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ABSTRACT 

 

In this thesis work a single band microstrip patch antenna having a narrow operating 

bandwidth around the GSM900 band is designed. Theoretical analysis and design was 

performed by the Finite Difference Time Domain (FDTD) method based on the 

electromagnetic field solver Empire software. 

 

To achieve the multiband antenna that can operate well in the: GSM (Global systems for 

mobile communication, 890-960 MHz), DCS (Digital cellular systems, 1710-1880 MHz), 

PCS (Personal Communication services, 1850-1990MHz), and UMTS (Universal Mobile 

Telecommunications Systems, 1920-2170MHz) bands. One needs to fine-tune the 

microstrip element to get dual band (GSM900 and GSM1800 bands) operation and to get 

a third or more operating band, one need to apply a shorted parasitic patch that is 

electromagnetically  

coupled to the main radiator. The multiband antenna posses 14-dB around the GSM 900 

band of operation and greater than 8-dB return loss with bandwidths enough to cover the 

intended higher operating bands. As the proposed antenna can achieve such wide 

operating bandwidth with relatively low profile, it is very suitable for multi-band mobile 

communication handsets. 



  

Introduction  

Introduction  

Since the dawn of civilization, communication has been of foremost importance to 

mankind. In first place, communication was accomplished by sound trough voice. 

However, as the distance of communication increased, numerous devices were 

introduced, such as horns, drums, and so forth.   

The radio antenna is a primary component in all radio systems. It may be defined as the 

structure associated with the region of transition between a guided wave and a free space 

wave, or vice versa [1]. In other words, radio antennas couple electromagnetic energy 

from one medium (space) to another (e.g. wire, coaxial cable, or wave guide).  

Microstrip antennas appeared as a by-product of microstrip circuits, which by then had 

become a mature technology. Their design and realization took advantage of the 

techniques developed for microstrip circuits and used microstrip circuit substrates. 

The increasing demand of multiband personal communications handsets fosters 

development of small-size integrated multiband antennas. The preferred solutions are 

usually metallic patches with multiple resonances. These patches allow a great flexibility 

in the antenna design, as they are cost–effective and straight forward to produce, as well 

as easy to adapt to the shape of the handset.   

The demand for high performance multi-standard communication handsets has led to the 

research and studies of this interesting topic. Therefore, it is important to study the basic 

concepts of multiband antenna systems, a system that brings the world of wireless 

communication to a new era. 

The first leap to understanding multiband microstrip patch antenna systems lead to the 

fundamental studies on antenna theory and their design parameters. Laying a good 

foundation is essential, as we will go through examining the multiband antenna system.  

The radiation patterns and input return loss of the mutiband microstrip patch antennas at 

different resonant frequencies will have to be investigated and thus, further research will 

be carried out to bring a better insight by simulation methods. The area of study will 

conclude with analysis on simulations for the multiband microstrip antenna system. 

Hence, our aim is not only to analyze and study  multiband microstrip antenna systems 

but also to study how the system can increase the capacity of wireless communication 

system by making the antennas and the system as a whole as a multi-standard device.  



  

The thesis will begin with an introduction on antennas, describing the fundamental 

antenna parameters and makes a brief description of microstrip antennas in chapter one.  

Chapter two will totally be devoted to the microstrip antennas, that is, its working 

principle and design techniques, analysis of microstrip antennas, feeding techniques and 

linearly polarized microstrip antennas will be dealt with. Chapter three discusses the 

design and simulation of single band microstrip antenna, which operates around GSM900 

band. 

The main body of the thesis that is the design and simulation of multiband microstrip 

patch antennas will be seen in chapters four and five. All simulations performed on 

multiband operation and the results will be presented.  

Finally, chapter six draws a summary and concludes the thesis with the indication to 

possible future work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

Chapter 1 

Antennas 

1.1 Introduction  

Communications has become the key to momentous changes in the organization of 

businesses and industries as they themselves adjust to the shift to an information 

economy. Information is indeed the lifeblood of modern economies and antennas provide 

mother earth a solution to a wireless communication system [5].  

The radio antenna is an essential component in any radio system. An antenna is a device 

that provides a means for radiating or receiving radio waves. In other words, it provides a 

transition from guided waves on a transmission line to a “free space” wave (and vice 

versa in the receiving case). Thus information can be transferred between different 

locations without any intervening structure. Further more, antennas are required in 

situations where it is impossible, impractical or uneconomical to provide guiding 

structures between the transmitter and the receiver.  

A guided wave traveling along a transmission line, which opens out as in figure 1.1, will 

radiate as free space wave. The guided wave is a plane wave while the free space wave is 

an spherically expanding wave [1]. Along the uniform part of the line, energy is guided, 

as a plane wave with little loss, provided the spacing between the wires is a small fraction 

of a wavelength. At the right, as the transmission line separation approaches a 

wavelength or more, the wave tends to be radiated so that the opened-out line acts like an 

antenna, which launched the free space wave. The currents on the transmission line flow 

out on the transmission line and end there, but the fields associated with them keep on 

going. To be more explicit, the region of transition between the guided wave and the free 

space wave may be defined as an antenna.   

In this vast and dynamic field, the antenna technology has been an indispensable partner 

of the communication revolution. Many major advances that took place over the years are 

now in common use. Despite numerous challenges, the antenna technology has grown 

with a fast pace to haransse the electromagnetic spectrum, which is one of the greatest 

gifts of nature. 



  

 

Figure 1.1.Antenna as a Transition Device [1] 

1.2. Brief review of maxwell’s equations  

Maxwell’s equations with the constitutive relations [5] are  
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The antenna problem consists of solving the fields that are created by an impressed 

current distribution, J. In the simplest approach, this current distribution is obtained 

during the solution process. But, if we assume that we have the current distribution and 
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wish to determine the fields E and H, we need only deal with the two curl equations of 

Maxwell’s equations given above [5].  

1.3. Types of Antennas  

There are various types of antennas and they include wire antennas, aperture antennas, 

reflector antennas, lens antennas, microstrip antennas and array antennas. However, after 

giving a brief idea on wire antennas, aperture antennas, reflectors and lens antennas 

emphasis will be given to microstrip patch antennas [1].  

Wire antennas: characterized by a presumed known current distribution, these are the 

oldest and still the most prevalent of all antenna configurations and they can be seen 

virtually anywhere. There are different shapes of wire antennas such as a straight wire 

(dipole), loop and helix.  

Aperture antennas: characterized by a presumed known E-field distribution,they are 

most utilized for higher frequencies and antenna of this class are very useful for aircraft 

and space craft applications because they can easily be flush mounted onto the surface of 

the aircraft or space craft. Furthermore, they can be coated with a dielectric material to 

cushion them from hazardous conditions of the environment.  

Reflector antennas are sophisticated forms of antennas used for communications over 

long distances. They are large in dimensions as to achieve high gain required to transmit 

or receive signals after millions of miles travel.  

Lenses are mainly employed to collimate incident divergent energy to prevent it from 

spreading in undesired directions. Proper modeling of the geometrical configuration and 

using the correct materiel for the lenses can transform various forms of divergent energy 

into plane waves and these lens antennas are used in most of the applications of higher 

frequencies.  

1.4. Basic Antenna Parameters  

Definitions of various parameters are necessary to describe the performance of an 

antenna. Although the parameters may be interrelated, it is however, not a requirement to 

specify all the parameters for complete description of the antenna performance. An 

antenna is chosen for operation in a particular application according to its physical and 

electrical characteristics. Furthermore, the antenna must perform in a required mode for 

the particular measurement system.  

An antenna can be characterized by the following parameters, not all of which apply to  



  

 

 

all antenna types [1]: 

1. Radiation pattern  

2. Radiation resistance  

3. Beam width and gain of main lobe. 

4. Position and magnitude of side lobes. 

5. Magnitude of back lobe.  

6. Bandwidth  

7. Aperture  

8. Antenna correction factor 

9. Polarization of the electric field that it transmits or receives  

10. Power that the antenna can handle  

11. Efficiency. 

Typically, antenna characteristics are measured in two principal planes and they are 

known as azimuth and elevation planes, which can also be considered as the horizontal 

and vertical planes. Conventionally, the angle in the azimuth plane is denoted by the 

Greek letter phi (φ) while the Greek letter theta (θ) represents the angle in the elevation 

plane. Not all of the antenna characteristic factors will be discussed here. The following 

subsection will touch on some of the antenna parameters, which are essential for the 

understanding of the thesis.  

1.4.1. Radiation Pattern  

The antenna, which radiates or receives the electromagnetic energy in the same way, is a 

reciprocal device. Radiation pattern is very important characteristic of an antenna. It 

facilitates a stronger understanding of the key features of an antenna that otherwise 

cannot be achieved from the textual technical description of an antenna.  

A radiation pattern (antenna pattern) is a graphical representation of the radiations (far- 

field) properties of an antenna. To completely specify the radiation pattern with respect to 

field intensity and polarization, three patterns are required [1].  

1. The θ component of the electric field as a function of the angles θ and φ or Eθ(θ,φ). 

(Volt/meter) 



  

2. The φ component of the electric field as a function of the angles θ and φ or Eφ (θ,φ).  

(Volt/meter) 

3.  The phases of these fields as a function of the angles θ and φ or δθ(θ,φ) and δφ(θ,φ).  

(degree or radian)  

Although the radiation characteristics of an antenna involve three-dimensional patterns, 

many important radiation characteristics can be expressed in terms of simple single 

valued scalar quantities. These include:  

-Beamwidths, beam area, main-lobe beam area and beam efficiency; directivity and gain  

-Effective aperture, scattering aperture, aperture efficiency and effective height.  

The radiation pattern can be plotted using rectangular/Cartesian or polar coordinates. The 

rectangular plots can be read more precisely (since the angular scale can be enlarged), but 

the polar plots offer a more pictorial representation and are thus easier to visualize.  

1.4.1.1 Rectangular /Cartesian plots  

Rectangular /Cartesian plots are standard x-y plots where the axes are plotted at right 

angle to each other. In a radiation plot, the angle with respect to bore sight is varied and 

the magnitude of the power radiated is measured; thus the angle is the independent 

variable and the power radiated is the dependent variable, A typical rectangular plot of an 

antenna radiation pattern is shown in Fig.1.2.  

 

 

 

 

 

 

 

 

  

 Fig 1.2- Rectangular Plot of an Antenna Pattern [1] 

 

1.4.1.2. Polar Plots 

In polar plot, the angles are plotted radially from bore sight and the power or intensity is 

plotted along the radius as shown in figure 1.3  



  

 

 

 

Figure 1.3-Typical Polar Plot of an Antenna [1]  

 

This gives a pictorial representation of radiation pattern of the antenna and is easier to 

visualize than the rectangular/Cartesian plots. Although the accuracy cannot be increased 

as in the case of rectangular plot because the scale of the angular positions can only be 

plotted from 0
0
 to 360

0
, however, the scale of the intensity of power can be varied.    

Each circle on the polar plot represents a contour plot where the power has the same 

magnitude and is shown relative to the power at bore sight. These levels will always be 

less than the power at bore sight and values should be shown as negative because the 

power in general is maximum at bore sight. However, they are normally written without a 

sign and should be assumed to be negative, contrary to standard arithmetic convention. 

1.4.2. Half-power Beam Width  

The half-power beamwidth is defined as: “In a plane containing the direction of the 

maximum of a beam, the angle between the two directions in which the radiation 

intensity is one-half the maximum value of the beam.” Often the term beamwidth is used 

to describe the angle between any two points on the pattern such as the angle between the 

10-dB points [5].  



  

The beam width of the antenna is a very important figure of merit, and it often used as a 

tradeoff between the bandwidth and the side lobe level; that is, as the bandwidth 

decreases the side lobe increases and via versa [1]. 

 

1.4.3 Beam Efficiency  

Beam efficiency is another parameter that is frequently used to judge the quality of 

transmitting and receiving antennas. For an antenna with its major lobe directed along the 

z-axis (θ=0 degree), as shown in Fig. 1.4.a below, the beam efficiency (BE) is defined as  

BE =
nabytheantenreceivedmittedpowertrans

anglewithinconereceivedmittedpowertrans

)(

)( θ
      (dimension less)    (1.2)     

Where θ is the half-angle of the cone with in which the percentage of the total power is to 

be found.  

 

 

 

Figure 1.4. (a) Radiation Lobes and Beam Widths of an Antenna Pattern. (b) Linear 

Plot of Power Pattern and its associated Lobes and Beamwidths [1]  

 

1.4.4. Bandwidth  

The Bandwidth of an antenna is defined as “the range of frequencies within which the 

performance of the antenna, with respect to some characteristics, conforms to a specified 

standard”. The bandwidth can be considered to be the range of frequencies, on either side 



  

of a center frequency (usually the resonance frequency for a dipole), where the antenna 

characteristics (such as input impedance, pattern, beam width, polarization, side lobe 

level, gain, beam direction, beamwidth, radiation efficiency) are within an acceptable 

value of those at the center frequency.  

For narrow band antennas, the bandwidth is expressed as a percentage of the frequency 

difference (upper minus lower) over the center frequency of the bandwidth [1]. 

 1.4.5. Polarization  

Polarization of an antenna in a given direction is defined as “the polarization of the wave 

radiated by the antenna. Note: when the direction is not stated, the polarization is taken to 

be the polarization in the direction of maximum gain.” 

Polarization of a radiated wave is defined as “that property of an electromagnetic wave 

describing the time varying direction and relative magnitude of the electric field vector: 

specifically, the figure traced as a function of time by the extremity of the vector at a 

fixed location in space, and the sense in which it is traced, as observed along the direction 

of propagation.” Polarization then is the curve traced, by the end point of the arrow 

representing the instantaneous electric field [1]. A typical trace as a function of time is 

shown in figure 1.5.  

 

Figure 1.5. Rotation of a Plane Electromagnetic Wave and its Polarization Ellipse at 

z=0 as a function of time [1] 



  

 

Polarization may be classified as linear, circular, or elliptical. If the vector that describes 

the electric field at a point in space as a function of time is always directed along a line, 

the field is said to be linearly polarized. In general, however, the figure that the electric 

field traces is an ellipse and the field is said to be elliptically polarized [1]. Linear and 

circular polarizations are special cases of elliptical, and they can be obtained when the 

ellipse becomes a straight line or a circle respectively.  

The rotation of the electric field vector is traced in clockwise (cw) or counter clockwise 

(ccw) sense. Clockwise rotation of the electric field vector is designated as right hand 

polarization and counter clockwise as left hand polarization.  

1.4.6. Directivity, gain, and Beam width 

The directive gain of an antenna system towards a given direction (θ,φ) is the radiation 

intensity normalized by the corresponding isotropic intensity, that is [12] 

                 
U

U
D

I

),(
),(

φθ
φθ =                                                                                  (1.3) 

Where U (θ,φ) is the radiation intensity, which is defined to be the power radiated per 

unit solid angle of the antenna system under consideration, and UI is the radiation 

intensity of an isotropic antenna.  

