical and experimental research on microstrip and printed 

antennas. This lead to the development of many modern antennas, which are the 

derivative of basic antennas, like inverted F antenna, printed monopole antennas, etc. 

Traditional aircraft communications are mainly based on Very High 

Frequency (VHF) or High Frequency (HF) radio waves for signal interception, 

direction finding, navigation, terrestrial communication, etc. [1]. Monopole antennas 

are the commonly used antennas in airborne systems for these applications [2]. 

1.1. AN OVERVIEW ON MONOPOLE ANTENNAS 

Monopole antennas is a class of linear wire antennas, that consists of a 

conducting rod or wire mounted perpendicularly on infinite perfect conducting sheet 

called ground plane. 

A monopole antenna is one-half of a corresponding double-length center-fed 

linear dipole antenna [3]. The ground structure serves as the other λ/4 half of the 



1. INTRODUCTION 
 

2 
 

antenna (Fig 1.1). If the ground plane is infinitely sized and conductive, the 

performance of the ground plane is equivalent to a vertically mounted dipole. 

 

Fig 1.1. (a) Monopole antenna (b) Equivalent dipole antenna. 

For the idealized case of a ground plane of infinite extent and of infinite 

conductivity, the input impedance of a λ/4 monopole above a ground plane is one half 

that of an isolated λ/2 dipole. Thus referred to the current maximum, the input 

impedance of the monopole Zim is (36.5 + j21.25 Ω). The reason for this is that only 

half the voltage is required to drive a monopole antenna to the same current as a 

dipole (Zim = V/I). 

Together with the image, the monopole antenna appears to be a center-fed 

dipole for the upper half-space. There is negligible penetration of fields into the high 

conductivity ground for a monopole antenna, and all that radiation is directed into the 

upper half-space creating a power density that is twice as high as that for a dipole 

radiating the same amount of power. This makes the directivity or gain of the 

monopole antenna twice than that for the double-length dipole. Fig 1.2 shows the 

radiation pattern of a quarter wave monopole antenna. 

 

Fig 1.2. Radiation pattern of quarter wave monopole antenna. 
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The drawback of monopole antennas is their narrow bandwidth. The 

impedance bandwidth of a wire monopole antenna can be improved by increasing its 

diameter. Such antennas, where the wire element is replaced by flat square plate or 

circular disc, are called planar monopole antennas (Fig 1.3). The reason for wide 

bandwidth of these antennas with broadening the arms of monopole is the nature of 

current distribution which no longer remains sinusoidal. The modified current 

distribution does not alter the radiation pattern of the antenna appreciably but it 

significantly effects the input impedance [4]. The radiation pattern of these antennas is 

omnidirectional. The planar monopole antennas whose shape has been modified for 

aerodynamic purpose are called blade monopole antennas. Broadband blade 

monopole antennas are the commonly used antennas in airborne systems for signal 

interception, direction finding and monitoring applications [2]. 

 

Fig 1.3. Planar monopole antenna. 

1.2. APPLICATIONS OF MONOPOLE ANTENNAS 

Monopole antennas are widely used in cellular communication, UWB 

applications, wireless LAN, software defined radio and reconfigurable radio network. 

Planar monopole antennas owing to its simple structure, wide impedance bandwidth 

and omnidirectional pattern find immense applications in various areas of 

communication. They are also the most preferred antennas for vehicular and airborne 

applications. 

1.3. MONOPOLE ANTENNAS FOR AIRBORNE APPLICATIONS 

 Planar monopole antennas are simple with compact size, light weight and are 

easy to build in aerodynamic shape causing a minimum drag. These antennas possess 
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wideband characteristics with omnidirectional radiation pattern. Owing to these 

qualities, they are preferred for airborne applications. The planar monopole antennas 

whose shape has been modified for aerodynamic purpose are called blade monopole 

antennas. Broadband blade monopole antennas are the commonly used antennas in 

airborne systems for signal interception, direction finding and monitoring applications 

[2]. 

Electrically, a blade monopole antenna is a λ/4 length, end-fed antenna with an 

impedance of 50Ω. The antenna is encased in radome, thus strengthened to protect it 

from damage from birds, hail or other hazards. 

Airborne monopole antennas are usually mounted vertically on the platform. 

Hence, in this scenario, the length of the monopole antenna can also be denoted as its 

height. 

1.4 LIMITATIONS OF AIRBORNE BLADE MONOPOLE ANTENNAS 

The electrical properties of blade monopole antennas depends on both the 

geometry of the monopole element and the ground plane used. The electrical length of 

a monopole antenna should be equal to the quarter wavelength at the resonating 

frequency and the ground plane should spread out at least a quarter wavelength or 

more, around the feed-point of the antenna. 

For HF/VHF applications, the electrical length of monopole antenna extends 

to a few meters. The height of the antenna for airborne applications needs to be small 

to ensure minimum air drag. Hence size reduction techniques need to be employed. 

Apart from size constraints, these antennas suffer from ground plane 

limitations also. Airborne monopole antennas utilize the skin of the airborne platform 

as its ground plane. The task of finding a suitable mounting location on platform is 

difficult when many systems are competing in limited surface area. The space 

constraints in the specific mounting location for the monopole antenna on the airborne 

platform result in an insufficient ground plane for these antennas on platform. This 

deteriorates radiation performance of antenna [5-6]. The asymmetries and curved 

surfaces on the platform as well as the limited size of the available ground plane 

influence the performance of monopole antenna significantly [7]. 
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Also, nowadays, the skin of the airborne platform is made up of a mixture of 

composite materials whose conductivity may not be fairly good. Composite materials 

are used for aircraft skin owing to their weight savings over aluminium parts with 

high strength and corrosion resistance. Just as a non-infinite ground plane can affect 

the antenna performance, ground planes with non-infinite conductivity can move 

antenna operation away from ideal behavior. Hence reduced ground plane monopole 

antennas are a requirement for airborne applications. 

1.5. PRINTED MONOPOLE ANTENNAS 

Printed monopole antennas are microstrip antennas where the radiating patch 

and the ground plane are etched either on the same side of substrate or on opposite 

sides of substrate, depending on the feeding method chosen. This type of antenna was 

first presented in 1997. The term printed refers to the printed circuit technology used 

in the fabrication of these antennas. Almost all printed antennas are developed based 

on microstrip configuration or its modifications. 

Fig 1.3 shows the printed monopole antenna configuration in which the patch 

is excited via 50Ω microstrip line. Both the patch and microstrip line are lying on one 

side of the substrate and the ground plane on the other side. 

 

Fig 1.3. A printed rectangular monopole antenna 

A printed monopole antenna can be considered as an asymmetrically driven 

dipole antenna, in which the radiating patch form one arm of the dipole and the 
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ground plane form the other arm [8]. It can be further realized as combination of two 

grounded monopole antennas one monopole is the radiating patch and the other is the 

ground plane. The radiation field of printed monopole antennas, is found by 

considering the contribution of both the patch and the ground plane. 

Radiating patch of printed monopole antennas can be of any shape. Substrate 

is of low loss dielectric material to enhance the radiation performance. Commonly 

used dielectric materials are FR4, RT Duroid, Alumina etc. 

The practical advantages of printed monopole antenna is the flat structure, the 

radiating monopole element is in the same plane as that of the ground plane. The other 

advantages of printed monopole antennas are low profile, conformal configuration, 

omni directional radiation coverage, wide bandwidth and simple design. 

The other characteristics like low profile, conformable to planar and non-

planar surfaces, simple, and inexpensive to manufacture using printed circuit 

technology, mechanically robust when mounted on rigid surfaces, compatible with 

MMIC designs make it suitable for aircraft, spacecraft, satellite and missile 

applications and for commercial applications like mobile and wireless applications. 

1.6. MOTIVATION OF THE PRESENT WORK: THESIS OBJECTIVE 

Although blade monopole antennas are good candidate for airborne 

application, the requirement of large ground plane on platform may results in 

deteriorated radiation characteristics in space constrained situations. Some reduced 

ground plane monopole antennas has been reported in the literature that achieve this 

characteristics by altering the ground plane geometry. Since the skin of the platform 

acts as ground plane for airborne antennas, alteration in the ground plane geometry is 

impracticable. 

Here comes the advantage of printed monopole antennas as these antennas 

does not require a backing ground plane. The ground plane are etched either on the 

same side of substrate or on opposite sides of substrate, depending on the feeding 

method chosen. 
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Several configurations of printed monopole antennas have been reported for 

wireless communications in L-S-C-X bands but, only very few configuration of these 

antennas has been reported for VHF/UHF band. Printed monopole antennas 

incorporating wide bandwidth and size miniaturization concurrently have not been 

reported in the VHF band. Hence, the main aim of the research presented in this thesis 

is to design and develop wideband printed monopole antennas operating in VHF band, 

those require minimum mounting ground plane, for airborne applications. 

During the period of work, two wideband printed VHF monopole antennas 

were developed for ground plane constrained airborne applications. The first antenna 

discussed is a bifolded printed bent monopole antenna with L shaped ground plane. 

The second antenna is a RL loaded meandered top loaded printed monopole antenna 

which incorporates meandering and top loading on the radiating patch as well as on 

ground plane for achieving the compactness. The theoretical investigations are carried 

out on theses antennas. The empirical relations are developed for predicting the 

resonant frequency easily. 

1.7 REVIEW OF LITERATURE 

Literature study was carried out mainly in following categories – 

1. A brief survey of monopole antennas. 

2. The effect of ground plane on the performance of monopole antennas. 

3. Survey of printed monopole antennas. 

Later, in this section, the literature referred in designing the printed monopole 

antennas proposed in this thesis are also described. 

1.7.1. A brief survey of monopole antennas 

1.7.1.1 Monopole antennas 

The monopole antenna was invented in 1895 by Gugleimo Marconi during his 

first experiments in radio communication. He began by using Hertzian dipole 

antennas consisting of two identical horizontal wires ending in metal plates. He then 
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proved experimentally that a longer distance transmission is possible by grounding 

one end of this transmitter wire [9]. 

For low frequency (LF), High Frequency (HF) applications like radio 

broadcasting, the variants of monopole antenna -T antenna and Umbrella antenna are 

implemented by using the actual earth as ground plane. But for VHF and UHF 

frequencies, the size of the ground plane needed is smaller when compared to LF/HF 

antennas. Hence, artificial ground planes, which is a conducting sheet of radius 

greater than λ/4 were used as ground plane. 

The most common type of monopole antenna used at VHF/UHF frequencies is 

quarter-wave whip antenna with a conductive ground plane placed perpendicularly at 

its base. Whip antenna is a narrowband antenna with height equal to λ/4. Several 

investigations were carried out on the size and shape of monopole antennas to reduce 

its resonant length and also to increase the bandwidth. These include loading of 

monopole antenna (base loading, top loading), making the monopole radiator in 

planar shape etc. 

Disk loaded and plate loaded (top hat) monopole antennas has been reported in 

1949 as a measure to reduce the resonant length [10]. Monopole antenna with helical 

top loading has been demonstrated in 1961 [11] and with umbrella top loading in 

1965 for achieving compactness and wide bandwidth [12]. A top loaded monopole 

antenna using peano curves was reported by John McVay et.al in 2007 [13]. 

Monopole antenna with inductive loading at the base and also in series with 

the antenna conductor has been reported in 1963 [14]. The use of high permittivity 

substrate resonator material as monopole for antenna height reduction was reported in 

1993 [15]. A magneto-dielectric material of high permittivity and high permeability 

has been demonstrated as a loading element on a standard quarter wavelength 

monopole antenna to achieve reduction in the resonant frequency in 2016 [16]. 

The bandwidth of thin wire monopole can be increased by increasing the 

diameter of wire. This thick wire can be replaced by a planar element. Monopole 

antennas with planar radiating elements were first outlined by Meinke and Gundlach 

in 1968 who described them as a variant of cylindrical and conical monopole [17-18]. 
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Following this, monopole radiators with different shapes were developed, 

printed on dielectric substrate and mounted perpendicularly on ground plane for 

achieving height reduction and wide bandwidth. 

Planar monopole antenna with one step change of the width, planar triangular 

monopole and linear + triangular cap monopole - were presented for size reduction by 

H. Lebbar et.al. in 1994 [19]. Wire radiators shaped into planar elements in the shape 

of circular, elliptical, hexagonal disc for broad bandwidth is reported in 1998 [20]. 

Planar trapezoidal and pentagonal monopoles were reported by J.A Evans and M.J. 

Ammann in 1999 [21].  Discone monopoles, Inverted hat monopoles, conical 

monopoles, elliptical monopole etc. are some of the other configurations of monopole 

antennas presented for broadband performance [22-24]. Square shaped planar 

monopole, corrugated square shaped planar monopole, sleeved monopole, monopoles 

with parasitic elements, annular planar monopole and other similar planar monopole 

antennas of various shapes were also reported for broadband performance [25-29]. 

1.7.1.2 Airborne blade monopole antennas 

Planar monopole antennas whose shape has been modified for aerodynamic 

purpose are called blade monopole antennas. These antennas typically have a tapered 

airfoil cross section to minimize drag. The techniques used to transform a narrow 

band monopole antenna to a broadband blade monopole antenna are by keeping low 

length to diameter ratio (L/D), defining the antenna structure by angle (angular 

concept), matching networks or by a combination of these [30]. 

A blade conical monopole antenna with impedance matching circuit operating 

in the frequency range of 100-2000MHz was presented in 2009 [31]. 

A tapered planar blade monopole antenna with sleeved coaxial feed that 

operates in the frequency range of 200-850 MHz was reported in 2009 [32]. 

A blade monopole antenna with an oblique edge operating in 30-600 MHz is 

presented in 2013 [29]). A broadband impedance matching circuit was also used in 

this design to decrease VSWR in the frequencies less than 150 MHz. 
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A blade monopole antenna that uses exponentially shaped radiating profile 

working in the frequency range 500-2500 MHz is presented in 2015 [33]. Here, the 

radiator is fed by a capacitively coupled balun through a coaxial-to stripline transition.  

A meander line blade shaped monopole antenna loaded with lumped elements 

operating in the frequency band of 30MHz – 500MHz is presented by Davood 

Basaery et.al. in 2015 [34]. 

An ultra-wideband blade monopole antenna that implement Giuseppe - Peano 

fractal structure in its radiating element is presented in 2016 [35]. 

A planar blade monopole antenna operating in the frequency range of 1.2 - 

6GHz is presented in 2016 for airborne application [36]. The antenna design 

comprises of a hexagonal structure with slant tapered edges. 

A wideband blade shaped monopole antenna with a horizontally mounted 

aluminium tube on top of the blade, covering 135-175MHz frequency band is 

presented in 2017 [37]. The blade is pentagon shaped and a matching network is also 

incorporated in the design near the feed for achieving wide bandwidth. 

A number of modifications were made to the planar monopole antenna to 

provide a wider bandwidth, lower profile and improved omnidirectional radiation 

pattern. As discussed above, the modifications include altering the geometry, 

modifying the shapes by cutting tapered sections or folding the elements, and 

changing the electrical characteristics by lumped element loading or employing a 

matching circuit between the monopole and ground plane. However, all the above 

stated planar monopoles require a backing ground plane of λ/4 radius to mount on. 

For monopole antenna applications with ground plane constraints, these antennas are 

less suitable. 

1.7.2. The effect of ground plane on the performance of monopole antennas 

1.7.2.1 Significance of ground plane for monopole antennas 

The studies on the importance of ground plane on monopole antenna 

performance started from early 1940’s. 
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Meier and Summers in 1949 performed an experimental study to analyse the 

impedance characteristics of vertical antennas mounted on finite ground planes [38]. 

Leitner and Spence in 1950 confirmed some of these experimental results through the 

theoretical study of a quarter-wavelength monopole on a finite, circular-disc ground 

plane [39]. The study showed that there is a marked dependence of the antenna 

radiation resistance upon the diameter of the disc employed. In 1951, Storer obtained 

the expression for the dependence of the antenna impedance on the ground plane 

diameter [40]. 

An experimental and theoretical study of a monopole antenna mounted on a 

finite ground plane located above an infinite ground was conducted by Rhee in 1967. 

The results of this investigation shows that the radiation resistance of an electrically 

short antenna can be increased by locating it on a small ground plane above the 

infinite ground rather than directly on infinite ground [41]. 

Keico Iizuka in 1968 did an experimental study of monopole on a hemisphere 

shaped ground plane, which has possible applications on spacecraft antennas [42]. 

Marked differences in the admittances were observed for antennas mounted on the 

ground plane and on the hemisphere. 

M. S. Smith and G. De Prunele in 1981 studied the cross polarized radiation of 

monopole antennas due to limited ground planes [43]. He explained that the limited 

ground plane size modifies the vertical polarization of the radiation and also some 

horizontally polarized radiation could occur, depending on the shape of the finite 

ground plane. 

Weiner in 1987 analyzed a monopole element at the center of a circular 

ground plane of small radius and of large but finite radius [44]. When the ground 

plane size of a monopole antenna is reduced from infinity to zero, the monopole 

eventually becomes an end-fed dipole. In going from one extreme to the other, the 

resonant frequency doubles and the peak directivity is reduced by approximately 3dB. 

The radiation resistance with ground planes of zero extent is approximately one-half 

that with ground planes of large extent. Therefore, a small ground plane results in a 

very large mismatch loss at the original frequency of intended operation.  
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He also found that, for a monopole element mounted on a ground plane of 

finite extent, the outer edge of the ground plane diffracts incident radiation in all 

directions and consequently modifies the currents on the ground plane. It was 

observed that this edge diffraction can alter the input impedance by more than 100 

percent and directive gain in the plane of the ground plane by more than 6 dB from 

the values for a ground plane of infinite extent. 

Steven R. Best in 2006 demonstrated the performance characteristics of the 

small antenna with small finite ground plane and it was found that their performance 

characteristics are defined by the antenna element, the ground plane size as well as 

location of the antenna on the ground plane [45]. It was found that the operating 

bandwidth decreases with decreasing ground plane size. 

An analysis in 2008 illustrated that the sensitivity of the antennas to ground 

plane length reduces significantly when its width is larger than half wavelength and 

length is equal or less than quarter wavelength at the lowest resonant frequency due to 

the sufficient coupling between the antenna and the ground plane [46]. 

S.R Best in 2009 presented a detailed study and demonstrated the significance 

of ground plane size and antenna mounting location as primary factors in establishing 

the performance of ground plane dependent antennas [47]. The time-varying current 

on the ground plane is the primary source of radiation that determines both the 

antenna’s impedance and radiation-pattern properties. The location of the antenna and 

its feeding point on the ground plane, alters the current distribution on the ground 

plane thus affecting the antenna’s performance in terms of its impedance, bandwidth, 

and radiation mode. 

It was also shown that the finite ground plane has a significant impact on the 

monopole’s radiation pattern. The radiation pattern of the monopole on the finite 

ground plane exhibited degraded omnidirectionality; pattern’s peak was elevated well 

above the ground plane’s horizon.  

Hatem Rmili et.al. in 2010 analyzed the radiation resistance of a short planar 

monopole antenna on a small rectangular ground plane [48]. They investigated the 

radiation resistance of monopole antenna on small ground plane with two 
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configurations – on too long and other too wide. It was found that the radiation 

resistance is low as long as the dimension is less than 0.6λ. 

Lusekilo Kibona in 2013 studied the impact of rectangular ground plane on the 

radiation pattern of monopole antenna [49]. He concluded that the ground plane size 

affects the gain directivity and electric field intensity of monopole antenna. 

Radial wire system is an alternate way for the ground plane of monopole 

antennas. Perfect ground plane has zero resistance and zero reactance. A large number 

of radial wires at the surface of ground or using a mesh reduce the ground resistance 

and make the impedance close to perfect ground. Studies on radial wire ground 

system – the effect of radial wire length, effect of number of radials, effect of angling 

of radials downward etc. were reported since 1937. The conclusions of these studies 

can be summarized as – the length of the radials must be λ/4 at lowest frequency of 

operation for optimum performance of antenna; the arrangement of radials must be 

symmetrical so as to cancel radiation in the horizontal plane; increased number of 

radials can increase the efficiency of antenna; angling the radials can change the feed 

point impedance [50-54]. 

 It can be summarized from the above literature study, that the ground plane 

has a significant role in determining antenna radiation characteristics. Irrespective of 

using conductive sheet or radial wire ground system, the ground plane should spread 

at least λ/4 radius at lowest operating frequency around the feed point of antenna for 

optimum performance. The resonant frequency increases with the decrease in the 

size of ground plane causing large mismatch loss in the intended frequency band. The 

operating bandwidth decreases with decreasing ground plane size. The radiation 

pattern of the monopole on the limited ground plane exhibits degraded omni 

directionality; pattern’s peak gets elevated well above the ground plane’s horizon. The 

limited ground plane size modifies the vertical polarization of the radiation and also 

some horizontally polarized radiation could occur, depending on the shape of the 

finite ground plane. The peak directivity of the monopole antenna decreases by about 

3 dB when the ground plane size is decreased from infinity to zero. The antenna 

radiation resistance shows a marked dependence on the diameter of ground plane. 

