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ABSTRACT

The adoption of stacked patch antenna technique in future wireless systems is expected to have a significant impact on the efficient use of the spectrum, minimization of the cost of establishing new wireless networks, improvement in the service quality, and in the realization of transparent operation across multi-technology wireless networks. 

               In the design of future wireless systems firstly, the stacked patch antennas features need to be considered early in the design phase (top-down compatibility); secondly, a realistic performance evaluation of stacked patch antenna technique needs to be performed according to the critical parameters associated with future systems requirements (bottom-up feasibility). 

                In this project I have adopted contemporary techniques for designing Microstrip antenna like Microstrip Line feed Patch structure and stacked double layer patches approach. The composite effects of integrating these techniques offer a low profile, broadband, high gain and compact antenna element. It is shown that a good coupling with the parasitic patches is obtained and the resonance modes of each patch are excited in phase, giving high gain.
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CHAPTER- I

INTRODUCTION
CHAPTER- I
INTRODUCTION

1.0 General

In resent year, the current trend in commercial and government communication system has been to develop low cost, minimal weight, low profile antennas that are capable of maintaining high performance over a large spectrum of frequencies. This technological trend has focused much effort in to the design of microstrip (Patch) antennas. With a simple geometry, patch antenna offer many advantages not commonly exhibited in other antenna configurations. For example the are extremely low profile, lightweight ,simple and inexpensive to fabricate using modern  day printed circuit board technology ,compatible with microwave and millimeter –wave integrated circuit(MMIC), and  have the ability to conform to planar and non-planar surfaces. In addition, once the shape and operating mode of the patch are selected, designs become very versatile in the terms of operating frequency, polarization, pattern and impedance .The variety in design that is possible with microstrip antennas probably exceeds that of any other type of antenna element.

1.1 Microstrip Antenna

The IEEE definition of Antenna [IEEE std. 145-1983] says: Antenna is a means “for radiating or receiving radio waves”[1]. In addition to receiving or transmitting energy, an antenna in an advanced wireless system is usually required to optimize or accentuate the radiation energy in some directions and suppress it in others. Thus antenna is a directional device as well as probing device. The field of Antennas is vigorous and dynamic and planar oriented antennas such as Microstrip Patch have attracted significant attention primarily for space borne applications.

The concept of such antennas though introduced in early 1950’s in US by Deschamps & in France by Gutton & Baissinot, it was in 1970’s only that with advent of Printed Circuit technology, some serious advancement in this research area had begun [2]. A Microstrip device literally means a sandwich of two parallel conducting layers separated by single thin dielectric substrate. The lower conductor is called Ground Plane & the upper conductor is a simple resonant circular/rectangular Patch. The metallic patch (usually Cu or Au) may take many geometrics viz. rectangular, circular, triangular, elliptical, helical, ring etc[1]. 

However the former two are popular due to their ease of fabrication and analysis and their attractive radiation characteristics, especially low cross polarization radiation. Microstrip Antennas are used where size, weight, cost, better performance, compatibility with Microwave and Millimeter wave Integrated Circuits (MMIC’s), robustness and ability to conform to planar and non planar surfaces are required. 

Despite the many advantage of patch antennas, they do have some considerable drawbacks .One of the main limitations with patch antennas is there inherently narrowband performance due to its resonant nature .With bandwidth as low as a few percent broadband application using conventional patch designs are limited .Others characteristics of patch antennas include low efficiencies, limited power capacity, spurious feed radiation, poor polarization purity, and 
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Fig. 1.1    Formation of surface wave
manufacturing tolerance .for over two decades, research scientists have developed several methods to increase the bandwidth of patch antenna .Many of these techniques involve adjusting the placement and /or type of element used to feed (or excite) the antenna .The simplest and most direct approach is to increase the thickness of the substrate ,while using a low dielectric substrate [1].This can extend efficiency (as much as 90%if the surface waves are not included)and bandwidth (up to 35%). However, surface waves must be included, since surface waves extract power form the direct radiation pattern, resulting in increased side lobe levels, antenna loss, and a decrease in efficiency. Moreover, the probability of surface wave 

formation increases as the thickness of the substrate increases. As patch antenna radiates portion of the total available power for direct radiation becomes trapped along the surface of the substrate. This trapped   electromagnetic energy leads to the development of surface waves. In fact, the ratio of power that radiates in to the substrate compared to the power that radiates into air is approximately (03/2:1).This is governed by the rules of total internal Reflection, which state that any field line radiates in to the substrate at angle greater than the critical angle are totally internally reflected at the top and bottom surfaces. This is illustrated in figure (1.1).Therefore, for a substrate with dielectric constant εr=10.2, nearly 3.1 of the total radiated power is trapped in the substrate with a critical angle of roughly 18.2 degrees. Surface wave effects can be eliminated by using cavities or stacked substrate techniques. However, this has the fundamental drawback of increasing the weight, thickness, and complexity of the microstrip antennas. These applications and others prevent microstrip antenna from becoming the standard in the microwave communication community.

The microstrip antenna was first introduced in the 1950’s ,but it was not until the 1970’s and the development of printed circuit technology that serious advancement in this research area had begun [1].Through decades of the research it was identified that the performance and operation of a microstrip antenna is driven mainly by the geometry of the printed patch and the material characteristics of the substrate on to which the antenna is printed ,therefore it is conceivable that with proper manipulations to the substrate ,improved antenna performance can result .there is little improvement to be realized in the arrangement of wires in the antenna; a significant improvement will come from the use of new materials. The following sections discuss the fundamental parameters and manufacturing requirement associated with the design of microstrip antennas. 
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Fig. 1.2      Common shapes of microstrip patch elements
1.2 The Basic properties of Microstrip Antennas are:
· Resonant Frequency.

· Effective length and Width.

· Bandwidth.

· Resonant Input Resistance.

· Radiation Efficiency.

· Directivity.

· Gain

1.3 Advantages and Disadvantages

Microstrip patch antennas are increasing in popularity for use in wireless applications due to their low-profile structure [3][6]. Therefore they are extremely compatible for embedded antennas in handheld wireless devices such as cellular phones, pagers etc. The telemetry and communication antennas on missiles need to be thin and conformal and are often Microstrip patch antennas. Another area where they have been used successfully is in Satellite communication. 

The major Advantage of Microstrip antennas are: 
· Light weight and low volume.

· Low profile planar configuration which can be easily made conformal to host surface.

· Low fabrication cost, hence can be manufactured in large quantities.

· Supports both, linear as well as circular polarization.

· Can be easily integrated with microwave integrated circuits (MICs).

· Capable of dual and triple frequency operations.

· Mechanically robust when mounted on rigid surfaces.

Microstrip patch antennas has some disadvantages such as:
· Narrow bandwidth

· Low efficiency

· Low Gain

· Extraneous radiation from feeds and junctions

· Poor end fire radiator except tapered slot antennas

· Low power handling capacity.

· Surface wave excitation

1.4 Need for Bandwidth Improvement 
For good antenna operation a higher Bandwidth is desirable which actually only a fraction -a few percent is. As in present age of communication the data to be sent is increasing and hence there is an increasing demand for Bandwidth so increasing the bandwidth of antennas becomes important technically as well as commercially. So study and research in this direction will prove beneficial. 

