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1. Abstract
The purpose of this project was to design, build, and test a high accuracy GPS antenna for permanent or base station applications that had high polarization isolation, significant gain, and an acceptable radiation pattern.


A high frequency structural simulator software package ANSOFT HFSS was used to design and optimize the antenna parameters. As a result of the research, a design comprised of droopy bowtie antennas fitted on a split co-axial balun with a planar ground plane was built and partially tested.
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2. Executive Summary


The motivation for this project was the need for a high accuracy wide band GPS antenna operational within the L2 and L5 GPS frequency bands, which is between 1.16GHz and 1.5GHz. 


An antenna of this sort is useful for several applications, including those in the scientific community that requires antennas with mm accuracy ranges.  They are also quite beneficial for commercial applications for surveying, mapping, and GIS, as well as for military applications.


The goal of this project was to design and build such an antenna with high polarization isolation, significant gain, low return loss, and a good radiation pattern. This was accomplished by using Ansoft HFSS to model and simulate different antenna designs. These designs were each optimized to find the antenna parameters that satisfied the design requirements. 


These designs were then compared to each other, and the design that met and exceeded the required specifications was chosen. After the individual antenna parts were fabricated out of readily available materials, they were assembled into two working prototypes which were individually tested.
3. Introduction


This report is a summary of the work completed by the team during Term A 2006, Term B 2006 and Term C 2007 for the Narrowband GPS Antenna Design project.  Overall, the major goals for the duration of the project included

· modifying the antenna used in the Precision Personnel Locator (PPL) project for operation at GPS frequencies,

· understanding the basics of antenna theory, including circular polarization,

· investigation of ways to meet the design specifications for the L2 and L5 frequency bands, and
· the fabrication of parts for two prototypes.


At the beginning of the project, the design proposal had originally called for a dipole-based circularly polarized antenna.  Since then, the proposal had changed to be a bowtie-based design, as theory and simulation results showed that the bowtie-based design yielded much higher polarization isolation ratios than any of the dipole models that had been simulated.


Thus, the modifications to the antenna used in the PPL project were made specifically by scaling its variables in Ansoft HFSS to operate at GPS frequency ranges. As these modifications were made, more research had been done on basic antenna principles, including circular polarization.


The modifications done on the antenna sufficiently covered the design specifications for the L2 and L5 bands, but not the L1 band. Two approaches were investigated to find ways to fulfill design specifications in the L1 band; these included addition of a patch antenna, and the addition of a slotted conical ground plane.


Lastly towards the end of the term, efforts were concentrated on the fabrication of parts and the construction of two prototypes.

4. Background and Literature Review

In this section, we cover some concepts on basic antenna theory including the types of antennas, and the parameters used to describe their performance.  We then cover dipole antennas and baluns in more detail, and show results from simulations of the antennas using Ansoft HFSS.

4.1 Antenna Theory
This subsection covers the different types of antennas in use, and some of the common parameters used in describing the behavior and performance of antennas.

There are several parameters used when describing antenna performance, some of the more common ones used include:

a) Bandwidth

b) Polarization

c) Input impedance

d) Directivity

e) Radiation pattern

f) Gain 

The parameters used to describe the antennas in this proposal are bandwidth, polarization, and input impedance; the definitions are briefly summarized using definitions from the IEEE Standard Definitions of Terms for Antennas.
The bandwidth of an antenna is described as “the range of frequencies within which the performance of the antenna, with respect to some characteristic, conforms to a specified standard”. Some of the characteristics that can be considered to affect the bandwidth of the antenna include the input impedance, radiation pattern, gain etc.

The polarization of an antenna is defined as the “the polarization of the wave transmitted (radiated) by the antenna. Note: When the polarization is not stated, the polarization is taken to be the polarization in the direction of maximum gain.” 

There are three kinds of polarizations that an antenna can have, namely linear, circular and elliptical polarizations. Under circular polarization, an antenna or a wave can have either Left-Hand Circular Polarization (LHCP) or Right-Hand Circular Polarization (RHCP).


The input impedance of an antenna is defined as “the impedance presented by an antenna at its terminals.” The general equation describing the impedance of an antenna is 




       Zin = Rin + jXin                                                            Eq. 1

Where Rin is the antenna resistance at the terminals and Xin is the antenna reactance. The resistance Rin includes both the radiation resistance and the loss resistance of the antenna.
4.2 Types of Antennas
There are many different kinds of antennas available today, each with varying characteristics and applications. Types of antennas include: wire antennas, aperture antennas, microstrip antennas which consist of metallic patches of different configurations placed on grounded substrates, array antennas, reflector antennas which find applications when there is a need to send signals over very large distances, and lens antennas. 


The most common type of antenna with the widest applicability is the wire antenna. Wire antennas can be found on vehicles, buildings, ships, in homes (e.g. TV antennas and other different applications) etc. There are several kinds of wire antennas which include dipoles (straight wires), helixes and loops. 


In this project, the original proposal called for a circularly polarized antenna that contained two dipoles that were placed perpendicular to each other. 

4.3 Simple dipole

The half-wave length dipole which has radiation resistance of 73 Ω is a very commonly used antenna because it is easily matched to the common 50 Ω and 75 Ω transmission lines when used at resonance (reactance = 0). At L = λ/2, the total input impedance of the antenna is given by 
                                 Zin = (73 + j42.5) Ω
                                                     Eq. 2

4.3.1 Equivalent circuit representation of an antenna

When the dipole or antenna is in a transmitting mode, it can be modeled simply as an impedance as shown in the figure below.


[image: image1]
Figure 4.1: Equivalent circuit representation of a transmitting dipole
When the dipole is in receiving mode, it can be modeled as an impedance in series with a voltage source as shown below.


[image: image2]
Figure 4.2: Equivalent circuit representation of a receiving dipole
Another special characteristic of the half-wavelength dipole is that its current distribution is sinusoidal as shown. 
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Figure 4.3: Current distribution of a dipole
The maximum current of the dipole occurs at the center where the feed point of the dipole is located and it gradually decreases further away from the center. This result will also be verified with simulation results from Ansoft HFSS in the next section.

The current across the dipole can also be given mathematically as

                                    [image: image4.png]


                                         Eq. 3

4.3.2 Ansoft HFSS simulation of a dipole
The software package Ansoft HFSS was used to model the dipole discussed above. The dipole was designed to operate at frequencies between 1.1 and 1.6GHz, with a resonating frequency at 1.35GHz.

