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Abstract

The aim of the project is to design a circularly polarized antenna for permaR&niv&ze
station applications with low return loss, high isolation, and a bandwidth of 1.1 to 1.6
GHz. The antenna was designed, built, and tested.
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Executive Summary

Global Positioning System (GPS) was developed by the U.S. Department ofdDefens
because of the need of a precise positioning system. This worldwide radio navigation
system consists of 24 satellites and ground stations. GPS utilizes the L-bandswhich i
roughly 1-2 GHz and can be further broken down into smaller bands L1-L5. The most
common and well known form of GPS is the navigation systems found in vehicles (TOM
TOM, Garmin etc.), boats and planes which are becoming more and more common;
however there are many other uses for GPS. For instance, GPS is being usatte sci

for the observation of volcanic activity and observation of weather affects on building

structures.

Our antenna should work in the L band so the frequency range will be 1.1-1.6 GHz.

Within this frequency range there should be good isolation which means it should have
minimal crosstalk between ports and low return loss or low power RgibHr). The

antenna should also have circular polarization. Before anything could be built, the
concept of the antenna had to be designed and simulated. Piece by piece the astenna wa
created in a 3D software called Ansoft HFSS 10. This section describes wereoft

used, the simulation process and how Ansoft was used to optimize the measurements for

our antenna.

After ordering parts, the first step was to construct the wings out of birasislly, we

created wings 28 mm in length because our simulations early on in the project had shown
that was the best wing length. After further optimization simulations,Stdeaided that

the best combination of wing length and droop angle was 20.5 mm and 50 degrees
(respectively). We used the band saw to cut the brass and the belt sander to adjust the
dimensions on a finer scale. Afterwards, we use a file to smooth out the cuts arn give t

wings a better appearance.

Next, we created the foundation for the antenna. After receiving 63 mm secte0ssof
inch (diameter) Teflon rod, we used the lathe to drill out the inside. We slowkgd/o



up to a diameter that could house the four coaxial cables inside the tube. Since the
printed circuit board (PCB) vias were still outside of that diameter, we exgdnee

circle for about 1 cm into the end of the tube where the PCB would be in contact. Once
the antenna was built, we could proceed to test it.

The result did not turn out as we had expected. The most disconcerting chai@cterist
about the poor performance of the antennas is the fact that the results differeatlyo gr
from the Ansoft simulation results. This could have been caused by one a fewndiffere
variations from the simulated design. For instance, the simulated desigmedrdai
electrically conductive sheet that connected the center conductors of tied cables to

the wings.

The previous design did not meet requirements. For our new design we will continue to
use the Dyson balun but instead of coaxial cables we will use a quad line. Some
modifications will need to be made to accommodate this change. The following section
describes the modified parts and design for the new antenna.

The 1.2 mm antenna’s results were similar to the results of our first desigeadimg

the size of the center conductor seemed to drastically improve the performaimee of
antenna. The quad line antenna with the 3 mm by 3 mm center conductor is a very good
design. In addition to the good results, the design is very sturdy, and is e&slIjofix

choke ring ground plane. Also, the antennas can easily be replicatedhsiiiefion

pyramid, brass wings, printed circuit board, and coaxial cable connectors can be
accurately recreated in large numbers. The balun would be the only part requiring
creativity, since the jig that we used for the 1.2 mm center conductor balun wasaibo s

for the 3 mm center conductor balun. For these reasons, we needed to use clamps to
hold the mircrostrip lines to the center conductor as well as a great desievice.



Introduction

Global Positioning System (GPS) was developed by the U.S. Department ofdDefens
because of the need of a precise positioning system. This worldwide radio navigation
system consists of 24 satellites and ground stations. GPS works off of triketevatch

is “a method of determining the relative positions of objects using the geometry of
triangles” however a word often used in its place for simplicity is triagud. This is

done by measuring the travel time of the radio signals which provides the distanee of t
satellite. This is done using three satellites as can be seen in Figloevheece the

name triangulation.

One of these two
points is the
accurate location

Figure 1: An example of triangulation [1]

If travel time is used to find the distance from the satellite to the redbime the timing
needs to be precise. The satellites use atomic clocks which are exipeeuite

however the cost of implementing an atomic clock on both the receiver and thesatell
would be extremely expensive. Instead the timing faults at the receivesrapensated
for with the use of an extra satellite as shown in Figure 2.

A fourth

satellite =
takes another & F:'
méasuremaent

to check the

other three

e
F

Figure 2: Four satellites are better than three [1]



All GPS receivers have an almanac programmed into their computers that ittierms
where each satellite is at all times. The charged particles locateslionbsphere and
the water vapor of the troposphere also create timing errors as thes srgnad through
them. Once the signal is closer buildings, tunnels, trees etc. can alsarc@us® that is

referred to as multipath.

GPS utilizes the L-band which is roughly 1-2 GHz and can be further broken down into
smaller bands L1-L5. The L1 band is centered at 1575.42 MHz and is used for coarse-
acquisition (C/A) code and encrypted precision P(Y) code. The L2 band is centered at
1227.60 MHz and is used for P(Y) code. The L3 band is centered at 1381.05 MHz and is
used to enforce nuclear test ban treaties. The L4 band is centered at 1379.913 MHz and
is currently being studied for additional correction in the ionosphere. The L5 band is
centered at 1176.45 MHz and is used as an internationally protected range for

aeronautical navigation, which has little to no interference under any Gtances.

Applications
The most common and well known form of GPS is the navigation systems found in

vehicles (TOM TOM, Garmin etc.), boats and planes which are becoming more and more
common; however there are many other uses for GPS. Tracking has becaneidasi

the use of GPS. This can be seen in the Precision Personnel Locator project which is
project developed “to help protect the lives of emergency personnel through a ®ystem
indoor personnel location and tracking” [2]. An Inertially augmented GPS landing

system is being developed by Leonard R. Anderson and Melville D. Mcintyhatgo

utilizes tracking.

“The guidance software may be executed by a conventional airplane
processor, such as the GPS landing system processor, the internal
reference system processor or the airplane's autopilot processor, or by a
separate stand-alone processor. The runway centerline information is
stored at the ground station or in local memory. The ground station can

also provide differential GPS information.” [3]



This means that the there is a stationary receiver that has the runway tidorstared

and the plane is able to communicate with the ground station to make landing easier and
safer. The military utilizes GPS in the form of missile guidance andrseartrescue
missions. GPS is also being used in science for the observation of volcanty aotvi
observation of weather affects on building structures. For these scientiivatisns
permanent base stations are used. Like the name implies, these antennasaarenpigr
placed in a location to provide high precision accuracy. UNAVCO is a company that
specializes in such antennas and base stations. More specifically thesy“systems
provide real-time kinematic (RTK) broadcasts for centimeter levidrdiftial corrections

to properly equipped users, simplifying many GPS survey tasks that would otherwise
require time consuming collection and post-processing of data. The equipmentenay als
be used for post-processed static and kinematic surveys.” [4] Below in Figuaebase
station UNAVCO and VECO Polar Resources operate at Summit Camp, Greenland.