The directive gain measures the ability of the antenna to direct its power towards a given 

direction. The maximum value of the directive gain, Dmax, is called the directivity of the 

antenna and will be realized to wards some particular direction, say (θΟ,φΟ). The radiation 

intensity will be maximum towards that direction, Umax = U (θΟ,φΟ), so that  

   Dmax= 
U

U
I

MAX                                                                      (1.4)                                                 

Another useful concept is that of the beam solid angle of an antenna. The definition is 

motivated by the case of a highly directive antenna, which concentrates all of its radiated 

power prad into a small solid angle ∆Ω  [12] 

 

 



  

          

 

Figure 1.6. Beam Solid Angle and Beamwidth of a Highly Directive Antenna [12] 

 

 

The radiation intensity in the direction of the solid angle will be:   

 U = 
∆Ω

p
rad                                                                           (1.5) 

It follows that:                 Dmax=

Prad

Uπ4
=

∆Ω

π4
                                                             (1.6) 

1.5. Theory of Small Antennas  

The small antennas studied in this thesis are resonators. Because a small antenna stores a 

relatively large amount of energy, its input impedance has a large reactive component in 

addition to a small radiation resistance. To deliver power to (and from) the antenna, it 

must be tuned to resonance, i.e. the input reactance must be cancelled out. Sufficient 

reactance cancellation can only occur inside a narrow bandwidth. In addition, the 

resonant resistance must be transformed to match the characteristic impedance of the feed 

line. A small antenna can be tuned to resonate with an appropriate additional reactance, 

or it can be made to self-resonate so that the reactance cancellation at resonance happens 

naturally in the antenna structure.  

In the following, some theory of electrically small antennas is briefly discussed. The 

purpose is to define the most important terms and to explain what will happen when the 

antenna size is reduced, since miniaturization is the key word for the antenna designer of 

this wireless era. 

1.5.1. QUALITY FACTOR  

The quality factor of a resonator describes the rate at which energy decays in the 

resonator [13]. It is defined as  

  f
ondenergyperdecreaseof

Q

Pl

W
r

rheresonatoedenergystorr
π

ω
2

sec

int
==

×      (1.7)  



  

Where ϖr is angular resonant frequency, fr is resonant frequency, w is stored energy, and 

Pl is power loss. At the resonant frequency, the electric and magnetic energies of the 

resonator are equal. The loss power can be divided into several load components, each of 

which can be described with a separate quality factors. The total quality factor is called 

the loaded quality factor (Ql ). It can be divided into the unloaded quality factor (Qo) and 

the external quality factor (Qe), as shown by equation (1.8). The unloaded quality factor 

describes the internal losses of the resonator, which can be further divided into radiation, 

conductor, and dielectric losses. These are described by radiation (Qr), conductor (Qc), 

and dielectric (Qd) quality factors respectively. One or more external quality factors can 

be used to describe the losses caused by external connections to the resonator, such as the 

antenna feed [13].  

   
QQQQQQ edreol

111111
++=+=      (1.8)  

The unloaded quality factor of a resonator can be determined from a simulated or 

measured frequency response of reflection coefficient. 

1.5.2. BANDWIDTH  

The useful bandwidth of an antenna may be limited by several factors, such as 

impedance, gain, polarization, or beamwidth. The input impedance is generally the main 

factor limiting the usable bandwidth of small antennas. The input impedance of a small 

antenna varies rapidly with frequency. This limits the frequency range over which the 

antenna can be matched to its feed line.  

Impedance bandwidth is usually specified in terms of a return loss (Lrten) or voltage 

standing wave ratio (VSWR). Typical matching requirements are VSWR ≤2 or Lretn ≥10 

dB [1]. Usually, the matching requirement is set in each case separately to meet the 

requirements of the application at hand. In recent years, Lretn  ≥ 6dB(VSWR ≤3) has 

become a typical requirement for small internal antennas of mobile phones .Near 

resonance, the input impedance of a small antenna can be modeled by a parallel or series 

Resistance-Inductance-Capacitance(RLC) lumped-element equivalent circuit. By using a 

resonant circuit model, it can be shown that the relative impedance bandwidth Br of a 

small antenna is inversely proportional to its unloaded quality factor: 
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Where S is maximum allowed voltage standing wave ratio (VSWR[S), and T is coupling 

coefficient. For a parallel resonant circuit, the coupling coefficient is calculated from T 

=Y0/G0, where Y0 is the characteristic admittance of the feeding transmission line and G0 

is the resonant conductance of the antenna. For a series resonant circuit, the coupling 

coefficient is calculated from T=Z0/R0, where Z0 is the characteristic impedance of the 

feeding transmission line, and R0 is the resonant resistance of the antenna.  

 

 

1.5.3. Minimum Radiation Quality Factor of a Small Antenna  

The minimum radiation quality factor and the maximum bandwidth of an ideal single 

resonant small antenna are ultimately limited by the antenna size. The fields outside a 

virtual sphere (radius a), which completely encloses an antenna structure or an arbitrary 

current distribution, can be expressed with a complete set of orthogonal, spherical wave 

functions (spherical TMmn and TEmn wave modes). The space outside the virtual sphere 

can be thought of as a spherical wave-guide where the waves propagate in the radial 

direction. The cutoff radius of the spherical wave-guide is rc ≅nλo/2π, where n is the 

mode number. The cutoff radius is independent of the mode number n. All the modes 

excited by the antenna contribute to the reactive power while only the propagating modes 

contribute to the radiated power. When the sphere around the antenna decreases, the 

number of propagating modes decreases and Qr increases. When the sphere becomes 

small enough, even the lowest mode (n=1) becomes evanescent (non-propagating), and 

Qr increases rapidly, as evanescent modes contribute very little to the radiated power.  

With the use of the spherical wave modes, it is shown that of all linearly polarized small 

antennas, the lowest possible Qr is obtained with an antenna that excites only either one 

of the lowest modes (TM01 or TE01) outside the enclosing virtual sphere and stores no 

energy inside it. The theoretical minimum Qr of such an antenna can be calculated from 
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Where k is wave number (k =2π/λo), and a is the radius of the smallest sphere enclosing 

the antenna. In practice, however, all the antennas store energy also within the enclosing 

sphere, which increases their Qr. Thus, equation (1.10) represents a fundamental lower 

limit, which is not reached with practical linearly polarized antennas.  



  

According to equation (1.10), the radiation quality factor of an ideal small antenna is 

approximately inversely proportional to the volume of the antenna in wavelengths 

(V/λo
3
). Based on the spherical wave mode theory, practical small antennas such as 

shorted patches, must behave qualitatively the same way as the ideal antenna. The 

radiation quality factors of practical antennas are just higher, as explained above.  

When both TM01 and TE01 modes are equally excited, as in circularly polarized small 

antennas, the theoretical minimum Qr is about half of that obtained when only TM01 or 

TE01 mode is excited. The theoretical minimum Qr of an ideal small antenna, with TM01 

and TE01 modes equally excited, can be calculated from:    
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Generally, to minimize Qr, the antenna structure should use the space inside the 

enclosing sphere as efficiently as possible. For example, the Qr of the PIFA is known to 

decrease as its height increases. The height of a basic PIFA can be increased without in- 

creasing the radius of the enclosing sphere, because the condition for its fundamental 

resonance is related to its length (l) and height (h) as l + h = λ/4. Therefore, it can be 

argued that increasing the height of a PIFA makes its Qr approach the theoretical limit 

because the antenna utilizes the volume of the enclosing sphere more efficiently.  

1.5.4. EFFICIENCY  

Total antenna efficiency (ηt) measures how well an antenna converts the input power 

available at the antenna feed to radiated power (Pr), which can be measured in the far 

field. The total efficiency can be divided into radiation efficiency (ηr) and reflection 

(mismatch) efficiency (ηreff): 

   ηt=ηrηerff                                      (1.12)  

Radiation efficiency tells how much of the input power accepted by an antenna (Pin) it 

converts to radiated power. Radiation efficiency can also be expressed as the ratio of the 

unloaded quality factor to the radiation quality factor of the antenna. As shown by 

equations (1.8) and (1.9), if Qr increases, Qc and Qd must be increased accordingly, 

otherwise the radiation efficiency decreases. For a given radiation efficiency, a 

narrowband antenna requires the use of less lossy materials than a wideband antenna.  

 ηr=Pr/Pin= Qo/Qr                            (1.13)  



  

Proper matching ensures that a desired amount of the available power is transferred into 

the antenna. Reflection efficiency is defined as  

 ηerfl=1-/Γ/
2
                    (1.14) 

Where Γ is voltage reflection coefficient at the antenna feed. It can be calculated from  

 Γ=(Zin-Zo)/(Zin+Zo)         (1.15)  

Where Zin is antenna input impedance, and Z0 is characteristic impedance of the feed line  

The typical radiation quality factors of the antennas studied in this thesis are small enough 

and the materials are so good (Qc and Qd sufficiently high) that the radiation efficiency is not 

the main factor limiting the total efficiency of the antennas. The total efficiency is mainly 

limited by the reflection efficiency at the edges of the operation band. 

1.6. Bandwidth Enhancement of Small Antennas  

In the following, the bandwidth enhancement of small resonant antennas will be 

discussed using short–circuited microstrip patch antennas as models.  

1.6.1. Increasing Element Size  

The impedance bandwidth of a small antenna is greatly limited by its electrical size. 

Therefore, an obvious way to improve the performance is increasing the antenna size [7]. 

For example, the impedance bandwidth of an open circuited patch antenna is known to 

increase as its width or height (substrate thickness) increases or the relative permittivity 

of its substrate decreases (length increases). Although effective increasing of antenna size 

is often impossible in small radio devices.   

1.6.2. Reducing Efficiency  

Besides increasing the size of a small antenna, its impedance bandwidth can be increased 

by reducing its efficiency artificially. This can be done, for example, by manufacturing 

the antenna from lossy material or by adding resistive components into the structure. By 

combining equations (1.9) and (1.13), it can be seen that the relative bandwidth is 

inversely proportional to the radiation efficiency. Thus, halving the radiation efficiency 

can double the impedance bandwidth. The obvious disadvantage of this method is 

reduction in antenna gain.  

From the antenna design point of view, a simple way to improve the impedance 

bandwidth is to add an attenuator in series with the antenna. For example, adding a 3-dB 

attenuator will theoretically lead to a 6-dB return loss over an infinitely wideband, but it 

will also reduce the total efficiency by 3-dB [7].  



  

Another way of obtaining a larger impedance bandwidth at the expense of efficiency is 

simply by accepting a smaller return loss. For example, by using equation (1.9), it can be 

estimated that accepting a return loss of 6-dB instead of 10-dB will increase the 

impedance bandwidth of a single resonant antenna by a factor of 1.7. This decreases the 

total efficiency of the antenna at the band edges by 0.8-dB [8].  

1.6.3. Using Multiple Resonances  

Use of multiple resonances is an effective method of increasing the impedance bandwidth 

of small resonant antennas. It enables a significant increase of bandwidth even when the 

antenna size and efficiency are fixed. A multiresonant small antenna can be obtained by 

adding one or more high–Q matching resonators or parasitic elements to the original 

antenna. In some antenna structures, it is also possible to excite two orthogonal resonant 

modes with close enough frequencies [8]. Generally, the bandwidth increases as the 

number of closely–tuned coupled resonances increases. The price for increased 

bandwidth with multiple resonances is increased design complexity. Adding resonators 

may also increase the manufacturing complexity and costs. Furthermore ohmic losses in 

the additional resonators can reduce the radiation efficiency.  

1.6.3.1. High–Q Matching Resonators  

A well-known method of increasing the impedance bandwidth of resonant antennas is 

adding a matching network, which consists of high Q (low –loss) resonators, between the 

antenna and the feed line [13]. The matching network may contain one or more 

resonators, and it can be separated from or integrated to the antenna structure.  

There are fundamental limitations on the broadband impedance matching of a purely 

resistive source to a passive complex load, such as a small resonant antenna, with a 

reactive matching network. Many works on this concept show that regardless of the 

number of elements in the matching network, a perfect match cannot be obtained over the 

whole frequency spectrum or even at all frequencies within a finite frequency range. A 

perfect match can be obtained only at a finite number of frequencies but even in that case, 

the theoretical maximum bandwidth is limited by the inherent Q0 of the load. Making the 

reflection coefficient very small at any point of the pass band decreases the theoretical 

maximum bandwidth. The best result is obtained if a less than a perfect match is accepted 

and a maximum tolerance, such as a maximum allowed reflection coefficient, is defined 

for the match. For example, a network is illustrated in figure1.7, with properly selected 



  

element values, will increase the best VSWR, bandwidth of the patch element alone by a 

factor of about 2.84 [13].  

                                               

Figure 1.7.External-matching circuit for a microstrip element using two matching 

sections [13] 

 

The section of the network in figure 1.7 that is enclosed by the dashed line represents the 

model of the input impedance of the microstrip element. One notes that part of the 

inductance required by the first matching section is supplied by the microstrip element 

itself. This inductive part can be significant, particularly for thicker elements and 

elements fed at high–inductance points. 

The price for this improvement as explained earlier is a reduction in overall efficiency 

due to unavoidable losses in the matching filter. A greater price is the space that the 

matching network must occupy. The network can be realized using microstripline or 

Stripline elements. If the latter is used, the network can be placed in a second layer of the 

circuit board under the patch. 

 1.6.3.2. Parasitic Elements  

Another general way of realizing a dual-resonant or multiresonant antenna is by adding 

one or more appropriately coupled parasitic elements into a single–resonant antenna 

structure. Matching resonators are typically non-radiating elements with high unloaded 

quality factors, whereas parasitic elements are designed to radiate. Their unloaded quality 

factors are typically of the same order as that of the driven element. Usually, the driven 

antenna element and the parasitic elements are of the same antenna type. However, in 

principle it is possible to combine any resonant antenna types. The bandwidth of a patch 

type antenna can be increased by adding one or more parasitic patch elements on the 

same plane as the driven patch, or on top of the driven patch. The former are here 



  

referred to as coplanar parasitic elements and the latter as stacked parasitic elements. Like 

traditional single-resonant patch antennas, the driven and parasitic patches may have 

virtually any shape, which enables numerous configurations with slightly different 

characteristics. This makes, for example, fitting the antenna elements inside the covers of 

a mobile phone easier. 

 Coplanar parasitic elements can be coupled either to the radiating or non-radiating edges 

of the driven patch or both. Typically coplanar parasitic elements have been separated 

from the driven element by a narrow gap, but to increase the coupling, they can also have 

a direct (galvanic) contact to it. In addition to increasing bandwidth, a major advantage of 

the coplanar configuration is easy fabrication because only one dielectric layer is 

required. Increased surface area and antenna size are often stated as disadvantages of 

coplanar parasitics. However, it has been shown in many previous works that the 

bandwidth of a short-circuited patch antenna can be increased by a factor of around two 

without increasing its size by dividing the original patch into two properly tuned and 

coupled narrower strips, of which one is fed and the other one is parasitic. Thus, a 

significant improvement can be obtained without increasing the surface area or the 

volume occupied by the antenna. Even larger improvements can be obtained by 

increasing the antenna size. One potential problem of patches with coplanar parasitics is 

that their radiation characteristics can change with frequency, especially if the antenna is 

not symmetric [8].  