           Bandwidth  [image: image6.png]


 height ‘h’ (Substrate thickness). So by using a thick foam substrate a bandwidth of 10% can be achieved but this introduces Surface Waves which diminish effective power available for radiation. Other ways to improve the bandwidth are:

· Stacking.

· 'U’ shaped and double ‘U’ slot.

· Probe Compensation.
Surface Waves can be eliminated by using thinner substrate or by using EBG structure 

(High impedance surface) [5].

1.5 Scope of present work
In the present project work the following aspects of the Microstrip patch antenna has been studied in details.

a) Design calculation for a Microstrip patch antenna using transmission line model has been carried out to determine necessary dimensions of the antenna for simulation and fabrication of its proto-type development.

b) A simulation study of the MSA has been done in  Zealand Inc’s IE3D Software [24]. It is an integrated full wave electromagnetic and simulation package based on method of moments for analysis and design of planner Antennas. It can be used to calculate and plot Radiation Pattern, Return Loss, VSWR, Smith Chart and various other 
parameters. The characteristics parameters of a MSA such as  are determine through simulation and it is observed that these parameters lie in described /practical range.

c) A proto type laboratory model of the designed MSA has been fabricated and tested for its detail performance analysis .High frequency performance of developed MSA has been carried out using Network analyzer. 
1.6 Conclusion
This chapter gives  a complete details about basic Microstrip  patch antenna. The different application, Advantage and limitation of  Microstrip antenna has been also described.
CHAPTER- II

BASIC CHARACTERISTICS OF MICROSTRIP ANTENNA

CHAPTER- II
BASIC CHARACTERISTICS OF MICROSTRIP ANTENNA

RECTANGULAR   PATCH   ANTENNA
2.1 Introduction
Microstrip  antennas  are  among  the  most  widely  used  types  of  antennas  in  the  microwave frequency range, and they are often used in the millimeter-wave frequency range as well [1, 2, 3]. (Below approximately 1 GHz, the size of a microstrip antenna is usually too large to be practical, and other types of antennas such as wire antennas dominate).  Also  called  patch  antennas,  microstrip patch antennas consist of a metallic patch of metal that is on top of a  grounded dielectric substrate of thickness  h,  with  relative  permittivity and permeability εr  and  μr  as  shown  in  Figure  2.1  (usually μr=1).  The  metallic  patch  may be  of  various  shapes,  with  rectangular  and  circular  being the  most common, as shown in Figure 2.1.
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Fig. 2.1      Rectangular & Circular Patch Antenna
Most  of  the  discussion  in  this  section  will  be  limited  to  the  rectangular  patch,  although  the  basic principles  are  the  same  for  the  circular  patch.  (Many of  the  CAD  formulas  presented  will  apply approximately for the circular patch if the circular patch is modeled as a square patch of the same area)[7] [8].  Various  methods  may be  used  to  feed  the  patch,  as  discussed  below.  One advantage of the microstrip antenna is that it is usually low profile, in the sense that the substrate is fairly thin. If the substrate is thin enough, the antenna actually becomes “conformal,” meaning that the substrate can be bent to conform to a curved surface (e.g., a cylindrical structure). A typical substrate thickness is about 0.02 λ0. The metallic patch is usually fabricated by a photolithographic etching process or a mechanical  milling  process,  making  the  construction  relatively  easy  and  inexpensive  (the  cost  is mainly that of the substrate material). Other advantages include the fact that the microstrip antenna is usually lightweight (for thin substrates) and durable.

Disadvantages of the microstrip antenna include the fact that it is usually narrowband, with bandwidths of a  few  percent being typical. Some methods for enhancing bandwidth are discussed later, however. Also, the radiation efficiency of the patch antenna tends to be lower than some other types of antennas, with efficiencies between 60% and 90% being typical.

2.2 Basic Principles of Operation
The  metallic  patch  essentially  creates  a  resonant  cavity,  where  the  patch  is  the  top  of  the cavity, the ground plane is the bottom of the cavity, and the edges of the patch form the sides of the cavity. The edges of the patch act approximately as an open-circuit boundary condition. Hence, the patch acts approximately as a cavity with perfect electric conductor on the top and bottom surfaces, and a perfect “magnetic conductor” on the sides [5] [16]. This point of view is very useful in analyzing the patch antenna, as well as in understanding its behavior. Inside the patch cavity the electric field is essentially z directed and independent of the z coordinate.  Hence, the patch cavity modes are described by a double index (m, n). For the (m, n) cavity mode of the rectangular patch the electric field has the form
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…………………(1)

Where L is the patch length and W  is the patch width. The patch is usually operated in the

(1,  0)
mode,  so  that  L  is  the  resonant  dimension,  and  the  field  is  essentially  constant  in  the
y direction. The surface current on the bottom of the  metal patch is then x directed, and is given by
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For  this  mode  the  patch  may  be  regarded  as  a  wide  microstrip  line  of  width  W,  having  a resonant  length  L  that  is  approximately  one-half  wavelength  in  the  dielectric.  The  current  is maximum  at  the  centre  of  the  patch,  x  =  L/2,  while  the  electric  field  is  maximum  at  the  two
“radiating” edges x=0 and x=L. The width W is usually chosen to be larger than the length (W =1.5 L is typical) to maximize the bandwidth, since the bandwidth is proportional to the width. (The width should be kept less than twice the length, however, to avoid excitation of the (0,2) mode.) [12]

At first glance, it might appear that the microstrip antenna will not be an effective radiator when the substrate is electrically thin, since the patch current in eqn (2) will be effectively shorted by the close proximity to the ground plane. If the modal amplitude   A10   were  constant,  the  strength  of  the radiated  field  would  in  fact  be  proportional  to  h.  However,  the  Q  of  the  cavity  increases  as  h decreases (the radiation Q is inversely proportional to h). Hence, the amplitude A10 of  the modal field  at  resonance  is  inversely  proportional  to  h.  Hence,  the  strength  of  the  radiated  field  from  a resonant patch is  essentially independent  of  h,  if  losses are ignored[13]. The resonant  input resistance will  likewise  be  nearly  independent  of  h.  This  explains  why  a  patch  antenna  can  be  an  effective radiator even for very thin substrates, although the bandwidth will be small.

2.3 Resonant Frequency
The resonance frequency for the (1, 0) mode is given by
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Where c is the speed of light in vacuum. To account for the fringing of the cavity fields at the edges of the patch, the length, the effective length Le is chosen as

Le= L + 2ΔL
The Hammerstad formula for the fringing extension is [1]
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Where
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2.4 Radiation Patterns
The radiation patterns of an antenna provide the information that describes how the antenna directs the energy it radiates.  All antennas, if are 100% efficient, will radiate the same total energy for equal input power regardless of pattern shape.  Radiation patterns are generally presented on a relative power dB scale. 