Using Ansoft HFSS, the cylindrical dipole was designed with the specific parameters in mind being the total length of the two conductors, the radius of the cylinders and the location of the feed point. The figure below shows the model with its parameters highlighted. 
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Figure 4.4: Dipole model in Ansoft HFSS
As discussed in the preceding sections, the total length of the dipole is required to be λ/2 making the individual components λ/4. The feed point in the middle of the conductors is specified as a lumped port.

Given that the center frequency of operation for the antenna is 1.35GHz, the wavelength λ can be calculated to be 220mm using equation 3 below

                           λ  = C (speed of light) / F (frequency)                       Eq. 4

After the model has been designed and setup in Ansoft HFSS, simulations can be run in order to analyze the behavior of the dipole using the specified parameters. Some of the data collected from the simulation included the current distribution across the dipole and the impedance response as a function of frequency.

Tuning a Dipole Antenna to Resonate at a Particular Frequency

As mentioned before, the length of the dipole was modeled to be exactly half the wavelength at a center frequency of 1.35GHz. In order to ensure operation at this center frequency, it is desired to have the resonance frequency be the same as the center frequency. The condition required to have resonance at a 1.35GHz is that the reactance at this frequency be 0. 

After running initial simulations, the resonance frequency of the dipole at λ/2 = 110mm was found to be 1.22 GHz as shown in the graph below.

[image: image6.png]Input Impedance Zpy

wan]

Frequency Vs mpedance of a ipoe total length - 110mm

HiSShesint
ResonanceFrequecya 1226Hr

s )
|

wnn] ‘
|

|

] |
|

|

o] 1

|

|

mem ]

Resonance Freq = 1.22GHz

s,

[Ty (T3 )

3 ) 3 )
Frealce)

[ Resistance
[ Reactance





Figure 4.5: Dipole with resonating frequency at 1.22GHz
In order to increase the frequency at which the dipole resonated, the length was adjusted to 100mm from the previous 110mm. After adjusting the length of the dipoles, the resonant frequency of the dipole moved as desired from 1.22GHz to 1.35GHz. Figure 4.6 below shows the new resonant frequency of the dipole at 1.35GHz.
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Figure 4.6: Tuned resonance Frequency at 1.35GHz
Measuring the effect of the distance between conductors

The distance between the two conductors was varied by doubling and reducing by half the initial separation of 2mm.The graphs below show how the impedance varied in these two cases. These can be compared with the graph above where the separation was 2mm

When the separation between the conductors was reduced by half, there was a slight change in the overall Frequency vs. Impedance graph. As shown in the figure below, the resonance frequency shifted to the right by just a little bit. The overall impedance at the resonance frequency also slightly changed 
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Figure 4.7: Conductor separation at 1mm
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Figure 4.8: Conductor separation at 1mm
The separation between the conductors was also doubled; as shown in the next two charts, there is slight change in the overall graphs.
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Figure 4.9: Conductor separation at 4mm
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Figure 4.10: Conductor separation at 4mm
Overall, there are slight but not drastic changes in the input impedance as the distance between the two conductors is varied. 

Current Distribution on a dipole antenna
One of the parameters that would be of interest when working with dipoles would be how the current is distributed across it conductors; this is of importance because it determines the radiation patterns of the dipole. 

A current distribution simulation was run using Ansoft HFSS and the current distribution shown in the figure below was the result. As shown, the distribution is      sinusoidal with a maximum at the center and minimum at the ends of the dipole; this is similar to what was expected. 
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Figure 4.11: Current Distribution of the dipole
4.4 Baluns

In transmission line theory, a balun is used to couple a balanced transmission line with either an unbalanced transmission line or an antenna.  That is, a balun is used to provide a balanced output current to an unbalanced transmission line through its use as a lossless impedance matching network.  Also, a balun is basically used to provide isolation to a transmission line, as well as to provide support to an antenna as a mast.  For the project, the split-tube balun will be used to couple a coaxial cable to a cylindrical dipole.

In order to have a better idea of how a balun works, it would be beneficial to know exactly how current flows throughout a transmission line that we would be interested in using as a feed line to an antenna.  For the purposes of this project, this transmission line will be modeled by a coaxial cable.  In this model, there is a total of four representative currents throughout the cable; a current through the center conductor (I1), one flowing through the inside surface of the shield (due to the skin effect) (I2), one acting as an RF current through the antenna-end of the line (I3), and one traveling down the outside surface of the shield (I4), as seen in the following figure.
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Figure 4.12: Model of current flow through coaxial cable
At the end of the coaxial cable where the antenna would ideally be connected, it can be seen that the current on the inside surface of the shield is divided into the RF current at the antenna-end of the line (I3) and the current on the outside surface of the shield (I4).  Without a balun in place, the antenna to be attached to the end would radiate the division in the RF current.  Should a balun be placed at the antenna-end of the coaxial cable, the current flowing on the outside surface of the shield will be substantially reduced.  With that, nearly all of the current flowing through the inside surface of the shield (I2) will be radiated by the antenna, and almost no current will be radiated by the feed line itself.  With this in effect, the radiation pattern of the antenna will be greatly improved, and the current through the outer surface of the shield of the coax is almost nonexistent.

To further understand the concept of the balun, it would be advantageous to investigate both the current flow and the power dissipation of the balun from the point of view of the antenna-end of a theoretical balun model.  For this purpose, we can view the current through the balun as if it was being supplied by one half of a dipole antenna; with the other half of the dipole pulling the current through the balun, as depicted in the following figure.


[image: image14]
Figure 4.13: Theoretical model of balun
The current from one of the dipole halves is “supplying” current to the balun.  As the current from the dipole-half is entering the balun, it is split into two currents – with one current flowing on the outer surface of the balun and the other flowing inside the balun.  It is the current flowing inside the balun that is being “pulled” through the other end of the dipole.  The current that is flowing on the outer surface is radiated away into space.  It is important to keep in mind that as a current is flowing in and on the balun, there is power that is being transferred or radiated by the electric and magnetic fields in and around the balun.  With the balun in place, the total power being radiated by the antenna-balun-transmission line system is minimized, with the total power being transferred within the system being as high as possible.  More specifically, the split-coaxial, or split-tube, balun is arranged such that the current flow through it is expected mostly through the area where the slot exists, as seen in the following figure.


