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Abstract 
 

 Microstrip antenna consists of a patch of metallization on grounded substrate. 

These are low profile, lightweight antennas, most suitable for aerospace and mobile 

application. They are replacing many conventional antennas used in defense and 

commercial applications. They have got certain drawbacks such as narrow bandwidth, 

low gain, and low power handling capability and polarization impurity. Many researchers 

are trying to overcome these drawbacks.  

 

 In this thesis also some efforts have been done to overcome certain drawbacks 

of microstrip antenna. One of the serious limitations of the microstrip antennas is its 

narrow bandwidth. The impedance bandwidth of MSA is around 1% only for thin 

substrates. The bandwidth of the MSA can be increased by increasing thickness of the 

substrate. If the thickness is increased it creates problems for impedance matching, 

produces radiations from the feed and distortions in the radiation patterns due to higher 

order modes. Therefore to avoid these problems thicker substrate is not used. The 

common techniques to improve bandwidth are Planner multiresonator configurations, 

Electromagnetically coupled MSA; Aperture coupled MSAs, Impedance matching 

networks for broad band MSAs & Log periodic MSA configurations. It is advantageous 

to use Electromagnetically coupled MSA because of its small size and no back radiations. 

Therefore Electromagnetically coupled MSA is used to design the antenna. The MSA 

gives linear polarization. Many times we need circular polarization with low cross polar 

level (generally below 10-12 dB). This circular polarization is obtained in this antenna 

using a shorting pin. This is the major achievement. Many papers discuss about 

bandwidth only, a few papers discuss just about polarizations using shorting pins. 

 

Many times we need large bandwidth, desired polarization and high gain. In order 

to obtain high gain we have to form an array of antennas. It is convenient to feed the 

array elements using microstrip feed. Therefore the Electromagnetically coupled MSA is 

fed using a microstrip line as described in chapter 4. Some times we need right circular or 
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left circular or linear polarization depending on situation. These polarizations can be 

obtained using two shorting pins instead of one as described in chapter 4. 

 

In satellite TV transmission vertical and horizontal polarizations (Eθ and EФ) are 

used. In order to minimize adjacent channel interference they are placed alternately on 

vertical and horizontal polarizations. These additional Eθ, EФ polarizations as well as 

RHCP and LHCP are obtained using additional shorting pins as described in chapter 4. 

for satellite TV transmission we need high gain around 30 dB. This can be obtained using 

an array of above elements. The design is given in chapter 4. Various feeding techniques, 

transmission lines, bends, power dividers and quarter wave transformers are discussed. 

Spacefed microstrip antennas are also designed, simulated and studied in chapter 5. 

 

Recently fractal antennas are becoming very popular because of their small size, 

multiband response and high efficiency. The basic types of fractal antennas are designed 

and simulated in chapter 6. Bandwidth is the major problem in microstrip antennas. In 

chapter 7, it is discussed how do we get large bandwidth, and the concept is used to 

obtain very large or ultra-wide bandwidth using rectangular microstrip antenna. The same 

concept is used to obtain very large bandwidth using sierpinski fractal antennas. 
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 1

1  Introduction 
 

1.1 Introduction 

 

There are many emerging applications, such as mobiles, pagers, wireless local 

loops, weight sensitive vehicles, rockets, missiles, satellites, radars, communication and 

navigational systems etc. which require broadband, high gain and properly polarized  

radiations. For such applications, microstrip antennas are particularly attractive due to 

their low profile, light weight, and easy fabrication. They have got certain drawbacks 

such as narrow bandwidth, low gain, and low power handling capability and polarization 

impurity. But above applications require broad bandwidth.  

 

The impedance bandwidth of Microstrip Antenna (MSA) is around 1% only for 

thin substrates. The bandwidth of the MSA can be increased by increasing thickness of 

the substrate. If the thickness is increased, it creates problems for impedance matching, 

produces radiations from the feed and distortions in the radiation patterns due to higher 

order modes. Therefore to avoid these problems thicker substrate is not used. The 

common techniques to improve bandwidth are planar multi-resonator configurations, 

electromagnetically coupled MSAs, aperture coupled MSAs, Impedance matching 

networks for broad band MSAs & Log periodic MSA configurations. It is advantageous 

to use electromagnetically coupled MSA because of its small size and no back radiations. 

Therefore electromagnetically coupled MSA is used to design the antenna.  

 

The MSA gives linear polarization. Many times, circular polarization with low 

cross polar level (generally below 12 dBs) is required. This circular polarization is 

obtained in this antenna using a shorting pin. This is the major achievement in this work. 

Many papers discuss about bandwidth only. Electromagnetically coupled microstrip 

antenna, as shown in Figure 1.1, can be used to obtain wide bandwidth. A few papers 

discuss just about polarizations using shorting pins where we get various polarizations 

but very narrow bandwidth around 1% only as shown in figure 1.2. There is no reported 

work which gives wide bandwidth as well as desired polarization. Figure 1.3 shows the 
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antenna which gives wide bandwidth as well as the desired circular polarization. It is the 

combination of figures 1.1 and 1.2. This is the novel design and major achievement in 

this work. 

 
 
 
 
 
 
 
   
 
 
  
 
 
 
 

 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 

 
 
 

Figure 1.1 Electromagnetically coupledmicrostrip fed 
MSA (for wide bandwidth only) 

Parasitic patch 

Radiating patch 

Ground 

Figure 1.2 Ordinary MSA (for desired polarization only) 

Radiating patch 

Ground 

Shorting pins 
+ 

Figure 1.3 Electromagnetically coupled microstrip fed 
MSA (for wide bandwidth & desired 
polarization)  

Parasitic patch 

Radiating patch 

Ground 

Shorting pins = 
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By increasing the number of shorting pins in the above design, one can obtain 

horizontal, vertical, RHCP or LHCP. One can get more gain by forming the array of 

above antennas. With this array, wide bandwidth, switchable polarizations and high gain 

could be achieved [1]. These are the important properties of an antenna system. Antenna 

system with these capabilities can also be used in smart antennas [2-11]. 

 

Small size multiband antennas are very important in mobile communication. 

These antennas are also designed and analysed even to obtain wide band operation. 

 

1.2 Organisation of the Thesis 

 

 Microstrip antenna consists of a patch of metalization on grounded substrate. 

These are low profile, lightweight antennas, most suitable for aerospace and mobile 

application. They are replacing many conventional antennas used in defense and 

commercial applications. They have got certain drawbacks such as narrow bandwidth, 

low gain, and low power handling capability and polarization impurity. Many researchers 

are trying to overcome these drawbacks.  

 

In this thesis also, some efforts have been made to overcome certain drawbacks of 

microstrip antenna. The motivation behind the thesis is described in the first chapter. In 

this thesis various types of patch antennas and arrays are developed which can be used in 

smart antennas as well as other applications. Chapter 2 describes the basics of microstrip 

antennas, its advantages, drawbacks and various methods to overcome the drawbacks.  

 

Chapter 3 describes design of a compact wideband antenna. A patch of 25×30 

mm2 gives very wide bandwidth. The actual design and the theoretical results are 

presented in this chapter. It also describes design of compact wideband patch antenna, 

which covers the frequency range from 3.7 to 4.5 GHz. The actual design, theoretical 

results and radiation pattern with polarization levels are presented in this chapter.  
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Chapter 4 describes compact broadband electromagnetically coupled microstrip 

antenna which produces linear, right circular and left circular polarization. The actual 

design, simulated results and radiation pattern with polarization levels are presented in 

this chapter. 

 

In satellite TV transmission, vertical and horizontal polarizations (Eθ and EФ) are 

used. In order to minimize adjacent channel interference, these are placed alternately on 

vertical and horizontal polarizations. These additional Eθ, EФ polarizations as well as 

RHCP and LHCP are obtained using additional shorting pins for satellite TV 

transmission where high gain of the order of 30 dB is required. This can be obtained 

using an array of above elements. The design of patch antenna, design of array and the 

theoretical results are also given in chapter 4. Various feeding techniques, transmission 

lines, bends, power dividers and quarter wave transformers are discussed.  

 

Space-fed microstrip antennas are also designed, simulated and studied in chapter 

5. Now a days, fractal antennas are becoming very popular because of their small size, 

multiband response and high efficiency. The basic types of fractal antennas are designed 

and analysed. Bandwidth is the major problem in microstrip antennas. In chapter 6, it is 

discussed how do we get large bandwidth, and the concept is used to obtain very large or 

ultra-wide bandwidth (UWB) using rectangular microstrip antenna. The same concept is 

used to obtain very large bandwidth using sierpinski fractal antennas. These antennas are 

designed and analysed in this chapter. 
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2  Microstrip Antennas 
 

2.1 Introduction  

 

The rapidly growing communication industry demands for smaller and low profile 

antennas have put the microstrip antennas (MSA) to the forefront [12-16]. An MSA in its 

simplest form consists of a radiating patch on one side of a thin dielectric substrate 

backed by a ground plane. The radiating patch could be of any arbitrary shape but 

generally regular shapes are considered for ease of analysis and design. One of the 

simplest and widely used configurations is rectangular MSA as shown in figure 2.1. A 

rectangular patch is defined by its length L and width W. for a simple microstrip line the 

width is much smaller than the wavelength. However, for the RMSA, the width is 

comparable to the wavelength to enhance radiation from edges. The thickness is much 

smaller than the wavelength. 

                                                           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       

h
Side 
View 

W

L

Top 
View 

Figure 2.1 Mircostrip antenna  
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 For the fundamental TM10 mode, the length L should be slightly less than λ/2, 

where λ is wavelength in dielectric medium. λ=λ0/(єe)0.5, where λ0 is free space 

wavelength and єe is the effective dielectric constant. The value of єe is slightly less than 

єr, because the fringing fields around the periphery of the patch are not confined in the 

dielectric substrate but are also spread in air as shown in figure 2.2. 

 

                  
             

  

The fundamental mode TM10 implies that the field varies one λ/2 cycle along the 

length, and there is no variation along the width of the patch. Along the width of the 

patch, the voltage is maximum and current is minimum due to the open end. It may be 

observed from figure 2.2 that the vertical components of the electric field at the two 

edges along the width are in opposite directions and hence cancel one another in the 

broadside direction, whereas the horizontal components are in same direction and hence 

combine in the broadside direction. Therefore edges along the width are termed as 

radiating edges. The fields due to the sinusoidal distribution along the length cancel in 

broadside direction, and hence edges along the length are known as non-radiating edges 

[17]. The fringing fields along the width can be modeled as radiating slots as shown in 

figure 2.3. 

 

 

 

 

 

 

 

 

 

Figure 2.3 Radiating edges of microstrip 
antenna

Figure 2.2 Fields in mircostrip antenna
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2.2 Advantages of Microstrip Antennas 

 

 The main advantages of microstrip antennas are: 

 a) The microstrip antennas are lightweight and have small volume and low profile 

 planar configuration. 

 b) They can be made conformal to the host surface. 

 c) Their ease of mass production using printed circuit technology leads to a low 

 fabrication cost. 

 d) They are easier to integrate with other MIC’s on the same substrate.  

 e) They allow to both linear and circular polarization.  

 f) They can be made compact for use in personal mobile communication. 

 g) They allow for dual and triple frequency operation.  

 

2.3  Drawbacks of Microstrip Antennas 

 

 The main drawbacks of microstrip antennas are: 

a) They are narrow band. 

b) They are having low gain. 

c) They are having low power handling capability. 

d) They do not offer polarization purity. 

 

 In this thesis, efforts have been made to overcome above drawbacks using proper 

techniques. One of the serious limitations of the microstrip antennas is its narrow 

bandwidth. The impedance bandwidth of MSA is around 1% only [19] for thin substrates. 

The VSWR or impedance bandwidth of the MSA is defined as the frequency range over 

which it is matched with that of the feed line within specified limits. The bandwidth of 

the MSA is inversely proportional to its quality factor Q and is given by 

 

                                         
VSWRQ

VSWRBW )1( −
=  
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 In order to increase the bandwidth, Q should be decreased. The required value of 

Q can be obtained by varying dielectric constant єr and thickness h. The Q increases with 

increase in dielectric constant єr. It decreases with increase in h. In order to increase the 

bandwidth, simply increasing the substrate height keeping dielectric constant low, will 

create following problems [18]: 

1) Substrates thicker than 0.11λ0 for єr = 2.2 make the impedance locus of the probe fed 

patch antenna increasingly inductive in nature, resulting in impedance matching problem. 

2) Thick substrate with microstrip edge feed will give rise to increased spurious 

radiation from the microstrip step in width and other discontinuities. Radiation from 

probe feed will also increase. 

3) Higher order modes along the thickness may develop, giving rise to distortions in the 

radiation patterns and impedance characteristics. This is a limiting factor in achieving 

octave bandwidth. 

 

 Therefore to avoid above problems thicker substrate is not used to obtain wide 

bandwidth. The common techniques to improve bandwidth are as follows: 

a) Planar multi-resonator configurations:  The planner multiresonator gives 

bandwidth around 20%. The drawback of this configuration is its large planner size[20]. 

b) Electromagnetically coupled MSA: With this configuration we can obtain 10% to 

30% bandwidth. The increase in the bandwidth is obtained due to increase in the overall 

height of the antenna, a decrease in the effective dielectric constant єe  and the multi-

resonator effect [17]. 

 c) Aperture coupled MSAs :  Aperture coupled elements have been demonstrated 

with bandwidths up to 10 - 15% with a single layer[22]-[24], and up to 30-50% with a 

stacked patch configuration [25]-[28]. 

d) Impedance matching networks for broad band MSAs: The complexity and losses 

of the matching network generally limit the achievable bandwidth of the antenna to about 

10% to 30% [18, 29]  

e) Log periodic MSA configurations. 
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2.4       Wave Polarization 

 
Microstrip antennas are having many advantages as compared to the conventional 

antennas.they are having few drawbacks such as narrow bandwidth, high cross 

polarization levels or low polarization purity, low gain and low power handling 

capability. How to increase bandwidth of microstrip antenna is already discussed in the 

previouse chapter. In this chapter we shall discuss about polarization, the types of 

polarization and the various methods to achieve these polarizations. 

Antenna polarization is a very important consideration when choosing and 

installing an antenna.   Most communications systems use either vertical, horizontal or 

circular polarization.  Knowing the difference between polarizations and how to 

maximize their benefit is very important to the antenna user. A linear polarized antenna 

produces linearly polarized wave, a circular polarized antenna produces circularly 

polarized wave. Recently, the microstrip antenna with switchable polarizations [30-37] 

has received much attention because it is useful for some specific application in wireless 

communication, such as multi-system operation, frequency reuse and reducing multipath 

fading. The various types of wave polarizations are explained in detail in the following 

section. 

An important property of an electromagnetic wave is its polarization, a quantity 

describing the orientation of the electric field E [38]. Consider a plane wave traveling out 

of the page (positive z direction), as in Figure 2.4, with the electric field at all times in the 

y direction. This wave is said to be linearly polarized (in the y direction). As a function of 

time and position the electric field of a linearly polarized wave, as in Figure 2.9(a), 

traveling in the positive z direction (out of the page) is given by 

 

 

In general, the electric field of a wave traveling in the z direction may have both a y 

component and an x component, as suggested in Figure 2.4 (b). In this more general 

situation the wave is said to be elliptically polarized. At a fixed value of z the electric 

( )ztEE y βω −= sin2
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vector E rotates as a function of time, the tip of the vector describing an ellipse called the 

polarization ellipse. The ratio of the major to minor axes of the polarization ellipse is 

called the axial ratio (AR). Thus, for the wave in Figure 2.4 (b), 12 /EE  AR = . Two 

extreme cases of elliptical polarization correspond to circular polarization, as in Figure 

2.4 (c), and linear polarization, as in Figure 2.4 (a). For circular polarization E, = E2 and 

AR = 1, while for linear polarization E, = 0 and AR = ∞. 

 

In the most general case of elliptical polarization the polarization ellipse may have 

any orientation, as suggested in Figure 2.5. This elliptically polarized wave may be 

expressed in terms of two linearly polarized components, one in the x direction and one 

in the y direction. Thus, if the wave is traveling in the positive z direction (out of the 

page), the electric field components in the x and y directions are 

( )ztEEx βω −= sin1         (2.1) 

( )δβω +−= ztEEy sin2        (2.2) 

where 1E  = amplitude of wave linearly polarized in x direction 

2E  = amplitude of wave linearly polarized in y direction 

  δ= time-phase angle by which yE leads xE  

Combining (2.1) and (2.2) gives the instantaneous total vector field E: 

E = x ( )ztE βω −sin1  + y ( )δβω +− ztE sin2      (2.3) 

 

  

 

 

 

 

 

 

  

 

 

(a) Linear polarization    (b)Elliptical polarization    (c) Circular polarization    

Figure 2.4 Linear, Elliptical and Circular polarization for 
wave propagation out of page 
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At z = 0, ( )ztEEx βω −= sin1 and ( )δβω +−= ztEEy sin2    (2.4) 

Expanding yE  yields 

)sincoscos(sin2 δωδω ttEEy +=       (2.5) 

From the relation for we have tωsin = xE / 1E  and ( )2

1/1cos EEt x−=ω  

Introducing these in (2.4) eliminates rot, and on rearranging we obtain 

δ
δ 2

2
2

2

21
2

1

2

sin
cos2

=+−
E
E

EE
EE

E
E yyxx                                                (2.6) 

Or  122 =+− yyxx cEEbEaE          (2.7)       

                                                  

where
δ22

1 sin
1

E
a =           

δ
δ

2
21 sin
cos2

EE
b =  

         
δ22

2 sin
1

E
ac ==  

 

Equation (2.7) describes a (polarization) ellipse, as in Figure 2.4. The line segment 

OA is the semi major axis and the line segment OB is the semi minor axis. The tilt angle 

of the ellipse is τ . The axial ratio is 

OB
OAAR =                 )1( ∞≤≤ AR       (2.8) 

 

For 01 =E , the wave is linearly polarized in the y direction. For 02 =E , the wave 

is linearly polarized in the x direction. If 0=δ and 21 EE = , the wave is also linearly 

polarized but in a plane at an angle of 45° with respect to the x axis 

( )045=τ  

 

 For 21 EE = and 090±=δ the wave is circularly polarized. When 090+=δ the 

wave is left-circularly polarized, and when 090−=δ the wave is right-circularly 

polarized. For the case 090+=δ and for 0=z and 0=t we have from (2.1) and (2.2) that 
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2ˆEyE = , as in Figure 2.6 (a). One-quarter cycle later ( 090=tω ) 1ˆExE =  as in Figure 

2.6(b). Thus, at a fixed position ( 0=z ) the electric field vector rotates clockwise 

(viewing the wave approaching). According to the IEEE definition, this corresponds to 

left-circular polarization. The opposite rotation direction ( 090−=δ ) corresponds to 

right-circular polarization. 

 

 

 

 

 

 

 

                                                                                                      

                                                                                             

 

 

 

 

 

 

 

 

Polarization ellipses, as a function of the ratio 21 / EE and phase angle δ  (wave 

approaching), are shown in Figure 2.6. In special cases, the ellipses become straight lines 

(linear polarization) or circles (circular polarization). 

 

  If the wave is viewed receding (from negative z axis in Figure 2.6), the electric 

vector appears to rotate in the opposite direction. Hence, clockwise rotation of E with the 

wave approaching is the same as counterclockwise rotation with the wave receding. Thus, 

unless the wave direction is specified, there is a possibility of ambiguity as to whether the 

wave is left- or right-handed. This can be avoided by defining the polarization with the 

Major axis 
Minor axis 

E 

Ex E1

Ey
E2

Tilt angle τ  

Figure 2.5  Polarization ellipse at tilt angle τ  showing instantaneous  
components xE  and yE  and amplitudes (or peak values)  

1E  and 2E . 
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aid of helical antennas. Thus, a right-handed axial-mode helical antenna radiates (or 

receives) right circular (IEEE) polarization. A right-handed helix, like a right-handed 

screw, is right-handed regardless of the position from which it is viewed. There is no 

possibility here of ambiguity. 

    

 

 

 0=tω  

 090=tω  

 

 

 

 

 

 

   

 

 

Following section describes applications of microstrip antennas and how to produce 

various types of polarizations using the microstrip antennas. 

 

 

2.5       Loaded Microstrip Antenna 

 

Modern communication systems, such as those for satellite links (GPS, vehicular-

Jar, etc.), for mobile communication, and for emerging applications, such as Wireless 

local-area networks (WLANs), often require compact antennas at low cost [12-16] 

Further, due to their lightness, microstrip antennas are well suited for airborne 

applications, such as synthetic aperture radar (SAR) systems and scatterometers. In 

addition to compactness, the antenna may be required to provide circular polarization as 

in satellite links. In some applications, operation at two or more discrete bands and an 

Figure 2.6 Instantaneous orientation of electric field vector E at 
two instants of time for a left-circularly polarized 
wave which is approaching (out of page). 

(a) (b)
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arbitrary separation of bands is desired. Further, all bands may be required to have the 

same polarization, radiation Pattern, and input impedance characteristics. 