The location of the antenna on the ground plane and its feeding point are also 
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important factors in establishing the antenna’s performance in terms of its impedance, 

bandwidth, and radiation mode. 

1.7.2.2 Reduced ground plane monopole antennas 

Insufficient ground plane degrades the radiation performance of conventional 

monopole antennas. To overcome this, some reduced ground plane monopole 

antennas were reported in the literature, which addresses the ground plane size 

constraints by modifying the geometry of the ground plane. 

A reduced size folded ground plane which provides a highly effective choking 

action has been developed in 1999 for handheld radio applications [55]. Here the 

ground plane is folded in the shape of a radial waveguide.  The top of the radial 

waveguide acts as the ground plane and the interior of the wave guide provide the 

chocking action preventing the field from spreading on the bottom of ground plane. 

In 2005, S. Lim et.al proposed a reduced size ground plane using a set of spiral 

shaped radial [56]. The spiral ground plane serves to generate large inductance that 

shifts the resonant frequency downward. 

The above mentioned methods of achieving reduced size ground plane require 

alteration in the ground plane geometry. Since the skin of the platform serves to 

ground plane for airborne monopoles, alteration in the ground plane geometry is 

impracticable. 

1.7.3. Survey of printed monopole antennas 

1.7.3.1 Printed Monopole Antennas 

The printed monopole antenna that does not requires a backing ground plane 

was first presented in 1997. In 1997, J. Michael Johnson and Yahya Rahmat-Samii 

introduced a tab monopole, with the monopole patch and the ground plane printed on 

the same side of the substrate, which overcomes the disadvantage of planar 

monopoles requiring backing ground plane [57]. He introduced the name “tab 

monopole” to differentiate this antenna from the other planar and printed monopoles 

which require a backing ground plane to mount on. 
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Various configurations of printed monopole antennas were studied in the 

following several years, mainly on the geometries of the monopole and the ground 

plane. The wideband characteristics of printed monopole antennas were explored 

widely for UWB applications. 

Printed strip monopole antenna is the basic configuration of printed monopole 

antenna. To reduce the height of the antenna and to achieve wideband performance, 

different modifications were implemented in the radiating patch geometry and various 

shapes of patches were explored. 

A strip line fed printed monopole antenna with equilateral triangular shaped 

radiator was reported in 1997 for broadband operations [58]. 

A printed monopole antenna that consists of three printed strips forming an 

isosceles right-angle triangle has been reported for wideband applications in 2004 

[59]. 

Choi et.al introduced a printed monopole antenna that contains a rectangular 

patch with two steps and a single slot on the patch for ultra-wideband applications 

[60]. 

A CPW fed arrow like printed monopole antenna was developed by Wei 

Wang et.al for wideband applications [61]. 

A printed circular monopole antenna was developed in 2005 [62], which 

achieves the impedance bandwidth ratio of 3.8:1 (2.69~10.16 GHz) with satisfactory 

omnidirectional radiation properties. 

Other configurations of printed monopoles such as spline- shaped monopole 

[63], U-shaped monopole [64], knight’s helm shape monopole [65] two steps circular 

monopole [66], square ring with T shaped strips [67], circular ring monopole [68], 

tulip shaped planar monopole [69], pentagonal monopole [70], planar inverted cone 

monopole [71], crescent shaped monopole [72], semi elliptic monopole [73], annular 

ring monopole [74], arc shaped monopole with a rectangular parasitic patch [75], 

hexagonal shaped monopole with ground extended vertically on two sides of the 

radiator [76], etc. were also proposed and studied for UWB applications. 
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The possibility of achieving wide bandwidth by modifying ground plane 

geometry were also investigated and reported in the literature. 

Huang et al. [77] introduced an impedance matching technique of printed 

monopole antennas by cutting a notch at the ground plane, and demonstrated that the 

impedance bandwidth can be enhanced by suitable size and position of notch chosen. 

Azim et al. [78] proposed that the impedance bandwidth of square shaped 

printed monopole antenna can be improved by cutting triangular shaped slots on the 

top edge of the ground plane. This antenna obtains a impedance bandwidth ratio of 

5.5:1 (2.9~16GHz). 

A circular monopole patch and a trapeziform ground plane with a tapered 

CPW feed [79], a heart-shaped monopole with a microstrip feed line and an elliptical 

curved ground plane [80] were also reported for UWB applications. 

A printed elliptical monopole antenna with trapezoidal ground plane fed by a 

tapered CPW line is presented by Jianjun Liu et.al [81]. The wideband performance of 

this antenna was achieved by adding two feeding branches and optimizing the 

elliptical patch and ground plane shape. 

Jihak Jung et.al presented a small wideband microstrip fed monopole antenna 

[82] in which the wideband characteristics was achieved by placing a pair of notches 

at two lower corners of the patch and embedding a notch structure in truncated ground 

plane. 

Considering high concentration of currents in the corners of the patch and 

ground, Melo et al.[83] studied a rounded monopole patch with a rounded truncated 

ground plane that provides an impedance bandwidth ratio of larger than 4.7:1 (2.55 

~12 GHz). 

A low-profile coplanar waveguide fed monopole antenna comprising of a 

straight strip, a parasitic circular-hat patch, and a slotted CPW ground was presented 

for broadband operation by W. C. Liu et.al [84]. 

A compact microstrip-fed printed dual band antenna for Bluetooth and UWB 

applications with WLAN band-notched characteristics is proposed in 2011 [85]. The 
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antenna comprises of a fork shaped radiating patch, with two L-shaped slots and two 

symmetrical step slots etched on the rectangular ground plane. 

A fractal monopole antenna with band rejection characteristics was proposed 

by Krishnan Shambavi et.al for UWB applications [86]. 

A microstrip monopole antenna with switchable band notch function is 

presented by Tasouji et.al for ultra-wideband applications [87]. The antenna 

comprises of an elliptical radiator and a half circular shape ground plane with arc 

shaped slots, which excites new resonances to achieve enhanced bandwidth. 

A modified printed rectangular monopole antenna was reported for UWB 

applications [88]. In this design, a printed rectangular monopole antenna was 

modified with round edge at the lower side of the rectangle and chamfering the two 

upper corners of the antenna-radiating element. 

Although the profound application of printed monopole antenna found in 

literature is for UWB application, it was also developed for other applications like 

RFID [89], MIMO [90] and WLAN applications [91]. 

In 2003, a microstrip-fed dual-U-shaped printed monopole antenna, a double T 

monopole antenna that consists of two T-shaped monopoles of different sizes stacked 

one over other, and a printed L-shaped monopole antenna were reported for dual band 

applications centered in the frequency range of 2.4GHz and 5.2GHz [92-94]. 

A multiband printed monopole antenna suitable for GPS, WLAN, WiMAX 

applications was proposed in 2012 [95]. The radiating elements of this antenna consist 

of three branches and the defected ground located on the backside of the dielectric 

substrate consists of two rectangular shaped slots. The slots on the ground plane 

improve the impedance matching. 

A planar monopole antenna with two frequency tunable bands was developed 

by XL Sun et.al for Wi-Max wireless devices [96]. The antenna had a short stem with 

two radiating branches, one a folded branch and other a meandered branch. 

An inverted L shaped monopole antenna with parasitic inverted F element in 

ground plane for dual band application was proposed by Sudhanshu Verma et.al [97]. 
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Printed monopole antenna was primarily investigated for applications 

especially for wireless mobile communications in L-S-C-X bands. This is because, 

together with the partial ground plane, the overall size of the antenna is in the order of 

0.5λ. A very few printed monopole antennas were reported in the literature for 

VHF/UHF band by incorporating different techniques for reducing antenna size. 

1.7.3.2 Printed Monopole Antennas in VHF/UHF band 

 A compact printed monopole antenna that comprises of a square ring 

monopole fed by a microstrip line and a tapered ground plane was reported for RFID 

application [98]. To improve the impedance matching of the antenna, a parasitic 

square ring structure was added to the tapered ground plane also. 

 An ultra-wideband printed monopole antenna has been reported for partial 

discharge detection in 2014 [99]. In this design, both the radiating element and the 

ground plane are bevelled in order to ensure a smooth transition in the impedance 

between the adjacent resonances. The drawback of this antenna is the larger size, 0.3λ 

at 120MHz. 

A dual-band printed monopole antenna for wireless M-Bus and M2M 

applications with operation in the VHF and lower UHF bands was presented by A. 

Loutridis et.al in 2015 [100]. The miniaturization of this compact antenna is based on 

a double-sided meandering structure. 

A printed monopole antenna with C shaped ground system operating in the 

frequency range of 220-860MHz was reported in 2016 [101]. The antenna has a 

physical dimension of 0.3λ. 

The above mentioned printed monopole antennas either lack wideband 

characteristics or compactness. The wideband printed monopole antennas presented 

above has a physical length of 0.3λ. For airborne application, we require the antenna 

to be very compact in order to reduce air drag along with wide bandwidth. Hence in 

this thesis, two compact (~0.1λ at lowest frequency of operation), wideband (~32%) 

printed monopole antennas operating in VHF band are presented for airborne 

applications. 
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The first antenna presented in this thesis is a bifolded printed bent monopole 

antenna. This antenna applies folding technique in to the bent monopole configuration 

to achieve height reduction. The second antenna is a meandered top loaded printed 

monopole antenna. This antenna uses both meandering and top loading techniques in 

the radiating patch and ground plane for achieving height reduction. The literature 

referred for developing these antenna structures is briefed below. 

1.7.3.3 Printed Bent Monopole Antenna – A brief survey 

The bent monopole or inverted L monopole antenna is a short monopole with 

the addition of a horizontal segment of wire at the top. The bending of the monopole 

results in a reduced size and low profile. These antennas were first designed for 

missile applications in 1960 [102]. Later in 1974 a class of bent monopole antenna 

was proposed by Richard W. Adler and Eugene G. Neely [103]. 

Various configurations of bent monopole antennas were developed since 2003 

for achieving different characteristics like compactness, multiband operation, and 

even wideband characteristics. It was seen that the bending technique was widely 

implemented in conventional planar monopoles as well as the printed monopole 

antennas. Some of the notable investigations on the printed bent monopole antenna 

are briefly surveyed. 

A wideband dual frequency design of a double inverted-L printed rectangular 

monopole antenna with CPW feeding was presented in 2003 for WLAN application 

[104]. The dual-frequency operations was achieved by embedding the patch with an 

L-shaped slit, which comprises both the horizontal and vertical sections, to form two 

inverted L-shaped monopoles. 

The observation of tilted radiation pattern of bent monopole antenna was used 

in the development of a reconfigurable antenna to achieve beam switching in 2004 

[105]. 

An inverted L folded monopole antenna with a parasitic inverted L wire was 

proposed in 2004 for dual band application [106]. 
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In 2005, a printed bent monopole antenna that implements folding technique 

to achieve height reduction and multiband operation was presented [107]. In this 

folded monopole, the vertical structure is folded back parallel to the side of the 

structure and is grounded. 

A CPW fed tapered bent folded monopole antenna was also investigated in 

2005 for dual band WLAN systems [108]. 

A bent folded printed monopole antenna with microstrip feeding that exhibits 

6% bandwidth was presented in 2006 [109]. 

A CPW-fed monopole antenna with double inverted-L strips – one a long 

meandered inverted L and other a short inverted L - was presented by H.S. Choi et.al 

in 2006 for dual-band WLAN applications operating at 2.44GHz and 5GHz [110]. 

A microstrip fed printed monopole antenna with double inverted L structures 

was proposed for RFID application in 2009 [111]. 

A bent-folded-monopole antenna with chip inductor and chip-capacitor was 

proposed in 2010 for dual band operation [112]. 

Bandwidth enhancement of a bent monopole antenna by placing a conductive 

sheet close to the monopole was proposed in 2012 to operate in the UHF band from 

470MHz to 770MHz [113]. 

A method for bandwidth enhancement of printed bent monopole antenna by 

improving the impedance matching by extending the ground plate to L shape was 

proposed in 2015 [114]. 

It can be inferred from the above literature study that, printed bent monopole 

antenna configuration can be used to achieve height reduction for developing a 

printed monopole antenna in VHF band. Reduced size of the antenna results in poor 

impedance matching. Impedance matching of the bent monopole antenna can be 

improved by modifying the partial ground plane. 
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1.7.3.4 Meander line printed monopole antennas – A brief survey 

Meandering and top loading are considered as effective techniques for 

reducing the resonant length of antennas. 

Meander line antennas are a class of antennas intended to reduce the resonant 

length of the antenna [115]. Each half section is formed when the wire is folded three 

times over its course and a complete section is made when two half sections are 

connected back to back. 

Meander antennas were first investigated by J. Rashed and Chen-To Tai in 

1982 [116]. Later in 1986, a wideband meander line dual zig-zag monopole antenna 

has been reported for spacecraft applications [117]. A dual meander sleeve monopole 

antenna based on this configuration was reported in 1995 for personal communication 

network operating in the frequency band of 850-1900MHz [118]. 

Printed meander line monopole antennas are constructed on a dielectric 

substrate by continuously folding a conventional printed monopole patch. Various 

configurations of meander line were investigated in printed monopole antennas for 

achieving size reduction. 

A CPW fed rectangular meander line monopole antenna with an extended 

conductor line has been reported in 2002 for dual band operation [119]. 

A coplanar waveguide meandered feed line was introduced to a planar 

monopole antenna to obtain a broadband dual-frequency operation in [120]. The 

modified feeding technology results in good impedance matching in a wide dual-band 

covering 2.4-5.2 GHz WLAN operations. 

A multiple meander strip monopole antenna was reported in 2005 for UWB 

application [121]. This antenna consists of four radiating meander lines each 

connected symmetrically to the end of the cross shape microstrip feed line. 

A multi-band monopole antenna with wideband characteristic was proposed 

for DVB-H/DCS1800/PCS1900/IMT2000/Wibro/WLAN/ S-DMB applications in 

2008 [122]. In this antenna, the wideband characteristic is achieved using a meander 

structure and tapered feeding line. 
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A compact coplanar waveguide (CPW) fed antenna with meandering in the 

ground plane operating at 2.4GHz with 300MHz 2:1 VSWR bandwidth is presented in 

2011 [123]. 

A printed meander monopole antenna, which is able to generate four resonant 

frequencies just by adding a branch and a meander structure is presented for operating 

in GSM/DCS/PCS/UMTS/ISM bands [124]. 

A meander rectangular monopole antenna has been reported in 2015 for 

quadband operation [125]. 

A double sided meandered monopole antenna operating at 169 and 433 MHz 

for wireless M-Bus and M2M applications is presented in 2015 [100]. 

From the literature study on meander line printed monopole antenna, it was 

inferred that meander line on radiating patch can reduce the antenna height 

significantly. By implying meander line on feed line and ground plane improved 

impedance matching and wideband characteristics can be achieved. It can be 

concluded from literature study that by properly configuring the meander line printed 

monopole antenna, wideband and multiband characteristics can be achieved along 

with compactness. 

1.7.3.5 Top loaded printed monopole antennas – A brief survey 

Top loading has been introduced in order to reduce the antenna resonant 

height along with increased radiation resistance [126]. Top loading increases the 

capacitive reactance of the antenna, thereby increases the bandwidth. 

Various types of top loadings has been introduced to monopole radiators in 

literature for increased bandwidth and height reduction – cap loading, helical top 

loading, umbrella top loading, etc. [11-12] [127-132]. 

The various configurations of printed monopole antenna – printed rectangular 

monopole antenna, printed circular monopole antenna, printed elliptical monopole 

antenna etc. can be considered as variants of printed strip monopole antenna top 

loaded with these rectangular, circular, elliptical etc. shapes. 
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Implementation of top loading on ground for ultra-wideband performance was 

reported in 2005 [133]. 

1.8 THESIS ORGANIZATION 

The organization of the thesis is as follows. 

Chapter 1 gives the introduction of the thesis. The motivation of the work is 

discussed in this chapter. This chapter also includes a detailed literature review on 

conventional, planar and blade monopole antennas, the significance of ground plane 

on the performance of monopole antennas and an exhaustive study on the printed 

monopole antenna design in L-S-C-X bands as well as in the VHF/UHF band. It also 

briefly reviews the past work in the field of printed bent monopole antennas, printed 

meander line monopole antennas and printed top loaded monopole antennas. 

Chapter 2 starts with the methodology used for developing the antennas 

reported in this thesis. The methodology of research includes selection of suitable 

substrate, simulation tool used for the design and optimization of the antenna, antenna 

fabrication and the measurement method. Measurements in the frequency domain 

such as return loss, radiation pattern, gain are explained. This chapter also presents an 

overview on the theoretical study carried out on the antennas. Theoretical study 

includes the parametric analysis for studying the effect of each antenna dimensions on 

the radiation performance, the analysis on the variation in the distributed reactance 

with different dimensions, and deduction of design equation. 

Chapters 3 & 4 concentrate on the printed monopole antennas proposed in this 

work. The design details of the antennas are discussed. The surface current & field 

distributions on the antenna at the resonant frequency are analyzed in detail. An 

intensive parametric analysis was carried out to study the effect of each dimension on 

the radiation performance of these antennas and is presented in these chapters. The 

performance of the antennas is evaluated with the antenna mounted over a ground 

plane as well as for the free standing antenna and the results are presented. The effect 

of the mounting ground plane on printed monopole antenna was found to be very less 

compared to conventional monopole antenna. The measured results of the fabricated 

antennas are then plotted with their corresponding simulated results which are found 

to conform well in all cases. 
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Chapter 3 presents the development of a bifolded printed bent monopole 

antenna with L shaped ground plane operating in the frequency range of 130MHz- 

180MHz. The antenna achieves 3:1 VSWR bandwidth of 32%. It also achieves a 

height reduction of 78% compared to a basic printed strip monopole antenna and 73% 

compared to conventional planar quarter wavelength monopole antenna at lowest 

frequency of operation. 

The design and development of a RL loaded meandered top loaded printed 

monopole antenna is presented in chapter 4. The evolution of the antenna design is 

presented first followed by the detailed study of the proposed antenna. The proposed 

antenna exhibits a 3:1 VSWR bandwidth of 38%. The antenna achieves a height 

reduction of 67% compared to basic printed strip monopole antenna and 63% 

compared to conventional planar quarter wavelength monopole antenna at lowest 

frequency of operation. 

The numerical analysis done on the antennas for obtaining more insight about 

the radiation mechanism is presented in chapter 5. Based on the parametric analysis 

carried out on both the antennas, the factors affecting the resonant frequency were 

identified. The results of the surface current analysis along with the parametric studies 

have enabled to deduce their design equations. The calculated values are compared 

with the simulated results and the error was found to be less than 5%. 

Finally the thesis is concluded in Chapter 6, by compiling the overall work and 

their results along with a brief description on the scope for future study. 



 
 

2. Methodology 

 

 

The chapter deals with the techniques used for the design, 

fabrication and measurement of antennas reported in this thesis. The 

design and simulations are performed using the FEM based ANSYS 

High Frequency Structure Simulator (HFSS) software. The 

prototypes of the antennas were fabricated using photolithographic 

process and the antenna characterization was done using E5071C 

Vector Network Analyzer in the open field. 
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2.1 SOFTWARE SIMULATION AND MODELING - HFSS 

The design and optimization studies of the antennas presented in this thesis are 

performed using the commercial software ANSYS High Frequency Structure 

Simulator (HFSS). HFSS is one of the globally accepted commercial Finite Element 

Method (FEM) solver for electromagnetic structures [134]. 

HFSS utilizes the 3D full-wave Finite Element Method (FEM) with adaptive 

meshing to compute the electrical behavior of high-frequency and high-speed 

components. Solving any arbitrary 3D geometry, even with complex shapes and 

curves, are possible by this software in minimum time. 

One of the key features of HFSS is that, it provides various kinds of boundary 

and port schemes. Radiation, Perfect Electric Conductor and Lumped RLC boundaries 

available in this software are widely used in simulating the antennas mentioned in this 

thesis. 

Perfect Electric Conductor (PEC) is used to model conducting boundary. It 

represents a lossless perfect conductor. Radiation boundary is used to create an 

electromagnetic model that allows electromagnetic energy to emanate or radiate away. 

It is applied to outer faces of the solution space. For antenna simulation, it is placed a 

quarter wavelength away from the radiating surface. Lumped RLC allows creation of 

ideal lumped components. It is used to model ideal lumped resistors, inductors or 

capacitors. Once the values of R, and/or L, and/or C is specified, HFSS determines the 

impedance per square of the lumped RLC boundary at each frequency, effectively 

converting the RLC boundary to an impedance boundary. 