 Stacked parasitic elements were first used with open-circuited patches. The stacked 

configuration may be more difficult to manufacture than the coplanar one because of the 

additional metal layers. On the other hand, it is possible to use different substrates in 

different layers, which may help in the performance optimization. Increased antenna 

thickness can be seen as disadvantage of the stacked configuration. Generally, the 

radiation characteristics of the stacked configuration can be preferred to those of the 

coplanar ones because similar frequency dependent changes as those reported in the case 

of coplanar parasitics have not been observed with typical stacked configurations.  

At the moment, there are no simple general equations enabling systematic design of dual-

resonant and multiresonant patch antennas that have parasitic elements. Both simulated 

and experimental designs are obtained through trial and error. Despite the large number 

of papers reporting various dual-resonant and multiresonant antenna structures, there has 



  

been a lack of a unified set of simple design and bandwidth optimization of all resonant 

antennas having parasitic elements. There are, however, papers where the effects of 

various geometry-related design parameters on the performance of dual resonant patches 

are discussed. In this thesis also, we start with the concepts and principles of designing 

microstrip patch antennas and try to reach multiband operations using the simulation 

software (i.e. the field slower EMPIRE)  [9].  

1.6.3.3. Excitation of Two Nearly Orthogonal Resonances 

In some antenna structures, such as in suitably shaped open circuited patch antennas, the 

impedance bandwidth can be increased by exciting two resonant modes with equal 

resonant frequencies and unloaded quality factors. One of the modes is excited by the 

feed, whereas the other one is excited by a suitable perturbation in the patch shape. Such 

an antenna can be obtained for example from a linearly polarized, square shaped, open-

circuited patch by removing a piece of the patch from one of the corners [13]. The 

coupling between the resonances is controlled by the size of the removed piece. The 

described wideband antenna structures are similar to those used as single-feed circularly 

polarized patch antennas. The coupling between the modes is adjusted for optimal 

circularly polarized radiation, whereas in the wideband antennas the coupling is 

optimized to maximize the bandwidth. With this antenna type, the impedance bandwidth 

can be increased much higher than that obtained with a high–Q matching resonator. The 

radiation characteristics of this type of wideband antenna change with frequency, which 

limits its applications. Furthermore, a square-shaped half-wave patch is more difficult to 

fit it inside a small radio device than a short- circuited quarter-wavelength patch.  

1.7. Microstrip Antennas  

Microstrip antennas became very popular in the 1970s primarily for space borne 

applications. They are low profile antennas that are being used in high-performance 

aircraft, spacecraft, satellite and missile applications, where size, weight, cost, 

performance, ease of installation and aerodynamic profile are constraints [13]. 

There are many different varieties of microstrip antennas, but their common feature is 

that they basically consist of four parts.  

a) A very thin flat metallic region often called the patch;  

b) A dielectric substrate;  

c) A ground plane, which is usually much larger than the patch; and  



  

d) A feed, which supplies the element radio frequency power.  

Microstrip elements are often made by etching the patch (and sometimes the feeding 

circuitry) from a single circuit board clad with conductor on both of its sides. The longest 

dimension of the patch is typically about a third to a half of a free space wavelength (λo), 

while the dielectric thickness is usually in the range of 0.003λo to 0.05λo [13]. A 

commonly used dielectric for such antennas is poly tetra floural ethyhne (PTFE), often 

set in a reinforcing glass fiber matrix. A relative dielectric constant of 2.5 is typical. 

Sometimes a low-density cellular “honey comb” material is used to support the patch. 

This material has a relative dielectric constant much closer to unity and usually results in 

an element with better efficiency and larger bandwidth, though at the expense of an 

increased element size. Substrate materials with high dielectric constant can be used. For 

the radiation modes most used, however, such substrates result in elements, which are 

electrically small in terms of free-space wavelengths and consequently have relatively 

smaller bandwidths or low efficiencies [13].  

The reasons why this class of antennas has become so popular include the following  

1. They are low-profile antennas. 

2. They are easily conformable to non-planar surfaces. Along with their low profile this   

makes them well suited for use on high-performance airframes. 

3.They are easy and inexpensive to manufacture in large quantities using modern printed 

circuit techniques.   

4. When mounted to a rigid surface they are mechanically robust  

5.They are versatile elements in the sense that they can be designed to produce a wide 

variety of patterns and polarizations, depending on the mode excited and the particular 

shape of the patch used.  

 6.Adaptive elements can be made by simply adding appropriately placed pin or varactor 

diodes between the patch and the ground plane. Using such loaded elements one can vary 

the antennas resonant frequency, polarization, impedance, and even its pattern by simply 

changing bias voltages on the diodes.  

These advantages must be weighed against the disadvantages, which can most succinctly 

stated in terms of the antennas quality factor, Q. Microstrip antennas are high-Q devices 

with Qs sometimes exceeding 100 for the thinner elements. High Q elements have small 

bandwidths. Also, the higher the Q of an element, the lower is its efficiency. Increasing 



  

the thickness of the dielectric substrate will reduce the Q of the microstrip element and 

there by increase its bandwidth and its efficiency. There are limits, however, as the 

thickness is increased, an increasing fraction of the total power delivered by the source 

goes into a surface wave. This surface wave contribution can also be counted as an 

unwanted power loss since it is ultimately scattered at dielectric bends and 

discontinuities. Such scattered fields are difficult to control and may have a deleterious 

effect on the pattern of the element. One also needs to be aware that microstrip elements 

are modal devices. If the band of the element is so large that it encompasses the resonant 

frequencies of two or more resonant modes, the pattern is likely not to be stable 

throughout the band even though the VSWR at the input could be acceptably low.  

Despite the disadvantages the advantages of microstrip antennas have led to their use in 

many applications in civilian and government systems. In fact, one so–called 

disadvantage, small bandwidth, is sometimes counted as an advantage instead. For 

narrow band applications the antenna itself can act as a filter for unwanted frequency 

components. Even with the relatively high Q these elements have, a sufficiently thick 

element with a well-designed external matching circuit can have a bandwidth as large as 

35 percent. Finally, if surface-wave loss is not counted as an unwanted power loss (or 

does not exist because the dielectric is truncated or has a relative dielectric constant 

nearly unity), the efficiency of a sufficiently thick element can easily be made larger than 

90 percent [13].  

Microstrip antennas are classified into three basic types. Microstrip patch antennas, 

microstrip traveling-wave antennas, and microstrip slot antennas. The physical structure 

of the microstrip antennas is very simple and they may take the form of any geometrical 

shape and size Fig.1.7 shows some of the shapes of microstrip patch elements.  

 



  

Figure 1.8. Representative Shapes of Microstrip Patch Elements [1] 

However, rectangular and circular patches are most favorable, because of the ease in 

analysis and fabrication, and their attractive radiation characteristics, especially low 

cross-polarization radiation. Thus, rectangular microstrip antenna patches are chosen for 

our analysis.  

In the next chapter, the design of conventional rectangular microstrip antenna is 

considered. Later on, some modifications will be made to make the antenna practical. 

 

 

 

 

 

 

 

 

 

 

 

 

 

         

 

 

 

 

 

 



  

 

                                 Chapter 2  

 

                 MICROSTRIP ANTENNAS  

 

2.1. Introduction 

Microstrips are printed circuits operating in the microwave range, over the gigahertz 

region of the electromagnetic spectrum [7]. Realized by the photolithographic process, 

they let designers reduce the size, weight, and cost of components and systems for low 

signal-level applications by replacing the more cumbersome wave-guide components and 

assemblies. The fabrication process is well suited for series production of circuits and 

antennas, since lumped circuit and active devices can easily be combined with sections of 

transmission line. At microwave frequencies, all dimensions become important, so the 

realization of microstrips requires more care than that of low-frequency printed circuits.  

Microstrip lines were first proposed in 1952 and were increasingly used in the late 1960s 

and 1970s to realize circuits, generally called microwave integrated circuits (MICs) since 

radiation leakage is most unwanted in circuits, particular care was taken to avoid it, even 

though its possible application to design antennas had already been suggested in 1953 

[13]. Microstrip antennas appeared as a by-product of microstrip circuits, which by then 

had become a mature technology. Their design and realization took advantage of the 

techniques developed for microstrip circuits and used microstrip circuit substrates.  

2.2. General Background 

Microstrip devices are planar components for microwaves and high frequency 

electronics, which can replace bulky wave-guides whenever the frequency or the power 

level of signals permits. At low frequencies one uses open structures where as at high 

frequencies metal enclosures surround the circuits to avoid radiation [7]. 

These days, a plenty of various types of patch antennas are at our disposal. These 

antennas differ in the shape of the antenna elements (rectangular, circular, annular, etc), 

in polarization they operate with, in feeding techniques considered, etc.  



  

Small impedance bandwidth is a common property of patch antennas. For classical patch 

antennas, the bandwidth is about 2 to 3 percent and for aperture fed antennas it is about 4 

to 6 percent [7]. High quality factor of patches is the reason.  

Antenna efficiency is another important parameter. Radiation efficiency (computed for 

lossless antenna) is given by the ratio of radiated power (integrating poynting vector in 

the far region over the whole half-space) and real power on the input port of the antenna. 

Energy, which is not radiated by the antenna, is taken away in the form of surface waves 

along the infinite dielectric substrate (in real situation, the substrate is limited, of course). 

2.3. Microstrip Structures  

A microstrip structure is made with a thin sheet of low-loss insulating material called the 

dielectric substrate. It is completely covered with metal on one side, called the ground 

plane, and partly metallized on the other side, where the circuit or antenna shapes are 

printed [7]. Components can be included in the circuit either by implanting lumped 

components (resistors, inductors, capacitors, semiconductors, and ferrite devices) or by 

realizing them directly with in the circuit.  

Each part of the microstrip structure will be explained in detail as follows.  

1. Dielectric Substrate 

The Dielectric substrate is the mechanical backbone of the microstrip circuit. It provides 

a stable support for the conductor strips and patches that make up connecting lines, 

resonators and antennas. It ensures that the components that are implanted are properly 

located and firmly held in place, just as in printed circuits for electronics at lower 

frequencies. 

The substrate also fulfills an electrical function by concentrating the electromagnetic 

fields and preventing unwanted radiation in circuits. The dielectric is an integral part of 

the connecting transmission lines and deposited components: its permittivity and 

thickness determine the electrical characteristics of the circuit or of the antenna.  

2. Conductor Layers  

Nowadays, many commercial suppliers provide a wide range of microstrip substrates, 

already metallized on both faces. The conductor on the upper face is chemically etched to 

realize the circuit pattern by a photographic technique. A mask of the circuit of the 

antenna is drawn, generally at convenient scale, and then reduced and placed in close 

contact with a photo resistive layer, which was previously deposited on top of the 



  

metallized substrate. The lower metal part is the ground plane. The ground plane, besides 

acting as a mechanical support, provides for integration of several components and serves 

also as a heat sink and dc bias return for active devices.  The resulting sandwich is then 

exposed to ultraviolet rays, which reach the photosensitive layer where it is not covered 

by the mask. The exposed parts are removed by the photographic development, and the 

metal cover is etched away from the exposed area. This process is called the subtractive 

process.  

Alternately, one may wish to use a bare dielectric substrate as a starting material and 

deposit metal either by evaporation or by sputtering through the holes in the mask. This is 

called the additive thin-film process. In the thick-film process, a metallic paste is 

squeezed through the holes in a mask deposited over a silk screen. The latter approach, 

however, is less accurate and is seldom used at very high frequencies.  

2.4. Waves on Microstrips  

The mechanisms of transmission and radiation in a microstrip can be understood by 

considering a point current source (Hertz dipole) located on top of the grounded dielectric 

substrate as shown on figure 2.1 below. This source radiates electromagnetic waves. 

Depending on the direction toward which waves are transmitted, they fall within three 

distinct categories, each of which exhibits quite different characteristics 

 

Figure: 2.1. Hertz on a Microstrip Substrate [7] 

 



  

  

2.4.1. Space Waves  

Waves transmitted upward, with elevation angles θ between 0 and 
2

π , move toward free 

open space above, where they do not find any further interfaces as shown in Fig.2.2 

below.  

 

Figure 2.2 Radiated Waves [7] 

 

These waves are thus radiated, with field amplitudes decreasing with distance (r), as 1/r. 

Space waves are essential for all applications, which specifically rely on radiation for 

their operation. In transmission lines and circuits, on the other hand, they produce 

spurious leakage and, therefore, undesirable. 

2.4.2. Surface Waves  

The waves transmitted slightly downward, having elevation angles θ between 
2

π and π -

arcsine (1/ ε r
), meet the ground plane, which reflects them, and then meet 

the dielectric-to-air boundary, which also reflects them (local reflection condition) [7]. 

Field amplitudes build up for some particular incidence angles, leading to the excitation 

of a discrete set of surface wave modes, similar to the modes in a metallic wave-guide.  

 

 

 



  

 

               

    Figure 2.3. Surface Waves [7] 

 

The fields remain mostly trapped with in the dielectric, decaying exponentially above the 

interface Fig.2.3. The vector α pointing upwards indicates the direction of largest 

attenuation. The wave propagates horizontally along β, with little absorption in good 

quality dielectric. With two directions of α and β orthogonal to each other, the wave is 

non-uniform plane wave. Surface waves spread out in cylindrical fashion around the 

excitation point, with field amplitudes decreasing with distance (r), say
r

1 , more slowly 

than space waves. Surface waves take up some part of the signal’s energy, which does 

not reach the intended user. The signal’s amplitude is thus reduced, contributing to an 

apparent attenuation or a decrease in antenna efficiency.  

Additionally, surface waves also introduce spurious coupling between different circuit or 

antenna elements. This effect of surface wave coupling becomes particularly obnoxious, 

and the array can neither transmit nor receive when it is pointed at some particular 

directions (blind spots). This is due to a resonance phenomenon, when the surface waves 

excite in synchronism the floquet modes of the periodic structure.  

Surface waves reaching the outer boundaries of an open microstrip structure are reflected 

and diffracted by the edges. The diffracted waves provide an additional contribution to 

radiation degrading the antenna pattern by raising the side lobe and the cross polarization 

levels. Surface wave effects are mostly negative for circuits and for antennas, so their 

excitation should be suppressed if possible.  

 

 

 



  

 

2.4.3. Leaky Waves  

Waves directed more sharply downward, with θ angles between arcsin (1/ ε r
) and π, 

are also reflected by the ground plane but only partially by the dielectric- to-air boundary. 

They progressively leak from the substrate into the air Fig.2.4, hence their name leaky 

waves, and eventually contribute to radiation.  

