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In wireless communication systems many research efforts have been done to design lightweight, compact and low cost antennas. For this reason the design of high efficiency antennas and their integration with the rest of the system become a very interesting design challenge. Like in cell phones and satellites where there is a constraint of size and integration micro strip antennas are extensively used. 

Micro strip patch antennas have been used in many applications but still they are not suitable for some of the applications where there is a requirement of high gain and high directivity. But micro strip patch antenna arrays have solved this problem too. Patch arrays can provide a very high gain and directivity; hence they have been used in place of several high gain and high profile antennas like radars and reflectors on satellite.

This project presents the design implementation and procedure of fabrication of 8-element micro strip patch antenna array. The design and simulation of single patch and then 8-element array is done in HFSS (high frequency structure simulator) software and finally the fabrication procedure is given on PCB substrate (FR4 epoxy).

This report contains a detailed theoretical background, all necessary calculations, HFSS design, simulation and a Matlab code, programmed to quickly calculate all necessary parameters required to design a single micro strip patch antenna.
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PREFACE
In high-performance aircraft, spacecraft, satellite and missile applications, where size, weight, cost, performance, ease of installation, and aerodynamic profile are constraint; low profile antennas may be required. Microstrip antennas can be used to meet these requirements which became very popular in the 1970s primarily for space borne applications. These antennas consist of a metallic patch on a grounded substrate.
This text is actually a design and simulation report on an S-band rectangular microstrip patch antenna. This report mentions multiple design equations and extracts, using the software HFSS, the design approach that best suits to the required results for this particular application. The work was divided into two major phases: Phase-I and Phase-II. The former to be covered in one semester, focuses on a single element of the patch antenna array, and the latter also to be covered in one semester, aimed to make an array consisting of elements having specifications as in Phase-I. The antenna was designed at the center frequency of S-band, i.e. 2.5 GHz.
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OVERVIEW OF THE REPORT
	This report contains seven chapters covering various aspects of the project, like basic theoretical concepts, designing, modeling mythologies, simulation and optimization, fabrication and testing of single microstrip patch antenna.
Chapter 1 is a brief introduction of this final year project and the project requirements.
Chapter 2 covers the basic study and theoretical concepts of patch antennas. Basic antenna theory, operation of microstrip and characteristics of microstrip antennas are some topics covered in chapter 2.
Chapter 3 primarily concerns with the literature that is necessary to design the antenna and it major parameters and features.
Chapter 4 gives the actual theoretical design of the single patch 
Chapter 5 discusses the HFSS simulation procedure of the single antenna element, and also the results achieved after simulation. 
	Chapter 6 contains Matlab code used for calculation of Antenna parameters.
	Chapter 7 contains literature survey on fabrication techniques of PCBs (patch antenna) and its testing methods and requirements.
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[bookmark: _Toc195042350]PROJECT OVERVIEW
In this section, a brief introduction on what this final year project is about and the project requirements are mentioned mainly.
[bookmark: _Toc195042351]INTRODUCTION
In now day’s communication systems, there are several types of microstrip antennas (also known as printed antennas) the most common of which is the microstrip patch antenna or patch antenna. A patch antenna is a narrowband, wide-beam antenna fabricated by etching the antenna element pattern in metal trace bonded to an insulating dielectric substrate with a continuous metal layer bonded to the opposite side of the substrate which forms a ground plane. Common microstrip antenna radiator shapes are square, rectangular, circular and elliptical, but any continuous shape is possible. Some patch antennas eschew a dielectric substrate and suspend a metal patch in air above a ground plane using dielectric spacers; the resulting structure is less robust but provides better bandwidth. Because such antennas have a very low profile, are mechanically rugged and can be conformable, they are often mounted on the exterior of aircraft and spacecraft, or are incorporated into mobile radio communications devices. 
Microstrip antennas are also relatively inexpensive to manufacture and design because of the simple 2-dimensional physical geometry. They are usually employed at UHF and higher frequencies because the size of the antenna is directly tied to the wavelength at the resonance frequency. A single patch antenna provides a maximum directive gain of around 6-9 dBi. [11]
Microstrips have received lots of attention since the last decade because of their advantages such as low cost, lightweight and ease of fabrication and integration. Microstrips are also able to operate in a wide range of frequencies Antennas play an important role in today’s wireless communication. The raise of using microstrip for antennas has been due to the several advantages of microstrips. In this project, microstrip antennas are studied, analyzed and designed with the help of Ansoft’s High Frequency Structures Simulator (HFSS) software.

[bookmark: _Toc195042352]PROJECT REQUIREMENTS
In this final year project, basic concept study, mathematical modeling study, fabrication process and testing study will be done on existing microstrip antennas. For semester 7 a single microstrip patch will be designed using Ansoft’s High Frequency Structures Simulator (HFSS). After the designing, modeling and simulation are successful the single patch antenna will be fabricated using FR4 epoxy substrate material. The fabricated patch antenna will then b tested using network analyzer. So therefore the main requirement for the project is as follows:
“Design & fabrication 8-element Microstrip Patch Antenna Array”
To do the above, the following was required to be achieved:
· Basic study of  microstrip antennas
· Literature survey on microstrip analysis and synthesis equations
· Apply suitable equations, design methodology and techniques for microstrip antenna design.
· Familiarization of Ansoft’s High Frequency Structures Simulator (HFSS) in order to do software simulation of the antennas
· Fabrication and testing of the microstrip antennas using network analyzer
This project will require us to do some literature survey followed by focusing on the design, fabrication and testing of the microstrip antenna. It includes the design of microstrip antenna from what we have analyzed from the numerous equations presented by the researchers, followed by simulation and optimization using HFSS. The finalized antenna will be fabricated and tested using network analyzer.
[bookmark: _Toc195042353]Specifications and Hardware Requirements
· Frequency (S-band):	2.5 GHz
· Substrate (1.6 mm):	FR4 Copper
· Coaxial Connector
· Spectrum Analyzer
· Signal Generator
· Network Analyzer
[bookmark: _Toc195042354]Software Requirements
· HFSS
· MATLAB
[bookmark: _Toc195042355]MILESTONES
The overall project would be divided into two phases: Phase I to be accomplished during the Semester-VII, and Phase II to be accomplished in Semester-VIII.
Phase-I: Semester-VII
· Basic study and Research on modeling methodologies Antenna
· Concept development and  Research on Single Microstrip Patch Antenna
· Theoretical Design of Single Element Microstrip Antenna
· HFSS Software Familiarization and practice
· Simulation of Single Patch Antenna in HFSS
· Optimization of Single Patch Antenna in HFSS
· Fabrication of Single Patch Antenna
· Testing of Single Patch Antenna(S11 response, VSWR, Smith Chart)
· Project Report 
· Preparation for Presentation Slides
Phase-II: Semester-VIII
· Basic study and Research on Microstrip Patch Antenna Array
· Theoretical Design of Microstrip Antenna Array
· Simulation of Patch Antenna Array in HFSS
· Optimization of Patch Antenna Array in HFSS
· Fabrication of 8-element Patch Antenna Array
· Testing of Patch Antenna Array(S11 response, VSWR, Smith Chart)
· Final Project Report
· Preparation for Presentation Slides
This report consists of the description of the milestones of only Phase-I being Semester-VII i-e study, modeling, simulation, fabrication and testing of single micro strip patch antenna.


[bookmark: _Toc195042356]BASIC ANTENNA CONCEPTS AND THE MICROSTRIP ANTENNAS
Chapter 1. [bookmark: _Toc195042357]
[bookmark: _Toc195042358]INTRODUCTION
Antennas are a very important component of communication systems. By definition, an antenna is a device used to transform an RF signal, traveling on a conductor, into an electromagnetic wave in free space. Antennas demonstrate a property known as reciprocity, which means that an antenna will maintain the same characteristics regardless if it is transmitting or receiving. Most antennas are resonant devices, which operate efficiently over a relatively narrow frequency band. An antenna must be tuned to the same frequency band of the radio system to which it is connected; otherwise the reception and the transmission will be impaired. When a signal is fed into an antenna, the antenna will emit radiation distributed in space in a certain way. A graphical representation of the relative distribution of the radiated power in space is called a radiation pattern.
[bookmark: _Toc195042359]ANTENNA GLOSSARY
Before we talk about specific antennas, there are a few common terms that must be defined and explained:
[bookmark: _Toc195042360]Input Impedance
For efficient transfer of energy, the impedance of the radio, the antenna, and the transmission line connecting the radio to the antenna must be the same. Radios typically are designed for 50 ohms impedance and the coaxial cables (transmission lines) used with them also have a 50 ohm impedance. Efficient antenna configurations often have impedance other than 50 ohms; some sort of impedance matching circuit is then required to transform the antenna impedance to 50 ohms. [2]
[bookmark: _Toc195042361]Return loss
The return loss is another way of expressing mismatch. It is a logarithmic ratio measured in dB that compares the power reflected by the antenna to the power that is fed into the antenna from the transmission line. [1]
[bookmark: _Toc195042362]VSWR and Reflected Power
The Voltage Standing Wave Ratio (VSWR) is an indication of how good the impedance match is. VSWR is often abbreviated as SWR. A high VSWR is an indication that the signal is reflected prior to being radiated by the antenna. VSWR and reflected power are different ways of measuring and expressing the same thing.
A VSWR of 2.0:1 or less is considered good. Most commercial antennas, however, are specified to be 1.5:1 or less over some bandwidth. Based on a 100 watt radio, a 1.5:1 VSWR equates to a forward power of 96 watts and a reflected power of 4 watts, or the reflected power is 4.2% of the forward power. [3]
[bookmark: _Toc195042363]Bandwidth
The bandwidth of an antenna refers to the range of frequencies over which the antenna can operate correctly. Bandwidth is often expressed in terms of percent bandwidth, because the percent bandwidth is constant relative to frequency. If bandwidth is expressed in absolute units of frequency, for example MHz, the bandwidth is then different depending upon whether the frequencies in question are near 150, 450, or 825 MHz. [1]
[bookmark: _Toc195042364]Gain
The gain of an antenna (in any given direction) is defined as the ratio of the power gain in a given direction to the power gain of a reference antenna in the same direction. It is standard practice to use an isotropic radiator as the reference antenna in this definition. Note that an isotropic radiator would be lossless and that it would radiate its energy equally in all directions. That means that the gain of an isotropic radiator is G = 1 (or 0 dB). It is customary to use the unit dBi (decibels relative to an isotropic radiator) for gain with respect to an isotropic radiator. Gain expressed in dBi is computed using the following formula:
GdBi = 10*Log (GNumeric/GIsotropic) = 10*Log (GNumeric) 

Occasionally, a theoretical dipole is used as the reference, so the unit dBd (decibels relative to a dipole) will be used to describe the gain with respect to a dipole. This unit tends to be used when referring to the gain of omnidirectional antennas of higher gain. In the case of these higher gain omnidirectional antennas, their gain in dBd would be an expression of their gain above 2.2 dBi. So if an antenna has a gain of 3 dBd it also has a gain of 5.2 dBi. 

Note that when a single number is stated for the gain of an antenna, it is assumed that this is the maximum gain (the gain in the direction of the maximum radiation). 

It is important to state that an antenna with gain doesn’t create radiated power. The antenna simply directs the way the radiated power is distributed relative to radiating the power equally in all directions and the gain is just a characterization of the way the power is radiated. [5]
[bookmark: _Toc195042365]Radiation Pattern
The radiation or antenna pattern describes the relative strength of the radiated field in various directions from the antenna, at a constant distance. The radiation pattern is a reception pattern as well, since it also describes the receiving properties of the antenna. The radiation pattern is three-dimensional, but usually the measured radiation patterns are a two-dimensional slice of the three-dimensional pattern, in the horizontal or vertical planes. These pattern measurements are presented in either a rectangular or a polar format. The Figure 2.1 shows a rectangular plot presentation of a typical 10 element Yagi. The detail is good but it is difficult to visualize the antenna behavior at different directions. [1]
[image: ]
[bookmark: _Toc195042310]Figure 2.2.1: A rectangular plot presentation of a typical 10 element Yagi Antenna
Polar coordinate systems are used almost universally. In the polar coordinate graph, points are located by projection along a rotating axis (radius) to an intersection with one of several concentric circles. Figure 2.2 is a polar plot of the same 10 element Yagi antenna. Polar coordinate systems may be divided generally in two classes: linear and logarithmic. In the linear coordinate system, the concentric circles are equally spaced, and are graduated. Such a grid may be used to prepare a linear plot of the power contained in the signal. 
For ease of comparison, the equally spaced concentric circles may be replaced with appropriately placed circles representing the decibel response, referenced to 0 dB at the outer edge of the plot. In this kind of plot the minor lobes are suppressed. Lobes, with peaks more than 15 dB or so below the main lobe, disappear because of their small size. This grid enhances plots in which the antenna has a high directivity and small minor lobes.
[image: ]
[bookmark: _Toc195042311]Figure 2.2.2: Linear Polar plot of the same 10 element Yagi antenna
The voltage of the signal, rather than the power, can also be plotted on a linear coordinate system. In this case, too, the directivity is enhanced and the minor lobes suppressed, but not in the same degree as in the linear power grid. In the logarithmic polar coordinate system the concentric grid lines are spaced periodically according to the logarithm of the voltage in the signal as in Figure 2.3.
[image: ]
[bookmark: _Toc195042312]Figure 2.2.3: Logarithmic Polar plot of the same 10 element Yagi antenna
Different values may be used for the logarithmic constant of periodicity, and this choice will have an effect on the appearance of the plotted patterns. Generally the 0 dB reference for the outer edge of the chart is used. With this type of grid, lobes that are 30 or 40 dB below the main lobe are still distinguishable. The spacing between points at 0 dB and at -3 dB is greater than the spacing between -20 dB and -23 dB, which is greater than the spacing between -50 dB and -53 dB. The spacing thus corresponds to the relative significance of such changes in antenna performance. [1]
A modified logarithmic scale emphasizes the shape of the major beam while compressing very low-level (>30 dB) side-lobes towards the center of the pattern. There are two kinds of radiation pattern: absolute and relative. Absolute radiation patterns are presented in absolute units of field strength or power. Relative radiation patterns are referenced in relative units of field strength or power. Most radiation pattern measurements are relative to the isotropic antenna, and then the gain transfer method is then used to establish the absolute gain of the antenna. The radiation pattern in the region close to the antenna is not the same as the pattern at large distances. The term near-field refers to the field pattern that exists close to the antenna, while the term far-field refers to the field pattern at large distances. The far-field is also called the radiation field, and is what is most commonly of interest. Ordinarily, it is the radiated power that is of interest, and so antenna patterns are usually measured in the far-field region. For pattern measurement it is important to choose a distance sufficiently large to be in the far-field, well out of the near-field. The minimum permissible distance depends on the dimensions of the antenna in relation to the wavelength.
[bookmark: _Toc195042366]Antenna Beamwidth
In comparing antennas we may use the gain we just discussed. But the gain is a number that only tells us about the maximum radiation. Often we want to know the shape of the area of maximum radiation. For that purpose we use the beamwidth. The beamwidth tells us about the shape of the main lobe. Diﬀerent beamwidth deﬁnitions exist. The two most often used beamwidths are shown in ﬁgure 2.4. The half-power beamwidth, ϑ is the angular separation between the points on a cut of the main lobe where the transmitted (received) power is half that of the maximum transmitted (received) power. This is shown in ﬁgure 2.4a. Since 10log(0.5) = -3dB, ϑHP is found on a logarithmic scale on the interception points where the main lobe is 3dB under the maximum value, see ﬁgure 2.4b. The half-power beamwidth is therefore also known as the 3dB beamwidth. 