There are seven types of excitations in HFSS through which a user can specify 

the sources of fields, voltages, charges or currents for a given simulation. In this work, 

lumped port excitation scheme is used to excite the antenna. Lumped ports are ports 

that can be used in simulations where energy needs to be sourced internally to a 

model. Lumped ports yield S, Y, Z parameters and fields. A lumped port can be 

defined on any 2D object that has edges which contact two conducting objects. 
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2.1.1 Steps involved in HFSS simulation 

The main steps involved in the HFSS simulation of the antenna mentioned in 

this thesis is described in this section. A flow chart showing the steps involved in 

HFSS simulation is shown in Fig 2.1. 

 

Fig 2.1. Steps involved in HFSS simulation. 

Step 1. The first step in simulating an antenna in HFSS is to define the geometry of 

the system. To generate a 3D or 2D structure, user can either use modeler’s DRAW 

command or draw 1D and 2D objects. Objects are drawn in the 3D Modeler window. 

After drawing the model, the user can assign material for each object. 

On designing the printed monopole antenna, first, the substrate material was 

drawn by creating a 3D rectangular box with the required dimensions. Then the 

material FR4 was assigned to this structure by selecting the box, and selecting 

MODELER > Assign material > FR4. The base plate of the antenna was also drawn 

perpendicular to antenna substrate and was assigned aluminium material in the same 

manner. The patch is then drawn on the top and bottom of the substrate using Draw 

Rectangle and Unite tools. 

Step 2: After drawing the antenna, the second step is to define the boundaries of the 

structure and to apply proper excitation. 

After drawing the patches, perfect electric boundary was assigned to the 

patches by selecting them and using HFSS > Boundaries > Assign > Perfect E. To 

represent resistance and inductance loading, a rectangle is drawn on the patch, and the 

lumped component values are assigned by selecting the rectangle and choosing HFSS 

> Boundaries > Assign > Lumped RLC. The values of the RLC components are 

specified in the corresponding boxes. An integration line must also be specified. 

A radiation boundary filled with air is then defined surrounding the structure. 

For this, a rectangular box of air material was drawn with the antenna substrate at 
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center of the box and by selecting this air box, radiation boundary is assigned by 

choosing HFSS > Boundaries > Assign > Radiation. 

After the boundaries have been assigned, the suitable port excitation scheme is 

to be given. In our work, coaxial feed was used to excite antenna. For this coaxial feed 

connector of appropriate dimension was drawn at the base edge of the antenna, in a 

way that the base plate of the antenna holds the connector. At the base of the feed, 

lumped port excitation is given. When creating a lumped port, it is necessary to draw 

an integration line for the port. This integration line should be drawn between the 

center points of the edges that contact metal objects. 

Step 3: Once boundaries and excitations have been created, the next step is to create a 

solution setup. During this step, the user will select a solution frequency, the desired 

convergence criteria, the maximum number of adaptive steps to perform, a frequency 

band over which solutions are desired, and what particular solution and frequency 

sweep methodology to use. For this user should select HFSS>Analysis Setup > Add 

Solution setup. After completing this, the frequency sweep can be given by selecting 

HFSS > Analysis setup > Add Frequency sweep. 

Step 4: When the initial four steps have been completed, the model can be validated 

using HFSS > Validation Check. After saving the model, it can be analyzed by 

running the simulation using HFSS > Analyze all. 

Step 5: Finally the simulation results such as scattering parameters, far field radiation 

pattern etc. are obtained by selecting the appropriate options from HFSS > Results. To 

plot the surface current distribution, the patch is selected. Then HFSS > Fields > Plot 

Fields > J is selected. A window will be opened in which, the solution, frequency and 

phase for plotting the surface current distribution is fed. 

A CAD model of antenna simulated using HFSS is shown in Fig 2.2. 
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Fig 2.2. CAD model of antenna in HFSS. 

2.2 SELECTION OF SUBSTRATE 

The selection of a proper substrate material is the essential part in antenna 

design. The selection of the substrate depends on the application of the antenna and 

the required radiation characteristics. Properties like dielectric constant (ε) and loss 

tangent (tan δ) and their variation with temperature and frequency, dimensional 

stability, thickness uniformity of the substrate, thermal coefficient and temperature 

range must be involved in the considerations. 

Dielectric constant of substrates affects the antenna performance. The 

substrate which has a low dielectric constant will give better performance than the 

substrate which has a high dielectric constant. The high dielectric material allows for 

a reduction of space but at the cost of higher moisture absorption level. 

Loss tangent or dissipation factor also plays a part in antenna performance. 

Dielectric constant and loss tangent vary with operating temperature changes and 

levels of humidity. Loss tangent or Dissipation factor can change significantly with 

moisture absorption as little as 0.25% of dielectric weight. Thus moisture absorption 

should be as low as possible. 

Dielectric materials cannot resist indefinite amount of voltage. Once current is 

forced through an insulating material, breakdown of that materials molecular structure 

will occur. Hence volume resistivity and surface resistivity should be good. After 

breakdown, the material may or may not behave as an insulator any more, the 
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molecular structure having been altered by the breach. Hence, the breakdown voltage 

should be high. 

The antennas reported in this thesis were developed for VHF communication 

with omnidirectional radiation coverage in the azimuth plane and are designed for 

mounting on airborne platforms. 

Microstrip antenna on being fixed on aircraft surface are subjected to 

unfavorable conditions such as intense heat, physical damage, very low temperatures 

and plasma environment. Hence, these antennas need to be rugged enough to 

withstand vibration and ought to be operated at extreme temperatures. It is coated 

with a dielectric cover layer also for proper shielding. 

Prototypes of the antennas for this thesis have been realized on FR4 Glass 

Epoxy. "FR" stands for flame/fire retardant. FR-4 glass epoxy is famous and flexible 

high-pressure thermoset plastic laminate material with high strength to weight ratios. 

The material is of low cost and has excellent mechanical properties, making it ideal 

for a wide range of electronic equipment. It is also suitable for the use at RF and 

microwave frequencies for the design of microstrip and printed antennas. The 

substrate can be preferred based on the desired material characteristics for optimal 

performance over the specific frequency range. Dielectric constant, thickness and loss 

tangent are the commonly used parameters. The material properties of FR4 Epoxy are 

given in the Table 2.1 below. 

Table 2.1 Material properties of FR4 Epoxy. 

Dielectric constant 4.4 

Dissipation factor 0.025 

Temperature tolerance High (0ᵒC to 55ᵒC) 

Coefficient of thermal expansion Low (11microns/m/ᵒ C) 

Humidity tolerance High (0-90% non-condensing) 

Moisture absorption 
Less (0.15%) 

Tensile strength 
High (45000psi) 

Breakdown voltage High (65KV) 
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2.3. ANTENNA FABRICATION 

For the fabrication of microstrip antennas, photolithographic technique or fast 

fabrication process can be employed. In the work presented here, photolithographic 

technique is used as it is reasonably more accurate. 

Photolithography is the process of transferring geometrical shapes from a 

photo-mask to a surface. The step involved in the fabrication of antenna using this 

technique is depicted in Fig 2.3. 

The CAD drawing of the antenna is printed on a high quality butter paper with 

a high resolution laser printer (mask). The copper clad of suitable dimension is 

cleaned with a suitable chemical like acetone to remove any impurities. A thin layer 

of negative photo resist solution (1:1 mix of negative photo resist solution and 

thinner) is coated using spinning technique on copper surfaces and is dried. The 

antenna mask is carefully aligned over the photo resist coated clad and exposed to UV 

light. The layer of photoresist material in the exposed portions hardens, while the 

unexposed region remains unaffected and it can be removed by carefully rinsing with 

a suitable developer solution. The board is then washed in water. After this, the 

unwanted copper portions are etched off using Ferric Chloride (FeCl3) solution to get 

the required antenna geometry on the substrate. The etched board is rinsed in running 

water to remove any etchant. FeCl3 dissolves the copper parts except underneath the 

hardened photo resist layer after few minutes. The laminate is then cleaned carefully 

to remove the hardened photo resist using acetone solution. A photograph of the 

fabricated antenna is shown in Fig 2.4. 

 

Fig 2.3 Steps in photolithography process. 
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Fig 2.4. Photograph of a fabricated antenna. 

2.4. ANTENNA MEASUREMENT SETUP 

The antennas reported in this thesis were measured for its electrical 

characteristics like resonant frequency, impedance bandwidth, radiation pattern and 

gain in the open field. The test facilities available include Network Analyzers 

(E5071C) and automated antenna positioner. The transmitting antenna used was a 

wideband Log Periodic Dipole Antenna (LPDA) radiating in the frequency range of 

100 to 550MHz with an average gain of 9dB. The antenna under test is used as the 

receiver. 

The E5071C from Keysight, is a 4 input network analyzer [135]. The model 

measures a frequency range from 0.3 to 20000 MHz and a maximum dynamic range 

of 123 dBm. The E5071C’s maximum output power is 10 dBm. It is an integrated 

network analyzer with a four-port S-parameter test set, a synthesized RF source, a 

10.4-inch color LCD, and a hard disk drive. The Network Analyzer is calibrated using 

the calibration kit, which includes standards such as open, short and load, before 

performing the measurements. A turntable assembly consists of a microcontroller 

based antenna positioner, interfaced with the PC for the radiation pattern 

measurement. 



2. METHODOLOGY 
 

33 
 

 

Fig 2.5 Antenna measurement setup. 

Schematic of the setup used for measuring antenna radiation pattern and gain 

is shown in Fig 2.5.Transmitting antenna is fixed in a position and the antenna under 

test is mounted over the turntable assembly which rotates by 360° in azimuth. Both 

antennas are connected to a vector network analyzer. The turntable and measurement 

data from the vector network analyzer are gathered, processed and plotted in a PC 

using software which controls both devices. The measured radiation patterns are 

obtained in far field conditions. 

2.5 ANTENNA CHARACTERIZATION 

The major antenna characterization procedures are depicted in the following sessions. 

2.5.1 Return loss Measurement 

When there is an impedance mismatch between the antenna and the source 

line, a part of the incident energy is reflected back to the source. The ratio of the 

reflected voltage (or current) to the incident voltage (or current) is termed as the input 

reflection coefficient (Γ). S11 is the reflection coefficient expressed in dB. 

S11 = 20 log 10(│Γ│) 
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The level of mismatch is also defined in terms of the Voltage Standing Wave 

Ratio (VSWR). VSWR is defined as the ratio of the voltage maximum to minimum of 

the standing wave existing on the antenna input terminal. 

In order to measure the return loss characteristics of the antenna under test, the 

test antenna is connected to any one of the network analyzer ports and the VNA is 

operated in the S11 or S22 mode. The specific port of the analyzer should be calibrated 

for the frequency range of interest using the standard open, short and matched load, 

prior to the measurement. The S11 values of the antenna in the entire frequency band 

are then stored in a computer in Comma Separated Variable, “CSV”, format. The 

frequency at which the return loss value is lowest is taken as the resonant frequency of 

the antenna. 

The range of frequencies for which the return loss value is within the -6dB 

points is usually treated as the 3:1 VSWR bandwidth of the antenna. Basically the 

bandwidth is defined more concisely as a percentage calculated using the formulae 

% bandwidth = (f2-f1)/f0 

Where, f2 and f1 represent the upper and lower edge of the frequency band 

respectively and f0 represents the center frequency of the band. 

2.5.2 Radiation Pattern Measurement 

Radiation pattern of an antenna is the graphical representation of its radiation 

properties as a function of the space co-ordinates. Generally, far field patterns are 

specified for an antenna where the pattern is measured at a distance, d > 2D2/λ, where 

D is the largest dimension of the antenna and λ is the operating wavelength. 

The radiation pattern measurement is carried out in the open field with the 

help of E5071C Vector Network Analyzer. The antenna under test is mounted on a 

turn table and connected to one port of the network analyzer configured in the 

receiver mode. The other port of the network analyzer is connected to the transmitting 

antenna. The height and polarization of both antennas are aligned for maximum 

transmission (S21) between them. The network analyzer and the turntable controller 

are interfaced to a computer which runs the measurement automation software. The 
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measurement band, start angle, stop angle, angular step size and file name are input 

to the measurement automation software. The system automatically undergoes THRU 

calibration prior to the measurement and performs the transmission measurement for 

each step angle and records the angular transmission characteristics in a data file. This 

is used to plot the 2-D radiation pattern at the required frequency. 

2.5.3 Antenna Gain Measurement 

Gain is the ratio of the intensity of an antenna’s radiation in the direction of 

strongest radiation to that of a reference antenna, when both antennas are fed with the 

same input power. If the reference antenna is an isotropic antenna, the gain is 

expressed in units of dBi. 

The gain transfer method using a standard gain antenna is employed to 

determine the absolute gain of the antenna under test [136]. The experimental setup 

for determining the gain is similar to the radiation pattern measurement setup. The 

gain of the antenna under test is measured relative to the power levels detected by a 

standard gain antenna. Here, for the gain measurement of the antennas mentioned in 

this thesis, tuned monopole antenna of 2dB gain is used as the standard antenna. 

Initially, the standard antenna is positioned for bore-sight radiation and the 

transmission coefficient │S21ref│ (dB) is read on the analyzer display. A THRU 

calibration is performed and the data is stored in the analyzer. This is the reference 

gain for the antenna under test. Now the test antenna replaces the reference antenna 

and the transmission coefficient │S21│test (dB) is recorded, which gives the relative 

gain. The absolute gain can then be calculated as 

G (dBi) = Gref (dBi) ± │S21│test 

2.6. ANALYSIS OF ANTENNAS 

Analysis of antennas are done to get a good physical insight of the antenna. 

The analysis may be based on theoretical approach and/or experimental measurements 

[137]. 

The theoretical analysis has the following advantages: 

 It can reduce the number of costly tests on prototypes by supporting the design 

process. 
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 It can ascertain the advantages as well as limitations of a configuration by 

carrying out parametric studies. 

 It can provide an understanding of the operating principles that could be useful 

for a new design, for modification of an existing design, and for the 

development of new configurations. 

The analysis of antennas described in this thesis is based on parametric studies 

and surface current analysis of structure using FEM based HFSS software. Based on 

these studies the empirical formulae for calculating the resonant frequency of the 

structures is derived. 

2.6.1 Parametric analysis: 

The effect of various dimensions of the antenna structure and substrate 

parameters on the radiation characteristics of the antenna are analyzed using 

parametric analysis technique available in HFSS software. A parametric setup 

specifies all of the design variations that optometric drives HFSS to solve. A 

parametric setup is made up of one or more variable sweep definitions, which are a set 

of variable values within a range that HFSS need to solve when the parametric setup 

is run. 

The parameter which is to be analyzed is varied over a range keeping all other 

parameters constant. The effect of this dimension on the frequency response of the 

antenna is obtained from the return loss characteristics. The effect of this parameter 

on radiation pattern and gain of the antenna is obtained from radiation pattern plot and 

gain plot respectively. 

2.6.2 Surface current analysis: 

The analysis of surface current distribution over antenna surface enable us to 

determine the mode of resonance. HFSS provides Field overlays option for plotting 

the field distribution on a surface or object. The distribution of current on the radiating 

patch and ground patch is obtained from surface current analysis (Jsurf), which come 

under Field overlays option. For this, the patch under consideration is selected and the 

surface current distribution at a particular frequency is selected. The analysis gives the 

magnitude and direction variation of surface current distribution over the structure. 
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2.6.3. Extraction of distributed RLC parameters: 

The variation in the frequency response of the antenna is analyzed by studying 

the variation of the distributed reactance with dimensions. 

The antenna is considered as a resonant circuit with its own resonant 

frequency and bandwidth. Antennas can be approximated to series RLC networks 

with a specific resonant frequency and Q factor. The resonant frequency is a function 

of the capacitance and inductance present in that circuit while the Q factor is a 

function of all the three components [138]. By doing some simple mathematical 

calculations, the circuit parameters of the antenna can be extracted from their resonant 

frequency and bandwidth. These values of circuit parameters can be used to explain 

the resonance mechanism. 

The algorithms included in the extraction of parameters of the circuit are given below. 

 Step 1: Calculate the Bandwidth BW and the resonant frequency fr from 

reflection co efficient  

 Step 2: Calculate the resistance R of the circuit at resonance by solving the 

equation 

R − 𝑍0
R + 𝑍0

= 10𝑆11/20 

Where, S11 is the return loss measured at resonant frequency and Z0 = 50 Ω is 

the characteristic impedance of the transmission line used to guide the energy 

into antenna. At resonance the circuit only offers resistance; the reactance will 

cancel each other. 

 Step 3: Calculate Q by the relation 𝐐 = fr /𝐁𝐖. 

 Step 4: Calculate inductance L by the formula 𝐋 = 𝐑𝐐/𝟐𝛑fr. 

 Step 5: Calculate capacitance C by the formula 𝐂 = 𝟏/𝟐𝛑𝐐𝐑fr. 
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2.6.4 Design Equation Formulation 

In order to decrease the long-time processing, it would be convenient to start 

the design process by drawing an antenna with sizes close to its resonant frequency 

instead of using random initial sizes and then optimizing the antenna with cut and try 

methods. Thus, by having an initial geometrical configuration of the antenna, the 

design process would be quicker, as a good initial configuration can strongly affect 

the numerical convergence efficiency. 

The design equations for a rectangular patch antenna based on cavity model is 

modified to derive the equation for the resonant frequency of the patches described in 

this thesis. The derivation of the design equation of rectangular microstrip patch 

antenna involves the computation of relation between resonant frequency and its patch 

dimensions. 

The design equations for the resonant frequency of the printed monopole 

antennas mentioned in this thesis are derived using the same methodology as adopted 

for deriving the design equation of rectangular microstrip antenna. The steps involved 

in this process is described below. 

 To determine the fundamental mode excited by the printed monopole antennas 

mentioned in this thesis, the surface current distribution on these structures are 

studied and analyzed. From this, we can determine the number of half wave 

variations occurred along the length of the patch. 

 To determine the effective electrical length of the patch Leff, the dimensional 

factors affecting the resonant frequency are identified by executing exhaustive 

parametric study. Based on this parametric analysis, the effective length is 

determined by applying random coefficients to the dimensional factors using 

trial and error method. 

 The effective dielectric constant, εreff of the antenna is then determined. For 

printed monopole antennas, the variation in the resonant frequencies of printed 

monopole antennas with the substrate dielectric constant is not by a factor of 

√εr as observed in conventional microstrip antennas, but by a factor closer to 

unity [152]. Following this, the factor k, whose value closer to unity can be 

thought of as having similar significance as √εreff. 
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 The resonant frequency is then calculated using the relation fr =
c

λ×k
 

Replace the wavelength λ, in terms of the effective electrical length (Leff) of the 

patch. 

2.7. CHAPTER SUMMARY 

This chapter has discussed the methodology to simulate, optimize and 

fabricate the antennas mentioned in the following chapters of the thesis. 

Prefabrication studies are performed using ANSYS HFSS simulation software. 

Measurements in the frequency domain include return loss, radiation pattern and gain. 

The various methods used for the analysis of antennas and the algorithm for deriving 

the design equation is also discussed. 



3. Bifolded Printed Bent Monopole 

Antenna 

 

 

One of the main problems faced by airborne monopole antennas is 

the space constraints in the mounting platform; to achieve a λ/4 

radius ground plane around the feed point of antenna. This problem 

can be overwhelmed with by using printed monopole antenna, as 

ground plane of these antennas are in the same plane as that of the 

radiating element. This chapter presents a wideband printed bent 

monopole antenna operating in VHF band for airborne applications. 

The compactness is achieved using folding technique and the 

wideband characteristics by resistance loading method. The ground 

plane of this antenna is L shaped for achieving improved impedance 

matching. The effect of patch and ground plane dimensions as well 

as the substrate parameters on the radiation characteristics of the 

antenna has been studied in detail and presented. 
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3.1. INTRODUCTION 

Planar monopole antenna are the most widely used antennas for airborne 

communication due to simple design, planar shape, wide bandwidth and nearly 

omnidirectional radiation coverage. The conventional height of these antennas are in 

the order of λ/4 at lowest frequency of operation. Due to the mechanical limitations of 

airborne antennas, height reduction techniques are generally applied to planar 

monopole antennas while designing for VHF band. Another main handicap of these 

antennas is the requirement of λ/4 ground plane around the feed point of antenna. 

Airborne antennas utilize the skin of the platform as ground plane. Since airborne 

communications are mainly based on HF/VHF band, the limited space available on 

the platform constrains the ground plane size available for these antennas. This results 

in deteriorated radiation characteristics. Literature presents printed monopole antennas 

as a solution to the backing ground plane constrained monopole antenna applications 

[57]. 