 

 

 

Figure: 2.4.  Leaky Waves [7] 

 

The leaky waves are also non-uniform plane waves for which the attenuation direction α 

points downward, which may appear to rather odd; the amplitude of the waves increases 

as one moves away from the dielectric surface. This apparent paradox is easily 

understood by looking at the figure; actually, the field amplitude increases as one moves 

away from the substrate because the wave radiates from a point where the signal 

amplitude is larger. Since the structure is finite, this apparent divergent behavior can only 

exist locally, and the wave vanishes abruptly as one crosses the trajectory of the first ray 

in the figure.  

In more complex structures made with several layers of different dielectrics, leaky waves 

can be used to increase the apparent antenna size and thus provide a larger gain. This 

occurs for favorable stacking arrangements and at particular frequency. Conversely, leaky 

waves are not excited in some other multi layer structures.  

 

 



  

2.4.4. Guide Waves  

When realizing printed circuits, one locally adds a metal layer on top of the substrate, 

which modifies the geometry, introducing an additional reflecting boundary. Waves 

directed into the dielectric located under the upper conductor bounce back and forth on 

the metal boundaries, which form a parallel plate wave-guide Fig.2.5. The waves in the 

metallic guide can only exist for some particular values of the angle of incidence forming 

a discrete set of wave-guide modes.  

 

 

                          Figure2.5 Guide Waves  

 

The guide waves provide the normal operation of all transmission lines and circuits, in 

which the electromagnetic fields are mostly concentrated in the volume below the upper 

conductor. On the other hand, this buildup of electromagnetic energy is not favorable for 

patch antennas, which behave like resonators with a limited frequency bandwidth.  

2.5. Microstrip Antenna Types  

2.5.1. Microstrip Dipole  

The small size of the dipole antennas makes them attractive for many applications but 

also results in a very narrow frequency bandwidth. No transverse currents flow on a 

narrow dipole, so the cross-polarization level is inherently low.  

A microstrip dipole is usually fed by a balanced feed, for instance, a parallel two-wire 

line printed on the substrate or two wires connected through the substrate. Transitions or 

baluns must then be incorporated to connect the feed to a microstrip line or to a coaxial 

line, which are both inherently unbalanced transmission lines. Alternately, dipoles may 

also be fed by electromagnetic coupling with embedded feed lines.  

2.5.2. Microstrip Patch  

Printed patch antennas use radiating elements of a wide variety of shapes. Square, 

rectangle, circle, ring, triangle, more complex geometrical figures and combinations of 



  

simpler shapes are also used for some particular applications. The selection of a particular 

shape depends on the parameters one wishes to optimize bandwidth, side lobes cross 

polarization, and antenna size.  

Microstrip patches present a somewhat broader relative bandwidth than dipoles, of the 

order of a few percent. In contrast to thin dipoles, patches may excite some surface 

current flowing across the transverse direction, which then radiates an unwanted cross 

polarized component. Its amplitude is critically dependent on the kind of feed and on its 

location with respect to the axes of the patch.  

2.5.2.1. Rectangular Patches  

 

 

 

Figure 2.6 Geometry of Rectangular Microstrip Patch Antenna (not to scale) [1]. 

 

The geometrical shape most commonly used to realize microstrip patch antennas are the 

rectangle. A rectangular patch can be considered to be an open-ended section of 

transmission line of length L and width w as in Fig. 2.6.above. 

The fringing fields at the two open ends are accounted for by adding equivalent length 

∆L at both ends. Then, the resonant frequencies are provided by[7] : 
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With the integer m= 1,2,3,( ≠0 ) and a relative permittivity εe given by 

equation(2.7),where Co is free space speed of light and εe is the effective permittivity of 

the substrate.  Expression (2.1) is for resonant modes in which the surface current is 

mostly longitudinal, more complex resonance patterns are obtained for higher order 

modes on wide lines. The lines of surface current correspond, respectively, to the TM100, 

the TM010, and the TM110 modes for an equivalent square-shaped cavity having perfect 

magnetic conductor (PMC) side walls (see on cavity model). 

2.5.2.2. Circular Patch  

Circular patches were reported to lose less energy by radiation and thus provide larger 

quality factors than rectangular patches (this desirable feature for operation as a resonator 

in a circuit becomes a drawback when realizing antennas).The resonant frequency is 

determined by assuming that a perfect magnetic wall (PMC) extends under the edges of 

the patch as in Fig.2.7.below. Fringing fields are taken into account by defining an 

effective resonator radius ae, which is slightly larger than the physical radius a.  

 

Figure2.7. Disk resonator and effective radius  

 

When the substrate thickness is much smaller than the radius of the patch, the first modes 

of resonance are TMmno modes, with resonant frequencies given by:  
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Where χmn is the m
th 

extremum of the Bessel function Jn. The effective radius ae and the 

unloaded quality factor Qo for the fundamental TM110 mode are evaluated respectively, 

as[7]:  
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Where λ= 
f

co  is the free space wavelength,  

σ
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2
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       Is the metal resistance, and 

 ZO=120π Ω is the free space impedance. This expression includes metal losses and 

dielectric losses but does not take into account radiation losses.  

2.6. Microstrip Antenna Feeds  

There are many configurations that can be used to feed microstrip antennas. The four 

most popular are the microstrip line, coaxial probe, aperture coupling and proximity 

coupling [1]. These are displayed in Fig.2.8. One set of equivalent circuits for each one of 

these is shown in Fig.2.9. The microstrip line is also a conducting strip, usually of much 

smaller width compared to the patch. The microstrip line feed is easy to fabricate, simple 

to match by controlling the inset position and rather simple to model. However, as the 

substrate thickness increases surface waves and spurious feed radiation increase, which 

for practical designs limit the bandwidth (2-5percent) [1].  

Coaxial-line feed, where the inner conductor of the coax is attached to the radiating patch 

while the outer conductor is connected to the ground plane, are also widely used. The 

coaxial probe feed is also easy to fabricate and match, and it has low spurious radiation. 

For these above advantages, the coaxial feed type is selected in this thesis. However, 

there are some drawbacks in applying this feeding technique, such as it has narrower 

bandwidth and it is more difficult to model, especially for thick substrates (h >0.02λo )[1]. 

Both the microstrip feed line and the probes possess inherent asymmetries, which 

generate higher order modes, which produce cross-polarized radiation. To overcome 

some of these problems non-contacting aperture coupling feeds, as shown in Fig.2.8.c 

have been introduced. The aperture coupling is the most difficult of all four to fabricate 



  

and it also has narrow bandwidth. However, it is somewhat easier to model and has 

moderate spurious radiation. The aperture coupling consists of two substrates separated 

by a ground plane. On the bottom side of the lower substrate there is a microstrip feed 

line whose energy is coupled to the patch through a slot on the ground plane separating 

the two substrates. This arrangement allows independent optimization of the feed 

mechanism and the radiating element. Typically a high dielectric material is used for the 

bottom substrate, and thick low dielectric constant material for the top substrate. The 

ground plane between the substrates also isolates the feed from the radiating element and 

minimizes interference of spurious radiation for pattern formation and polarization purity 

for this design.The substrate electrical parameters, feed line width and slot size and 

position can be used to optimize the design. Typically matching is performed by 

controlling the width of the feed line and the length of the slot. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure2.8. Typical Feeds for Microstrip Antennas [1] 

 

 

 



  

 

 

 

 

Figure2.9. Equivalent Circuits for Typical Feeds of Figure 2.8 [1] 

 

 2.7. Microstrip Antenna Feed Models 

The two most common ways of feeding a microstrip antenna are by use of a coaxial 

probe feed and a microstripline feed. In the cavity model both of these sources are 

modeled essentially the same way. They are modeled by z-directed surface currents as 

illustrated in Fig.2.10. For a coaxial feed the current is assumed to flow uniformly over a 

cylinder of a diameter equal to that of the feed probe. For a microstripline feed the 

current is assumed to flow uniformly over a strip of width equal to that of the Stripline. 

Simplified circuit model for a microstrip element is shown in the Fig.2.11 below. One 

can view that the input impedance of the element as the sum of a resonant component 

plus a feed-reactive component, 

i.e.      Zin=Zres+jXf                                                                                                    (2.5) 

 

 



  

 

 

 

 

 

 

 

 

 

Figure2.10.Coaxially fed element and the simplified model obtained by removing the 

probe feed, closing the aperture of the coaxial cable, and impressing a uniform 

electric surface current on the surface corresponding the surface of the feed probe 

[13] 

This decomposition of the impedance into resonant and nonresonant parts has been found 

quite useful in explaining the behavior of loaded elements   

                                                                        

 

 

 

 

 

Figure2.11. Simplified Circuit Model of Microstrip Element valid over the band of a 

single, isolated mode [13] 

In conclusion a typical plot of the resonant resistance and reactance versus frequency is 

shown by the solid and dotted curves in Fig.2.12. Near the resonant frequency of the (M, 

N)
 th mode the resistance reaches its peak value, denoted as Rres . This peak resistance does 

not occur exactly at the resonant frequency of the antenna, as can be seen from the figure, 

because of the presence of the feed reactance 

                         



  

  

 

Figure2.12 Typical measured variation of resistance and reactance versus frequency 

in a 7.62-x11.43-x16-cm microstrip antenna illustrating one way to empirically 

determine the feed reactance [13] 

                                               

2.8. Microstrip Antenna Models  

Microstrip patch antennas have been analyzed using a variety of techniques. Three well-

known methods are the transmission-line model, the cavity model, and full-wave 

numerical models. Below an overview of each of the methods are provided and the 

strengths and weaknesses of each will be discussed.  

2.8.1. Transmission Line Model  

The transmission-line model is the simplest of the three techniques and, as a result, is the 

least accurate. The microstrip antenna is modeled as two radiating slots that are separated 

by a distance Leff. Referring to Fig.2.13.a, one can see the physical meaning of Leff. It is 

essentially the length of the patch, L, plus an additional length 2∆L, to account for the 

fact that the patch looks electrically wider due to the fringing fields. Balanis provides the 

following formula for the added length [1].  
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In the above equation, εreff is the effective dielectric constant of a microstrip transmission 

line given by:  
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And, for an efficient radiator, a practical width that leads to a good radiation efficiency is  
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Thus the effective distance separating the two radiating slots becomes 

 Leff = L+2∆L                                                                                                 (2.9) 

Finally, Balanis uses this adjusted length to calculate the resonant frequency of the 

antenna [1]: 
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where, c is the speed of light in free-space.  

Since the transmission-line model accounts for the fringing effects at the edges of the 

patch, it provides a good characterization of the resonant frequency. It also models input 

impedance of the antenna fairly accurately. However, it doesn’t account for the effects of 

a truncated dielectric substrate or a finite ground plane nor does it provide insight into the 

radiation patterns of the antenna. Additionally, the model breaks down as the height of 

the dielectric substrate, h, becomes a significant portion of a wavelength [1].  

 

 

 

 

 

 

 

 

 



  

 

 

              

 

 

 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

 

 

(b) 

Figure2.13 (a) Transmission-line Model of a Microstrip Antenna (b) Equivalent 

Circuit Model. 

As can be seen in the figure above each radiating slot is represented by a parallel 

equivalent admittance Y (with conductance G and susceptance B). The slots are labeled 

Radiating 

slot#1 Raditing 



  

as #1 and #2. The equivalent admittance of slot #1, based on an infinitely wide, uniform 

slot as derived in [1] is given by: 

                             Y1=G1+JB1                                                                                                       (2.11)  

where for a slot of finite width W 

( ) 







−= hko

W
G

O

2

1
24

1
1

120λ
                                            h′0.1λο                         (2.12) 

[ ])ln(636.1
120

1 hk
W

B o

O

−=
λ

                                           h′0.1λο                         (2.13) 

Since slot #2 is identical to slot #1,its equivalent admittance is 

 Y2=Y1,                    G2=G1,                   B2=B1                                                         (2.14) 

The conductance of a single slot can also be obtained by using the field expression 

derived by the cavity model. In general the conductance is defined as 
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After some mathematical manipulations the asymptotic values are given as [1]:   

                                                  (2.16)                

                                                                                         

The resonant input resistance can be seen as follows. The total admittance at slot #1(input 

admittance) is obtained by transferring the admittance of slot #2 from the output 

terminals using the admittance transformation equation of transmission lines. Ideally ,the 

two slots should be separated by λ/2 where λ is the wavelength in the dielectric substrate. 

However, because of fringing the length of the patch is electrically longer than the actual 

length. Therefore, the actual separation of the two slots is slightly less than λ/2. If the 

reduction of the length is properly chosen (typically 0.48λ′L′0.49λ)[1], the transformed 

admittance of slot #2 becomes 

BGBGY jj 11222 −=+=
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                                                                                        (2.17) 

Therefore the total input admittance is real and is given by 

Yin=Y1+
−

Y 2  =2G1                                                                                                       (2.18) 



  

Since the total input admittance is real, the resonant input impedance is also real, or 

．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．

Zin=1/Yin=Rin=1/2G1                                                                                                 (2.19) 

2.8.2. The Cavity Model  

In order to gain insight into the radiating mechanism of an antenna, we need to first 

understand the near field quantities that are present on the structure. The cavity model 

aids in this regard since it provides a mathematical solution for the electric and magnetic 

fields of a microstrip antenna. It does so by using a dielectrically loaded cavity to 

represent the antenna. As we can see in Fig.2.14, this technique models the substrate 

material, but it assumes that the material is truncated at the edges of the patch. The patch 

and ground plane are represented with perfect electric conductors and the edges of the 

substrate are modeled with perfectly conducting magnetic walls. It should be noted that 

the cavity model does not include feed effects. The feed is shown in the figure for 

reference.  

 

Figure 2.14 Geometry of Cavity Model  

 

Balanis formulates a solution to the above cavity problem using the vector potential 

approach [1]. Summarizing the technique, we begin by assuming that the dielectric is 

very thin, which means that the electric field is constant along the height of the substrate, 

h, and is nearly normal to the surface of the patch. Therefore, we only need to consider 



  

Tmz modes inside the cavity. Now, we can write an expression for the electric and 

magnetic fields within the cavity in terms of the vector potential Az [1]: 
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Since the vector potential satisfies the homogenous wave equation: 
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 We can use separation of variables to write the following general solution. 
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Where kx, ky, and kz are wave numbers. Applying the boundary conditions 

Ex=0; for 0≤X≤L, 0≤y≤w, z=0; 

          And, 0≤x≤L, 0≤y≤W, z=h         

Hx=0; for 0≤X≤L, y=0, 0≤z≤h 

           and  0≤x≤L, y=w,  0≤z≤h 

Hy=0; for x=0, 0≤y≤ w , 0≤z≤h; 

           and x=L,0≤y≤w,0≤z≤h 

We obtain a solution for the electric and magnetic fields inside the cavity as follows. 
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in all the above cases, m=n=p 0≠  

and Amnp is the amplitude coefficient. Finally, the resonant frequencies for the cavity are 

given by [1]  
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Examining the above field equations for (Tmz)100 dominant mode excitation, we see that 

ky =kz=0  and the field components reduce to  
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We can convert to equivalent electric and magnetic current densities using:  
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where n is the outward directed surface normal. The magnetic field is zero along the x =0 

and x=L walls and is normal to the surface along the y=0 and y=w walls. Therefore, no 

equivalent electric current density flows on the walls of the cavity. The electric field 

results in a non-zero magnetic current density on the walls of the cavity. Fig.2.15 shows 

both the electric field and corresponding magnetic current densities for the microstrip 

antenna. The magnetic currents can be broken into a pair of radiating slots and pair of 

non-radiating slots. The radiating slots are in phase so they will constructively interfere in 

the far field. Thus, these two slots form the primary radiating mechanism for the 

microstrip antenna. On the other hand, the non-radiating slots are out of phase so they 

will destructively interfere in the far field and will not contribute to the radiated fields. 