YA N
Figure 3: Base station in Summit Camp, Greenland [4

Requirements
Our antenna should work in the L band so the frequency range will be 1.1-1.6 GHz.

Within this frequency range there should be good isolation which means it should have
minimal crosstalk between ports and low return loss or low power RgibHr). The
antenna should also have circular polarization. Right handed circular polarization is

occurs when a wave propagates through the air in a circular motion, giving the



appearance of a spiral. It is created when two dipoles are exactly 90 dmgreés
phase. Right handed circular polarization is crucial to GPS antennas, sinoestfal
received signals from any direction. A linearly polarized signalmatibe received by a
dipole antenna if the antenna does not exactly line up with the signal. A circularly

polarized will always line up with a turnstile antenna.

Figure 4: Circular polarization [5]

Parts

In the following section the parts needed for the assembly of our antenna will be

described in detail along with why they were chosen.

Hybrids

90° and 180° hybrids are passive circuits used for higher frequency applicafioeg

are classified as power dividers and directional couples, and are used for posiendivi

and combination (respectively). These hybrids are often connected to an antenna in orde
to create circle polarization. Circle polarization is necessary fangnnas that are not

fixed in one spot.



90° Hybrid (Quadrature)

The 90 hybrid is a four port network with one input padmo output ports, and or
isolated port. When a voltage signal is sent thhotine input port, there a° phase
difference will appear on the output ports. A gitaepresentatioa branch line hybrid i
show in Figure 5:

@ @

® ®
isolated \_______/ output

Figure 5. Circuit Representation of a Branch Line Hybrid

As can be seen from Figurethe branch line hybrid is symmetrical. This esithe -
parameters to also be symmetrical. The scattenatix for a branch line hybrid |

shown in Equation 1:

o
— O

[S] = -2 (1)

R O O —.
O o K

180° Hybrids

180 hybrids are also four port networks with one inpart (port 1), two output por
(ports 2 and 3), and one isolated port (port 4hewa voltage signal is sent into the |
1 input, a phase difference of Will appear across ports 2 and 3, while port 4
isolated. However, when a voltage signal is setat port 4, an 1€ phase differenc
will appear across ports 2 and 3, while port 1 wdlisolated. In both cases,

components of voltage signhlat appear at ports 2 and 3 will be equal in ntage



When an 180hybrid is used as a coupler, voltage signalsare into the output por
(ports 2 and 3). When this happens, the sum dfitireals will appear at port 1, while t

difference of tle two signals will appear at port 4. The scattgrimatrix for an 18°
hybrid is shown in Equation 2:

o

(2)

Qll
N | —-
o O
L O O
O P

It should be noted that the scattering matrix far 18¢ hybrid is both unitary an

symmetric. Three common 18Bybrics are shown below:

ontput
sum input {2

S0
ullqu\‘®

dilTerence inpul
Figure 6: Ring Hybrid in Microstrip Form

ontput swm input
@ ®
@ @

difference input  gutput

Figure 7: Tapered Coupled Line Hybrid
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Figure 8: Waveguide Hybrid Junction (magic-T)

@

stum input

output

Since these antennas were created for GPS apptisatve needed to create circt

polarization. For this reason, we decided to use180° hybrids. After careful resear:

we decided to order the two hybrids from N-Circuits. We selected hybridséat had ¢
specified bandwidth of 1000 to 2000 MHz, since autennas need to operate in th

Band. Table 1 and Tableshow the results for the preliminary testing ontihe

hybrids.
S12,dB S21, dB Ss1, dB Ss2. DB
power (frequency |power |frequency [power |Frequency |power [frequency
(dB) (GHz) (dB) (GHz) (dB) (GHz) (dB) (GHz)
max | -31.3 1.10 -31.4 1.10 -4.4 1.16 -4.67 1.10
min -42.8 1.43 -42.8 1.43 -48 1.44 -4.95 1.44
Table 1: Hybrid 1 Test Results
S12,dB S21, dB Ss1, dB Ss2, dB
power (frequency |power |frequency [power |Frequency |power [frequency
(dB) (GHz) (dB) (GHz) (dB) (GHz) (dB) (GHz)
max | -30.9 1.10 -30.9 1.10 -4.9 1.60 -4.9 1.60
min -43.6 1.44 -43.5 1.44 -4.6 1.10 -4.6 1.10

Table 2: Hybrid 2 Test Results

Both of these hybrids are very broadband, withrg flat linear response. The hybri

also showed good isolation, with cross talk valoelew 40 dB
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Balun

The term balun is an abbreviation of the words balance and unbalance. It is a device that
connects a balanced two-conductor line to an unbalanced coaxial line. We selected the

Dyson balun for our antenna. Its concept is shown in Figure 5 that follows.

Electrically connected

ground plane a)

\ N 3
0
Licud Z 0° \ Port 1a H
D \—
= A 180° = T
Feeding port Eatn U
T
N T
\ coaxial cable

Electrically connected
ground plane
solid conductor

b) \
Port 1a

Load > 0°

= A 180°
Feeding port

Port 3a

coaxial cable

Figure 9: Classic Dyson balun for a) dipole antenna; b) — loop antenna.

Either wing of the dipole in Fig. 5a is fed with a separate coaxial line, shhergame

outer ground; both lines are 180 deg out of phase. This ensures the proper balanced
current distribution along the dipole. A similar setup can also be applied to a loop antenna
— see Figure 5b. The proper power division and the proper phase shift can be obtained
by the use of a 180 deg standard hybrid shown in Figure 5. The hybrid is thus playing the
role of a balun; the ground is the case of the hybrid. Electric current on both lidegjfee

the dipole can be considered havit8 deg phase shift versus ground reference with no

current.
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The Dyson balun has widely used for standard dipoles and other symargennas.
For a symmetric antenna load, Dyson balun provides equal currengejoitiad power
division between two dipole wings. For a non-symmetric antenna load,y$enbalun
functions as an ideal current, voltage, or power divider, depending aerthimation of
the sum port of the hybrid.

The Dyson balun allows to achieve a considerably wider bandwidthi ¢atave and
wider) compared to the spilt-coaxial balun, whose bandwidth may be tartgdically
20-25%. Another advantage of the Dyson balun is its direct appligatailia turnstile
dipole element with two crossed dipoles or dipole-like antennas fédtwo separate
hybrids. The balun inherently provides a higher isolation between twaikerastenna
elements since two pairs of feeding transmission lines aslshi Plus, the phase center

of two crossed dipoles remains the same.

Port 1a

Port 2a ®) Portda

Port 3a

Figure 10: Dyson Balun Top view

Our design is similar to the Dyson balun shown in Figure 7, with four coaxial cables

connecting to the wings of the antenna.