A printed monopole antenna structure consists of a strip or a flat plate printed 

on a dielectric substrate and a ground plane printed either on same side or opposite 

side of substrate depending upon the feeding method chosen. 

A standard microstrip-fed printed strip monopole antenna (PSMA) design is 

shown in Fig.3.1. In the figure, a 50Ω microstrip line of width ‘w’ and a strip 

monopole of length ‘Lm’ are printed on a dielectric substrate of relative permittivity 

‘εr’ and height ‘h’. A partial ground plane having a length, Lg and width Wg is printed 

on the other side of the substrate. 
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Fig 3.1. Printed strip monopole antenna. 

According to [139], the optimum length of printed strip monopole Lm is 0.23λ. 

As per this, when a printed strip monopole antenna is designed for resonant frequency 

in VHF band, say for 150 MHz, on a substrate of FR4 dielectric with εr = 4.4 and 

height h = 0.16cm, the dimensions will be: Lm = 46cm and the total length of the 

antenna is 70cm. Since compactness is a major concern for airborne antennas, the 

dimension of printed strip monopole antenna is quite large. 

To achieve compactness and impedance matching, the patch as well as the 

ground plane of printed strip monopole antenna has to be modified. Folding or 

bending technique is a common method used for reducing antenna dimension. In this 

chapter, a bifolded printed bent monopole antenna with resistance loading and L 

shaped ground plane operating in VHF band is presented for airborne applications. 

3.2 BIFOLDED PRINTED BENT MONOPOLE ANTENNA  

3.2.1. Antenna Evolution 

Airborne monopole antennas has height restrictions in VHF band. In order to 

overcome this, one of the method used was folding or bending the radiating strip of 

monopole antenna into an inverted L shape (into bent monopole) (Antenna 1 in Fig 

3.2) [102-103]. 
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A single folding on the horizontal arm of the bent monopole antenna further 

reduced the antenna’s height resulting in single folded printed bent monopole antenna 

(Antenna 2 in Fig 3.2). 

A second folding again reduced the antenna’s height and resulted in bifolded 

printed bent monopole antenna (Antenna 3 in Fig 3.2). Folding the radiating patch 

increases the effective length of surface current path, and decreases the resonant 

frequency. But, the height reduction achieved by second folding also decreased the 

impedance matching at desired resonant frequency. To improve the impedance 

matching, the ground plane of bifolded printed bent monopole antenna was modified 

to L shape. 

Decreasing the height of the antenna by triple folding the horizontal arm of the 

bent monopole antenna resulted in two problems: 1). the impedance matching at the 

desired frequency decreased drastically and it became difficult to match the antenna. 

2). the polarization of antenna changed and the null depth of the antenna became very 

less. Hence, the bifolded printed bent monopole antenna (Antenna 3) was selected as 

the optimum design. 

The evolution of the antenna is shown in Fig 3.2. FR4 epoxy (εr = 4.4, tan δ = 0.02 

and thickness 1.6mm) was used as substrate for the design of the antenna. The width 

of the substrate was chosen to be less than 30 cm for all archetypes. The return loss 

characteristics of these antennas are shown in Fig 3.3.  

 

Fig 3.2. Antenna Evolution 
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Fig 3.3 Simulated variation of return loss with frequency of the antennas in the design 

evolution of bifolded printed bent monopole antenna 

3.2.2. Antenna Geometry 

The antenna geometry is depicted in Fig 3.4. The radiating patch of the 

antenna consists of a bent monopole configuration which is folded twice in order to 

reduce antenna dimension for a lower resonant frequency. 

The ground plane consists of L shaped patch. The partial ground plane of a 

standard printed monopole antenna is modified in this design into L shape. This shape 

was chosen for ground plane as it was found that the vertical length of ‘L’ improves 

the impedance matching [114]. 

Edge feeding of 50Ω is used to excite the antenna. An aluminium base plate of 

rectangular shape was used for mounting the antenna. The base plate holds the 

connector and serves as an interface between antenna and platform. 
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(a) 

 

(b) 

Fig 3.4. Geometry of bifolded printed bent monopole antenna 

3.3. CHARACTERISTICS OF A TYPICAL STRUCTURE 

Before going into a detailed study of the patch geometry, the basic 

characteristics of a typical patch is discussed. The substrate used is FR4 glass epoxy 

of dielectric constant εr=4.4 and thickness 0.32cm. The dimensions of the geometry 

are: 

Table 3.1. Dimensions of the geometry 

Parameters 
Ls Ws L1 L2 L3 L4 W1 GL1 GL2 GW1 GW2 

Value (mm) 
14.5 27 140 250 56 180 12 130 255 30 10 

The dimensions of aluminium base plate used for mounting the antenna is 

0.2cm X 29cm X 5cm. 

3.3.1. Return loss 

The reflection characteristics of this antenna is shown in Fig 3.5. The 

fundamental frequency of resonance of this structure is 181.3 MHz. 
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Fig 3.5 Simulated variation of return loss with frequency of bifolded printed bent 

monopole antenna 

3.3.2 Surface current distribution 

The surface current distribution of the antenna is a good tool for finding the 

resonant mechanism, polarization and hence the radiation characteristics. The surface 

current distribution along the radiating patch and the ground plane at resonant 

frequency is shown in Fig 3.6 (a) and (b) respectively. It is clearly evident from 

Fig.3.6 that there are a quarter wave current variations along the length of monopole 

strip. The contribution of ground plane towards resonance is very feeble. 

 

Fig 3.6 (a) Surface current distribution along radiating patch. 
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Fig 3.6 (b) Surface current distribution along ground plane. 

3.3.3 Radiation pattern and gain 

The simulated radiation pattern of the antenna (3D and 2D) at resonant 

frequency is shown in Fig 3.7 (a) and (b). The antenna shows omnidirectional 

radiation pattern in azimuth plane. It can be observed from the figure that the radiation 

pattern of the antenna is tilted and the null depth is less compared to conventional 

monopole antenna. The reason for this is the higher concentration of current on 

horizontal arms of the radiating patch, [105]. The simulated gain and efficiency of the 

antenna at resonant frequency is plotted in Fig 3.7 (c). 

 

(a) 
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(b) 

Fig 3.7. Simulated (a) 3D; (b) 2D radiation pattern of bifolded printed bent monopole 

antenna. 
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(C) 

Fig 3.7. (c) Simulated variation of gain and efficiency with frequency of bifolded 

printed bent monopole antenna 

3.4 BANDWIDTH ENHANCEMENT OF BIFOLDED PRINTED BENT 

MONOPOLE ANTENNA 

The major design requirements of VHF airborne antennas are compact size and wide 

bandwidth. It is known that decreasing the length of radiator also decreases 

impedance and radiation resistance of antennas. It also results in narrow bandwidth. 

The bifolded printed bent monopole antenna with typical dimensions shown in Table 

3.2 had a very compact size, but with 3:1 VSWR bandwidth of only 4MHz. Since 

airborne application demands wide bandwidth, the antenna required to operate over a 

wide frequency range.  
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The variation of impedance with frequency of the bifolded printed bent 

monopole antenna is plotted in Fig 3.8. It can be observed that the resistive part of the 

impedance is very low over a wide frequency range and also the reactive part of the 

impedance is highly capacitive. This makes the antenna very difficult to match to a 

source whose output impedance is on the order of 50ohms over a wideband. 

 

Fig 3.8 Variation of impedance with frequency of bifolded printed bent monopole 

antenna. 

To increase the bandwidth of operation, the resistive component of the input 

impedance of the antenna has to be increased. The only practical way to execute this 

without compromising length or degradation of azimuthal radiation pattern is to 

incorporate resistive loading within the antenna [140-142]. Hence, resistance loading 

method was employed to the radiating patch. The inclusion of resistance within the 

antenna will increase the resistive component of input impedance over the entire band. 

The effect is most distinct when the resistance is located near the feed [143]. 

In order to fix the resistance value, a parametric analysis was carried out on 

the effect of resistance on the frequency response of the antenna. The effect of 

resistance on the return loss of the antenna is depicted in Fig 3.9. From the parametric 

analysis, a resistor value of 23.5Ω was selected as it gives required bandwidth.  
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Fig 3.9. Effect of resistance loading on the return loss of the antenna  

The effect of resistor on the radiation characteristics of the antenna is analyzed 

using HFSS simulation. The surface current distribution of the radiating patch and 

ground plane at center frequency 155 MHz is shown in Fig 3.10(a) & (b). By 

analyzing this figure and comparing it with Fig 3.6, it is evident that the intensity of 

the current distribution along the arms is decreased by the presence of the lumped 

resistor loading, due to the power loss in resistor. 

 

(a) 
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(b) 

 

Fig 3.10 surface current distribution along (a) Radiating patch (b) Ground plane. 

 Fig 3.11 shows the 3D radiation pattern at center frequency 155 MHz. It can 

be observed that radiation pattern of the antenna is unaffected by the resistance 

loading.  

  

Fig 3.11. Simulated radiation pattern of bifolded printed bent monopole antenna with 

resistance loading. 

The simulated variation in gain and efficiency of the antenna with frequency is 

shown in Fig 3.12. 
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Fig 3.12 Variation of gain and efficiency with frequency of bifolded printed bent 

monopole antenna 

The power gain and efficiency of the antenna is less, although it is comparable 

to the conventional airborne blade monopole antenna of same height. The reason for 

this reduced gain is the compact structure of the antenna and the resistance loading. It 

is known that the radiation resistance of short monopole antennas is very low and, 

hence, the power gain of these antennas is also low [144]. 

The resistance loading used for bandwidth enhancement also contributes to the 

gain reduction. It is because the resistances are placed nearer the feed. Most of the 

current is concentrated in the lower portion of the structure. Hence a resistor placed 

near the base of a short antenna will dissipate some amount of the power that would 

otherwise be radiated. 

Simulated results shows that the radiation efficiency of the antenna is low due 

to the impact of resistance loading. 

3.5. PARAMETRIC ANALYSIS 

A parametric study on the proposed antenna design was carried out to 

investigate the influence of each antenna dimension on the antenna performance. One 

parameter is varied while the other parameters are kept constant, as shown in Table 
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3.1. The variation in the frequency response of the antenna is analyzed by studying 

the variation of the distributed reactance with dimensions. These values are calculated 

using the method explained in Section 2.6.3. 

3.5.1 Effect of radiating patch dimensions 

The length of the radiating element determines the resonating frequency. The 

decrease in the resonant frequency with the increase in the dimensions L1, L2, L3 and 

L4 is plotted in the figures Fig 3.13 (a-d). It was found that the resonant frequency is 

determined by the total length of the arms of the radiator. The contribution of L1 

towards resonant frequency is less as it acts as a microstrip feed line to couple RF 

power to radiator. The contribution of L3 towards resonant frequency is found to be 

comparatively high. 
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(d) 

Fig 3.13 Effect of (a) L1 (b) L2 (c) L3 (d) L4 on resonant frequency. 

The proposed antenna was simulated for various patch widths and the effect of 

this parameter on the return loss characteristics is shown in Fig 3.14. The radiating 

patch width (W1) is varied from 2mm to 8mm in step of 2mm. It can be observed 

from the figure that 3:1 VSWR bandwidth (for return loss less than -6dB) of the 

antenna increases as the radiating patch width increases from 2mm to 8mm, where, 

the lower edge of the band remains almost constant and the upper edge of the band 

increases. It can be seen from Fig 3.15 that the increase in width W1 increases the 

capacitive reactance which result in the increased bandwidth. 
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Fig 3.14. Effect of patch width W1. 
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Fig 3.15 Effect of W1 on the impedance of the antenna. 

3.5.2 Effect of ground plane dimensions 

The proposed antenna was simulated for various ground plane dimensions.  

The effect of GW1 on the return loss of antenna was studied by varying GW1 from 1cm 

to 4cm in step of 1cm and is plotted in Fig 3.16. The bandwidth of the antenna for 

S11< -6dB, increases with increase in GW1.The lower edge of the band remains almost 

constant and the upper edge of the band increases. The effect of GW1 on the 

impedance of the antenna is plotted in Fig 3.17. It is evident from the figure that the 

increase in the bandwidth is due to the increase in the capacitive reactance of the 

antenna. 
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Fig 3.16. Effect of ground plane dimension GW1. 
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Fig 3.17 Effect of GW1 on the impedance of the antenna. 

To study the effect of ground plane length GL1, the parameter was varied from 

5cm to 13cm in step of 3cm.The effect of GL1 on the return loss of the antenna is 

shown in Fig 3.18. It can be seen from figure that increase in GL1 improves the 

impedance matching of the antenna at lower frequency. 
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Fig 3.18. Effect of Ground plane dimension GL1. 

The effect of GL2 on the radiation characteristics of the antenna was studied by 

varying GL2 from 1cm to 25cm in step of 5cm. The effect of GL2 on the return loss of 

the antenna is shown in Fig 3.19. It was found that, the increase in GL2 decreases the 

resonant frequency, shifting the higher edge of the frequency band towards lower 

side. The lower edge frequency of the band remains almost constant with increase in 

GL2. The bandwidth decreases with increase in GL2. 

The simulated elevation pattern of the antenna at three different values of GL2, 

i.e. 3cm, 10cm and 25cm is plotted in Fig 3.20. It can be observed that the 

polarization of the antenna changes with increase in GL2. 

 

Fig 3.19. Effect of GL2 on return loss of the antenna. 
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Fig 3.20. Effect of GL2 on the radiation pattern of the antenna. 

 

The effect of GW2 on the return loss of the antenna was studied and is plotted in Fig 

3.21. It can be seen that the increase in GW2 decreases the bandwidth of the antenna 

slightly by shifting the upper edge frequency of the band towards lower side. 

 

Fig 3.21. Effect of ground plane dimension GW2. 

 

3.5.3 Effect of substrate parameters 

The effect of the thickness of the substrate on the impedance bandwidth and 

gain of the antenna is studied by varying the thickness from 1.6mm to 6.4mm in step 

of 1.6mm. Unlike microstrip patch antennas, increase in the thickness of the substrate 

decreases the antenna impedance bandwidth. However, the gain of the antenna 

increases with increase in the thickness of the substrate. The effect of substrate 

thickness on the impedance bandwidth of the proposed antenna is shown in Fig 3.22. 
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10cm 

25cm 



3. BIFOLDED PRINTED BENT MONOPOLE ANTENNA 

59 
 

It can be observed from the figure that, the lower edge of the frequency band is nearly 

unaffected with increase in substrate thickness whereas the upper end decreases, 

resulting in a reduced impedance bandwidth. The variation in the gain of the antenna 

at frequencies 135, 150 and 175 MHz for various substrate thickness is tabulated in 

Table 3.2. The gain of the antenna for substrate thickness 3.2mm is greater than that 

for thickness 1.6mm as seen from Table 3.2. So, as a compromise, the thickness of the 

antenna was fixed to 3.2mm as it could give improved gain in the entire frequency 

band. 

 

Fig 3.22 Effect of substrate thickness on the return loss of the antenna. 

 

Table 3.2. Effect of substrate thickness on the gain of the antenna. 

Frequency (MHz) 
Simulated peak gain in dB for various substrate thickness 

1.6mm 3.2mm 4.8mm 6.4mm 

135 -29.89 -18.9 -16.6 -15.4 

150 -24.25 -14.7 -12.5 -11.3 

175 -14.96 -8.14 -7.03 -7.01 

The effect of substrate dielectric constant on the antenna resonant frequency 

was studied by varying εr values from 1 to 10 and is plotted in Fig 3.23. It can be 

found that the effect of dielectric constant of the substrate on decreasing the resonant 

frequency of printed monopole antenna is not prominent as in other microstrip 

antennas. This is because printed monopole antennas can be considered as a monopole 
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antenna on a substrate above a very thick air dielectric substrate, that the effective 

permittivity is closer to unity [145]. 
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Fig 3.23 Effect of substrate dielectric constant on resonant frequency of bifolded 

printed bent monopole antenna. 

3.5.4 Effect of the mounting ground plane 

The bifolded printed bent monopole antenna was developed for airborne 

applications, where it is to be mounted on the skin of the platform. The effect of the 

size of mounting ground plane was analyzed using HFSS simulation. For this two 

conditions was considered: one for the free standing antenna and the other- antenna 

mounted on a ground plane of 1.2m diameter. 

The return loss and gain of the antenna plotted in the above conditions is 

shown in Fig 3.24 (a) and (b) respectively. It can be observed from Fig 3.24 (a) that 

the frequency band shifts slightly towards lower region. But the effect of ground plane 

on this printed monopole antenna is very less compared to conventional monopole 

antenna. It can be noticed from Fig 3.24 (b) that the gain of the antenna is improved in 

the entire band when mounted on large ground plane. 
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Fig 3.24 (a) Comparison on the return loss for antenna mounted on 1.2m diameter 

ground plane and for free standing condition. 
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Fig 3.24 (b). Comparison on the gain of the antenna mounted on 1.2m diameter 

ground plane and for free standing condition. 

3.6 ANTENNA FABRICATION 

A bifolded printed bent monopole antenna shown in Fig 3.4 is fabricated on 

FR4 glass epoxy substrate of εr = 4.4 and loss tangent 0.02. The antenna has two 

layers of 1.6mm thick substrates, the top layer contains the radiating element and 

bottom layer contains the ground patch, placed back to back. 

The dimensions of the antenna are as shown in Table 3.1. 
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A lumped resistor of 23.5Ω is inserted to the radiating patch near the feed of 

the antenna. An aluminium base plate of rectangular shape of dimensions 0.2cm X 

29cm X 5cm was used for mounting the antenna. The aluminium base plate was used 

to hold the connector and provide interface to platform. A 50Ω TNC connector is used 

to excite the antenna. The center conductor is connected to the printed radiating 

element of the antenna and outer to the ground patch and to the aluminium base plate. 

A photograph of the fabricated antenna is shown in Fig 3.25. 

 

Fig 3.25. Photograph of fabricated antenna with base plate. 

3.7 EXPERIMENTAL RESULTS 

The performance of the antenna was evaluated using E5071C Vector Network 

Analyzer. The measured return loss of the antenna is found to be less than -6dB over 

the referred frequency band. The antenna exhibits a 3:1 VSWR bandwidth of 32% at 

the center frequency 155 MHz as shown in Fig 3.26. Measured result shows a good 

agreement with the simulated result. The slight discrepancy is due to the fabrication 

tolerance. 

 

Fig 3.26. Measured return loss of bifolded printed bent monopole antenna with 

resistance loading. 
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The antenna was tested for its far field radiation characteristics in an open field. The 

measured H plane and E plane radiation patterns of the antenna at 135, 150 and 175 

MHz is shown in Fig 3.27 (a) & (b). It can be seen that the H plane radiation pattern 

of the proposed antenna is nearly omnidirectional at all frequencies. As seen from Fig 

3.27 (b), the radiation pattern is tilted and the null depth of these antennas is less for 

higher frequencies. The reason for this is the higher concentration of current on the 

horizontal arms of the radiating patch.  

 

(a) 

 

(b) 

Fig 3.27 Measured Radiation pattern at (a) Azimuth plane (b) Elevation plane. 

The boresight gain was measured using gain comparison method. The 

measured gain of the antenna at three discrete frequencies 135, 150 and 175 MHz is 
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shown in Fig 3.28. This measured gain is compared with the gain of an airborne blade 

monopole antenna operating in same frequency band reported in the literature [37] 

and is shown in Fig 3.28. The low gain value is expected as the loaded resistance 

absorbs a part of the energy. The decreased height and minimal mounting ground 

plane size of the bifolded printed bent monopole antenna compared to the 

conventional airborne blade monopole antenna [37] is the reason for the decreased 

gain of the referred antenna at the higher frequency side. 
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Fig 3.28 Measured gain. 

3.8. SUITABILITY OF ANTENNA FOR AIRBORNE APPLICATIONS 

Airborne antennas have stringent electrical and mechanical constraints. The 

physical constraints are its size, environmental factors, space constraints for optimum 

mounting location and the effects due to airframe [1,146]. The shape and size of the 

antennas used for airborne applications are restricted by the physical length, width and 

height of the aircraft and it is further restricted by the environment and aircraft 

operations. Applications like communication, navigation, telemetry, electronic 

warfare demands wideband monopole antennas with omnidirectional coverage in 

azimuth and near azimuth plane with linear polarization. 
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The main features of bifolded printed bent monopole antenna are: 

compactness, wide bandwidth and mounting ground plane independence. 

The proposed antenna achieves a height reduction of 78% compared to basic 

printed strip monopole antenna (Fig 3.1) and 73% compared to conventional quarter 

wavelength planar monopole antenna. The height of the antenna is of the order of 

0.065λ at lowest frequency of operation. This compact size make the antenna well 

suitable for mounting on aircrafts especially for mounting positions with less ground 

clearance like the belly of helicopter. 