 It can be show in polar plot 360 degree.  Example of radiation pattern is shown in Fig. 2.2 & 2.3.  In many cases, the convention of an E-plane and H-plane pattern is used in the presentation of antenna pattern data [17].  The E-plane is the plane that contains the antenna’s radiated electric field potential while the H-plane is the plane that contains the antenna’s radiated magnetic field potential.   These planes are always orthogonal.
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Fig. 2.2  Radiation Pattern
[image: image12.png]



       Fig. 2.3   Radiation Pattern (E & H plane)
2.5 Gain 

The gain of an antenna is essentially a measure of the antenna’s overall efficiency.   If an antenna is 100% efficient, it would have a gain equal to its directivity. There are many factors that affect and reduce at the overall efficiency of an antenna. Some of the most significant factors that impact antenna gain include impedance, matching network losses, material losses and random losses. By considering of all factors, it would appear that the antenna must overcome a lot of adversity in order to achieve acceptable gain performance.  Gain is given by [5]
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Where d is distance between the transmitting and receiving antenna.

2.6 VSWR

Voltage Standing Wave Ratio (VSWR) is the ratio between the maximum voltage and the minimum voltage along transmission line.  The VSWR, which can derive from the level of reflected and incident waves, is also an indication of how closely or efficiently an antenna’s terminal input impedance is matched to the characteristic impedance of the transmission line.  Increasing in VSWR indicates an increase in the mismatch between the antenna and the transmission line.  A decrease VSWR means good matching with minimum VSWR is one.  
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                     Table 2.1 shows several VSWR value compared to reflection coefficient [S11] value.

The VSWR is given by:
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Most wireless system operates at 50 Ohm impedance.  Hence the antenna must be designed with an impedance as close to 50 ohm as possible.  A VSWR of 1 indicate an antenna impedance of exactly 50 ohms.  Mostly, the ratio of VSWR≥1.5:1 is needed for antenna functional.  Table 1.0 shows several VSWR value compared to reflection coefficient [S11] value. 
 Value of VSWR 2:1 ([S11} = -9.5 dB) shows 90% of power reflected.  While for VSWR 3:1 ([S11] = -6dB), shows 75 % power is reflected.  A good antenna to operate is within 1≤VSWR≤2. 

2.7 Bandwidth
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The  bandwidth  increases  as  the  substrate  thickness  increases  (the  bandwidth  is  directly proportional to h if conductor, dielectric, and surface-wave losses are ignored). However, increasing the substrate thickness lowers the Q of the cavity, which increases spurious radiation from the feed, as well as from higher-order modes in the patch cavity. Also, the patch typically becomes difficult to match as the substrate thickness increases beyond a certain point (typically about 0.05  λ0). This is especially true when feeding with a coaxial probe, since a thicker substrate results in a larger probe inductance appearing in  series  with  the  patch  impedance.  However, in  recent  years  considerable effort has been spent to improve the bandwidth of the microstrip antenna, in part by using alternative feeding  schemes.  The  aperture-coupled  feed  of  Figure    is  one  scheme  that  overcomes  the problem of probe inductance, at the cost of increased complexity [3].

Lowering  the  substrate  permittivity  also  increases  the  bandwidth  of  the  patch  antenna. However, this has the disadvantage of making the patch larger. Also, because of the patch cavity is lowered, there will usually be increased radiation from higher-order modes, degrading the polarization purity of the radiation.

2.8 Input Impedance
A variety of approximate models have been proposed for the calculation of input impedance for a probe-fed patch. These include the transmission line method [10], the cavity model [13]. These models usually work well ffor thin substrates, typically giving reliable results for h / λ0 < 0.02. Commercial simulation tools using FDTD, FEM, or MOM can be used to accurately predict the input impedance for any substrate thickness. 
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Fig. 2.5  Equivalent Circuit of Patch Antenna
In  this  model  the  patch  cavity  is  modeled  as  a  parallel  RLC  circuit,  while
the  probe inductance  is  modeled  as  a  series  inductor.  The input impedance of this circuit is approximately described by
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where  f0  is  the  resonance  frequency,  R  is  the  input  resistance  at  the  resonance  of  the  RLC  circuit

(Where the input resistance of the patch is maximum), Q = Qtotal is the  quality factor of  the patch cavity (13), and Xf=ωLpis the feed (probe) reactance of the coaxial probe. 
2.9 Linear Polarization
Antenna Polarization is a very important parameter when choosing and installing an antenna. It helps to have a good grasp of all the aspects of this subject. Most communications systems use either
vertical, horizontal or circular polarization[1].Knowing the difference between polarization and how to maximize their benefit is very important to the antenna user.

A   linear   polarized   antenna   radiates   wholly in   one   plane   containing   the   direction   of propagation.  In a circular polarized antenna, the plane of polarization rotates in a circle making one complete revolution during one period of  the  wave. An antenna is  said  to  be  vertically polarized (Linear) when its electric field is perpendicular to the Earth's surface.

A circular polarized wave radiates energy in both the horizontal and vertical planes and all planes in between.   The  difference,  if  any,  between  the  maximum  and  the  minimum  peaks  as  the antenna is rotated through all angles, is called the axial ratio and is usually specified in decibels (dB).  If the axial ratio is near 0 dB, the antenna is said to be circular polarized.  If the axial ratio is greater than 1-2 dB, the polarization is often referred to as elliptical. It will radiate some horizontal polarization and vice versa.  However, this is seldom a problem unless there is noise or strong signals nearby.

2.10 Typical Applications

Vertical  polarization  is  most  often  used  when  it  is  desired  to  radiate  a  radio  signal  in  all directions  such  as  widely  distributed  mobile  units. Vertical polarization also works  well  in  the suburbs or out in the country, especially where hills are present.   As a result, nowadays most two- way Earth to Earth communications in the frequency range above 30 MHz use vertical polarization.

Horizontal polarization is used to broadcast television in the USA.  Some say that horizontal polarization  was  originally  chosen  because  there  was  an  advantage  to  not  have  TV  reception interfered with by vertically polarized stations such as mobile radio.  Also, man made radio noise is predominantly  vertically  polarized  and  the  use  of  horizontal  polarization  would  provide  some discrimination against interference from noise[14].

2.11 Other Considerations
If the antenna is to be located on an existing tower or building with other antennas in the vicinity, try to separate the antennas as far as possible from each other.  In the UHF range, increasing separation  even  a  few  extra  feet  may  significantly  improve  performance  from  problems  such  as desensitization.

When setting up your own exclusive communications link, it may be wise to first test the link with vertical and then horizontal polarization to see which yields the best performance (if any).   If there  are  any  reflections  in  the  area,  especially  from  structures  or  towers,  one  polarization  may outperform the other.

On another note, when radio waves strike a smooth reflective surface, they may incur a 180 degree phase shift, a phenomenon known as specular or mirror image reflection.  The reflected signal may then destructively or constructively affect the direct LOS signal.  Circular polarization has been used to an advantage in these situations since the reflected wave would have a different sense than the direct wave and block the fading from these reflections.

2.12 Diversity Reception
Even if the polarizations are matched, other factors may affect the strength of the signal.  The most common are long and short term fading. Long term fading results from changes in the weather (such  as  barometric  pressure  or  precipitation)  or  when  a  mobile  station  moves  behind  hills  or buildings.  Short term fading is often referred to as "multipath" fading since it results from reflected signals interfering with the LOS signal [5].