Printed Circuit Board

The material chosen for enclosing the four coaxial cables of the balun was;Tefl
therefore it would not be possible to attach the wings of the antenna directly to the
coaxial cables while remaining sturdy. For this reason, a printed circuit baard w
designed to be placed securely on top of the Teflon portion of the balun. This would
allow for the connection between the coax cables and the wings of the antenna to be

13



made and remain sturdy. After designing several layouts for the PCB agraupr called

PCB Artist, we decided on the preliminary design shown in Figure 11 below:

O O

O O

Figure 11: PCB design done in PCB Artist

The diagonal length of the board was designed to be %z inches so that the PCB is able to
sit properly on the balun with no protruding edges. The vias were designed to be the 40
mils so that the inner conductors of the coaxial cables were able to fit throtgbase.

The copper pads were laid out in such a way so that the area of each pad could be
increased to the desired size while keeping the sides of the board symmetreloard

design was then sent to Advanced Circuits to be printed.

Figure 12: 3D Simulation of PCB in Ansoft
Choke Ring

A choke ring ground plane consists of several concentric thin rings around the center
where the antenna is located. The areas between the rings are refesrégrtoees”.

The signal that is received by the antenna is composed of two components. There is a
"direct” signal, which is the signal we want, and a "reflected” signal hwhithe

unwanted, signal that could be waves reflected off of buildings, trees, etc.
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Secandary Wave
Direct Wave

| 4 antenna Ir| r| +

| | >

Primary Wave Reflected Wave

Reflected Wave
Figure 13: Choke ring and received waves
The electromagnetic field of the reflected signal in the vicinity of the chogeground
plane can be viewed as sum of two field waves. The first of the two, primary waves,
move around the perimeter of the ground plane never entering the grooves, as shown in
Figure 10. This behavior is similar to how a reflected wave would act on a flat ground
plane. The second of the two, secondary waves, are reflected waves crebted by t

electromagnetic field of the grooves.

Primary and secondary reflected signals propagate to the antenna edachenhtribute
to the total signal that also includes direct signal from the satellite totiena. The
objective of the choke ring ground plane is for the primary and secondary mflecte
signals to cancel each other out and have the direct signal remain the dommeint sig

The phase relationship between the primary and the secondary reflected sitreals a
antenna output depends on the difference in path lengths that each signal travels. This
path difference is twice the depth of the grooves. The amplitude ratio of thegtvedssi
depends on the characteristics of the antenna element, its location on the ground plane,
the width and the number of the grooves. If the amplitude of the primary and the
secondary waves are equal in magnitude and the phase between them is 180tdegrees
the two waves cancel each other out and multi-path is suppressed, allowing for the
objective of the choke ring to be obtained, making the direct signal the dominaiht signa

“For a given choke ring ground plane the complete suppression of multi-
path only occurs for certain elevation angles and for others the multi-path

is partially suppressed. The maximum suppression usually occurs for the
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angles close to zenith and minimal suppression at angles close to horizon.”

[6]

Therefore it acts as a kind of band pass filter only allowing waves to reacrehaithin
a given angle.

Studies have concluded that the depth of the grooves should be close to the quarter of the
wavelength but slightly more to avoid creation of another surface wave componehnt whi
destroys the required phase and amplitude ratios between the primary andtickusec

waves. [6]

For our antenna a choke ring ground plane, provided by Physical Science Inc. (IPSl), w

be used to suppress any multi-path. The choke ring can be seen below in Figure 11.

Figure 14: Choke ring

Ansoft

Before anything could be built, the concept of the antenna had to be designed and
simulated. Piece by piece the antenna was created in a 3D software calbddH-SS
10. This section describes the software used, the simulation process and how Ansoft was

used to optimize the measurements for our antenna.
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What is Ansoft?

“Ansoft HFSS is an interactive software package for calculating theaiesgnetic
behavior of a structure. The software includes post-processing commands yamanal
this behavior in detail. In using HFSS, you can compute:

* Basic electromagnetic field quantities and, for open boundary problems, radiated ne

and far fields.
 Characteristic port impedances and propagation constants.
» Generalized S-parameters and S-parameters renormalized to gpextifropedances.

» The eigen modes, or resonances, of a structure.” [7]

Antenna Simulation

The wings, balun and printed circuit board were created in Ansoft. All of the values
entered for all parts were parameterized so that values could be easggdhadren
needed. The wings and coaxial cables were assigned a boundary of PerieditiE (e
field) which implies that the conductivity for each is high. While the PCEf itgas
assigned a FR4 boundary which implies the conductivity is low but the traces on the
board and ground plane were assigned Perfect E boundary. Figure 15 provides a top

view of the simulated antenna, Figure 16 a side view and Figure 17 an angular view.

Figure 15: Top View
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Figure 16: Side view

Figure 17: Angle view
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Lumped ports are used for modeling internal ports within a structure. Wave pgorts ar
assigned to a structure to indicate the area were energy enters artdeegnductive

shield. Wave ports are also used to calculate characteristic impedances>xcompl
propagation constant and generalized S-parameters. For our simulation wedissig

wave ports to the base of each coaxial cable. The wave ports were assignduefr

inner conductor to the outer conductor on each of the four coaxial cables. The wave port

can be seen highlighted in pink in Figure 18 below.

Figure 18: Simulated voltages using wave ports

Optimization

The two most important variables to our design were the droop angle (beta) andghe win
length. In order to determine the most favorable combination of values, we set the beta
and wing length variables to run parametric sweeps at the same time. Thedsgia s

was run from 35 degrees to 70 degrees at 5 degree increments, while the wiimg leng
sweep was run from 20 to 28 mm at 0.5 mm increments. The differential variables used
to examine the sweeps are shown in Table 3. The right column illustrates the optimal

results for each.

Variable Equation Optimal Result
soi1 %(311+ S33- S13- S31) -10 dB
SD22 %(322+ S44-S24-S42) -10 dB
SD21 %(521+ S43- S41- S23) -40 dB

Table 3: Differential Variables
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The following figures depict the results of the frequency sweeps.
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Figure 19: Results for SR, from parameter sweep of both beta (degrees) and mg length (mm)

Note: The data for Sfpis not shown because &> SDy;.
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Figure 20: Results for SB, from parameter sweep of both beta (degrees) and mg length (mm)

Using the above results of SD11 and SD21, the variables wing length and beta were

optimized to the following.

Variable Description Result
Wing Length Length from middle of the base to the 20.5 mm
tip of wing ﬁl
Beta Droop angle 50 degrees

Table 4: Optimization Results



The following figure depicts the results of the optimized results.
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Figure 21: Results of differential equations usingptimized values of beta and wing length

Antenna Assembly

After the optimization process, we knew the critical measurements, suchveiaghe
length and beta, and could begin the building process. This section walks through the
building process of the antenna and discusses problems that occurred along the way and

any concerns we have about the results.