[image: image15]
Figure 4.14: Model of split-coaxial balun
4.4.1 Analogy of a Balun
Coupling in transmission lines occurs as a result of having two or more transmission lines in close proximity with each other. In general, effects include cross-talk and power transfer. Figure 4.15 shows the equivalent representation of a coupled transmission line.
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Figure 4.15: Simple representation of a coupled transmission line
The circuit representation on the right shows the capacitances C11 and C22 which represent the capacitances between the individual conductors and ground while capacitance C12 is the mutual capacitance between the two transmission lines.

Coupled transmission lines can operate in one of two modes, even mode and an odd mode. In even mode, the currents in the conductors are of equal magnitude and flow in the same direction while in the odd mode, currents are still of equal magnitude but flow in the opposite direction. Operation in these modes affects the equivalent capacitance of the circuit representation shown in Figure 4.15 and the impedance of the circuit as a whole. Figures 4.16 and 4.17 show the operation of the coupled transmission lines in even and odd mode, respectively.
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Figure 4.16: Coupled Transmission line in even mode
As shown in the figure above, when in even mode, there is no mutual capacitance between the two transmission lines because there is symmetry in the electric fields about the center line and no current flow between the conductors. The equivalent capacitance of the circuit Ce, and consequent characteristic impedance Z0e is given in the Equations 5 and 6.

                                                         Ce = C11 + C22                                                      Eq. 5

                                                         Z0e = 1/ VP*Ce                                                    Eq. 6
[image: image19.png]



Figure 4.17: Coupled Transmission line in odd mode
When operating in odd mode, there is an interaction between the two electric fields and consequently current flow in the two conductors. The equivalent capacitance Co and characteristic impedance Z0o in the odd mode is given in Equations 7 and 8

                                   Co = C11+ 2 C12 = C22+ 2 C12                                    Eq. 7
                                                  Z0o = 1 / VPCo                                             Eq.8                                   

In theory, a split-coaxial balun can be modeled by a three-conductor transmission line, in terms of two independent, propagating modes; one being a perturbed TEM mode and the other being a slot mode.  As displayed in the figure below, the coaxial line can be separated into two coupled transmission lines to analyze the split-tube balun.


[image: image20]
Figure 4.18: Split-coaxial balun modeled as coupled transmission lines
With this simulation, each of these transmission lines can be seen as having static self-capacitances, C11 and C22, with a mutual capacitance C12.  The capacitance values C11,
C22,  and C12 specific to the split-tube balun can be found using the equations below

                 [image: image21.png]Eq9




Where a and b are the radii of the inner and outer conductor respectively. The characteristic impedance of this model representation of the split-tube balun is given in Equations 6 and 8 for the even and odd mode respectively. 

4.4.2 Ansoft HFSS model of a dipole and balun
In order to complete our model of the dipole antenna, a cylindrical conductor with a coaxial core and a balun was added to the dipole model. The figure below shows the antenna model designed in Ansoft HFSS showing the split tube balun and the feed point at the bottom of the conductor.


[image: image22]
Figure 4.19: Model on Dipole antenna showing conductor, feed point and balun
The major parameters and values describing the model are shown in the table below.

Table 4.1: Measurement values used in the model
	Description
	Value (mm)

	Radius of dipole
	0.5

	Length of the radiation cube
	200

	Length of dipole (individual)
	50

	Length of conductor
	100

	Length of balun slot
	50

	Outer radius of conductor
	2

	Inner radius of conductor
	1.5


Simulation results: Surface Current Distribution 
After designing the model in Ansoft HFSS, simulations were run at our predetermined center frequency of 1.35GHz. With these simulations, we analyzed the model between 1GHz and 2GHz. Some of the results gathered from the simulations included the surface current distribution of the antenna, impedance of the model and graphs showing the bandwidth of the antenna among others. 



From the discussions in the previous section introducing and describing baluns, one of the advantages mentioned to having baluns was that the balun allowed maximum power to be transmitted to and from the dipoles. This result can be seen from the simulation results. 

Below are two figures of the antenna model showing surface current distribution; Figure 4.20 shows the current distribution in an antenna model with a balun and Figure 4.21 shows the surface current distribution of the same antenna without a balun. 


[image: image23]
Figure 4.20: Surface current distribution in model WITH balun
As shown in the Figure 4.20, there is very little current flowing or radiated below the balun. This is advantageous because in this case maximum power is transmitted to the dipole. This means that there is very little current radiation (signal loss) below the balun. 

In the figure below (antenna without balun), there is current flowing / radiated along the whole outer core of the conductor which is in stark contrast to the antenna with the balun. This shows the obvious advantage of having the balun and the role that it plays in the antenna.


[image: image24]
Figure 4.21: Surface current distribution in model WITHOUT balun
Simulation results: Return Loss and Bandwidth
Other data that would be of interest regarding the model would be the bandwidth of the antenna. The bandwidth would be the optimum operating frequencies of the antenna. In the case of the antenna modeled and simulated above, the bandwidth is described as the range of frequencies that give a return loss of -10dB or less. The return loss is described as 

                          Return Loss = -20 Log( Г ) dB

Eq. 10

Where Г is defined as the reflection coefficient S11; the figure below shows the return loss of the antenna as a function of frequency. Figure 4.22 shows the return loss as a function of frequency.

[image: image77.png]


[image: image78.png]


[image: image25.png]Return Loss Vs Freq ofantenna with Bolun

HeSSDesignt

0.

“1000.

~Refum Loss dB.

8
H
=1 I A

( [ g % 3 2

Frea(GHz]




Figure 4.22: Return loss Vs Frequency
As shown in the figure above, the bandwidth for this antenna with the parameters described above is about 430MHz when the desired specification is that the return loss is less than or equal to -10dB.

4.5 Polarization

The plane of polarization is best described in terms of the direction of the electric field vector E, in the direction of maximum radiation.  The electric field vector E will map out an ellipse in the plane perpendicular to the direction of propagation.  In general, this is called elliptical polarization.  

The synthesis of an elliptically polarized wave can be seen in one of two ways.  One way to view an elliptically polarized wave is as the result of two linearly polarized waves of the same frequency.  In this respect, each of these linearly polarized waves would be regarded as either the X or Y component of the electric field vector E.  In other words, the X component of the electric field vector would be represented as:



   EX = E1sin(ωt-βz).                                                    Eq. 11
Likewise, the Y component would be represented as leading the X component by so many degrees, as seen in the following form:

                              EY = E2sin(ωt-βz+δ).                                             Eq. 12
With these two equations, the resulting electric field vector would take the following form:

    E = iE1sin(ωt-βz)+jE2sin(ωt-βz+δ),                         Eq. 13

where i and j are unit vectors along the x- and y-axis, respectively. 