 

It may not be possible to achieve these objectives from the basic microstrip 

antennas having regular shapes that have been discussed in earlier chapters. The range of 

applications of micros trip antennas and their performance can be improved considerably 

by suitably loading them. Some examples of loaded microstrip antennas are given in next 

chapters, where loadings of the basic shape was used to obtain circular polarization, 

frequency tuning, broadbanding, impedance matching, higher gain, and so on. It is the 

goal of this chapter to discuss loading in a general way to obtain characteristics such as 

size reduction, dual-frequency operation, polarization control, radiation pattern control, 

and frequency agility [18]. 

 

A survey of various papers published on the applications of microstrip antennas 

shows that shorts, stubs, and slot loadings have been used for the most part. Therefore, 

we consider only the effect of these loadings although loading can take various forms 

such as stub loading, slot or notch loading, short circuits or vias, parasitic coupling, 

substrate loading, superstrate cover, resistors, capacitors, and diodes. 

 

A microstrip antenna can easily be made to resonate at many frequencies associated 

with various modes. The characteristic of each mode is different and is determined by the 

resonant frequency, radiation pattern, polarization, bandwidth and so on. For a given feed 

location, if the patch is now loaded with a short, the field and current distributions for 

various modes will be disturbed and therefore their characteristics will change. This 

change will depend on the amount of load and the mode under consideration. For 

example, a short placed at the nodal line of a mode will hardly affect its characteristics, 

whereas another mode with electric field maximum at the short will experience the 

maximum change. If used properly, the loading effect can be used to obtain a desirable 

change in the antenna characteristics. 
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First, some applications of loaded microstrip antennas to realize polarization 

diversity, frequency agility, and radiation pattern control are discussed. Next, loading will 

be used to reduce the size of circularly polarized antennas, and dual-frequency operation 

antennas. Various types of compact antennas are listed. The planar inverted-F antenna, a 

compact antenna suggested, is described in detail. 

 

2.6   Polarization Diversity Using Microstrip Antennas 

Polarization diversity [25] of reception is important to counter the effect of fading 

in communications, especially in mobile communications. The polarization of a 

microstrip antenna can be selected by making a proper choice for the feed location. For 

example, the square microstrip antenna shown in Figure 2.7 [39] can be used to transmit 

or receive vertical polarization or horizontal polarization depending on which feed is used 

and which shorting posts are not used. The two polarizations are associated with the 

modes (l, 0) and (0, 1) excited by the respective feeds. Simultaneous operation in two 

polarizations at the same frequency is possible if both feeds are used. If the square patch 

is replaced by a rectangular patch antenna, then it is possible to have dual-frequency and 

dual-polarization operation. The square patch antenna of Figure 2.7 when loaded with 

posts as indicated can be used for generating desired circular polarization by a proper 

selection of feed. The posts located along the diagonal help in the excitation of both the 

modes with a single feed. Proper location of the posts ensures equal amplitude and a 

phase difference of 90° for the two modes. 

 

 

 

 

 

 

 

 

 

 

ShortingFeed for 
Horizontal (no

Feed for  
Vertical (no

Figure 2.7 dual-feed antenna for 
horizontal and vertical,[39]



 16

It is also possible to obtain four different polarizations-horizontal, vertical, right-

hand circular, and left-hand circular-with a single feed. This is shown in Figure 2.8 for a 

square patch antenna. The feed is located along the diagonal and the shorting pins are 

located along the center lines. The polarization of the signal is decided by the selection of 

the shorting pins, and can be explained on the basis of change in resonant frequency 

produced by the loading effect of the short. 

 

 

 

                    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The square patch, without shorting pins, supports both the (1, 0) and (0, 1) modes 

with x-oriented and y-oriented polarizations. The resonant frequency for both the modes 

is the same. Because the feed probe is located along the diagonal, both the modes are 

excited with equal amplitude and phase. By adding shorting pins along the center line x = 

a/2 (Figure 2.8), the resonant frequency of the (0, 1) or y-oriented mode can be raised 

without affecting the other mode. Therefore, the mode with desired polarization (x or y) 

can be selected by shifting the resonant frequency of the undesired mode far above that of 

Feed probe 

a 

Right circular X linear

X linear 

Y linearY linear 

Left circular 

Y  

Y  

Figure 2.8 Single-feed square patch antenna with four pairs of  
posts for obtaining four different polarizations. 
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the desired mode. The required large frequency shift is obtained by placing the shorting 

pins at or near the edges of the patch as shown in the figure. 

 

Circular polarization is obtained by exciting both the x- and y-polarized modes 

with equal amplitude and 90° phase difference. This can be accomplished by raising the 

resonant frequency of one mode slightly above the other and operating at a frequency 

midway between the two frequencies. Then the input impedance of one mode is inductive 

and the other mode is capacitive. By adjusting the difference between the resonant 

frequencies, both the modes can be excited with equal amplitude and 90° phase 

difference.  

The pair of posts inside the patch raises the resonant frequency of one of the 

modes only. Figure 2.9 [39] shows the measured axial ratio of a typical patch antenna as 

the separation between a pair of shorting posts is varied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

Normalized post spacing 
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Figure 2.9 Measured axial ratio as a function of post spacing  [39] 
s/a for a square patch antenna on a 1.6-mm Teflon  
fiberglass substrate.  
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When s/a = 0, the posts are at the center and they don’t affect either mode. Because both 

the modes are excited with equal amplitude by the diagonal feed, the polarization is linear 

oriented along the feed diagonal. When s/a = 0.09, the resonant frequencies of the two 

modes are offset enough to obtain a phase difference of about 90° and the antenna is 

circularly polarized. As the posts are moved further apart, that is, as they approach the 

respective edge, the resonant frequency of the vertically polarized mode is further 

increased and the polarization of the antenna becomes horizontal linear with large axial 

ratio as shown in the figure. The input impedance of the antenna changes with the 

movement of the posts, but the VSWR remains good for all senses of polarization. 

Although one post is sufficient to raise the resonant frequency of any mode, two 

symmetrically located posts are used so that the antenna structure is symmetric with 

respect to loading, and the cross-polarized component in the radiation pattern due to 

loading is minimized. The shorting posts can be realized by microwave switching diodes 

for precise control of the resonant frequency and polarization switching applications. 

 

2.7       Single-Feed Circularly Polarized Microstrip Antennas 

 

For a circularly polarized radiation, a patch must support the orthogonal fields of 

the equal amplitude but in phase quadrature. This requirement is accomplished by 

slightly perturbing a patch at appropriate locations with respect to the feed. However, 

these perturbation configurations have very narrow axial ratio (AR) and voltage standing 

wave ratio (VSWR) bandwidths. However, a successful attempt has been made in the 

present work to improve the axial ratio within the impedance bandwidth for VSWR < 2. 

In this chapter, we discuss the analysis and optimized designs of single-feed modified 

square microstrip antennas for enhancement of axial ratio and VSWR bandwidths. The 

effect on the input impedance and axial ratio for different values of width by keeping 

length constant of nearly square microstrip antenna is described. Improvement in the 

axial ratio and VSWR bandwidths on thick dielectric substrate with different values of 

probe diameter is investigated in the present work. Our analysis is along the lines of the 

discussions in [40] on the singly-fed microstrip antennas for circularly polarized 

radiation. 
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2.7.1 Diagonally-Fed Nearly Square Microstrip Antenna 

 

In this section, a method for designing a circularly polarized microstrip antenna 

with singly-fed is presented. Depending upon the perturbation the feed location is either 

on the x or y-axis, or the feed is placed on the diagonal axis of a patch. Note that the feed 

is always located diagonal to perturbation segments that are appropriately selected to 

produce two orthogonally degenerate modes in the patch for circularly polarized 

radiation. Nearly square microstrip antenna is one of the simplest configurations to 

generate circularly polarized radiation with feed location along the diagonal as shown in 

Figure 2.10 (a). 

 

 

 

 

 

 

 

 

 

 

 

The patch length (L = L+l), and width (L2 = L) determines the orthogonal resonant 

frequencies, and are critical parameters in design because of inherent narrow bandwidth 

of the patch. In practice, the fields are not confined to the patch. A fraction of the fields 

lie outside the physical dimension of the patch. This is called the fringing field. 

Considering the effect of the fringing fields, the effective dimensions of diagonally fed 

nearly square microstrip antenna are different from the physical dimensions. The 

extension of the dimension of nearly square microstrip antenna due to the fringing field is 

shown dotted lines in Figure 2.10 (b). For the fundamental TM10 mode, the L1 should be 

slightly less than λ/2, where λ is the wavelength in the dielectric medium. The 

Figure 2.10 (a) Diagonally fed nearly square microstrip antenna, and 
 (b) equivalent diagram of nearly square microstrip  
 antenna in the presence of fringing fields 
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fundamental TM10 mode implies that the field varies one λ/2 cycle along the length, and 

no variation along the width of the patch. A nearly square microstrip antenna operating at 

TM10 mode can be visualized as a transmission line, because the field is uniform along 

the width and varies sinusoidally along the length. Their equivalent capacitance and the 

radiation resistance model the fringing fields along the edges and the radiation from the 

slots. To account for the fringing fields, instead of adding the capacitor at the edges, the 

dimensions around the periphery of the patch can be extended outwards. This can be 

explained in terms of the parallel rectangular plates of dimensions L1 and L2, which are 

separated by a dielectric substrate of thickness h. If the fringing fields along the periphery 

are ignored, then the capacitance of the two parallel plates will be 

h
LL

C r
21

0εε=           (2.9) 

 

However, due to the fringing capacitance, the effective capacitance Ce of the two 

parallel plates increases. One of the ways to account for the fringing capacitance is to 

extend the dimensions of the plate outward, and the value of Ce is calculated from 

 
h
LL

C ee
re

21
0 εε=         (2.10)  

where, L1e and L2e are the effective dimensions and are equal to: 

L1e = L1+2∆L1         (2.11) 

And 

L2e = L2+2 ∆L2         (2.12) 

The ∆L1 and ∆L2 are the extensions along the L1 and L2, respectively. 

The edge extensions are calculated using the empirical formula [41]: 
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The calculated values of ∆L1 or ∆L2 fit the measured resonant frequency within ± 

1.6% [42]. It is expected that the use of (2.13) and (2.15) should result in a better fit. The 

resonant frequency f10 or the effective length L1e for the dominant TM10 mode of a nearly 

square microstrip antenna is related by the following simple formula [43] 

11
10 2 reeL

cf
ε

=    or   
110

1 2 re
e f

cL
ε

=      (2.17) 

 

where c is the velocity of the light. 

 

Similarly the resonant frequency f01 or the effective length L2e for the orthogonal 

TM01 mode of a nearly square microstrip antenna is related as 
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Using (2.7) and (2.18), the lengths of nearly square microstrip antenna are 

calculated. From Figure 2.10 (a), the perturbation area of a nearly square microstrip 

antenna, ∆S = 1L, and square microstrip antenna area with out perturbation S = L2. The 

empirical design equation for diagonally fed nearly square microstrip antenna is given as 

[44]: 

0

1
QS

S
=

∆          (2.19) 

where Q0 is unloaded quality factor of the microstrip antenna. The design of the patch 

with perturbation requires Q0, which depends on the dimensions, substrate thickness h, 

and the substrate dielectric constant εr. For the given substrate parameters, the substrate 

depended quality factor is approximately calculated as [44]: 

( )
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ε
ε =          (2.20) 

 

For better accuracy, Q0 should be selected to ensure better radiation efficiency of 

the microstrip antenna. The amount of perturbation required for circularly polarized 

radiation is calculated from (2.13). The location of the feed on the diagonal axis is 

selected for 50Ω impedance match or the quarter wave transformer is used for the 

matching purpose. The sense of circularly polarized radiation changes by switching the 

feed to the orthogonal diagonal axis. The ratio of the two orthogonal dimensions L1 / L2 of 

nearly square microstrip antenna should be generally in the range of 1.01 to 1.10 

depending upon the substrate parameters. When the patch is fed along the diagonal, then 

the two resonance modes corresponding to lengths L1 and L2 are spatially orthogonal. The 

circularly polarized radiation is obtained at a frequency between the resonance 

frequencies of these two modes, where the two orthogonal modes have equal magnitudes 

and are in phase quadrature. In this section, the effect on the input impedance for 

different values of L2 by keeping L1 constant has been studied. Nearly square microstrip 

antenna of length, L1 = 30 mm, relative dielectric constant, εr = 2.55, the substrate height, 
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h = 1.59 mm, and loss tangent, tan δ = 0.001, which is fed along the diagonal at feed 

location F, the input impedance, voltage standing wave ratio and axial ratio plots for 

three values of L2 = 0.967 L1, 0.973 L1, and 0.983 L1 are shown in Figure 2.11 (a) - (c). 

 

In singly-fed microstrip antennas, the kink in the impedance plot represents that the 

two orthogonal modes are excited with equal amplitude and 900 phase difference. At the 

kink frequency minimum axial ratio is obtained. Instead of a kink, a small loop or the 

absence of the loop in the impedance plot yields poor axial ratio at center frequency. The 

loop in the impedance plot implies that the separation between the two orthogonal modes 

is large, and hence it is to be reduced to obtain better axial ratio. If there is only a slight 

bend in the impedance plot without any kink or loop, then the separation between the two 

modes is to be increased. For the diagonally fed nearly square microstrip antenna, we 

observed that as the length L2 increases, the loop in the impedance plot becomes a kink, 

and then it disappears as L2 increases further. The criticality of the dimension is to be 

noted. Even though, larger VSWR bandwidth of 4 % is obtained for L2 = 0.967 L1 mm 

due to the loop in the impedance plot, the minimum axial ratio is 4 dB at resonant f0 = 

3.01 GHz. For L2 = 0.973 L1, the loop becomes kink, hence the VSWR bandwidth is 

reduced to 3 %, but the minimum axial ratio is improved to 0.5 dB. In this case, the 

bandwidth for axial ratio < 3 dB is 0.8 %. The value of L1/L2= 1.027 implies separation of 

2.7 % between the two resonant lengths, which is slightly greater than the VSWR 

bandwidth (1.8 %) of the square patch of length L. A lower value of axial ratio could be 

obtained by fine-tuning the length L3 For the feed location shown in Fig. 2.15, left hand 

circularly polarized radiation is obtained, and if the feed is shifted to the other diagonal, 

then right hand circularly polarized is obtained. 

 

The axial ratio and VSWR bandwidths are improved by increasing the substrate 

thickness. When the substrate height is doubled, larger ratio of L1 / L2 = 1.06 is taken 

because bandwidth increases with increase in the substrate thickness. The input 

impedance and axial ratio variations with frequency are shown in Figure 2.12. For the 

SMA connector (probe diameter d = 1.2 mm), the kink in the input impedance plot is 

formed in the inductive region of the Smith chart, which is due to the larger probe 
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inductance of increased substrate thickness. The probe inductance is reduced by 

increasing its diameter to 2.0 mm, which shifts the kink towards the center of the Smith 

chart as shown in Figure 2.12, thereby improving the VSWR bandwidth and also the 

axial ratio at the kink. The change in the probe diameter changes the resonance frequency 

slightly. For the thicker probe, the impedance bandwidth for VSWR < 2 is 7.4 % and the 

axial ratio bandwidth for AR < 3 dB is 1.7 %. 

 

 

 

 

 

 

Figure 2.11 (a) Input impedance (b) VSWR, and (c) axial ratio variation 
 of diagonal fed nearly square microstrip antenna. 
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The axial ratio bandwidth is improved further when thicker substrate with low 

dielectric constant is used. In this case, a thicker probe diameter of 4.0 mm is taken to 

reduce the probe inductance, so that the kink in the impedance plot is within VSWR = 2 

circle. VSWR and axial ratio variation with low dielectric constant on thick substrate is 

shown in Figure 2.13. The bandwidths for VSWR < 2 and axial ratio < 3 dB are 14 % and 

2.8 %, respectively. Notice that the bandwidth of the microstrip antenna is limited by its 

axial ratio and not by its voltage standing wave ratio. 

 

 

 

 

 

 

 

 

 

 

Figure 2.12 (a) Input impedance, and (b) axial ratio variation of  
singly-fed nearly square microstrip antenna for the  
substrate height h=3.18 mm. 

(a) (b) 
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2.8     Square Microstrip Antenna with Modified Edge 

 

Instead of using the nearly square microstrip antenna, the edges of the square 

microstrip antenna are modified by adding stubs or by cutting slots as shown in Figure 

2.14. By adding only one stub or by cutting one notch, circularly polarized radiation can 

also be obtained, but then the configuration is not symmetrical. However as long as the 

total effective areas of these perturbations are of the same order, the performance of one 

edge modified is similar to that of two edges modified square microstrip antenna. The 

approximate value of the total perturbation area is ∆S = 2l2 for square microstrip antenna 

with symmetric stubs or notches. The amount of perturbation required for circularly 

polarized radiation is calculated from (2.14). ∆S represent the total sum of perturbation 

segments. The amount of perturbation of individual stub or notch is calculated as ∆S1= 

∆S2 = ∆S/2. 

 

A square microstrip antenna of length L = 30 mm and two square stub of length 1 = 

0.083 L with substrate parameters dielectric constant, εr = 2.55, substrate thickness or 

substrate height, h = 1.59 mm, and loss tangent, tanδ = 0.001, yield right hand circularly 

Figure 2.13 (a) VSWR, and (b) axial ratio variation with frequency 
 of nearly square microstrip antenna on thick substrate 
 (h = 5 mm) with low dielectric constant (εr = 1.01). 
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polarized radiation when fed at F. Similarly with two square notch of length l = 0.083 L 

on the same substrate parameters, yield left hand circularly polarized radiation. For both 

the configurations the bandwidth for AR < 3 dB and VSWR < 2 are 0.7 % and 3.2 %. In 

these cases, the values of axial ratio and VSWR bandwidths are similar to that of the 

nearly square microstrip antenna. We observed that the perturbation area of the stub or 

the notch is very critical to yield lower axial ratio value, just as in the case of nearly 

square microstrip antenna, where L1 / L2 ratio is very critical to yield circularly polarized 

radiation. The advantage of these configurations is that trimming the stub or notch can 

easily do the fine-tuning. 

 

2.9 Square Microstrip Antenna with Modified Corner 

 

Square microstrip antenna with modifying corners is also used to produce two 

orthogonally degenerate modes for circularly polarized radiation. Small isosceles right 

angle triangular patches or small square patches are removed from the diagonally 

opposite corners of the square patch shown in Figure 2.15. Chopping of two diagonally 

opposite corners makes the resonance frequency of the mode along this diagonal to be 

higher than that for the mode along the un-chopped diagonal. The patch is fed along the 

central axis so that the orthogonal modes are generated. Instead of chopping the corners, 

small square patches could be added at the corners as shown in Figure 2.15 to obtain 

Figure 2.14 Diagonal fed square microstrip antenna with (a) two stubs, 
 and (b) two notches along its opposite edges. 
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circularly polarized radiation. For these configurations the perturbation area is calculated 

using the following relation: 

02
1
QS

S
=

∆          (2.21) 

 

In all these configurations, only one corner could be modified to yield circularly 

polarized radiation. Since two corners modified configurations are symmetrical, the 

details are given for only these cases. The perturbation area of corners chopped square 

microstrip antenna is ∆S = l2. When isosceles right angle triangular patches of side length 

l = 0.12 L are removed from the two corners, left hand circularly polarized radiation is 

obtained for the feed at F. The axial ratio and the VSWR bandwidths are 1 % and 3 % for 

AR < 3 dB and VSWR < 2, respectively. 

 

 

 

 

 

 

 

 

 

 

 

The perturbation area of square microstrip antenna with small squares added or 

removed from the corner is ∆S = 2l2. When a small square of length l= 0.083 L is 

removed from the two corners of square the perturbation area, left hand circularly 

polarized radiation is obtained for the feed at F. When a small squares of length l = 0.067 

L is added at the two corners of the square the perturbation area as shown in Figure 2.20 

(c), right hand circularly polarized radiation is obtained for the feed at F. In the letter 

case, the resonance frequency and axial ratio bandwidth are slightly smaller than that of 

the corner chopped cases, because of its larger patch area. 

 
Figure 2.15  square microstrip antennas with modified diagonally  

opposite corners (a) small isosceles right angle  
triangles removed (b) small squares removed, and 
(c) small squares added. 
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2.11 Square Microstrip Antenna with a Diagonal Slot 

 

A square microstrip antenna with a rectangular diagonal slot and the feed along its 

central axis is shown in Figure 2.16. The difference in the resonance frequencies of the 

orthogonal modes is caused by the rectangular slot, which makes the path lengths of the 

two diagonals unequal. In this case, the ratio of length and width of the slot governs the 

circularly polarized radiation characteristics of the antenna for given substrate 

specifications. The perturbation area of rectangular slot is ∆S = l x w. Square microstrip 

antenna of length L = 30 mm with rectangular slot of length l = 0.25 L and width w = 

0.07 L, fed at F, left hand circularly polarized radiation is obtained. The axial ratio and 

VSWR bandwidths are 1 % and 3 %, respectively. These theoretical results follow the 

same trend as observed in the measured results [45]. 