Some of this fading phenomenon can be decreased by the use of diversity reception.   This type of system usually employs dual antennas and receivers with some kind of "voting" system to choose the busiest signal. However, for best results, the antennas should be at least 20 wavelengths apart so  that  the  signals  are  no  longer  correlated.   This  would  be  20-25  feet  at  880  MHz,  quite  a structural  problem.  Nowadays we are inundated with  mobile  radios  and  cellular  telephones.   The polarization on handheld units is often random depending on how they are held by the user.  This has led  to  new  studies  which  have  found  that  polarization  diversity  can  be  an  advantage.   The  most important  break  through  in  this  area  is  that  the  antennas  at  the  base  station  do  not  have  to  be separated physically as described above.  They can be collocated as long as they are orthogonal and well isolated from  each  other. Only  time  will  tell  if  these  systems  are  truly  cost  effective.
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                 Fig 2.6 Linear Polarization
2.13 Conclusion

This chapter gives complete details of basic characteristics, principle of operation of Microstrip patch antenna. 
CHAPTER- III

FEED TECHNIQUES

CHAPTER- III
FEED TECHNIQUES

Microstrip patch antennas can be fed by a variety of methods. These methods can be classified into two categories- contacting and non-contacting.  In  the  contacting  method,  the  RF power is fed directly to the radiating patch using a connecting element such as a microstrip line. In the  non-contacting  scheme,  electromagnetic  field  coupling  is  done  to  transfer  power  between  the microstrip  line  and  the  radiating  patch [2] [5].  The  four  most  popular  feed  techniques  used  are  the microstrip line, coaxial probe (both contacting schemes), aperture coupling and proximity coupling (both non-contacting schemes).

3.1 Microstrip Line Feed
In this type of feed technique, a conducting strip is connected directly to the edge of the Microstrip patch as shown in Figure 3.1. The conducting strip is smaller in width as compared to the patch and this kind of feed arrangement has the advantage that the feed can be etched on the same substrate to provide a planar structure [15].
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Fig.3.1 Microstrip Line Feed
The purpose of the inset cut in the patch is to match the impedance of the feed line to the patch without the need for any additional matching element. This is achieved by properly controlling the  inset  position. Hence  this  is an  easy feeding  scheme,  since it  provides  ease  of  fabrication  and simplicity in modeling as well as impedance matching. However as the thickness of the dielectric substrate  being  used,  increases,  surface  waves  and  spurious  feed  radiation  also  increases,  which hampers the bandwidth of the antenna [5]. The feed radiation also leads to undesired cross polarized radiation.

3.2 Coaxial Feed
The Coaxial feed or probe feed is a very common technique used for feeding Microstrip

patch antennas.  As  seen  from  Figure  3.2,  the  inner  conductor  of  the  coaxial  connector  extends through the dielectric and is soldered to the radiating patch, while the outer conductor is connected to the ground plane.
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Fig.3.2 Probe fed Rectangular Microstrip Patch Antenna
The  main  advantage  of  this  type  of  feeding  scheme  is  that  the  feed  can  be  placed  at  any desired location inside the patch in order to match with its input impedance. This feed method is easy to fabricate and has low spurious radiation. However, a major disadvantage is that it provides narrow bandwidth and is difficult to model since a hole has to be drilled in the substrate and the connector protrudes outside the ground plane, thus not making it completely planar for thick substrates (h  > 0.02λo).  Also,  for  thicker  substrates,  the  increased  probe  length  makes  the  input  impedance  more inductive,  leading  to  matching  problems  [9].  It  is  seen  above  that  for  a  thick  dielectric  substrate, which provides broad bandwidth, the microstrip line feed and the coaxial feed suffer from numerous disadvantages.  The  non-contacting  feed  techniques  which  have  been  discussed  below,  solve  these issues.

3.3 Aperture Coupled Feed
In this type of feed technique, the radiating patch and the microstrip feed line are separated by the ground plane as shown in Figure 3.3. Coupling between the patch and the feed line is made through a slot or an aperture in the ground plane.
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Fig. 3.3  Aperture-coupled feed

The coupling aperture is usually centered under the patch, leading to lower cross-polarization due  to  symmetry of  the  configuration.  The  amount  of  coupling  from  the  feed  line  to  the  patch  is determined by the shape, size and location of the aperture. Since the ground plane separates the patch and the feed line, spurious radiation is minimized. Generally, a high dielectric material is used for bottom substrate and a thick, low dielectric constant material is used for the top substrate to optimize radiation from the patch [5]. The major disadvantage of this feed technique is that it is difficult to fabricate due to multiple layers, which also increases the antenna thickness. This feeding scheme also provides narrow bandwidth.

3.4 Proximity Coupled Feed
This type of feed technique is also called as the electromagnetic coupling scheme. As shown in Figure 3.4, two dielectric substrates are used such that the feed line is between the two substrates and the radiating patch is on top of the upper substrate. The main advantage of this feed technique is that it eliminates spurious feed radiation and provides very high bandwidth (as high as 13%) [5], due to  overall  increase  in  the  thickness  of  the  microstrip  patch  antenna.  This  scheme  also  provides choices  between  two  different  dielectric  media,  one  for  the  patch  and  one  for  the  feed  line  to optimize the individual performances[5].
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Fig.3.4 Proximity-coupled Feed

       Matching can be achieved by controlling the length of the feed line and the width-to-line

ratio  of  the  patch.  The  major  disadvantage  of  this  feed  scheme  is  that  it  is  difficult  to  fabricate because of the two dielectric layers which need proper alignment. Also, there is an increase in the overall thickness of the antenna.

	Characteristics 
	Microstrip Line 
	Coaxial Feed 
	Aperture 
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	Feed 
	
	coupled Feed 
	coupled Feed 

	Spurious feed radiation 
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	Good 
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	13% 

	(achieved with 
	
	
	
	

	impedance 
	
	
	
	

	matching) 
	
	
	
	


          Table 3.1 below summarizes the characteristics of the different feed techniques.
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The preferred models for the analysis of Microstrip patch antennas are the transmission line, model, cavity model, and full wave model [1] [5] (which include primarily integral equations/Moment Method). The transmission line model is the simplest of all and it gives good physical insight but is complex in nature. The full wave models are extremely accurate, versatile and can treat single elements, finite and infinite arrays, stacked elements, arbitrary shaped elements and coupling. These give less insight as compared to the two models mentioned above and are far more complex in nature.