The antennas possess wide impedance bandwidth (32%) at VHF band, and 

possess omnidirectional radiation pattern with vertical polarization, thus satisfying the 

electrical requirements of airborne VHF monopoles for communication, navigation 

purposes. 

Since the antenna belongs to the class of printed monopoles, they require 

minimal ground plane on platform, thus, the effect of airframe ground on this 

antennas is little. Thus they can overcome the degraded radiation performance of 

conventional blade monopoles due to the lack of sufficient ground plane on platform. 

The space constraints in the siting locations faced by the conventional blade 

monopole antennas requiring λ/4 ground plane are also overwhelmed. 

 The antenna is designed in planar configuration which makes it easily 

streamlined. Due to the compact size, the wind loads on these antennas due to drag is 

also less. 

 The antenna is fabricated using FR4 Epoxy material. The material properties 

of the antennas are discussed in chapter 2 (Table 2.1). The substrate can operate in a 

wide temperature range and pressure difference. The tensile strength of the substrate 

is very high making it suitable to operate for airborne applications. 

 A comparison of this antenna was carried out with the airborne blade 

monopole antenna reported in literature operating in the band of 135 MHz - 175 MHz 

and is tabulated in Table 3.3. It is obvious from the table that the antenna size and 

radiation performance is comparable to that of airborne blade monopole antenna with 

the added advantage of requiring minimal ground plane to mount on. 
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Table 3.3. Comparison of the antenna with the airborne antenna in literature. 

Characteristics 
Bifolded printed bent 

monopole antenna 

Airborne blade 

monopole antenna of ref 

[37] 

Height 15cm 18.8cm 

Ground plane size 
Minimal (antenna baseplate of 

size 0.2cm x 29cm x 5cm) 

1.2m diameter around the 

feed 

3:1 VSWR bandwidth 130-180 MHz 135-175 MHz 

Minimum gain over the 

frequency band 
-17dBi -17dBi 

Maximum gain over the 

frequency band 
-9dBi -4dBi 

Radiation pattern Omnidirectional Omnidirectional 

 

3.9 CHAPTER SUMMARY 

A bifolded printed bent monopole antenna with resistance loading and L 

shaped ground plane has been investigated for operating over VHF band. The 

measured results shows that the antenna exhibits a 3:1 VSWR bandwidth of 32% and 

omnidirectional radiation pattern. The gain of the antenna varies from -17dB to -9dB 

within the operating band. Simulation studies shows that the radiation characteristics 

of the antenna is less effected when mounted on large ground plane, thus making this 

antenna highly suitable for mounting ground plane constrained monopole antenna 

applications. A parametric study was carried out to study the effect of the dimensions 

of the radiator as well as the ground plane on the antenna performance. The antenna 

achieves a height reduction of 78% compared to basic printed strip monopole antenna 

and 73% compared to conventional quarter wavelength planar monopole antenna at 

lowest frequency of operation. 



4. R-L loaded Meandered Top Loaded 

Printed Monopole Antenna 
 

  

This chapter presents RL loaded meandered top loaded printed 

monopole antenna for airborne applications. The evolution of 

antenna is discussed first which is followed by the design details of 

the proposed antenna. The antenna uses meandering and top 

loading technique for achieving compactness. The wideband 

characteristics is achieved by resistor inductor loading. The surface 

current distributions on the antenna and their radiation 

characteristics at the referred frequency band are analyzed in detail. 

A detailed parametric study is carried out on the effect of patch and 

ground plane dimensions as well as the substrate parameters on the 

radiation characteristics. The performance of the fabricated antenna 

is evaluated with the antenna mounted over a ground plane as well 

as for the free standing antenna and the results are presented. 
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Planar monopole antennas are the most preferred antennas for airborne 

communications owing to its simple design, wide bandwidth, and omnidirectional 

radiation pattern. Usually, these antennas are mounted vertically on the platform and 

the skin of the platform serves as its ground plane. Many of the aircraft 

communications use HF/VHF band of frequencies. At these frequencies, the requisite 

of optimum height of the monopole antenna as λ/4 at lowest operating frequency and 

the optimum ground plane radius around the feed point of the antenna as λ/4 are 

difficult to achieve on platform due to the mechanical constraints of airborne antennas 

and space limitations on mounting platform. To overcome the height constraints, 

various height reduction methods are considered and to overcome the inadequate 

ground plane on platform, printed monopole antennas are considered. 

Hence, in this chapter a wideband printed monopole antenna in VHF band is 

presented for airborne applications. The antenna was evolved from the basic printed 

strip monopole antenna after undergoing step by step iterations for height reduction. 

4.1 DESIGN EVOLUTION  

The evolution of the antenna is shown in Fig.4.1. The simple printed strip 

monopole antenna (Fig. 4.1(a)) is chosen as the reference antenna. Then the height of 

the antenna is reduced by implementing top loading in the radiating patch and ground 

plane as shown in Fig. 4.1(b) (Antenna 1). Then meandering of the radiating strip and 

ground plane is introduced to further decrease the antenna height (Fig.4.1(c)) 

(Antenna 2). Finally, the horizontal length of the meander line is increased and 

resistor-inductor loading in introduced to achieve a compact wideband printed 

monopole antenna (Fig.4.1 (d)) (Antenna 3). The dark area in the figure shows the 

radiating patch and the grey area shows the ground patch at the bottom. 

FR4 epoxy (Ԑr = 4.4, tan δ = 0.02 and thickness 1.6mm) was used as substrate 

for the design of the antenna. The width of the substrate was chosen to be less than 

30cm for all archetypes. 
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Fig 4.1. Antenna evolution. 

4.1.1. PRINTED STRIP MONOPOLE ANTENNA (Reference antenna) 

A microstrip fed Printed Strip Monopole Antenna (PSMA) is considered as 

reference antenna in the design evolution. A PSMA consists of a strip radiator on one 

side of the substrate and a partial ground plane on other side of the substrate. As 

shown in Fig 4.2 the length of the strip above ground plane is denoted by Lm and 

width by w. The dimensions Lg and width Wg denote the length and width of the 

partial ground plane. 

In [139], optimum design of a printed strip monopole antenna is discussed. 

According to this study, the optimum length of the strip radiator above ground plane 

(Lm) is 0.23λ, where λ is the free space wavelength at lowest frequency of operation. 

Consistent with [139], a printed strip monopole antenna is designed in VHF 

band as reference antenna for design evolution. The total height of this antenna is 

71cm. 
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Fig 4.2 Geometry of reference antenna (Lm = 46cm; w = 0.2cm; Lg = 24cm; Wg = 

29cm). 

 The reflection characteristics of this antenna is shown in Fig 4.3. The antenna 

shows a 3:1 VSWR bandwidth of 22%; i.e. 34 MHz ranging from 138 MHz to 172.5 

MHz. 

 

Fig 4.3. Reflection characteristics of reference antenna. 

The surface current distribution along the radiating patch and the ground plane 

at center frequency f0 =152 MHz is shown in Fig 4.4 (a). A quarter wave current 

density variation is found along the strip above the ground plane. The polarization of 

the antenna can be observed from the current density plot. By analyzing the plot, it is 

found that, the direction of the current throughout the strip is along the vertical axis 
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and hence it is vertically polarized. Since the intensity of current distribution along 

ground plane is uniform and feeble, its contribution towards resonance is 

insignificant. However, the ground plane play an important role in determining the 

bandwidth of the antenna. 

 

(a) 

Fig 4.4. (a) Current distribution of reference antenna at center frequency f0. 

The simulated radiation pattern of the antenna at center frequency f0 is plotted 

in Fig 4.4 (b). It can be observed that the radiation pattern of the antenna is 

omnidirectional. The simulated gain of the antenna is 2dBi for all frequencies within 

the band. 

 

Fig 4.4 (b) Simulated radiation pattern of the reference antenna at frequency f0 
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4.1.2. PRINTED TOPLOADED STRIP MONOPOLE ANTENNA(ANTENNA 1) 

For airborne communications, compact height is a major concern. Hence 

height reduction methods has to be employed on reference antenna. Decreasing the 

height of the monopole radiator shifts the resonant frequency to higher side and the 

radiation resistance of the antenna at the intended frequency band decreases. This can 

be compensated by top loading. Top loading the antenna increases the length of 

surface current path within the reduced antenna dimension and thus decreases the 

resonant frequency. The current distribution does not terminate at the tip of the strip, 

else it gets distributed uniformly and thereby it increases the radiation resistance of 

the antenna. It also improves the capacitive reactance and thus increases the 

bandwidth [147]. Hence, top loading was introduced to reduce the height of reference 

antenna. 

Fig 4.5 depicts the geometry of the antenna when the radiating patch is top 

loaded. The antenna has a dimension of 52cm X 29cm X 0.16cm. It achieves 25% 

height reduction compared to reference antenna. 

 

Fig 4.5 Geometry of Antenna 1 when only radiating strip is top loaded. 
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Fig 4.6 shows the return loss characteristics of the antenna. As seen from the 

figure, although top loading decreases the resonant frequency, the bandwidth of the 

antenna is only 9%. 

 

Fig 4.6 Return loss characteristics of Antenna 1 when radiating patch is top loaded. 

As the size of the monopole antenna decreases, ground plane size plays a role 

in determining resonant frequency and bandwidth. In order to increase the bandwidth, 

a strip and a top loading were introduced in the ground plane and the patch top 

loading was gap coupled to the radiating strip for improved impedance matching. 

The geometry of Antenna 1 is shown in Fig 4.7. It can be seen that a strip and 

top loading are implemented on the ground plane above the partial ground structure of 

Fig 4.5. The height of the antenna is not altered (52cm). 
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Fig 4.7. Geometry of Antenna 1 (L1 = 45cm; W1 = 1.5cm; G = 1cm; L2 = 3.5cm; W2 = 

22cm; Lg1 = 8.5cm; Wg1 = 22cm; Lg2 = 47cm; Wg2 = 0.6cm; Lg3 = 3.5cm; Wg3 = 

22cm). 

The return loss characteristics of this antenna is plotted in Fig 4.8.  It can be 

observed that by employing a strip and top loading in the ground plane, the impedance 

bandwidth of the antenna is increased from 9% to 27%. 

 

Fig 4.8 Return loss characteristics of Antenna 1. 
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The surface current distribution along the radiating patch and the ground plane 

at center frequency (f0) 155 MHz is shown in Fig 4.10 (a) & (b) respectively. A 

quarter wave current density variation is found along the strip. It is also observed that 

the current distribution along the top loading of the antenna is uniform and it is 

minimum. The current distribution along the strip on the ground patch is intense 

which contributed to the increased bandwidth of the antenna. 

 

(a)     (b) 

Fig 4.9 Surface current distribution at f0 along (a) Front patch (b) Ground patch. 

The simulated gain of the antenna is plotted in Fig 4.10 (a) and radiation 

pattern in Fig 4.10 (b). The simulated gain of the antenna is 1.8dBi. From Fig 4.10 

(b), it can be observed that the antenna shows an omnidirectional radiation pattern. 
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Fig 4.10 (a) Simulated Gain of Antenna 1. 
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Fig 4.10 (b). Simulated 3D radiation pattern of Antenna 1 at f0. 

It was found that the ground top loading has significant effect on determining 

the bandwidth of the antenna. The width of ground top loading (Wg3) was analyzed by 

increasing it symmetrically to both sides of the central strip from 2cm to 11cm and is 

plotted in Fig 4.11. It can be observed that increasing Wg3 decreases the resonant 

frequency and also increases the bandwidth. 

 

Fig 4.11 Effect of Wg3 on return loss characteristics of Antenna 1. 

4.1.3. MEANDERED TOP LOADED PRINTED MONOPOLE ANTENNA 

(ANTENNA 2) 

Meander line antenna is an attractive candidate for a miniaturized antenna with 

omnidirectional radiation, considerable radiation efficiency and negligible cross 

polarization. Meandering the patch increases the path over which the surface current 
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flows and that eventually results in lowering of the resonant frequency. Hence 

meandering technique was considered to further reduce the height of Antenna 1. 

Printed meander line monopole antennas exhibit a narrow bandwidth which can be 

enhanced by various techniques [148-151]. 

In this section a wideband printed monopole antenna is discussed, in which the 

strip in Antenna 1 is meandered. The meandering and top loading implemented on the 

radiating patch as well as on the ground patch serves to increase the bandwidth. 

The geometry of meandered top loaded printed monopole antenna is shown in 

Fig 4.12 and the dimensional values are detailed in Table 4.1. A meander line 

monopole antenna with equal vertical and horizontal sections was employed 

symmetrically in the radiating patch and the ground plane. The length of each vertical 

(L1) and horizontal meander line (W1) is 2cm and the width of each meander line (W) 

is 0.6 cm. The strip above the top loading on the radiating patch and the symmetrical 

arrangement of meander line on the radiating patch and ground serves to improve the 

impedance matching. Edge feeding is used to excite the antenna with port impedance 

50Ω. The total height of the antenna is 39cm. 

 

Fig 4.12 Geometry of Antenna 2. 
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Table 4.1 Dimensions of Antenna 3 in cm. 

L1 2.0 W4 0.6 

W1 2.0 Lg1 6.0 

L2 3.0 Wg1 30.0 

W2 6.0 Lg2 2.5 

L3 9.0 Wg2 28 

W 0.5 Lg3 3.0 

The return loss characteristics of this antenna is plotted in Fig 4.13. The 

antenna shows a 3:1 VSWR bandwidth of 23%, i.e. 36 MHz ranging from 140 MHz 

to 176 MHz. 

 

Fig 4.13 Reflection characteristics of Antenna 2. 

The surface current distribution along radiating patch and ground plane at 

center frequency (f0 =158 MHz) is shown in Fig 4.14. It can be observed that there is 

λ/2 variation along the meanders of ground plane and radiating patch. The current 

distribution along top loadings is uniform. Current along horizontal portions of 

meander are opposite in direction and hence cancels, yielding vertical polarization.  
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 (a)      (b) 

Fig 4.14 Surface current distribution on (a) radiating patch (b) ground of Antenna 2 

The simulated gain and radiation pattern of this antenna is shown in Fig 4.15 

(a) and (b) respectively. The simulated gain of the antenna varies from 0.8dBi to 

1.8dBi. It can be observed from Fig 4.15 (b) that the antenna has omni directional 

radiation pattern.  
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Fig 4.15 (a) Simulated gain of Antenna 2 
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Fig 4.15 (b) 3D radiation pattern of Antenna 2  

4.1.3.1 Parametric Study 

A detailed parametric study has been carried out in this antenna to study the 

influence of each parameter on the radiation characteristics. The variations in the 

frequency response of the antenna is explained by analyzing the variations in the 

distributed reactive components (L & C). These values were calculated using the 

method explained in Section 2.6.3.  

(a) Effect of radiating patch dimensions 

The effect of L2 was studied by varying it from 1 cm to 4 cm and is plotted in 

Fig 4.16 (a). The variation in distributed parameters with L2 is plotted in Fig 4.16(b). 

As L2 increases from 1 cm to 4 cm, the impedance matching of the antenna improves 

till 3 cm and then decreases. The bandwidth of the antenna increases with increase in 

L2 due to the increase in capacitive reactance. Further increase in L2 decreases the 

capacitive reactance resulting in decreased bandwidth. 
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(a) 

 

 (b) 

Fig 4.16 (a) Effect of L2 on return loss of antenna. (b) Variation of reactive 

components with L2. 

Fig 4.17(a) shows the effect of variation of W2 on return loss of the antenna 

and Fig 4.17 (b) plots the variation in distributed parameters with variation in W2. As 

W2 was increased symmetrically from 1 cm to 4 cm to both sides, the impedance 

matching is improved till 3 cm and further increase cause decrease in impedance 

matching at lower edge of the frequency band. The distributed capacitance increases 

as W2 was increased from 1 cm to 3 cm and cause increase in bandwidth. Further 

increase in W2 caused a decrease in capacitive reactance and increase in inductive 

reactance, thereby decreasing bandwidth. 
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(a) 

 

 (b) 

Fig 4.17 (a) Effect of W2 on return loss of antenna. (b) Variation of reactive 

components with W2. 

The effect of L3 on frequency response of antenna is plotted in Fig 4.18 (a). 

When dimension L3 was varied from 1 cm to 9 cm, it could be observed from the 

smith chart (Fig 4.18 (b)) that the impedance became more capacitive and the 

bandwidth is increased. At L3 = 9 cm, impedance matching at higher side of the band 

improves, and a wide bandwidth is observed at L3 = 11cm. This mean that the 

coupling between the patch at the top and bottom played an important role in 

generating wide bandwidth. Hence L3 = 11 cm was chosen as the optimum value as it 

has given maximum bandwidth. 
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(a) 

 

 (b) 

Fig 4.18 (a) Effect of L3 on return loss of antenna. (b) Input impedance loci of antenna 

for various values of L3. 

 

(b) Effect of ground plane dimensions 

The effect of ground plane dimension Lg1 on the impedance bandwidth of the 

antenna was studied and is plotted in Fig 4.19(a). The variation in distributed 

parameters with variation in Lg1 is plotted in Fig 4.19(b).  

The bandwidth of the antenna was seen increasing on increase of Lg1 from 

2cm to 6cm, and on further increase of Lg1, a decrease in the bandwidth of the antenna 

is observed. This is due to the decrease in inductance and increase in capacitance as 
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Lg1 increases from 2 cm to 6 cm. Further increase in Lg1 decreases capacitance and 

bandwidth of the antenna decreases. Hence Lg1=6 cm was chosen as the optimum 

value. 

 

(a) 

 

(b) 

Figure 4.19 (a) Effect of Lg1 on return loss of antenna. (b) Variation of reactive 

components with Lg1. 

The effect of Wg1 on frequency response of antenna was studied by varying it 

from 8 cm to 15 cm symmetrically to both sides from the center of antenna. As 

observed from Fig 4.20, Wg1 is a frequency determining factor. The increase in Wg1 

shifts the frequency band to lower side. Also, the impedance matching at lower edge 

of the frequency band improves on increase of Wg1, increasing bandwidth. 
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Fig 4.20. Effect of Wg1 on return loss of antenna. 

The effect of ground plane dimension Lg2 was studied by varying it from 1 cm 

to 3 cm and its effect on the bandwidth is plotted in Fig 4.21 (a). It was found that as 

Lg2 increases from 1 cm to 2.5 cm, the impedance matching at lower edge of the 

frequency band improves, increasing the bandwidth of antenna. It was evident from 

Fig 4.21(b) that increase in bandwidth is due to increase in distributed capacitance of 

antenna. Further increase in Lg2 increases the inductive reactance, decreasing the 

bandwidth of antenna. Hence, Lg2 = 2.5 cm was chosen as the optimum value. 

 

(a) 
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 (b) 

Fig 4.21 (a) Effect of Lg2 on return loss of antenna. (b) Variation of reactive 

components with Lg2. 

The frequency domain response of antenna with variations in Wg2 was studied 

and is shown in Fig 4.22. It can be observed that, increase in Wg2 from 7 cm to 14 cm 

symmetrically to both sides, leads to decrease in resonant frequency, and the 

impedance matching at lower frequency region improves.  

 

Fig 4.22. Effect of Wg2 on the return loss of the antenna. 

Fig 4.23 (a) shows the frequency response of the antenna with variations in 

Lg3. As Lg3 increases, the resonant frequency decreases. Also as Lg3 is increased, the 

impedance matching at lower edge of the frequency band increases causing increase 

in bandwidth. The variations in the distributed parameters with variation in Lg3 is 
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shown in Fig 4.23 (b). The shift in resonant frequency was due to the predominance of 

variation in distributed inductance. 

 

(a) 

 

 (b) 

Fig 4.23 (a) Effect of Lg3 on return loss of antenna. (b) Variation of reactive 

components with Lg3. 

It can be inferred from parametric analysis that apart from length and number 

of meandering segments, the ground plane dimensions Wg1, Wg2 and Lg3 determines 

the resonant frequency. The radiating patch dimension L3 has strong influence in 

widening the bandwidth of the antenna. All dimensions of the antenna contributes for 

improving the bandwidth of the antenna. 

Although the height of Antenna 2 is acceptable for large aircrafts, for small 

aircrafts and helicopters, it is quite large. To fit in small aircrafts and helicopters, the 
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height of antenna should be further reduced. For this, the horizontal length of meander 

segment is increased. As the size of antenna decreases, the achievable bandwidth also 

decreases. To increase bandwidth of the antenna, loading techniques has to be 

considered. The design and development of a very compact printed monopole VHF 

antenna which attain wideband characteristics using resistance-inductor loading is 

discussed below. 

4.2. R-L LOADED MEANDERED TOPLOADED PRINTED MONOPOLE 

ANTENNA (ANTENNA 3) 

4.2.1. ANTENNA GEOMETRY 

The schematic of the proposed antenna is shown in Fig 4.24 (a-b). The 

radiating patch of the antenna consists of meander line structure and a top loading 

structure. The top loading structure is gap coupled to meander line for improved 

impedance matching.  