 

 

 

 

 

 

 

 

 

In the entire singly-fed modified square microstrip antennas, the ratio of the two 

orthogonal modes is very critical to yield circularly polarized radiation with minimum 

axial ratio at the resonance frequency. Due to the design limitations and fabrication error 

(tolerance in the patch dimensions and the substrate parameters), it is possible that the 

results may not be optimum and fine-tuning of the dimensions is required. Whether to 

increase or decrease the dimensions could be determined by looking at the input 

impedance plot. By fine-tuning the dimensions, lower axial ratio can be obtained with 

larger axial ratio bandwidth. In this regard, stub configurations are more suitable as fine 

tuning can be easily done.  

 

Figure 2.16 Square MSA with a diagonal slot 



 30

 
2.12 Matlab based free software for antenna simulation 

Matlab based free software for antenna design and simulation is developed by 

Sergey N Makarow. It is not fully developed like other commercial software such as 

ADS or IE3D. It is not much more user friendly and while using it one has to write many 

codes to analyze the required antenna. I have used this software. I have written some 

codes of my own, designed a microstrip patch antenna for 2.5 GHz. and simulated. The 

codes are not included in this report. The simulated results are given in following figure 

2.17 to 2.19.   
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Figure 2.18 S11 Versus Frequency plot 
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3 Compact Broadband Antenna Design and Analysis 

 
3.1  Introduction  

 

Microstrip patch antennas are very narrow band antennas. There are various 

methods to improve the bandwidths of such types of antennas, for example using 

parasitic elements, impedance matching networks and stacked multiresonators [17] etc. 

But the design of such antennas become complex and can yield maximum 30% 

bandwidth. In this paper an easy method is described to obtain large (up to 95%) 

bandwidth. A single layer C shape micro strip patch suspended (5 mm) above ground 

plane gives the large bandwidth. It is a compact. Radiates in a narrow and a wide band. 

The design is simulated using ADS2003A software. 

 

3.2 Design 

 

It is a C shape patch having overall dimensions 34.5x22.9 mm. The slot dimensions 

are 10x10.6 mm. This radiating patch is prepared on one side of the PCB (printed circuit 

board) of 1.6 mm thickness, having 4.4 dielectric constant and loss tangent of .001. The 

copper of the other side of PCB is removed (or one can use single sided PCB). This C 

shape acts as radiating patch. It is suspended 5 mm above the ground plane with the help 

of non-conductive pins and foam. For the ground plane one can use a metal sheet or a 

single sided or a double sided PCB as shown in Figure 3.1.  

 

Here the ground plane is assumed as infinite plane. Therefore the dimensions of the 

ground plane should be around 50 mm x 40 mm (around 40% more than the dimensions 

of radiating patch) [46]. The feed point is located at 14.5 mm from left and 3.8 mm from 

top as shown in Figure 3.2. The slot is at the center of the edge of the patch. 

 

 

 



 32

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3            Measurements 

 
In this paper a C shape patch is used. If a simple rectangular patch is used, the 

continuous wide band from 3.7 GHz to 5.3 GHz is not achieved. In this band, there would 

be small non-radiating band, as shown in figure 3.4 by the red color response. To avoid 

10.6m

10mm

14.5m

34.5m

22.9m

Figure 3.2 Microstrip antenna 
with feed details 

Figure 3.1 C shape microstrip 
  antenna                                      

Air layer 

Dielectric substrate

6 6mm
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this non-radiating band and to obtain continuous band, some kind of resonating structure 

is necessary. In this antenna, rectangular slot is used as resonating structure, due to which 

this patch is converted into C shape patch. It is not necessary that the size of the 

rectangular slot should be exactly the same as shown in figure 3.2. The size should be 

chosen in such a way that it would bring down the non-radiating band (which is present 

in 3.7-5.3 GHz) below by –10 dB. In this antenna, the slot size is chosen sufficiently 

large so that it will help to make the pass band continuous from 3.7 GHz to 5.3 GHz as 

well as it will radiate at ISM (2.45 GHz.) band. It gives a bandwidth of 40 MHz at ISM 

band. In these bands, the S11 is less than –10 dB or the VSWR is less than 2. The 

variations in S11 with frequency are plotted in figure 3.3 by blue color. 
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Figure 3.5 11S  plot for C shape 
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The variations in S11 with frequency are also plotted on the Smith chart as shown in 

figure 3.5. The wide band response in figure 3.3 is produced due to the loop in figure 3.5 

near the centre of the Smith chart. The bandwidth of the wide band can be increased by 

taking the loop exactly at the centre of the Smith chart. This can be done by adjusting the 

feed point location. The bandwidth (40MHz) and the response (the maximum peak in 

negative direction at 2.45 MHz) can be adjusted (increased) by passing the circle exactly 

through the centre of the Smith chart. This also could be done by adjusting the location of 

feed point shown in figure 3.2. In practice, if we try to maximize the bandwidth and the 

response of the wideband by adjusting the location of feed point, the bandwidth and the 

response of the narrow band may be affected and vice-verse. Therefore the feed point 

should be selected in such a way that both the responses are within acceptable limit. 

 

As the distance between the radiating patch and ground plane increases, the 

response improves a little bit. This improvement or increase in the bandwidth is very 

small. If we double the separation (10 mm) then also the bandwidth will not increase 

even by 5% (or total bandwidth will not become even 40%) [47]. By further increasing 

the distance beyond 15 mm, then again the response starts deteriorating. 

 

One can design wide band antenna for frequencies less than 3.7 GHz by increasing 

the size of the patches and the separation between the patches. In this case, wide 

bandwidth even up to 95% is achieved. The wide band antenna at higher frequencies can 

be designed using smaller patch size and smaller separation or without air gap. 

    

 

 

 

 

 

 

 

Figure3.6 Three dimensional radiation 
pattern of C shape antenna 

Figure 3.7 Radiation 
pattern 
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The three dimensional radiation pattern of the patch is shown in figure 3.6. The 

three dimensional far field cut E-fields are shown in figure 3.7. From this figure, it is 

clear that the directivity of this patch antenna is around 8 dB. It offers wide bandwidth as 

a result of various factors. 

1) The use of air as a dielectric medium. 

2) The large height of the elements 0.077λ at the lower and 0.1166λ at the higher 

end. 

3) The separation between ground plane and radiating plane at higher frequency is 

0.1166λ. It is comparable with wavelength. The ground plane acts as reflector giving 

wide bandwidth. 

  

3.4     Conclusion 

 
It is easy to design such type of antenna for any desired frequency band and is also 

easy to fabricate, cost effective. It gives very good performance (wide bandwidth). In 

future, it can be widely used in the frequency range 1 GHz to 7 GHz. 

 

3.5  Design of compact broadband microstrip fed electromagnetically coupled    

MSAs 

 
 The major advantages of micro strip antennas (MSAs) are lightweight and small size, 

low fabrication cost and that they can be made conformal to the host surface. The 

limitations of MSAs are narrow bandwidth, difficult to achieve polarization purity, low 

gain and low power handling capability. 

 
 In this section, efforts have been made to overcome the above limitations to 

develop a microstrip fed wideband and circularly polarized patch antenna. Generally in 

MSAs, bandwidth around 3% only is achieved [18]. In this section, electromagnetically 

coupled stacked parasitic patch is used. It gives around 20% bandwidth [17]. Circular 

polarization is obtained using a shorting pin at one edge of the patch. The microstrip feed 
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makes the antenna suitable for forming an array to obtain high gain and high power 

handling capability.  

There are total five methods to increase the bandwidth as described in chapter 2. 

Out of these five methods, the method which makes an antenna most compact with no 

back radiations is Electromagnetically coupled MSA. In this section the broadband 

antenna is designed using this method. 

 

3.6 Design 

This antenna consists of a ground plane, a radiating patch and a parasitic patch as 

shown in figure 3.8. The substrate used to support the radiating patch and the parasitic 

patch are of the same type. It has thickness of 1.6 mm. and dielectric constant of 2.2. The 

parasitic patch is suspended 3 mm above the radiating patch with the help of foam and 

non-conductive pins.  

 

 

 

 

 

 

 

 

 

 

 

 

The separation between the parasitic patch and radiating patch is 3.0 mm (air) + 1.6 

mm (dielectric) [48].  

 

Figure 3.9 shows the top view of the antenna. The size of the ground plane should 

be around 40% larger than the size of the radiating patch. In order to obtain polarization 

purity, the size of the parasitic patch should around 5% less than the size of the radiating 

Radiating patch 

Parasitic patch 

Shorting pin 
Ground

Figure 3.8 Electromagnetically coupled microstrip antenna 
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4.6

Micro-strip 
feed 

Figure 3.9 Electromagnetically coupled microstrip antenna 
With feed and shorting pin details.

26 2mm

24mm

patch. The actual sizes of the square patches are shown in the figure. The width of the 

feed patch is 4.6mm. The shorting pin is having diameter of 0.6 mm. It is placed 

approximately at the middle of the patch edge, 1.5 mm from the edge. 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

3.7   Measurements and Discussion 

 
This patch antenna is designed by keeping the view in mind that one should be able 

to design an array easily using the patch. The patch to be used in an array 1) should 

provide sufficient bandwidth 2) should be microstrip fed 3) should radiate with 

polarization purity. 

 In order to obtain wide bandwidth electromagnetically coupled parasitic patch is 

used. Advantages of this method are a) sufficient bandwidth (10%-30%) [49-55], b) 

compact planar size c) high front-to-back ratio.  

The choice of the parasitic patch is perfectly suited for the antenna. The antenna 

gives wide bandwidth even if the size of the parasitic patch is less or more by 20% (or 

equal) as compared to the size of the radiating patch. But for all above sizes of parasitic 

Shorting pin
11.1
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patch we don’t get polarization purity. Polarization purity is achieved only if the size of 

the parasitic patch is less than the size of radiating patch. 

As we go on decreasing the size, the polarization purity goes on increasing. If the 

size is decreased by 20%, 6 dB difference between right and left polarizations is 

observed. If we try to decrease the size further, bandwidth is affected. In this design, the 

size of the parasitic patch is kept approximately 10% less than the size of the radiating 

patch. Therefore to maximize polarization purity, shorting pin at one of the radiating edge 

is used, as shown in figure 3.9. The shorting pin shorts just the radiating patch (not the 

parasitic patch) with the ground. After shorting, the frequency band shifts towards lower 

frequencies. To obtain the required the frequency band, resizing of both the patches 

should be done. 

 

 After putting the short and resizing the patches, again exact location of feed point 

is to be determined. The bandwidth and the polarization purity are checked at every 1.0 

mm from the left. At the extreme left, the bandwidth as well as polarization are worst. As 

one starts moving towards right, the bandwidth starts increasing. Polarization also starts 

improving. When the feed  point is at  11.0 mm from the left, the  maximum difference   

(-16dB) between right & left circular polarization level is obtained. The left circular 
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polarization level is  –16 dB down than the right circular polarization level. It means that 

for this feed position, the right circular polarized wave is obtained. 

 

Figure 3.10 shows the variation in S11 with frequency. The –10 dB bandwidth (for 

which VSWR is less than 2) ranges from 3.7 GHz to 4.44 GHz [56]. Here, a bandwidth 

of 744 MHz is achieved. The variations in S11 with frequency are also plotted on the 

Smith chart as shown in figure 3.11. The tight knots at the center of the Smith chart 

indicate larger bandwidth. These knots are very close to the center of smith chart and 

indicate very good value of S11 or very low VSWR.         

        

The polarization purity plots are shown in figure 3.12. The plot shown by blue color 

indicates the level of left circular polarization. It is –16 dB down than the level of right 

circular polarization (RCP) indicated by the outer most red color. It means the antenna 

produces right circularly polarized (RCP) waves. The Eθ and Eφ plots are shown by the 

two middle curves (red & green). 

 

 

 

 

 

 

 

 

 

 

 

The difference between the levels of the two is very less. Therefore it is clear that 

the antenna doesn’t produce linearly polarized waves. 

 If one starts shifting the feed point from the present position to towards right the 

level of rcp starts decreasing. The level of lcp starts increasing. When the feed point is at 

6.1 mm away from right side edge, the patch produces lcp. 

Figure 3.12 Various polarization levels 
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Following figure 3.13 shows the axial ratio versus frequency plot of the antenna. 

Axial ratio is the ratio of major axis and the minor axis as explained in figure 2.10. The 

ideal value of the axial ratio is 1 or 0 dB. Practically the acceptable values are from 0 dB 

to 1.44. from the following figure it is clear that the axial ratio is in the acceptable limit in 

the entire band. All the antennas of chapter 3 and 4 were designed and simulated using 

ADS software in which axial ratio versus frequency plots were not included. Inorder to 

include the axial ratio versus frequency plots of all the antennas, they are again designed 

and simulated in IE3D software as ADS was not available in the nearby Institutes where I 

am working now. All the results of got by simulating the antennas using ADS and IE3D 

are matching. 

                                                

3.8      Conclusion 

This antenna is compact and broadband. This antenna can produce right as well as left 

circularly polarized waves. It uses microstrip feed therefore it can be easily used in an 

array or any other application. 

 

 

 

 

Figure 3.13 Axial ratio versus frequency 
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4      Broadband Planar Antenna Array with  

Switchable Polarizations 
 

4.1  Introduction 

 In case of a microstrip antenna, the most important factors are wide bandwidth, 

polarization purity, high gain and high power handling capability. These demands can be 

fulfilled using an array of wideband antennas. Apart from these factors, some times 

various types of polarizations schemes are important to handle the problems of fading, 

co-channel interference, etc. In this chapter, design and analysis of a compact broadband 

microstrip antenna are presented. This antenna gives wide bandwidth and all types of 

polarizations such as linear, left and right circular polarizations.  

 

4.2 Design 

This antenna consists of a ground plane, a radiating patch and a parasitic patch as 

shown in figure 4.1. The dielectric material used to support the radiating patch and the 

parasitic patch are of same type. The dielectric material has thickness of 1.6 mm and 

dielectric constant of 2.2. The parasitic patch is suspended 3.0 mm above the radiating 

patch with the help of foam and non-conductive pins. 

 

Parasitic 

Radiating 

Ground 
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1.6 

25.

27.

Figure 4.1 Electromagnetically coupled 
microstrip fed MSA
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  The separation between the parasitic patch and radiating patch should be around 

0.1λ for maximum bandwidth. In this antenna, it is 3.0 mm (air) + 1.6 mm (dielectric) 

which is approximately 0.1λ [48]. 

 

              Figure 4.2 shows the top view of the antenna. The size of the ground plane 

should be around 40% larger than the size of the radiating patch. In order to obtain 

(circular) polarization purity the size of the parasitic patch should be around 5% less than 

the size of the radiating patch. The actual sizes of the square patches are shown in the 

figure. The width of the feed patch is 5.0 mm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The diameter of the shorting pins is 0.6 mm. The two pins (or shorting diodes) are 

fixed approximately along the diagonals near the top corners. If both the diodes are 

open-circuited or the shorts are removed, the patch produces linearly polarized waves. If 

the short at the left top corner is placed, the patch produces left circular polarization. If 

25.4 

Microstrip feed 

27.5

6.6 6.1

3.8 4 

Shorting pins 

Figure 4.2 ECMSA with 
feed and shorting 
pins
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the short at the right top corner is placed it produces right circularly polarized waves.

  

4.3 Measurements and Discussion 

 
This patch antenna is designed with the intention that it can be used in an array to 

produce high gain wide bandwidth, and any desired polarization.  

 

In order to obtain wide bandwidth, an electromagnetically coupled parasitic patch 

is used. Advantages of this method are a) sufficient bandwidth (10%-30%) [49-55], b) 

compact planar size, c) high front-to-back ratio. The patch is microstrip fed and is most 

suitable for an array. 

 

The exact dimensions of the square parasitic patch and the square radiating patch 

are shown in the figure 4.2. In order to obtain all polarizations from the patch, the feed is 

applied at the center.  

 

4.3.1 Linear Polarization 

 
 In the absence of the shorting pins (or the shorting diodes are in reverse bias), we 

get linear polarization. In order to increase bandwidth, the resonance frequency of the 

radiating and the parasitic patch should be adjusted close to each other. In order to achieve 

this, the size of the parasitic patch is kept around 8% less than the size of the radiating 

patch. In this situation, the bandwidth from 3.715 GHz to 4.192 GHz is achieved This is 

the maximum bandwidth which one can obtain for the above combination with center 

feed.  The variations in S11 with frequency are plotted in figure 4.3.    

 

The variations in S11 with frequency are also plotted on the Smith chart as shown in 

figure 4.4. Whenever there is a knot at the center of the Smith chart, wide bandwidth is 

obtained [56]. The patch is fed from bottom; it produces electric field varying mainly in 

horizontal direction (i.e. in the direction of Ф). The field in the direction of θ is very less. 

The relative levels of the two fields are shown in figure 4.5. The level of EФ is indicated 
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Figure 4.5 Polarization plot for EФ 
Green --- EФ Polarization  

                Red ---  Eθ polarization 

by the green color. The level of Eθ is indicated by the red color. EФ is greater than Eθ by 

30 dB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.2 Left Circular Polarization 

Left circular polarization can be obtained using a shorting pin at the left top corner 

as shown in figure 4.2. Instead of shorting pin, it is advisable to use a diode. If this diode 

is forward biased, the patch produces left circular polarization. Figure 4.6 shows the 

variation in S11 with frequency. 
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In this case, more bandwidth (from 3.65 GHz to 4.23 GHz) is obtained due to the 

use of short at the left top corner. The variations in S11 with frequency are plotted on 

Smith chart as shown in figure 4.7. In this case, more bandwidth is obtained as compared 

to the previous case of linear polarization. This also can be confirmed with the help of 

the knots near the center of the Smith chart [56]. In case of the linear polarization the 

knot is relatively loose and therefore the bandwidth obtained is less. 
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The polarization levels for right and left circular are plotted in figure 4.8. The 

levels of the left and right circular polarization are indicated by red and green curves 

respectively. The level of the left cp is higher than the right cp by 20 dB. Hence it 

produces left circular polarization. 

 

4.3.3 Right Circular Polarization 

 

In order to produce right circular polarization, a shorting pin should be placed at 

the top right corner of the patch. Instead of physical short, if shorting diodes are used, 

the diode in the left top corner should be reverse biased and the diode in the right top 

corner should be forward biased. In this case, approximately we get bandwidth from 3.65 

GHz to 4.23 GHz. The polarization level of right cp is higher than left cp by 20dB. The 

plots of S11 with frequency and polarization levels are similar to the plots obtained 

previously for left circular polarization case; these are not presented here to avoid 

repeatability.  

 

The shorting pins could also be placed at the left and right bottom corners. Instead 

of only one shorting pin, one can use two diagonally opposite shorting pins also but this 

method does not yield any additional benefits. 

 

4.4 Conclusion 

 

This antenna is compact and broadband. It can produce linear and right as well as 

left circularly polarized waves. It uses microstrip feed and therefore it can be easily used 

in an array. 
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4.5 Broadband Planar Array with Switchable Polarizations (EΘ, EФ, Right and 

Left Circular) 

 

In this section, microstrip planar array of 8 elements is designed and simulated. It operates 

in the frequency range from 3.7 to 4.2 GHz. It gives gain of 17 dB. It can produce many types of 

polarizations such as Eθ, EФ, right and left circular. In all these polarizations, the cross-polar 

level is around 20 dB lower than the co-polar level (except for Eθ, for which it is around 10 dB). 

The novel microstrip antenna element used in this paper is constructed using parasitic patch and 

shorting pins. It gives wide bandwidth and various polarizations due to parasitic patch and 

shorting pins respectively.  

 

In some communication systems applications, microstrip antennas are usually 

designed for single-mode operation that radiates mainly linear polarization [57]. In some 

applications, such as satellite communications, however, a circularly polarized system is 

more suitable because of its insensitivity to transmitter and receiver orientations [58]. In 

this regard, integrated systems with different communication networks have attracted 

significant attention. To achieve such multi-operation, numerous researchers have 

investigated microstrip antennas with switchable polarization. The switchable property 

allows the user to roam any existing network and have only a single handset to access a 

great number of services. Therefore, they can be utilized to realize frequency reuse [59]. 

Polarization diversity of reception is important to counter the effects of fading in 

communication, especially in mobile communication [60]. In addition, a microstrip 

antenna with switchable polarization is very important because many current 

communication and sensor systems require a high degree of polarization control to 

optimize system performance [61]. Practical applications of this technique have been 

described in [59], [60], and [62].  

 

The band from 3.7 to 4.2 GHz (C-band) is widely used for satellite communication. 

In order to receive the signals from the satellite, it requires high gain antenna (of around 

32 dB). There are various types of antennas such as parabolic dish, planar arrays, etc that 

can give the required gain of around 32 dB. The drawback of parabolic dish at C-band is 

its large size and can not be made conformal to the host surface.  
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In this paper, efforts have been made to design planar array. The planar array is 

formed using microstrip antennas (or patches). These microstrip antennas should provide 

sufficient bandwidth. Unfortunately the microstrip antennas have very narrow bandwidth 

due to the fact that they are very thin. If thickness is increased to increase the bandwidth, 

the cost of the patch will rise and the radiation efficiency will decrease. Therefore other 

techniques are used to increase bandwidth. These are described below. 

 

  One technique is to use stacked multi-resonators or multi-layers. The upper 

parasitic layer is electro magnetically coupled to obtain high bandwidth. The design is 

simple, gives high front-to-back ratio and enough bandwidth around (30%). 