Other, less commonly used deﬁnitions for beamwidth are the ﬁrst null beamwidth,
ϑFN indicated in ﬁgure 2.4a,b and the 10dB beamwidth. In general, when the term
beamwidth is used, the 3dB beamwidth is meant. Also indicated in ﬁgure 2.4b is the level of the ﬁrst and highest side lobe. This level is known as the side lobe level (SLL). The cuts are normally taken in the so-called E-plane and H-plane, also known as the principal planes. 

The E-plane is the plane that contains the electric ﬁeld vector and the direction of maximum radiation. The H-plane is the plane that contains the magnetic ﬁeld vector and the direction of maximum radiation. It is common practice to orient an antenna so that at least one of the principal plane patterns coincides with one of the geometrical principal planes [10]. As an example, ﬁgure 2.4 shows the normalized ﬁeld patterns in the principal planes of a half-wave dipole antenna. 

[image: ]
Figure 2.4: Antenna beamwidth deﬁnitions. a. Polar plot, linear scale. b. Rectangular plot, logarithmic scale.

[bookmark: _Toc195042367]Side-lobes
No antenna is able to radiate all the energy in one preferred direction. Some is inevitably radiated in other directions. The peaks are referred to as side-lobes, commonly specified in dB down from the main lobe. 
[bookmark: _Toc195042368]Nulls
In an antenna radiation pattern, a null is a zone in which the effective radiated power is at a minimum. A null often has a narrow directivity angle compared to that of the main beam. Thus, the null is useful for several purposes, such as suppression of interfering signals in a given direction. 
[bookmark: _Toc195042369] Polarization
Polarization is defined as the orientation of the electric field of an electromagnetic wave. Polarization is in general described by an ellipse. Two special cases of elliptical polarization are linear polarization and circular polarization. The initial polarization of a radio wave is determined by the antenna. With linear polarization the electric field vector stays in the same plane all the time. Vertically polarized radiation is somewhat less affected by reflections over the transmission path. Omni-directional antennas always have vertical polarization. With horizontal polarization, such reflections cause variations in received signal strength. Horizontal antennas are less likely to pick up man-made interference, which ordinarily is vertically polarized. In circular polarization the electric field vector appears to be rotating with circular motion about the direction of propagation, making one full turn for each RF cycle. This rotation may be right-hand or left-hand. Choice of polarization is one of the design choices available to the RF system designer. [2]
[bookmark: _Toc195042370] Polarization Mismatch
In order to transfer maximum power between a transmitting and a receiving antenna, both antennas must have the same spatial orientation, the same polarization sense and the same axial ratio. When the antennas are not aligned or do not have the same polarization, there will be a reduction in power transfer between the two antennas. This reduction in power transfer will reduce the overall system efficiency and performance. When the transmitting and receiving antennas are both linearly polarized, physical antenna misalignment will result in a polarization mismatch loss. The actual mismatch loss between a circularly polarized antenna and a linearly polarized antenna will vary depending upon the axial ratio of the circularly polarized antenna. If polarizations are coincident no attenuation occurs due to coupling mismatch between field and antenna, while if they are not, then the communication can't even take place. 
[bookmark: _Toc195042371] Front-to-back ratio
The front-to-back ratio (F/B) is used as a figure of merit that attempts to ratio is the ratio of the peak gain in the forward direction to the gain 180-degrees behind the peak. 
describe the level of radiation from the back of a directional antenna. Basically, the front-to-back Of course on a dB scale, the front-to-back ratio is just the difference between the peak gain in the forward direction and the gain 180-degrees behind the peak.
[bookmark: _Toc195042372]CLASSIFICATION OF ANTENNAS
A classification of antennas can be based on:
[bookmark: _Toc195042373]Frequency and Size
Antennas used for HF are different from the ones used for VHF, which in turn are different from antennas for microwave. The wavelength is different at different frequencies, so the antennas must be different in size to radiate signals at the correct wavelength.
[bookmark: _Toc195042374]Directivity
Antennas can be omni-directional, sectorial or directive. Omni-directional antennas radiate the same pattern all around the antenna in a complete 360 degrees pattern. The most popular types of omni-directional antennas are the Dipole-Type and the Ground Plane. Sectorial antennas radiate primarily in a specific area. The beam can be as wide as 180 degrees, or as narrow as 60 degrees. Directive antennas are antennas in which the beamwidth is much narrower than in sectorial antennas. They have the highest gain and are therefore used for long distance links. Types of directive antennas are the Yagi, the biquad, the horn, the helicoidal, the patch antenna, the Parabolic Dish and many others.
[bookmark: _Toc195042375]Physical construction
Antennas can be constructed in many different ways, ranging from simple wires to parabolic dishes, up to coffee cans.
[bookmark: _Toc195042376]Application
We identify two application categories which are Base Station and Point-to- Point. Each of these suggests different types of antennas for their purpose. Base Stations are used for multipoint access. Two choices are Omni antennas which radiate equally in all directions, or Sectorial antennas, which focus into a small area. In the Point-to-Point case, antennas are used to connect two single locations together. Directive antennas are the primary choice for this application.
[bookmark: _Toc195042377]MICROSTRIP ANTENNAS
Microstrip antennas consist of a patch of metallization on a grounded substrate. These are low-profile, light-weight antennas, most suitable for aerospace and mobile applications. Because of their low-power handling capability, these antennas can be used in low-power transmitting and receiving applications.
Microstrip antennas are an extension of microwave circuits, this feature has given rise to microstrip integrates active antennas in which circuit functions are integrated with the antenna function to produce compact transceivers and in spatial power combiners to overcome power limitations of solid-state devices. Many of the antenna applications for satellite links, mobile communications, dual-frequency operation, frequency agility, polarization control, radiation pattern control and so on. These functions can be achieved by suitably loading simple microstrip antennas, and hence these antennas are becoming more commonly used. [9]
[bookmark: _Toc195042378]Evolution in Brief
The concept of microstrip radiator was first proposed by Deschamps in 1953. A patent was issued in France in 1955 in the names of Gutton and Baissionot. However, 20 years passed before practical antennas were fabricated. Development during the 1970s was accelerated by the availability of good substrates with low loss tangent and attractive thermal and mechanical properties, improved photolithographic techniques, and better theoretical models. The first practical antennas were developed by Howell and Munson. Since then, extensive research and development of microstrip antennas and arrays, aimed at exploiting their numerous advantages such as light weight, low volume, low cost, conformal configuration, comparability with integrated circuits, and so on, have led to diversified applications and to the establishment of the topic as separate entity within the broad filed of microwave antennas. [6]
[bookmark: _Toc195042379]A Simple Description of Patch Antenna



In Figure 2.4, a microstrip antenna in its simplest configuration consists of a radiating patch on one side of a dielectric substrate (), which has a ground plane on the other side. The patch conductors, normally of copper or gold, can assume virtually any shape, but regular shapes are generally used to simplify analysis and performance prediction. Ideally, the dielectric constant,, of the substrate should be low (), to enhance the fringe files that account for the radiation.
[image: ]
[bookmark: _Toc195042313]Figure 2.4.1: A patch antenna
However, other performance requirements may dictate the use of substrate materials whose dielectric constants can be greater than 4. Various types of substrates having a large range of dielectric constant and loss tangent values have been developed.
The antenna is designed so that its pattern maximum is normal to the patch (broadside radiator). This is accomplished by properly choosing the mode (field configuration) of excitation beneath the patch. End-fire radiation can also be accomplished by judicious mode selection.
The radiation patch may be square, rectangular, thin strip (dipole), circular, elliptical, triangular or any other configuration. These and others are illustrated in Figure 2.5.
[image: ]
[bookmark: _Toc195042314]Figure 2.4.2: Different Shapes of Patches
[bookmark: _Toc195042380]Advantages and Limitations
Microstrip antennas have several advantages compared to conventional microwave antennas, and therefore many applications cover the broad frequency range from about 100 MHz to 100 GHz. Some of the principal advantages of microstrip antennas compared to conventional microwave antennas are
· Light weight, low volume, ant thin profile configurations, which can be made conformal
· Low fabrication cost; readily amenable to mass production
· Liner and circular polarizations are possible with simple feed
· Dual-frequency and dual-polarization antennas can be easily made
· No Cavity backing is required
· Can be easily integrated with microwave circuits
· Feedlines and matching networks can be fabricated simultaneously with the antenna structure.
Contrary to this, some limitations are as follows as compared to the conventional microwave antennas.
· Narrow bandwidth and associated tolerance problems
· Somewhat lower gain (about 6 dB)
· Large ohmic loss in the feed structure of arrays
· Most microstrip antennas radiate into half space
· Complex feed structures for high-performance arrays
· Polarization purity is difficult to achieve
· Lower power handling capability (about 100 W)
· Excitation of surface waves
There are ways to minimize the effect of some of these limitations. For example, bandwidth can be increased to more than 60% by using special techniques; lower gain and lower power handling limitations can be overcome through an array configuration. Surface waves-associated limitations such as poor efficiency, increased mutual coupling, reduced gain and radiation pattern degradation can be overcome by the use of photonic band-gap structures.

[bookmark: _Toc195042381]DESIGN CONSIDERATIONS
Chapter 2. [bookmark: _Toc195042382]
[bookmark: _Toc195042383]INTRODUCTION
This chapter highlights the factors affecting microstrip design. Types of microstrip discontinuity and losses will be discussed here. Analysis and feeding method will also be covered.
[bookmark: _Toc195042384]BASIC CONSIDERATIONS







Microstrip antennas, as discussed in chapter 2, consist of very thin (t<<whereis free space wavelength) metallic strip placed small fraction of a wavelength (h<<, usually 0.003above a ground plane. The microstrip patch is designed so its pattern maximum is normal to the patch (broadside radiator). This is accomplished by properly choosing the mode (the field configuration) of excitation beneath the patch. End-fire radiation can also be accomplished by judicious mode selection. For a rectangular patch, the length L of the element is usually/3<L</2. The strip (patch) and the ground plane are separated by a dielectric sheet (referred to as substrate) as shown in Figure 2.4.
[bookmark: OLE_LINK1]There are numerous substrates that can be selected for the design of microstrip, and their dielectric constants are usually in the range of 2.2≤εr≤12. the ones that are most desirable for antenna performance are thick substrates whose dielectric is in the lower end of the range because they provide better efficiency, larger bandwidth, loosely bound fields for radiation into space, but at the expense of larger element size. Thin substrates with higher dielectric constants are desirable for microwave circuitry because they require tightly bound fields to minimize undesired radiation and coupling, and lead to smaller element sizes; however, because of their greater losses, they are less efficient and have relatively smaller bandwidths. Since microstrip antennas are often integrated with other microwave circuitry, a compromise has to be reached between good antenna performance and circuit design. [1]
[bookmark: _Toc195042385]ANALYSIS OF MICROSTRIP ANTENNAS
There are basically three methods of analysis namely Transmission Line Model, Cavity Model, Full-wave Model. The Transmission Line Model is the easiest of all and gives good physical insight. Although, it is relatively less accurate but the analysis complexity is also low. In our project, the transmission line model is used. Table 3.1 shows a comparison of these models.
The method of transmission line is detailed below:
[bookmark: _Toc195042386]Transmission Line Model
The transmission line model represents the microstrip antenna by two slots, separated by a low-impedance transmission line.
Fringing Effects:
Because the dimensions of the patch are finite along the length and width, the fields at the edges of the patch undergo fringing. This is illustrated along the length in Figure 2.4 (a, b) for the two radiating slots of the microstrip antenna/ the same applies along the width. The amount of fringing is a function of the dimensions of the patch and the height of the substrate. For the principal E-plane (xy-plane) fringing is function of the ratio of the length of the patch L to the height h of the substrate. Since for microstrip antennas L/h>>1, fringing is reduced; however, it must be taken into account because it influences the resonant frequency of the antenna. The same applies for the width. [1]
Table 3‑1: COMPARISON OF THE ANALYSIS METHODS
	Application
	Model