Process

After ordering parts, the first step was to construct the wings out of dragally, we

created wings 28 mm in length because our simulations early on in the project had shown
that was the best wing length. After further optimization simulations,stdeaided that

the best combination of wing length and droop angle was 20.5 mm and 50 degrees
(respectively). We used the band saw to cut the brass and the belt sander to adjust the
dimensions on a finer scale. Afterwards, we use a file to smooth out the cuts arn give t

wings a better appearance.

Next, we created the foundation for the antenna. After receiving 63 mm secta0sbof

inch (diameter) Teflon rod, we used the lathe to drill out the inside. We slowked/o
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up to a diameter that could house the four coaxial cables inside the tube. Since the PCB
vias were still outside of that diameter, we expanded the circle for aboutrtathe

end of the tube where the PCB would be in contact.

Unfortunately, the PCBs came with a solder mask on the copper portions to which we
attached the wings. Therefore, we needed to use a razor blade in order to sttiagch of
solder mask. We stripped the coaxial cables and threaded them through the tulbes with t
inner conductor for each of the cables going through one of the PCB vias. Then, we
soldered the inner conductor of the coaxial cables directly to the PCB. Nesa|deeed

the wings to the PCB and glued the PCB to the Teflon tube.

Problems

There existed a great difficulty in creating wings that matched thet eimensions that

we needed. The difficulty lied in matching said dimensions to within meramatirs.
Shortening the wings turned out to be very time consuming. However, the problem with
shortening the wings we had was that it made any inequality in the lengdttessifles of

the wings much more pronounced.
Testing

Process

In order to test the antennas, we must consider the turnstile antenna as rate sepa

dipole antennas that share a common balun. We must test both of these individual dipole
antennas in order to determine the return loss. We then must test the two dipole antennas
at the same time, in order to measure the interference (crosstalk) betedan t

antennas. Ed Oliveira provided us with MATLAB m-files that performed calithriatsts

using the network analyzer.

S11/22 Calibration Tests

When we were measuring the individual dipoles, we connected two 50 ohm terminations
to the two ports of the dipole that was not being measured. Next, we connected the
network analyzer to po of the 180 degree hybrid and two short standard terminations
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to portsl and2, as necessitated by the m-file. The m-file then used the network analyzer
to perform a frequency sweep from 1 to 2 GHz (as determined by the user inpugs). Aft
the sweep, we connected the two 50 ohm standard terminations t& and2 of the

180 degree hybrid. After the network analyzer ran another sweep, we connectead the t
ports of the hybrid to the dipole antenna. After the third and final sweep was run, the m-
file produced a graph of thg:Sor $,) return loss and impedance data (both real and

complex).

S,; Calibration Tests

When we needed to measure the crosstalk, we connected both network analyzer ports to
port S of two different 180 degree hybrids. We then connected both of thé'parid

2's to each other using two SMA to SMA coaxial connections. After the m-file ran a
sweep of the data, we connected one dipole to fi@t&l2 of one of the hybrids and the
other dipole to ports and2 of the other hybrid. The m-file ran one more sweep,

producing a graph of the;Seturn loss and impedance data.

Results

The testing of this antenna yielded poor results. Ideally, we would have arftgque
range in which the return loss stays below 10 dB. This was certainly nosthe Taere
were times that the return loss did not even drop below 5 dB, as shown in Figure 22:
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Return Loss Data

S11 (dB)
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Figure 22: Antenna 3 Return Loss

We also saw that there was a substantial impedance mismatch, shown in Figure 23:

Complex Impedance Data

400 ——
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Impedance (Ohms)

-100
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Frequency (Hz) % 10°

Figure 23: Antenna 3 $; Impedance

The calibration testing also yielded poor isolation results. We would like to see 30 dB
across the whole band, but would expect, at the very least, 20 dB. The isolation was

measured to be as poor as 12 dB in some instances, shown in Figure 24:
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Return Loss Data
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Figure 24: Antenna 3 Isolation
The next step was to determine whether or not the ground plane was at fault for the poor

performance of the antennas. Therefore, we ran the calibration tests liggubund

plane. Figure 25 shows the return loss of antenna 3 without a ground plane:

Return Loss Data
-2 T T T

S11 (dB)

-10+

1 1 1 1 1 1
11 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Frequency (Hz) % 10°

-16 | | |
1

Figure 25: Antenna 3 Return Loss without Ground pane

Figure 26 shows the isolation of antenna 3 without a ground plane:
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Return Loss Data
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Figure 26: Antenna 3 Isolation without Ground plare

While taking the ground plane appeared to have helped the return loss slightinst see

to have hurt the isolation slightly. Nevertheless, we would expect better reblés

ground plane does not seem to be an issue. We then proceeded to tape the hybrids to the
ground plane in order to determine if having the hybrids close to each other weng caus

any problems. Antenna 3’s return loss is shown in Figure 27:

Return Loss Data
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Figure 27: Antenna 3 Return Loss with Hybrids tape to Ground plane
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This did not seem to help the return loss. The overall performance of this antenna design
was poor, and nothing that we attempted to do seemed to improve this performance. All
of the results from the calibration testing are shown in Appendix C: Testingf&kes

the First Design.

First Design Conclusions
The most disconcerting characteristic about the poor performance of the ansethieas

fact that the results differed so greatly from the Ansoft simulation resthis.could
have been caused by one a few different variations from the simulated design. For
instance, the simulated design contained an electrically conductive sheerhacted

the center conductors of the coaxial cables to the wings.

When we built the antennas we used liquid rosin flux and solder. There existed a great
difficulty in soldering the wings to the PCB. At first, the copper wings would not for

strong enough bond, causing antenna instability. The continual soldering evenaglly le

to a couple of the copper traces on the PCB separating from the PCB, leaving only the via
to which the wing could be soldered. We overcame the antenna instability issues by
using a larger amount of liquid rosin flux before we soldered, which increased the

strength of the connected that was capable of being formed by the solderctfhatfa

we had the copper pads in the corners of the PCB might have impaired the ease of
creating a good solder connection. We originally designed the PCB in suchceagde

we wanted to minimize crosstalk.

The center conductor of the coaxial cables did not lay completely flat on the R€B. O
Ansoft model had center conductors that were terminated at the top of the PCB. Since
ours had a finite thickness on the PCB’s copper pad, the wings could not stay perfectly
flat, which in turn led to another notable problem. The wings were hard to solder at the
correct droop angle. Our simulations had shown that the droop angle affects the retur

loss, resonance, and isolation.
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Another solution to the stability problem involved using epoxy to help solidify the overall
structure. The epoxy was used to help keep the wings stable as well as to form a bond
between the Teflon balun and PCB. While the epoxy performed in excellent job in
increasing the antenna’s durability, it was not included Ansoft simulationshiBor t
reason, we cannot overlook the fact that it may very well have had a certain afegree
influence on the results. However, we could not have realistically createdeanant

using our design without the epoxy.