 

In the present design, electromagnetically coupled microstrip antenna is used. It 

gives bandwidth of 500 MHz (from 3.7 GHz to 4.2 GHz) or 20%.  

 

The planar array should be compact one. The array can be compact if number of 

patches in the array is less or minimum. In order to achieve this, the gain of the individual 

patch should be increased. Gain of the patch can be increased using 1) superstrates [63-

64], 2) stacked patches. If superstrates are used to increase the gain, following difficulties 

are encountered at this frequency: 

 

1) Thicker superstrate should be used which degrades efficiency. 

2) It affects bandwidth. 

3) By doubling number of patches gain does not double. 

The last two difficulties are encountered in case of stacked patches [48]. 

 

Electromagnetically coupled microstrip antenna is used in this paper. The single 

patch gives gain of 8.2 dB and bandwidth of 500 MHz (from 3.7 to 4.2 GHz). In order to 

obtain high gain of 32 dB, it requires such 256 patches. These patches are to be properly 

spaced and inter connected using appropriate matching networks. The size of this antenna 

array is 1 square metre.  
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4.6 Design  

 

4.6.1 Design of Patch Antenna 

 

The patch antenna consists of a ground plane, a radiating patch and a parasitic patch 

as shown in figure 4.9. The dielectric material used to support the radiating patch and the 

parasitic patch is of same type. The dielectric material has thickness of 1.6 mm. and 

dielectric constant of 2.2. The parasitic patch is suspended 4.0 mm above the radiating 

patch with the help of foam and non-conductive pins [65]. 

 

4.6.1.1 Effect of the distance between radiating and parasitic substrate 

  

The separation between the parasitic patch and radiating patch should be around 

0.1λ for maximum bandwidth [38]. In this antenna, it is 4.0 mm (air) + 1.6 mm 

(dielectric) which is approximately 0.108λ [20]. If the distance between the radiating and 

parasitic patch is 4.0 mm, we get just sufficient bandwidth (3.7 to 4.2 GHz). The 

bandwidth and the VSWR goes on improving slowly for the distance from 4.0 to 8.0 mm. 

If the distance between the substrates is increased to 14.0 mm or more, the bandwidth 

starts decreasing. 
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 Figure 4.9 Structure of the antenna 
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4.6.1.2 Shape and size of the patches  

 
In order to obtain all types of polarization and the required bandwidth, square 

patches (both radiating as well as parasitic) are used. The size of the parasitic patch is 

kept around 8% less than the size of the radiating patch. The optimized dimensions of the 

patches are shown in figure 4.9. 

 

4.6.2 Design of shorting pins 

 

Shorting pins are used to obtain various types of polarizations. Four shorting pins 

are used in this design. All the shorting pins are having diameters of 0.6 mm. Instead of 

shorting pins, one can use PIN diodes also. The exact positions of the shorts on the patch 

are shown in figure 4.10.  

 

4.6.2.1 Pθ shorting pins 

  

The group of four shorting pins placed at the left top corner of the radiating patch 

produces Eθ polarization when other three shorting pins (diodes) Prcp, Plcp and PФ are 

open. 

 

4.6.2.2 PФ shorting pins 

 

 The two PФ shorting pins placed at the right side of the radiating patch produces 

EФ Polarization. 

 

4.6.2.3 Plcp shorting pins 

 

 If this shorting pin is placed and all other are open, it produces left circular 

polarization (Plcp). 
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4.6.2.4 Prcp shorting pins 

 

 If this shorting pin is placed and all other are open, it produces right circular 

polarization. 

 

 

 

 

 

 

 

 

 

 

 

4.7 Results obtained using various shorting pins 

 

 Required polarization can be obtained using the corresponding pin(s) as follows. 

 

 

4.7.1 Eθ Polarization  

  

In order to obtain Eθ polarization, the three shorting pins Prcp, Plcp and EФ are 

removed. The Pθ shorting pins (four shorting pins at the top) should be placed as shown 

in figure 4.10. Instead of shorting pins, if PIN diodes are used, the Pθ diodes should be 

forward-biased and remaining diodes should be reverse-biased. In the entire band, the 

cross polar level is around 10 dB lower than the co-polar polar level. The bandwidth 

obtained in this case is approximately 700 GHz (from 3.5 GHz to 4.2 GHz). The 

variation in return loss (S11) with respect to frequency and the polarization plots are 

shown in figures 4.11 and 4.12(a) respectively. Figure 4.12(b) shows the axial ratio 

versus frequency plot. 
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Figure 4.10 Positions of shorting pins     
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4.7.2 EФ Polarization 

 

 In order to obtain EФ polarization, the two shorting pins Prcp and Eθ (the four 

shorting pins at the top) are removed. The PФ and Plcp shorting pin should be placed as 

shown in figure 4.10. Instead of shorting pins, if PIN diodes are used, the PФ and Plcp 

diodes should be forward-biased. In this case, we get bandwidth of around 500 GHz (3.6 

GHz to 4.1 GHz.).  The EФ level is higher than Eθ by around 20 dB. The variation in 

return loss (S11) with respect to frequency and polarization plots are shown in figures 

Figure 4.12(b)  Axial ratio versus frequency 
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Figure 4.14 Polarization plot for  EФ 
Violet --- EФ Polarization  

  Black ---  Eθ polarization 

4.13 and 4.14a respectively. Figure 4.14(b) shows axial ratio versus frequency plot. 

 

 
4.7.3 Left circular polarization 

 

 This polarization can be obtained by forward biasing the PIN diode at Plcp 

position and open-circuiting the remaining diodes. In this case, we get more bandwidth 

of the order of 700 GHz (3.6 GHz to 4.3 GHz). In the entire band, the difference 

between the left and right circular polarization is around 20 dB. The variation in return 

Figure 4.14(b)  Axial ratio versus frequency 
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loss (S11) with respect to frequency and polarization plots are shown in figures 4.15 and 

4.16(a) respectively. Figure 4.16(b) shows axial ratio versus frequency plot. 

 

 

 

 

 

 

 

 

 

 

 
4.7.4 Right Circular Polarization    

 This polarization can be obtained by forward biasing the diode at Prcp position 

and open circuiting the remaining two diodes. In this case also, we get more bandwidth 

of the order of 700 MHz (3.6 GHz to 4.3 GHz). In the entire band, the difference 

between the right and left circular polarization is more than 18 dB. The variation in 

return loss (S11) with respect to frequency and polarization plots are shown in figures 

Figure 4.16(b) Axial ratio versus frequency 
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4.17

 
and 4.18(a) respectively. Figure 4.18(b) shows the axial ratio versus frequency plot. 

 

4.8 Design of Feed 

 
The patch is fed with the help of microstrip line having characteristic impedance of 

50 ohms. In order to obtain proper impedance matching between the feed line and the 

patch, the feed is placed at an offset. The exact position of the feed is shown in figure 

4.10.  

Figure 4.18(b) Axial ratio versus frequency 
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4.9 Design of Array 

 
Using above patch, an array is designed. The separation between the two adjacent 

patches is kept as 30 mm. (approximately λ/2). At this separation, better bandwidth, 

polarization and low mutual coupling are obtained. 

 

4.9.1 Design of Feed Network 

 

Corporate feed is used to feed the patches in same phases. This is useful to obtain 

maximum directivity in the broadside direction. Most of the feed lines are having 50 ohm 

characteristic impedance. Metering is done at the bends or corners to improve the 

frequency response. Quarter wave transformers are used to match the impedances at the 

points where power is divided from one branch to two branches. A 100 ohm line is used 

at the port so that it will see 50 ohm impedance. The feed network feeds eight elements as 

shown in figure 4.19.  

 

 

 

 

 

 

 

 

 

 

 

4.10 Measurements 

 

Figure 4.19 shows an array of 8 elements. It gives gain of 16.5 dB at 3.8 GHz and 

gain of 17.1 dB at 4.2 GHz. A single patch gives gain of 8.2 dB. Two patches gives gain 

Figure 4.19 Array of eight elements array of 
eight elements (EФ polarization) 
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of 11.1 dB. Four patches give gain of 14 dB. If we double the number of patches, the gain 

also doubles or increases by 3 dB. In order to obtain gain of around 30 dB, it requires 256 

patches. 

Figure 4.20 shows the 3-dimensional radiation pattern. The variations in return loss 

(S11) with frequency are plotted in figure 4.21. The array gives bandwidth of 500 MHz 

approximately from 3.7 to 4.2 GHz. 

 

 

Figure 4.22 shows the polarization levels. Red plot shows the levels of EФ while 

green plot shows levels of Eθ. The difference between the EФ and Eθ circular polarization 

is 20, 24 and 18 dB at start, middle and at end of the band respectively.  

 

Figure 4.22 Polarization plot of 
array of eight elements 
(EФ polarization)
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Similar results can be obtained for other types of polarizations using 8 patches. 

Those results are not presented over here to avoid repeatability. When an array is formed, 

the positions of shorting pins need to be slightly adjusted to get more polarization purity. 

An array is designed for 256 patches, giving a gain of around 32 dB. 

 
4.11 Conclusions 

 
The electromagnetically coupled patch is compact and broadband. It can produce 

Eθ, EФ and right as well as left circular polarizations. The array of 256 patches occupies 

just one square meter area. It gives gain of around 32 dB in the frequency range from 3.7 

to 4.2 GHz. It is useful for C-band satellite TV reception. 
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5  Design of Feed and Feed Network for Microstrip Antennas  
 

5.1 Introduction 

 

The microstrip antenna can be excited either by a coaxial probe or by a microstrip 

line. It can also be excited indirectly using electromagnetic coupling or aperture coupling 

and a coplanar waveguide feed, in which case there is no direct metallic contact between 

the feed line and the patch [66-69]. Feeding technique influences the input impedance 

and characteristics of an antenna and is an important parameter. 

 

5.1.1 The Coaxial or the Probe Feed 

In the coaxial or the probe feed arrangement the centre conductor of the coaxial 

connector is soldered to the patch. Its main advantage is that it can be placed at any 

desired location inside the patch to match with its input impedance. The disadvantages 

are that the hole has to be drilled in the substrate and that the connector protrudes outside 

the bottom ground plane, so that it is not completely planar. Also, this feeding 

arrangement makes the configuration asymmetrical. 

 

5.1.2 Microstrip Line Feed 

A patch excited by microstrip line feed. This feed arrangement has the advantage 

that it can be etched on the same substrate, so the total structure remains planar. The 

drawback is the radiation from the feed line, which leads to an increase in the cross-polar 

level. Also in the millimeter-wave range, the size of the feed line is comparable to the 

patch size, leading to an increased undesired radiation.   

 

5.1.3 Proximity Fed Microstrip Antenna 

For thick substrates, which are generally employed to achieve broad bandwidth, 

both the above methods of feeding the microstrip antenna has problems. In the case of 

coaxial feed, increased probe length makes the input impedance more inductive, leading 
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to the matching problems. For the microstrip feed, an increase in the substrate thickness 

increases its width, which in turn increases the undesired feed radiation. The indirect feed 

discussed below, solves these problems. The electromagnetic coupling is known as 

proximity coupling [66, 69, 70].  The feed line is placed between the patch and the 

ground plane, which is separated by two dielectric media. The advantages of this feed 

configuration include the elimination of spurious feed-network radiation; the choice 

between two different dielectric media, one for the patch and other feed line to optimize 

the individual performances; and an increase in the bandwidth due to the increase in the 

overall substrate thickness of the microstrip antenna. The disadvantages are that the two 

layers need to be aligned properly and that the overall thickness of the antenna increases.  

 

5.1.4 Aperture Coupled Microstrip Antenna 

 

Another method for indirectly exciting a patch employ aperture coupling [71]. In the 

aperture-coupled microstrip antenna configuration, the field is coupled from the 

microstrip line feed to the radiating patch through an electrically small aperture or slot cut 

in the ground plane. The coupling aperture is usually centered under the patch, leading to 

lower cross-polarization due to symmetry of the configuration. The shape, size and 

location of the aperture decide the amount of coupling from the feed line to the patch [72-

74]. The slot aperture can be either resonant or non-resonant [67, 68]. The resonant slot 

provides another resonance in addition to the patch resonance there by increasing the 

bandwidth at the expense of an increase in the back radiations. As a result, a non-resonant 

aperture is normally used. The performance is relatively insensitive to small errors in the 

alignment of the different layers. Similar to the electromagnetic coupling method, the 

substrate parameters of the two layers can be chosen separately for optimum antenna 

performance. This feeding method provides increased bandwidth. 

 

5.1.5 Coplanar Waveguide Feed 

The coplanar waveguide feed has also been used to excite the microstrip antenna 

[75-78]. In this method, the coplanar waveguide is etched on the ground plane of the 

microstrip antenna. The line is excited by a coaxial feed and is terminated by a slot, 
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whose length is chosen to be between 0.25 and 0.29 of the slot wave length. The main 

disadvantage of this method is the high radiation from the rather longer slot, leading to 

the poor front-to-back ratio. The front-to-back ratio is improved by reducing the slot 

dimension and modifying its shape in the form of a loop [79]. 

 

5.2 Corporate Feed 

In the corporate feed configuration, the antenna elements are fed by 1:n power 

divider network with identical path lengths from the feed point to each element. The 

advantages of this topology include design simplicity, flexible choice of element spacing, 

and broader bandwidth, and they are amenable to integration with other devices such as 

amplifiers and phase shifters. The disadvantage of this type of array is that it requires 

more space for feed network. For large arrays, the length of feed lines running to all 

elements is prohibitively long, which results in high insertion loss. The insertion loss is 

even more pronounced at milimetre-wave frequencies, thereby adversely degrading gain 

of the array. At higher frequencies, the feed lines laid on the same plane as the patches 

will also radiate and interfere with the radiation from the patches. 

 

Figure 5.1 shows the scheme of corporate feed. It consists of transmission lines, 

bends, power splitters or T junctions and quarter wave transformers.  

5.3 Microstrip Transmission Line  

Microstrip is a planar transmission line, similar to stripline and coplanar 

waveguide. Microstrip was developed by ITT laboratories as a competitor to stripline 

(first published by Grieg and Engelmann in the December 1952 IRE proceedings). 

Figure 5.1 Corporate feed 
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According to Pozar, early microstrip work used fat substrates, which allowed non-TEM 

waves to propagate which makes results unpredictable. In the 1960s, the thin version of 

microstrip became popular.  

5.3.1 Overview of Microstrip   

 Microstrip transmission lines consist of a conductive strip of width "W" and 

thickness "T" and a wider ground plane, separated by a dielectric layer (the "substrate") 

of thickness "H" as shown in the figure below. Microstrip is by far the most popular 

microwave transmission line, especially for microwave integrated circuits and MMICs. 

The major advantage of microstrip over stripline is that all active components can be 

mounted on top of the board. The disadvantages are that when high isolation is required 

such as in a filter or switch, some external shielding may have to be considered. Given 

the chance, microstrip circuits can radiate, causing unintended circuit response. A minor 

issue with microstrip is that it is dispersive, meaning that signals of different frequencies 

travel at slightly different speeds. Variants of microstrip include embedded microstrip 

and coated microstrip, both of which add some dielectric above the microstrip conductor.  

5.3.2 Effective Dielectric Constant 

Because part of the fields from the microstrip conductor exists in air, the effective 

dielectric constant is somewhat less than the substrate's dielectric constant (also known as 

the relative permittivity). According to Bahl and Trivedi [80], the effective dielectric 

constant eff of microstrip is calculated by:  

Figure 5.2 Microstrip line  
Figure 5.3 Stripline 
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 The effective dielectric constant is a seen to be a function of the ratio of the width 

to the height of the microstrip line (W/H), as well as the dielectric constant of the 

substrate material. There are separate solutions for cases where W/H is less than 1, and 

when W/H is greater than or equal to 1. These equations provide a reasonable 

approximation for eff (effective dielectric constant). This calculation ignores strip 

thickness and frequency dispersion, but their effects are usually small. 

5.3.3 Wavelength 

 Wavelength for any transmission line can be calculated by dividing free space 

wavelength by the square root of the effective dielectric constant, which is explained 

above. 

5.3.4 Characteristic Impedance 

 The characteristic impedance Z0 is also a function of the ratio of the width to the 

height (W/H) of the transmission line, and also has separate solutions depending on the 

value of W/H. According to Bahl and Trivedi [80], the characteristic impedance Z0 of 

microstrip is calculated by:  
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5.3.5 Effect of Metal Thickness 

Having a finite thickness of metal for the conductor strips tends to increase the 

capacitance of the lines, which effects the eff and Z0. Following figure shows 

Electromagnetically coupled microstrip fed MSA. The substrate used for this microstrip 

antenna is having dielectric constant of 2.2 and thickness of 1.6 mm. In order to obtain 

characteristic impedance of this microstrip transmission line equal to 50 ohm, the width 

of the strip is kept 4.7mm. This calculation can be done using the above formulae. 
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5.4 Bends in Transmission Lines 

5.4.1 Overview 

There is no best way to bend a microstrip or stripline transmission line. The first problem 

is that the discontinuity changes the line characteristic impedance; without compensation 

the bend adds shunt capacitance. But in reality the small capacitance that is usually a 

result doesn't change the circuit's performance very much. The other problem associated 

with bends is can cause far more damage to the intended performance of a highly tuned 

circuit: the effective length of the transmission line becomes shorter than the centerline 

length.  

 

 
 
 
 
 
 
 

 

Figure 5.5 Model of corner bend 
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5.4.2 Mitered Bends 

 
When a ninety degree bend is made in a transmission line, it adds a small amount of 

capacitance. "Mitering" the bend chops off some capacitance, restoring the line back to 

it's original characteristic impedance. The image below shows the important parameters 

of a mitered bend.   

 
5.4.2.1  Microstrip Miter Compensation 

The "optimum" mitered bend equations for microstrip were found empirically [81,82]. 

For a line of width W and height H,  

D = W* SQRT(2) (the diagonal of a "square" miter) 

X= D* (0.52 + 0.65 e ^ (-1.35 * (W/H)) 

A = ( X- D/2) * SQRT(2) 

Figure 5.6 mitered bends 
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The miter is not a function of substrate dielectric constant. But the range that the accuracy 

of this calculation is valid is limited to: 

0.5<=W/H<=2.75 

2.5<=Er<=25 

 

  

In the antenna array, design the bend used is as shown in the figure. Here X= D/2 and 

A=0. This bend gives good compensation for higher frequencies. If this kind of metering 

is not used then it affects higher frequencies in the band. 

 

 

 

 

 

 

 

 

Figure 5.7 Metered bend used in the array 
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5.5 Junction 

 

A junction between two dissimilar width sections also introduces a large discontinuity. A 

standard T-junction power divider is shown in figure 5.8.  

 

In figure 5.8, the input power is delivered to the intersection on a microstrip of width 

and impedance . The line then branches into two arms with power, width and 

impedance given by and  respectively. The design equations for this 

divider are  

 

This simplest type of matched T-junction is the lossless 3dB power divider. It can be seen 

from the equations above that if  , the power will split evenly into the arms 

of the T with each arm having half the original power. The impedances of the two arms 

act just like resistors wired in parallel. To match the impedances of the arms of the T to 

the impedance of the base, the arms must have twice the impedance of the base. 

Figure 5.8 Standard T-junction power divider 
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The discontinuities are second order, become significant at frequencies above 3 GHz. 

Figure 5.10 shows the T used in the array design. In this array, as the frequency is above 

1 GHz, it requires a V groove at the power divider. If this groove is not used some power  

is reflected back. The angle of groove θ=arctanw1/w. 

 

 

Figure 5.9 Second order discontinuities and their compensation techniques. 

Figure 5.10 T-Junction with groove 
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5.6 Quarter-Wave Transformer 

A general mismatch in impedance between two points on a transmission line can be 

compensated with a quarter-wave transformer [83-85]. The quarter-wave transformer is a 

very useful matching technique that also illustrates the properties of standing waves on a 

mismatched line. First, an impedance-based explanation of how a quarter-wave 

transformer works will be described; then a more intuitive explanation that is analogous 

to destructive interference in thin films will be discussed. A quarter wave transformer in 

microstrip is shown in figure 5.11. 

 

 

In a quarter-wave transformer, a load resistance  need to be matched to the 

characteristic feedline impedance  through a short length of transmission line of 

unknown length and impedance . The input impedance looking into the matching 

section of line is given by; 

 

Figure 5.11 Quarter wave impedance transformer 
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If we choose the length of the line = then , divide through by 

and take the limit as to achieve  

 

For a perfect transition with no reflections at the interface between microstrip and load, 

and this gives us a characteristic impedance  as 

 

which is the geometric mean of the load and source impedances. With this geometry, 

there will be no standing waves on the feedline although there will be standing waves on 

the matching section. In fact, any odd multiple (2n + 1) of will also work.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.12 feed network for the array 
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When the line length is precisely the reflected wave from the load destructively 

interferes with the wave reflected from the  interface and they cancel each other 

out. It should be noted that this method can only match a real load. If the load has an 

appreciable imaginary component, it must be matched differently. It can be transformed 

into a purely real load, at a single frequency, by adding an appropriate length of feedline. 

 Figure 5.12 shows the complete feed network with the patches. There are many 

transmission lines, V grooves, power slitters, and quarter wave transformers. 