	
	Transmission Line Model
	Cavity Model
	Full-wave Model

	Patch Shapes
	Rectangular
	Rectangular
	Arbitrary shapes

	Substrate Thickness
	Thin
	Thin
	Thin

	Feed Types
	Microstrip edge feed, probe feed
	Microstrip edge feed, probe feed, aperture coupled feed
	Proximity coupled and aperture coupled feeds are difficult to model

	Circular Polarization
	Yes
	Yes
	Yes

	Stacked Antennas
	No
	No
	Yes

	Mutual Coupling between Edges
	Explicitly included
	Implicitly included
	

	Arrays Application
	Yes
	No
	Yes


For microstrip line shown in Figure 13.1(a), typical electric field lines are shown in Figure 13.1(b), This is non-homogeneous line of two dielectrics; typically the substrate and air. As can be seen, most of the electric field lines reside in the substrate and parts of some lines exist in air. As W/h and εr>>1, the electric field lines concentrate mostly in the substrate. Fringing in this case makes the microstrip line look wider electrically compared to its physical dimensions. Since some of the two waves travel in the substrate and some in air, an effective dielectric constants εr is introduced to account for fringing and the wave propagation in the line.
To introduce the dielectric constant, we assume that the center conductor of the microstrip line with its original dimensions and height above the ground plane is embedded into one dielectric, as shown in Figure 13.1(c). The effective dielectric constant is defined as the dielectric constant of the uniform dielectric material so that the line of Figure 3.1(c) has identical electrical characteristics, particularly propagation constant, as the actual line of Figure 3.1(a). It is also a function of frequency. As the frequency of operation increases, most of the electric field lines concentrate in the substrate. Therefore the microstrip line behaves more like a homogeneous line of one dielectric (only the substrate), and the effective dielectric constant approaches the value of the dielectric constant of the substrate.
[image: ]
[bookmark: _Toc195042315]Figure 3.3.1: Microstrip Line and its electric field lines, and effective dielectric constant geometry
For low frequencies, the effective dielectric constant is essentially constant. At intermediate frequencies its value begins to monotonically increase and eventually approach the values of the dielectric constant of the substrate. The initial values (at low frequencies) of the effective dielectric constant are referred to as the static values, and they are given by

		W/h>1		(3.1)
Effective Length, Resonant Frequency, and Effective Width:

Because of the fringing effects, electrically the patch of the microstrip antennas looks greater than its physical dimensions. For the principal E-plane, this is demonstrated in Figure 3.2, where the dimensions of the patch along its length have been extended on each end by end distance ∆L, which is a function of the effective dielectric constantand the width-to-height ratio (W/h). An empirical relation for the normalized extension of the length is

			(3.2)
Considering ∆L on each side along the length, the total effective design length should be

							(3.3)
[image: ]
[bookmark: _Toc195042316]Figure 3.3.2: Physical and effective lengths
The resonant frequency of the microstrip antenna is a function of its length given by

					(3.4)
To include edge effects, we write it as

	(3.5a)
where

						(3.5b)
The q factor is referred to as the fringing factor (length reduction factor). As the substrate height increases, fringing also increases and leads to larger separation between the radiating edges and lower resonant frequencies. [1]

Design:


Based on the simplified formulation that has been described, a design procedure is outlined which leads to practical design of rectangular microstrip antennas. The procedure assumes that the specified information includes the dielectric constant of the substrate, the resonant frequency, and height of the substrate h. the procedure is as follows:
1. For and efficient radiator, a practical width that leads to good radiation efficiencies is

		(3.6)
2. Determine the effective dielectric constant of the micro strip antenna using equation 3.1.
3. Once W is found using equation 3.6, determine the extension in length ∆L using equation 3.2.
4. The actual length of patch can now be determined by solving equation 3.5 for Leff, or

			(3.7)
Conductance:
Each radiation slot is represented by a parallel equivalent admittance Y (with conductance G and susceptance B). This is shown in Figure 3.3. The slots are labeled as 1 and 2 and the equivalent admittance is given by

						(3.8a)
where for a slot of finite width W


			(3.8b)


			(3.8c)
Since slot 2 is identical to slot 1, its equivalent admittance is



	,			(3.9)
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

						(3.10)

Using the electric field for very small heights (),

		(3.11)
where Vo=hEo, the radiated power is written as

	(3.12)
Where

					(3.13)
Asymptotic values of 3.12a and 3.12b are

			(3.14)


The values of 3.14 for W>>are identical to those given by 3.8b for h<<.
Resonant Input Resistance
The admittance at slot 1 (input impedance) is obtained by transferring the admittance of slot 2 from the output terminals to input terminals using admittance transformation equation of transmission lines. Ideally the two slots should be separated by λ/2 where λ is the wavelength in the dielectric. 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. it the reduction of the length is properly chosen using 3.2 (typically 0.48 λ<L<0.49 λ), the transformed admittance of slot 2 becomes

				(3.15)
or


,					(3.16)
Therefore the total resonant input impedance is real and is given by


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

					(3.17)
The resonant input resistance, as given above does not take into account mutual effects between the slots. This can be accomplished by modifying this equation as below.

					(3.18)
Where the plus sign is used for modes with odd (ante-symmetric) resonant voltage distribution beneath the patch and between the slots while the minus sign is used for modes with even (symmetric) resonant voltage distribution. The mutual conductance is defined, in terms of the far-zone fields, as

				(3.19)

Where E1 is the electric field radiated by slot 1, H2 is the magnetic field radiated by slot 2, Vo is the voltage across the slot, and the integration is performed over a sphere of large radius. It can be shown that can be calculated using

	(3.20)		
where Jo is the Bessel function of the first kind of order zero. For typical microstrip antennas, the mutual conductance obtained using this equation is small compared to the self-conductance G1.

For thin substrates (), the input resistance is not dependent on h. The resonant input impedance can be decreased by increasing the width W of the patch as long as the ratio W/L does not exceed 2 because the aperture efficiency of a single patch begins to drop, as W/L increases beyond 2.
[bookmark: _Toc195042387]MICROSTRIP DISCONTINUITIES
When there is an abrupt change in the dimension of the strip conductor, a change in the electric and magnetic field distributions will occur. This is known as microstrip discontinuity. Microstrip discontinuities include open end, gaps, step in width, bends etc. In this section, open end, step in width and right angle bend will be discussed as there are more relevant to the design of the antennas.
[bookmark: _Toc195042388]Open-End Loss
Open-end discontinuity is common in a number of circuits such as matching stubs and parallel coupled filters. The equivalent circuit of open end is represented by an excess capacitance or by an extension in length. [2]
[image: ]
[bookmark: _Toc195042317]Figure 3.4.1: Open-end discontinuity and its equivalent circuit
[bookmark: _Toc195042389]Step-in Width
Step in width discontinuity occurs when two lines having different width are joined together.
[image: ]
[bookmark: _Toc195042318]Figure 3.4.2: Equivalent circuit for step-in width compensation
It is common in designing matching transformer, couplers and filters. The equivalent circuit consists of shunt capacitance and series inductance as shown in the figure below.
[bookmark: _Toc195042390]MICROSTRIP LOSSES
Loss components of a microstrip line include dielectric loss, conductor loss and radiation loss. Inherent cause such as loss tangent and extraneous source such as conductor surface roughness affects the microstrip losses.
[bookmark: _Toc195042391]Dielectric Loss
The cause of dielectric loss is the loss tangent value. Loss tangent depends on the substrate properties. A substrate with high loss tangent will result in high dielectric loss and vice versa. Therefore choosing a substrate with a low loss tangent will be ideal.
[bookmark: _Toc195042392]Conductor Loss
Conductor loss arises from conductor surface roughness and skin effect. Imperfection fabrication process or improper handling will cause conductor surface roughness. Skin effect is the tendency of an alternating electric current to distribute itself within a conductor so that the current density near the surface of the conductor is greater than that at its core. That is, the electric current tends to flow at the "skin" of the conductor. As the frequency increases, the effective resistance of the conductor will increase due to skin effect.
[bookmark: _Toc195042393]Radiation Loss
Radiation loss is caused by radiation that is propagated away or current that is induced on the enclosure of the microstrip. It is also contributed by the dielectric constant. So as with dielectric loss, radiation loss can be reduced by having a substrate with a higher dielectric constant.
[bookmark: _Toc195042394]Dispersion
Dispersion occurs in microstrip; when the phase velocity or propagation is not a constant and does not depend linearly with the frequency. As a guideline, effects of dispersion should be taken into effect at frequencies greater than 8 GHz. [2]

[bookmark: _Toc195042395]FEEDING TECHNIQUES
There are four main methods used to feed a microstrip patch antennas.
· Microstrip feedline
· Probe (Co-axial) feed
· Aperture-coupled feed
· Proximity-coupled feed
[bookmark: _Toc195042396]Microstrip Feedline
· Easy to fabricate
· Simple to match by controlling the inset feed position or a matching transformer
· Low spurious radiation (-20 dB)
· Narrow bandwidth (2-5%)	
[image: ]
[bookmark: _Toc195042319]Figure 3.6.1: Microstrip Feedline
As the substrate height increases, the surface waves and spurious feed radiation increases.

[bookmark: _Toc195042397]Probe (Co-axial) Feed
· Easy to fabricate and match
· Low spurious radiation (-30 dB)
· Simple to match by controlling the position
· Narrow bandwidth (1-3%)				
· 
More difficult to model, especially for thick substrates ()
[bookmark: _Toc195042398]Aperture-coupled Feed
· Easier to model
· Moderate spurious radiation (=20 dB below ground plane)
· Ground plane between substrates isolates the feed from the radiating element and minimizes interference
· Independent optimization of the feed and radiating element
· Most difficult to fabricate
     
[bookmark: _Toc171386265][bookmark: _Toc171386655][bookmark: _Toc171625251][image: ]
[bookmark: _Toc195042320]Figure 3.6.2: Probe (Coaxial) Feedline
· Low bandwidth (1-4%)
· Typically high dielectric material is used for bottom substrates and thick and low dielectric constant for the top
· Feedline width, slot size and position, and electrical parameters of substrates can optimize design and match.
[bookmark: _Toc171386266][bookmark: _Toc171386656][bookmark: _Toc171625252][image: ]
[bookmark: _Toc195042321]Figure 3.6.3: Aperture-coupled Feed
[bookmark: _Toc195042399]Proximity-coupled Feed
· Largest bandwidth (as high as 13%)
· [bookmark: _Toc171386268][bookmark: _Toc171386658][bookmark: _Toc171625254]Easier to model

[image: ]
[bookmark: _Toc195042322]Figure 3.6.4: Proximity-coupled Feed
· Low spurious radiation
· More difficult to fabricate
· Length of feeding stub and width-to-line ratio of patch can control the match






[bookmark: _Toc195042400]DESIGN PROCEDURE
Chapter 3. [bookmark: _Toc195042401][bookmark: _Toc171078335]
[bookmark: _Toc195042402]INTRODUCTION
For the theoretical design of the patch and its complete assembly, we had to study a lot of literature because there were a number of methods for the design of microstrip feedline, the matching transformer, the patch input impedance etc. All these methods were studied, compared and various implementations of transmission line model with slight differences were performed on the basis of the available design procedures. Design was accomplished according to all methods found after studying various books and papers. Our focus here will be mainly on the method that was found to be best suited for the purpose after simulation. Design equations of other methods are also given.
[bookmark: _Toc171078336][bookmark: _Toc195042403]PATCH DESIGN
The parameters and variables used in the design equations are necessary to be introduced. So they are mentioned here.
First, we consider the know parameters:

= Resonant frequency (GHz) to be 2.5 GHz

=Dielectric constant of the substrate (FR4) in our case, the value being 4.6

= Substrate Height (mm)

=Impedance of transmission line (Ω)

=velocity of light in air (m/s)
Now, enlist the parameters to be calculated

=Length of patch (mm)

=Width of patch (mm)

=Length of transmission line (mm)

=Width of transmission line (mm)

=Length of matching transformer (mm)

=Width of matching transformer (mm)

=Input impedance of patch (Ω)

=Impedance of matching transformer (Ω)

=Effective dielectric constant after considering the surface wave effects

=Change in the length of the patch due to surface wave effects (mm)


=Theoretical wavelength equal to (mm)

=effective wavelength different for transmission line & matching transformer (mm)
These are the parameters that will involve the complete design procedure of the single element of patch antenna. Now we proceed to design the antenna using the equations for all the dimensions and necessary characteristics. First the design of the main patch will be discussed and then the designs of feedline or transmission line and the matching transformer or quarter-wave transformer will follow. The design of every part has about four to five steps.
[image: ]
[bookmark: _Toc195042323]Figure 4.2.1: Single Element Patch Antenna