Another way to view an elliptically polarized wave is as the result of two circularly polarized waves of the same frequency but of opposite rotational directions.  In this respect, the part of the electric field vector that is represented by the counter-clockwise component takes the following form:

                                                          ECCW = E3ej(ωt-βz).                                               Eq. 14

Similarly, the clockwise component can be represented in the following form:

        ECW = E4e-j(ωt-βz+δ).                                               Eq. 15
With these equations, the X and Y components of the electric field vector E can be expressed by the following equations.

EX = E3cos(ωt-βz) + E4cos(ωt-βz+δ)                           Eq. 16 

                                                EY = E3sin(ωt-βz) - E4sin(ωt-βz+δ)                             Eq. 17
In order to make things easier to understand, the method of using two linearly polarized waves to synthesize elliptical polarization will be used in the rest of this report.

A way of expressing the type of polarization is with the axial ratio (AR), which is simply defined as the ratio of the semi-major axis to the semi-minor axis of the ellipse of polarization.  In other words, the axial ratio is defined by the following equation:

                                                          AR=OA/OB.                                                      Eq. 18
Another way of stating this relationship is with the magnitudes of the two linearly polarized waves, E1 and E2, as seen in the following equation:

                                                           AR = E2/E1.                                                       Eq. 19                 

When analyzing the axial ratio of the polarization, different cases for it can be presented to investigate other specific types of polarization.

4.5.1 Linear Polarization 

One case that can be investigated assumes that E2 is either exactly in phase or 180° out of phase with E1.  With this condition, it is observed that there are four different cases of linear polarization that can be obtained.  If the value of E2 is equal to zero, horizontal linear polarization is obtained.  Likewise, if E1 is equal to zero, then vertical polarization is observed.  Referring back to Equation 19, if E1 is equal to E2, but δ is equal to zero, then the type of polarization is linear, but the direction of the E vector will be 45° with respect to the positive x-axis.  Similarly, if E1 and E2 happen to be equal, but the value of δ is equal to Π, then the polarization is again linear, but the direction of the E vector will be -45° with respect to the positive x-axis.  A graphical representation of linear polarization can be seen in the following figure.
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Figure 4.23: Linear Polarization
4.5.2 Elliptical Polarization 

Another case that can be presented assumes that EY and EX are in time phase quadrature, meaning that they have exactly a 90° phase difference between them.  In other words, the equation containing the different parameters of the E vector can be presented in the following form

                                                           [(EX2)/(E12)] + [(EY2)/(E22)] = 1.                     Eq. 20
This is the basic form of elliptical polarization and is shown in the following figure.
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Figure 4.24: Elliptical Polarization
4.5.3 Circular Polarization 

A third case that can be presented sees the components EY and EX in time phase quadrature, as in the previous case, but with the values of E1 and E2 being equal.  In this case, the equation for the E vector can be presented in the following form: 

                                                                        EX2 + EY2 = E12 .                                                    Eq. 21
Along with this, the expression for d can be seen as the following.

                                                           δ = [(1+2k)/2]* Π    (k = 0, 1, 2, …)                Eq. 22
In other words, the value of δ will be equal to 90° and other multiples of it.

In this case, the type of polarization obtained is known as circular polarization.  A graphical representation of circular polarization can be seen in the following figure, and a simulation of circular polarization using MATLAB can be seen in Appendix A.
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Figure 4.25: Circular Polarization
Basically, circular polarization is produced by the existence of both a vertically and a horizontally polarized wave, each with equal currents in magnitude with a 900 phase difference.  One of the best ways to ensure the presence of circular polarization is through the formation of a turnstile antenna, similar to the bowtie antennas that have been developed for the project.  Usually, a turnstile antenna is constructed with dipoles with lengths that are 0.5 times the wavelength.  There are multiple ways to have the currents through the dipoles (or bowties) be of equal magnitude but also be in phase quadrature.  One way to do this is to have the dipoles connected to separate non-resonant lines of unequal length.  A second way to accomplish this is to introduce a reactance in series with one of the dipoles.

Essentially, there are two types of circular polarization:  right-handed and left-handed.  The direction of the polarization of a circularly polarized wave can be determined from the expression for δ given by

                                                             δ = [(1+2k)/2]*Π,                                           Eq. 23
while keeping in mind that the magnitudes of E1 and E2 will be equal, and k is equal to 0, 1, 2, etc.  If the values of k are even, then the expressions for the X and Y components of the E field vector are:

                                                               EX = +E1sin(ωt),                                           Eq. 24
                                                               EY = +E1cos(ωt).                                           Eq. 25
Along with these, the value for d will equal Π/2, 5* Π /2, etc.  At time t = 0, EX will equal zero and EY will equal E1, thereby aligning the E field vector in the positive y direction.
  
One-quarter of a cycle later, the value of EX will be E1, and EY will equal zero, bringing the E field vector in the positive x direction.  Therefore, from a fixed point on the z-axis, the E field vector will appear to be rotating in a clockwise direction.  According to the IRE Standards on Radio Wave Propagation, the rotating of the E field vector in a clockwise direction is seen as right-handed circular polarization (RHCP).  

Similarly, when the value of k is odd, the following expressions for the X and Y components of the E field vector are:

                                                               EX=+E1sin(ωt),                                             Eq. 26
                                                               EY=-E1cos(ωt).                                              Eq. 27   

and the value of δ will equal 3* Π /2, 7* Π /2, etc.  At time t=0, EX will equal zero and EY will equal –E1, thereby putting the E field vector in the negative y-direction.  A quarter of a cycle later, the value of EX is E1, and the value of EY will equal zero, putting the E field vector in the positive x-direction.  Therefore, from the point of view of a position on the z axis, the E field vector will appear to be rotating in a counter-clockwise direction.  Similarly, according to the IRE Standards on Radio Wave Propagation, the counter-clockwise rotation of the E field vector will be seen as left-handed circular polarization (LHCP).