 

5.7 Space Fed Microstrip Antennas 

 

System studies and hardware investigations on high-speed wireless 

communications are being conducted at license free ISM (industrial, Scientific and 

Medical) band, millimeter-wave and quasi-millimeter-wave frequencies. These 

applications require compact, high-performance, and low-cost wireless equipment. A 

highly integrated RF module, the so-called system-on-package module, which employs a 

multilayer structure, is effective in achieving the above requirements. It is necessary to 

adopt active integrated antenna technology to achieve a module with antennas that are 

low-power consuming and have low-noise characteristics. Currently, there is 

considerable interest in incorporating active devices at the level of radiating elements of 

large phased arrays. However, use of phased array is often avoided because of its 

excessive cost, technological problems in heat dissipation, parasitic effects of bias 

networks, lack of available space etc. Moreover, microstrip technology allows monolithic 

implementation by fabricating both active devices and antennas on the same 

semiconductor substrate.  

 

Microstrip-fed Microstrip Antenna (MSA) is designed to overcome the 

disadvantages of reflector antennas and line fed microstrip array or reflectarray antenna 

such as low efficiency, complicated design and aperture blockage. The resulting antenna 

is planar and since the feed is located behind the feed patch, there is no aperture blockage 

and the whole configuration can be mounted conformal to the host structure. In the 
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design of efficient and highly directive microstrip-fed microstrip antenna, physical 

dimension of parasitic antenna is increased. Higher order mode radiation is investigated 

while excitation of multimode is avoided by operating the feed patch in dominant mode 

and hence large phase array are avoided. Antenna performance of space fed microstrip 

antenna with parasitic patch dimensions ranging from λ/2 x λ/2 to 5λ/2 x 5λ/2 is 

investigated These antennas may find applications in mm range where fabrication is the 

major limitation. 

 

Effect of shape of elements on directivity, bandwidth and side lobe level is 

investigated. Effect of superstrate height, substrate and superstrate dielectric and number 

of multilayer on directivity has also been incorporated.  

 

5.8 Reported Work in Literature 

 

 Antennas are the fundamental component of any wireless communication system. 

The ubiquity of wireless and satellite communications has spurred the development of an 

extraordinary range of antenna shapes and sizes, each with its own advantages and 

limitations. There are many applications where space is at a premium, and where there is 

an urgent need for an antenna with the flexibility to efficiently combine the capabilities of 

multiple antennas. There are applications where omnidirectional antennas are required, 

however a highly directive and efficient antenna is a necessity in other applications. 

 

System studies and hardware investigations on high-speed wireless 

communications are being conducted at license free ISM (industrial, Scientific and 

Medical) band, millimeter-wave and quasi-millimeter-wave frequencies [86-88].These 

applications require compact, high-performance, and low-cost wireless equipment. A 

highly integrated RF module, the so-called system-on-package module, which employs a 

multilayer structure, is effective in achieving the above requirements [89-92]. It is 

necessary to adopt active integrated antenna technology to achieve a module with 

antennas that are low-power consuming and have low-noise characteristics [93-95]. 

Several approaches to achieve an RF module that is integrated with antennas were 
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reported. One approach uses a semiconductor chip antenna such as a microstrip antenna 

(MSA) that is integrated with RF circuits on the same semiconductor substrate [89]. 

However, in this approach, it is difficult to establish a high-gain antenna that employs an 

array antenna configuration on a semiconductor substrate due to the substrate size. 

Therefore, high-gain compact antennas have not yet been integrated with monolithic 

microwave integrated circuits (MMICs). A multichip-module approach was also 

proposed to construct a module integrated with antennas [90-91]. In this module, 

antennas and MMICs are connected by wire bonding or a ribbon, which results in high-

connection loss. This approach also requires a low-loss feeding circuit. The dielectric lens 

antenna was adopted to achieve a high-gain antenna [92]. However, the commonly used 

lens antenna is constructed using an expensive crystal material and it is difficult to mount 

it on the MMIC package. Additionally, a dielectric lens antenna constructed using resin 

was investigated as a low-cost alternative. There are problems, however, regarding 

mounting the antenna on the MMIC package and achieving high efficiency. Moreover, it 

is difficult to construct an array antenna substrate on a single layer due to the limitations 

in the manufacturing process for the millimeter-wave frequency band. The technique for 

improving the radiation efficiency by arranging parasitic elements above the feeding 

MSA elements is examined [96-101]. However, obtaining a sufficient absolute gain is 

difficult in this study [107–111]. This paper investigates the high-gain antenna using a 

low permittivity or the air layer [101]. However, only the directional gain is described 

and there is a problem in that it is difficult to support the parasitic element substrates. In 

particular, it is difficult to adopt this antenna in the system-on-package for the millimeter-

wave frequency. To overcome the above problems, a multilayer parasitic microstrip 

antenna array (MPMAA) structure based on a parasitic antenna configuration [96] using a 

low-temperature co-fired ceramic substrate (LTCC) suited to packaging the MMIC chip 

[102]. However, since the LTCC substrate has a high electric constant, it is difficult to 

achieve wide-band and high-efficiency characteristics. 
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5.9 High Directive Antennas 

 

High antenna directivity, required in space and mobile applications is usually achieved by 

using either parabolic reflector or line fed antenna array or by using reflectarray. In a 

great number of microwave applications, a highly directive antenna with a main beam 

scanned to a certain angle is required. To achieve this, a certain aperture illumination 

with progressive phasing is used. This can be primarily done by two ways viz. reflectors 

and arrays. The reflector uses its geometry to create the desired phase across the aperture 

while the array employs distinct elements fed with progressive phasing. 

 
5.9.1 Parabolic Reflector Antenna 

 

 
   Figure 5.13   Parabolic reflector antennas 

 

The parabolic reflector shown in figure 5.13 has the disadvantage due to its mechanical 

requirement and physical shape which comes as an obtrusion in space and mobile 

applications. However the parabolic reflector antenna operates over large bandwidth. 
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5.10 Antenna Array 

 

High directive antennas can be accomplished by enlarging the electrical size of 

the antenna. A simple way to enlarge the dimensions of antenna without increasing the 

size of the individual element is to form an assembly of radiating elements in electrical 

and geometrical configurations. This new antenna, formed by multi-elements, is referred 

to as an array. The individual elements of an array may be of any form (wires, apertures 

etc). 

 

The total field of the array is determined by the vector addition of the fields radiated by 

the individual elements. This assumes that the current in each element is the same as that 

of isolated element. But practically it depends on the separation between the elements. To 

provide highly directive patterns, it is necessary that the fields from the elements of the 

array interfere constructively in the desired directions and interfere destructively in the 

remaining space. In an array of identical elements there are five controls that can be used 

to shape the overall pattern of the antenna [93].  

These are: 

• The geometrical configuration of the overall array. 

• The relative displacement between the elements. 

• The excitation amplitude of the individual elements. 

• The excitation phase of the individual elements. 

• The relative pattern of the individual elements. 

 

Multiple antennas can be interconnected by means of a feed network to form an array 

and made to work in concert to produce a more directional radiation pattern. Since the 

radiation pattern of an array is dependent on the summation of the far fields produced by 

the constituent elements, a high-gain antenna array can be designed by interconnecting a 

number of relatively low-gain antenna elements. It is important to distinguish between 

two types of arrays - those with similarly oriented, identical elements, and those with 

either dissimilar elements or elements with different orientations. The radiation pattern of 

an array of identical elements is the product of two parts- the pattern of each individual 
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element called the element pattern, and the array pattern that would result if the elements 

were isotropic radiators (also called the array factor): 

                                     F(θ,φ ) = ga (θ,φ ) f(θ,φ )                                                                                         

In the above equation, F(θ,φ ) is the overall normalized pattern of the array, ga (θ,φ ) is 

the normalized element pattern, and f(θ,φ ) is the normalized array factor. 

 

The above principle, known as pattern multiplication, is fundamental to the 

operation of arrays. Pattern multiplication, however, is not applicable to arrays comprised 

of elements with dissimilar orientations, shapes or amplitude feed distribution since the 

factorization of the overall pattern into the element and array factors become 

complicated. 

 

 An arbitrarily configured two dimensional array comprised of similar elements, 

with the elements arranged in a rectangular grid is shown in figure 5.14. 

 
                                       Figure 5.14 Planar array of elements 

 

The elements are arranged in a rectangular grid, a particular element may be identified as, 

“mn”, where m is the number of element along x axis and n is the number of elements 

along y axis. A vector that defines the position of each element in an arbitrary three 

dimensional array extends from the origin to the element with location “mn”, and is given 

by: 

                                           r'mn = x'mn ax + y'mn ay + z'mn az                                                  
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Thr array factor in three dimensional array is given by: 

 
where  αmn is the excitation current phase to the element “mn”. 

 

Antenna arrays are inherently more flexible than conventional antennas, and we 

can exercise far more control on the radiation pattern, whether in terms of beam scanning 

or for beam shaping purposes. A phase difference can be implemented in the currents 

feeding adjacent elements to steer the array main beam to any desired angle. 

Additionally, we can reduce side-lobe levels in the array pattern by implementing 

amplitude tapering in the currents. The radiation pattern of an array is thus determined by 

the number and type of constituent antenna elements, their spatial locations and 

orientations, and the amplitudes and phases of the currents feeding them.  

 

5.11 Line Fed Microstrip Antenna Arrays  

 

Line fed microstrip antenna array, shown in figure 5.15, has been developed to 

increase the directivity of antenna. However the microstrip array have the disadvantage 

of low efficiency due to line losses and high cross polar radiation by the feed line 

network. Beside this feed line network employed between the microstrips patches also 

increase the overall size of the line fed microstrip arrays. Sophisticated fabrication 

techniques are required to meet the matching constraints of the feeding network. Hence 

continuous research is on to meet the demand of efficient, high gain planar antennas.   
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Figure. 5.15 Line fed microstrip antenna array 

 

A reflectarray combines the features of both a reflector and an array and was first 

introduced in 1963 by Berry et al.[86]. A reflectarray is an array of antennas which are 

illuminated by a primary feed horn instead of conventional transmission line feeds. The 

elements of the reflectarray receive and then reradiate the incident energy of the feed 

horn with a given phase determined by the phase-shifting device attached to the element.  

 

 The concept of a reflectarray is shown in figure 5.16. There are several 

advantages of this type of antenna versus a phased array or a conventional reflector. First, 

there is no complex feed network which could introduce a high loss or phase shift of the 

transmitted or received signal. Second, for the most part, the reflectarray is a two-

dimensional structure and can be conformed to a given surface shape, reducing the bulk 

and mechanical complexity of the antenna. Reflectarrays in the past [86] have used 

waveguides as the array elements. Waveguides or other conventional antennas, however, 

are relatively bulky and expensive to manufacture. An appealing option is to use a 

microstrip antenna, such as a dipole or patch antenna, as the array elements due to its 

compactness, simple packaging requirements, conformal abilities, and low manufacturing 

cost. The microstrip reflectarrays can be easily mounted on roofs and walls for wireless 

communications and broadcasting. However reflectarray also suffer from the 

disadvantage of low efficiency due to dielectric loss and complicated design. 
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Figure 5.16 Reflectarray 

 

 The main disadvantage of reflector is geometrical constraint it imposes on the 

design. Basically, both these antennas have distinct advantages – reflector antennas are 

simple, while arrays yield more precise control and versatility at the expense of 

simplicity. In order to overcome the disadvantages of reflector antennas such as low 

efficiency, complicated design and aperture blockage, microstrip-fed Microstrip Antenna 

(MSA) Array is proposed [91-92]. 

 

Space fed microstrip antenna array shown in figure 5.17 is a planar array in which 

the location of the feed antenna is behind the radiating elements eliminating any aperture 

blockage and the whole configuration can be mounted conformal to the host structure. 

Since the feed-line network is completely avoided, there are lesser requirement on 

fabrication tolerance and no loss in the feeding network. The elements are fed from the 

radiation of a microstrip antenna.    
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Figure 5.17     Geometry of even (4x4) and odd (3x3) space fed micro strip array                                          

Antenna   (a) top view  (b) side view                       

                 
 Space Fed Microstrip Array Antenna is planar and flexible than a conventional 

parabolic reflector; the whole configuration can be mounted conformal to the host 

structure. Since the feed is located behind the array, there is no aperture blockage. Space 

Fed Microstrip Array Antenna also has the advantages of high directivity, high 

efficiency, low side- lobe level (SLL) and low cross polarization. 

 

In the design of an efficient, low SLL, planar, space-fed microstrip antenna array, 

the array theory has been applied to obtain the necessary phasing between adjacent array 

elements. This phasing has been done in an innovative and easy- to-design formulation. 

However Space Fed Microstrip Array Antenna also requires sophisticated fabrication 

techniques at millimeter or sub millimeter range. 

 

Currently, there is considerable interest in incorporating active devices at the level 

of radiating elements of large phased arrays. This is due to the fact that the feed line loss 

increases with the array size and can become excessive for microstrip arrays. The 

proximity of the amplifiers to the radiating elements reduces the feed network loss and 

thus improves the array performance. Also, it enables simple control of the radiation 
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pattern and beam scanning. These become feasible since the gain of the active devices 

can be used to control the array element excitation, in both amplitude and phase, to 

compensate for the losses and achieve proper aperture distributions. Moreover, microstrip 

technology allows monolithic implementation by fabricating both active devices and 

antennas on the same semiconductor substrate. However, the use of an active device for 

each radiating element of the array is often avoided because of its excessive cost, 

technological problems in heat dissipation, parasitic effects of bias networks, lack of 

available space etc. A good solution to all these problems is, therefore, to dedicate active 

devices to a group of elements in the form of contiguous sub arrays. A convenient choice 

is the four-element sub array, which leads to a symmetrical arrangement in both 

directions, the elements of which can be fed by a simple feed network. The effect of 

partitioning an array into sub arrays on the radiation characteristics usually introduces 

grating lobes [86]. However, the effect can be controlled by tapering the sub array 

excitation [87]. Also, the sub array architecture can be used to eliminate scan blindness 

[88]. In using sub arrays, a further benefit can be gained by eliminating the feed lines to 

subarray elements. This is achieved here by electromagnetically coupling four radiating 

elements to a driven patch etched on a lower substrate. 

 

Analysis and design of microstrip fed microstrip antenna requires an 

understanding of microstrip antenna, which is discussed in the following chapter along 

with the approach and the design formulation of microstrip fed microstrip array antenna.   

 

5.12 Analysis of Space Fed Microstrip Antenna  

 

The radiation pattern of microstrip antenna has large beam width and the patch 

provides 6 – 8 dB directivity. Microstrip antennas also suffer from low efficiency and 

low gain. In many applications, it is necessary to design antennas with very high directive 

characteristics to meet the demand of long distance communication. This can be 

accomplished by enlarging the size of the antenna. But increasing the size of antenna will 

result in excitation of higher order modes or multimode. In space fed microstrip antenna 

the length of the fed patch element is kept λo /3 L < λo /2, while dimensions of parasitic 
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patch are increased beyond λo /2 to study higher order mode radiation. An attempt is 

made to observe its effects on antenna performance. A detailed investigation is required 

to understand the higher order mode radiation in space fed microstrip antenna.  
 

The parasitic patch is fed from the radiating field of a microstrip antenna. The 

geometry of space fed microstrip antenna is shown in figure 5.18 The feed patch is a 

metallic patch of thickness 0.7 mm at a height of 2.0 mm from an infinite ground plane. 

The parasitic patch is located at a height ‘hs’ from the feed patch and fabricated on the 

bottom side of FR4 superstrate. This superstrate also acts as a radome to the antenna. Air 

is used as a dielectric medium between feed patch and ground plane and also between 

superstrate and feed patch to achieve high efficiency. Feed patch is fed through a coaxial 

probe of 50 Ω. The space fed single patch antenna is designed to operate in 5.725 – 5.875 

GHz ISM band.  

 

 
   (a)        (b)  
 

Figure 5.18 Geometry of space fed microstrip antenna (a) side view  (b) top view 

 
5.13 Parametric Study 

 

Initially a single parasitic patch (PP) is placed at hs1 = 0.5 λo above the microstrip 

feed patch and the dimensions of microstrip antenna and parasitic patch are optimized to 

operate at 5.725 – 5.875 GHz ISM band. The optimized structure has feed and parasitic 
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patch dimensions of 21.9 mm x 25.4 mm and 14.0 mm x 25.4 mm respectively.  This 

structure is also a reference structure. The resonant conditions can be shifted by changing 

the dimensions of feed and parasitic patch. It also depends on the relative height between 

parasitic and feed patch. The feed patch and parasitic patch resonate separately depending 

on their dimensions and the whole structure resonates when both patches resonate at 

same frequency. The structural resonance depends on the relative position and 

dimensions of patches. Since at resonance, the reflection coefficient is + 1 the parasitic 

patch is placed at λo/2 and at integral multiple of λo/2 in a structure with multiple parasitic 

patches.  

 

5.13.1 Effect of Length of Parasitic Patch 

   

The increase in parasitic patch length results in decrease in resonance frequency 

for a fixed feed patch dimensions which indicates that the parasitic patch resonates at 

different frequency. The structure resistance increases and becomes more capacitive. The 

impedance variation vs. parasitic patch length is shown in figure 5.19 Change in length of 

parasitic patch with respect to reference antenna will cause the two patches to resonate 

separately and hence gain decreases with increase or decrease in length of parasitic patch. 
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Figure 5.19 Impedance variations vs. length of parasitic patch 

(  10 mm  14 mm   18 mm) 
 

 
5.13.2  Effect of Width of Parasitic Patch  

 
There is little effect on resonance frequency with change in width of parasitic 

patch. Directivity, gain, efficiency and impedance bandwidth increase with width of 

parasitic patch but Side lobe level also increases with width, however cross polarization 

decreases marginally. Beamwidth in E– plane decreases while there is no effect on 

beamwidth in H plane. 

 
Figure 5.20 Directivity variations vs. width (mm) of parasitic patch 
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 Figure 5.21 Efficiency vs. frequency for various widths (mm) of parasitic patch 

 
5.13.3  Effect of Superstrate or Parasitic Patch Height 
 

Change in the height of superstrate results in decrease in gain and impedance 

bandwidth. Since the reflection coefficient is +1, the structure resonates at λo/2.The 

impedance variation vs. superstrate height is shown in figure 5.22 With increase in 

parasitic height, the impedance becomes inductive and coupling between the parasitic and 

feed patch decreases resulting in smaller loop area of impedance variation on the smith 

chart. 

 
 

Figure 5.22 Impedance variations vs. superstrate height 
(  0.45 λo   0.5 λo   0.55 λo ) 

 
 
 
 

Percentage 
efficiency 

Frequency (GHz) 
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5.13.4  Effect of Feed Patch Height 
 

Increase in feed patch height has little effect on the directivity. The resonance 

frequency changes with change in height of feed patch but it can be restored by changing 

the dimensions of feed patch. Bandwidth increases with height of feed patch but cross 

polarization and SLL increases. Impedance variation with feed patch height is shown in 

figure 5.25. 

 

 
 

Figure 5.23 Impedance variations vs. feed patch height 
(  1.5 mm  2.0 mm   2.5 mm) 

 
 
5.13.5 Effect of Feed Patch Length 
 

The increase in feed patch length results in decrease in resonance frequency for a 

fixed parasitic patch dimensions which indicates that the parasitic and feed patch 

resonates at different frequency. The structure resistance increases and becomes more 

capacitive. The impedance variation vs. feed patch length is shown in figure 5.24. 

Change in length of feed patch with respect to reference antenna will cause the two 

patches to resonate separately and hence gain decreases with increase or decrease in 

length of parasitic patch. 
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Figure 5.25 Directivity variations vs. feed patch length 

(  21.5 mm  21.9 mm   22.3 mm) 
 
 

Figure 5.24 Impedance variations vs. feed patch length 
(  21.9 mm  22.3 mm   21.5 mm) 
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5.13.6 Effect of Feed Patch Width 
 

There is little effect on resonance frequency with change in width of parasitic 

patch. Directivity, Gain, efficiency and impedance bandwidth increase with width of 

parasitic patch but Side lobe level also increases with width, however cross polarization 

decreases marginally. Beamwidth in E– plane decreases while there is no effect on 

beamwidth in H plane. 