1.	The width of the patch was calculated from the following formula:


2. The effective dielectric constant will be determined as follows:



3. 
The extension in length due to fringing effect is calculated:


4. Actual patch length was calculated from the following formula:


So the patch will have the following length and width:
Patch Dimensions


mm			;		mm
[bookmark: _Toc171078337][bookmark: _Toc195042404]FEEDLINE DESIGN
1.	Width of transmission line:

(4.1)
where

					(4.2)

We will use the case of, so


To calculate A,





Therefore, the width can now be calculated using the case of, as


2. 
Effective permittivityof the transmission line:


3. Effective wavelength for transmission line:

									(4.3)


4. Length of transmission line:

									(4.4)



Transmission Line Dimensions


mm			;		mm
[bookmark: _Toc195042405]MATCHING TRANSFORMER DESIGN
1. Input impedance of patch:


where


		 
and


		
Putting all the values, the input impedance of the patch was calculated to be


2. Impedance of matching transformer:


3. Width of transformer:

				(4.5)



	      

4. Effective permittivity of the matching transformer:



5. Effective wavelength for transmformer:


6. Length of matching transformer:

		
Matching Transformer Dimensions


mm			;			mm










The dimensions calculated above for single patch are summarized in Table 4-1.
Table 4‑1: DIMENSIONS OF SINGLE PATCH
	Single Element Microstrip Patch Antenna Dimensions (in mm)

	Patch

	Width
	35.8569

	Length
	27.6274

	Quarter-Wave Transformer

	Width
	0.47638

	Length
	16.9938

	Transmission Feedline

	Width
	2.95854

	Length
	16.1334






















The simplified drawing of the patch is given in Figure 4.2.
[image: ]
[bookmark: _Toc195042324]Figure 4.4.1: Simplified Diagram of Patch designed in AUTOCAD
[bookmark: _Toc195042406]RADIATION PATTERN OF PATCH
Using MATLAB, and equations for the radiation pattern from chapter 3, the radiation patterns were obtained as in Figure 4.3.
[image: ]
[bookmark: _Toc195042325]Figure 4.5.1: Radiation Pattern of Patch

[bookmark: _Toc195042407]HFSS INTRODUCTON, SIMULATION AND RESULTS
Chapter 4. [bookmark: _Toc195042408][bookmark: _Toc534480555]
[bookmark: _Toc195042409]INTRODUCTION
HFSS stands for High Frequency Structures Simulator. It is an antenna design based software and also used for RF and microwave circuit modeling. Using the dimensions of patch, matching transformer and feedline, the model of the single element of microstrip patch antenna was drawn, validated and optimized. Below is a description of the procedure adopted for simulations involved in the project. The same procedure was followed for the array which has also been mentioned in this chapter.
[bookmark: _Toc195042410]3D MODEL
The HFSS model of the single element of patch antenna is shown in Figure 5.1. First of all, the patch, the feedline and the matching transformer was drawn and united to form a single object. Then the FR4 substrate was placed below the above unit and an air box was placed around the above two parts. The use of this box will be mentioned in Section 5.3. the 3D model is prepared according to the given dimension.
[image: ]
[bookmark: _Toc195042326]Figure 5.2.1: 3D Model of single element of patch antenna



[bookmark: _Toc195042411]BOUNDARY ASSIGNMENTS
The software has to be necessarily dictated that which surfaces are radiating and which are non-radiating. In our project the patch is mounted on single side of the dielectric substrate. The radiation pattern of our antenna is broadside in the direction of positive z-axis in Figure 5.1, so the other side of the substrate sheet is assigned as ground plane (Figure 5.2). In the figure, both the top and bottom view are shown in order to illustrate how the radiating and non-radiating boundaries has been assigned using the air-box.
[bookmark: _Toc171625265][image: ]
[bookmark: _Toc195042327]Figure 5.3.1: Boundary assignments is single patch antenna (a) Isometric View showing the Top (radiation boundaries assigned) (b) Bottom view (Non-radiating boundaries assigned)







[image: ]
Figure 5.3.2: 3D model of 8-element patch antenna array
[image: ]
Figure 5.3.3: Ground plane with feed

[bookmark: _Toc195042412]EXCITATION
The antenna was excited using a wave-port for input power. In fact, we can model rectangular patch antenna using transmission line model which presents the patch as a two-port (single-input single-output network) network. The input power was therefore supplied using this wave-port. The SMA connector was modeled and bottom side of Teflon cylinder surrounding the copper probe was assigned as wave-port. Another copper cylinder surrounded the Teflon cylinder and was connected to the bottom of the dielectric substrate for the purpose of grounding (Figure 5.4) as the bottom of the dielectric was a ground plane of the patch antenna for which non-radiating boundaries were assigned to the bottom of the air-box.

[image: ]
[bookmark: _Toc195042328]Figure 5.4.1: Port Field Disply

[image: ]
[bookmark: _Toc195042329]Figure 5.4.2: Wave-port assignment for power input

[bookmark: _Toc195042413]ANALYSIS AND SOLUTION SETUP
The required resonant frequency was input to the software using solution setup for the analysis tool of HFSS. Also sweep was defined for the analysis of the antenna to solve s11 response for different frequencies within S-band and s11 response plots were acquired. In Figure 5.5, the steps are shown.
[image: ]
[bookmark: _Toc195042330]Figure 5.5.1: Analysis and Solution Setup
[bookmark: _Toc195042414]VALIDATION AND RUNNING ANALYSIS
The model was validated to check if any step is missing. Confirmation message received (Figure 5.6).
[image: ]
[bookmark: _Toc195042331]Figure 5.6.1: Validation Window

After this validation and confirmation, simulation was run and waited till the simulation completed. In Figure 5.7, simulation window is shown.
[image: ]
[bookmark: _Toc195042332]Figure 5.6.2: Simulation Window


[bookmark: _Toc195042415]GENERATING REPORTS AND RESULTS
In the project tree, right-clicked ‘Results’ and clicked create report. The following dialogue box appeared.
[image: ]
[bookmark: _Toc195042333]Figure 5.7.1: Creating Reports
For rectangular plot, clicked ok. For polar plot, opened the ‘Display Type’ Default List and selected Polar Plot. And clicked ok. Similarly 3D rectangular and Polar Plots can also be obtained by selecting from this list. By selecting any option, the traces dialogue box opens. In sweep Y tab, in the category list, selected s-parameters, in the Quantity list, selected s11, and in the functions list, selected mag (magnitude). Selected the defined sweep from solution list. Clicked add trace, and clicked done. HFSS will take time to solve for results.

[image: ]
[bookmark: _Toc195042334]Figure 5.7.2: Traces Dialogue Box
[bookmark: _Toc195042416]s11 Response
[image: ]
[bookmark: _Toc195042335]Figure 5.7.3: s11 Response of Single Patch
[bookmark: _Toc195042417]OPTIMIZATION OF SINGLE PATCH
There is a tool named as ‘optimetrics’ that is in-built in the software used for optimization of the dimensions to get better response. But due to some confidential reasons, the dimensions were optimized manually by hit and trial method and untiring efforts were made to get better results as one can think of. The dimensions were as the un-optimized response shows undesired results. The un-optimized and further optimized dimensions were compared.
[bookmark: _Toc195042418]s11 Response
[image: ]
[bookmark: _Toc195042336]Figure 5.8.1: Optimized s11 Response of Single Patch

[bookmark: _Toc195042419]VSWR
[image: ]
[bookmark: _Toc195042337]Figure 5.8.2: VSWR vs. Frequency

[bookmark: _Toc195042420]Gain
[image: ]
[bookmark: _Toc195042338]Figure 5.8.3: Gain
[bookmark: _Toc195042421]Directivity
[image: ]
[bookmark: _Toc195042339]Figure 5.8.4: Directivity
[bookmark: _Toc195042422]Antenna Parameters
[image: ]
[bookmark: _Toc195042340]Figure 5.8.5: Antenna Parameters

NON-OPTIMIZED 4-ELEMENT PATCH ANTENNA ARRAY
[image: ]
Figure 5.9.1: Model of 4-element patch antenna array
[image: ]
Figure 5.9.2: 3D-radiation pattern of Gain
[image: ]
Figure 5.9.3: 3D-Radiation pattern of directivity
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OPTIMIZED 8-ELEMENT PATCH ANTENNA ARRAY
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2D-Radiation pattern of Gain
[image: ]
Figure 5.10.1: Radiation pattern of total Gain at theta 90 degree


[image: ]
Figure 5.10.2: Radiation pattern of total Gain at Phi 90 degree

3D-Radiation pattern of Gain
[image: ]
Figure 5.10.3: 3D-Radiation pattern of total gain
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Figure 5.10.4: 3D-Radiation pattern of Directivity
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[bookmark: _Toc195042423]IMPLEMENTATION ON MATLAB

Chapter 5. [bookmark: _Toc195042424]
[bookmark: _Toc195042425]Introduction
Two Matlab codes to calculate the dimension of patch antenna, other for the dimension of transmission line and transformer. Matlab code is better to use for optimization when again and again calculations are needed. 

[bookmark: _Toc195042426]Antenna Parameters Code
%*******************************************************************
%  MICROSTRIP PATCH ANTENNA DIMENTION CALCULATION
%*******************************************************************
%  A MATLAB PROGRAM THAT COMPUTES THE ANTENNA DIMENTIONS 
%  FOR RECTANGULAR PATCH
%
%     ** INPUT PARAMETERS
%     1.  FREQ   = RESONANT FREQUENCY (in GHz)
%     2.  ER   = DIELECTRIC CONSTANT OF THE SUBSTRATE
%     3.  H = HEIGHT OF THE SUBSTRATE (in cm)
%
%     ** OUTPUT PARAMETERS
%         1.  PHYSICAL WIDTH OF THE PATCH W (in cm)
%         2.  EFFECTIVE LENGTH OF PATCH Le (in cm)
%         3.  PHYSICAL LENGTH OF PATCH L (in cm)
%         4.  DIRECTIVITY (dimensionless and in dB)
%         5.  RESONANT INPUT RESISTANCE (in ohms)AT LEADING RADIATING EDGE (y = 0)
%
%*******************************************************************
%     Programmed by : AURANGZEB HAYAT AWAN & BADAR MUNEER
%*******************************************************************
 
clc;
 
% Input Parameters (freq, epsr, height)
freq=input('INPUT THE RESONANT FREQUENCY (in GHz) = ');
er=input('INPUT THE DIELECTRIC CONSTANT OF THE SUBSTRATE = ');
h=input('INPUT THE HEIGHT OF THE SUBSTRATE (in cm) = ');
 
% Compute W, ereff, Leff, L (in cm)
W=30.0/(2.0*freq)*sqrt(2.0/(er+1.0));
ereff=(er+1.0)/2.0+(er-1)/(2.0*sqrt(1.0+12.0*h/W));
dl=0.412*h*((ereff+0.3)*(W/h+0.264))/((ereff-0.258)*(W/h+0.8));
lambda_o=30.0/freq;
lambda=30.0/(freq*sqrt(ereff));
Leff=30.0/(2.0*freq*sqrt(ereff));
L=Leff-2.0*dl;
ko=2.0*pi/lambda_o;
Emax=sinc(h*ko/2.0/pi);
 
% Directivity 
th=0:180; phi=[0:90 270:360];
[t,p]=meshgrid(th.*pi/180,phi.*pi/180);
X=ko*h/2*sin(t).*cos(p);
Z=ko*W/2*cos(t);
Et=sin(t).*sinc(X/pi).*sinc(Z/pi).*cos(ko*Leff/2*sin(t).*sin(p));
U=Et.^2;
dt=(th(2)-th(1))*pi/180;
dp=(phi(2)-phi(1))*pi/180;
Prad=sum(sum(U.*sin(t)))*dt*dp;
D=4.*pi.*max(max(U))./Prad;
DdB=10.*log10(D);
 
% Input Impedance at Y=0
th=0:1:180; t=th.*pi/180;
ARG=cos(t).*(ko*W/2);
res1=sum(sinc(ARG./pi).^2.*sin(t).^2.*sin(t).*((pi/180)*(ko*W/2)^2));
res12=sum(sinc(ARG./pi).^2.*sin(t).^2.*besselj(0,sin(t).*(ko*L)).*sin(t).*((pi/180)*(ko*W/2)^2));
G1=res1./(120*pi^2); G12=res12./(120*pi^2);
Rin0=(2.*(G1+G12))^-1;
 
% Output Parameters
disp('OUTPUT PARAMETERS');
disp('=================');
disp('PHYSICAL WIDTH OF PATCH (in cm) = '),W
disp('EFFECTIVE LENGH OF PATCH (in cm) = '),Leff
disp('PHYSICAL LENGH OF PATCH (in cm) = '),L
disp('DIRECTIVITY OF RECTANGULAR PATCH (dimensionless) = '),D
disp('DIRECTIVITY OF RECTANGULAR PATCH (in dB) = '),DdB
disp('RESONANT INPUT RESISTANCE AT LEADING RADIATING EDGE (y = 0) Rin0= '),Rin0