On ground plane, meander structure is incorporated along with the partial 

rectangular ground plane, symmetric with that of the meander line of the radiating 

patch for improved impedance matching. Top loading structure is also incorporated in 

ground plane for achieving frequency reduction.  

The antenna was designed in an aerodynamic shape so as to reduce air drag. 

Edge feeding of 50Ω is used to excite the antenna. An aluminium base plate of 

rectangular shape was used for mounting the antenna. It holds the connector and acts 

as an interface to the mounting platform. 

 

(a)       (b) 
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(c) 

Fig 4.24. Structure of proposed antenna; (a) Radiating patch (b) Ground patch (c) 3D 

view 

4.2.2. CHARACTERISTICS OF A TYPICAL STRUCTURE 

The basic characteristics of a typical patch of this geometry is discussed in this 

section. The substrate used is FR4 glass epoxy of dielectric constant εr = 4.4 and 

thickness 0.16cm. The dimensions of the geometry are outlined in Table 4.2. The 

horizontal length of the meander line (W2) is 10 cm; vertical length (L1) is 2 cm and 

width (W1) is 0.5cm.  

Table 4.2. Dimensional details 

Parameters Ls Ws1 Ws2 D0 L1 W1 L2 W2 

Value (cm) 23 28 17.5 9.5 2.5 0.5 2 10 

Parameters L3 W3 Lg L4 W4 L5 W5 

Value (cm) 2 14 2 9 23.2 2 14 

4.2.2.a. Return loss  

The return loss characteristics of this antenna is shown in Fig 4.25. The 

fundamental frequency of resonance of this antenna is 162MHz. 

 



4. RL LOADED MEANDERED TOPLOADED PRINTED MONOPOLE ANTENNA 
 

90 
 

 

Fig 4.25 Return loss characteristics of Antenna 3  

 

The variation of input impedance with frequency of Antenna 3 is plotted in Fig 

4.26. It can be observed that the resistive component of the input impedance of this 

antenna is less and the reactive component is inductive at lower frequencies of the 

required band. 

  

Fig 4.26 Variation of input impedance with frequency of Antenna 3 

Since airborne applications demand wide bandwidth, the antenna need to 

operate over a wide frequency range. As the resistive component of the input 

impedance of this antenna is less, it is very difficult to match to a source whose output 

impedance is in order of 50ohms over this wideband. To increase the bandwidth of 

operation, resistive component of input impedance has to be increased. In order to 
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achieve this, without compromising its length or degrading azimuthal radiation 

pattern, a resistance loading technique was used on radiating patch. Adding an 

inductor parallel to resistor can increase the gain of antenna in lower frequencies of 

the band. 

In order to fix the resistance value, a parametric analysis was carried out 

studying the effect of resistance on frequency response of antenna. It was observed 

that with the application of 15Ω resistance, the required bandwidth is obtained (Fig 

4.27(a)).  

 

Fig 4.27 (a) Effect of resistor on the return loss of Antenna 3. 

In order to fix the inductor value, parametric analysis was carried out studying 

the effect of inductance, parallel to 15Ω resistor, on bandwidth and gain of antenna. 

The inductance value is varied from 50nH to 200nH. It was observed that, the 

inductor increases the gain of the resistor loaded antenna in the lower frequencies of 

the band. Although, the gain of the antenna is better when the inductance is 50nH 

compared to 200nH, it decreases the bandwidth. Hence, the inductance value was 

fixed to 200nH as it gives better bandwidth and an improvement in gain of the 

antenna in lower frequency region.  

The figure showing the effect of inductance on bandwidth of Antenna 3 is 

shown in Fig 4.27(b). The effect of inductor 200nH placed parallel to resistor on gain 

of antenna is plotted in Fig 4.27 (c). 
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Fig 4.27 (b). Effect of inductor parallel to 15Ω resistor on bandwidth of Antenna 3 
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Fig 4.27(b) Simulated gain of Antenna 3 with resistance loading alone and 

with resistor inductor loading. 

 

Thus, a parallel combination of lumped inductor of 200nH and resistor of 15Ω 

is connected in series to the radiating patch. The simulated return loss plot of the 

antenna with R-L loading is shown in Fig 4.28. The antenna exhibits a 3:1 VSWR 

bandwidth of 38% i.e. 58MHz ranging from 132MHz to 190MHz.  
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Fig 4.28. Return loss characteristics of R-L loaded meandered toploaded printed 

monopole antenna 

4.2.2.b Surface Current distribution 

The simulated surface current distribution on the radiating patch as well as on 

the ground plane of the antenna at center frequency (f0=160 MHz) is shown in Fig 

4.29 (a-b) respectively. It can be observed that surface current distribution shows a 

variation slightly greater than one half wavelength along the radiating patch at 

resonant frequency. The distribution of current on top loading of radiating patch is 

uniform. The ground plane meandering and ground top loading can be considered as a 

coupled line as its current is the image component of that on the radiating element. 
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 (b) 

Fig 4.29. Simulated Current distribution at f0 on (a) radiating patch (b) ground patch 

4.2.2.c Gain, efficiency and radiation pattern 

Simulated gain and efficiency of the antenna is shown in Fig 4.30. The gain of the 

antenna varies from -14dB to 1.5dB. Efficiency of the antenna varies from 20% to 

77%. Efficiency of the antenna at lower frequency region is low (20%) due to resistor 

loading. 
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Fig 4.30 Simulated variation of gain and efficiency with frequency of R-L loaded 

meandered toploaded printed monopole antenna 
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The simulated radiation pattern of the antenna at f0 is shown in Fig 4.31. The 

antenna shows omni directional radiation pattern at all frequencies within the band. 

 

Fig 4.31 Simulated radiation pattern of R-L loaded meandered toploaded printed 

monopole antenna at f0 

4.2.3 PARAMETRIC ANALYSIS 

A detailed parametric analysis was carried out in order to analyze the effect of 

each antenna dimension on the radiation characteristics of the antenna. To explain the 

variations in the frequency response of the antenna, the variations in the distributed 

reactive components are analyzed. The method used to calculate the distributed 

reactive component values are explained in Section 2.6.3. 

(a) Effect of Top loading dimensions 

The effect of top loading dimensions L3, W3, L5 and W5 on the frequency 

response of the antenna is studied.   

The dimension L3 is varied from 1cm to 2.5cm in steps of 0.5cm. The 

variations in the return loss characteristics of the antenna with L3 is plotted in Fig 

4.32. (a). The bandwidth of the antenna slightly increases on increase in L3 till 2cm 

and then decreases. The variations in the distributed parameters with L3 is plotted in 

Fig 4.32 (b). From figure it can be observed that increase in bandwidth is due to the 

increase in capacitive reactance. The distributed inductive reactance decreases with 
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increase in L3 till 2.cm and then shows an uplift causing decrease in the bandwidth of 

the antenna. 

 

Fig 4.32 (a) Effect of L3 on return loss characteristic of Antenna 3 

L
3
(cm)

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6

In
d
u
c
ta

n
c
e
 (


H
)

0.27

0.28

0.29

0.30

0.31

0.32

C
a
p
a
c
it
a

n
c
e
 (

p
F

)

2.6

2.7

2.8

2.9

3.0

3.1

Inductance

Capacitance
 

Fig 4.32 (b) Variation of distributed reactance with L3 

To study the effect of the top loading dimension W3, it is varied from 1cm to 

16cm. It is evident from the Fig 4.33 (a) that increase in W3, improves the impedance 

matching at center frequencies, and thus increases the bandwidth of the antenna. It can 

be seen from Fig 4.33 (b) that inductive reactance decreases with increase in W3 till 

15cm and the capacitive reactance increases. Increase in W3 beyond 15cm causes 

increase in distributed inductance causing decrease in bandwidth.  
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Fig 4.33 (a) Effect of W3 on return loss characteristic of Antenna 3 
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Fig 4.33 (b) Variation of distributed reactance with W3 

The effect of ground top loading length L5 is studied and plotted in Fig 4.34 

(a). L5 was increased from 0.5cm to 2.5cm in step of 0.5cm. As L5 increases the 

impedance matching at center frequency improves causing increase in bandwidth. It 

can be observed that L5 = 2cm is the optimum value as it gives the maximum 

bandwidth. It can be observed from Fig 4.34 (b) that the distributed capacitance first 

decreases and then increases and then again decreases. The bandwidth of the antenna 

is effected by the change in distributed capacitance and it shows first a fall and then 

increase as L5 reaches 2cm and again decline with further increase in L5. 
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Fig 4.34 (a) Effect of L5 on return loss characteristic of Antenna 3 
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Fig 4.34 (b) Variation of distributed reactance with L5 

The effect of ground top loading width W5 on the return loss of antenna is 

plotted in Fig 4.35 (a). W5 is increased from 1cm to 7.5cm symmetrically to both 

sides from the center of the patch. It can be observed that the impedance matching at 

center frequencies improves with increase in W5 and the bandwidth of the antenna 

increases. The variation in the distributed inductance and capacitance with W5 is 

plotted in Fig 4.35 (b). It can be observed that the capacitive reactance shows a sharp 

increase at W5 = 14cm causing a sharp increase in bandwidth. Hence W5 =14cm is 

chosen as optimum value. 
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Fig 4.35 (a) Effect of W5 on return loss characteristic of Antenna 3 
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Fig 4.35 (b) Variation of distributed reactance with W5 

(b) Effect of ground plane dimensions L4 and W4 

The length of the base rectangle of the ground plane is varied from 1cm to 

10cm and its effect of on antenna performance is studied and plotted in Fig 4.36(a). 

The shift in the frequency towards higher side is due to the decrease in the surface 

current path with decrease in meander length. It can be observed from the Fig 4.36 (b) 

that inductive reactance remains almost steady till L4= 9cm and then shows a sharp 

increase while capacitive reactance decreases as L4 increases.    
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Fig 4.36 (a) Effect of L4 on return loss characteristic of Antenna 3 

 

 

Fig 4.36 (b) Variation of distributed reactance with L4 

The effect of W4 is analyzed by increasing it from 5cm to 11cm symmetrically 

to both sides from the center and the return loss characteristics of antenna is plotted in 

Fig 4.37 (a). It can be observed that the bandwidth of the antenna increases with W4. 

From Fig 4.37 (b), it can be seen that the increase in bandwidth is due to the increase 

in capacitance with W4. 
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Fig 4.37 (a) Effect of W4 on return loss characteristic of Antenna 3 

 

Fig 4.37(b) Variation of distributed reactance with W4 

The variation in frequency response of the antenna with variation in gap length 

Lg is studied and is plotted in Fig 4.38 (a). It can be observed that the impedance 

matching of the antenna at center frequencies improves with increase in Lg. From Fig 

4.38 (b) it can be understood that the inductance decreases and capacitance increases 

as Lg increases from 0.5cm to 2cm, causing sharp increase in bandwidth. Further 

increase in Lg causes slight increase in the distributed inductance and decrease in 

distributed capacitance, decreasing bandwidth. 
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Fig 4.38 (a) Effect of Lg on return loss characteristic of Antenna 3 
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Fig 4.38 (b) Variation of distributed reactance with  

4.2.4. ANTENNA FABRICATION 

A meandered top loaded printed monopole antenna shown in Fig 4.24 was 

fabricated on FR4 substrate of dielectric constant 4.4 and thickness 0.16cm using 

photolithographic technique. The dimensions of the antenna are as shown in Table 

4.2. A lumped resistor of 15Ω and an air core inductor of 200nH was connected 

parallel and was inserted into the meander line of radiating patch near the feed of the 

antenna.  

The antenna was mounted on an aluminium base plate of dimensions 5cm X 

28cm X 8cm. The aluminium base plate is used to hold the connector and also it acts 

as an interface between antenna and the mounting platform. 
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A 50Ω TNC connector is used to excite the antenna. The photograph of the 

fabricated antenna is shown in Fig 4.39. 

 

Fig 4.39. Photograph of fabricated antenna 

4.2.5 MEASURED RESULTS 

The performance of the antenna was evaluated using E5071C Vector Network 

Analyzer. At first, the antenna was tested for its VSWR characteristics without any 

additional ground plane. The antenna was then mounted on a 1.2m diameter circular 

ground plane and the VSWR was measured. The measured VSWR is found to be less 

than 3 (S11 < -6 dB) over the referred frequency band in both the cases, although the 

presence of ground plane shows a slight shift in the frequency band towards lower 

side as shown in Fig 4.40. The effect of mounting ground plane on the printed 

monopole antenna is very less compared to conventional monopole antenna.  
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Fig 4.40 Measured VSWR of Antenna 3 with and without ground plane 

The measured gain of the antenna with and without mounting ground plane is 

shown in Fig 4.41 and is compared with a conventional blade monopole antenna [37] 

and a basic printed strip monopole antenna. The gain increases in the lower frequency 

region when mounted on the ground plane due to improved impedance matching.  
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Fig 4.41 Measured Gain 
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The antenna was tested for its far field radiation characteristics in an open 

field. The measured H plane radiation pattern of the antenna with and without 

mounting ground plane at 136, 150 and 175 MHz is illustrated in Fig 4.42(a) and (b) 

respectively. It can be seen that the H plane radiation pattern of the proposed antenna 

is nearly omnidirectional at all frequencies.  

 
Fig 4.42 (a). Azimuth pattern with 4ft ground plane 

 

 

 
Fig 4.42 (b). Azimuth pattern without ground plane 

 

The measured E plane radiation pattern of the antenna with and without 

mounting ground plane at 136, 150 and 175 MHz is illustrated in Fig 4.43 (a) and (b) 

respectively. The elevation pattern at the higher side of the frequency band resembles 

“figure-eight” pattern, and at lower frequency side, it is slightly distorted.  
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Fig 4.43 (a). Elevation pattern with 4ft ground plane 

 

 

 

Fig 4.43 (b). Elevation pattern without ground plane 

4.3. COMPARISON ON ANTENNAS IN EVOLUTION PROCESS 

A comparison table of the characteristics of the antennas designed in the 

simulation process are tabulated in Table 4.3. 

Table 4.3. Comparison on antenna characteristics 

 Reference 

antenna 

Antenna 1 Antenna 2 Antenna 3 

Total height in cm  70 52 40 23 

Height reduction in % - 25 43 67 

3:1 VSWR bandwidth (%) 22 27 23 38 

Gain variation  2dBi 
1.7dBi to 

2dBi 

0.8dBi  to 

1.8dBi 

-14 dBi to  

-0.5dBi 

Radiation pattern 
Omni 

directional 

Omni 

directional 

Omni 

directional 

Omni 

directional 
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4.4 SUITABILITY OF ANTENNA FOR AIRBORNE PLATFORM 

The main features of this antenna - compact size and planar shape, light 

weight, wide bandwidth, omnidirectional radiation pattern and improved gain make it 

highly suitable for airborne applications. Also, the printed monopole configuration of 

the antenna make it apt choice for platform space constrained applications also. 

The RL loaded meandered toploaded printed monopole antenna achieves 63% 

height reduction compared to conventional quarter wave planar monopole antenna 

and 67% compared to printed strip monopole antenna at lowest frequency of 

operation. The total height of the antenna is only 0.1λ at lowest frequency of 

operation. Also, the antenna is designed in planar aerodynamic shape – trapezoidal 

shape- so as to reduce air drag. These physical features meet the mechanical 

requirements of airborne antennas.  

The antenna offers wide bandwidth in the VHF band (3:1 VSWR bandwidth 

of the antenna is 38% at center frequency). The radiation pattern of the antenna is 

omnidirectional at all frequencies within the band and exhibits vertical polarization 

when mounted vertically. The gain of the antenna varies from -14dBi to -1.5dBi 

within the band. These radiation characteristics makes this antenna apt for airborne 

VHF communication. 

The printed monopole antenna configuration allows this antenna to mount in 

ground plane constrained positions. The substrate used for the fabrication of antenna 

(FR4) can tolerate wide temperature and pressure range and also is mechanically 

robust. 

A comparison of this antenna was carried out with the airborne blade 

monopole antenna reported in literature operating in the band of 135MHz-175MHz 

and is tabulated in Table 4.4. The performance of the antenna is comparable to the 

conventional blade monopole antennas operating in VHF band with the added 

advantage of requiring minimal ground plane to mount on. 
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Table 4.4. Comparison of the antenna with the airborne antenna in literature 

Characteristics 

RL Loaded Meandered 

Toploaded Printed 

Monopole Antenna 

Airborne blade monopole 

antenna Ref [37] 

Height 23cm 18.8cm 

Ground plane size 
Antenna base plate (0.5cm 

× 29cm ×8cm) 

1.2m diameter around the 

feed 

3:1 VSWR bandwidth 132-190MHz 135-175MHz 

Minimum gain over 

the frequency band 
-14dBi -17dBi 

Maximum gain over 

the frequency band 
-0.5dBi -4dBi 

Radiation pattern Omnidirectional Omnidirectional 

4.5 CHAPTER SUMMARY 

A wideband printed monopole antenna operating in VHF band has been 

developed and the results are presented. The antenna exhibits a 3:1 VSWR bandwidth 

of 38%. It achieves a height reduction of 67% compared to basic printed strip 

monopole antenna and 63% compared to quarter wavelength planar monopole 

antenna. The proposed VHF monopole antenna requires nil or minimal ground plane 

on the platform. The radiation characteristics measured with antenna alone as well as 

with antenna mounted on λ/2 diameter ground plane are presented.  

 



5. Theoretical Investigations  

 

 

 This chapter presents the results of theoretical investigations on the 

printed monopole antennas presented in previous chapters. The 

design equation for the resonant frequency of an antenna structure 

provide a fast and simple way for the resonant frequency prediction 

compared to the complex simulation softwares. Hence, simple design 

equation are developed for calculating the resonant frequencies of 

the antenna structures – bifolded printed bent monopole antenna 

and RL loaded meandered top loaded printed monopole antenna - 

mentioned in chapters 3 and 4. The validity of these equations are 

established by comparing it with HFSS simulated results. 
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5.1. INTRODUCTION 

A good insight to the antenna radiation mechanism can be obtained from the 

theoretical interpretations. The design equations for the resonant frequency of an 

antenna structure can be derived based on the parametric studies and surface current 

analysis. The calculated results using the formulated equations were compared with 

the corresponding HFSS simulated results. The theoretical predictions are found to be 

very close to these simulated results and thus establish the validity of design formulas. 

5.2. DESIGN ASPECTS OF A PRINTED MONOPOLE ANTENNA 

The design equations for a rectangular patch antenna based on cavity model is 

modified to derive the equation for the resonant frequency of the patches described in 

this thesis. 

The derivation of the design equation of rectangular microstrip patch antenna 

involves the computation of relation between resonant frequency and its patch 

dimensions. 

The derivation starts from the basic relation between frequency (f) and 

wavelength (λ) in vacuum. 

f =
c

λ
 …(1) 

Where,‘c’ is velocity of light in vacuum. It is known that, in a dielectric 

medium, the velocity of electromagnetic wave is modified as c/√εr where, εr is the 

relative permittivity of the medium. 

For the fundamental mode of resonance of rectangular microstrip antenna 

(TM010 mode), the length of the patch (L) corresponds to half wavelength at resonant 

frequency. Hence, the fundamental frequency (TM010 mode) of a standard rectangular 

microstrip antenna is calculated using the formula. 

fr =
c

2L√εr
 …(2) 

For microstrip antennas, although most of the electric field lines resides in 

substrate, parts of some lines exist in air. Since some of the waves travel in the 
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substrate and some in air, an effective dielectric constant εreff is introduced to account 

for fringing and wave propagation in the microstrip line.  

The effective dielectric constant of microstrip antenna is given by 

εreff =  
εr+1

2
+ 

εr−1

2
 (1 +

12h

w
)

−1

   2 …(3) 

Where ‘h’ is the thickness of the substrate, ‘w’ is the width of the patch and 

‘εr’ is the substrate dielectric constant. 

Because of the fringing effect, electrically the patch of the microstrip antenna 

looks greater than its physical dimensions. Hence, the length of the patch (L) in (2) is 

replaced by effective length of the patch (Leff). 

Thus the equation for calculating the fundamental frequency (TM010 mode) of 

a standard rectangular microstrip antenna is modified as 

fr =
c

2Leff√εreff
 … (4) 

For most applications, the value of εreff will be closer to the value of the actual 

dielectric constant εr of the substrate [4].  