4.1 Transmission Line Model
This model represents the microstrip antenna by two slots of width W and height h, separated by a  transmission  line  of  length  L. The  microstrip  is  essentially  a  non-homogeneous  line  of  two dielectrics, typically the substrate and air.
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Fig.4.1 Microstrip Line
Fig.4.2 Electric Field Lines
Hence, as seen from Figure 4.1 & 4.2,  most of the electric field lines reside in the substrate and parts of some lines in air. As a result, this transmission line cannot support pure transverse-electric- magnetic (TEM) mode of transmission, since the phase velocities would be different in the air and the substrate. Instead, the dominant mode of propagation would be the quasi-TEM mode. Hence, an effective dielectric constant (εreff) must be obtained in order to account for the fringing and the wave propagation in the line. The value of εreff  is slightly less than εr because the fringing fields around the periphery of the patch are not confined in the dielectric substrate but are also spread  in the air  as shown in Figure 4.2  above. The expression for εreff  is given by Balanis [9] as:
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Where   εreff
=    Effective dielectric constant

εr
=    Dielectric constant of substrate h
 =    Height of dielectric substrate W
 =   Width of the patch

Consider Figure 4.3 below, which shows a rectangular microstrip patch antenna of length L, width W resting on a substrate of height h. The co-ordinate axis is selected such that the length is along the x direction, width is along the y direction and the height is along the z direction.
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Fig .4.3 Microstrip Patch Antenna
In order to operate in the fundamental TM10  mode, the length of the patch must be slightly less than λ/2 where λ is the wavelength in the dielectric medium and is equal to λo/√εreff where λo  is the  free  space  wavelength[3].  The  TM10   mode  implies  that  the  field  varies  one  λ/2  cycle  along  the length, and there is no variation along the width of the patch. In the Figure 4.4 shown below, the microstrip patch antenna is represented by two slots, separated by a transmission line of length L and open circuited at both the ends. Along the width of the patch, the voltage is maximum and current is minimum due to the open ends. The fields at the edges can be resolved into normal and tangential components with respect to the ground plane.
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Fig. 4.4 Top View of Antenna
Fig. 4.5  Side View of Antenna
It is seen from Figure 4.5 that the normal components of the electric field at the two edges along the width are in opposite directions and thus out of phase since the patch is  λ/2 long and hence they cancel each other in the broadside direction. The tangential components (seen in Figure 4.3), which are in phase, means that the resulting fields combine to give maximum radiated field normal to the surface of the structure. Hence the edges along the width can be represented as two radiating slots, which are λ/2 apart and excited in phase and radiating in the half space above the ground plane. The fringing fields along the width can be modeled as radiating slots and electrically the patch of the microstrip antenna looks greater than its physical dimensions. The dimensions of the patch along its length  have  now  been  extended  on  each  end  by  a  distance  ∆L,  which  is  given  empirically  by Balanis[1][19] as:
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where @, is the angular resonant frequency.
W; is the total energy stored in the patch at resonance.
P, is the dielectric loss.
tand is the loss tangent of the dielectric.

e O, represents the quality factor of the conductor and is given as

where P, is the conductor loss.
A is the skin depth of the conductor.
h is the height of the substrate.

e O, represents the quality factor for radiation and is given as:

oW
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where P, is the power radiated from the patch.

Substituting equations (3.8). (3.9). (3.10) and (3.11) in equation (3.7), we get
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       For  Microstrip patch Antenna, the resonant frequency in TM10 is given by
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For efficient radiation, the width 77 is given by Bahl and Bhartia [15] as:
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4.2 Cavity Model
Although the transmission line model discussed in the previous section is easy to use, it has some inherent disadvantages. Specifically, it is useful for patches of rectangular design and it ignores field variations along the radiating edges. These disadvantages can be overcome by using the cavity model. A brief overview of this model is given below[19].

In this model, the interior region of the dielectric substrate is modeled as a cavity bounded by electric walls on the top and bottom. The basis for this assumption is the following observations for thin substrates (h << λ) [12].

•
Since the substrate is thin, the fields in the interior region do not vary much in the z direction, i.e. normal to the patch.

•
The  electric  field  is  z  directed  only,  and  the  magnetic  field  has  only  the  transverse components Hx  and Hy  in the region bounded by the patch metallization and the ground plane. This observation provides for the electric walls at the top and the bottom.
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Figure 4.6 Charge distribution and current density creation on the microstrip patch
Consider Figure 4.6 shown above. When the microstrip patch is provided power, a charge distribution is seen on the upper and  lower  surfaces of the  patch  and  at  the bottom of  the  ground plane.  This  charge  distribution  is  controlled  by  two  mechanisms-an  attractive  mechanism  and  a repulsive  mechanism  as  discussed  by  Richards  [11].  The attractive mechanism is between the opposite charges on the bottom side of the patch and the ground plane, which helps in keeping the charge concentration intact at the bottom of the patch. The repulsive mechanism is between the like charges on the bottom surface of the patch, which causes pushing of some charges from the bottom, to the top of the patch. As a result of  this charge movement,  currents flow at the top  and bottom surface of the patch. The cavity model assumes that the height to width ratio (i.e. height of substrate and width of the patch) is very small and as a result of this the attractive mechanism dominates and causes most of the charge  concentration and the current to be below the  patch surface. Much less current would flow on the top surface of the patch and as the height to width ratio further decreases, the current on the top surface of the patch would be almost equal to zero, which would not allow the creation of any tangential magnetic field components to the patch edges. Hence, the four sidewalls could be modeled as perfectly magnetic conducting surfaces. This implies that the magnetic fields and the electric field distribution beneath the patch would not be disturbed. However, in practice, a finite width to height ratio would be there and this would not make the tangential magnetic fields to be completely zero, but they being very small, the side walls could be approximated to be perfectly magnetic conducting [5].

Since the walls of the cavity, as well as the material within it are lossless, the cavity would not radiate and its input impedance would be purely reactive. Hence, in order to account for radiation and a loss mechanism, one must introduce a radiation resistance RR  and a loss resistance RL. A lossy cavity would now represent an antenna and the loss is taken into account by the effective loss tangent δeff   which is given as:
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Thus, the above equation describes the total effective loss tangent for the microstrip        patch antenna.

4.3 Full Wave Solutions-Method of Moments 
One of the methods, that provide the full wave analysis for the microstrip patch antenna, is the Method of Moments. In this method, the surface currents are used to model the microstrip patch and the volume polarization currents are used to model the fields in the dielectric slab. It has been shown by J.R. James and P.S. Hall [13] how an integral equation is obtained for these unknown currents and using the Method of Moments, these electric field integral equations are converted into matrix equations which can then be solved by various techniques of algebra to provide the result. A brief overview of the Moment Method described by D. Heberling et al [19] and [5] is given below. The basic form of the equation to be solved by the Method of Moment is:
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where F is a known linear operator, g is an unknown function, and h is the source or excitation function. The aim here is to find g, when F and h are known. The unknown function g can be expanded as a linear combination of N terms to give: [image: image31.png]§=2.,0,8, =a,g + a8, +
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where an is an unknown constant and gn is a known function usually called a basis or expansion function. Using the linearity property of the operator F, we can write: 
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The basis functions gnmust be selected in such a way, that each F (gn ) in the above equation can be calculated. The unknown constants an cannot be determined directly because there are N unknowns, but only one equation. One method of finding these constants is the method of weighted residuals. In this method, a set of trial solutions is established with one or more variable parameters. The residuals are a measure of the difference between the trial solution and the true solution. The variable parameters are selected in a way which guarantees a best fit of the trial functions based on the minimization of the residuals. This is done by defining a set of N weighting (or testing) functions  [image: image33.png]) =ww,




 in the domain of the  operator F. Taking the inner product of these functions, equation becomes
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Where m = 1,2, …..N

Writing in Matrix form as shown in [5], we get: 
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Where
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The unknown constants an can now be found using algebraic techniques such as LU decomposition or Gaussian elimination. It must be remembered that the weighting functions must be selected appropriately so that elements of {wn} are not only linearly independent but they also minimize the computations required to evaluate the inner product. One such choice of the weighting functions may be to let the weighting and the basis function be the same, that is, wn = g n .  From the antenna theory point of view, we can write the Electric field integral equation as: 
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Where E is the known incident electric field. 