[bookmark: _Toc195042427]Line Parameters Code
%*******************************************************************
%  MICROSTRIP PATCH ANTENNA TRANSMITTION LINE DIMENTIONS CALCULATION
%*******************************************************************
%  A MATLAB PROGRAM THAT COMPUTES THE TRANSMITTION LINE DIMENTIONS 
%  FOR RECTANGULAR PATCH
%
%     ** INPUT PARAMETERS
%     1.  FREQ   = RESONANT FREQUENCY (in GHz)
%     2.  ER   = DIELECTRIC CONSTANT OF THE SUBSTRATE
%     3.  H = HEIGHT OF THE SUBSTRATE (in mm)
%     4.  Impedance_SMA = SMA CONNECTOR IMPEDANCE (in OHMs)
%     5.  Impedance_1 = TRANSMISSION LINE IMPEDANCE REQUIRED (in OHMs)
%     6.  Impedance_2 = RESONANT INPUT RESISTANCE (in OHMs)AT LEADING
%         RADIATING EDGE (y = 0)
%
%     ** OUTPUT PARAMETERS
%         1.  LENGTH OF TRANSMISSION LINE (in mm)
%         2.  WIDTH OF TRANSMISSION LINE (in mm)
%         3.  LENGTH OF TRANSFORMER (in mm)
%         4.  WIDTH OF TRANSFORMER (in mm)
%         5.  IMPEDANCE OF TRANSFORMER (in OHMs)
%
%*******************************************************************
%     Programmed by : AURANGZEB HAYAT AWAN & BADAR MUNEER
%*******************************************************************
 
clc;
 
% Input Parameters 
Frequency=input('INPUT THE RESONANT FREQUENCY (in GHz) = ');
Dielectric=input('INPUT THE DIELECTRIC CONSTANT OF THE SUBSTRATE = ');
Height=input('INPUT THE HEIGHT OF THE SUBSTRATE (in mm) = ');
Impedance_SMA=input('INPUT THE IMPEDANCE OF SMA CONNECTOR IN OHMs = ');
Impedance_1=input('INPUT THE IMPEDANCE 1 IN OHMs = ');
Impedance_2=input('INPUT THE IMPEDANCE 2 IN OHMs = ');
 
lamdao = (3*10^8)/(Frequency*10^9)*1000;
 
% Transformer Impedence Calculation
Impedance_T = (Impedance_1*Impedance_2)^(1/2);
% 1/4 transformer Calculation
a = (Impedance_T/60 * (((Dielectric)+1)/2)^(1/2)) + (((Dielectric)-1)/((Dielectric)+1)) * (0.23 +(0.11/Dielectric));
b = 592.2/(Impedance_T * (Dielectric ^(1/2)));
% check = ((8*exp(a)) /( exp(2*a)-2));
if a > 1.52
Transformer_Width = ((8*exp(a)) /( exp(2*a)-2))*Height;
else
Transformer_Width = ((2/pi) * (b-1-(log((2*b)-1)) + ((Dielectric-1)/(2*Dielectric)) * (log(b-1)+0.39-(0.61/Dielectric))))*Height;
end
% 1/4 wavelength Effective Er
compare = Transformer_Width/Height;
if compare < 1
Eff_Er_T = ((Dielectric+1)/2) + ((Dielectric-1)/2) * ((1+12*(Height/Transformer_Width))^(-1/2) +0.041*((1-(Transformer_Width/Height))^2));
else
Eff_Er_T = (Dielectric+1)/2 + ((Dielectric-1)/2) * (((1+12*(Height/Transformer_Width)))^(-1/2));
end
lamdag = lamdao/(Eff_Er_T^(1/2));
Transformer_Length = 1/4 * lamdag;
 
 
% transmission line Calculation
lamdao = (3*10^8)/(Frequency*10^9)*1000;
c = (Impedance_SMA/60 * (((Dielectric)+1)/2)^(1/2)) + (((Dielectric)-1)/((Dielectric)+1)) * (0.23 + (0.11/Dielectric));
d = 592.2/(Impedance_SMA * (Dielectric^(1/2)));
% checkfeed = ((8*exp(c)) /( exp(2*c)-2));
if c > 1.52
Line_Width = ((8*exp(c)) /( exp(2*c)-2))*Height;
else
Line_Width = ((2/pi) * (d-1-(log((2*d)-1)) + ((Dielectric-1)/(2*Dielectric)) * (log(d-1)+0.39-(0.61/Dielectric))))*Height;
end
comparefeed = Line_Width/Height;
if comparefeed < 1
Eff_Er_L = ((Dielectric+1)/2) + ((Dielectric-1)/2) * ((1+12*(Height/Line_Width))^(-1/2) +0.041*((1-(Line_Width/Height))^2));
else
Eff_Er_L = (Dielectric+1)/2 + ((Dielectric-1)/2) * (((1+12*(Height/Line_Width)))^(-1/2));
end
lamdaf = lamdao/(Eff_Er_L^(1/2));
Line_Length = 1/4 * lamdaf;
 
% Output Parameters
disp('OUTPUT PARAMETERS');
disp('=================');
disp('LENGTH OF TRANSMISSION LINE = '),Line_Length
disp('WIDTH OF TRANSMISSION LINE = '),Line_Width
disp('LENGTH OF TRANSFORMER = '),Transformer_Length
disp('WIDTH OF TRANSFORMER = '),Transformer_Width
disp('IMPEDANCE OF TRANSFORMER = '),Impedance_T









ARRAY ANALYSIS AND DESIGN

INTRODUCTION
The radiation pattern obtained with a single element in general have relatively wide beam-widths and a low value of directivity. To obtain narrow beam-widths, high directivity, low side lobes or some other particularly desirable radiation characteristic, a group of antenna elements is used. This group of antenna element is usually referred to as an antenna array or simply as an array. The design of an radiating elements to be used. The second step is the determination of the required array geometry to achieve the desired characteristic. The final step is to determine the amplitude and phase relationship between these elements to meet the desired design specifications.

Uniform Spacing and Amplitude Linear Array Factor
An array factor of identical elements may be derived by considering the element locations as point sources. The actual total field is obtained by multiplying the array factor for the isotropic point sources by the field pattern for a single element.
[image: ]
(7.1)

A simple configuration is a linear array that is oriented along one of the principle examples. The example presented here is a N-element linear array along the z-axis. The array factor is the contribution from each element in the array.
[image: ]
(7.2)



(7.3)

[image: ]
Figure 6.5.1: Far-Field geometry for N-element array along z-axis
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 (7.4)


 (7.5)
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(7.6)

Subtracting 7.2 from 7.6 results
[image: ]	  (7.7)

[image: ]which for an array reference point centered along the array reduces to


	   (7.8)


The above equation for smaller values of ψ may be approximated with,



[image: ]
		       (7.9)



This array factor has a maximum of N, normalizing to a maximum array factor value of unity, 
[image: ]
	     (7.10)





	     (7.11)


When applied to hear arrays dong different axis the ψ changes to different equations.
Our elevation plane linear array runs along the x-axis, and uses
[image: ]              (7.12)
[image: ]While our azimuth plane linear array runs along the y-axis and uses
	          (7.13)

Non-Uniform Amplitude Linear Array Factor
A related linear array is the non-uniform amplitude array that uses the same inter-element spacing but uses an excitation amplitude distribution dong the array elements. The uniform array of the previous section is known to provide a narrower half power beam width HPBW than a similar non-uniform amplitude array [13]. A non-uniform array is preferred when low side lobe levels are a design concern, as uniform arrays do not usually meet the specifications for this characteristic. The array factor for a non-uniform linear array varies slightly for an even or odd number of elements. An even numbered array will be developed first with the odd numbered array right after it.
[image: ]
Figure 6.6.1: even and odd number elements in non-uniform array
In the case of an even number of elements, the array factor for a symmetrical amplitude distribution is
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        (7.14)
			



        (7.15)

Normalized
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        (7.16)



        (7.17)


Where
[image: ]

           (7.18)



           (7.19)



           (7.20)

The equation in (7.17) will be used along with (7.18) for the elevation array, and with (7.19) for the azimuth array. When an odd number of elements is to used in an array the array factor used is
[image: ]

     (7.21)



[image: ]
	              (7.22)


[image: ]Normalizing and using the same substitution as for the even number of elements case
		
		      (7.23)


The equations in (7.17) and (7.23) may be used but an amplitude distribution is required to obtain some unique array property. Some amplitude distributions achieve low side lobes at the expense of a slightly broadened HPB W. in the next section a Taylor Line source distribution will be presented that provides good side lobe control without appreciably increasing the beam-width. The non-Worm linear array radiation patterns obtain using the Taylor distribution will be included later in that section.

Planar Array Factor
Planar arrays are the most frequently designed form of microstrip array designed in industry. The reason for this is simply better performance due to more control parameters that the designer can utilize to produce symmetrical patterns with lower side lobes. When used in a phased array, a planar array is able to scan to any point in space and is not restricted to a single plane of scanning. The antenna design pursued in this thesis will be a rectangular planner array whose radiation pattern is predicted as the product of the elevation and azimuth linear arrays. The planar array factor in is given as
[image: ]
		  (7.24)

where [image: ] and [image: ]are either uniform or non-uniform linear array factors defined earlier in this chapter.
The directivity of an antenna is frequently expressed in terms of a closed form expression. If the array is assumed to only produce a major lobe and ail side lobes neglected, the directivity is determined using

[image: ]                   
       (7.25)

This equation is improved with the introduction of two correction factors, έM for beam efficiency, and kP for pattern factor. These factors are introduced into (3.100) as follows:
                               [image: ]
				     (7.26)

The beam efficiency, έM is a factor less than 1 and usually in the range. The pattern factor, kP is 1 for Uniform aperture field distributions, and may be slightly larger or less than 1 depending on the field distribution present.
                                       [image: ]					 (7.27)
A frequently used approximation used for directivity of planar arrays that includes these correction factor terms in its numerator is	
                        					        (7.28)      [image: ]







ARRAY DESIGN
Now we come to the design of 1×4 linear path array. The design is suggested in Figure 4.1 which shows how feed-lines and matching transformers of different impedance are connected. Here we will discuss only the design of 100 ohm transmission line and 100-to-50 ohm, 100-to-330 ohm matching transformers. All else are already discussed in previous sections for single patch design.
[image: ][image: ]
[bookmark: _Toc171671838]Figure 6.8.1: 2-by-4 Linear Patch Antenna Array
[bookmark: _Toc171673388]



[bookmark: _Toc171673389]50-ohm Transmission Line
The procedure for 50-ohm line is same as shown for the single patch. The results are as follows:
1. Width of transmission line:


2. Length of Transmission line:



70-ohm Matching Transformer
1.	Impedance:


2. Width:


3. Length:



100-ohm Transmission Line
The procedure for 100 transmission line is the same as for the 50 ohm line. The results are as follows:
1. Width of transmission line:


2. Length of Transmission line:






The dimensions of the array are summarized in Table 4-2.
Table 4‑2: ARRAY DIMENSIONS
	Micro-strip Patch Array Antenna Dimensions 

	Patch

	Width
	11.8585 mm

	Length
	9.9254 mm

	Other Patch parameters

	Edge Impedance
	244.776 Ohms

	Yo feed-point at 100 Ohms
	2.77195 mm

	50 Ohms Transmission Feed-line

	Width
	1.17396 mm

	Length
	5.48278 mm

	70 Ohms Quarter-Wave Transformer

	Width
	0.673396 mm

	Length
	5.56705 mm

	100 Ohms Transmission Feed-line

	Width
	0.341471 mm

	Length
	5.65585 mm










 
[bookmark: _Toc195042428] FABRICATION AND TESTING OF MICROSTRIP PATCH ANTENNA

Chapter 6. [bookmark: _Toc195042429]
[bookmark: _Toc195042430]INTRODUCTION
After the mathematical modeling, HFSS modeling and simulations are complete, the micro strip patch antenna is ready for fabrication. There are many methods available for the fabrication of PCBs. This chapter discusses some of the methods of  fabrication of PCBs  and also the testing of micro strip patch antenna.

[bookmark: _Toc195042431]OVERVIEW OF FABRICATION TECHNIQUES
Fabrication is a process in which all the unwanted copper from a substrate is removed by some method to form electronic circuits of in this case a patch antenna. This process is called etching.
There are two basic ways that you can remove unwanted copper from copperclad substrates to form electronic circuits; mechanical etching and chemical milling (etching). Since laser ablation is outside the budget of most small shops, it will not be included here. [13]
[bookmark: _Toc195042432]Mechanical etching
Involves the use of a precise numerically controlled multi-axis machine tool and a special milling cutter to remove a narrow strip of copper from the boundary of each pad and trace. The removal of this copper electrically isolates the circuit element from the rest of the foil.
 
[bookmark: _Toc195042433]Chemical milling or chemical etching
Relies on the action of any one of a family of corrosive liquids to dissolve away unwanted copper in order to define the desired.