 
5.14 Parasitic Patches at Multiple of λo / 2 
 

Structures are also designed and optimized for maximum gain with single 

parasitic patch at superstrate height of 1.0 λo and 1.5 λo, an integral multiple of λo / 2. Gain 

is observed to same at superstrate height of 0.5 λo, 1.0 λo and 1.5 λo, which can be 

explained on the basis of resonance of two patches viz. feed and parasitic patch. The 

maximum gain is obtained when the whole structure resonates in unison at same 

frequency and it does not depend on parasitic patch height. Parasitic patch intercepts the 

field radiated by feed patch, reconfigures it and reradiate it. Radiations from feed patch 

which is not intercepted by parasitic patch contribute to side lobe level. A larger effective 

overlap by parasitic patch decreases SLL. As overlap or field intercepted by parasitic 

patch decreases with parasitic height, SLL and cross polarization increases with 

superstrate height. The optimized structure has parasitic patch dimensions of  15.0 mm x 

25.4 and 16.0 mm x 25.4 mm at superstrate height of 1.0 λo and 1.5 λo respectively,  

while the feed patch dimensions are 22.7 mm x 25.4 mm in both cases. Impedance 

variation, current distribution and radiation pattern at 0.5 λo, 1.0 λo and 1.5 λo superstrate 

height is shown in figure 5.26 (a). Antenna performance of optimized structures at 0.5 λo, 

1.0 λo and 1.5 λo superstrate height is tabulated in Table 5.1. 
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Figure 5.26 (a)  Impedance variations vs. Superstrate height 
(   0.5 λo      1.0 λo    1.5  λo ) 

 
 

 (i) 0.5 λo  
 
 

 
 

(ii) 1.0 λo 
 

 
 

(iii) 1.5 λo 
Figure 5.26(b) Radiation patterns 

(  Eθ  EΦ at Φ = 0° and Eθ  EΦ at Φ = 90°) 
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(i) 0.5 λo    
            

 
 (ii) 1.0  λo  

 
                (iii) 1.5 λoo 

 
Figure 5.26 (c)  Current distributions 

 
 

Parasitic 
patch  
height 

Direct-
ivity 
(dB) 

Gain 
(dB) 

SLL 
(dB) 

Beam-
width       
E / H plane 
(degrees) 

Cross- 
Pol 
level 
(dB) 

0.5 λo 14.0 13.4 -17.1 37.5/39.3 -22.3 
1.0 λo 14.4 13.3 -11 31.1/31.9 -20.7 
1.5 λo 13.9 13.4 -8.6 29.4/30.7 -20.7 

 
Table 5.1 Antenna performance at 0.5 λo, 1.0 λo and 1.5 λo superstrate height 
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5.15 Effect of Superstrate Height at Multiple of λo / 2 

 

Because of fringing effects, electrically the length of the microstrip antenna is 

greater than the physical dimensions. The fringing field effect had been studied for 

microstrip antenna for h<< λ. Here an attempt is made to investigate fringing field effect 

on a parasitic patch positioned at a height comparable to λ. 

 

Directivity vs. length (L < 0.5λ) for constant width of a parasitic patch at 

superstrate height of λ/2, λ and 3λ/2 is studied and tabulated in table 5.2.  The feed patch 

obstructs the electric field lines to the ground and the field lines flare more resulting in 

decrease in physical dimension of the patch. It is observed that the physical dimensions 

for maximum directivity decreases with superstrate height. Directivity of 14.15 dB, 14.37 

dB and 13.92 dB are obtained by parasitic patch length of 0.29 λ, 0.31 λ and 0.33 λ at 

superstrate height of λ/2, λ and 1.5 λ respectively. Current distribution, impedance 

variation and radiation pattern these antennas are shown in Figure 5.26. 

 

 

S.No Patch length
(mm) 

Directivity (dB) at superstrate height 
0.5 λ 1.0 λ 1.5 λ 

1 13 13.96 13.72 13.53 

2 15 14.15 14.2 13.80 

3 16 14.12 14.37 13.84 

4 17 14.01 14.34 13.92 

5 19 13.68 14.3 13.85 

6 21 13.27 14.22 13.73 

7 23 12.87 14.10 13.59 

8 25 12.54 13.9 13.2 

 

Table 5.2  Directivity vs. length of parasitic patch at hs = 0.5 λ, 1.0 λ and 1.5 λ 
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Figure 5.27 Fringing effect at superstrate height comparable to wavelength 

 

The Electric field lines will terminate Fringing effect increases the physical size of the 

element and reduction in physical size will be useful in employing large size array in an 

area. At lower height of the substrate the effective obstruction of the feed patch is more 

pronounced and hence smaller physical length of parasitic patch is expected. As the 

superstrate height increases fringing effect will decrease as effective obstruction of patch 

decreases and hence physical size increases. As the dimension of parasitic patch is 

increased, the physical length increases due to lesser obstruction or fringing effect 

 

5.16 Effect of Shape of Parasitic Patch 

 

Antenna performance is also studied for different shapes of parasitic patch at 

superstrate height of λ/2, λ and 3λ/2 and tabulated in table 5.3. SLL is observed to 

degrade with increase in superstrate height. Elliptical parasitic patch is observed to have 

better SLL at different superstrate heights while square patch has the maximum 

impedance bandwidth. Rectangular patch is observed to have maximum directivity.  

Antenna performance vs. parasitic patch of different shape at superstrate height of λ/2, λ 

and 3/2λ are tabulated in tables 5.3, 5.4 and 5.5 respectively, while current distribution, 

impedance variation and radiation pattern are shown in Figure 5.28 (a), 5.28 (b) and 5.28 

(c) respectively. Directivity and gain variation vs. frequency at superstrate height of λ/2, 

λ and 3/2λ is shown in figure 5.31, 5.32 and 5.33 respectively. 
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Parasitic 
patch  
 

Parasitic 
patch 
dimensions

Area 
(sq. 
mm) 

Dir 
(dB) 

Gain 
(dB) 

η   
 
(%) 

SLL 
(dB) 

Rectangle 14 x 25.4 355.6 14.2 13.3    83  -17 
Ellipse 14x25.4 279.3 14.1 13.2 83 -18 
Square 14x14 196 13.6 12.4 75 -16 
Circle Radius 7 153.9 13.8 12.7 79 -18 

 
Table 5.3  Antenna performance vs. shapes of parasitic patch at hs = 0.5 λ  
 

 
      (Circular parasitic patch) 

 
                   (Square  parasitic patch) 
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             (Ellipse  parasitic patch) 

 
(a) 
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(b) 
 

 
(c) 

(i) Elliptical patch       (ii) Square patch                  (iii) Circular patch 
 
Figure 5.28  (a) Current distribution (b) impedance variation and (c) radiation pattern at  
hs = 0.5 λ (  Eθ  EΦ at Φ = 0° and  Eθ  EΦ at Φ = 90°) 

 
 
 

Table 5.4 shows the directivity, gain, efficiency and side lobe level in dB for 

various shapes of parasitic patches at a spacing of λ. 

 
Parasitic 
patch  
 

Parasitic 
patch 
dimensions

Dir 
(dB) 

Gain 
(dB) 

η   
( %)

SLL 
(dB) 

Rectangle 16x25.4 14.37 13.31 78 -10.3 
Ellipse 19x25.4 14.26 13.2 78 -10.5 
Square 16x16 13.95 12.8 77.3 -9.95 
Circle Radius 10 14.07 12.9 76 -10.4 

 

Table 5.4  Antenna performance vs. shape of parasitic patch at hs = 1.0 λ 
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Figure 5.29  shows impedance variation and radiation pattern at hs = 1.0 λ for Elliptical, 
square and circular patch.  

 
 
 

 
(a) 

 
(b) 

(i) Elliptical patch       (ii) Square patch                  (iii)  Circular patch 
 
Figure  5.29 (a) Impedance variation and (b) radiation pattern at hs = 1.0 λ 
                         (  Eθ  EΦ at Φ = 0° and  Eθ  EΦ at Φ = 90°) 

 
 

Table 5.5 shows the directivity, gain, efficiency and side lobe level in dB for 

various shapes of parasitic patches at a spacing of 1.5λ. 

 
Parasitic 
patch  
 

Parasitic 
patch 
dimensions

Dir 
dB 

Gain 
dB 

η   
 % 

SLL 
dB 

rectangle 17x25.4 13.92 13.25  83.8 - 8.8 
Ellipse 20.0x 25.4 13.8 13.03 84 -8.6 
Square 22.0x22.0 13.4 12.6 83.8 -7.5 

Circle Radius 11  13.6 12.8 83.9 -8.0 
 
  Table 5.5  Antenna performance vs. shape of parasitic patch at hs = 1.5 λ 
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 Figure 5.29 shows impedance variation and radiation pattern at hs = 1.5 λ for 

elliptical, square and circular patch.  

 

 
(a) 

 
(b) 

(i) Elliptical patch       (ii) Square patch                  (iii) Circular patch 
 
Figure  5.30 (a) Impedance variation and (b) radiation pattern at hs = 1.5 λ  
                        (  Eθ  EΦ at Φ = 0° and  Eθ  EΦ at Φ = 90°) 
 
 

Directivity and gain variation vs. frequency at superstrate height of λ/2, λ and 

3/2λ are shown in figures 5.36, 5.37 and 5.38 respectively. 

 

 
  (a)      (b) 

Figure  5.31 (a) Directivity (b) Gain vs. frequency at hs = 0.5 λ 
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Figure 5.32 (a) Directivity (b) Gain vs. frequency at hs = 1.0 λ 

 
Figure 5.33 (a) Directivity (b) Gain vs. frequency at hs = 1.5 λ 

 
 
 From the above tables, it is clear that as the spacing between radiating patch and 

the parasitic patch increases, the directivity and gain decreases little bit while the side 

lobe level increases. 

 

5.17   Multiple Parasitic Patches 

 
Effect of superstrate height on antenna performance for constant width parasitic patch 

of  Leff = 0.5 λ (L < 0.5λ) is also studied about superstrate height of λ/2, λ and 3/2λ and 

tabulated in table 5.6. It is observed that: 

• Impedance bandwidth increases 

• SLL degrades with increase in substrate height. 
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Parasitic 
patch 
height 

Bandwidth
   (MHz) 

Dir 
(dB) 

Gain 
(dB) 

η   
(%) 

SLL 
(dB) 

0.54 λ 170 13.58 12.78 83 -15.3 
0.5 λ 145 14.15 13.32  82.8 -16.8 
0.46 λ 124 14.07 13.12 81 -17.3 

 

 

Parasitic 
patch 
height 

Bandwidth
   (MHz) 

Dir 
(dB) 

Gain 
(dB) 

η   
 (%)

SLL 
(dB) 

1.04 λ 167 14.17 13.11 76 -9.3 
1.0 λ 141 14.37 13.31 78 -10.3 
0.96 λ 123 13.2 11.9 74 -6.3 

 

 

Parasitic 
patch 
height 

Bandwidth
   (MHz) 

Dir 
(dB) 

Gain 
(dB) 

η   
 (%)

SLL 
(dB) 

1.54 λ 191 13.92 13.25  83.8 - 8.8 
1.5 λ 166 13.26 12.68 88 -5.8 
1.46 λ 148 11.62 11.1 88 -3.2 

 

Table 5.6  Antenna performance vs. height of parasitic patch 
 
Higher directivity is also explained using resonance of structure in unison. The resonance 

gain method has been studied using moment method [92]. This resonance gain method 

involves a limited structural geometry, resonant frequency drift, narrow impedance 

bandwidth. The resonant condition can always be satisfied by adjusting the superstrate 

position and the value of the resonant gain is a function of the thickness of the superstrate 

[93-94]. However, it is also reported that all high-gain conditions obtained by geometrical 

optimization are not the result of the structural resonance. A multilayer effect on 

microstrip antennas away from the structural resonance is reported and discussed [99]. 

The technique for improving the radiation efficiency by arranging parasitic elements 

above the feeding MSA elements is investigated [101-102]. A multilayer parasitic 

microstrip antenna array structure using a low-temperature co-fired ceramic substrate 

(LTCC) suited to packaging the MMIC chip is proposed. However, since the LTCC 
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substrate has a high electric constant, it is difficult to achieve wide-band and high-

efficiency characteristics [102]. A highly efficient multilayer parasitic microstrip antenna 

array structure constructed on a Teflon substrate for a system-on-package is reported at 

millimeter-wave frequency bands. Another antenna structure is reported at 60 GHz with 

high radiation efficiency of greater than 91% associated with high gain that is greater 

than 11.1 dBi [103]. 

 

Structures are designed and optimized for maximum gain with multiple patches. 

Structures with two parasitic patches (PP1 and PP2) at superstrate height of 0.5 λo and 1.0 

λo, 0.5 λo and 1.5 λo, and 1.0 λo and 1.5 λo are optimized. A structure with three parasitic 

patches (PP1, PP2 and PP3) at 0.5 λo, 1.0 λo and 1.5 λo (an integral multiple of  λo / 2) 

above the feed patch is also optimized. Width of Feed patch  (FP) and parasitic patches 

(PPs ) is kept 25.4 mm in all cases. Optimized dimensions are tabulated in table 5.7.  

 

Height of 
parasitic patches ( 
PPs)  

FP 
length 

PP1 
Length

PP2 
length 

PP3 
length 

0.5 λo and 1.0 λo 21.5 14 14 ----- 
0.5 λo and 1.5 λo 22.2 14.5 15.4 ----- 
1.0 λo and 1.5 λo 22.7 15 14 ----- 
0.5 λo, 1.0 λo and 
1.5  λo 

21.6 14.5 14.5 14.1 

 
Table 5.7 Optimized dimensions of feed and parasitic patches 

 
 

 An increase in gain and comparatively higher SLL is observed with multiple 

patches. Maximum gain is obtained when the whole structure resonate at one frequency 

while the SLL depends on the effective overlap of feed patch by parasitic patch and 

radiations from multiple patches as parasitic patch intercepts the field radiated by feed 

patch, reconfigures it and reradiate it. Antenna performance of optimized structures is 

tabulated in table 5.8. whereas impedance variation, current distribution and radiation 

pattern of structures with multiple parasitic patches are shown in figures 5.39 to 5.41. 
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PPs height  
( λo ) 

Dir 
(dB) 

Gain 
(dB) 

SLL 
(dB) 

beamwidth 
E / H plane  

Cross 
Pol (dB) 

0.5 – 1.0 15.8 15.4 -14.4 26.2 / 27.0 -23 
0.5-1.5 16.8 15.8 -16.8 25.9 / 26.7 -24.3 
1.0-1.5 16 15.2 -11.9 24.2 / 24.9 -21.0 
0.5-1.0-1.5 17.1 16.4 -13.1 22.2 / 22.6 -24.3 

 
Table 5.8 Antenna performance of structures with multiple parasitic patches 

 
  Figure 5.34 shows Impedance variations of multiple parasitic patches with 
frequency on the Smith chart. 
 

 
 

Figure 5.34 (a) Impedance variations  of multiple parasitic patches 
(  0.5 and 1.0 λo   0.5 and 1.5 λo 
 1.0 and 1.5 λo   0.5, 1.0 and 1.5 λo ) 

 
 Figure 5.36 shows current distribution  of multiple parasitic patches. 

 

 
 

(i) 0.5 λo and 1.0 λo 
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(ii)  0.5 λo and 1.5 λo 
 

 
 
 

(iii) 1.0 a λo nd 1.5 λo 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(iv) 0.5 λo, 1.0 λo and 1.5 λo 
 

Figure 5.35 Current distributions 
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 Figure 5.37 shows radiation pattern  for multiple parasitic patches. 
 

 
 (i) 0.5 λo and 1.0 λo   

 

 
 

(ii) 0.5 λo and 1.5 λo 
 

 
 

(iii) 1.0 λo and1.5 λo 
  

 
 

(iv) 0.5 λo, 1.0 λo and 1.5 λo 
 

Figure 5.36 Radiation pattern 
 
 
 Thus it can be concluded that using multiple parasitic patches, all most all the 
parameters such as directivity, gain, side lobe level and cross polarization can be 
improved simultaneously to some extent. 
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5.18      Microstrip Fed Parasitic Patch - Higher Order Mode Radiations  

 

5.18.1    Effect of Parasitic Patch Dimensions at Superstrate Height of 0.5 λ 

 

The directivity of microstrip antenna increases with increase in the width and 

therefore the width of parasitic patch is increased from 0.5 λ to 1.5 λ while electrical 

length of the patch is kept 0.5 λ. It is observed that as the width increases, the physical 

length of the patch increases for maximum directivity. This may be attributed to the 

decrease in effective obstruction and thus less flaring of field lines with increase in the 

width of the patch. However, in case of parasitic patch of length 1.0 λ, electrical length is 

observed to be same as the physical length.  

 

Since the parasitic patch is fed from the radiation of feed patch and therefore it 

should be within the half power beamwidth of radiation of feed patch and this is the 

reason for decrease in directivity with increase in parasitic patch length beyond λ. It is 

observed that bandwidth depends on the dimensions of parasitic patch. Antenna 

performance vs. patch dimension at superstrate height 0.5 λ is tabulated in table 5.9. 

 

 

Parasitic 
patch  
 

parasitic 
patch  
Dimensions 
(mm) 

Dir 
(dB) 

Gain 
(dB) 

η   
 (%) 

SLL 
(dB) 

0.5 λ X 
0.5λ 

15.1 x 
25.4 

14.15 13.32 82.8 -16.8 

0.5 λ X 
1.0λ 

16.1 x 
51.8 

14.55 13.6 80.5 -11.7 

0.5 λ X   
1.5 λ 

17.0 x 
77.6 

14.65 14.07 88 -11.3 

1.0 λ X   
0.5 λ 

51.8 x 
25.4 

12.14 10.22 65 -8.4 

1.0 λ X 
1.0λ 

51.8 x 
51.8 

13.57 12.3 78 -8.6 

 
Table 5.9 Antenna performance vs. patch dimension at hs = 0.5 λ 
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5.18.2 Effect of Parasitic Patch Dimensions at Superstrate Height of 1.0 λ 
 

Similar effects on antenna performance are observed at superstrate height of 1.0 λ 

as observed at superstrate height of 0.5 λ It is observed that as the width increases, the 

physical length of the patch increases for maximum directivity. Directivity decreases as 

the parasitic patch dimensions are increased beyond 1.5 λ x 1.5 λ. and bandwidth depends 

on the dimensions of parasitic patch. Antenna performance vs. patch dimension at 

superstrate height 1.0 λ is tabulated in table 5.10.  

 

Single 
patch  
 

parasitic 
patch 
dimensions 
(mm) 

Dir 
(dB) 

Gain 
(dB) 

η   
(%)

SLL 
(dB) 

0.5λ X 0.5λ 16.0 x    25.4 14.37 13.31 78 -10.3 
0.5λ X 1.0λ 20.0 x51.8 15.08 13.73 73 -7.8 
1.0λ X 0.5λ 51.8 x25.9 13.8 12.4 72 -9.3 
1.0λ X 1.0λ 51.8 x51.8 15.71 14.2 71 -10.3 
1.0λ X 1.5λ 51.8 x77.6 15.95 15.06 81 -7.1 
1.5λ X 0.5λ 56.6 x25.4 13.94 12.46 72 -9.3 
1.5λ X 1.0λ 59.6 x51.8 16.2 14.52 68 -11.4 

 
Table 5.10 Antenna performance vs. patch dimension at hs = 1.0 λ 

 

5.18.3 Effect of height of feed patch at superstrate height of 1.5 λ 

 

Effect of height of feed patch on antenna performance is also studied at 

superstrate height of 1.5 λ. Bandwidth increase with increase in height of feed patch. The 

antenna performance vs. height of feed patch is tabulated in table 5.11.  

Feed  
patch 
height 

Parasitic 
patch 

dimensions 
(mm) 

Band- 
width 
(MHz) 

Dir 
(dB) 

Gain 
(dB) 

η 
(%) 

3 dB 
Beamwidth 
H / E Plane 

SLL 
(dB) 

1.4 17x25.4 162 13.75 13.21 88.4 30.6°/29.6° - 8.7 
1.5 17x25.4 166 13.92 13.25 83.8 30.3°/29.4° - 8.8 
1.6 17x25.4 231 13.97 13.50 89.3 30.3°/29.1° - 8.7 

 
Table 5.11 Antenna performance vs. height of feed patch 
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5.18.4     Effect of Parasitic Patch Dimensions at Superstrate Height of 1.5 λ 

 

Effect of parasitic patch dimensions on antenna performance is also studied at 

superstrate height of 1.5 λ. The width of parasitic patch is increased from 0.5 λ to 2.5 λ 

while electrical length of the patch is kept 0.5 λ. It is observed that directivity decreases 

for W>2.0 λ. Antenna performance vs. patch dimension at superstrate height 1.5 λ is 

tabulated in table 3.7.1. Directivity of 15.4 dB and Side lobe level of more than 9.0 dB is 

obtained for 0.5 λ X 1.5 λ patch. The efficiency of more than 88% is obtained. Current 

distribution, impedance variation, radiation pattern, directivity and gain variation vs. 

frequency of 0.5 λ X 1.5 λ patch are shown in Figure 5.37. 