 

 

Figure 2.15. Field Configuration and Current Densities for Microstrip Patch [13] 

  

From the above results, we can see that the cavity model provides an excellent insight 

into the radiating mechanism of a microstrip patch antenna. It provides the field 

configurations of the radiating and non-radiating slots that can be used to solve for the 

radiations patterns. Since the antenna is modeled as a cavity, additional work is necessary 



  

to accurately model the input impedance. An effective loss tangent needs to be added to 

account for the power that is lost to radiation. Alternately, the radiated energy can be 

modeled using an impedance boundary condition at the walls.  

Although, the cavity model is quite adept at modeling the radiating mechanisms for a 

microstrip patch antenna, it does have some limitations. First, it does not take the feed 

effects in to consideration. Nor does it model the adverse effects introduced by a finite 

substrate and ground plane. Therefore, one way to combat these limitations is just to 

apply numerical techniques.  

2.8.3. Full-wave Numerical Models  

In some cases, we may need to understand how the behaviors of an antenna are affected 

by its surroundings. For example, we may want to develop a model that includes the 

effects of feed structures, a finite ground plane, or a case enclosure. For problems, such 

as these, the techniques described above are highly impractical. Fortunately, there are a 

variety of numerical analysis techniques that can handle these problems quite nicely, 

including the Method of Moments (MOM), the Finite-Element Method (FEM), and the 

Finite Difference Time Domain (FDTD) method. All three of these analysis techniques 

are computationally intensive, which in the past, due to lack of high performance 

machines (both in speed and memory capacity), limited the size and complexity of 

problems that could be approached. However due to recent advances in computing 

capabilities, these techniques have became much more applicable to higher problems. In 

addition, these techniques are somewhat generalized so they are capable of modeling a 

variety of antenna types. The details of each technique are intricate, so we will focus on 

the FDTD method because the simulation software used in this thesis is the field solver 

EMPIRE. 

The FDTD method uses a discretization in time and space to calculate a solution of 

Maxwell’s curl equations directly in time domain [9]: 
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Rearranging these equations, with     
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Evaluating the vector curl operator (∇xA) and employing central differencing in both 

time and space to approximate the partier derivatives, one can obtain six update equations 

(one for each component of the electric and magnetic fields). 

For example, the update equation for the Ex component is as follows [9]:  
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The electromagnetic structure is modeled by approximating its geometry and composition 

with Yee cells of different material parameters (both conductivity and relative dielectric 

constant). Fig.2.16 depicts an example of Yee cell along with its corresponding field 

calculation points. At the outer boundaries of the computational space an absorbing 

boundary condition is used to simulate free-space radiation. In order to avoid numerical 

instabilities in the finite-difference algorithm, the time increment must not violate the 

courant stability condition [9]: 
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Figure 2.16.Example of a Yee cell with Field Calculation Points [9] 

 

An excitation is then applied to the computational model and E and H field computations 

are alternately matched through time from time zero to the desired stopping point. Results 

can be viewed either in time domain or in frequency domain. In order to obtain frequency 

characteristics of the antenna, it is necessary to compute a Fast-Fourier Transform (FFT) 

of the transient output data.  

The FDTD techniques presented above allow antennas to be modeled in fine detail. Feed 

lines, ground planes, and case enclosures can all be included in the computational model. 

In addition, the techniques are highly generalized so a member of antennas can be 

analyzed.                                                      

  2.9. Microstrip Antenna Efficiency 

For a microstrip antenna, efficiency is defined as the power radiated divided by the power 

received by the input to the element. Factors that reduce efficiency are the dielectric loss, 

the conductor loss, the reflected power (VSWR), the cross-polarized loss, and the power 



  

dissipated in any loads involved in the elements. Most microstrip antennas are between 

80 and 99 percent efficient. For very thin elements the Q of the microstrip cavity 

becomes so high that the current losses become excessive, and the thickness becomes so 

small that the conductance across the cavity yields excessive dielectric losses. This 

usually occurs when the thickness is reduced to about λο /1000.At this thickness, the 

resonance VSWR can be matched to 50 Ω, but the very narrow bandwidth leads to 

temperature instabilities; that is, a slight change in temperature causes the VSWR to rise 

rapidly, and the reflection losses reduce efficiency. 

Dielectric losses are eliminated by using air as a substrate. Since most of these elements 

have large separation between the element and the ground plane, the Q is also reduced 

and so are conductor and VSWR losses. Most of these elements have efficiency of 95 to 

99 percent. Air loaded elements are usually built as separate entities and are not 

photoetched in large arrays. Also the radiating element needs support. A single metal 

part, or bolt is used at the center of the element for support. Even though, the former 

method can help supporting an air-loaded patch, here in this thesis use of a very thin 

dielectric substrate and air in between the patch and the ground plane and apply the 

concept of suspended dielectric substrates to find the effective dielectric constant of the 

whole system.  

Antenna “efficiency” is different than antenna “Gain”. Antenna efficiency quantifies the 

resistive loss of the antenna in terms of the proportion of power that is actually radiated 

versus the power that is first delivered to it. Antenna gain, however, is a directional 

quantity that refers to the signal that can be derived from an antenna relative to a 

reference dipole. 

 

2.9.1. The Model   

Fig.2.17 illustrates an antenna loss model in which a resistor is placed in series with the 

radiation resistance. Since the model includes no reactance, there is an implicit 

assumption that the measurements must be taken at resonance. The equations to be 

derived later require this assumption. 

Antenna efficiency is calculated according to equation 2.32  (the derivation of which is 

described in Appendix A): 
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Where:η=Antenna efficiency (%) 

            Prad=Radiated power (W) 

            Pin=Total power available to the antenna (W)           

            Ploss=Power loss due to resistive loss (W)  

            Rrad=Radiated equivalent resistance (Ω) 

            Rloss=Equivalent loss resistance (Ω)      

 

 

Figure 2.17.  Antenna Loss Model  

It doesn’t matter if the antenna is matched to the source resistance, Rs or not. While it is 

desirable and necessary to match the antenna in actual case, the match is not part of the 

problem of finding the resistance ratio expressed in the above equation. Therefore, the 

radiated power only needs to be related to the power transferred forward at the point 

shown in Fig.2.17. If the resistances (Rloss and Rrad ) can be effectively separated by 

measurement, antenna efficiency can be calculated.      

 

 

 

 

 

 



  

                                           Chapter 3 

        Single Band Microstrip Patch Antenna Design and Results  

3.1. Introduction 

In this chapter, the procedure for designing a rectangular microstrip patch antenna is 

explained. Then, a compact rectangular microstrip patch antenna is designed for use in 

cellular phones and simulations are performed. Finally, the results obtained from the 

simulations are discussed.  

3.2. Design specifications 

The three essential parameters for the design of a rectangular microstrip patch antenna 

are:  

1. Frequency of Operation (fr): the resonant frequency of the antenna must be selected      

appropriately. The Global Systems for Mobile communications (GSM) uses the 

frequency range from 890-960 MHz [8]. Hence the antenna designed must be able to 

operate in this frequency range. The resonant frequency selected for this design is 930 

MHz. 

      2. Dielectric Constant of the Substrate (εεεεr): the dielectric material applied for this 

design   has a dielectric constant of 4.4. Use of a substrate with a high dielectric constant 

can reduce the dimensions of the antenna. However, for the radiation modes most used 

such substrates result in elements, which are electrically small in terms of free-space 

wavelengths and consequently have relatively smaller bandwidths and low efficiencies.   

     3. Height of dielectric substrate (h): for the microstrip patch antenna to be used in 

cellular phones, it is essential that the antenna is not bulky. Hence, the height of the 

dielectric substrate selected here is 7mm.  

The essential parameters of the design are:  fr= 0.93GHz, εεεεr= 4.4,and h = 7mm.  

3.3. Design Procedure:  

The design of a low profile, wide-band multiband patch antenna is very complicated. The 

fact is that the lowest antenna profile, the widest impedance bandwidth and the most 

omni-directional (lowest ripple level) azimuth plane radiation pattern cannot be achieved 

simultaneously [14]. Fig.3.1 below shows the conventional rectangular microstrip patch 

antenna, which is presented here for the sake of easy analysis and design of practical 

microstrip antennas for mobile handsets. 



  

 

Figure 3.1. Top View of Microstrip Patch Antenna 

 

The transmission line model described in chapter two will be used to design the antenna.  

Step 1. Calculation of the width (W): the width of the microstrip patch antenna is given 

by equation (2.8) as [1]:  

  W = 
( )1

2

2 +ε rrf

c
                                                                            (3.1) 

Substituting c=3e8m/s, r=4.4 and fo=930MHz.we get   W=98.16mm 

Step 2: Calculation of effective dielectric constant (reff): 

 Equation (2.7) gives the effective dielectric constant as [1]:  
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Substituting, r=4.4,W=98.16mm and h=7mm we get reff=3.95 

Step 3:  Calculation of the effective length (Leff): equation (2.9) gives the effective 

length as [1]:  

 Leff =
ε effrf

c

2
                                                                                               (3.3) 

Substituting, reff=3.95,c=3e8m/s, fo=930MHz, we get Leff=81.2mm 

Step 4: Calculation of the length extension (∆∆∆∆L): equation (2.6) gives the length 

extension as [1]: 
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Substituting, reff=3.95, W=98.16mm, and h=7mm,we get ∆∆∆∆L=3.251mm 

Step 5: Calculation of the actual length of the patch (L): the actual length is obtained 

by subtracting the length extension from the effective length as:  

 L= Leff – 2∆L                                                                                                      (3.5) 

Substituting Leff= 81.2mm and ∆L = 3.251mm we get L = 74.698 mm 

Step 6: Calculation of the ground plane dimensions (Lg and Wg )  

The transmission line model is applicable to infinite ground planes only. However, for 

practical considerations, it is essential to have a finite ground plane. It has been shown in 

many open literatures that similar results for finite and infinite ground planes can be 

obtained if the size of the ground plane is greater than the patch dimensions by 

approximately six times the substrate thickness all around the periphery. Hence, for this 

design, the ground plane dimensions would be given as:  

 Lg = 6h + L = 6 x7 mm + 74.698mm = 116.698mm                                          (3.6) 

 Wg = 6h + W= 6x 7 mm + 98.16mm = 140.16mm                                            (3.7)    

Step 7: Determination of feed point location (xf, yf):  

A coaxial probe type feed is to be used in this design. As shown in Figure 3.1, the center 

of the patch is taken as the origin and the feed point location is given by the coordinates 

 (xf, yf) from the origin. The feed point must be located at that point on the patch, where 

the input impedance is 50 Ohms for resonant frequency.  

As can be seen from the above calculations to find the antenna size, the dimensions are 

large to be practically applied in cellular phones. Therefore, to achieve a smaller antenna 

size, we need to short circuit the radiating patch to the antenna’s ground plane with a 

shorting pin and utilize an asymmetric branch line slit to meander the excited patch 

surface currents in the top patch, which leads to a large reduction in the required top 

patch dimensions. The ground plane dimension is modified to fit into the PCB 

dimensions of most handsets (40x80mm
2
). Figure 3.2 below shows the modified top 

patch design to achieve the 900MHz operation.  

 



  

 

 

Figure 3.2 Geometry of the Proposed Antenna 

 

Fig.3.2 above uses a single resonant path for the desired operation. The design utilizes an 

asymmetric branch-line slit to meander the excited patch surface currents in the top patch, 

which leads to a large reduction in the required top patch dimensions of the patch, and the 

first resonant frequency of the meandered resonant path is tuned to fall in the range of 

frequencies for 900 MHz operations. It should also be noted that the wavelength of the 

first resonant frequency in this design corresponds to about 4 times the length of the 

meandered patch surface current path, starting from the feed point to the portion of the 

patch encircled by the long folded branch slit. That is, this meandered patch portion is 

operated as a radiator with resonant length of about 0.25 wavelengths.  

Fig.3.3.below shows the three-dimensional view of the simulated antenna structure, 

which helps us for easy visualization of the whole arrangement. 



  

 

 

 

Figure3.3 Simulation Model of the Structure 

In Fig.3.3 above, the top patch is mounted on a dielectric substrate of relative dielectric 

constant 4.4.The substrate has a thickness of 0.8-mm. The remaining thickness is left to 

be filled with air. This design uses the same analysis as that of suspended microstrip lines 

where air and another dielectric substrate are used simultaneously in between the ground 

plane and the top patch. Therefore, the whole structure (that is, the dielectric substrate 

plus air) can be analyzed the same way as suspended microstrips. By using very thin 

dielectric substrates of low dielectric constant, the dielectric loss can be minimized.                            

Fig.3.4 below shows the suspended microstrip line, whose analysis can be helpful for the 

case at hand [10].                      



  

 

Figure 3.4 Suspended Microstrip Line 

 

The closed form expression for the effective dielectric constant of the substrate explained 

in previous chapter may be modified to find the effective dielectric constant of the above 

type structures as [10]: 
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The accuracy of the above equation for the calculation of the effective dielectric constant 

is within 1 percent over the ranges 1[W/h2[8,0.2[h1/h2[1, and εr[6 [10]. 

For example in this design the relative permittivity for the dielectric is selected as 4.4. 

Therefore the effective dielectric constant of the whole structure is given by:  
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                    =[0.8621-0.1251ln(0.8/6.2)]
 4 

 
                   =1.564 
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                 = [0.4986-0.1397ln(0.8/6.2)] 
4 

                 =0.379 

Therefore, after substituting all the parameters in equation (3.11), one obtains εεεεreff=1.22. 

As the calculation above shows, the effective dielectric constant is nearly equal to unity. 

This is preferred because air (or space) has the lowest loss, and makes the patch element 

full size, which gives maximum gain. This all arrangement of substrates is required to get 

proper height for the design (that is 7-mm), since the height of the patch above the 

ground plane should be approximately two percent of the width of the patch. With air 

dielectric a half wave square patch should be a minimum of 0.001wavelengths above the 

ground plane. Lower heights result in higher Q and high currents resulted in higher 

losses. 