4.5.4 Orientation of a circularly polarized antenna

With two types of circular polarization, the issue of the orientation of a transmitting/receiving (TX/RX) antenna becomes a bit difficult.  One of the best ways to try to understand this is to put in an analog phase shifter, in the form of a transmission line of length λ/4.  This transmission line will always add a phase shift of – Π /2 to an incoming signal, regardless of the actual direction of the signal itself.  As seen in the following figure, the transmit/receive operations of an antenna with the transmission line are asymmetric.
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Figure 4.26: Asymmetry of the phase shifting operation
Another way to gain a better understanding of how to properly orient a circularly polarized antenna is to try to understand exactly how a right-handed circularly polarized (RHCP) antenna operates.  While the antenna is in transmitting mode, there is an input current of the following form:

                                                                 I = 2*cos(ωt)
    


 Eq. 28
that is equally split between the two dipoles (or either bowties or other antennas).  As discussed earlier, the dipole in the y-direction will have a – Π /2 phase difference.  Since the E field vector for either dipole is proportional to the current traveling through it, the E field vector will be equal to the following:

     E = (EX, EY) = G(cos(ωt), sin(ωt))
    (G = constant).



 Eq. 29
However, if the same antenna is considered in receiving mode, and the exact same signal is fed to it, then there will be zero received current because of the accumulating phase shift of the dipoles, as seen in the following figure.
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Figure 4.27: Operation of an RHCP antenna
Seen in another way, two RHCP antennas facing the same direction will not produce any power transmission if one is in transmitting mode and the other is in receiving mode.  Likewise, there will be no power transmission if the two antennas are facing each other, with one being RHCP and the other being LHCP.  Yet, two RHCP antennas facing each other will have full power transmission, as will be the case if an RHCP antenna is facing the same direction as an LHCP antenna, as seen in the following figure.
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Figure 4.28: Different orientations of RHCP and LHCP antennas

4.5.5 Applications of a Circularly Polarized antenna

 PPL Application
The purpose of the Precision Personnel Locator project, originally proposed by Professor John A. Orr on December 29, 1999 is to help protect the lives of emergency personnel through the research and development of a system for indoor personnel location and tracking, physiological status monitoring, and command and control.  

Currently being funded by the National Institute for Justice of the US Department of Justice, a prototype for the Precision Personnel Locator is ongoing.  The result will be a wearable device that will identify the current location of each member of a rescue team to the incident command post outside the building, identify status information on the team members and the conditions of the escape route, provide emergency exit guidance to each team member synthesized through voice command, and provide “homing” signals to guide searchers in locating team members in trouble.  For this application, a circularly polarized dipole antenna would be used as a transmitter/receiver if installed on a fire truck, while there is a transmitter badge being worn by the firefighters. 
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Figure 4.29: Precision Personnel Locator (PPL)
GPS Application
  GPS is a worldwide radio-navigation system utilizing 24 satellites and their ground stations.  The satellites are used as reference points to calculate positions around the world down to a few meters.  Lately, GPS receivers have been minimized to a few ICs, and thus are becoming very economical.  Applications for GPS currently include cars, boats, planes, construction equipment, movie making equipment, farm machinery, and laptop computers.

The architecture for a generic GPS receiver will usually contain an antenna with a pre-amplifier, a front end, an A/D converter, a means for hardware and software signal processing, and a means for navigation processing, as seen in the following figure.  In this model, the antenna would normally be right-hand circularly polarized, in order to match the incoming signal, with an essentially hemispherical pattern.  Although a wide range of antennas exist that would be compatible for GPS receivers, the most common type is a low-profile type consisting of a microstrip patch element.  After the antenna, the pre-amplifier is used to set the noise floor and usually has a gain of anywhere between 25 and 40 dB.  Treated as part of the same unit, the front end of the receiver is used to process the analog signal from the pre-amplifier through filtering, amplification, and downconversion.  This signal is then sent through an analog-to-digital converter, and to both hardware and software processing units, then through a means of navigation processing.  During the signal processing stage, one can usually find a reference oscillator and a frequency synthesizer as supplements to the front end, the A/D converter, the signal processing, and the navigation processing stages.

[image: image32.wmf]
Figure 4.30: Generic GPS receiver block diagram
5. Designing a Circularly Polarized GPS Antenna

This section of the report introduces and discusses the design process that was followed in designing the circularly polarized GPS antenna. The first subsection, outlines the design specifications, the second subsection discusses the final design that was chosen and fabricated while the third subsection reviews the design process that led up to the final design. 

5.1 Design Specifications


The major design specifications for the circularly polarized GPS antenna were 

1. operation within three frequency bands (L1, L2, L5), 

2. polarization isolation ratios greater than 15dB at zenith,

3. uniform isolation of at least 6dB for all azimuth angles, and

4. Return loss of at least -10dB or less.


The goal of the project was to have design specifications 2, 3, and 4 outlined above within the L1, L2, and L5 frequency bands which cover modernized GPS and Galileo frequencies. Figure 5.1 below shows the specific frequencies covered by each of the bands. 


[image: image33] 
Figure 5.1: GPS and Galileo frequency ranges
The criteria outlined above will be used to eventually determine the bandwidth of the antenna.

5.2 Final Design

The antenna design that was fabricated was a droopy bowtie antenna comprised of two pairs of droopy bowties, a split-coaxial balun, and a planar ground plane. The final design chosen is shown in Figure 5.2 below. This design met most of the specifications that were outlined in section 5.1. 


[image: image34]
Figure 5.2: Bowtie antenna 

The figure above shows the complete antenna designed using the software package Ansoft HFSS. The antenna is comprised of two unequal bowtie pairs which produce the circular polarization, a split coaxial balun which performs impedance matching, a piece of teflon which acts as a separator and a ground plane.


Table 5.1 below highlights some of the major antenna components and there respective dimensions. Chapter 6 describes the antenna and all its dimensions in detail.

Table 5.1: Antenna dimensions
	Major antenna parameters
	Size in inches

	Length of larger bowties
	2.44 in

	Length of smaller bowties
	1.4 in

	Height of balun 
	2.25 in

	Height of balun slots
	1.5 in

	Outer radius of balun
	0.1 in

	Height of teflon
	2 in

	Radius of ground plane
	3.9 in



This antenna with the parameters described above meets the design specifications within the L2 and L5 bands (from 1.16GHz to 1.3GHz). Figure 5.3 shows a graph of the polarization isolation of the antenna over a range of frequencies. The top curve shows the isolation when θ = 00, the four lower curves show the isolation when α = 00, 450, 900, and 1350 at 300 elevation angle. As shown, the antenna satisfies the design specifications (2) and (3) outlined in section 5.1. The polarization bandwidth was computed to be 18% for frequencies between L2 and L5 bands. 
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Figure 5.3: Polarization isolation as a function of frequency; top curve is θ = 00, lower curves α = 00, 450, 900, 1350 at 300 elevation angle.