 J is the unknown induced current.  f e  is the linear operator. 

The first step in the moment method solution process would be to expand J as a finite sum of basis function given as: 
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Where bi is the it basis function and Jiis an unknown coefficient. The second step involves the defining of a set of M linearly independent weighting functions, wj. Taking the inner product on both sides   we get: 
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Where J = 1,2,3……M

Writing in matrix form as,
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Where
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J is the current vector containing the unknown quantities.  The vector E contains the known incident field quantities and the terms of the Z matrix are functions of geometry. The unknown coefficients of the induced current are the terms of the J vector. Using any of the algebraic schemes mentioned earlier, these equations can be solved to give the current and then the other parameters such as the scattered electric and magnetic fields can be calculated directly from the induced currents. Thus, the Moment Method has been briefly explained for use in antenna problems. The software used in this thesis, Zeland Inc’s IE3D [24] is a Moment Method simulator. Further details about the software will be provided in the next chapter
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CHAPTER- V

DESIGN SPECIFICATIONS OF A SIMPLE INSET FEED MICROSTRIP ANTENNA
The Procedure for designing a simple inset feed rectangular microstrip patch antenna is explained.Next, a compact inset feed rectangular microstrip patch antenna is designed.Finally, the result obtained from the simulations are demonstrated. 

5.1 Design of microstrip antenna using Transmission line model.
The three essential parameters for the design of a rectangular Microstrip Patch Antenna are[1]:

· Frequency of operation (fo): The resonant frequency of the antenna must be selected appropriately. The Personal Communication System (PCS) uses the frequency range from 1850-1990 MHz Hence the antenna designed must be able to operate in this frequency range. The resonant frequency selected for our design is 1.88 GHz.
· Dielectric constant of the substrate (εr): The dielectric material selected for our design is FR4 which has a dielectric constant of 4.4. A substrate with a high dielectric constant has been selected since it reduces the dimensions of the antenna.
· 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 is selected as 1.6 mm.

5.2 Process   Flowchart 
Figure 5.1 shows detail flow chart for design of a inset feed microstrip patch antenna using Transmission line model method. The design procedure starts with selection of shape to be used for the antenna design.
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Fig 5.0 A flow chart for Design of microstrip antenna
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Fig 5.1 Top view of rectangular microstrip patch antenna
5.3 Design calculation 

Step 1: Calculation of the patch Width (W ): The width of the Microstrip patch antenna is given by: 

[image: image44.emf]
Where W is the width of the patch in(mm), c is the speed of the light ,f0  is resonant frequency 

εr .is the dielectric constant of the substrate .
Substituting c = 3e8 m/s, ε r = 4.4 and f o = 1.88 GHz, we get:

W  = 38.1mm

Step 2: Calculation of Effective dielectric constant (ε reff ): The effective dielectric constant is calculated as:

[image: image45.emf]
Where h is the height of substrate.

Substituting εr = 4.4, W = 48.0 mm and h = 1.6 mm we get:

ε reff  = 4.14

Step 3: Calculation of the Effective length (L eff ): The effective length is given as:

[image: image46.emf]
Substituting ε reff = 4.14, c = 3e8 m/s and f o =  1.88 GHz we get:

L eff   = 39.09 mm

Step 4: Calculation of the length extension ( ΔL ): The length extension is given as:

[image: image47.emf]
Putting the values, we get     ΔL = 0.75 mm

Step 5: Calculation of actual length of patch ( L ): The actual length is obtained by :

[image: image48.emf]
Substituting the values, we get : 

L= 38.4 mm
Simulation Setup and Results using IE3D Software

5.4     For Inset Line Fed Rectangular Patch Microstrip Antenna
The software used to model and simulate the microstrip patch antenna is Zeland Inc’s IE3D

 software. IE3D[24] is a full-wave electromagnetic simulator based on the method of moments. It

 analyzes 3D and multilayer structures of general shapes. It has been widely used in the design of MICs, RFICs, patch antennas, wire antennas, and other RF/wireless antennas. It can be used to calculate and plot the  S11 parameters, VSWR, current distributions as well as the radiation patterns. An evaluation version of the software was used to obtain the results for this thesis.
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Fig. 5.2  Basic Parameters dialog box
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Fig. 5.3 Geometry – Inset Line Feed 
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Fig. 5.4  Meshing of the patch
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Fig. 5.5 Bounds for optimization
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Fig. 5.6 Optimization Setup
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Fig.5.7 Simulation Setup
5.5 Simulation Results
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Fig. 5.8   Return Loss vs frequency
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Fig. 5.9 VSWR vs frequency
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Fig.5.10 Radiation Efficiency vs frequency
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Fig. 5.11    3D Radiation Pattern
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Fig. 5.12    Smith Chart
5.6 Result & Conclusions
The various parameters for the antenna at 1.88 GHz were calculated as:

1. Return Loss = -35 dB

2. Antenna Efficiency = 63%

3. Radiation Efficiency = 75%

4. Bandwidth = 8 MHz

5. VSWR = 1.07

6. Gain = 3.38 dBi

CHAPTER- VI

DESIGN OF MICROSTRIP STACKED PATCH ANTENNA

CHAPTER VI
DESIGN OF MICROSTRIP STACKED PATCH ANTENNA

6.1   Introduction

Currently there is considerable interest in incorporating active devices at the level of radiating elements of large phased arrays [20] [21]. This is due to the fact that the feed line less increases with the array size and can become excessive for microstrips arrays. The proximity of the amplifiers to the radiating elements reduces the feed network loss and thus improves the array performance. Also it enables simple control of radiation pattern and beam scanning. These become feasible since the gain of the active devices can be used to control the array elements excitation in both amplitude and phase to compensate for the losses and achieve proper aperture distribution. Moreover microstrip technology allows Monoline implementation by fabricating both active devices and antenna on the same semiconductor substrate. How ever the use of an active device for each radiating element of the array is often avoided because of its excessive cost technological problem in heat dissipation, parasitic effects of bias network, lack of available space etc. A good solution to this entire problem is therefore to dedicate active devices to a group of element in the form of contiguous sub arrays. A convenient choice is the four element sub array, which leads to a symmetrical arrangement in both directions the elements of which can be fed by a simple feed network. The effect of partitioning an array into sub arrays on the radiation characteristics have already been addressed, and usually introduces grating lobes. However the effect can be controlled by tapering the sub array excitation. Also the sub array architecture can be used to eliminate scanned blindness [22].

In using sub arrays, a further benefit can be gained by eliminating the feed lines to sub arrays elements. This is achieved here electromagnetically coupling four radiating elements to a driving patch etched on a upper substrate. In this configuration the four lower patches are fed through a coupling area located at one of their corners which overlaps with the upper patch. Adjacent resonant modes are then excited on the four parasitic lower patches and on the driving upper patch, thus increasing their impedance bandwidth [23]. This configuration 
Therefore constitutes a super radiating element with high gain and high bandwidth. In addition it contains a good number of substrate and patch parameter including there spacing, to be used in optimizing the sub array performance.
A novel radiating element can provide simultaneously a large bandwidth and high gain. It consists of four identical patches uniformly displayed within a rectangular aperture (2*2), and fed electromagnetically by a driving patch etched on a upper substrate. It is shown that a good coupling with the parasitic patches is obtained, causing a large bandwidth, and that the resonance modes of each patch are excited in phase, giving a high gain. Its structural simplicity and superior performance make this element an attractive candidate for large phase arrays[23]. Various parameters such as input impedance, voltage standing wave ratio, return loss, band width, radiation pattern, and beam width of the antenna are analyzed.