 A branch line slit consisting of a main slit, a long folded branch slit (branch slit 1 in 

Fig.3.2), and a short bent branch slit (branch slit 2 in the Fig.3.2) is embedded on the top 

patch. The main slit, which has an open end at the patch boundary, and the long folded 

branch slit in the top patch are mainly for effectively meandering the excited patch 

surface current paths. On the other hand, the short bent branch slit is mainly for achieving 

enhanced impedance matching for the excited resonant frequencies to obtain wider 

operating bandwidths. As can be seen, the required length of the short bent branch slit is 

much smaller than that of the long folded branch slit. The feed point is located close to 

the shorting plate and both the feed point and the shorting plate are also required to be 

placed at the patch edge near the short bent branch slit. In this case, a large meandering of 

the patch encircled by the long folded branch slit can be obtained. This large meandering 

leads to a large reduction in the required patch dimensions for the desired band of 

operation.   

As can be clearly seen, the length of the meandered patch surface current path 

corresponds to half of the wavelength at 1800MHz operation. Therefore, if properly 

tuned, this meandered patch can function as a dual band antenna.     

 

 

 



  

 

3.4. Simulations Setup and Results  

3.4.1. General 

 The software used to model and simulate the microstrip patch antenna is the Finite 

Difference Time Domain (FDTD) method based field solver EMPIRE by IMST GmbH. 

EMPIRE is a full-wave electromagnetic simulator based on the finite-difference method, 

which means that the two Maxwell’s curl equations are discretized in space and time [9]. 

This is accomplished by mapping the structure of interest onto a rectangular grid where 

the unknown field components are located in each cell. Because, the two maxwell’s curl 

equations are the governing equations, which are functions of both space and time, the 

FDTD based field solver Empire is selected. It analyzes three-dimensional and multi 

layer structure of general shapes. It can be widely used in the design of Microwave 

Integrated Circuits (MICs), Radio Frequency Integrated Circuits (RFlCs), patch antennas, 

wire antennas, and other radio frequency (RF)/wireless antennas. It can be used to 

calculate and plot the input return loss, input impedance, current distributions as well as 

the radiation characteristics [9]. 

Because of the nature of the electromagnetic problem, an initial value problem has to be 

solved. This means that the unknown field for a certain time is calculated from the field 

values before. The FDTD method employs an efficient time stepping algorithm, known 

as the Yee’s leapfrog scheme [?], which will be explained in Appendix B, to solve the 

initial value problem. The size of the time steps is related to the size of the grid for 

stability reasons and cannot, therefore, be defined independently. So the definition of a 

suitable grid is an important task for efficient simulation. 

The duration of a simulation run is proportional to the number of time steps needed. It 

strongly depends on the quality factor of the systems, which cannot easily be determined. 

In certain cases, even instabilities can occur before reaching the steady state. 

Due to the limited memory resource of a computer, only a finite number of cells can be 

processed. Therefore, the calculation area has to be terminated with boundary conditions. 

Most of the problems encountered in analyzing and designing high frequency elements 

are due to the unknown electromagnetic field behavior. Often these problems are called 

“parasitics” or “coupling effects”. The reason for the inability to predict the 

electromagnetic field behavior is that Maxwell’s equations cannot be solved analytically 



  

for any practical structure (with the exception of some academic examples). Therefore, 

one often has to deal with approximations, which have limitations in applicability. 

3.4.2. Simulation Setup and Results 

In the numerical analysis of this antenna the FDTD based simulation software explained 

above is used, because it is simple to understand and can be used to analyze antennas of 

complex structures. As the detailed theory on FDTD method is available from Yee [9], 

only a brief outline will be presented here. The first steps in designing an antenna with an 

FDTD code is to grid up the object. A number of parameters must be considered for the 

software to work successfully .The grid size must be small enough so that the fields are 

sampled sufficiently to ensure accuracy.  

A Gaussian pulse voltage with unit amplitude, given by 

             V(t)=exp [-(t-to)
2
/T

2
],                                                                                   (3.14) 

Where T denotes the period and to identify the center time, is excited in the probe feed. 

After the final time domain results are obtained, the current and voltage are transformed 

to those in the Fourier domain. The input impedance of the antenna is then obtained from 

          Zin=V(f)/I(f)                                                                                                     (3.15)     

The results of input impedance are then used to obtain the return loss characteristics of 

the antenna, from which the operating bandwidths can easily be deduced. To get the 

radiation pattern characteristics, a sinusoidal excitation at the probe feed is used, which is 

given by 

V (t) =sin (2πfrt),                                                                                                         (3.16) 

Where fr denotes the resonant frequency of interest. The field distributions are recorded at 

one instant of time after the steady state has been reached. After the field distribution has 

been obtained, the radiation pattern can be readily calculated by using the near field to 

far-field transformation. 

Figure3.5. below shows the voltage waveforms at the input terminals of the antenna. The 

main waveforms helping the analysis are the incident voltage and the reflected voltage. 

 

 

 

 

 



  

 

 

 

 

 

(a)                                                                   (b)         

Figure3.5 Voltage Waveforms seen at the Input terminal of the Antenna (a) as a 

function of time steps, (b) as a function of frequency 

 

As can be seen from the legend in Fig3.5, the reflected voltage amplitude has small 

amplitude over a range of time steps especially where the antenna is expected to radiate. 

This implies that much of the energy applied at the input is radiated and a small amount 

is reflected back. Since the antenna is a one-port network, it is clear that much of the 

energy is radiated in to space if it is not reflected back. As the above snap shows the 

incident voltage amplitude is always greater than the reflected voltage amplitude. One 

also can easily observe that at the operating frequency for which the antenna is designed, 

the reflected voltage amplitude is the lowest. This can be taken as a good justification that 

the antenna functions well at the designed frequency. 

 

 

 



  

 

 

3.4.3. Return loss and Antenna Bandwidth   

Fig.3.6 below shows simulation model of the antenna structure in two dimensions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Simulation Model of the Structure 

 

The coaxial probe feed used is designed to have a radius of 0.4mm. The center frequency 

is selected as the one at which the return loss is minimum. As described in chapter two, 

the bandwidth can be calculated from the return loss (RL) plot. The bandwidth of the 

antenna is said to be those range of frequencies over which the return loss is greater than 

7.3-dB, which is equivalent to 2.5:1 VSWR. The bandwidth of the antenna for this feed 

point location is seen to be 45-MHz and a center frequency of 830-MHz is obtained 

which is very close to the desired frequency of operation. It was observed from many 

trials of simulations that as the feed point location is moved away from the edge of the 

patch, the center frequency starts to decrease. This may be due to the highly sensitive 

nature of the input impedance bandwidth to position of the probe. Figure 3.7 below 

shows the return loss snap taken during simulation. The return loss (in dB) is plotted as a 

function frequency. 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Return Loss for Feed at the edge of the patch  

Although the designed antenna has a much smaller antenna volume of only 30 x 10x 7 

mm
3
, it should be noted that the obtained bandwidth is still not large enough to meet the 

bandwidth requirement of the GSM band [70MHz(890–960MHz)][8]. Further 

enhancement in the impedance bandwidth is required to obtain optimal performance of 

the GSM mobile phones.   

3.4.4. Input Impedance  

As has been stated in Chapter two, we expect pure real impedance at frequencies where 

the patch resonates, that is, where the patch is designed to radiate. As a result, the input 

impedance plot in Fig 3.8 below roughly shows, around the desired radiating frequency, 

sufficient reactance cancellation can only occur inside a narrow bandwidth. In addition, 

one needs to match the resonant resistance with the characteristic impedance of the feed 

line. A small antenna can be tuned to resonate with an appropriate addition of reactance, 

or it can be made to self-resonate so that the reactance cancellation at resonance happens 

naturally in the antenna structure. Since adding external reactance for this purpose 

increases the power loss and it also requires extra space, it is advisable to follow the 

second alternative.  

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig3.8.Input Impedance Plot   

 

As can be seen from the above simulation output for the input impedance, the peak of the 

real part of the impedance does not occur exactly at the resonant frequency of the 

antenna, this is because of the presence of the feed reactance, which cannot be 

eliminated. 

 

3.4.5. Radiation Pattern Plots  

A microstrip patch antenna radiates normal to its patch surface. The elevation pattern for 

φ=0 and φ=90 degrees would be important. Figure3.9 below show the 2D radiation 

pattern of the antenna at the designed frequency for φ=0 and φ=90 degrees.  



  

 

 

 

 

 

 

 

 

 

 

 

 

Figure3.9: Elevation Pattern for φφφφ=0 and φφφφ= 90 degrees 

 

The maximum gain is obtained in the broad side direction. Figure 3.10 below shows the 

snap taken from the animation of the three dimensional radiation pattern of the simulated 

antenna for GSM900 band. 

 

Figure3.10 Radiation Pattern of the Simulated Antenna for GSM900 

 

 As can be seen from the above simulation out put the pattern clearly shows that the 

antenna radiates most of the energy on the patch side and there is a small amount of 

radiated energy on the back side. This is another desired advantage of planar antennas 

over the conventional whip antennas, which shows omnidirectional radiation. This 



  

suggests that the possible electromagnetic energy absorption by the users head can be 

reduced. As the above simulated radiation pattern in Fig3.10 shows us, when the 

microstrip antenna designed is placed into a cellular phone, its orientation would be such 

that, the patch side should be placed away from the user’s head. 

In conclusion, it can be seen from the simulation results that, the antenna performs well at 

the operating frequency. There is also some deviation from the theoretically expected 

operating frequency, the main reason for this is the discretization applied during 

simulation. Also from the radiation pattern seen above, maximum of the energy radiated 

is away from the user’s head, which guarantees that an acceptable level for the specific 

absorption rate by the user’s head can be maintained. But as can be seen from the return 

loss snap taken from the simulation, one can see that the whole of the GSM900 band is 

not covered by the antenna bandwidth, therefore some work is needed to be done to 

tackle this. 

 

 

 

 

 

 

 

 

                                          

 

 

 

 

 

 

 

 

 

 

 

 



  

 

                                        Chapter 4 

 Multiband Internal Antennas for Mobile Handsets 

4.1. Introduction  

Current wireless communication systems utilize several different radio communication 

standards and separate at many different parts of the frequency spectrum. In this fractured 

service environment, terminals operating in multiple systems and frequency bands can 

offer a better service coverage than single band and single-system terminals. Multiband 

antennas are essential components of multiband terminals [8]. 

Generally, there seems to be an increasing trend in the number of radios in a mobile 

terminal, which translates into an increase in the number of antennas or antenna 

functions. Integrated antennas have become very popular due to the advantages they 

provide with respect to the aesthetical design of mobile phones. It has been shown in 

many papers that the maximum bandwidth of an antenna of a given size depends strongly 

on the dimensions of the mobile phone in which the antenna is installed. Multiband 

operation, which nowadays is almost a common standard, requires the use of enhanced 

radiating elements. Moreover, other aspects such as small size, weight, and integration 

have a great relevance for the final design, and material and assembling costs must be 

kept as low as possible. The preferred solution is the use of radiating patches with 

multiple resonances, covering different bands, which are easily adapted to the shape of 

the handset, and can therefore be integrated within the back cover [8]. This solution has a 

number of advantages: terminal designers can forget about the antenna when designing 

the external cover, the phone becomes more robust as there are no external radiating 

elements that could break off and the antennas can be produced in a more cost effective 

way.  

Internal planar inverted-F antennas (PIFAs) are very suitable in such applications since 

they are compact, low profile and easy to manufacture [8]. However, several techniques 

applied simultaneously are necessary to reduce the size of these antennas while 

maintaining good multiband/wideband performances. Starting with the main quarter-

wavelength element as shown in chapter three, these techniques are: addition of parasitic 

shorted patches, capacitive loads and slots on the resonators.  



  

The designed antennas are expected to function properly in the GSM (global system for 

mobile communications, 890-960MHz), DCS (Digital Communication System, 1710-

1880MHz), PCS (Personal Communication Services, 1850-1990MHz), and UMTS 

(Universal Mobile Telecommunication System, 1920-2170 MHz). A considerable 

number of antennas designed for mobile phones have been published recently, enough to 

be organized into a book [8]. In the following, a short overview of existing shorted 

microstrip patch antenna type internal multiband antennas and their design techniques is 

presented to illustrate the recent progress in the field.  

4.2. General Realization Methods  

For the promising radiating top patch designs for multiband operation, there are two 

major design concepts: one design uses different resonant paths to generate separate 

resonant modes for multiband operation, and the other uses the first few resonant 

frequencies of a single resonant path for the intended multiband operation. Now let us see 

each design concept in a little detail.  

4.2.1. Separate Antenna Elements 

Irrespective of the antenna type a multiband antenna can be constructed by combining 

two or more separate single band antenna elements. If a large isolation can be achieved 

between the antenna elements operating at different bands, they can be optimized nearly 

independently, which simplifies the design [8]. For example, Fig.4.1 below shows the top 

patch of a planar inverted–F antenna comprising two separate patches of different sizes 

for achieving 900MHz and 1800MHz operations. Note that the larger and smaller patches 

have separate shorting pins and are operated, respectively, in the 900 and 1800MHz 

bands as quarter–wavelength resonant structures.  

 

Figure 4.1.Top patch of the dual-frequency PIFA comprising two separate patches                                                

achieving 900 and 1800 MHz operations [8]  

This version of dual-frequency operation utilizes dual feed design. The dual feed (feed 

point 1 for the larger patch and feed point 2 for the smaller patch) is also used in the 

design, which can find applications where mobile phones have receivers with dual front 



  

ends. In addition to achieve a compact antenna size, a portion of the larger patch is 

removed to accommodate the smaller patch.  

A triple frequency (that is, triple band) version applying the same design concept is 

shown below in Fig.4.2 below. 

      

(a)                                                                 (b) 

 

Figure 4.2 Top patch of the triple-frequency PIFA comprising  (a) three separate 

patches with a triple feed and (b) two separate patches with a dual feed for 

achieving 900,1800 and 2450 MHz operations [8] 

As the figure shows, there are two promising configurations of the top patch of the triple 

frequency microstrip patch antenna for the 900, 1800, and 2450 MHz operations. In 

Figure 4.2.a, the top patch comprises three separate patches with a triple feed, patch 1 is 

for GSM operation in the 900 MHz band, patch 2 is for DCS operation in the 1800MHz 

band, and patch 3 is for WLAN operation in the 2450MHz band. Note also that, these 

three patches are arranged in a compact configuration and have separate shorting and 

feed points. These three patches are all operated as quarter-wavelength resonant 

structures. Such antenna design with a triple feed can find applications where mobile 

phones require separate feeds for operations in GSM, DCS and WLAN bands. 

For the configuration shown in Figure4.2.b, the top patch consists of two separate 

patches, with the larger patch (patch 1 in the figure) loaded with an L-shaped slit for 

GSM and DCS dual frequency operations. In this design the smaller patch (patch 2) is for 

WLAN operation in the 2450 MHz band and is also operated as a quarter–wavelength 

resonant structure. The two patches utilize different shorting and feed points, and such a 

design is suitable for mobile phones using the same feed for GSM and DCS operations 

and a second feed for WLAN Operation.  