A summary of the antenna specifications are highlighted in table 5.2.

Table 5.2: Technical specifications for final design antenna

	Frequency range - impedance bandwidth (measured)
	1.15-1.60 GHz (33%)

(L2, L5, Galileo)

	Frequency range – polarization bandwidth (computed)
(axial ratio is less than 2dB at zenith and less than 6dB at 30 deg elevation over all azimuthal angles)
	1.165-1.39 GHz (18%)

with center frequency of  1.28 GHz

Also tunable to 1.16 GHz center frequency and to a smaller polarization bandwidth (higher CP isolation)

	RHCP gain (computed)


	Center frequency:

+7.8 dB – zenith

+0.5 dB – 30 deg elevation (for all azimuthal angles)

-19 dB   – backlobe

Lower frequency:

+7.7 dB – zenith

+0.2 dB – 30 deg elevation (for all azimuthal angles)

-19 dB   – backlobe

Upper frequency:

+7.7 dB – zenith

-1.0 dB – 30 deg elevation (for all azimuthal angles)

-4 dB    – backlobe

	Polarization 
	RHCP

	Impedance
	50 ohms, unbalanced, SMA

	Power Handling
	1 W

	Balun
	Built-in split-coax balun

	Ground plane
	Planar

	Mounting
	Vertical

	Size
	Height – 3.2”

Width – 3.5”

Ground plane diameter -7.06” 


5.3 Optimization Process

After a general design or set of designs has been agreed upon, it is often necessary to fine tune it by making minor modifications to the antenna parameters. This process is called optimization. The purpose of optimization is to find a right combination of parameter values that allows the antenna to operate effectively within the required frequency range. Examples of parameters that can be varied are the sizes, lengths, and angles of the antenna elements

Two types of antennas were investigated and optimized: the first antenna was a turnstile dipole antenna and the second was a turnstile bowtie antenna. The turnstile dipole design is comprised of two unequal dipole pairs while the turnstile bowtie is composed of two unequal bowtie pairs. These antenna designs are reviewed and compared in subsequent subsections. 


5.3.1 Turnstile dipole antenna

The simple dipole antenna was introduced in the background section; that particular design had only one pair of dipoles which produced a linear polarization. In this section, we discuss a turnstile dipole with two dipole pairs shown in figure 5.4 that produces circular polarization. 
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Figure 5.4: A turnstile dipole with two unequal dipole pairs

There are two main ways to model and understand the behaviour of a dipole antenna; the first method is using a numerical solver like ANSOFT HFSS (as in Chapter 4) and the second method is analytically. 

Because of the geometric simplicity of the dipole, an analytical model exits that can be used to evaluate the antenna. In order to calculate the polarization isolation of the dipole antenna, the electric fields need to first be described. The electric fields created by the dipole can be related to the currents in the antenna feeds by the following ratio
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Eq. 30
where 
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 are the dipole input impedances. The total electric field E of the turnstile is given by 
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Eq. 31
where 
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are the RHCP and LHCP orthogonal unit vectors respectively. From the equations above, the RHCP polarization isolation (
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Eq. 32
The equation above relates the polarization isolation to the input impedances of the dipole pairs. This impedance can also be described analytically by 
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         Eq. 33
where a is the dipole radius and l is the dipole ½ wavelength.

Using the equation above, the isolation of the dipole for different lengths and radii can be found. The turnstile described above can then be connected to a split-coaxial balun (described in chapter 4) as shown in the figure below.
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Figure 5.5: A dipole turnstile antenna with balun


The analytical method of modeling a dipole gives an estimate of the antenna parameters like the dipole lengths that would give the required performance. Using these estimated parameter, the dipole or turnstile can be structurally modeled and optimized using a numerical solver. Chapter 4 in section 3.2 shows an example of tuning and optimizing a simple dipole using a numeric solver.
5.3.2 Turnstile bowtie antenna

The other antenna design considered was a circularly polarized bowtie antenna. This antenna is similar to the turnstile dipole discussed in the previous section with the exception that instead of two unequal dipole pairs, it has two unequal bowtie pairs. Unlike the dipole, there is no analytical model for a bowtie turnstile because of its geometric complexity thus Ansoft HFSS was used to both model and optimize the bowtie turnstile.

Similar to the turnstile dipole, this antenna was also being considered for the PPL project. Work on the design of the antenna started by taking the antenna currently used for the PPL project and modifying it to meet the specifications needed. The modifications done on the PPL antenna were re-scaling, addition of a ground plane, and tuning. Figure 5.6 shows a model of the turnstile dipole antenna with a balun and circular ground plane.
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 Figure 5.6: Modified PPL antenna
Re-scaling the PPL antenna was the major modification done.  This was necessary because the PPL antenna and the GPS/Galileo antenna operate in very different frequency ranges. While the PPL antenna operates at frequencies between 450MHz and 700MHz, the GPS/Galileo antenna operates between 1160MHz to 1600MHz.  Re-scaling the antenna was done by taking the design variables (in section 5.1) and scaling them down by about a third. Scaling down the antenna moved the center frequency of the antenna from 575MHz to 1350MHz. 

After the antenna was rescaled, a circular ground plane was added as shown in the figure 5.6 below.  The addition of the ground plane increased the polarization bandwidth of the antenna by about 25%.  A summary of the simulation results before and after the ground plane was added can be seen in table 5.3.

Table 5.3: Effect of adding a ground plane on bandwidth

	Effect of adding a ground plane
	Frequency range
	Bandwidth

	Before adding ground plane
	1330 MHz  to 1610 MHz
	280MHz

	After adding ground plane
	1300 MHz  to 1650 MHz
	350MHz (25% increase)


After re-scaling the PPL antenna, and adding a ground plane to it, the new antenna was fine tuned in order to have it operate at exactly the frequency specification needed. As mentioned previously, re-scaling and adding the ground plane caused the antenna to operate between 1.3GHz and 1.65GHz however, the desired ranges of operation of the antenna were between 1.16GHz to 1.3GHz (L2, L5 bands) and between1.55GHz to 1.6GHz (L1 band) as shown in Figure 5.1. Thus it was necessary to tune the antenna to operate in these two ranges.