When we built the antennas, we stripped back the outer shielding of the coaxial cable
about 1 cm, and taped the outer conductors together, creating a ground between all of the
coaxial cable grounds. In our Ansoft model, we did not have an outer shielding for the
coaxial cables. Instead, we had a 2 mm gap between the conductors. This could have
been one of the factors that caused the experimental results to differ fremthation

results.

The most distinctive negative trait of our antennas can easily be seen afiek aisual

test: the wings lack symmetry. When creating designs that need to beatzuvehin

one or two millimeters, a small difference in one or more wings becomescaainé

problem. The size of the wings affected the droop angle we used in fabrication. We
could not let the wing tabs sit flat on the PCB since some of the wings would have made
contact at the corners. Such an electrical connection would have severeleddheag

antenna’s ability to operate to any degree of success.

The antenna wings may have contained flaws for a couple of different reas@tsth€i
antenna wings were created by inexperienced machine operators. We weiteenotlg
familiar with the use of the band saw in cutting copper, and this may have contributed in
a negative manner. While every intention was made to be accurate to within a

millimeter, the difficulty may have been too great for inexperienced typeran older
equipment. It might have been better to use the shears in order to cut the wings. We had

originally avoided using the shears because we wanted to avoid any bending of the
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copper, especially given the thickness of the wings we were using. The dupeet

used for the wings needed to be relatively thick because the wings had to be durable.

While the four coaxial cable Dyson balun design was good idealistically, itgptove
rather difficult to fabricate accurate to the simulation. Combined with thditstabi
problems, it proved to be impractical. Since we did not have any antenna fabrication
experience, we were not aware of the difficulties that might have beenstisdauith

our design.

New Antenna Design

The previous design did not meet requirements. For our new design we will continue to
use the Dyson balun but instead of coaxial cables we will use a quad line. Some
modifications will need to be made to accommodate this change. The following section

describes the modified parts and design for the new antenna.
Parts

Printed Circuit Board Design

Since we were merely modifying a design that had already been builtathgoriority
was to redesign everything that needed changing, which was primarilZie \Re
needed to perform a small amount of microstrip transmission line analysis in@rder t

determine the proper dimensions for the PCB.

From the charts on p. 66 of Ludwig/Bretchko, we estimate the w/h (width to heigbt)
for a 50 ohm microstrip transmission line on FR-4 to be approximately 1.8 to 2. We can
assume that the w/h ratio is between one and two. Fof @/lhe following equation

gives the exact value of w/h:

W_
F_ezA_Z 3)

The quantityA is a constant defined by the following equation:
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Z, is defined as the characteristic impedance of the transmigseo We want the
characteristic impedance to be 50 ohms. FR-4 has aveethélectric constant that
ranges from 4.2 to 4.6. For this reason, we useditidle value in the range, 4.4, is

defined as the impedance of space in a vacuum, wh@gtes by the following equation:
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If we substitute the appropriate values into equation 4rimesat the following value for
A

A=2r3

50Q 44+1 + 44-1 011
376.7Q 2 44+1

023+-——|=1531
4.4) ©)

We can then substitute the value we foundAfamto equation 3:

8el 531

2531 -2

W_
h €

=191 @)

Before we use this ratio, we need to verify that a midpstansmission line with a
width to height ratio of 1.91 will have a characteristic ingez of 50 ohms. First, we
need to find the effective dielectric constant. Since odthwis greater than the height,

we need to use the formula for wide transmission lines:

. £ +1, 6 71 qoh e _ 4441, 44-1
2 2 w 2

1+ 12[—!—) "2=33 (g)

Using this value, we can now find the characteristic imaped:
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If we insert the appropriate values:

376.7Q 50460

Zo* 2 (10)
V33(1393+ 101+ - In(191+1444)

This value differs from the expected value due to roupdimor. Since we are using a
PCB with a height of 62 mils, we can calculate the widtthefmicrostrip line to be

118.42 mils, or 3.0 millimeters.

Next, we need to determine the appropriate length fo4 tih@ces. We need to calculate
the length of the wave propagating down the microstrip lirleeacenter frequency of the
frequency range:

__c_299792458/s
f e, 1300°s™4/33

Since we want the length of the traces to be a quartbeatavelength, we can

determine that the length of our microstrip lines should bé Bin.

Balun

The new design contains a four microstrip transmissitumbaEach transmission line
contains two copper microstrips with Rogers duroid in tiedia. Each transmission
line measures 50 mils in thickness, and is has one miprést face soldered to a
rectangular copper center conductor containing a 1.2 yninzdomm cross section. The

dimensions of the balun are given in Figure 28:
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1.2 min

1.2 min

50 mil

Figure 28: Cross Sectional Balun Dimensions

—]

50 mil

The height of the balun was designed to be 1.77 inches.

Antenna Fabrication
The most laborious part of the building the newly desigm@ennas was creating the

Teflon block. We had to start with Teflon cylinder that meadu inches in diameter
and 4 inches high. We then used the lathe to sqtfdnetb sides. Next we used the
Bridgeport machine in order to mill down the cylinder iatblock that measured 2.75
inches by 2.75 inches and 1.77 inches tall, shown ur&ig9:

Figure 29: Teflon Block
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Next, we used calipers to create tick marks on the Téllock for the angles. Using the
Bridgeport, we were able to create each of the foureahigices. Since the Bridgeport
could keep the Teflon pyramid square, we used it totgllhole through the center of
the Teflon block. Using an end mill attachment to the Bpdgemachine, we created
two troughs in line with the center hole of the pyramidyraher to allow for the solder
needed for connecting the balun to the PCB and thectmxial cable connectors to the

PCB. This led to the creating of the pyramid shown imE&0:

Figure 30: Completed Teflon Pyramid

The next step in the manufacturing process was creatifgatie. We needed to cut out
a center conductor out of a piece of stock copper uem@ridgeport machine. Next, we
needed to use the shears to cut the four microstipniiasi®n lines out of the larger
board. For the antenna with the center conductor miegsu2 mm by 1.2 mm, we were
able to use a jig created by Patrick Morrison of the BB&p in order to solder the four

transmission lines to the center conductor. The jig is showigure 31:
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Figure 31: Balun Jig

Each of the transmission lines were coated with liquid rthgiy and solder paste. Once
each side of the center conductor was covered with liggid flux, the four

transmission lines were inserted into the jig so that eaetobthem had a microstrip line
face connected to the center conductor. Next, a soldeoimgvas used to heat up the
center conductor, subsequently melting the solder pakieh in turn formed a solid
connection. We then ensured the four transmission Viees flush with the center
conductor on end of the balun, and were trimmed badke other, so that we could file
the center conductor into a circle capable of fitting in®RICB’s center conductor via. A

picture of a completed balun, minus the trimming and filingsghown in Figure 32:

Figure 32: Completed Balun

Next, we needed to focus on the PCB. We found foute®Pee coaxial cable
connectors, and filed them down so that they would lay flainst the grounded side of
the PCB, while their center conductors went through ®B’'®via. We attached the
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cables to the connectors, soldered the connectors RGBeand then soldered the balun
to the PCB.