[bookmark: Mech_mill][bookmark: _Toc195042434]Mechanical Etching
In response to the inexorable tightening of environmental regulations and the difficulty of obtaining strong acids and oxidizers in many locales, "mechanical etching" has seen unprecedented growth over the last 10 years. In spite of high up-front costs and lack of plated through-holes, its complete freedom from toxic chemicals has made this technique very attractive to many PCB prototyping shops.
As the density and complexity of circuit designs have increased, forming reliable electrical connectivity between the top (component) and bottom (solder) circuit patterns has evolved from a mere convenience to an absolute necessity. While some mechanical etch vendors offer manual and semi-automatic machines for inserting eyelets into all of the designated through-holes, the cost of the equipment, the penalty in PCB real-estate (holes must be drilled oversized to accommodate the eyelets), and the relative sluggishness of the process render it undesirable for many applications. As a result, many shops have adopted simplified electrolytic plating processes (like Green CirKit) to accomplish this critical task.
As mentioned above, mechanical milling involves the use of a precise numerically controlled multi-axis machine tool and a special milling cutter to remove a narrow strip of copper from the boundary of each pad and trace. There are a number of configurations currently available for these special mechanical etch bits, but most users report that bits with spiral flutes (vs. a flat "spade" geometry) are the most effective at removing copper debris and tend to stay sharp longer at higher cutting rates. Tip angles of 60° and 90° are the most common, with 90° seeming to offer the best combination of minimal substrate penetration and longer cutter life. If the circuit design also requires that some (or all) of the non-circuit copper be removed (clear milling), conventional carbide end-mills can be used to accelerate the copper milling process. Typical diameters range from 0.010" (.25mm) to 0.050" (1.27mm).
Mechanically etching a PCB proceeds as follows: 
1. Lay out the circuit using a compatible PCB layout package (often proprietary to the milling machine vendor).
2. Run the layout through a post processor to generate the boundary paths that the cutter will need to follow to define the circuit elements and any cutter paths needed for clear milling (always vendor specific).
3. Mount the substrate (or flex circuit) in the machine as instructed in the user's manual.
4. Insert the drill size indicated by the operating software into the chuck and adjust the height (if no set ring is present) to insure that the bit drills all the way through the substrate and a short distance into the backing material.
5. Drill the first hole size.
6. Repeat the previous 2 steps for each drill size.
If you will be plating the through-holes, remove the board from the machine for hole wall activation and electroplating. After the through-holes are plated, return the board to the milling machine for further processing.
7. Insert a mechanical etch bit and adjust the depth setting foot to the approximate cutting depth desired for your design. The cutting depth sets the width of the channel milled through the copper foil, so you must know the tip angle of your cutter prior to setting the depth.
8. Off to one side of the substrate, cut a couple of test channels and carefully measure the width of each. Adjust the height of the foot until the desired width is consistently achieved.
9. Mechanically etch (and clear mill) the first side of the board.
10. Carefully inspect the cutter. If the cutting edge shows signs of wear or of excess copper buildup, replace it with a new bit before proceeding.
11. If your design requires a double sided PCB, flip the substrate and repeat steps 8-9 for the second side (making sure, of course, to load the second side artwork into the mechanical etch software).
12. Mechanically etch (and clear mill) the second side of the board.
13. Remove the "etched" board from the machine.
14. Carefully examine both sides for copper debris that may have become wedged (or smeared) in the milled channels. You cant bet that any such material will short out the most expensive and unobtainable component on the entire board so you need to be very diligent during this inspection.
15. If any copper strands are found shorting out circuit elements, use the tip of an X-Acto knife to remove them. Be very careful not to cut thin traces during this operation. 
16. After any shorts have been removed and the through holes cleared of plugs of copper and milled substrate detritus, the board is ready for further processing. [14]


[bookmark: Chem_etch][bookmark: _Toc195042435]Chemical Etching

The bad news first!
Before you even think about setting up to chemically etch printed circuit boards at home, or in a small shop, it is a good idea to get a single ethic firmly planted in your mind. 
It is fundamentally wrong to pour toxic chemicals down the drain, out the back door, or on your neighbor's property. Besides being unethical, it is downright wasteful since you end up throwing away materials that you have paid good money for.
The net result of this is that etching boards on a small scale with ferric chloride, the erstwhile standard of the hobbyist world, is out of the question. Generally speaking, it really does not make sense to use an etchant that cannot be recycled or replenished locally, without additional cost to you.
The good news!
Fortunately, recent improvements in an infinitely replenishable copper etchant commonly referred to as " peroxy-sulfuric" with its environmental compatibility and ease-of-use has come to the rescue. Peroxy-sulfuric is very aggressive oxidizer/corrosive that can be mixed on site from inexpensive ingredients, and, with proper use and maintenance, literally never wears out. The real beauty of this mixture of hydrogen peroxide, sulfuric acid, copper sulfate and organic stabilizers is that excess copper can be removed by simple precipitation, after which, the bath is ready to consume more copper. In addition, during operation, the etchant is is "self agitating". The bubbles and heat that evolve during etching, so thoroughly stir up the bath that the etchant works almost as well in a simple dip (immersion) tank as it does in a far more expensive spray etcher. Unfortunately, peroxy-sulfuric can be tricky to use in shops requiring high throughput. The two primary reactions that effect the erosion of copper (copper -> copper oxide, copper oxide -> oxygen + copper sulfate) are very exothermic. A lot of heat can build up in a bath with no provision for cooling the etchant. Generally speaking, if the bath "loading" exceeds 2 oz. of copper (1 ft² of double sided one ounce copperclad) per gallon of bath per hour, enough heat can accumulate that the stabilizers begin to fail. Once the effectiveness of the stabilizers is impaired, the peroxide reacts with the dissolved copper to spontaneously decay into oxygen and water, releasing even more heat. If left unchecked, this runaway reaction (often called "going exothermic") can melt plastic tanks and severely compromise the integrity of any plumbing attached to the system. Needless to say, it also eats up every bit of the hydrogen peroxide in the bath and, may leach enough material out of the tank walls and plumbing to thoroughly pollute the solution and render it quite useless.
As you might imagine, throughput can often be increased by pumping the etchant through a heat exchanger during etching to remove excess heat before it poses a threat. In a limited sense, you can also increase throughput (as well as the etch rate) by agitating the bath with compressed air (a.k.a. sparging). The benefits of "air sparging" are three fold. 
1. The turbulence in the wake of the bubbles breaks up the depletion layer immediately adjacent to the board's surface, delivering fresh etchant to the unprotected copper. As a result, the etch rate can be significantly enhanced.
2. This same turbulence has the added benefit of similarly "freshening" the etchant down in the nooks and crannies of the resist pattern, effectively increasing the etching resolution of the bath. Resist geometries with 0.008" (0.2mm) traces and 0.008" spaces can be routinely etched with such a "bubble etcher".
3. Although the total air volume is fairly low, air bubbles tend to carry away some of the heat generated during etching. This cooling effect is further enhanced by the evaporative phase change that occurs at the bubble walls as they rise through the heated solution.
The primary downside of bubble etching is that it generates a significant quantity of corrosive aerosol. Effective fume collecting with active scrubbing must be implemented if a bubbler is used.
Please note that using an air agitation system with an aggressive etchant chemistry does not remove the danger of the bath going exothermic. It will however, significantly increase the size of the safe operating window and improve the overall performance of your etcher. 
Epoxy-sulfuric etchants are most effective, and safe when used in spray etching equipment. Spraying: 
· increases the etch-rate by increasing the delivery of fresh etchant and removal of depleted etchant, 
· enhances the effective resolution by improving the delivery of fresh etchant into finer resist geometries, 
· cools the etchant before it impacts the copper, rendering a runaway exothermic reaction virtually impossible 
· can produce far greater uniformity of copper removal from large area panels 
As with the bubbler above, spray etching with peroxy-sulfuric generates a significant quantity of corrosive aerosol. Effective fume collecting with active scrubbing must be implemented if spraying is used. [15]
Preparing etching test coupons 
Regardless of whether you use immersion, bubble-assisted, or spray etching, always etch a test sample to see how long it takes to totally etch copper-clad with the same weight foil as you will be using. If possible, it is a good idea to image, and develop a set of copper-clad test-coupons whose resist geometry is representative of the minimum sized feature in your circuit design. In most cases, mixed blocks (1" x 1") of horizontal, vertical and crossed (gridded) 0.010" (0.25mm) traces on 0.020" (0.51mm) centers act as very effective probes for measuring many facets of etchant performance. 

Chemically etching a PCB proceeds as follows
1. Analyze all components of the etchant and make additions as necessary. 
2. Start pre-heating the bath so that it will be at the recommended operating temperature [approx. 110°F (immersion), 120°F (air agitated or spray) or 49°C] when your board is ready to be etched. 
3. Thoroughly clean the copper foil on both sides of the board. 
4. Laminate with the desired photo-resist. 
5. Being careful to align the artwork with the correct side of the board, image the photo-resist. 
6. Let the board sit for at least 30 minutes to allow the exposed resist to totally cure. 
7. Peel the Mylar cover sheet off the photo-resist and develop the board. 
8. Thoroughly rinse the photo-resist image, gently blow dry, and set the board in a 100°C oven for 10 minutes. 
9. Remove the board and allow to cool to room temperature. While the board is cooling, etch a test coupon and record the time (T) required to etch the board clear (without damaging the copper protected by the resist). 
10. Put the board in the etcher and etch for T/2 minutes. 
11. Pull the board from the etcher, flip it top to bottom and left to right, and etch for another T/2 minutes. 
12. Pull the board from the etcher, thoroughly rinse in deionized (or distilled) water and carefully examine the etched pattern for shorts or incompletely etched areas. 
If you find, small isolated shorts, but the rest of the board looks pretty good, etch the board for another 30 seconds and re-examine. If the shorts persist, it might be easier to remove them with an razor knife or other implement of destruction. If shorts seem to occur in localized groups, and there are no signs of resist failure, etch the board for another minute and re-examine. 
Continue in this fashion until the etched circuit is totally free from shorts and other defects. Be careful, however, not to over-etch the board. It is generally easier to cut away a few shorts than it is to rebuild traces that have been totally etched away.
1. Once you are satisfied with the quality of the etched image, thoroughly rinse the board, first in deionized water, then under cool tap water. 
2. Immerse the board in a heated (50°C) 5% solution of sodium hydroxide. After about 2 minutes, the resist will start to lift off of the copper. Swish the board around (or scrub it with a lightly abrasive pad) until all of the resist is removed. 
3. Rinse the board under warm tap water and blow dry. 
4. The etched board is now ready for further processing. 

[bookmark: _Toc195042436]The basic principles of antenna test and measurement and  introduction to various range geometries, and instrumentation.
By definition, all of today's wireless communication systems contain one key element, an antenna of some form. This antenna serves as the transducer between the controlled energy residing within the system and the radiated energy existing in free space. In designing wireless systems, engineers must choose an antenna that meets the system's requirements to firmly close the link between the remote points of the communications system. While the forms that antennas can take on to meet these system requirements for communications systems are nearly limitless, most antennas can be specified by a common set of performance metrics.

Antenna Performance Metrics
In order to satisfy the system requirements and choose a suitable antenna, system engineers must evaluate an antenna's performance. Typical metrics used in evaluating an antenna includes the input impedance, polarization, radiation efficiency, directivity, gain and radiation pattern.

Antenna Range Siting Considerations
The choice of an antenna test range is dependent on many factors, such as the directivity of the antenna under test, frequency range and desired test parameters. Often the mechanical features of the antenna (size, weight and volume) can have as much influence on the selection of an antenna range as do the electrical performance factors. In selecting an antenna range to evaluate antenna performance, care must be taken to ensure the performance metrics are measured with sufficient accuracy.
[image: ]
[bookmark: _Toc195042341]Figure 7.2.1: A few of the more commonly used antenna test ranges are shown in the accompanying.

Regardless of the chosen test range, three key factors must be addressed and controlled to ensure a successful measurement. These factors are the phase variations of the incident field, the amplitude variations of the incident field and the stray signals created by reflections within the test range. [16]

Variations of the Phase of the Incident Field
In order to accurately measure an antenna’s far zone performance, the deviation of the phase of the field across its aperture must be restricted. The criterion generally used is that the phase should be constant to within p/8 radian (22.5°). Under normal operating conditions this criteria is easily achieved since there is usually a large separation between transmitting and receiving antennas. During antenna testing, it is desirable because of various practical considerations to make antenna measurements at as short a range as possible. Since the measurements must simulate the operating situation, it is necessary to determine the minimum separation between the transmitting antenna and the receiving antenna for a reasonable approximation of the far field gain and radiation patterns. At distances from a transmitting antenna, which are large compared with the antenna dimensions, the phase front of the emergent wave is nearly spherical in shape. For extreme separations, the radius of curvature is so large that for all practical purposes the phase front can be considered planar over the aperture of a practical antenna. As the antennas are brought closer together, a condition is reached in which, because of the short radius of curvature, there is an appreciable separation D between the wave front and the edges of the antenna aperture.

Compact Antenna Test Ranges
Compact ranges are an excellent alternative to traditional far-field ranges. Any testing that can be accomplished on a far-field range can be accomplished on a compact antenna test range. This method of testing allows an operator to employ an indoor anechoic test chamber at a reasonable cost and avoid the problems associated with weather and security often encountered when using an outdoor test range. In a research and development situation, the small size of a compact range allows it to be located convenient to the design engineers. In a manufacturing environment, the compact range can be located near to the final testing and integration facilities. By placing a compact range in a shielded chamber, one can eliminate interference from external sources. This last feature has become more important in the last several years as the proliferation of cell phone and wireless systems has created a background noise environment which has made antenna testing in a quiet electromagnetic environment more difficult
The principle of operation of a compact range is based on the basic concepts of geometrical optics. Diverging spherical waves from a point source located at the focal point of a paraboloidal surface are collimated into a plane wave. This plane wave is incident on the test antenna. The resultant plane wave has a very flat phase front, but the reflector-feed combination introduces a small (but generally acceptable) amplitude taper across the test zone.
In principle, the operation of a compact range is straightforward; however, its ultimate design, construction, and installation should be carefully considered.

Antenna Range Instrumentation
Regardless of the type of antenna range to be implemented, the complement of instruments to operate the range is very similar. Differences occur due to the location of the various instruments with respect to the source and test antennas, types of measurements to be performed and the degree of automation desired. A description of the basic instrumentation subsystems and typical applications of different types of antenna ranges, will be presented here.
The instrumentation for measuring antenna patterns consists of four subsystems, which can be controlled from a central location. These subsystems are:
1. Positioning and Control
2. Receiving
3. Signal Source
4. Recording and Processing

The test antenna is installed on a positioner and is usually, tested in the receive mode. The motion of the positioner (rotation of the test antenna) is controlled by a positioner control unit located in the control room. The positioner is equipped with synchro transmitters or high accuracy encoders to provide angle data for the position indicator and the recording/processing subsystem. 