But for printed monopole antennas, it is observed that the variation in the 

resonant frequencies of printed monopole antennas with the substrate dielectric 

constant is not by a factor of √εr as observed in conventional microstrip antennas, but 

by a factor closer to unity. This is explained by taking the consideration that the 

printed monopole antenna can be viewed as a special case of microstrip antenna 

configuration, wherein the backing ground plane is located at infinity [152]. That is, it 

is assumed that beyond the printed monopole patch fabricated on a dielectric 

substrate, there exists a very thick air dielectric substrate (εr = 1). It makes the 

microstrip antenna configuration to look like as if it is fabricated on a thick substrate 

with εr closer to unity 

Following this analogy, the factor k, whose value closer to unity can be 

thought of as having similar significance as √εreff.  
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√εreff =k  …(5) 

 The methodology adopted to derive the design equation of the antennas 

mentioned in this thesis is as follows:  

Fundamental mode excited by the printed monopole antennas are analysed by 

studying their surface current distribution. The number of half wave variations 

occurring along the length of patch is determined from this. The effective electrical 

length of patch Leff, is determined by studying variation in resonant frequency with 

respect to different dimensional factors, by using parametric analysis method. The 

factors 2 and Leff of (4) are then replaced by number of half wave variations along 

length of patch and effective electrical length of patch Leff respectively. 

The effective dielectric constant √εreff of (4) is replaced by the factor k (5).  

The resonant frequency of the antenna is then calculated using the relation 

fr =
c

λ×k
 ……. (6) 

where, λ = no. of half wave variations along the length of patch × 𝐿𝑒𝑓𝑓. 

The design equation formulation of the bifolded printed bent monopole antenna and 

R-L loaded meandered toploaded printed monopole antenna are described below. 

5.3. DESIGN EQUATION FORMULATION OF BIFOLDED PRINTED BENT 

MONOPOLE ANTENNA 

 Geometry of the antenna is shown in Fig 5.1. The standard printed bent 

monopole antenna is folded twice in order to achieve compactness. The radiating 

patch consists of four arms L1, L2, L3 and L4. The width of the radiating patch is W1. 

The ground plane consists of an L shaped patch. 
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Fig 5.1 Bifolded printed bent monopole antenna 

5.3.1. Surface Current Distribution 

From the surface current distribution on the antenna structure at resonant 

frequency shown in Fig 5.2 (a), it can be observed that there is quarter wave variation 

in the surface current distribution along the radiating patch. From Fig 5.2 (b) it is 

understood that the surface current distribution along the ground patch is feeble and 

hence the contribution of ground patch towards the resonant frequency is less. Hence, 

it is inferred that the effective electrical length of the antenna is formed by the four 

arms of radiating patch L1, L2, L3 and L4 and it corresponds to quarter wavelength at 

resonant frequency.  

 

Fig 5.2(a) Surface current distribution along radiating patch 
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Fig 5.2(b) Surface current distribution along ground 

5.3.2 Parametric Study 

The dimensional factors affecting the resonant frequency are identified by 

carrying out intensive parametric study. The methodology followed in parametric 

study is to vary one parameter over a range keeping all other parameters fixed. Due to 

the structural limitations, the dimension L1 is varied from 12cm to 14cm; L2 is varied 

from 22cm to 25cm; L3 is varied from 4.6cm to 7.6cm; L4 is varied from 14cm to 

18cm and W1 is varied from 0.6cm to 2.4cm. The effect of L1, L2, L3, L4 and W1 on the 

resonant frequency of the antenna is shown in Fig 5.3 (a-e). 

It was evident from the parametric analysis that the length L1, L2, L3 and L4 

contribute to the reduction of the resonant frequency. This is because increase in these 

dimensions increases the effective capacitance and inductance of the structure thereby 

decreases the resonant frequency. The contribution of L2, L3 and L4 is found to be 

prominent in determining the resonant frequency than L1. It was found that L3 has 

noticeable effect on determining the resonant frequency compared to other parameters 

of the antenna. The effect of L1 on the resonant frequency is comparatively less as it 

acts as a microstrip feed line to couple the RF power. As W1 increases, the effective 

length of the antenna decreases, shifting the frequency to higher side.  
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Fig 5.3 (a) Variation in frequency with L1 

 

Fig 5.3 (b) Variation in frequency with L2 

 

Fig 5.3 (c) Variation in frequency with L3 
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Fig 5.3 (d) Variation in frequency with L4 

 

Fig 5.3 (e) Variation in frequency with W1 

The effect of dielectric constant on the resonant frequency is shown in Fig 5.4. 

It is observed that the substrate dielectric constant contribute to the reduction of 

resonant frequency of a printed monopole antenna by a factor closer to unity. 
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Fig 5.4 Variation in frequency with dielectric constant 

The effect of resistor loading on antenna resonant frequency is shown in Fig 

5.5. By loading the antenna with resistor, the impedance matching at the lower 

frequency region improves, increasing the bandwidth of the antenna. Since the shift in 

the resonant frequency due to resistor loading is very less; the effect of resistor is not 

considered in the design equation formulation 

 

Fig 5.5 Variation in frequency with resistor value 

5.3.3. Resonant frequency calculation  

The standard equations for computing the resonant frequency of rectangular 

microstrip antenna given by equation (4) is modified to compute the resonant 

frequency of bifolded printed bent monopole antenna.  
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It is observed from the surface current distribution (Fig 5.2) that the effective 

electrical length of the antenna corresponds to quarter wavelength at resonant 

frequency. Hence factor 2 in equation (4) is replaced by 4.  

The dimensions, L1, L2, L3, L4 and W1 determine the effective electrical length 

of the patch, Leff. By considering the effect of these dimensions from parametric 

study, the effective electrical length of the patch Leff is calculated as  

𝐿𝑒𝑓𝑓 = 0.02𝐿1 + 0.5𝐿2 + 2.5𝐿3 + 0.7𝐿4 − 1.8𝑊1 … (7) 

As the substrate dielectric constant contributes to the resonant frequency 

determination by a factor closer to unity, the √εreff in equation (4) is replaced by 

variable k.  

Hence (4) for resonant frequency of rectangular microstrip antenna is modified 

as  

𝑓𝑟 =
𝑐

4×𝐿𝑒𝑓𝑓×𝑘
  … (8) 

5.3.4 Comparison between calculated and simulated results 

The resonant frequency predicted by the derived equation was verified for 

different values of L1, L2, L3, L4 and W1; varying one dimension at a time, keeping 

other dimensions constant. The calculated frequency was compared with the 

simulated result and the error was calculated. The validation of the equation was done 

by analyzing the equation for RT Duroid 5880 (Ԑr=2.2) substrate.  

The k value for FR4 substrate is determined as 1.1 and that of RT Duroid 5880 

is determined as 1.008. 

The resonant frequency calculation for variation L1, L2, L3, L4 and W1 on FR4 

substrate and RT Duroid substrate are tabulated in Table 5.1, 5.2, 5.3, 5.4 and 5.5 

respectively. A percentage error less than 5% was obtained for both cases. 

The plots corresponding to the frequency variation with different dimensions 

for Fr4 substrate and RT Duroid 5880 substrate are shown in Fig 5.6, 5.7, 5.8, 5.9 and 

5.10 for comparison. 
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Table 5.1. Resonant frequency calculation for variation in L1 

(L2=25cm; L3 = 5.6cm; L4=18cm, W1=1.2cm) 

L1 (cm) FR 4 substrate RT Duroid 5880  

Simulated 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

% 

Error 

Simulated 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

% Error 

14 184.8 183.1 0.9 195.3 199.9 2.3 

13 182.1 183.2 0.6 196.2 200 1.9 

12 183.9 183.3 0.3 196.6 200.1 1.7 

 

Table 5.2. Resonant frequency calculation for variation in L2  

(L1=14cm; L3 = 5.6cm; L4=18cm, W1=1.2cm) 

L2 (cm) FR 4 substrate RT Duroid 5880 

Simulated 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

% Error Simulated 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

% Error 

25 184.8 183.1 0.9 195.3 199.9 2.3 

24 184.9 185.6 3.7 198.2 202.6 2.2 

23 186.8 188.2 0.7 201.8 205.4 1.7 

22 186.5 190.8 2.3 204.9 208.3 1.6 
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Table 5.3. Resonant frequency calculation for variation in L3  

(L1=14cm; L2 = 18cm; L4=18cm, W1=1.2cm) 

L3 (cm) FR 4 substrate RT Duroid 5880 

Simulated 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

% Error Simulated 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

% Error 

4.6 193.4 196.3 1.4 205.2 214.3 4.4 

5.6 184.8 183.1 0.9 195.3 199.9 2.3 

6.6 175.3 171.6 2.1 187.3 187.3 0.0 

7.6 166.3 161.5 2.8 179.1 176.2 1.6 

 

Table 5.4. Resonant frequency calculation for FR4 substrate for variation in L4 

(L1=14cm; L2 = 18cm; L3=5.6cm, W1=1.2cm) 

L4 (cm) 

 

FR 4 substrate RT Duroid 5880 

Simulated 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

% 

Error 

Simulated 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

% Error 

18 184.8 183.1 0.9 195.3 199.9 2.3 

17 186.1 186.7 0.3 197.7 203.7 3.0 

16 188.7 190.3 0.8 201.2 207.7 3.2 

15 191.6 194.1 1.3 204.0 211.8 3.8 

14 194.8 198.1 1.6 207.2 216.1 4.2 
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Table 5.5. Resonant frequency calculation for FR4 substrate for variation in W1 

(L1=14cm; L2 = 18cm; L3=5.6cm, L4=18cm) 

W1 (cm) 

 

FR 4 substrate RT Duroid 5880 

Simulated 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

% 

Error 

Simulated 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

% Error 

1.2 181.4 183.1 0.9  195.3  199.9  2.3 

1.8 190.6 188.6 1.0  204.6  205.8  0.5 

2.4 201.6 194.4 3.5  215.4  212.2  1.4 
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Fig 5.6 Simulated and calculated results for variation in L1 
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Fig 5.7 Simulated and calculated results for variation in L2 
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Fig 5.8 Simulated and calculated results for variation in L3 
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Fig 5.9 Simulated and calculated results for variation in L4 
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Fig 5.10.  Simulated and calculated results for variation in W1 
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5.4 DESIGN EQUATION FORMULATION FOR RL LOADED MEANDERED 

TOPLOADED PRINTED MONOPOLE ANTENNA 

The schematic diagram of the antenna is shown in Fig 5.11. The radiating 

patch consists of a RL loaded meandering structure and a top loading which is gap 

coupled to meander line. The ground plane consists of a meander line and top loading 

structures implemented above the partial rectangular shaped ground. The meander line 

on ground plane is in symmetry with that of the meander line of the radiating patch 

for impedance matching.  

    

(a)       (b) 

Fig 5.11. Geometry of RL loaded meandered toploaded printed monopole antenna; (a) 

Radiating patch (b) Ground patch 

5.4.1 Surface current distribution 

The surface current distribution at resonant frequency along the radiating 

patch and ground plane is shown in Fig 5.12 (a) and (b). From Fig 5.12 (a) it is 

understood that the current distribution on the radiating patch shows a variation 

slightly greater than one half wavelength at resonant frequency. It is observed from 

Fig 5.12 (b) that there is a strong coupling of current between the meanders of the 

radiating patch and ground patch and hence the ground plane dimensions also 

contribute to the effective length of the antenna. Since the variation in the surface 

current distribution along the radiating patch and ground patch are slightly greater 

than half wavelength at resonant frequency, the effective length of the patch is 

assumed approximately equal to half wavelength. 
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(a) 

   
 

(a)   

(b) 

Fig 5.12. Simulated Current distribution on (a) radiating patch (b) ground patch 

5.4.2 Parametric Study 

To identify the factors affecting the resonant frequency of meandered top 

loaded printed monopole antenna, variation studies were carried out for all its 

dimensions.  

a) Effect of meander line structure 

To investigate on the effect of meander lines of radiating patch on antenna 

resonant frequency, a conventional printed meander line monopole antenna (Fig 5.13) 

was studied. The horizontal length of meander line segment is W2 and vertical length 

of meander line segment is L1 and the width of the meander line is W1. N denotes the 

number of turns and total length of the monopole is denoted by L= N x L1.  
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Fig 5.13. Structure of meander line antenna 

The variation of frequency with the main factors of meander line; number of 

turns N and width of horizontal segment W2; on the antenna resonant frequency are 

plotted in Fig 5.14 (a-b).  It can be inferred from the figures that the effective length 

of meander line structure is more affected by W2, and number of turns N. 
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Fig 5.14 (a) Variation of frequency of meander line antenna with number of turns N    

(W2 =10cm) 
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Fig 5.14 (b) Variation of frequency with length of the horizontal segment of meander 

line (N= 7) 

 From Fig 5.14 (a-b) it was inferred that the resonant frequency of meandered 

top loaded printed monopole antenna is greatly influenced by the meander line 

employed in the radiating patch. The resonant frequency is further reduced by the 

other structures employed in the antenna- top loading on radiating patch and ground 

plane, meander line employed in ground plane and the dimensions of rectangular 

partial ground plane. The meander line employed in the ground plane mainly serves to 

improve impedance matching and its contribution towards resonant frequency is less. 

Parametric study was conducted to study the effect of the dimensions other than the 

meander lines of the RL loaded meandered top loaded printed monopole antenna on 

resonant frequency. The methodology followed in parametric study is to vary one 

parameter over a range keeping all other parameters fixed. 

b) Effect of dielectric constant 

The variation in resonant frequency with dielectric constant is shown in Fig 5.15 (a). 

It can be observed that the effect of dielectric constant on resonant frequency is very 

less and is by a factor closer to one. 



5. THEORETICAL INVESTIGATIONS 
 

128 
 

 

Fig 5.15(a) Variation of frequency with dielectric constant 

c) Effect of radiating patch dimensions  

The variation in resonant frequency with radiating patch dimensions is studied 

by varying the dimension Lg from 0.5cm to 2cm; L3 from 0.5cm to 2.5cm; W3 from 

4cm to 16cm.  

The variation in resonant frequency with patch dimensions Lg, L3, and W3 are plotted 

in Figures (Fig 5.15(b-d)).  

 

 

Fig 5.15 (b) Variation in frequency with Lg 
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Fig 5.15 (c) Variation in frequency with L3 

 

Fig 5.15 (d) Variation of frequency with W3 

d) Effect of ground plane dimensions 

The effect of L4 on resonant frequency is studied by varying it from 2cm to 

8cm. The variation in frequency with W4 is analyzed by varying it from 5cm to 11cm, 

symmetrically to both sides from the center. Frequency variation with L5 is studied by 

varying it from 0.5cm to 2.5cm and W5 is studied by varying it from 3cm to 15cm. 

The variation in frequency with dimensions L4, W4, L5, and W5 are plotted in Fig 5.15 

(e-h) 
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Fig 5.15 (e) Variation in frequency with L4 

 

 

Fig 5.15 (f) Variation in frequency with W4 
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Fig 5.15 (g) Variation in frequency with L5 

 

Fig 5.15 (h) Variation in frequency with W5 

 

Fig 5.15 Variation in frequency with different dimensional parameters of meandered 

top loaded printed monopole antenna 

From the above figures, it is evident that W4, L5, and W5 contribute significantly 

towards frequency reduction. The increase in dimensions L4 increases the resonant 

frequency. It is obvious from the above figures that the effect of patch dimensions Lg 

W3, and L3 on determining the resonant frequency is less compared to other 

dimensional parameters.  
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5.4.3. Resonant Frequency Calculation  

To derive the resonant frequency of RL loaded meandered toploaded printed 

monopole antenna, a two-step procedure was adopted. First the relation between the 

resonant frequency and geometrical parameters of meander line structure alone (Fig 

5.13) is derived. Then the relation for resonant frequency calculation of RL loaded 

meandered top loaded printed monopole antenna is derived by incorporating the effect 

of meander line and other dimensional parameters of the antenna. 

It was inferred from the parametric study of meander line monopole structure 

that the effective electrical length of the meander antenna depends on number of turns 

N, width of horizontal segment W2,  width of the meander line W1, and the total length 

of the antenna L=N × L1 . From the parametric studies, the equation for calculating the 

effective length due to the basic meander line structure (LM) in terms of geometrical 

parameters is derived as   

LM=0.5 + 0.017W2 + 0.05N + 0.004L + 0.045W1 + 0.02NW2 … (9) 

  

Since the contribution of meander line employed in the radiating patch has 

significant effect on the resonant frequency of RL loaded meandered top loaded 

printed monopole antenna, equation (9) is used in the derivation of the design 

equation of this antenna. The notation LM is used to denote the effective length due to 

meander line antenna on radiating patch. Further, it is inferred from the parametric 

study (Fig 5.15 (a-h)) that the resonant frequency is varied by the dimensions L4, W4, 

L5, and W5. It is also varied marginally by dimensions L3, W3 and Lg. The resonant 

frequency of the antenna is also slightly varied by the meander line on the ground 

patch. The notation LG is used for denoting the effective length due to the meander 

line on the ground patch and is calculated from equation (9). 

  Based on the parametric studies, the effective length of this antenna in terms 

of geometrical parameters is estimated by the relation 

Leff = 
1

3
(3LM + 1.3W4 + 3.5L5 + 0.8W5 – 6L4 + 0.52L3 + 0.3 W3+0.52Lg 

+0.001LG )    …….(10) 

It is observed from the surface current distribution (Fig 5.12) that the effective 

electrical length of the antenna corresponds to half wavelength at resonant frequency. 
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As the substrate dielectric constant contributes to the resonant frequency 

determination by a factor closer to unity, the √εreff in equation (4) is replaced by 

variable k.  

Hence equation (4) for resonant frequency of rectangular microstrip antenna is 

modified as  

𝑓𝑟 =
𝑐

𝜆
=  

𝑐

2×𝐿𝑒𝑓𝑓×𝑘
  … (11) 

5.4.4 Comparison between calculated and simulated results 

For examining the validity of these conclusions, the antenna was designed for 

various dimensional values and simulated using HFSS software. In order to establish 

the influence brought by each parameter, the methodology followed is – varying one 

parameter over a range keeping all other parameters fixed. The design was simulated 

for different substrates also- FR4 epoxy (εr=4.4), RT Duroid 5870 (εr=2.3) and air 

(εr=1.0006) were selected for this purpose. The value of k that corresponds to 

effective dielectric constant of FR4 is determined as 1.1 and that of RT Duroid is 

1.08. The value of k for air is 1. 

Table 5.6-5.12 described below shows the comparison between simulated and 

calculated values for different set of dimensional parameter. From the tabulated 

results it is obvious that the error is less than 5% for almost all cases. The plots 

corresponding to the different cases are shown in Fig 5.16-5.22 for comparison.  
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Table5.6. Variation of frequency with different dimensional values (Lg varied) 

(h=0.16cm; L3=2.5cm; W3= 14cm; L4=9cm; W4=23.2cm; L5=2cm; W5=15cm) 

Lg 

(cm) 

FR4  RT Duroid 5870 Air 

Simulat

ed 

Freque

ncy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

0.5 162.3 162.6 0.1 167.2 165.6 0.9 174.9 173.5 0.8 

1 161.9 162.4 0.3 166.9 165.4 0.8 173.3 173.3 0.0 

1.5 162.4 162.2 0.1 165.9 165.2 0.4 173.1 173.1 0.0 

2 162.6 162.1 0.3 165 165.1 0.0 172.6 173 0.2 

 

Table 5.7. Variation of frequency with different dimensional values (L3 varied) 

(h=0.16cm; Lg=1.5cm; W3= 14cm; L4=9cm; W4=23.2cm; L5=2cm; W5=15cm) 

L3 

(c

m) 

FR4 Substrate RT Duroid 5870 Air 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

0.5 161.2 162.4 0.7 166.7 165.2 0.8 174 173.7 0.2 

1 162.6 162.3 0.1 165 165.2 0.1 173.1 173.5 0.2 

1.5 162.2 162.3 0.0 164.9 165.1 0.1 172.3 173.3 0.5 

2 162.7 162.3 0.2 164.8 165.1 0.1 173.1 173.1 0 
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Table 5.8. Variation of frequency with different dimensional values (W3 varied) 

(h=0.16cm; Lg=1.5cm; L3= 2.5cm; L4=9cm; W4=23.2cm; L5=2cm; W5=15cm) 

W3 

(c

m) 

FR4 Substrate RT Duroid 5870 Air 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

2 158.8 159.8 0.6 164.9  162.7 1.3 169.8 170.45 0.4 

4 159 160.2 0.7 165.2 163.1 1.2 170 170.8 0.4 

6 160.4 160.5 0.0 165.3 163.5 1.0 170.5 171.2 0.4 

8 160.6 160.9 0.1 165.7 163.9 1.0 170.6 171.6 0.5 

10 160.8 161.3 0.3 165.3 164.3 0.6 171.1 172 0.5 

12 161.6 161.7 0.0 165.5 164.7 0.4 171.5 172.4 0.5 

14 162 162.1 0.0 165 165.1 0.0 171.8 172.8 0.5 
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Table 5.9. Variation of frequency with different dimensional values (L4 varied) 