 

 



  

4.2.2. Use of inductor and capacitor (LC) resonators  

One possibility of realizing a dual band antenna, for example at 900 and 1800 MHz band 

operations is connecting two separate patch sections with a parallel LC resonator (as in 

Fig.4.3 below) to separate the radiating top patch into two subpatches of different sizes 

which provide two resonant paths of different lengths to achieve the 900/1800 MHz 

operation. That is, at resonance, the parallel resonator acts as an open circuit (large 

reactance) disconnecting the two patch sections, which produces the higher resonant 

frequency. At frequencies below its resonance, the parallel resonator acts as an inductive 

load connecting the two patch sections, which produces the lower resonant frequency.  

                                             

     

Figure4.3 Use of LC resonators to achieve dual band operation [8] 

 

4.3. Single Element having two or more Resonances 

Here, the major design consideration is to adjust the antenna’s first few resonant 

frequencies at the desired radiating frequencies. To achieve this goal, the techniques of 

using a branch-line slit to achieve a lengthened resonant path, inserting several linear slits 

to meander the top patch, using a shorted spiral strip with various strip widths, folding a 

meandered top patch and so on have been successfully applied. 

To include the WLAN operation in the 2.4GHz band, designs of triple-frequency PIFAs 

for operations in the 900,1800,2450 MHz bands have been reported, which include the 

use of two or three separate top patches, a meandered top patch, and a branch-line strip 

with a folded end. The techniques of using a parasitic shorted patch placed coplanar with 

the driven patch or stacked on top of the driven patch to enhance the operating bandwidth 

of the antenna have also been reported [8]. Now let us have a brief look at the different 

possibilities in designing the multiband antenna based on the above design procedure.      

 



  

4.3.1 Patch with a U-shaped Slot  

Recently, instead of using an L-shaped slit or a folded slit to obtain two separate sub 

patches in the radiating top patch, a design using an embedded U-shaped slot (figure 4.4), 

has been used. In this design, a smaller rectangular patch of dimensions L2 x W2 for 

operating in the 1800MHz band is obtained in the central portion of the original 

rectangular patch of dimensions L1XW1, which is for the 900MHz band operation. 

Because the smaller rectangular patch is embedded within the radiating top patch, it is 

also expected that this design can provide reduced electromagnetic wave power 

absorption by the user’s head in the higher frequency band. The lower (f1) and upper (f2) 

operating frequencies of this planner antenna design can also be approximately 

determined from [8]: 
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The above two equations make the design of such a dual frequency PIFA easy to achieve, 

and c in the equations is the speed of light in free space. 

                                   

                           

   Figure4.4.Top patch of the Dual Frequency PIFA with an embedded U-slot [8] 

 

4.3.2. Patch with an L-Shaped or Folded Slit  

Fig. 4.5 shows two promising designs of the top patch of the dual frequency PIFA using a 

single probe feed and a common shorting pin. Fig.4.5.a, with the use of an L-shaped slit 

inserted at the patch boundary, the rectangular top patch can be separated into two sub 

patches of different sizes. The dimensions of the larger and the smaller sub patches can 



  

be designed to roughly resonate as a quarter-wavelength structure to operate in the 900 

and 1800 MHz bands respectively. Two sub patches can also be obtained by using a 

folded slit as shown in Fig.4.5.b. Note that, in this case, the resonant path provided by the 

smaller sub patch starts from the feed point and then extends into the center portion of the 

rectangular patch. A large portion of this resonant path is thus surrounded by the outer 

larger sub patch, which has the advantage of obtaining reduced backward radiation, 

leading to a smaller electromagnetic wave power absorption by the user’s head in the 

1800MHz band operation. 

                 

(a)                                                                   (b) 

Figure4.5 Top patches of the dual-frequency PIFA (a) an L-shaped slit and (b) a 

folded slit [8]                       

4.3.3. Patch with a Branch Line Slit.  

This method of design aims to achieve a lengthened resonant path for the excited patch 

surface currents in the top patch, which leads to a large reduction in the required top 

patch dimensions of the antenna, and the first few resonant frequencies of the meandered 

resonant path are also tuned to obtain the desired ratio of the resonant frequencies.  

 

Figure4.6. Top patch of the antenna applying branch line slit [8] 

 

 

 



  

4.3.4. Meandered Patch with/without a Parasitic Shorted Patch  

By properly meandering the top patch of the antenna, the frequency ratio of the antenna’s 

first two resonant frequencies can be tuned to be about 2.0, which makes it very 

promising for obtaining the 900 and 1800 MHz operations. [8] By further incorporating 

the use of a parasitic shorted patch, (see Figure 4.7 below) a much-enhanced bandwidth 

in the upper band of the PIFA has also been demonstrated [8]. In this design, the obtained 

impedance bandwidth, determined by 6-dB return loss (3:1 VSWR), reaches 535MHz in 

the upper band covering the required bandwidth of the DCS and PCS operations.  

This relatively larger upper band bandwidth is mainly due to the added parasitic shorted 

patch, which introduces an additional resonant mode to the upper band and makes the 

upper band become a dual resonant band. This condition leads to an enhanced impedance 

bandwidth. In addition, this design has a sufficient bandwidth in the lower band (about 

115MHz) to cover the required bandwidth in the GSM operation. In this case, the 

obtained PIFA design is suitable for applications in GSM/DCS/PCS triple-band mobile 

phones.     

 

           

Figure 4.7. Top patch of the dual–frequency PIFA with a meandered patch and a 

parasitic shorted patch [8] 

4.4. On the Design of Internal Multiband Antennas 

The bandwidth and total efficiency of internal multiband antennas are limited by the total 

volume allowed for the antenna .The bandwidth-to-volume ratio can be increased by 

generating dual or multiple resonances at each band. If the bandwidth becomes larger 

than necessary, it can be traded off for smaller size or better matching and thus larger 

total efficiency. When the antenna size is small enough, even the use of known 

multiresonant techniques will not provide sufficient operation bandwidth. 

One also needs to consider the operation of two bands, which are overlapping. There are 

two possible alternatives to achieve this: to excite a single mode with a sufficient 



  

bandwidth, or excite two mutually coupled modes. If the latter strategy is chosen, it is 

essential to be able to perfectly control the coupling mechanism, since any, modification 

in the geometry of the patch can result in an important loss of bandwidth .The main 

concern is then how to tune one of the bands without interfering with the performance of 

the others    

From the basic operation point of view, the excitation of resonances at desired 

frequencies is obviously important in the design of multiband antennas. Currently, 

however, the space allowed for internal handset antennas is so small that the resonant 

modes of the antenna elements alone cannot cover the necessary system bandwidths. 

Furthermore, it has been reported that for a frequency around 1.8GHz the maximum 

available bandwidth has a minimum for mobiles measuring around 100mm in length [8]. 

For this is a typical length for today’s mobiles, it is obvious that new antenna concepts 

have to be investigated in order to meet the technical requirements of integrated 

multiband antennas for such mobiles.     

As has been explained in the previous sections, multiband operation is almost a must 

nowadays. Therefore, the methods applicable to achieve these have their own advantages, 

application areas and drawbacks. After studying all the above methods of achieving 

multiband antennas, focus has been made in this thesis on the addition of a shorted 

parasitic patch to the main radiator. This has the provision of adding a third higher band. 

Applying this method, there is a small increase in the whole antenna dimension and this 

will be dealt with in the next chapter. 

 

 

 

                    

 

 

 

 

 

 

 



  

 

 

 

 

                                                CHAPTER 5 

                 Multiband Microstrip Patch Antenna Design and Simulation Results 

 

5.1. Introduction 

In this chapter, the procedure for designing the multiband microstrip patch antenna will 

be explained. The results obtained from the simulation are discussed. 

 5.2. Design procedure  

As explained in chapter three, a 900-MHz microstrip patch antenna was designed. As has 

been shown in addition to the intended 900-MHz operation, the frequency ratio of the 

first two resonant frequencies can be adjusted to be about two, by fine-tuning the length 

of the meandered top patch of the PIFA. This makes the single band antenna very 

promising for obtaining the 900 and 1800-MHz operations (i.e. dual band operation). 

That is, this meandered patch portion can be operated as a radiator with resonant lengths 

of about 0.25 and 0.5 wavelengths. In the previous design, the length (l) of this 

meandered current path is about 83.3-mm. That is, the first or lower frequency for the 

proposed antenna has a wavelength corresponding to be about 4.0 times the length (l), 

and the second or upper frequency has a wavelength of about 2.0 times the length (l).  By 

further incorporating the use of a parasitic shorted patch (see the geometry shown in 

Fig.4.7, a much-enhanced bandwidth in the upper band of the PIFA can be achieved [8]. 

That is, the experimentally studied antenna consists of a single shorted patch, which can 

function as a dual band radiator and a shorted patch is positioned next to the main 

radiator to obtain a doubly tuned resonance and a wider impedance bandwidth at the 

upper operating band. We next try to apply the above mentioned design methods in order 

to reach to the desired multiband operation. 

5.3. Design Method  

To achieve the multiband operation, we add a shorted parasitic patch positioned at the 

open slot of the main radiator. The parasitic patch is positioned to be electromagnetically 

coupled to the driven patch and participates in the radiating properties of the whole 



  

element. For this to be achieved the gap between the driven element and the parasitic 

patch is optimized by using many trials of simulation.  

Figure5.1 below shows the geometry of the resonant antenna under consideration. In this 

case, two resonant elements are used: one meandered metallic patch and one metallic 

strip, which are mounted on a single supporting FR4 substrate (thickness 0.6-mm and 

relative permittivity 4.4) and arranged in a compact configuration.  

 

      

 

 

 

 

                        

(a) 

 

Note: all dimensions are in millimeter (mm). 

 

 

 

 

 

 

 

 

 

(b) 

Figure5.1 Studied Antenna Configuration 

 

As previously seen, the need to use this substrate is to provide mechanical stability of the 

structure. Contrary to this function, use of the FR4 substrate would have a strong 

influence on the antenna performance, as it changes the effective dielectric constant 

under the patch. For example, increasing the thickness of the substrate causes operating 

frequencies to lower .At the same time increasing the dielectric constant of the substrate 



  

has the same effect. This consequence is observed during the many simulation trials done 

during the thesis work. The resonant elements forming the whole antenna element have 

their own shorting pins. Also note that a probe feed at a position close to the shorting 

point will excite the main radiator. This position for the feeding probe is found (using 

many trials of simulation) to match the antenna with the characteristic impedance of the 

coaxial probe used as a feed.  The short branch slit is mainly for achieving enhanced 

impedance matching of the excited resonant frequencies to obtain wider operating 

bandwidths. The increased impedance bandwidth is expected to be wide enough to cover 

several operating frequency bands of the mobile communication systems (e.g., GSM900, 

GSM1800, DCS, PCS, UMTS, etc.).   

5.4. Parametric Studies 

In this section, the major antenna parameters in relation to the geometry shown in 

Fig.5.1.will be summarized. Their effects are observed by the simulation package [9]. 

1) Height of the patch (h): increasing the total height of the patch causes the 

impedance bandwidth to decrease. 

2) Thickness of the substrate material: increasing the substrate material above the air 

layer causes the operating frequencies to lower. In addition to that, the relative 

permittivity has similar effect on operating frequencies.  

5.5. Results  

Figure 5.2 below shows the simulation model of the multiband antenna 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2-Simulation Model of the Multiband Antenna. 

 

In this design, with the PIFA occupying a volume of 13mm x 33mm x 7mm (width x 

length x thickness) and mounted on top of a ground plane having an area of 40x80mm
2
, 

the obtained impedance bandwidth, determined by 10-dB return loss (or equivalently 



  

2.5:1 VSWR), reaches 556-MHz [that is from 597-1153 MHz] in the lower band, 

covering the required bandwidth for the GSM 900 band. In the second higher resonating 

frequency, that is around 1800MHz, taking a return loss below Lret /7.3dB [that is 

VSWR/2.3]. This band covers the range of frequencies up to 2.2GHz. Therefore, it is 

clear that the DCS and PCS bands of operations are included in addition to the GSM1800 

band. This relatively larger upper band bandwidth is mainly due to the added parasitic 

shorted patch, which introduces an additional resonant mode to the upper band .Due to 

this, the upper band become a dual-resonance band. This condition leads to an enhanced 

impedance bandwidth. In addition, this design has a sufficient bandwidth in the lower 

band (about 556-MHz) to cover the required bandwidth of the GSM900 operation. In this 

case, the obtained PIFA design is suitable for applications in 

GSM900/GSM1800/DCS/PCS quad-band mobile phones. The antenna structure was 

designed and theoretically studied using the field solver EMPIRE [9].  

5.5.1. Voltage Waveforms at the Input 

 

As previously done to observe the input impedance, a Guasian pulse voltage of unit 

amplitude of the form given by equation (5.1) is used. The results of the input impedance 

are then used to obtain the return loss characteristics of the antenna. 

 V (t) = exp [-(t-to) /T
2
],                                                                          (5.1). 

In Fig.5.3. Below, the voltage amplitudes as a function of both time step and frequency 

are taken from the simulation. One can observe in Fig5.3 that, the incident and the 

reflected voltage amplitudes as a function of both time steps (in the final simulation one 

time step=1.9236e-13seconds) and frequency. 



  

(a)                                                                          (b) 

Figure 5.3 Voltage Waveforms seen at the input terminal of the antenna (a) as a 

function of time steps (b) as a function of frequency 

 

As can be seen from the snaps above, the reflected voltage amplitude is smaller than that 

of the incident voltage amplitude, giving a larger return loss for most of the time steps. 

From the frequency domain voltage, one can also see that the incident voltage is stronger 

than the reflected giving larger return loss at the expected operating frequencies of the 

antenna. 

5.5.2. Input Impedance 

The Figure5.4.below is taken from the simulated output snap that shows the input 

impedance variation with frequency. As can be seen, one can easily see that around the 

desired resonant frequencies, the real part of the input impedance attains its maximum 

and the imaginary part is minimum.  

             

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure5.4. Input Impedance Plot   

5.5.3. Input Return Loss 

Based on the design dimensions, the frequency responses of the simulated return loss are 

shown in Figure 5.5 below. From the simulation results obtained, the first resonant 

frequency at about 820-MHz is excited with good impedance matching and the second 

resonant frequency at about 1800MHz is not that much excited strongly and due to this 

there is a loss of efficiency around this operating frequency. 

 

 

 

 

 

 

 

 

 

      

 

Figure5.5 Return Loss Plot 

 



  

Another version of the return loss loci on the Smith chart is displayed below as an 

additional reference for the reader. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 Return loss Loci on Smith Chart 

 

From the simulated reflection coefficient curve, the impedance bandwidth (Lret/10-dB) of 

the lowest band is 67 % of the center frequency fc=820-MHz.For the dual resonant upper 

band, the simulated output shows operating region up to 2.2-GHz around the center 

frequency of fc=1800-MHz.Above the desired bands there is also a third band with the 

band width of 450-MHz around the center frequency fc=2.9-GHz.The third band is 

assumed to be caused by the 3λ/4-resonance of the lower band section of the meandered 

section. According to the simulation results, the impedance bandwidth of the antenna 

depends on the length of the ground plane. However, in this design the ground plane 

length is not optimized with respect to bandwidth. As can be seen, there is a shift in 

frequency, which is due to the discretization of the structure prior to the simulation. 