We determined, after our experience with our first dediugt, the best way to create the
wings would be to use the shears. Since the wingsguegng to lie flat on a Teflon
pyramid, we did not need to focus on creating extremeiglae wings, consequently
allowing us to create the wings thinner. This was veryontamt, since thinner brass is
easier to shear accurately. Once the wings were creatgolt the Teflon pyramid on
top of the PCB, with balun going through the pyramid’'sreamole. After soldering the

wings to the balun, we proceeded with the calibration ggstin

Testing Results
The initial calibration testing results did not produce positgeits. The return loss was

lower than an acceptable level, as shown in Figure 33:

Return Loss Data

S11 (dB)

_12 1 1 1 1 1 1 1 1 1
1 1.1 1.2 13 1.4 1.5 1.6 1.7 1.8 1.9 2

Frequency (Hz) x 10°

Figure 33: 1.2mm Center Conductor Antenna 1 §

The isolation was measured to be unsatisfactory:
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Complex Impedance Data
400 - 1 -~ -~ r- -7 - - -~°© - - 1 - -~ © - - 1 T T T 10 T
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| | | | |

300

200

100

Impedance (Ohms)

-100

-200
Frequency (Hz) x 10°

Figure 34: 1.2mm Center Conductor Antenna 1 § Impedance

In order to trouble shoot the problem, we took removeadvihgs and Teflon pyramid,

and retested the isolation, ascertaining the results showgureR35:

Return Loss Data
-18 T T T

521 (dB)

1
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

_38 L L 1

Frequency (Hz) % 10°

Figure 35: Antenna 1 $; Measured without Teflon or Wings

Since this seemed to improve the performance of the amternput the Teflon pyramid
on top of the PCB again and retested the antenna’s @olatorder to determine
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whether or not the wings were the root cause of the pexdormance. The result is

shown in Figure 36:

Return Loss Data
-12

-14

-16

-18

-20

-22

521 (dB)

24

-26

-28

-30

1
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

_32 L L 1

Frequency (Hz) % 10°

Figure 36: Antenna 1 $; Measured with Teflon, without Wings

It appeared the Teflon pyramid seemed to be causingothieperformance of the
antenna. In order to side step this issue, we decidedh instruction of Professor

Makarov) to increase the balun size and redesign tigedeCordingly.

We redesigned the balun so that the center conductoiss section measured 2 mm by 2

mm, as shown in Figure 37:
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Figure 37: 2 mm Antenna Balun Cross Section

Calibration testing produced the following return loss far S

Return Loss Data
-2 . T T

S11 (dB)

_9 1 1 1 1 1 1
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Frequency (Hz) % 10

Figure 38: 2 mm Antenna $;

Calibration testing produced the following return loss fgr S
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Return Loss Data

S11 (dB)

-45 L L L L L
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

Frequency (Hz) % 10

Figure 39: 2 mm Antenna $,

Calibration testing produced the isolation:

Return Loss Data

S21 (dB)

_60 1 1 1 1 1 1 1 1
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Frequency (Hz) X 109

Figure 40: 2 mm Antenna $;

The most important thing to note is that the isolation is ateB@ dB in the band for
which we are designing the antenna (1.1 GHz to 1.6)GW would like to see better
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return loss results for bothSand $,. Ideally, we would like to see around -10 dB

across the bad.

These results were better than the 1.2 mm center comdiestign, but there was still
room for improvement. Therefore, we proceed to siteddalun up in size; we created a
balun whose center conductor was 3 mm by 3 mm. tinfately, we were unable to
perform calibration testing on the 3 mm antenna. The ihite at the network analyzer
showed positive results, so we fixed the hybrids andritenaa to the choke ring ground
plane so that it could later be shipped to UNAVCO for testig. then reconnected the
antenna to the network analyzer to measure the retwsratabisolation with everything

fixed to the ground plane. Figure 41 shows the&urn loss:

REFLECTION

|

TRANEM ISSH

ANALDG 1IN
Aux Input

CONVERSION
COFF1

INPUT
FORTS

STOP 2.000 PER 000 GHz

Figure 41: 3 mm Antenna $;

Figure 42 shows the,Sreturn loss:
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RFL _LO8 18 dB/REF © dB

REFLECTION

TRANSH 1SSH

ANALOG IN
Aux Input

CONVERSIO0N
LOFF2]

INPUT
PORTS

EEEE T

STOP 2.000 000 000 GHx

Figure 42: 3 mm Antenna $,

Figure 43 shows the isolation:

EHD TRH__LOB 18 dB/REF © dB

REFLECTION

TRANSH ISSH

AHALOB IN

Aux Input

CONVERSIOH
LOFF1

INPUT
PORTS

STOP Z.00D0 @0B 0O0 GH:z

Figure 43: 3 mm Antenna $;

Next, we connected both of the 180° hybrids to a 90tderao produce RHCP. We then
drove the 90° hybrid with port 1 of the network anatyaed took a picture of the results:
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Figure 44: 3 mm Antenna $; with 90° hybrid

The results from this antenna are very good. All ofrétern loss measurements indicate
a -10 dB bandwidth from around 1 to 2 GHz as welB&sdB isolation.

Second Antenna Conclusions
The 1.2 mm antenna’s results were similar to the restiltsr first design. Increasing

the size of the center conductor seemed to drasticafiyove the performance of the
antenna. The quad line antenna with the 3 mm by 3 mtercaanductor is a very good
design. In addition to the good results, the design isstardy, and is easily fixed to a
choke ring ground plane. Also, the antennas can easiiggiicated, since the Teflon
pyramid, brass wings, printed circuit board, and coaahle connectors can be
accurately recreated in large numbers. The balun wauttdonly part requiring
creativity, since the jig that we used for the 1.2 mm cergrductor balun was too small
for the 3 mm center conductor balun. For these resasee needed to use clamps to
hold the mircrostrip lines to the center conductor as wedl gieat deal of patience.
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The follwing figures depict the final antenna attachetthéoground plane:

Figure 46: Final Design Bottom View
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Figure 47: Final Design Side View
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Appendix A: Design Parameters

roperties: Project? actual with_pcb - HF55Design1

Localanables

* Value " Optirmization " Tuning " Senzitivity (™ Statistics
Mame Walue ] LIt 1 E+aluated Y alue Drescription

dipole_radiuz 2 L 2mm the radiuz of the dipole
il dipole.wing_length - 75 mm TRmm Length of each dipole
I w_bio IEEIEI rm -EEIEImm radiation box
il y_box RO0 mm B00mm radiation box
I Z_bow 'EEIEI rm IEEIEImm radiation box
il radivz_coas_outer 1 mm Tmm radiuz of each cable
I thickneszs 'I:I.2 " mm .D.2mm thickneszs of the outer cylinder
il radiuz_coas_inner  radius coax o... 0.8mm radiuz of the inner layer of the...
I coax_height '83 " rm .ESmm the height of the cable
il center_cond radius | 04572 i 0.4572mm radiuz of the center conductor
I center_cond_height 'cua:-c_heightt... .84.5?’48mm Height of the inner conductor
il Ipace gap 2 i 2rm gap between the outer cylind...
Tl alpha 'SD deg .EIEIdeg the angle the wing zpreads out
it wing_legnth 205 mm 20.5mm length of the wing
=l wing_depth 'tan[-beta]“win... .-1 72015424391 342mm | zetg the points for the wings u...
it myztery angle 45 deq - alphas2 Odeg uzed in trig to alter wing para...
=l dizt '[center_ccnnd_... .29.53?9554593554mm uzed in trig to alter wing .para...
| beta 40 deg 40deqg droop angle
I plate_position I L [1rmm
il offzet_inner offset_inner0-1.. 3mm
I gamma I L [1rmm choke ring - bottom corrugatio..
il H 10 mm 10mm choke ring - ring period [waria...
I WK 5 L rm | 9mm choke ring
il ground] 180 mm 180mm choke ring - tatal diameter [v...
I G 'E rm .Emm choke ring - ring thickness [ [...
il offzet -3.8 mm -3.8mm choke ring
I height 'height_varﬂ:nff... .23mm choke ring - tooth height [wari..
il radiuz_outer_baze | EBD i ESmm choki ring - radiug of the cent..
I delta '-'I " rm .-1 mm choke ning - top corrugation t...
il offzet_innerl 15 i 15mm chokie ring - bottom height at t.
I z 'EI.E|4 .D.EM choke ning zcale for all
il height_war g i Bram
I wtra_height o L rnm [arorn
T start 0 T Ornrm
<

add...

Figure 48: Design parameters for first design
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Properties: raytheon_antenna - HFS5Design

Local Warnables l
* Value " Optimization " Tuning " Sepnsitivity " Stalistics
Mame Walue | it | Ewaluated Walue Dezcriphion
phi_zcan 1] deg Odeg durnrmy
[ theta_scan 1] deqg Odeg durrmy
 |u_box 2 5d 100mm big box
|y box 25 100mm big box
[ z_bow 180 T 150rmm big bow
[ delta 1] i Qi antenna wing carnvesiby
[ offzet e T 0.6mm durmnrmy here
[ trace_width 1 1 durnrmy here
[ s 20 T 20rnm durmnrmy here
[ pch_thickness G225 dmmd10... 1.5748mm FCB
feed_width 2al 1.27mm feed trace width
- |a 150725 4mm/1... 1.905mm feed column 3= width
e B0725, 4mrnA10... 0.E35rmm feed colurn width
b 30 i 30rnirn ahtenna half width
[ h 15 T 15rmm flonwer height only
| width 2hb = antenng full width
[ center_height 15 T 45mm antenna height above ground
|4 40 i 40rmim unit cell half size
[ dl d 40rnm ground plane zize
[ k. nz nz relative size af bottam pad
[ m 1.8 18 relative width of one wing
[ h_battan 2 i 2 affzet fram battam
[ ricrostrip_length 20 T 20rnm BALLM
[ riicrastip_width rnicrastip_mil®... 2 5 BALUM
[ rnicrostrip_mil 100 100 BALLM
[ rnicrastip_width0 50725 4mmd10... 1.27mrm BALUM
[ center_ztrip 3 T iy BALLM
[ feed_radius 15 i 1.5 BALUM
[ feed_center (IRa] T 0.5mm BALLM
[ barder_affzet 1 i 1 BALUM
[ filker_center_x df2 20rnm FILTER
[ filker_center_y 1] i Qi FILTER
[ filker_length 25 T 28rmm FILTER
[ filker_width 05 i 0.5 FILTER
[ filker_gap 04 T 0. dmmm FILTER
[ filker_cut_length 25 i 2 B FILTER
[ filker_wia_radius nz T 0. 3mm FILTER
Add...

Figure 49: Design parameters for second design
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Appendix B: MATLAB Code

All MATLAB calibration testing code was provided by Edua@veira.

S;1 Calibration

%S11 calibration

%fun with freq resp emo

%Ed Oliveira

%0ct 15 2007

% based on MVL code

% fixed transmission line impedance rotation

%clear

%startf=0.550e9;

startf=1e9;

%stopf=0.7e9;

stopf=2e9;

fstep=.4€6;

%fstep=5e4;

startf=input( 'Input start frequency in Hz:' )
stopf=input( ‘\nInput stop frequency in Hz:' )

%freqs =
linspace(freq_resp_lib.start,freq_resp_lib.stop,num
q_data));

freqs= (startf:fstep:stopf);

fprintf( \nConnect GPIB cable between computer and network

input( " and press return\n’ )

fprintf( '‘Connect the short standard to the end of the input
input( ' and press return\n' )

freq_resp_lib = get_freq_resp(startf, stopf, fste
freq_resp_lib.freq_data = conj(freq_resp_lib.freq_d
sllshort=freq_resp_lib.freq_data;

a7

el(freq_resp_lib.fre

analyzer'

cable'

p, 'S11');
ata);

)

)



fprintf( ‘Connect the 50 ohm standard to the end of the inpu t cable’ )

input( " and press return\n’ )
freq_resp_lib = get_freq_resp(startf, stopf, fste p, 'S11' );
freq_resp_lib.freq_data = conj(freq_resp_lib.freq_d ata);

sllmatched=freq_resp_lib.freq_data;

fprintf( ‘Connect the antenna to the end of the input cable' )
input( ' and press return\n' )

freq_resp_lib = get_freq_resp(startf, stopf, fste p, 'S11' );
freq_resp_lib.freq_data = conj(freq_resp_lib.freq_d ata);

sllrot=freq_resp_lib.freq_data;

freq_resp_lib.freq_data=(s11rot-sl1matched)./(s11ma tched-s11short);

Zt =50*(freq_resp_lib.freq_data + 1)./(1- freq_r esp_lib.freq_data);
figure(1);

plot(fregs,20*log10(abs(freq_resp_lib.freq_data))), title ( 'Return Loss

Data' ), xlabel ( 'Frequency (Hz)' ), ylabel( 'S11 (dB)' );
figure(2)

plot(fregs,real(Zt)), title ( '‘Complex Impedance Data’ ), xlabel
( 'Frequency (Hz)' ), ylabel ( 'Impedance (Ohms)' );

hold on; grid on;

plot(fregs,imag(Zt), - )

legend ( 'Real’ , ‘Imaginary’ );

hold off

%figure(2)

%plot(freqgs,(real(freq_resp_lib.freq_data)));

%subplot(3,1,3);

%figure(3)

%plot(freqgs,(imag(freq_resp_lib.freq_data)));
%line(fregs,unwrap(angle(freq_resp_lib.freq_data)))

% figure(2);