6.2   Microstrip Stacked Antenna (Illustrations)
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Fig. 6.1    Upper substrate & lower substrate
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Fig. 6.2    Upper substrate & lower substrate (shown diagrammatically)
6.3 Design Specifications of Stacked Antenna (2% Coupling Overlap Area)

                                          Main Patch
                 Sub-Patches
        L = 21.3 mm


L = 20 mm

                                           W = 20 mm


W = 16 mm

                                            εr = 3.2            

             εr = 4.8

                                             h = 0.762 mm


h = 1.6 mm
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Fig.6.3    Configuration of stacked patch antenna
· Meshing Frequency = 4.8 GHz

· Resonant Frequency = 4.3 GHz

· Frequency Range of Analysis = 4.1 – 4.8 GHz

6.4 Simulations Output
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Fig. 6.4 Return Loss Vs Frequency (Min -53 dB)
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Fig. 6.5   VSWR   Vs  Frequency  ( Min ~ 1.05)
Radiation Pattern Display
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Fig. 6.6 Gain    (dib) ~ 9.72)
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Fig 6.7 Total field directivity vs. Frequency
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Fig. 6.8    Smith Chart
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Fig 6.9   Efficiency Vs .Frequency
6.5  Comparison of  Result  of simulated Vs   N/W  Analyzer
6.6.1 Return Loss Vs Freq
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Simulated   by IE3D Software
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Measured with N/W Analyzer

Fig. 6.10 Return Loss Vs Frequency
6.6.2 VSWR   Vs Frequency  
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Simulated   by IE3D Software
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Measured with N/W Analyzer

Fig 6.11   VSWR   Vs Frequency  

  6.6.3 Smith Chart
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                                                                Simulated   by IE3D Software     
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z

Measured with N/W Analyzer                 
                                  Fig 6.12       Smith Chart

6.7 Result & Conclusions
Central Frequency = 4.3 GHz
Efficiency = 97%  (Theoretically- by simulation)

VSWR = 1.05 (Theoretically- by simulation)

          = 1.1799 (practically by N/W Analyzer)

Return Loss = -53 dB (Theoretically- by simulation)

                     =  -21.13 dB (practically by N/W Analyzer)        
Gain (dBi) = 11.72 (Theoretically- by simulation)

Total Directivity (dBi) = 12.25(Theoretically- by simulation)

Band Width=135 MHz (Theoretically- by simulation)

Band Width= MHz  (practically by N/W Analyzer)

· The physical parameter values including Efficiency, Gain & VSWR of the Microstrip Stacked Antenna came out to be better than Patch Antenna.

6.8 Fabrication

The Antenna design obtained after Simulations and verification of the results put forward by the software was fabricated. First the mask for etching process was produced. The mask consisted of a film with the patch geometries in jet black and transparent area around them. These films were designed with the aid of AutoCAD “IntelliCAD”. All the patches were drawn on a 1:1 scale, thus the dimensions on the screen matched the physical dimensions of the patches. These designs were then printed onto transparent plastic using laser printer for precision.

Glass Epoxy and Teflon substrate were used. The dielectric constants of the substrate layers are 3.2 and 4.8 respectively with dissipation factor of 0.002 and the thickness is 1.57mm. The substrate size for every fabricated antenna is 50 X 50 mm. The film with the template of the antenna was cut into the size of the substrate and removed the protective cover on one side the substrate before taped it securely to it. The protective plastic cover on the substrate must be removed in the dark room because of the photo-resist layer on the substrate surface. Exposure to ultraviolet light will soften the photo-resist layer. The substrate was then placed face down in the ultraviolet box for four and a half minutes. This is to soften the photo-resist that is not covered by the black film in the shape of the patch.

Next, the substrate was dipped in the NaOH solution (50g in 1 litre of water) for 45 seconds to 1 min. until the image was developed. The developer washed away the entire photo-resist layer that was exposed to the ultraviolet. Therefore, the photo-resist had formed a protective layer over the patch leaving the rest of the copper exposed. The substrate was rinsed with tab water and the image of the patch could be seen covered by clear dark yellow layer of photo-resist.

To remove the unwanted cooper, substrate then was etched by totally immersing it in Ferric Chloride solution (400g in 1 litre of water) for 45 minutes. The solution was maintained at a temperature of 35 degree Celsius. Next the antenna was washed in tab water and dried. The protective plastic cover was removed from the ground plane of the antenna and both patch and ground plane were exposed to ultraviolet radiation for another four minutes to soften the photo-resist. The antenna is dipped in developer for 45 seconds to remove the photo-resist layer. When it’s done, the antenna was washed in the tap water and dried. A hole was drilled on the patch exactly at the port location, to insert the port. Lastly the port was soldered to the patch to keep in place.

CHAPTER- VII

CONCLUSION AND FUTURE PROSPECTS
CHAPTER- VII
CONCLUSION AND FUTURE PROSPECTS
7.1 Conclusion and Future prospects
The optimization of the Microstrip Patch is partially realized which concludes that the Powell code was functioning correctly.  The  future  scope  of  work  revolves  around  increasing  the efficiency  and  decreasing  the  run  time  of  the  GA  code  by  using  a  distributive  computing platform. Realization of results by the modified GA would be concluded with the fabrication of the patch of the Microstrip Patch Antenna.  The investigation has been limited mostly to theoretical study due to lack of  distributive  computing platform.  Detailed experimental studies can be taken up at a later stage to find out a design procedure for balanced amplifying antennas.
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APPENDIX – I
Definitions

Antenna: "That part of a transmitting or receiving system which is designed to radiate or to receive electromagnetic waves". An antenna can also be viewed as a transitional structure (transducer) between free-space and a transmission line (such as a coaxial line). An important property of an antenna is the ability to focus and shape the radiated power in space e.g.: it enhances the power in some wanted directions and suppresses the power in other directions.

Antenna directivity: The directivity of an antenna is given by the ratio of the maximum radiation intensity (power per unit solid angle) to the average radiation intensity (averaged over a sphere). The directivity of any source, other than isotropic, is always greater than unity.
Antenna efficiency: The total antenna efficiency accounts for the following losses: (1) reflection because of mismatch between the feeding transmission line and the antenna and (2) the conductor and dielectric losses.

Antenna gain: The maximum gain of an antenna is simply defined as the product of the directivity by efficiency. If the efficiency is not 100 percent, the gain is less than the directivity. When the reference is a loss less isotropic antenna, the gain is expressed in dBi. When the reference is a half wave dipole antenna, the gain is expressed in dBd (1 dBd = 2.15 dBi). 

Antenna pattern: The antenna pattern is a graphical representation in three dimensions of the radiation of the antenna as a function of angular direction. Antenna radiation performance is usually measured and recorded in two orthogonal principal planes (such as E-Plane and H-plane or vertical and horizontal planes). The pattern is usually plotted either in polar or rectangular coordinates. The pattern of most base station antennas contains a main lobe and several minor lobes, termed side lobes. A side lobe occurring in space in the direction opposite to the main lobe is called back lobe.  Normalized pattern: Normalizing the power/field with respect to its maximum value yields a normalized power/field pattern with a maximum value of unity (or 0 dB).