Since the two main frequency ranges in our specification were spread apart, i.e. a difference of 250MHz between the first range (1.16 to 1.3GHz) and the second range (1.55 to 1.6GHz), it would be impossible to completely cover it with the bandwidth of 350MHz achieved after adding the ground plane. During the tuning phase of modifications, we decided to concentrate on effectively meeting the specifications for operation in the first and largest range, which included the L2 and L5 bands (1.16GHz to 1.3GHz).

5.3.3 Comparison of results between dipole turnstile and bowtie turnstile

5.3.4 Further optimization of the bowtie antenna


Four main parameters on the antenna were optimized in order to find the best combination of values that met and exceeded the design specifications. The parameters evaluated included:

· bowtie angles, 

· bowtie lengths,

· distance from the ground plane, and

· type of ground plane.


Two bowtie designs were optimized and evaluated; the first design was a planar bowtie design and the second was a droopy bowtie design. The parameters mentioned above were varied on both these antenna designs. Figure 5.7  shows the two types of designs. 
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Figure 5.7: Planar bowtie (left) and Droopy bowtie designs (right).


Figure 5.8 below shows the major bowtie parameters including the bowtie angles and the lengths of the two pairs. The turnstile contains two unequal bowtie pairs; lx and ly are the lengths of the individual bowties,  α  is the angle of the bowties, and the parameters a, b, and c are the distances of the bowtie connectors. 
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Figure 5.8: Bowtie parameters showing angles and major lengths


The parameters on the bowtie that were varied were the length of the shorter bowtie lx and the bowtie angles α. The parameters that remained fixed during the optimizations were the lengths of the long bowties and the distances a, b, and c. Table 5.4 summarizes how the individual parameters were varied.

Table 4.4: Optimization of bowtie parameters
	Bowtie parameters varied
	Bowtie parameters fixed

	Shorter bowtie length lx
	0.98 in - 1.77 in
	Longer bowtie length ly
	λ0/2 or 4.92 in

	Bowtie angle α
	300, 600 and 750
	Connectors a, b, c
	0.09, 0.47, 0.39 in



The longer bowtie pair was kept at a fixed length of λ0/2 which would be 124.88mm at a base center frequency of 1.2GHz; the individual bowties were at equal lengths of λ0/4. While the lengths of the longer bowtie pair was kept at a fixed length, the second bowtie pair was varied at different lengths to find the most optimum length. 


Two ground plane configurations were considered, namely a planar ground plane and a conical ground plane. These two configurations are shown in Figure 5.9 below.
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Figure 5.9: Two ground plane configurations, planar ground plane (left) and conical ground plane (right)
- Include section on optimization results.
6. Building the Circularly Polarized GPS Antenna


As the optimization of the antenna as a whole was ongoing, the team made the decision to start building two of each of the prototypes of the antenna that gave the best results.  In order to build the  prototypes, we chose an antenna from among the previous simulations that we run that gave us the best results.  As explained in the following subsections, the first of the antenna prototypes that was built had yielded better results than we had seen; yet still, the second antenna prototype had been giving better results than the first.
6.1 Flat wings with conical ground plane


The first of two types of antenna prototype that was constructed contained bowties without the patch and a conical ground plane. Results from the simulations that were run with this antenna are compiled in Appendix B. 

Figure 6.1 below shows this antenna with some its major dimensions which include: the bowties, the balun, and the ground plane. 
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Figure 6.1: Major antenna dimensions
Figure 6.2 below shows the bowties and there major dimensions. The bowties were fabricated out of aluminum.
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Figure 6.2: Bowtie dimensions

Figure 6.3 below shows the balun and its major dimensions. The balun is composed of a top box, an inner rod, an outer conductor with slots, and teflon rings that hold it together. The top box and the outer and inner conductors were all fabricated out of one piece of brass. 
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Figure 6.3: Balun dimensions

The ground plane for each of the antennas of this prototype was manufactured out of aluminum using CNC (Computer Numerical Control) machines, and the baluns were connected to the ground planes using teflon tubes. 

After the parts for the antenna were fabricated, they were put together to form the major parts of the antennas. Figures 6.4 and 6.5 below show pictures taken after putting together the bowties and the outer conductor.
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Figure 6.4: Picture of antenna after fabrication and construction
Figure 6.5: Picture of antenna after fabrication and construction
Appendix C contains a complete list of the individual parts that make up the antenna and their dimensions.

6.2 Droopy wings with Circular Ground Plane


Shortly after building the antennas with flat wings and a conical ground plane, more simulations were run while varying the parameters of the bowtie wings and the ground plane.  From these simulations, it was clear that much higher polarization isolation ratios and higher RHCP gains were obtained from an antenna with its wings drooped down by 30° and a circular ground plane, still without a patch.

The proposed antenna is shown in Figure 6.6, which displays the bowtie configuration, balun,  and ground plane.

[image: image57.png]



Figure 6.6: GPS Bowtie antenna
The dimensions for the bowties are displayed in Figure 6.7 below.  As with the previous antenna prototypes, the bowties were constructed out of aluminum.
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Figure 6.7:  Bowtie dimensions

The dimensions for the balun used for this antenna was quite similar to the one used in the previous prototype, as seen in Figure 6.8.  Similarly to the balun in the previous prototype, this balun is composed of a top box, an inner rod, an outer conductor with slots, and teflon rings to hold it together.  Whereas the top box and outer conductors were fabricated out of one piece of brass, the inner rod was made using another piece of brass.  The actual balun and inner rod are seen in Figures 6.9 and 6.10, respectively.





[image: image58]
Figure 6.8:  Balun dimensions
Figure 6.9:  Balun for prototypes

Figure 6.10:  Inner rod attached to balun for prototypes
The circular ground plane for each copy of this prototype was constructed from a single sheet of aluminum cut into the shape of a circle.


For each antenna, the bowties and the inner rod were connected to the top box of the balun using custom-designed screws and super-glue.  The ground plane was attached to the other end of the balun with Teflon tubing. Figures 6.11a and 6.11b below display photos taken of the antenna prototypes after being assembled.

[image: image59.jpg]



         

Figure 6.11a




       Figure 6.11b

Figure 6.11a:  Side view of antenna prototype

Figure 6.9b:  Closer view of antenna prototype
7. Testing and Tuning the Circularly Polarized GPS Antenna
7.1 Return Loss Measurements

After the two copies of the antenna prototype with droopy wings and circular ground plane were put together, they were tested to verify that they both satisfied the requirement for return loss.  As mentioned earlier in this report, the equation for return loss is the following:





Return Loss = -20 Log( Г ) dB        


 Eq. 34
As mentioned before, the desired specification for the antennas was that they each had a return loss of -10dB or less.  For both antennas, the base frequencies for the testing were set to 1.15GHz, 1.25GHz, 1.30GHz, and 1.55GHz.  The following table and figures display the return loss measurements taken at these frequencies for both antennas when the copper ring for the balun was adjusted to a certain position.