5.5.4. Radiation Patterns  

The simulated cuts of the radiation patterns of the studied antenna are shown in 

Figure5.7.below. The presented cuts have been obtained in free space. At 900MHz, the 

radiation pattern is almost omnidirectional and resembles that of a half-wave dipole. 

Around 1800-MHz, the pattern becomes more complex and somewhat more directive. 

The directivity increases with frequency. At the same time the pattern maximum tilts 



  

forwards the negative Z-axis. In addition, it can be seen in the figure, that the polarization 

of the antenna at the lower band is different from the polarization at the upper band.  

(a) (b) 

(c)                                                                         (d) 

 

 

Figure5.7 Radiation pattern both in theta and phi planes (a) around GSM90 

(b) around 1800MHz (c) around the DCS band (d) around the UMTS band       

 

The simulated radiation patterns in 3D version of the antenna in each frequency band are 

displayed in Figure5.8 below .The antenna shows dipole-like behavior for GSM 900, 



  

where as in GSM 1800/PCS frequency bands, the patterns resemble those of typical PIFA 

antennas. In these bands, the effect of the PCB can also be observed, as a slight deviation 

of the radiation pattern with respect to the standard patch pattern.  

 

(a) 3D pattern around GSM900 

 

 (b) 3D pattern around GSM1800 



  

 

(c) 3D pattern around DCS band. 

Figure5.8. Three Dimensional Patterns of the Antenna at different bands 

 

As shown from the simulated outputs we obtain a sufficient bandwidth for the intended 

multiband operation. But this all is achieved by the small increase in size of the antenna 

element in order to reserve place for the shorted parasitic patch. Also, before simulation 

the discretization process approximates some regions and there is some deviation of 

operating frequencies, which is not that much alarming.                           

                            

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

                            Chapter 6 

 

 

     6.1. Conclusion and Recommendations 

  

 

In this thesis work single band and multiband antennas have been designed and simulated 

observations are made on the radiation pattern and input impedance in both cases. From 

the results of the simulation, it has been observed that the influencing parameters of the 

antenna are the relative permittivity of the dielectric under the patch, the feed location, 

the position of the parasitic patch (in the multiband case), and the length and width of the 

patch. 

 

In the simulation for the single band antenna case there was a problem of some frequency 

shift fro the intended operating region and this is solved by reducing the thickness of the 

dielectric material between the patch and the ground plane. 

Even though, the software applied for the simulation is efficient, there were problems in 

long running time and some of the previously done programs must be deleted in order not 

to disturb the ones at hand. 

 

Compared to previous works on “A monopolar patch antenna with very wide impedance 

bandwidth” [15], even though the researchers have attained their intended goal, the 

designed antenna dimension is large compared to the design on this thesis and it is also 

more complex. 

 

When we see the return loss plots, both antennas have almost a similar response. But the 

radiation pattern plot of the studied antenna in this thesis work has better directivity and 

smaller back lobe. Contrary to this, both antennas have stable and monopole-like 

radiation patterns and are capable of multiband mobile communication systems. 



  

Lastly when we check for the input impedance, the antenna designed by [15] has more or 

less constant impedance over a range of frequencies. The studied antenna in this thesis 

has very high input impedance sensitivity to variation in frequency. 

     

  In conclusion, this thesis had met the objective of designing and simulating the 

multiband microstrip patch antenna .It had also provided a sense of achievement as a 

significant amount of work had been accomplished. However, there are still important 

areas that require further work and some of them will be illustrated in the next section.   

 

 

 

 

 

 

 

                     

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

6.2. Recommedation for Future Developments 

 

Although this thesis had provided a significant study on the multiband microstrip antenna 

system for mobile communications in this era of wireless communications, there are still 

other equally important areas that require attention. 

 

 They include miniaturization of the antenna element with out loss of efficiency, since 

nowadays the whole apparatus is getting more end more  minimized in order to integrate 

antennas within a minimum space thus  requires further research work.  

 

 Minimizing electromagnetic energy absorption by the user’s head can be another 

important area of study, since there may be health hazards, if the users head is surrounded 

by a strong electromagnetic energy for a long time.  

 

Another area of interest is examining the effect of the ground plane dimensions on the 

performance of the antenna element in order to increase system performance. 

 

 

 



  

APPENDIX A 

 

Derivation of equation 2.37      

 

The derivation of equation (2.37) is taken from page 48 of Stutzman and Thiele (see 

reference 5). In the ideal case, with no disturbances in the antenna and a perfect match, 

the input resistance represents antenna dissipation loss. This resistance represents the sum 

of radiation and ohmic resistances. 

 

          Rin = Rrad + Rloss                                                                                                                                       (A.1) 

Given that the peak current flowing in to the antenna is Iin, the average power dissipated 

is given by equation (A.2): 

 

          Pin = 1/2 x Rin x /Iin/
2
                                                                                     (A.2) 

 

Combining equations (A.1) and (A.2):  

 

          Pin=1/2 x (Rin  x  Rloss) x /Iin /
2 

 

              =1/2 x Rrad x /Iin/
2 

+ ½ x Rloss x /Iin/
2
 

Or equivalently: 

                          Prad=1/2 x Rrad x /Iin/
2                   

                                                         (A.3) 

 

                          Ploss=1/2 x Rloss x /Iin/
2
                                                                     (A.4)    

 

The derivation of η (in terms of power), combined with equations ( ) and ( ), Provides the 

following equation: 
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Canceling similar terms yields equation (A.6): 
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                                    Appendix B 

 

           Brief Review of Finite-Difference Time-Domain (FDTD) Method  

1. Introduction  

This chapter provides a brief overview of FDTD approximation of partial differential 

equations. Various important concepts used to benchmark the performance of the FDTD 

method are introduced. The focus is on linear partial differential equations (PDEs) with 

one space variable and one time variable. Most of the materials are taken from reference 

5.The objective of this appendix is to provide the reader with some background on the 

mathematical concepts relevant to FDTD method. Therefore detailed mathematical 

proofs and derivations are omitted as these can be found in the above references.  

2. Differentiation and Finite-Difference Operators  

The finite-difference method is an approximation to the differentiation operator. Consider 

function U(x). We could approximate the differentiation 
dx

dU
 at x=x0 with: 
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The error associated with this approximation can be determined by using Taylor 

expansion.  Consider the Taylor expansion of  a function f() around x :  
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With x[ϕ[(x+a). Applying this to (2.2.1) and stopping at second order derivative: 
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In (B.2) we say that p=O(q) provided )(lim 0 q

p
p→

exists. Thus the finite-difference error 

of (B.1) in comparison with actual derivative is proportional to ∆x, this error is called the 

truncation error. Most of the time we are only interested in the values of U (x) at discrete 

points along the real axis, say x∈{x0, x1, x2….xi-1,xi….xm} for a finite interval [a, b]. We 

may take each xi to corresponds to:  

Xi=i ∆x, i= 0,1,2,3…M      (B.3)  

In general the separation between each set of points does not have to be fixed at ∆x.  

The corresponding set for U(x) can be defined as:  

U (x)∈{U0, U1, U2…Ui-1, Ui…UM} 

Where Ui=U (xi). The sets {x0, x1…xi-1, xi…xm} and {U0, U1…Ui-1, Ui…UM} are known 

as the grid and grid function. Most cases the scheme of (B.1) at x=xi can then be written 

as: 
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The right-hand side of (2.2.4) is known as the forward-difference operator. Table 2.1 

shows the various finite-difference operators (Allen and Isaacson, 1998).  
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Table B.1 – Various types of basic finite-difference operators. 



  

The finite-difference operators in Table B.1 are the basic finite-difference operators. 

From these operators, higher order finite-difference operators, which approximate higher 

order derivatives can be derived. For instance to approximate 

x

d
d

U
2

2

 at x=xi, we could 

use the following method: 
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Again using Taylor expansion, we could show that the truncation error for (B.5a) is given 

by:  
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3. Finite-Difference Time –Domain (FDTD) Schemes in One Dimension  

Using the finite-difference operators of Table B.1, we could approximate a partial 

differential equation using an algebra analog. Consider a function in two variables, U(x,t) 

which fulfill the homogeneous hyperbolic partial differential equation (PDE): 

 0=
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       (B.6) 

In (B.6) we let t be the time and x be the spatial variable, a is a positive real constant. The 

solution of this PDE is a wave propagating in +x direction. First assume x is unbounded 

and t is greater than zero. The domain for (B.6) is expressed mathematically as (x, t)∈  

R
1
x{t: t ≥0}, the symbol x is called the Cartesian product , while R

1
 represents the one-

dimensional vector space of real numbers. To get a unique solution, we would need to 

specify the initial condition, i.e. the values of U (x, 0) in (B.6). Such a problem is called 

the Initial Value Problem (IVP). When the space domain is finite, say (x, t)∈ [b, c] x{t: t 

≥0}, then additional conditions known as boundary conditions for U (b, t) and U(c, t) 

need to be specified to obtain a unique solution. Such a problem is called Initial 

Boundary Value Problem (IBVP). The issues of existence, uniqueness, the behavior of 

the solution, and methods to obtain solutions to IVP and IBVP can be found in texts on 



  

partial differential equations. For approximation to the actual solution we are only 

interested in the function U (x, t) at discrete intervals in space and time. Let the 

discretization be ∆x and ∆t for space and time, respectively. Also introducing the 

notation:     

 ),( tnxmUU
n
m ∆∆=         (B.7) 

Where the integer n is usually called the time-step in the literature. The basic idea of 

finite-difference method is to replace the derivatives by finite-difference operators. Since 

in (B.6) one of the variables is time, the resulting finite-difference operator is called 

Finite-Difference Time-Domain (FDTD) scheme. Table B.2 shows some FDTD schemes 

for (B.6). Note that in Table B.2, the subscript for finite-difference operator δ indicates 

which variable is operated on since U(x,t) is now a multi-variable function. For example, 

δ means forward-difference operator on variable x. An important feature of finite-

difference method is it approximates a partial differential equation by a set of algebraic 

equations. This makes it very suitable for application in a computer.  
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Forward-time forward-space (B.8a) 
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Forward-time backward-space (B.8b) 
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Forward-time central-space (B.8c) 
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Leapfrog scheme (B.8d) 
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Lax-Friedrichs scheme (B.8e) 

Table B.2- various types of FDTD schemes for one-dimensional hyperbolic partial 

differential equation.  

Each of the scheme (B.8a) to (B.8e) can be written expressing U
n

m

1+
 as a linear 

combination of U
n

m
 and U

n

m

1−
. By using (B.8a) -(B.8e) with suitable boundary values 

(U
n

0
 =f1(n) and U

n

M
 =f2(n) and initial values ( U m

0
 ,m=0,1,2,…, M ),    all subsequent 

values U
n

m
 for n=1,2,3,… can be computed directly. Such schemes are known as explicit 



  

as the value of U
n

m
at the next instant in time can be found directly from U

n

m
 of previous 

time-steps. A simple example serves to illustrate this.    

 

Approach 1: Forward-time forward-space scheme  

From  (B.8a), we have:  
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( )xmgU
o
m ∆=  and       00 =U

n                    (B.9b) 

Using conditions of (B.9b), we could determine the values of U
n
m  for all non-zero time-

steps from (B.9.a). This approach is called single-step scheme as U
n
m

1+  only depends on 

values of U
n
m . 

Approach 2: Leapfrog scheme.  
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o
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 In the leapfrog scheme, we first use (2.3.4a) to find an estimate for U m
1  from 

 U m
0  =g(m∆x). Then this result is used together with U m

0 in (2.3.5a) to find the values of 

U
n
m  for all subsequent time-steps n=2,3,4…this approach is also called multi-step scheme 

as U
n
m

1+  depends on values of U
n
m  and U

n
m

1− . Finally at the other end of the domain (x=b), 

a suitable condition needs to be applied to absorb the positive propagating wave.  

 4. Characteristics of FDTD Schemes  

In analyzing the performance of FDTD schemes, there are various issues to be addressed, 

such as accuracy of the schemes, consistency, stability, efficiency of the schemes and 

convergence. In this section the following concepts will be discussed: Convergence, 

stability, consistency, accuracy.  

Definition 1 – Convergence  

 The error between the actual solution U (x, t) and the numerical solution U
n
m  at a certain 

instance in time is defined as [5]: 

 max ),( tnxmUm u
n

m
∆∆−=ε        (B.11) 

A FDTD scheme is convergent if ∈→ 0 as ∆x and ∆t → 0 for all n.  



  

In general for an accurate scheme, the approximate solution U
n
m  must converge rapidly 

towards the actual solution U (x, t) as ∆x and ∆t approach zero. Also for an FDTD 

scheme to be stable, the solution for U
n
m  must not blow-up as ∆t→ 0 or as n is increased 

to infinity. A more precise definition of stability is given below: 

Definition 2- Stability of FDTD Scheme  

A one-dimensional FDTD scheme is stable if for any positive time T, there is a constant 

CT such that:  

∑ =≤ J
j

j
mUCU

T

n
m 0

        (B.12) 

For 0≤ n∆ t≤ T 

In (B.12) the ‘norm’ operator  is with respect to m. Any Euclidean norm will do, for an 

IVP it is usually taken as:  
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Using the norm allows us to monitor each U
n

m
 in the set of grid function 

{ UUUUUU
n

M

n

i

n

i

nnn
,,.........,,......,,,

1210 −
} (note: M and consequently the set will 

become an infinite set for an unbounded space). If either U
n

m
 diverges, (B.13) shows that 

the norm as a whole also diverges. In a single-step scheme such as Approach 1 of 

Example 2.1,J=0 while for multi-step scheme of Approach 2, J =1. Definition 2 tells us 

that as long as the maximum computation time T is finite, CT will be finite and a constant 

multiplier of the initial norm will bound the norm at every time-step n. The reason why 

CT is allowed to be dependent on T is that certain solution of the PDE can increase with 

time. For instance when the homogeneous hyperbolic PDE of (B.6) contains a source, 

which increases with time, then it is reasonable to assume the solution will increase too. 

As long as the maximum computation time T is finite, the solution should be finite. A 

powerful method for analyzing stability of linear finite-difference scheme is the Von-

Neumann Analysis. This will be used to derive the Courant-Friedrichs-Lewy (CFL) 

Stability Criterion for Yee’s FDTD scheme in Appendix 2.  

Another important concept is consistency. In a consistent FDTD scheme, all the finite-

difference operators will approach the actual differential operators when the 



  

discretization ∆x and ∆t approaches zero. For example all the schemes in Table B.2 are 

consistent.  

Definition 3 –Consistency of the Finite-Difference Scheme  

Consider a partial differential equation LU= f, where L is the partial differential operator, 

U (x, t) is the unknown function and f (x, t) the forcing function. If this partial differential 

equation is approximated by finite-difference scheme fUP
n

m
n
mtx =∆∆ , , then the finite-

difference scheme is consistent if for any smooth function φ(x, t): 

Lφ-P∆x,∆tφ→0 as ∆x,∆t→0        (B.14)  
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