Antenna polarization: "In a specified direction from an antenna and at a point in its far field, is the polarization of the (locally) plane wave which is used to represent the radiated wave at that point". "At any point in the far-field of an antenna the radiated wave can be represented by a plane wave whose electric field strength is the same as that of the wave and whose direction of propagation is in the radial direction from the antenna. As the radial distance approaches infinity, the radius of curvature of the radiated wave's phase front also approaches infinity and thus in any specified direction the wave appears locally a plane wave". In practice, polarization of the radiated energy varies with the direction from the center of the antenna so that different parts of the pattern and different side lobes sometimes have different polarization. The polarization of a radiated wave can be linear or elliptical (with circular being a special case).

E-plane: "For a linearly polarized antenna, the plane containing the electric field vector and the direction of maximum radiation". For base station antenna, the E-plane usually coincides with the vertical plane.

Effective radiated power (ERP): "In a given direction, the relative gain of a transmitting antenna with respect to the maximum directivity of a half-wave dipole multiplied by the net power accepted by the antenna from the connected transmitter".

Far-field region: "That region of the field of an antenna where the angular field distribution is essentially independent of the distance from a specified point in the antenna region". The radiation pattern is measured in the far field.

Frequency bandwidth: "The range of frequencies within which the performance of the antenna, with respect to some characteristics, conforms to a specified standard". VSWR of an antenna is the main bandwidth limiting factor.

Gain pattern: Normalizing the power/field to that of a reference antenna yields a gain pattern. When the reference is an isotropic antenna, the gain is expressed in dBi. When the reference is a half-wave dipole in free space, the gain is expressed in dBd.

H-plane: "For a linearly polarized antenna, the plane containing the magnetic field vector and the direction of maximum radiation". For base station antenna, the H-plane usually coincides with the horizontal plane. 

Half-power beam width is also commonly referred to as the 3-dB beamwidth. Half-power beam width: " In a radiation pattern cut containing the direction of the maximum of a lobe, the angle between the two directions in which the radiation intensity is one-half the maximum value". 

Input impedance: " The impedance presented by an antenna at its terminals". The input impedance is a complex function of frequency with real and imaginary parts. The input impedance is graphically displayed using a Smith chart.

Isotropic radiator: "A hypothetical, loss less antenna having equal radiation intensity in all direction". For based station antenna, the gain in dBi is referenced to that of an isotropic antenna (which is 0 dB). 

Radiation efficiency: "The ratio of the total power radiated by an antenna to the net power accepted by the antenna from the connected transmitter". 

Reflection coefficient: The ratio of the voltages corresponding to the reflected and incident waves at the antenna's input terminal (normalized to some impedance Z0). The return loss is related to the input impedance Zin and the characteristic impedance Z0 of the connecting feed line by: Gin = (Zin - Z0) / (Zin+Z0). 

Microstrip antenna: "An antenna which consists of a thin metallic conductor bonded to a thin grounded dielectric substrate". An example of such antennas is the microstrip patch.

Omni directional antenna: "An antenna having an essentially non-directional pattern in a given plane of the antenna and a directional pattern in any orthogonal plane". For base station antennas, the Omni directional plane is the horizontal plane.

Voltage standing wave ratio (VSWR): The ratio of the maximum/minimum values of standing wave pattern along a transmission line to which a load is connected. VSWR value ranges from 1 (matched load) to infinity for a short or an open load. For most base station antennas the maximum acceptable value of VSWR is 1.5. VSWR is related to the reflection coefficient Gin by: VSWR= (1+|Gin|)/(1-| Gin |).

Multiple Input Multiple Output: In radio, multiple-input and multiple-output, or MIMO (pronounced mee-moh or my-moh), is the use of multiple antennas at both the transmitter and receiver to improve communication performance. It is one of several forms of smart antenna technology. MIMO technology has attracted attention in wireless communications, since it offers significant increases in data throughput and link range without additional bandwidth or transmit power. It achieves this by higher spectral efficiency (more bits per second per hertz of bandwidth) and link reliability or diversity (reduced fading).

Absorption loss: That part of the transmission loss caused by the dissipation or conversion of electrical, electromagnetic, or acoustic energy into other forms of energy as a result of its interaction with a material medium.

Acceptance pattern: Of an antenna, for a given plane, a distribution plot of the off-axis power relative to the on-axis power as a function of angle or position. Note: The acceptance pattern is the equivalent of a horizontal or vertical antenna pattern. Of an optical fiber or fiber bundle, a curve of total transmitted power plotted against the launch angle

Power handling: Is the ability of an antenna to handle high power without failure. High power in antenna can cause voltage breakdown and excessive heat (due to conductor and dielectric antenna losses) which would results in an antenna failure.

Passive intermodulation (PIM): As in active devices, passive intermodulation occurs when signals at two or more frequencies mix with each other in a non-linear manner to produce spurious signals. PIM is caused by a multitude of factors present in the RF signal path. These include poor mechanical contact, presence of ferrous contents in connectors and metals, and contact between two galvanically unmatched metals. PIM spurious signal, which falls in the up link band, can degrade call quality and reduce the capacity of a wireless system.

Side lobe suppression: "Any process, action or adjustment to reduce the level of the side lobes or to reduce the degradation of the intended antenna system performance resulting from the presence of side lobes". For base station antenna, the first side lobe above the horizon is preferred to be low in order to reduce interference to adjacent cell sites. At the other hand, the side lobes below the horizon are preferred to be high for better coverage.
Null filling: Is the process to fill the null in the antenna radiation pattern to avoid blind spots in a cell site coverage.

Linear array:  A set of radiating elements (e.g. dipole or patch) arranged along a line. Radiating elements such as dipole and patch have dimensions comparable to a wavelength. A linear array has a higher gain, than a single radiator, and its radiation pattern can be synthesized to meet various antenna performance requirements such as upper side lobe suppression and null fill. It should be noted that the gain of any antenna is proportional to its size.

Coaxial antenna: "An antenna comprised of a extension to the inner conductor of a coaxial line and a radiating sleeve which in effect is formed by folding back the outer conductor of the coaxial line".

Collinear array antenna:"A linear array of radiating elements, usually dipoles, with their axes lying in a straight line".

Adaptive (smart) antenna:"An antenna system having circuit elements associated with its radiating elements such that one or more of the antenna properties are controlled by the received signal".

Front-to-back ratio: "The ratio of the maximum directivity of an antenna to its directivity in a specified rearward direction". Sometimes the directivity in the rearward direction is taken as the average over an angular region.

Major/main lobe: "The radiation lobe containing the direction of maximum radiation". For most practical antenna there is only one main beam.

Side lobe level: The ratio, in decibels (dB), of the amplitude at the peak of the main lobe to the amplitude at the peak of a side lobe.

Cross-polarization: "In a specified plane containing the reference polarization ellipse, the polarization orthogonal to a specified reference polarization". The reference polarization is usually the co-polarization.

APPENDIX – II

Equations Used for Analysis
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