Table 7.1
	Frequencies
	Return Loss Antenna A
	Return Loss Antenna B

	Marker 1: 1.15GHz
	-10.0 dB
	-9.4 dB

	Marker 2: 1.25GHz
	-10.0 dB
	-12.1 dB

	Marker 3: 1.30GHz
	-10.3 dB
	-12.5 dB

	Marker 4: 1.55GHz
	-15.7 dB
	-13.1 dB
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Figure 7.1a:  Return loss data for first antenna
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Figure 7.2b:  Return loss data for second antenna

As it can be observed from the data in the previous table and the plots, the antenna tested to produce the waveform in Figure 7.1a satisfies the desired specification of having a return loss of -10dB or less for all of the frequencies within the base frequency range, which includes the L1, L2 and L5 GPS frequency bands.  The antenna tested to produce the waveform in Figure 7.1b was very close to satisfying the requirement at 1.15GHz, but otherwise it performed quite well at all the other frequencies as far as return loss is concerned.  

7.2 Polarization Isolation Measurements

As the antennas were being tested to see if they both satisfied the desired specifications for return loss, it was hoped that the team would have the time to test them to verify that they satisfied the desired polarization isolation within the L1, L2, and L5 GPS frequency bands.  In reference to the predictions from simulations done with Ansoft HFSS, the desired specification for the polarization isolation was 15dB or more.  The plot displayed in the following figure shows the simulated RHCP polarization isolation as a function of frequency from 0.7GHz to 1.55GHz.
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Figure 7.2: The polarization isolation for chosen antenna prototype.
As seen from the plot in Figure 7.2 the polarization isolation is 15dB and higher for the L2 and L5 GPS frequency bands, but they are lower than 15dB in the L1 band.

While this project team did not have the time to take measurements of the polarization isolation, the procedure to do so is not very difficult.  

7.3 RHCP Gain Measurements


While the antenna prototypes were being analyzed for return loss and polarization isolation, they were both observed according to the desired specification for the RHCP gain.  As with the case for the polarization isolation analysis, this project team did not have the time to take actual measurements of the gain, but did have the time to produce simulated results using Ansoft HFSS.  The radiation pattern displayed in Figure 7.3 is for two fabricated droopy bowtie antennas over a 200 mm ground plane with the split-coaxial balun at 1.165 GHz (65-32/65-33).
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Figure 7.3:  Simulated radiation pattern for two fabricated droopy bowtie antennas over a 200 mm ground plane with the split-coaxial balun at 1.165 GHz (65-32/65-33).

Similarly, the radiation patterns shown in Figures 7.4 and 7.5 are simulation results for the droopy bowtie antenna over a 200mm ground plane with the split-coaxial balun at 1.28 GHz and 1.39 GHz, respectively.
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Figure 7.4:  Expected radiation pattern for two fabricated droopy bowtie antennas over a 200 mm ground plane with the split-coaxial balun at 1.28 GHz (65-32/65-33).
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Figure 7.5:  Expected radiation pattern for two fabricated droopy bowtie antennas over a 200 mm ground plane with the split-coaxial balun at 1.39 GHz (65-32/65-33).

As seen from the radiation patterns in Figures 7.3, 7.4, and 7.5, the simulated RHCP gain within the L2 and L5 GPS frequency bands satisfy the required specifications designated for them.

Although the team did not have the time to take measurements of the RHCP gain for the two antenna prototypes, the procedure for doing so is not very difficult, as it can basically involve the use of a single-axis rotational pattern.  Essentially, the antenna under test is placed on a rotational positioner and rotated about the azimuth to generate a two-dimensional polar pattern.
8. Further Work

- Write about further work started to meet design requirements in the L1 band

8.1 Bowtie Turnstile with Patch antenna

8.2 Choke Ring


During the time span of the project, the team was able to design and optimize an antenna that was capable of functioning without any problems within the L2 and L5 GPS frequency bands.  Since the final design of the antenna at the end of the project contained droopy bowtie wings and a circular ground plane, the measured return loss, the expected polarization isolation, and the expected RHCP gain were sufficient to satisfy all of the desired specifications within the L2 and L5 GPS frequency bands.  Of course, this leaves the problem of satisfying the desired specifications within the L1 GPS frequency band.


In order to satisfy all of the desired specifications within the L1 GPS frequency band, the team suggests that the circular ground plane be replaced with a choke ring ground plane.  The choke ring ground plane has several (usually three to five) concentric thin walls shaped like rings around the center where the antenna is attached, where the space between the rings form grooves.  A choke ring ground plane will usually take the form as depicted in Figure 8.1.
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Figure 8.1: Choke ring parts


The rings are usually a quarter of a wavelength deep, so that there is a high impedance in the surface to prevent propagation of surface waves near the antenna and excitation of undesired modes.  Another noteworthy feature for this type of ground plane is that to improve the reception of the entire antenna at low elevation angles, consecutive rings can be lowered with respect to each other to form somewhat of a "pyramid", as depicted in the following figure.

[image: image67.emf]
Figure 8.2: Examples of a choke ring
9. Conclusions


Overall, this project as a whole could be considered a success.  The goal of modifying the antenna used for the Precision Personnel Locator (PPL) project for the L2 and L5 GPS frequency bands was met.  This was met by simulating the antenna modifications using Ansoft HFSS and by testing actual prototypes that were built based on the results of the simulations.  Along the way, we had learned quite a bit about the basics of antenna theory.

In an antenna, there are many factors that lead to the proper results.  As was found with our antenna, sometimes an actual prototype of an antenna will not perform the same way that the results from any simulations might show.  Although, the proper tuning of the prototype will produce as close to the results as predicted by the simulations as possible.


Although the antenna was successfully designed to be functional in the L2 and L5 GPS frequency bands, there is still more that can be done to make it functional in the L1 GPS frequency band, which is from 1.55 GHz to 1.6 GHz. 
Appendix A: MATLAB Simulation of Circular Polarization
Appendix B: Results for the First Prototype (Flat Wings with Conical Ground Plane)

Appendix C: Detailed Parts Description for First Prototype (Flat Wings with Conical Ground Plane)
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