 

Single 
patch 

 

Parasitic 
patch 

dimensions 
(mm) 

Band- 
width 
(MHz)

Dir 
(dB) 

Gain 
(dB) 

η 
(%) 

3 dB 
Beamwidth 
H / E Plane 

SLL 
(dB) 

0.5 λ 
X 0.5 
λ 

17.0 x 
25.4 

166 13.92 13.25 83.8 30.3°/29.3° - 8.8 

0.5 λ 
X 1.0 
λ 

17.0 x 
51.7 

184 14.87 14.34 88.5 26.9°/26.3°/ -8.3 

0.5 λ 
X 1.5 
λ 

21.0 x 
77.6 

198 15.38 14.83 88.2 24.4°/24.1° -9.1 

0.5 λ 
X 2.0 
λ 

24.0 x 
103.4 

204 15.57 15.07 88.9 23.4°/23.1°/ -8.4 

0.5 λ 
X 2.5 
λ 

24.0 x 
129.3 

213 15.52 15.2 92.5 23.0°/22.8°/ -7.2 

 

Table 5.12 Antenna performance vs. width of parasitic patch (Leff = 0.5 λ) 
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(a) 

 
(b) 

 
                (c) 
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       (d)                (e) 
 
Figure  5.37 (a) Current distribution (b) impedance variation and (c) radiation pattern 
(d) directivity and ( e)  gain vs. frequency  of 0.5 λ X 1.5 λ patch       
                           
 

 Since parasitic patch is fed from the radiation of MSA designed for 5.725 – 5.875 

GHz band, length of parasitic patch can be increased to improve directivity and to 

investigate higher order mode radiation. Directivity of 15.4 dB and side lobe level of -9.4 

dB are obtained in case of λ X λ parasitic patch. Directivity decreases if width of the 

patch is increased more than 2 λ. Antenna performance of parasitic patch of Leff = λ and 

0.5 λ < W < 2.5 λ is tabulated in table 5.13. Current distribution, impedance variation and 

radiation pattern, directivity and gain vs. frequency of 1.0 λ X 1.0 λ patch are shown in 

Figure 5.38. 

Single 
patch  

parasitic 
patch 
dimensions 

Band- 
width 

   (MHz) 

Dir 
(dB) 

Gain 
(dB) 

η   
 (%) 

3 dB 
Beamwidth 
H / E Plane 

SLL 
(dB) 

1.0λ X 
0.5λ 

51.8 x   
25.4 

302 13.84 13.04 84 29.0°/27.3° -8.5 

1.0λ X 
1.0λ 

51.8 x 
51.8 

392 15.41 14.6 88 23.4°/22.4° -9.4 

1.0λ X 
1.5λ 

51.8 x 
77.6 

470 16.25 15.6 86.9 21.0°/20.7° -7.6 

1.0λ X 
2.0λ 

51.8 x 
103.4 

500 16.28 15.84 90.5 19.8°/20.2° -5.7 

1.0λ X 
2.5λ 

51.8 x 
129.3 

471 16.14 15.87 94 18.0°/18.7° -4.3 

 

Table 5.13 Antenna performance. Vs. width of parasitic patch (Leff  = 1.0 λ) 
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(a)                                             (b)                                                   (c) 

 
                               (d)                 (e) 
 
Figure   5.38 (a) Current distribution (b) impedance variation and (c) radiation pattern  
(d) directivity and (e)  gain Vs. frequency of 1.0 λ X 1.0 λ patch   
     
 

 Performance of the antenna is also analyzed for Leff =1.5 λ and 0.5 λ<W<2.5 λ 

and tabulated in table 5.14. It is observed that fringing effect is more prominent in 1.5 λ x 

0.5 λ and its physical length is 1.13 λ for maximum directivity. Directivity of 16.0 dB and 

17.2 dB and side lobe level of -11.7 dB and -10.5 dB are obtained in case of 1.5λ X 1.0λ 

and 1.5λ X 1.5λ parasitic patch respectively. Current distribution, impedance variation 

and radiation pattern, directivity and gain variation vs. frequency of 1.5λ X 1.0λ and 1.5λ 

X 1.5λ patch are shown in figures 5.39 and 5.40 respectively. 
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Single 
patch 

 

Parasitic 
patch 

dimension 

Band- 
width    
(MHz) 

Dir 
(dB) 

Gain 
(dB) 

η   
 (%)

3 dB 
Beamwidth 
H / E Plane 

SLL 
(dB) 

1.5λ X 
0.5λ 

58.6 x 
 25.9 

339 14.1 13.31 85.1 27.2°/25.7° -8.4 

1.5λ X 
1.0λ 

61.6 x  
51.8 

458 16.0 15.2 83.4 21.3°/20.9° -11.7 

1.5λ X 
1.5λ 

66.6 x 
77.6 

500 17.2 16.3 83 18.7°/17.8° -10.5 

1.5λ X 
2.0λ 

74.6 x 
103.4 

402 17.65 16.93 84.5 15.2°/15.1° -8.7 

1.5λ X 
2.5λ 

74.6 x 
129.3 

280 18.0 17.55 90.1 13.5°/14.0° -7.3 

 

Table 5.14 Antenna performance vs. width of parasitic patch (Leff = 1.5 λ) 

 
(a)                                             (b)                                                   (c) 

 

 
                                (d)                (e) 
 
Figure 5.39 (a) Current distribution (b) impedance variation and (c) radiation pattern 
(d) directivity and (e)  gain Vs. frequency of 1.5λ X 1.0λ 
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(a)                                             (b)                                                   (c) 

 
                               (d)                             (e) 
  
Figure 5.40  (a) Current distribution (b) impedance variation and (c) radiation pattern   
(d) directivity and ( e)  gain Vs. frequency of 1.5λ X 1.5λ parasitic patch 
 

 

 Performance of the antenna is also analyzed for Leff = 2.0 λ and 0.5 λ<W<2.5 λ 

and tabulated in table 5.15. It is observed that the directivity improvement is not in 

proportion with the dimensions of the parasitic patch. This may be attributed to feed 

distribution of parasitic patch as the patch is fed from the radiation of MSA. Directivity 

of 17.65 dB and side lobe level of -9.5 dB is obtained in case of 2.0λ X 2.0λ parasitic 

patch. Current distribution, impedance variation, radiation pattern, directivity and gain 

variation of 2.0λ X 2.0λ patch are shown in Figure 5.46. 
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Single 
patch 

 

Parasitic 
patch 

dimensions 

Band-
width   
(MHz) 

Dir 
(dB) 

Gain 
(dB) 

η 
(%) 

3 dB 
Beamwidth 
H / E Plane 

SLL 
(dB) 

2.0λ X 
0.5λ 

97.4 x  
25.9 

389 13.4 12.5 83.7 27.7°/26.3° -4.1 

2.0λ X 
1.0λ 

101.6 x 
 51.8 

460 15.35 14.65 85 20.4°/17.9° -5.9 

2.0λ X 
1.5λ 

101.6 x 
 77.6 

355 16.95 16.15 83.3 15.8°/14.3° -7.9 

2.0λ X 
2.0λ 

103.4 x 
103.4 

233 17. 5 16.9 86 13.2°/12.6° -9.5 

2.0λ X 
2.5λ 

103.4 x 
129.3 

200 18.1 17.36 86.2 11.8°/11.9° -8.2 

 

Table 5.15 Antenna performance vs. width of parasitic patch (Leff  = 2.0 λ) 

 

 
                     (a)                                           (b)                                            (c) 

 

 
                                (d)                (e) 
 
Figure 5.41 (a) Current distribution (b) impedance variation and (c) radiation pattern  
(d) directivity and ( e)  gain vs. frequency of 2.0λ X 2.0λ parasitic patch 
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 Performance of the antenna is also analyzed for Leff = 2.5 λ and 0.5 λ<W<2.5 λ 

and tabulated in table 5.16. Directivity of 17.65 dB and side lobe level of -9.5 dB is 

obtained in case of 2.5λ X 2.5λ parasitic patch. Current distribution, impedance variation 

and radiation pattern, directivity and gain vs. frequency of 2.5λ X 2.5λ patch are shown in 

Figure 5.42. 

 

Single patch  
 

Parasitic 
patch 
dimensions 

Band-  
width    
(MHz) 

Dir 
(dB) 

Gain 
(dB) 

η   
(%)

3 dB 
Beamwidth 
H / E Plane 

SLL 
(dB) 

2.5λ X 0.5λ 123.5 x 25.9 234 12.8 11.5 76 30.9°/30.3° -3.4 
2.5λ X 1.0λ 123.5 x 51.8 332 14.9 14.1 83 20.2°/17.8° -3.9 
2.5λ X 1.5λ 123.5 x 77.6 238 16.9 16.0 81 14.9°/13.0° -6.0 

 
2.5λ X 2.0λ 125.5 x 103.4 200 18.0 17.2 83 12.5°/11.3° -7.8 

 
2.5λ X 2.5λ 127.5 x 127.5 165 18.6 17.7 83 11.1°/10.7° -8.6 

 
 

Table 5.16  Antenna performance Vs. width of parasitic patch ( Leff  = 2.5 λ). 

 
 
 
  

 
                     (a)                                           (b)                                            (c) 



 115

 
                                (d)               (e) 
 
Figure 5.42 (a) Current distribution (b) impedance variation and (c) radiation pattern  

(d) directivity and (e)  gain vs. frequency of 2.5λ X 2.5λ parasitic patch 
 

5.19      Microstrip Fed Parasitic Patch with Finite Ground Plane 

5.19.1    Antenna on Finite Ground – Design and Results 

 

Structures with single, two and three parasitic patches are designed and optimized 

on finite ground dimensions. Single parasitic patch with ground plane dimensions of 100 

mm x 100 mm and two parasitic patches at 0.5 λo and 1.0 λo and three patches at 0.5 λo 

and 1.0 λo and 1.5 λo with ground plane dimensions of 200 mm x 200 mm provide front- 

to-back ratio of more than 20 dB. Multiple parasitic patches structures are simulated with 

less number of cells due to computational limitations. Width of Feed patch (FP) and 

parasitic patches (PPs) is kept 25.4 mm in all cases. Optimized dimensions are tabulated 

in table 5.17 and performance of optimized structures is tabulated in table 5.18. The 

antennas with one, two and three parasitic patches are analysed. The measured results are 

in close agreement with simulated results. The radiation patterns are shown in figure 

5.43. The gain and directivity variation over the frequency range 5.725 – 5.875 GHz is 

found to be less than 1 dB. The measured and simulated S11  versus frequency plots of 

single and multiple parasitic patches are shown in figures 5.44 and 5.45 respectively. 
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Height of 

parasitic patches 

(PPs)  

Size of 

ground 

plane at 

Z=0 

Size of 

feed patch 

at z=2mm 

(air 

dielectric) 

Size of first 

parasitic 

patch at 

0.5λo=25.8

mm 

Size of 

second 

parasitic 

patch at 

1.0λo 

=51.7 mm 

Size of 

third 

parasitic 

patch at 

1.5λo 

=77.6 mm 

0.5 λo=25.8mm 100mmx1

00 mm 

25.4mm 

x21.5mm 

25.4x14 ----- ----- 

0.5 λo=25.8mm  

and 1.0λo =51.7 

mm 

100mmx1

00 mm 

25.4mm 

x21.9mm 

25.4x14.5 25.4x14.4 ----- 

0.5 λo=25.8mm, 

1.0λo =51.7 mm 

and 1.5λo =77.6 

mm 

200mmx2

00mm 

25.4mm 

x21.6mm 

25.4x14.5 25.4x14.5 25.4x14.1 

 
Table 5.17 Optimized dimensions of antenna structures with finite ground 

 
The important simulated results of above three antennas are tabulated in the following 
table 5.18. 

PPs height  
( λo ) 

Dir 
dB 

Gain 
dB 

SLL 
dB 

beamwidt
h E / H 
plane 

Cross 
Pol dB 

0.5  13.7 13.3 -19.5 38.5/40.1 -21.2 
0.5-1.0 15.4 14.6 -18.6 25.0/25.6 -24.2 
0.5-1.0-1.5 16.9 16.4 -16.7 22.8/22.0 -25.5 

 
Table 5.18 Antenna performance of structures with finite ground 
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(i)Radiation pattern with only one parasitic patch at 0.5 λo 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

(ii ) Radiation pattern with two parasitic patch at 0.5 λo and 1 
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Figure 5.44   Measured and simulated S11 versus frequency plot of single parasitic 
patch 
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(iii ) Radiation pattern with three parasitic patch at 0.5 λo , 1 λo and 1.5 λo 

Figure 5.43 Radiation pattern 
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5.19.2 Conclusion  

 
A novel efficient high gain multilayered antenna is proposed. Gain improvement 

in multi-layered antennas suggests that gain is a function of volume. The proposed 

antenna is designed on low cost easily available FR4 superstrate. Impedance and 

radiation pattern bandwidth characteristics are observed which cover 5.725 – 5.875 ISM 

bands. The results obtained clearly indicate that the proposed antenna is capable of 

generating efficient directive radiation pattern in the desired frequency bands. 
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Figure 5.45 Measured and simulated S11 versus frequency plot of multiple parasitic 
patches
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6   Fractal Antennas  
6.1 Introduction  

Fractals - this word came to stand for a way of describing, calculating and thinking 

about shapes that are irregular and fragmented, jagged and broken up shapes. From the 

crystal lines of snowflakes to the discontinuous lines of dust of galaxies all are measured 

by fractal. ‘Fractals’ were first brought to light by Benoit Mandelbrot in 1975 as a way to 

mathematically define structures whose dimensions cannot be limited to whole 

numbers[103]. He coined Fractal from Latin adjective Fractus means irregular to name 

his shapes, his dimension and his geometry. Mandelbrot realized that it is very often 

impossible to describe nature using only Euclidean geometry, that is in terms of straight 

lines, circles, cubes and such like. Euclidean measurements represent object in terms of 0, 

1, 2 or 3 dimension that unable to relate it with the geometry of irregular objects. The 

kind of irregularity, the complexities that are occurring in nature are not just random. 

Mandelbrot’s work made a claim about the world and the claim was that such odd shapes 

and randomness carry meaning and he had even bewildered many scientists by claiming 

that clouds are not spheres, mountains are not cones, coastlines are not  circles, and bark 

is not smooth, nor does lightning travel in a straight line.  

 

 One classical conundrum depicting the need for fractal geometry is the attempt to 

measure the boundary, like the boundary of India shown in figure 6.1. As in this thought 

experiment, say a surveyor were to use a ruler that is 1 kilometer long to measure the 

length by counting the number of ruler, lines up end to end, that fit around the boundary. 

By multiplying the number of rulers by 1 kilometer, has an approximate measure of 

length. However if he repeats the experiment with a ruler that is only 1 meter in length, 

the result will be different. The 1-meter ruler will measure inside coves and lagoons that 

the 1 Km. ruler smoothed over. Continuing in the same fashion, a 1 cm ruler will measure 

around rocks that the 1meter ruler missed. This can continue down to the atomic scale, 

with the measured length of the coast increasing every time. This way while the coast of 

India will fit in a finite volume on earth’s surface, it is possible to take this thought 

experiment to limit and suggest that with a ruler small enough; the surveyor will measure 

the length to be infinite!! 



 121

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mandelbrot’s studies of irregular patterns in nature and his explorations of  

infinitely complex shapes evolved an idea of self-similarity. Fractals are way of seeing in 

infinity and it possess unique space-filling property that it can have an infinite length 

while fitting in a finite volume. Other than this it also possess the property of self-

similarity. Self-similarity is symmetry across scale and it implies recursion, pattern inside 

of pattern. The self-similarity is built in to technique of constructing the curve-the same 

transformation is repeated at smaller and smaller scales [107]. Fractals are structures of 

infinite complexity with self-similar nature. What this mean, is that as the structure is 

zoomed in upon, the structure repeats. There never is a point where the fundamental 

building blocks are found. This is because the building blocks themselves have the same 

form as the original object with infinite complexity in each one. An example of this in 

nature can be seen in a fern. The entire frond has the same structure as each branch. If the 

individual branches were zoomed in upon, it is quite conceivable to imagine this as a 

completely separate frond with branches of its own [108]. 

 

 

 

 

 

 

Figure 6.1 Coastline of India 
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The Euclidean geometry failed to explain such possibilities and thus cannot 

handle such situations. Therefore a better geometry was needed to handle such cases. We 

live in a 3dimensional world, that implies we need 3 numbers to specify appoint, for 

example longitude, latitude and altitude. The 3 dimensions are imagined as directions at 

right angles to each other. This is still the legacy of Euclidean geometry, where space has 

3 dimensions, a plane has 2 and a line has one and a point has 0. 

 

Thus Euclidean geometry was failed to capture the essence of irregular shapes that 

are occurring in nature and that boosted Mandelbrot to move beyond the dimension 

0,1,2,3 to a seeming impossibility: fractional dimension that includes special 

characteristics to measure degree of roughness, randomness in nature [109]. Fractal 

dimension proved to be precisely the right yardstick and as a measure of how much space 

the fractal occupies. To define the fractional dimension of self-similar fractal geometrical 

structures, Mandelbrot incorporated the dimension that was formulated by Hausdorff in 

1919 and put in final form by Besicovitch and called it as Fractal dimension. Thus we can 

find the fractal dimension using Hausdorff-Besicovitch dimensionality [103][107] that is 

equal to D=log (N)/log (.) where N= no. of scaled down pieces and .=scaling factor. One 

example of fractals that represent fractal geometry and possess fractional dimension is 

described in next section. 

 

Figure 6.2 Frond 
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6.2 Koch Curve 

 

Here is one classic example of Koch curve discovered by Helge Von Koch [107]. It 

is made up from one dimension line that explains the elegance of fractal geometry. To 

construct a Koch curve take a line of one unit length. Remove the middle third and 

replace it with two lines the same length as the one you removed. These two lines and the 

segment removed should make up an equilateral triangle. Repeating this with the four 

lines; continue repeating this with all the lines. 

 

 

 

 

 

 

 

 10 

 

 

 

Figure 6.3 Koch Curves 
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The Koch Curve is a fractal object possessing a fractal dimension. Each smaller segment 

of the Koch Curve is an exact replica of the whole curve. As we can see from figure 6.3, 

at each scale there are four scaled down pieces and each one is one-third reduction of the 

original curve. Thus N=4, .=3 and fractal dimension will be D=log (4)/log (3)=1.2618, 

[110]. Thus fractal geometries possesses two important property of space-filling and self- 

similarity and has non-integer dimensions i.e. fractional dimensions and thus they are 

used to describe the structure of universe, the branching of tree leaves and plants, the 

sparse filling of water vapor that forms clouds, the random erosion that carves mountain 

faces, the jaggedness of coastline and bark and many more examples in nature. 

 

Just  as  nature  is  not  confined  to  Euclidean  geometries, antenna designs should 

not be confined as well. Looking at geometries whose dimensions are not limited to 

integers may lead to the discovery of antennas with improved characteristics over that 

which exists today. This geometry was made use to design better antennas than the one 

with Euclidean geometry can provide. Fractal antennas have shown the possibility to 

miniaturize antennas and to improve input matching.  Mathematicians usually refer to 

fractals as having n-iterations where n is taken to infinity. In fact, no graphic or physical 

representation of a fractal is capable of meeting this criterion. Physicists, computer 

scientists, and engineers have adopted the less constraining and realistic description of 

fractals as having a finite number of iterations. Certainly one needs at least two to claim 

the self-similar aspect of fractals. We in our project have moved onto 3 iterations. 

 

 

6.3 Other Fractal Antennas 

 

An FEA (Fractal Element Antenna) is an antenna that has been shaped in a fractal 

fashion. This can either be through bending or shaping a volume or introducing holes. 

Fractal elements have been around for a very long time—but were not discussed as such. 

The log periodic array element of Isbell and DuHamel is clearly a fractal. Log periodic 

have been an important antenna design class for 50 years. The home TV antenna is a 

variation of this idea. Twenty years ago, Landstorfer and Sacher, using optimization 
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approaches, came up with randomly bent antenna designs, which are clearly random 

fractals—but again not discussed as such [112]. 

 

In 1988, Dr. Nathan Cohen built the first bona fide FEA [112]. In October 1994, 

Cohen first publicly reported his results, defining FEA and elaborating on their 

characteristics, such as multi-band and broadband capabilities; shrinking of size; and so 

on. In August 1995 Cohen published the very first FEA article. This included modeling 

and measurement data on multi-band and broadband capabilities; shrinkage; and so on. 

An independent corroboration of some FEA properties by a university group in Spain 

was submitted only two months later and published in January 1996. The science of FEA 

is now well established in the mainstream of electromagnetics and engineering. All this 

happened in less than a decade from first discussion to recognition and acceptance and it 

started with the humble bending of a piece of wire. FEA are self-loading so no antenna 

parts, such as coils and capacitors, are needed to make them resonant. In addition they 

often do not require any matching circuitry for their multiband or broadband capabilities. 

In effect the fractal design 'does the work', thus lowering the cost and increasing the 

reliability compared to other options. Multiband behavior is manifest at non-harmonic 

frequencies, while some bands are broadened. At the higher frequencies the FEA is 

extremely and naturally broadband.       

 

6.4 Sierpinski Carpet 

 

The Sierpinski Carpet is named after the Polish mathematician Waclaw Sierpinski 

1882- 1916 who described some of the main properties of this fractal shape in 1969. To 

construct Sierpinski Carpet a square was taken as shown in figure 6.4(a). It was then 

virtually divided into 9 smaller congruent squares, each of which is one-third of the 

original square and the center square was removed to get the first iteration shown in 

figure 6.4(b). Similarly subdividing each of the eight remaining solid squares into 9 

congruent squares and removing the center square we get the figure 6.4(c), the second 

iteration. Continuing in the same fashion we obtain further iterations of the Carpet. For 

ideal fractal this process goes on for infinite number of times [113]. 
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The fractal dimension is found using the Hausdorff-Besicovitch dimensionality, 

which comes out to be D=log 8 / log 3 = 1.89. After every iteration, we leave 8/9 of the 

area of the figure. To find the area of the figure after some number of iterations, we have 

to raise 8/9 to the power of that number. Although it doesn’t seem so, after an infinite 

number of iterations, the area will become 0. In ideal case it is repeated for infinite 

number of times but we have shown the finite number to describe its multi-band 

characteristics. Here we have compared the scaled down version of patch that results due 

to self-similar pattern and how it incorporated the multi-band characteristics. 