(h=0.16cm; Lg=1.5cm; L3= 2.5cm; W3=14cm; W4=23.2cm; L5=2cm; W5=15cm) 

L4 

(c

m) 

FR4 Substrate RT Duroid 5870 Air 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

2 141.9 138.9 2.1 143.8 141.5 1.5 146.3 151.9 3.0 

4 149.2 144.8 2.9 153.6 147.5 3.9 153.7 158.3 2.8 

6 154.3 151.3 1.9 161.1 154.1 4.3 162 165.3 2.1 

8 158.5 158.3 0.1 163.6 161.2 1.4 171.7 173.01 0.7 
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Table 5.10. Variation of frequency with different dimensional values (W4 varied) 

(h=0.16cm; Lg=1.5cm; L3= 2.5cm; W3=14cm; L4=9cm; L5=2cm; W5=15cm) 

W4 

(c

m) 

FR4 substrate RT Duroid 5870 Air 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

12 174.8 172 1.6 183.6 175.2 4.5 184.3 184.0 0.1

4 

14 173.6 170.1 2 180.5 173.3 3.9 181.1 182.1 0.5 

16 171.4 168.3 1.8 178.2 171.4 3.8 183.2 180.2 1.6 

18 167.2 166.5 0.4 175.2 169.6 3.1 178.3 178.3 0.0 

20 166.4 164.8 0.9 171.6 167.8 2.2 176.5 176.5 0.0 

22 163.8 163.1 0.4 168.4 166.1 1.3 174.7 174.7 0.0 
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Table 5.11. Variation of frequency with different dimensional values (L5 varied) 

(h=0.16cm; Lg=1.5cm; L3= 2.5cm; W3=14cm; L4=9cm; W4=23.2cm; W5=15cm) 

L5 

(c

m) 

FR4 substrate RT Duroid 5870 Air 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

0.5 168.9 165.5 2 173.2 168.6 2.6 181.7 176.5 2.8 

1 168 164.3 2.2 170.2 167.4 1.6 177.5 175.3 1.2 

1.5 165.2 163.2 1.2 167.7 166.2 0.8 174.8 174.1 0.4 

2 162.4 162.1 1.8 165 165.1 0.0 173.1 173.0 0.0 

 

Table 5.12. Variation of frequency with different dimensional values (W5 varied) 

(h=0.16cm; Lg=1.5cm; L3= 2.5cm; W3=14cm; L4=9cm; W4=23.2cm; L5=2cm) 

W5 

(c

m) 

FR4 substrate RT Duroid 5870 Air 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

Simulat

ed 

Frequen

cy 

(MHz) 

Calculat

ed 

Frequen

cy 

(MHz) 

Err

or 

(%) 

7 171.4 166.3 2.9 173.4 169.4 2.3 182.2 177.9 2.4 

9 169 165.2 2.2 171.6 168.3 1.9 179.6 176.8 1.5 

11 167.2 164.1 1.8 171.3 167.2 2.3 178.1 175.7 1.3 

13 164 163.1 0.5 167.1 166.1 0.5 175.2 174.6 0.3 

15 162.4 162.1 0.1 165 165.1 0.0 173.1 173.5 0.2 
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Fig 5.16. Comparison between theoretical and simulated result for various Lg values 

(h=0.16cm; L5=2cm; L3= 2.5cm; W3=14cm; L4=9cm; W4=23.2cm; W5=15cm) 
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Fig 5.17. Comparison between theoretical and simulated result for various L3 values 

(h=0.16cm; L5=2cm; Lg= 1.5cm; W3=14cm; L4=9cm; W4=23.2cm; W5=15cm) 
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Fig 5.18. Comparison between theoretical and simulated result for various L4 values 

(h=0.16cm; L5=2cm; Lg= 1.5cm; W3=14cm; L3=2.5cm; W4=23.2cm; W5=15cm) 
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Fig 5.19. Comparison between theoretical and simulated result for various W3 values 

(h=0.16cm; L5=2cm; Lg= 1.5cm; L3=2.5cm; L4=9cm; W4=23.2cm; W5=15cm) 
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Fig 5.20. Comparison between theoretical and simulated result for various W4 values 

(h=0.16cm; L5=2cm; Lg= 1.5cm; L3=2.5cm; L4=9cm; W3=14cm; W5=15cm) 
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Fig 5.21. Comparison between theoretical and simulated result for various L5 values 

(h=0.16cm; W3=14cmcm; Lg= 1.5cm; L3=2.5cm; L4=9cm; W4=23.2cm; W5=15cm) 
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Fig 5.22. Comparison between theoretical and simulated result for various W5 values 

(h=0.16cm; L5=2cm; Lg= 1.5cm; L3=2.5cm; L4=9cm; W4=23.2cm; W3=14cm) 

 

5.5. CHAPTER SUMMARY 

Resonant frequency calculation of two antennas mentioned in chapter 3 and 4 

are carried out in this chapter. The equations were validated for various set of 

dimensions and were compared with the HFSS simulated results. To further check the 

validity, simulations of this design was carried out for different substrate. The 

calculated values had good agreement with the simulated results. These simple 

relationships predict the resonant frequency accurately and it is a fast method for 

calculating the frequencies. 

 



6. Conclusions  

 

 

This chapter presents the summary of the inferences drawn from the 

experimental and theoretical investigations of the antennas- bifolded 

printed bent monopole antenna and RL loaded meandered toploaded 

printed monopole antenna developed for ground plane constrained 

airborne applications. It also highlights the achievements of the 

research work carried out. A few suggestions for future work in this 

field are also included. 
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6.1 INTRODUCTION 

The simple planar shape, omnidirectional radiation pattern and wideband 

characteristics of planar monopole antennas makes them most preferred for airborne 

communications. As most of airborne communication utilizes HF/VHF band, the 

physical height of these antennas (conventionally λ/4 at lowest frequency of operation) 

are limited by the physical length, width and height of the aircraft. Hence airborne 

monopole antennas are subject to size reduction techniques for ensuring compactness. 

Another disadvantage of these antennas is the requirement of large ground plane to 

mount on, whose inadequacy may result in deteriorated radiation characteristics  

To overcome the space constraints on mounting location in airborne platforms 

for conventional planar monopole antennas, printed monopole antennas are considered. 

Hence the main aim of the thesis was to design and develop wideband printed monopole 

antenna in VHF band suitable for mounting on ground plane constrained airborne 

platforms.  

The investigations started with the literature study on the significance of ground 

plane on planar monopole antennas. Since printed monopole antennas does not require 

a backing ground plane to mount on, these antennas can be used to overcome the ground 

plane size constraints of conventional planar monopole antennas. A detailed study was 

carried out on printed monopole antennas, on its radiation characteristics and different 

configurations. There are only very few wideband printed monopole antennas reported 

in VHF band, and it was found that the size of these antennas are quite large for airborne 

applications. Hence, during this thesis work, emphasis was given to design VHF 

wideband printed monopole antenna suitable for airborne applications.  

Two novel wideband printed monopole antennas were developed and analyzed 

during the course: Bifolded printed bent monopole antenna and RL loaded meandered 

top loaded printed monopole antenna.  

The design aspects, based on the geometrical parameters of the antenna, were 

first investigated. The simulation studies were carried out to study the dependence of 

antenna radiation characteristics on the dimensional parameters. Surface current 

analysis was carried out to get an insight on the radiation mechanism of antenna. 

Optimum dimensions of the design were identified using parametric analysis and the 
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antenna was fabricated on FR4 substrate using photolithographic technique. Antennas 

were measured for its radiation characteristics using E5071C Vector Network Analyzer 

in open field.  

The dimensions critically determining the resonant frequency were identified 

using parametric analysis. Based on the inferences from surface current analysis and 

parametric analysis, simple relations were deduced to design the antenna on any 

substrate for the desired frequency range of operation. The deduced geometry can act 

as a precursor to the final design optimized using any of the simulation softwares. 

6.2 INFERENCES FROM EXPERIMENTAL AND THEORETICAL 

INVESTIGATIONS 

6.2.1 Inferences from Bifolded printed bent monopole antenna 

The bifolded printed bent monopole antenna is derived from the bent monopole 

antenna. The horizontal arm of the bent monopole antenna is folded twice in order to 

achieve compactness. The impedance matching of the antenna is achieved by modifying 

the partial ground plane of the conventional printed monopole antenna into L shape. 

Wideband characteristics of this antenna was achieved by resistance loading method. 

Analysis on the surface current distribution on the radiating patch revealed that 

the effective length of the patch corresponds to quarter wavelength at fundamental 

frequency of resonance. The feeble intensity of current distribution on ground plane 

implies that there is negligible radiation from ground plane. 

Parametric analysis of the antenna indicates that the resonant frequency of the 

antenna was determined by the total length of the arms of the radiating patch and its 

width. Bandwidth of the antenna is effected by the load resistance, width of the radiating 

patch and width of vertical portion of L shaped ground. The variation of frequency with 

respect to the substrate dielectric constant was lesser compared to microstrip antennas 

and found to be in a factor closer to unity. A decrease in bandwidth and increase in gain 

was observed with increase in substrate thickness.  

As airborne monopole antennas are mounted on the skin of the platform, the 

effect of availability of large mounting ground plane for this antennas was also analyzed 
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using HFSS simulations. The studies reveals that the shift in frequency band due to the 

large ground plane is very less for this antenna compared to conventional planar 

monopole antenna. The antenna exhibits omnidirectional radiation pattern with 

increased null depth and improved gain when mounted on large mounting ground plane. 

Measured results shows that the antenna offers a 3:1 VSWR bandwidth of 32%. 

The radiation pattern of the antenna is omnidirectional in azimuth plane but tilted due 

to the dominance of current along the horizontal arms of the radiating patch. Measured 

gain of the antenna varies from -17dBi to -8dBi in the frequency band. 

Empirical equation to calculate the resonant frequency of the antenna was 

derived in terms of its geometrical parameters and is presented in chapter 5. The 

equation was verified for different substrates and different set of dimensions. 

The highlights of this antenna is its wide bandwidth, reduced mounting ground 

plane and compactness. The antenna achieves a 3:1 VSWR bandwidth of 32%. The 

height reduction achieved by the antenna is 78% compared to basic printed strip 

monopole antenna and 73% compared to quarter wavelength planar monopole antenna 

at lowest frequency of operation. The overall size of this antenna is 0.065λ at lowest 

frequency of operation.  

6.2.2. Inferences from RL loaded meandered top loaded printed monopole 

antenna 

Another compact wideband antenna developed during this course is RL loaded 

meandered top loaded printed monopole antenna. The antenna was derived from the 

basic printed strip monopole antenna through step by step iterations, carried out to 

reduce the height of the antenna. Printed monopole antennas evolved in this iteration 

process are printed strip monopole antenna (Reference antenna), printed top loaded strip 

monopole antenna (Antenna 1), Meandered top loaded printed monopole antenna 

(Antenna 2) and RL loaded meandered top loaded printed monopole antenna (Antenna 

3). The design and radiation characteristics of these antennas are discussed in Chapter 

4. The main inferences from the studies are summarized below. 

By analyzing the design of reference antenna, it was found that the optimum 

length of radiating strip of printed strip monopole antenna is 0.2λ above the partial 
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ground plane. The ground plane dimensions play an important role in determining the 

impedance matching and bandwidth of the antenna. The antenna exhibits a 3:1 VSWR 

bandwidth of 22% at center frequency. The radiation pattern of the antenna is 

omnidirectional at azimuth and simulated gain of the antenna is 2dBi. The height of the 

antenna is 0.32λ at lowest frequency of operation. 

From the studies carried out on Antenna 1, it was understood that top loading 

the strip radiator can significantly reduce the antenna height. By implementing strip and 

top loading in the ground plane of this antenna, improved impedance matching and 

increased bandwidth is achieved. The antenna exhibits a 3:1 VSWR bandwidth of 27%.  

It exhibits omnidirectional radiation pattern in azimuth plane with a gain of 1.8dBi. 

Compared to printed strip monopole antenna, Antenna 1 achieves 25% height 

reduction. The height of the top loaded printed strip monopole antenna is 0.23λ at 

lowest frequency of operation. 

Antenna 2 was derived from antenna 1 by meandering the strip employed on the 

radiating patch and ground plane. Meandering increases the length of surface current 

path thus increasing the effective length of the antenna. The meandering employed in 

ground plane in symmetry with that of the radiating patch improves impedance 

matching. Impedance matching was further improved by implementing a strip above 

the top loading of the radiating patch. The resultant antenna exhibits a 3:1 VSWR 

bandwidth of 23%. It exhibits omnidirectional radiation pattern in azimuth plane. The 

gain of the antenna varies from 0.8 to 1.8dBi within the frequency band. Antenna 2 

achieves a height reduction of 43% compared to reference antenna. The overall size of 

this antenna is 0.18λ at lowest frequency of operation. 

Antenna 3 was derived by increasing the length of horizontal arm of meander 

line of Antenna 2. The reduction of antenna dimension made it difficult to impedance 

match the antenna over a wide band of frequencies. This is because, at this reduced 

height, the input impedance undergoes rapid variation with frequency and the 

impedance at the feed end becomes highly capacitive. The resistive component of the 

input impedance of this antenna is increased by resistive loading and thus, the antenna 

achieved wideband characteristics. Adding an inductor parallel to the resistor improved 

the gain of the antenna at lower frequencies of the band.  
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From parametric analysis conducted on Antenna 3, it was inferred that the 

resonant frequency of the antenna is mainly determined by the meander line on the 

radiating patch. The ground plane top loading and partial ground plane dimensions also 

contributes to the resonant frequency of the antenna. 

As skin of the platform acts as ground plane for these antennas when mounted 

on aircrafts, the effect of increased mounting ground plane availability was also 

analyzed. This was done by evaluating the radiation characteristics of this antenna 

mounted on 1.2m diameter ground plane. The measured results shows that the effect of 

large mounting ground plane is very little on frequency bandwidth of the antenna. 

Mounting the antenna on large ground plane improves the gain of the antenna in the 

lower frequency region. The radiation pattern of the antenna was found to be 

omnidirectional in azimuth plane at all frequencies within the band. The null depth of 

the radiation pattern was improved by mounting the antenna on large ground plane.  

Empirical equation to calculate the resonant frequency of the antenna was 

derived in terms of its geometrical parameters and is presented in Chapter 5. The 

equation is verified for different substrates and for different set of dimensions. 

The highlights of this antenna are: wide bandwidth, reduced ground plane, 

improved gain and compactness. Antenna 3 achieves a 3:1 VSWR bandwidth of 38% 

and the gain of the antenna varies from -14dBi to -1.5dBi within the band. It achieves 

a height reduction of 63% compared to conventional quarter wave monopole antenna 

at lowest frequency of operation and 67% compared to reference antenna. The overall 

size of the antenna is 0.1λ at lowest frequency of operation. 

The key feature of the antennas presented in this thesis is that - the size, shape 

and radiation characteristics of these antennas are comparable to that of conventional 

blade monopole antennas used for airborne applications, with the added advantage of 

requiring minimal ground plane to mount on. 
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6.3 SUGGESTIONS FOR FUTURE WORK 

The following are some of the prospects for future work: 

The antennas presented in this thesis have sharp bends. Bandwidth enhancement 

of antennas by curving the bends of the radiator has been reported in literature. Research 

may be carried out to study the effect of curving the edges on the radiation 

characteristics of the antenna. 

The resistance loading implemented in the antennas mentioned in this thesis for 

achieving the wideband characteristics reduces the gain of the antenna. Loading these 

antennas with a high permittivity superstrate layer for increasing its gain may be 

addressed in future. 

The bifolded printed bent monopole antenna presented in this thesis radiates a 

tilted beam. The dimensions of ground plane of printed monopole antenna has a 

significant role in determining the radiation pattern of the antenna. Hence, 

investigations may be carried out in future to improve the radiation pattern by 

modifying the L shaped ground plane to U shape. 
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Appendix A 

Compact Collapsible Wideband VHF 

Monopole Antenna 

For collapsible antenna applications, simple wire antennas of narrow 

bandwidth are commonly used. In this section, a wideband collapsible 

monopole antenna operating in VHF band is presented. The antenna 

has a simple structure, consisting of multiple wire elements, bound 

together in a flat wide strip, and all joined at their base using a 

conductor. The proposed antenna exhibits 3:1 VSWR bandwidth 

(S11<-6dB) of 25%. The height reduction achieved by the proposed 

antenna is 20% compared to a conventional quarter wave monopole 

antenna. 
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I. INTRODUCTION  

Transmitting antennas with a collapsed, compact configuration that could be 

released or extended to an operational state, when desired can have many applications 

[A1]. Examples for such applications include emergency locator beacons, 

communication satellites, sonobuoys etc. In applications like sonobuoy, wire monopole 

antennas are used for RF link which use sea water as its infinite ground plane. Wire 

monopoles are narrow bandwidth devices and there is a requirement of wideband 

transmitting antennas with collapsible property for sonobuoy application.  

Several methods are discussed in the literature for increasing the bandwidth of 

monopole antennas [A2]. Different loading techniques can be used for increasing the 

bandwidth of wire monopole antennas in cost of efficiency [A3]. The bandwidth of wire 

monopoles can also be improved by increasing the diameter of the wire or by using a 

fan of wires, all of equal length connected at their ends [A4]. The thickness of the wire 

cannot be increased in order to keep the cross sectional area minimum for low wind 

resistance. Radio amateurs have constructed an antenna by connecting several wires of 

different length at the ends for achieving a 6 band antenna [A5]. Replacing thick wire 

by a planar element also results in wide bandwidth performance [A6]. But a planar disk 

type monopole radiator cannot be used for collapsible antenna requirements. Hence, in 

this paper, a wideband wire antenna is proposed for sonobuoy application by using a 

strip of multiple wires, all bound together in a planar configuration and connected at 

their base using a conductor. The proposed antenna uses no matching circuits and hence 

noises due to matching circuits can be avoided. 

II. ANTENNA DESIGN 

Planar monopole radiators have increased bandwidth than the wire monopole 

antennas of same length due to its increased surface area. Hence to attain a wideband 

collapsible antenna, a planar configuration was investigated using multiple wires. The 

length of the proposed monopole antenna is 44cm. The diameter of copper wire is 

0.05cm. A parametric analysis was performed for the antenna with length as 44cm and 

spacing between the copper wire elements as 0.05cm to examine the impact of number 

of wire elements on the antenna's bandwidth. A comparison table is shown varying the 

number of wire elements (TABLE A1). It was found to exhibit an increase in bandwidth 

of antenna at the center frequency f0, as the number of wire elements increased. 
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TABLE AI Effect of number of wire elements on bandwidth of antenna 

Number 

of wire 

elements 

3:1 VSWR 

Bandwidth in MHz 

at f0 

2 32 

4 33 

8 35 

16 42 

 

Hence, a ribbon cable was selected and the proposed monopole antenna was 

constructed using 16 elements of insulated copper wire bounded together in a planar 

configuration. The diameter of each wire element is 0.05cm and the spacing between 

the elements is 0.05cm. All wire elements are joined at their base using a copper wire 

and fed at the middle point of the strip by a TNC connector of 50Ω. The antenna was 

mounted on a λ/4 ground plane for primary investigation. The schematic of the 

proposed monopole antenna is shown in Fig A1. The dark portion of the figure shows 

the copper wire elements. 
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Fig. A1. Schematic of the proposed monopole antenna 

III. RESULTS AND ANALYSIS 

The proposed wire monopole antenna was measured for its VSWR 

characteristics using N9342C Agilent handheld spectrum analyzer. The antenna shows 

a 3:1 VSWR bandwidth of 38MHz in the VHF band. Simulated and measured return 

loss characteristics are shown in Fig. A2. Simulated gain of the antenna is -1dB to 0.5dB 

in the increasing band of frequency. The radiation pattern of the antenna is 

omnidirectional. Simulated radiation patterns at center frequency f0 MHz are shown in 

Fig. A3. The λ/4 wavelength at lowest frequency of operation corresponds to 55cm. 

The proposed monopole antenna has achieved a height reduction of 20% compared to 

conventional quarter wave monopole antenna.  
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Fig. A2. Simulated and measured return loss characteristics of proposed antenna 

 

Fig. A3a. Simulated azimuth radiation pattern at f0 MHz 

 

Fig. A3b. Simulated elevation radiation pattern at f0 MHZ 
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IV. CONCLUSION 

  A wideband collapsible VHF antenna is constructed and analyzed. Antenna 

shows a 3:1 VSWR bandwidth of 25%. Simulation studies show that the radiation 

pattern of the proposed antenna is omnidirectional and the gain of the antenna varies 

from -1dB to 0.5dB in the increasing band of frequency. The antenna uses no matching 

circuit and hence the noise due to matching circuits can be avoided. Hence the proposed 

antenna could replace wire antenna with narrow bandwidth which are conventionally 

used in sonobuoy. 
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