To process the received signal for recording, the RF signal must be detected. In most cases microwave receivers are employed on the antenna range to accept the very low-level signals from the test antenna and to downconvert these signals to lower frequencies for processing. Microwave receivers offer many advantages including improved dynamic range, better accuracy, and rejection of unwanted signals that may be present in the area. Also phase/amplitude receivers provide the ability to measure phase characteristics of the received signal. Phase information is required for many types of antenna measurements.

 A signal source provides the RF signal for the remote source antenna. The signal source can be permanently fixed on the ground or floor, or located on a tower near the source antenna, depending on the frequency of operation and mechanical considerations. The signal source is designed for remote operation. The source control unit is usually located in the control room with the measurement and control instrumentation. [17]

Often, a computer subsystem is added to the instrumentation to automate the entire measurement sequence. This computer subsystem employs a standard bus interface, like the IEEE-488, to setup and monitor the individual instruments. High-speed data busses are utilized for the measurement data to maximize data throughput and productivity.

An automated antenna measurement system offers a high degree of repeatability, speed, accuracy, and efficiency with minimum operator interaction. Data storage is conveniently handled by a variety of media including a local hard drive, floppy disk, removable drives or bulk data storage on a local area network. After data acquisition is completed, an automated system supports analysis of the measured data such as gain and polarization plus a wide variety of data plotting formats such as rectangular, polar, three-dimensional, and contour plots.
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The single micro strip patch antenna designed in this project report is then tested for S11 response, VSWR and smith chart using network analyzer. The following results were obtained are given below.

S11 Vs frequency:
The simulated S11 response has a dip of about -30 dB return loss at exactly 2.5 GHz (Figure 5.9) for which it was designed. But the tested result shows a dip of about -15.332 dB at 2.57 GHz. That can be considered as a good comparison to simulated results. A small error in resonating frequency and return loss is because of the fact that a perfect ground plane cannot b simulated in real world so it is always approximated.
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[bookmark: _Toc195042342]Figure 7.3.1: S11 Vs frequency

VSWR Vs Frequency:
The simulated VSWR plot in HFSS shows a VSWR of 1.08:1(Figure 5.10) at 2.5 GHz, while the tested results are 1.4:1 at 2.57 GHz which also seems to be an excellent comparison to simulated results. Generally 2:1 VSWR or less is considered satisfactory but for a good matching a VSWR of 1.5:1 or less is needed. While in this design there is 1.4:1 VSWR, hence it’s a good matching between source and load,  and shows that most of the power is delivered to the device and a little is reflected back.
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[bookmark: _Toc195042343]Figure 7.3.2: VSWR Vs Frequency
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Figure B-1: Project Schedule
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Figure B-2: Gantt Chart
APPENDEX D: GUI 
[image: ]
Matlab Code of GUI
function varargout = finalb(varargin)
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%      PROGRAMED BY : AURANGZEB HAYAT AWAN
%                     BADAR MUNEER CHOUDRY
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%      FINALB, by itself, creates a new FINALB or raises the existing
%      singleton*.
%
%      H = FINALB returns the handle to a new FINALB or the handle to
%      the existing singleton*.
%
%      FINALB('CALLBACK',hObject,eventData,handles,...) calls the local
%      function named CALLBACK in FINALB.M with the given input arguments.
%
%      FINALB('Property','Value',...) creates a new FINALB or raises the
%      existing singleton*.  Starting from the left, property value pairs are
%      applied to the GUI before finalb_OpeningFunction gets called.  An
%      unrecognized property name or invalid value makes property application
%      stop.  All inputs are passed to finalb_OpeningFcn via varargin.
%
%      *See GUI Options on GUIDE's Tools menu.  Choose "GUI allows only one
%      instance to run (singleton)".
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% See also: GUIDE, GUIDATA, GUIHANDLES
 
% Edit the above text to modify the response to help finalb
 
% Last Modified by GUIDE v2.5 26-May-2008 01:57:58
 
% Begin initialization code - DO NOT EDIT
gui_Singleton = 1;
gui_State = struct('gui_Name',       mfilename, ...
                   'gui_Singleton',  gui_Singleton, ...
                   'gui_OpeningFcn', @finalb_OpeningFcn, ...
                   'gui_OutputFcn',  @finalb_OutputFcn, ...
                   'gui_LayoutFcn',  [] , ...
                   'gui_Callback',   []);
if nargin && ischar(varargin{1})
    gui_State.gui_Callback = str2func(varargin{1});
end
 
if nargout
    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:});
else
    gui_mainfcn(gui_State, varargin{:});
end
% End initialization code - DO NOT EDIT
 
 
% --- Executes just before finalb is made visible.
function finalb_OpeningFcn(hObject, eventdata, handles, varargin)
% This function has no output args, see OutputFcn.
% hObject    handle to figure
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
% varargin   command line arguments to finalb (see VARARGIN)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
set(hObject, 'Units', 'pixels');
handles.banner = imread([matlabroot filesep 'work' filesep 'patch_rough.bmp']); % Read the image file banner.jpg
info = imfinfo([matlabroot filesep 'work' filesep 'patch_rough.bmp']); % Determine the size of the image file
position = get(hObject, 'Position');
set(hObject, 'Position', [position(1:2) info.Width + 500 info.Height + 350]); % size and position of GUI
axes(handles.axes1);
image(handles.banner)
set(handles.axes1, ...
    'Visible', 'off', ...
    'Units', 'pixels', ...
    'Position', [270 280 260 240]); % size and position of picture we place on axis1
 
%**********************************************
set(hObject, 'Units', 'pixels');
handles.banner = imread([matlabroot filesep 'work' filesep 'array_rough.bmp']); % Read the image file banner.jpg
info = imfinfo([matlabroot filesep 'work' filesep 'array_rough.bmp']); % Determine the size of the image file
position = get(hObject, 'Position');
set(hObject, 'Position', [position(1:2) info.Width + 280 info.Height + 200]); % size and position of GUI
axes(handles.axes2);
image(handles.banner)
set(handles.axes2, ...
    'Visible', 'off', ...
    'Units', 'pixels', ...
    'Position', [270 35 260 240]); % size and position of picture we place on axis1
 
 
%**********************************************
 
handles.output = hObject;
 
 
guidata(hObject, handles);
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Choose default command line output for finalb
handles.output = hObject;
 
% Update handles structure
guidata(hObject, handles);
 
% UIWAIT makes finalb wait for user response (see UIRESUME)
% uiwait(handles.figure1);
 
 
% --- Outputs from this function are returned to the command line.
function varargout = finalb_OutputFcn(hObject, eventdata, handles) 
% varargout  cell array for returning output args (see VARARGOUT);
% hObject    handle to figure
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Get default command line output from handles structure
varargout{1} = handles.output;
 
 
% --- Executes on button press in calcantenna.
function calcantenna_Callback(hObject, eventdata, handles)
% hObject    handle to calcantenna (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
 
data  = getappdata(gcbf,'metricdata');
 
% Input Parameters (freq, epsr, height)
freq=data.freq;
er=data.dielectric;
h=data.height;
Zin=data.Rimpedance;
 
h=h/10;
% Compute W, ereff, Leff, L (in cm)
W=30.0/(2.0*freq)*sqrt(2.0/(er+1.0));
ereff=(er+1.0)/2.0+(er-1)/(2.0*sqrt(1.0+12.0*h/W));
dl=0.412*h*((ereff+0.3)*(W/h+0.264))/((ereff-0.258)*(W/h+0.8));
lambda_o=30.0/freq;
lambda=30.0/(freq*sqrt(ereff));
Leff=30.0/(2.0*freq*sqrt(ereff));
L=Leff-2.0*dl;
ko=2.0*pi/lambda_o;
Emax=sinc(h*ko/2.0/pi);
 
% Directivity 
th=0:180; phi=[0:90 270:360];
[t,p]=meshgrid(th.*pi/180,phi.*pi/180);
X=ko*h/2*sin(t).*cos(p);
Z=ko*W/2*cos(t);
Et=sin(t).*sinc(X/pi).*sinc(Z/pi).*cos(ko*Leff/2*sin(t).*sin(p));
U=Et.^2;
dt=(th(2)-th(1))*pi/180;
dp=(phi(2)-phi(1))*pi/180;
Prad=sum(sum(U.*sin(t)))*dt*dp;
D=4.*pi.*max(max(U))./Prad;
DdB=10.*log10(D);
 
% Input Impedance at Y=0
th=0:1:180; t=th.*pi/180;
ARG=cos(t).*(ko*W/2);
res1=sum(sinc(ARG./pi).^2.*sin(t).^2.*sin(t).*((pi/180)*(ko*W/2)^2));
res12=sum(sinc(ARG./pi).^2.*sin(t).^2.*besselj(0,sin(t).*(ko*L)).*sin(t).*((pi/180)*(ko*W/2)^2));
G1=res1./(120*pi^2); G12=res12./(120*pi^2);
Rin0=(2.*(G1+G12))^-1;
Y=acos(sqrt(Zin/Rin0))*L/pi;
% Output Parameters
 
data.Wpatch=W*10;
data.Lpatch=L*10;
data.directivity=DdB;
data.Eimpedance=Rin0;
data.yo=Y*10;
 
set(handles.Wpatch,'string',W*10);
set(handles.Lpatch,'string',L*10);
set(handles.directivity,'string',DdB);
set(handles.Eimpedance,'string',Rin0);
set(handles.yo,'string',Y*10);
 
 
setappdata(gcbf,'metricdata',data);
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
 
 
function freq_Callback(hObject, eventdata, handles)
% hObject    handle to freq (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Hints: get(hObject,'String') returns contents of freq as text
%        str2double(get(hObject,'String')) returns contents of freq as a double
freq = str2double(get(hObject,'string'));
 
if isnan(freq)
    set(hObject,'string',0);
    errordlg('Input must be in numbers','Error');
end
 
data  = getappdata(gcbf,'metricdata');
data.freq = freq;
 
setappdata(gcbf,'metricdata',data);
 
% --- Executes during object creation, after setting all properties.
function freq_CreateFcn(hObject, eventdata, handles)
% hObject    handle to freq (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    empty - handles not created until after all CreateFcns called
 
% Hint: edit controls usually have a white background on Windows.
%       See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
    set(hObject,'BackgroundColor','white');
end
 
 
 
function dielectric_Callback(hObject, eventdata, handles)
% hObject    handle to dielectric (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Hints: get(hObject,'String') returns contents of dielectric as text
%        str2double(get(hObject,'String')) returns contents of dielectric as a double
dielectric = str2double(get(hObject,'string'));
 
if isnan(dielectric)
    set(hObject,'string',0);
    errordlg('Input must be in numbers','Error');
end
 
data  = getappdata(gcbf,'metricdata');
data.dielectric = dielectric;
 
setappdata(gcbf,'metricdata',data);
 
% --- Executes during object creation, after setting all properties.
function dielectric_CreateFcn(hObject, eventdata, handles)
% hObject    handle to dielectric (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    empty - handles not created until after all CreateFcns called
 
% Hint: edit controls usually have a white background on Windows.
%       See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
    set(hObject,'BackgroundColor','white');
end
 
 
 
function height_Callback(hObject, eventdata, handles)
% hObject    handle to height (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Hints: get(hObject,'String') returns contents of height as text
%        str2double(get(hObject,'String')) returns contents of height as a double
height = str2double(get(hObject,'string'));
 
if isnan(height)
    set(hObject,'string',0);
    errordlg('Input must be in numbers','Error');
end
 
data  = getappdata(gcbf,'metricdata');
data.height = height;
 
setappdata(gcbf,'metricdata',data);
 
% --- Executes during object creation, after setting all properties.
function height_CreateFcn(hObject, eventdata, handles)
% hObject    handle to height (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    empty - handles not created until after all CreateFcns called
 
% Hint: edit controls usually have a white background on Windows.
%       See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
    set(hObject,'BackgroundColor','white');
end
 
 
 
function impedance0_Callback(hObject, eventdata, handles)
% hObject    handle to impedance0 (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Hints: get(hObject,'String') returns contents of impedance0 as text
%        str2double(get(hObject,'String')) returns contents of impedance0 as a double
impedance0 = str2double(get(hObject,'string'));
 
if isnan(impedance0)
    set(hObject,'string',0);
    errordlg('Input must be in numbers','Error');
end
 
data  = getappdata(gcbf,'metricdata');
data.impedance0 = impedance0;
 
setappdata(gcbf,'metricdata',data);
 
% --- Executes during object creation, after setting all properties.
function impedance0_CreateFcn(hObject, eventdata, handles)
% hObject    handle to impedance0 (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    empty - handles not created until after all CreateFcns called
 
% Hint: edit controls usually have a white background on Windows.
%       See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
    set(hObject,'BackgroundColor','white');
end
 
 
% --- Executes on button press in calcline.
function calcline_Callback(hObject, eventdata, handles)
% hObject    handle to calcline (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
data  = getappdata(gcbf,'metricdata');
 