Figure 6.4 Sierpinski carpet antnnas 
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6.5 Fractal Antenna Analysis 

 

The Sierpinski Carpet Antenna (SCA) was designed using the Microstrip Patch of 

length of 54.0 mm. The RT-Duroid 5880 substrate layer was used with dielectric constant 

Єr =2.2 and thickness h=1.6mm. The S11 parameter (return loss) was measured for each 

case. The antenna was analyzed using the moment method and resonant frequency was 

observed using the S11 plot. The Sierpinski Carpet Antennas are of 54.0 mm X 54.0 mm 

and are fed with co-axial feed.  

 

 From the S11 plots of sierpinski carpet (figure 6.5) it is observed that SCA is 

resonating around 1.8 GHz, 2.7 GHz, 3.6 GHz and 5.8 GHz.  

   

  First Iteration: The 54.0 mm X 54.0 mm patch is divided into nine equal squares 

and the middle square is removed. This operation generates the geometry as shown in 

figure 6.7. The feed is placed at (-10-10). The analysis is done over the frequency range 

from 1 GHz. to 7 GHz. The S11 plot of this patch is shown in figure 6.8. The patch 

resonates at  1.6 GHz, 4.0 GHz, 5.6 GHz and 6.0 GHz etc.  

 

Second Iteration: In the first iteration, the 54.0 mm X 54.0 mm patch was divided 

into nine equal squares and the middle square was removed. In the second iteration, all 

the remaining eight squares are again divided into nine squares and the middle square is 

removed. This operation generates the geometry as shown in figure 6.9. The feed is 

placed at (-18-9). The analysis is done over the frequency range from 1 GHz to 7 GHz. 

with a mesh frequency of 7 GHz. The S11 plot of this patch is shown in figure 6.10. The 

patch resonates  at  2.4 GHz, 4GHz, 5.6 GHz and 6 GHz etc.  
 

Third Iteration: After doing the third iteration on the geometry as shown in figure 

6.9, generates the geometry as shown in figure 6.11. The feed is placed along the left 

lower diagonal. The simulation is done over the frequency range upto 10 GHz. with a 



 128

mesh frequency of 7 GHz. The S11 plot of this patch is shown in figure 6.12. The patch 

resonates  at  1.7 GHz, 2.4GHz, 5.0 GHz and 9.5 GHz.  

 

6.6 Results                                                                                                                       

             

      

 

 

 

 

 

 

 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

 

 

Figure 6.5 Sierpinski carpet  
Figure 6.6  S11 plot for Sierpinski 

carpet

Figure 6.8  S11 plot for Sierpinski carpet -  

Ist Iteration   

Figure 6.7 Sierpinski carpet - Ist Iteration 
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6.7 Application of Fractal Element Antennas 

 

 While much of the current research and development work has centered on the 

900 MHz, PCS and S-band applications, fractal antenna design techniques can be applied 

to any frequency and any type of antenna, such as dipoles, monopoles, and helices. 

FEA’s proven products and embedded components power some of today’s most 

innovative applications—from RFID, to telematics, to electronic warfare and signal 

 Figure 6.12  S11 plot for Sierpinski carpet -      

IIIrd Iteration 
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Figure 6.9 Sierpinski carpet - IInd Iteration Figure 6.10  S11 plot for Sierpinski carpet - IInd 
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intelligence. Fractal antennas have superior multi-band performance. The main motives 

for considering fractal antennas for such applications are: 

 

• Design multi-band antennas: -Antennas are usually designed to operate over a small 

frequency band. In order to achieve a completely frequency-independent antenna it must 

be designed to not have any characteristic size, or the structure must at least include many 

characteristic sizes in order to be able to operate over many different frequency bands. 

Fractals do not have any characteristic size. Fractal structures with a self-similar 

geometric shape consisting of multiple copies of themselves on many different scales 

have therefore the potential to be frequency-independent or at least multi-frequency 

antennas. 

 

• Design effective antennas: - Fractal antennas are of uneven shapes and sharp edges, 

corners, and discontinuities tend to enhance radiation of electromagnetic energy from 

electric systems. Fractal antennas have therefore the potential to be efficient. This is 

particularly interesting when small antennas are to be designed, since small antennas are 

not generally good at radiating electromagnetic energy. For example, it has been found 

that a monopole based on the Koch fractal curve is more efficient than an ordinary 

monopole of same size. 

 

Furthermore fractal antennas can also enrich applications that include multi-band 

transmissions. This area has many possibilities ranging from dual-mode phones to 

devices integrating communication and location services such as GPS, the global 

positioning satellites. Fractal antennas also decrease the area of a resonant antenna, which 

could lower the radar cross-section (RCS). This benefit can be exploited in military 

applications where the RCS of the antenna is a very crucial parameter [108]. 

 

 

 

 

 



 131

6.8      Conclusion 

 

The object of the above work presented in this chapter was to study the fractals, 

their geometry and applying that geometry in design of an antenna. The self-similar 

property of fractals and how that property can be utilized in multi-band antenna 

construction are studied and implanted here. Fractals have self-similarity in their 

geometry, which is a feature where a section of fractals appears the same regardless of 

how many times the section is zoomed in upon. Self similarity is the geometry creates 

effective antennas of different scales. This can lead to multi-band characteristics in 

antennas, which is displayed when an antenna operates with a similar performance at 

various frequencies. The Sierpinski Carpet fractal is chosen as the geometry to test this 

feature due to its astounding similarities in performance as an antenna at various 

frequencies. The self-similar nature of Sierpinski Carpet was analysed using the Agilent’s 

Advanced Design System (ADS) Momentum Electromagnetic Magnetic (EM) Simulator 

[106]. The results presented here establish a link between the self-similarity of Sierpinski 

Carpet Antenna and its frequency response. It has been shown that the Sierpinski Carpet 

Antenna is an efficient radiating element, which exhibits multi-band characteristic.  

 

In future, fractal antennas can be studied in several ways. They can be 

implemented into current developing technologies in wireless market. For specific 

application changes have to be subsequently made into the antenna before fabrication. 

There are many applications that can be benefit from fractal antennas. Examples of these 

types of applications include personal hand-held wireless devices such as cell phones and 

other wireless mobile devices such as laptops on wireless LANs and PDAs. Thus, a 

possible avenue for future work is to investigate other types of fractals for antenna 

applications. A novel and intriguing development is the use of fractal patterns for antenna 

arrays.  
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 6.9 Discussion 

 
 6.9.1  Method to Increase Horizontal Component 

 

Let the patch is placed in horizontal plane. The radiations are produced due to the 

field between the ground plane and the radiating patch. The electric field lines directed 

towards or away (receding / going away) the radiating patch are terminated at the ground 

patch. The size of the radiating patch decides the resonance frequency. The intensity of 

horizontal component does not increase much more if the size of the ground plane is 

equal or more or even infinite as compared to the size of the radiating patch. Because in 

all these cases the field generated at the edges of the radiating patch get terminated 

immediately in the near by ground patch.  

 

On the other hand if the size of the ground patch or ground plane is smaller than the 

radiating patch, the field generated along the edges of the radiating patch have to travel 

more distance in horizontal direction to get terminated in the ground patch. This increases 

the horizontal component of the field and hence increases the radiating field and the 

bandwidth also.  

 

6.9.2 Bandwidth Improvement  

 

 The above paragraph explains that the horizontal component increases the far field 

radiations. It does not explain how the bandwidth increases due to increase in the 

horizontal components. Following section explains how the horizontal components 

increase the bandwidth. 

 

6.9.2.1  Fields in an ordinary MSA (Microstrip Antenna) 

  

When a wave is launched on the patch at the feed point, it travels in both the 

directions (right & left).  Most of the power is radiated from the edges due to the 

horizontal component of the fields.  The horizontal components start exactly at the edge 
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and have equal lengths. In actual sense, few lines originate little bit inside the edge also; 

this field is responsible for radiating high frequencies of the band. The field produced 

exactly at the edge and the fringing field are responsible for producing low frequencies of 

the band. This is shown clearly in the figure 6.13. 

 

6.9.2.2 Fields in a MSA (Ground Patch Size Less Than Radiating Patch)  

 In the above figure 6.13, the size of the radiating patch is less than the ground. If 

we take a patch in which the size of the radiating patch is more than ground then 

obviously the horizontal component will increase as discussed above. The field pattern 

between the radiating patch and the ground will be as shown in Figure 6.14. In this case, 

as shown in figure 6.14, the horizontal field increases a lot.  The length of the H field is 

many times larger than the field produced in case of the ordinary patch in which the 

radiating patch is smaller than ground. The inner side field produces high frequencies and 

the outer side field must be producing lower frequencies. As the difference between the H 

component of the inner field and the H component of the outer field is more we get very 

wide bandwidth. The bandwidth depends on the absolute as well as the relative sizes of 

the two patches. It also depends on the relative positions of the two patches. 

 

 

Radiating patch

Ground

Horizontal field 

Figure 6.14 Electric fields in a patch 
(ground patch smaller than radiating patch ). 

Horizontal 

Radiating 

Grou

Figure 6.13 Electric fields 
in a patch (radiating patch 
smaller than ground patch ).

1 5 
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6.10 Sierpinski Gasket Microstrip Antenna 

 

Figure 6.15 shows the sierpinski gasket antenna. The area of the ground plane is around 

twice the sierpinski gasket radiating patch. The thickness of the substrate is 1.6 mm and 

the dielectric constant is 2.2. The dimensions of the sierpinski are 54.0 mm X 54.0 mm. 

The feed is placed along diagonal at the lower left corner. The bandwidth obtained in this 

case is shown in Figure 6.16.  

 

 

 The ground and the patch are interchanging (the ground is connected to the 

sierpinski patch and the port is connected to the green bigger patch) and in order to 

improve the frequency response or the bandwidth  the slotted patch is grounded at various 

points. The improved frequency response is shown in figure 6.17. Here we get wide 

bandwidth from approximately 1.98 GHz to 5.00 GHz. Between 2.0 to 4.0 GHz, the S11 

curve comes little bit above the –10 dB, this also can be improved by proper grounding.  

 

6.11 Conclusions 

 

This is a totally new technique to improve the bandwidth. It gives deeper 

understanding for improving bandwidth of microstrip antenna. The bandwidth of 

sierpinski antenna can be increased using this method. This method may be used to 

improve bandwidth of other types of microstrip antennas.  

 

Figure 6.16 Plot for 
bandwidth  
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7  Conclusions and Future Work 

 
 

The impedance bandwidth of the microstrip antenna (MSA) is around 1% only for 

thin substrates. The bandwidth of the MSA can be increased by increasing thickness of 

the substrate. If the thickness is increased, it creates problems for impedance matching, 

produces radiations from the feed and distortions in the radiation patterns due to higher 

order modes. Therefore to avoid these problems, thicker substrate is not used. The 

common techniques to improve the bandwidth are Planar multi-resonator configurations, 

Electromagnetically coupled MSAs; Aperture coupled MSAs, Impedance matching 

networks for broadband MSAs & Log periodic MSA configurations. It is advantageous to 

use Electromagnetically coupled MSA because of its small size and no back radiations. 

Therefore, Electromagnetically coupled MSA is used to design the antenna. 

Antenna polarization is a very important consideration when choosing and 

designing an antenna.   Most communications systems use either vertical, horizontal or 

circular polarization.  Knowing the difference between polarizations and how to 

maximize their benefit is very important to the antenna user. A linear polarized antenna 

produces linearly polarized wave, a circular polarized antenna produces circularly 

polarized wave. Here, the microstrip antenna with switchable polarization [30-37] are 

designed which are useful for some specific applications in wireless communication, such 

as multi-system operation, frequency reuse and reducing multipath fading.  

Modern communication systems, such as those for satellite links (GPS, vehicular-

Jar, etc.), for mobile communication, and for emerging applications, such as Wireless 

local-area networks (WLANs), often require compact antennas at low cost [12-16] 

Further, due 1:0 their lightness, micros trip antennas are well suited for Airborne 

applications, such as synthetic aperture radar (SAR) systems and scatterometers. In 

addition to compactness the antenna may be required to provide circular polarization as 

in satellite links. In some applications, operation at two or more discrete bands and an 

arbitrary separation of bands is desired. Further, all bands may be required to have the 

same polarization, radiation Pattern, and input impedance characteristics. 
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Microstrip patch antennas are very narrow band antennas. There are various 

methods to improve the bandwidths of such types of antennas, for example using 

parasitic elements, impedance matching networks and stacked multiresonators [17] etc. 

But the design of such antennas become complex and can yield maximum 30% 

bandwidth. In this report an easy method is described to obtain large (up to 95%) 

bandwidth. A single layer C shape micro strip patch suspended (5 mm) above ground 

plane gives the large bandwidth. It is compact and radiates in a wide band.  

 

 In case of microstrip antenna the most important factors are wide bandwidth, 

polarization purity, high gain and high power handling capability. These demands can be 

fulfilled using an array of wideband antennas. Apart from these factors some times 

various types of polarizations schemes are important to handle the problems of fading, 

co-channel interference etc. In this chapter, design and simulated results of a compact 

broadband microstrip fed antenna are presented. This antenna gives wide bandwidth and 

all types of polarizations such as linear, left and right circular polarizations.  

 

The microstrip antenna can be excited either by a coaxial probe or by a microstrip 

line. It can also be excited indirectly using electromagnetic coupling or aperture coupling 

and a coplanar waveguide feed, in which case there is no direct metallic contact between 

the feed line and the patch [66-69]. Feeding technique influences the input impedance 

and characteristics of an antenna and is an important parameter.  

 

System studies and hardware investigations on high-speed wireless communications 

are being conducted at license free ISM (industrial, Scientific and Medical) band, 

millimeter-wave and quasi-millimeter-wave frequencies. These applications require 

compact, high-performance, and low-cost wireless equipment. A highly integrated RF 

module, the so-called system-on-package module, which employs a multilayer structure, 

is effective in achieving the above requirements. It is necessary to adopt active integrated 

antenna technology to achieve a module with antennas that are low-power consuming and 

have low-noise characteristics. Currently, there is considerable interest in incorporating 



 137

active devices at the level of radiating elements of large phased arrays. However, use of 

phased array is often avoided because of its excessive cost, technological problems in 

heat dissipation, parasitic effects of bias networks, lack of available space etc. Moreover, 

microstrip technology allows monolithic implementation by fabricating both active 

devices and antennas on the same semiconductor substrate. 

 
Fractal geometries are usually used to characterize unique occurrences in nature that 

were difficult to define with Euclidean geometries, including the length of coastline, 

density of clouds, the branching of trees etc. Here antennas using fractal patters are 

realized in order to obtain desired performance properties such as compact size and 

multi-band behavior.  

 

One of the prevailing trends in modern wireless mobile devices is a continuing 

decrease in physical size. In addition, as integration of multiple wireless technologies 

becomes possible, the wireless device will operate at multiple frequency bands. A 

reduction in physical size and multiband capability are thus important design 

requirements for antennas in future wireless devices. The use of fractal patterns in 

antenna design provides a simple and efficient method for obtaining the desired 

compactness and multi-band properties. There are many advantages of using fractals in 

the design of an antenna but in the present work the self-similar nature was exploited for 

operating fractal antenna at various frequencies and finally the fractal multi-band antenna 

was designed and analysed on Sierpinski Carpet Pattern. This report looks into the multi-

band characteristics of Fractal Element Antennas especially, Sierpinski Carpet Antenna 

(SCA). Sierpinski Carpet Antenna is an approach to antenna miniaturization and exhibit 

multi-band characteristics due to its self-similar nature. 

 
7.1 Discussion of Results 

 

 The impedance bandwidth of MSA is around 1% only for thin substrates. There 

are many techniques to increase bandwidth. It is advantageous to use Electromagnetically 

coupled MSA because of its small size and no back radiations. With this configuration, 
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10% to 30% bandwidth can be achieved. The increase in the bandwidth is obtained due to 

increase in the overall height of the antenna, a decrease in the effective dielectric constant 

єe  and the multiresonator effect [17]. 

 

Polarization diversity [25] of reception is important to counter the effect of fading 

in communications, especially in mobile communications. The polarization of a 

microstrip antenna can be selected by making a proper choice for the feed location. It is 

also possible to obtain four different polarizations - horizontal, vertical, right-hand 

circular, and left-hand circular-with a single feed. Methods of obtaining circular 

polarization using diagonal feed, modified edge, Square microstrip antenna with modified 

corners, square microstrip antenna with a rectangular diagonal slot are discussed. 

 

 A C shape patch is discussed in chapter 3. It is designed and simulated to obtain 

wide bandwidth. If a simple rectangular patch is used, the continuous wide band from 3.7 

GHz to 5.3 GHz is not achieved. In this antenna, rectangular slot is used as resonating 

structure, due to which this patch is converted in to C shape. In this antenna, the slot size 

is chosen sufficiently large so that it will resonate from 3.7 GHz to 5.3 GHz. It also 

radiates at ISM (2.45 GHz.) band. It gives a bandwidth of 40 MHz at ISM band. In these 

bands the S11 is less than –10 dB or the VSWR is less than 2.  

 

Compact broadband microstrip fed electromagnetically coupled MSA is designed 

and analysed. In this antenna, the –10 dB bandwidth for which VSWR is less than 2 

ranges from 3.7 GHz to 4.44 GHz (a bandwidth of 744 MHz). In this antenna, two types 

of circular polarizations ( right cp & left cp) are obtained. In both the polarizations, the 

cross-polar level is 16 dB lower than the co-polar level. 

 

 In certain cases, an antenna which can give all types of polarizations such as Eө, 

EФ as well as right and left circular polarizations with acceptable polarization levels, are 

required. High gain is obtained by forming an array. The array gives gain of 17 dB in the 

frequency band of 3.7 to 4.2 GHz. 
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 In microstrip antennas, various types of feed networks are used. These have 

certain advantages and drawbacks. Particular type of feed is used for a particular 

application or antenna. All types of feeds and their advantages and drawbacks are 

discussed. To design an array, microstrip line, bends, corners, power splitters, power 

combiners and quarter wave transformers are used. All these and their design procedure 

are also discussed. Finally, an antenna array is designed. 

 

 Space fed microstrip antennas results shows that the side lobe level improves if 

the electrical length of parasitic patch is comparable to the width. Fringing effect at 

superstrate height comparable to λ and higher order mode radiation has been studied A 

detailed investigation is required to understand the higher order mode radiation in space 

fed microstrip antenna. These antennas may find application in mm range. 

 

 Mutual coupling effect has been studied in arrays .The results show that space fed 

non uniform antenna array is a promising antenna as it has the advantage of small size 

improved directivity and gain but also provide increased impedance bandwidth. 

Impedance bandwidth increases with superstrate height, feed patch height, and array size. 

The shape of the element and position of elements also affect antenna performance. 

  

 Other broadband antenna configurations are described in chapter 6. Here, fractal 

antennas are designed and analyseded. There are various types of fractal antennas like 

Koch curves, sierpinski antennas, etc. Koch curves and the sierpinski carpet antennas are 

designed and analysed. To design a sierpinski carpet antenna, a square patch is taken, 

port is connected to it and simulated. This is first iteration. Then for second iteration, the 

antenna is divided into nine parts and middle one is removed. In the second iteration the 

each of the remaining eight squares are again divided into nine parts and middle one is 

removed. Similarly third iteration results are obtained. From the results obtained here, it 

is clear that for the first iteration, proper bandwidth is not obtained. As one goes for 

higher iterations, the antenna resonates properly at various multibands giving multiband 

response. Again to get more bandwidth than this ground and ports are interchanged. 
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7.2  Proposed Further Work 

 Microstrip antennas should provide wide bandwidth , desired polarization and 

high gain. These goals are almost achieved in this work. In addition to this, some more 

work can be done in following areas. 

• Reducing the size of microstrip element 

• Improving cross-polar to co-polar levels. 

• Designing the feed network which avoids unwanted radiations. 

•  Designing the feed network which will not affect the polarization of the antenna 

even if it is used in an array. 

• Designing the feed network having minimum losses. 

 

 The following work can be done in case of space-fed microstrip antennas. 

• Effect of shape of parasitic patch can be further investigated.  

• Effect of orientation of elements in an array can be investigated  

• Design and analysis of uniform spaced and non uniform 7x7 to 12x12 arrays of 

elements of different shapes. 

• Design and analysis of stacked arrays. 

• Design and analysis of  circularly polarized and dual band planar arrays. 

 

In future, fractal antennas can be studied in several ways. These can be 

implemented into current developing technologies. For specific applications, changes 

have to be subsequently made into the antenna before fabrication. There are many 

applications that can be benefit from fractal antennas. Examples of these types of 

applications include personal hand-held wireless devices such as cell phones and other 

wireless mobile devices such as laptops on wireless LANs and PDAs. Thus, a possible 

avenue for future work is to investigate other types of fractals for antenna applications. A 

novel and intriguing development is the use of fractal patterns for antenna arrays.  
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