% subplot(3,1,1);

% plot(fregs,abs(Impedance));

% subplot(3,1,2);

% plot(fregs,real(Impedance));

% subplot(3,1,3);

48



% plot(fregs,imag(Impedance));

S,, Calibration

%S11 calibration

%fun with freq resp emo
%Ed Oliveira

%0ct 15 2007

% based on MVL code

% fixed transmission line impedance rotation

clear;
%startf=0.550e9;
startf=1e9;
%stopf=0.7e9;
stopf=2e9;
fstep=.4€6;
%fstep=5e4;

%freqs =

linspace(freq_resp_lib.start,freq_resp_lib.stop,num el(freq_resp_lib.fre
g_data));

freqs= (startf:fstep:stopf);

fprintf( '‘Connect GPIB cable between computer and network an alyzer )
input( ' and press return\n' )

fprintf( 'Connect the Through standard to the end of the inp ut cable’
input( ' and press return\n' )

freq_resp_lib = get_freq_resp(startf, stopf, fste p, 'S21' );
freq_resp_lib.freq_data = conj(freq_resp_lib.freq_d ata);

slithrough=freq_resp_lib.freq_data;

% fprintf('Connect the 50 ohm standard to the end o f the input cable’)
% input(' and press return\n’)

% freq_resp_lib = get_freq_resp(startf, stopf, fs tep, 'S11";

% freq_resp_lib.freq_data = conj(freq_resp_lib.freq _data);

% sllmatched=freq_resp_lib.freq_data;
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fprintf( '‘Connect the antenna to the end of the input cable'
input( ' and press return\n' )

freq_resp_lib = get_freq_resp(startf, stopf, fste
freq_resp_lib.freq_data = conj(freq_resp_lib.freq_d
sllrot=freq_resp_lib.freq_data;

freq_resp_lib.freq_data=(s11rot)./(s11lthrough);
Zt =50*(freq_resp_lib.freq_data + 1)./(1- freq_r

figure(1);
plot(fregs,20*log10(abs(freq_resp_lib.freq_data))),

Data' ), xlabel ( 'Frequency (Hz)' ), ylabel( 'S21 (dB)'

figure(2)

plot(fregs,real(Zt)), title ( 'Complex Impedance Data'
('Frequency (Hz)' ), ylabel ( 'Impedance (Ohms)' );
hold on; grid on;

plot(fregs,imag(Zt), - )

legend ( 'Real' , ‘'Imaginary' );

hold off

%figure(2)

%plot(freqgs,(real(freq_resp_lib.freq_data)));

%subplot(3,1,3);

%figure(3)

%plot(freqgs,(imag(freq_resp_lib.freq_data)));
%line(fregs,unwrap(angle(freq_resp_lib.freq_data)))

% figure(2);

% subplot(3,1,1);

% plot(freqs,abs(Impedance));

% subplot(3,1,2);

% plot(fregs,real(Impedance));

% subplot(3,1,3);

% plot(freqs,imag(Impedance));

50

p, 'S21' );
ata);
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title ( 'Return Loss
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Appendix C: Testing Results of the First Design

Primary Testing Results

Antenna 1

Return Loss Data

X 109

Frequency (Hz)
Figure 50: First Antenna 1 §;
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Figure 51: First Antenna 1 S; Impedance
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Figure 52: Second Antenna 1 $
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Figure 53: Second Antenna 1 3 Impedance
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Figure 54. Antenna 1l $,;
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Figure 55: Antenna 1 $; Calibration Impedance Results

Since the graphs obtained by the computer generatedatialits were notably different
than the network analyzer, we took a few pictures oh#tevork analyzer. These

pictures were taken while both hybrids were connectedetattenna.
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Figure 57: Antenna 1l $; Measured by Network Analyzer

Antenna 2

54



Return Loss Data

o
—
x
L Jo
—
- Je
-
r a~
— —
w m
© N [a)]
L 1535 c P
c Q
I
= C 1=
> Q X
L Jjwe e = 9]
- 5 Qo
]
s =k
S <
= 0 [}
L \MF [Te) -
IS
o 5
> O
L J™ (=2
— LL
- Jw
-
r 4
—
-
10 10
& ¥

(ap) TTS (swyo) @suepadu

o

x 10

Frequency (Hz)

Figure 59: Antenna 2 $; Impedance
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Figure 60: Antenna 2 $;
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Figure 61: Antenna 2 $; Impedance
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Figure 62: Antenna S, Measured by Network Analyzer
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Figure 63. Antenna 3 $;
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Figure 64: Antenna 3 $; Impedance
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Figure 65: Antenna 3 $;
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Complex Impedance Data
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Figure 66: Antenna 3 $; Impedance

Results of Testing without Ground plane
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Appendix D: Testing Results of the Second Design
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Figure 109: 1.2mm Center Conductor Antenna 1 S
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82



Return Loss Data

-10

-15+

20

I
'e}
o

(ap) 12s

-30 +

-35

-40

1.2 1.3 1.4 15 1.6 1.7 1.8 1.9
Frequency (Hz)

1.1

o

x 10

Figure 113: 1.2mm Center Conductor Antenna 1 §

Complex Impedance Data

1.9

Real
- Imaginary

1.8

(swyo) a@auepadw|

o

x 10

Frequency (Hz)
Figure 114: 1.2mm Center Conductor Antenna 1 5 Impedance

83



Return Loss Data

X 109

1.9

1.8

1.4 15 1.6
Frequency (Hz)

1.3

1.2

I I
© @©
AN

| I | I
o o < Qo @
® ¥ @ 9 9

(ap) 12s

Figure 115: Antenna 1 $; Measured without Teflon or Wings

Complex Impedance Data

T T T T T
> T T T X
£ A
N % a\ \\J\\\\4\\\\%\\\\7\\\\,\\“&1
RWU A R =
I = ]
I N
N
\\\\\\\\\\ ) |
| | | | ./
“““““ m
| | | | |
| | | | |
| | | | |
| | | | |
S e SRR
N
\\\\\\\\\ \_ 1 L _
S | S
o \
\\\\\\\\\ |- - - - I - - -T1T - - -~~~ I |
| | | | |
| | | | |
O S T S B
| | | | |
A
| | | | |
AR
| | | | |
e
o o o o o o o o
[(e} n < (] N — 1_.

(swyo) aauepadw|

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

1.1

o

x 10

Frequency (Hz)

Figure 116: Antenna 1 §; Impedance Measured without Teflon or Wings

84



Return Loss Data

-12

-14 -
-16 -
-18 1

L
N
o

(ap) 12s

1.3 1.4 15 1.6 1.7 1.8 1.9
Frequency (Hz)

1.2

1.1

o

x 10
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Figure 120: Antenna 2 $; Impedance Measured without Teflon or Wings
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Figure 121: First Trial Antenna 2 $; Measured with Teflon, without Wings
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Figure 132: 2 mm Center Conductor Antenna § Impedance
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