Frequency=data.freq;
Dielectric=data.dielectric;
Height=data.height;
Impedance_SMA=data.impedance0;
% Impedance_1=data.impedance1;
% Impedance_2=data.impedance2;
 
lamdao = (3*10^8)/(Frequency*10^9)*1000;
 
c = (Impedance_SMA/60 * (((Dielectric)+1)/2)^(1/2)) + (((Dielectric)-1)/((Dielectric)+1)) * (0.23 + (0.11/Dielectric));
d = 592.2/(Impedance_SMA * (Dielectric^(1/2)));
% checkfeed = ((8*exp(c)) /( exp(2*c)-2));
if c > 1.52
Line_Width = ((8*exp(c)) /( exp(2*c)-2))*Height;
else
Line_Width = ((2/pi) * (d-1-(log((2*d)-1)) + ((Dielectric-1)/(2*Dielectric)) * (log(d-1)+0.39-(0.61/Dielectric))))*Height;
end
comparefeed = Line_Width/Height;
if comparefeed < 1
Eff_Er_L = ((Dielectric+1)/2) + ((Dielectric-1)/2) * ((1+12*(Height/Line_Width))^(-1/2) +0.041*((1-(Line_Width/Height))^2));
else
Eff_Er_L = (Dielectric+1)/2 + ((Dielectric-1)/2) * (((1+12*(Height/Line_Width)))^(-1/2));
end
lamdaf = lamdao/(Eff_Er_L^(1/2));
Line_Length = 1/4 * lamdaf;
 
 
 
data.Lline=Line_Length;
data.Lwidth=Line_Width;
 
set(handles.Lline,'string',Line_Length);
set(handles.Lwidth,'string',Line_Width);
 
setappdata(gcbf,'metricdata',data);
 
 
function impedance1_Callback(hObject, eventdata, handles)
% hObject    handle to impedance1 (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Hints: get(hObject,'String') returns contents of impedance1 as text
%        str2double(get(hObject,'String')) returns contents of impedance1 as a double
impedance1 = str2double(get(hObject,'string'));
 
if isnan(impedance1)
    set(hObject,'string',0);
    errordlg('Input must be in numbers','Error');
end
 
data  = getappdata(gcbf,'metricdata');
data.impedance1 = impedance1;
 
setappdata(gcbf,'metricdata',data);
 
% --- Executes during object creation, after setting all properties.
function impedance1_CreateFcn(hObject, eventdata, handles)
% hObject    handle to impedance1 (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    empty - handles not created until after all CreateFcns called
 
% Hint: edit controls usually have a white background on Windows.
%       See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
    set(hObject,'BackgroundColor','white');
end
 
 
 
function impedance2_Callback(hObject, eventdata, handles)
% hObject    handle to impedance2 (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Hints: get(hObject,'String') returns contents of impedance2 as text
%        str2double(get(hObject,'String')) returns contents of impedance2 as a double
impedance2 = str2double(get(hObject,'string'));
 
if isnan(impedance2)
    set(hObject,'string',0);
    errordlg('Input must be in numbers','Error');
end
 
data  = getappdata(gcbf,'metricdata');
data.impedance2 = impedance2;
 
setappdata(gcbf,'metricdata',data);
 
% --- Executes during object creation, after setting all properties.
function impedance2_CreateFcn(hObject, eventdata, handles)
% hObject    handle to impedance2 (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    empty - handles not created until after all CreateFcns called
 
% Hint: edit controls usually have a white background on Windows.
%       See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
    set(hObject,'BackgroundColor','white');
end
 
 
% --- Executes on button press in calctrans.
function calctrans_Callback(hObject, eventdata, handles)
% hObject    handle to calctrans (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
% Input Parameters 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
data  = getappdata(gcbf,'metricdata');
 
Frequency=data.freq;
Dielectric=data.dielectric;
Height=data.height
Impedance_SMA=data.impedance0;
Impedance_1=data.impedance1;
Impedance_2=data.impedance2;
 
lamdao = (3*10^8)/(Frequency*10^9)*1000;
 
% Transformer Impedence Calculation
Impedance_T = (Impedance_1*Impedance_2)^(1/2);
% 1/4 transformer Calculation
a = (Impedance_T/60 * (((Dielectric)+1)/2)^(1/2)) + (((Dielectric)-1)/((Dielectric)+1)) * (0.23 +(0.11/Dielectric));
b = 592.2/(Impedance_T * (Dielectric ^(1/2)));
% check = ((8*exp(a)) /( exp(2*a)-2));
if a > 1.52
Transformer_Width = ((8*exp(a)) /( exp(2*a)-2))*Height;
else
Transformer_Width = ((2/pi) * (b-1-(log((2*b)-1)) + ((Dielectric-1)/(2*Dielectric)) * (log(b-1)+0.39-(0.61/Dielectric))))*Height;
end
% 1/4 wavelength Effective Er
compare = Transformer_Width/Height;
if compare < 1
Eff_Er_T = ((Dielectric+1)/2) + ((Dielectric-1)/2) * ((1+12*(Height/Transformer_Width))^(-1/2) +0.041*((1-(Transformer_Width/Height))^2));
else
Eff_Er_T = (Dielectric+1)/2 + ((Dielectric-1)/2) * (((1+12*(Height/Transformer_Width)))^(-1/2));
end
lamdag = lamdao/(Eff_Er_T^(1/2));
Transformer_Length = 1/4 * lamdag;
 
data.Timpedance=Impedance_T;
data.Wtrans=Transformer_Width;
data.Ltrans=Transformer_Length;
 
set(handles.Wtrans,'string',Transformer_Width);
set(handles.Ltrans,'string',Transformer_Length);
set(handles.Timpedance,'string',Impedance_T);
 
setappdata(gcbf,'metricdata',data);
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
function Rimpedance_Callback(hObject, eventdata, handles)
% hObject    handle to Rimpedance (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Hints: get(hObject,'String') returns contents of Rimpedance as text
%        str2double(get(hObject,'String')) returns contents of Rimpedance as a double
Rimpedance = str2double(get(hObject,'string'));
 
if isnan(Rimpedance)
    set(hObject,'string',0);
    errordlg('Input must be in numbers','Error');
end
 
data  = getappdata(gcbf,'metricdata');
data.Rimpedance = Rimpedance;
 
setappdata(gcbf,'metricdata',data);
 
% --- Executes during object creation, after setting all properties.
function Rimpedance_CreateFcn(hObject, eventdata, handles)
% hObject    handle to Rimpedance (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    empty - handles not created until after all CreateFcns called
 
% Hint: edit controls usually have a white background on Windows.
%       See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
    set(hObject,'BackgroundColor','white');
end
 
 
 
function Lpatch_Callback(hObject, eventdata, handles)
% hObject    handle to Lpatch (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Hints: get(hObject,'String') returns contents of Lpatch as text
%        str2double(get(hObject,'String')) returns contents of Lpatch as a double
 
data = getappdata(gcbf,'metricdata');
data.Lpatch = Lpatch;
setappdata(gcbf,'metricdata',data);
 
% --- Executes during object creation, after setting all properties.
function Lpatch_CreateFcn(hObject, eventdata, handles)
% hObject    handle to Lpatch (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    empty - handles not created until after all CreateFcns called
 
% Hint: edit controls usually have a white background on Windows.
%       See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
    set(hObject,'BackgroundColor','white');
end
 
 
 
function Wpatch_Callback(hObject, eventdata, handles)
% hObject    handle to Wpatch (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Hints: get(hObject,'String') returns contents of Wpatch as text
%        str2double(get(hObject,'String')) returns contents of Wpatch as a double
data = getappdata(gcbf,'metricdata');
data.Wpatch = Wpatch;
setappdata(gcbf,'metricdata',data);
 
% --- Executes during object creation, after setting all properties.
function Wpatch_CreateFcn(hObject, eventdata, handles)
% hObject    handle to Wpatch (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    empty - handles not created until after all CreateFcns called
 
% Hint: edit controls usually have a white background on Windows.
%       See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
    set(hObject,'BackgroundColor','white');
end
 
 
 
function Eimpedance_Callback(hObject, eventdata, handles)
% hObject    handle to Eimpedance (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Hints: get(hObject,'String') returns contents of Eimpedance as text
%        str2double(get(hObject,'String')) returns contents of Eimpedance as a double
data = getappdata(gcbf,'metricdata');
data.Eimpedance = Eimpedance;
setappdata(gcbf,'metricdata',data);
 
% --- Executes during object creation, after setting all properties.
function Eimpedance_CreateFcn(hObject, eventdata, handles)
% hObject    handle to Eimpedance (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    empty - handles not created until after all CreateFcns called
 
% Hint: edit controls usually have a white background on Windows.
%       See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
    set(hObject,'BackgroundColor','white');
end
 
 
 
function yo_Callback(hObject, eventdata, handles)
% hObject    handle to yo (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Hints: get(hObject,'String') returns contents of yo as text
%        str2double(get(hObject,'String')) returns contents of yo as a double
data = getappdata(gcbf,'metricdata');
data.yo = yo;
setappdata(gcbf,'metricdata',data);
 
% --- Executes during object creation, after setting all properties.
function yo_CreateFcn(hObject, eventdata, handles)
% hObject    handle to yo (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    empty - handles not created until after all CreateFcns called
 
% Hint: edit controls usually have a white background on Windows.
%       See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
    set(hObject,'BackgroundColor','white');
end
 
 
 
function directivity_Callback(hObject, eventdata, handles)
% hObject    handle to directivity (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Hints: get(hObject,'String') returns contents of directivity as text
%        str2double(get(hObject,'String')) returns contents of directivity as a double
data = getappdata(gcbf,'metricdata');
data.directivity = directivity;
setappdata(gcbf,'metricdata',data);
 
% --- Executes during object creation, after setting all properties.
function directivity_CreateFcn(hObject, eventdata, handles)
% hObject    handle to directivity (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    empty - handles not created until after all CreateFcns called
 
% Hint: edit controls usually have a white background on Windows.
%       See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
    set(hObject,'BackgroundColor','white');
end
 
 
 
function Lline_Callback(hObject, eventdata, handles)
% hObject    handle to Lline (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Hints: get(hObject,'String') returns contents of Lline as text
%        str2double(get(hObject,'String')) returns contents of Lline as a double
data = getappdata(gcbf,'metricdata');
data.Lline = Lline;
setappdata(gcbf,'metricdata',data);
 
% --- Executes during object creation, after setting all properties.
function Lline_CreateFcn(hObject, eventdata, handles)
% hObject    handle to Lline (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    empty - handles not created until after all CreateFcns called
 
% Hint: edit controls usually have a white background on Windows.
%       See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
    set(hObject,'BackgroundColor','white');
end
 
 
 
function Lwidth_Callback(hObject, eventdata, handles)
% hObject    handle to Lwidth (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Hints: get(hObject,'String') returns contents of Lwidth as text
%        str2double(get(hObject,'String')) returns contents of Lwidth as a double
data = getappdata(gcbf,'metricdata');
data.Lwidth = Lwidth;
setappdata(gcbf,'metricdata',data);
 
% --- Executes during object creation, after setting all properties.
function Lwidth_CreateFcn(hObject, eventdata, handles)
% hObject    handle to Lwidth (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    empty - handles not created until after all CreateFcns called
 
% Hint: edit controls usually have a white background on Windows.
%       See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
    set(hObject,'BackgroundColor','white');
end
 
 
 
function Wtrans_Callback(hObject, eventdata, handles)
% hObject    handle to Wtrans (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Hints: get(hObject,'String') returns contents of Wtrans as text
%        str2double(get(hObject,'String')) returns contents of Wtrans as a double
data = getappdata(gcbf,'metricdata');
data.Wtrans = Wtrans;
setappdata(gcbf,'metricdata',data);
 
% --- Executes during object creation, after setting all properties.
function Wtrans_CreateFcn(hObject, eventdata, handles)
% hObject    handle to Wtrans (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    empty - handles not created until after all CreateFcns called
 
% Hint: edit controls usually have a white background on Windows.
%       See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
    set(hObject,'BackgroundColor','white');
end
 
 
 
function Timpedance_Callback(hObject, eventdata, handles)
% hObject    handle to Timpedance (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Hints: get(hObject,'String') returns contents of Timpedance as text
%        str2double(get(hObject,'String')) returns contents of Timpedance as a double
data = getappdata(gcbf,'metricdata');
data.Timpedance = Timpedance;
setappdata(gcbf,'metricdata',data);
 
% --- Executes during object creation, after setting all properties.
function Timpedance_CreateFcn(hObject, eventdata, handles)
% hObject    handle to Timpedance (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    empty - handles not created until after all CreateFcns called
 
% Hint: edit controls usually have a white background on Windows.
%       See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
    set(hObject,'BackgroundColor','white');
end
 
 
 
function Ltrans_Callback(hObject, eventdata, handles)
% hObject    handle to Ltrans (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    structure with handles and user data (see GUIDATA)
 
% Hints: get(hObject,'String') returns contents of Ltrans as text
%        str2double(get(hObject,'String')) returns contents of Ltrans as a double
data = getappdata(gcbf,'metricdata');
data.Ltrans = Ltrans;
setappdata(gcbf,'metricdata',data);
 
% --- Executes during object creation, after setting all properties.
function Ltrans_CreateFcn(hObject, eventdata, handles)
% hObject    handle to Ltrans (see GCBO)
% eventdata  reserved - to be defined in a future version of MATLAB
% handles    empty - handles not created until after all CreateFcns called
 
% Hint: edit controls usually have a white background on Windows.
%       See ISPC and COMPUTER.
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicontrolBackgroundColor'))
    set(hObject,'BackgroundColor','white');
end
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