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Abstract

For calibration of circular phased arrays, a highly omnidirectional horizontally polarized
UHF antenna was required. Commercially available antennas are not omnidirectional enough for
this application. In this project we compared several potential designs including an electrically
small loop, curved crossed dipoles and n-petal wheel. 5-petal wheels had the best simulated
performance so we then optimized it and built a prototype. The prototype was measured to be
omnidirectional within +/- 0.4 dB. Detailed suggestions were made for further improving the

design.

1



Acknowledgements

We would like to acknowledge the contributions of the following MIT Lincoln
Laboratory staff and Worcester Polytechnic Institute faculty, without whom this project could
never have been a success.

Our advisors, Dr. Herbert Aumann, Lincoln Laboratory, and Dr. Germano lannacchione,
WPI, for their advice and guidance. Emily Anesta, Lincoln Laboratory, for her invaluable
assistance not only in coordinating the MIT Lincoln Laboratory MQP program, but with every
conceivable aspect of our project as well. Eric Salvo, Lincoln Laboratory, for his patience and
dedication in dealing with all of our manufacturing needs. David Bruno and Eric Carrera, both of
Lincoln Laboratory, for their assistance in conducting measurements. Dr. David Mooradd, Anu
Myne, Kristan Tuttle, Frank Willwerth, all of Lincoln Laboratory, as well as Dr. Sergey
Makarov of WPI for answering our many antenna theory questions and always being on hand to

offer advice and assistance.

111



Table of Contents

AADSTTACT ...ttt et ea e bt s a e e bt shb e et e ea e et e nat e e b e eaee i
ACKNOWIEAZEIMENLS .......eiiitiiiii ettt ettt e st e b e e bt e beeeabeesbaeenbeesnseenseans il
TaADIE Of CONLENES ......eeueieiieiieie ettt ettt et sae ettt e s bt et entesseebeeneesneenneas v
TaDLE OF FIGUIES ...ttt ettt ettt et e st et e sat e e bt e saeeenseesnseenne vi
LSt OF TADIES ...ttt ettt ettt et st e b et eaee e e e viii
1 INETOAUCTION ..ttt sttt e b et e et e saeeenbeeeee 1
1.1 Problem Statement. ........cc.eeiuiriiiieiieie et 3
I. GOAL STALEINCNL ...ttt ettt ettt ettt e et et eeabeesaeeenbeeees 3
2 BacK@roUnd........cc.coiiiiiiieiiciece ettt e seaeebaennaeans 4
2.1 Antenna Engineering Theory........ocooiiiiiiiiiiiie e 4
2.1.1  Radiation Pattern ........ccoviiiiiiiiiieieeiec ettt sttt 4
2.1.2 0 MALCRING ... ettt ettt ettt et et e b aeas 7
2.1.3  BandWidth....oc.ooioiiiie e e 11

2 € - )+ TP 13
2.1.5 Fundamental ANTENNAS .........coueriirierieiieiesiieie ettt sttt s e e enees 14
2.2 Antenna Physics TREOTY ......cc.iiiiiiiiiiiiieiee e 20
2.2.1  Electromagnetic Wave TREOTY .......ccceeriiiiiiiiieiieiiecie ettt 20
2.2.2  Oscillating Current TREOTY .......cceriiriiiiiriirieieeertece et 23
2.3 Antenna Design and Analysis Methods ............cccveriieiiieniiiciiiiecieeee e 25
2.3.1  DeSCrIPtiVe CRATS .....ocueiiuieiiiiiiiiiieeitete ettt sttt 26
2.3.2  Method Of MOMENES .....ceuieiiiiiiiiiiesieeie ettt sttt 29
2.3.3  Numeric Electromagnetics Code........cocuuriimiriiniiniiiiniiieeieneceetesee e 29
2.4 EXIStING DESIZNS ..cneviiiiiieeiie ettt et e et e et e st e e e e e snaeesanee s 30
2.5 Background SUMMATY .......cccoouiiiiiiiiiiiicec e 33
3 Simulation and Measurement Methods ............ccccovierieiiiiinieniieee e, 34
3.1 Potential DESIZNS ......eiiiiiiiieiieeieee ettt 34
3.1.1  Electrically small circular 100D .......ccceeeuieriiiiiieiieeiieieeieeee et 35
3.1.2  CUrved dIPOLe CTOSS ...cuveeuriiieiiriieieeieet ettt ettt 37
313 CBIZ WHEEL et 40
3.2 Detailed DESIZN ....cccueiiiiiiiieiieee ettt 41
33 Measurements and ANALYSIS .....cueeevieriierierieeiieeieesiee et eeteeeaeesreesreeseeseaeeseessbeenenas 43
4 Potential DESIZNS ......eiiiiiiiieiieeie ettt 44
4.1 Electrically Small Circular LOOP ......ccceeeiiirieiiieieeieesie ettt 44
4.1.1  Radiation Pattern .........ccccuiiiiiiiiiiiie ettt et 45
412 MALCRING ....oiiiiiiiieieecee ettt ettt et e et e et eebe e s beesbaeesbeeteeenbeebaeenbeeseeenbaens 48

O U R € - ¥ s LSS 49
.14 SUMIMATY ..ceiiiieeiiieeeiieeeieeeeteeestee e st e estteeessteeesseeasseeessseeesseeasseesnsseeansseessneesnseeennses 49
4.2 CUrved DIPOoIe CTOSS ....covieuiiriiiiiniiniteeeit ettt sttt st et 50
4.2.1  Radiation Pattern .........cceouieiiiieiiiiecieieee e et 50
4.2.2 MALCRING ..ottt ettt ettt et ettt e et e e bt e enbeeteesnteens 57
4.2.3  GAIN 1ottt ettt h e et e e h e et e a e e bt et e en e e bt et e eneenaeennes 59
R N 1 4V 0 USRS 59
4.3 CBIZ WRECI™ ...ttt ettt ettt et e be e st e enbeesnaeeneen 59
4.3.1 Radiation Pattern and Gain............cooceeiiiiiiiiiiiiiee e 61



4.3.2  MALCRING ....oiiiiiiiie ettt ettt et e ettt eete et e et e e teeenteebeeenbeeteeenbeens 67

TG TR B 1 0V 1 0 USRS 68

5 Detailed DESIZN ....cccuvieiiiiiieiieeie ettt et ettt e eneees 70
5.1 Methods and JUStHICATION .......coiiiiiiiiiiiie e 70
5.2 Design OPtiMIZAtION.......ccuvievieiiieiieeieeite et et eiee et e steeeteesbeeenbeeseaesebeessaeenbeenenes 74
53 Prototype DIMENSIONS. ....ccccvviiiiieeiiieeeiieeeiee et e esreeerreeesaeeeaaeeessaeeesseeessaeesnseeesnseens 79
6 Measurements and ANALYSIS .....c..eevuieriieriierieeiieeie ettt iee e sre b e be e 84
6.1 Measured Impedance MatCh.............coocuiieiiiiiiiiieeceeeeeee e 84
6.2 Measured Radiation Pattern..........cocueviiiiiiiniiiiiieicieececeeee e 91
6.3 Prototype Performance SUmmary............cccveeviieiiiieeiiiecieeeeeee e 98
7 Conclusions and Recommendations...........c.ccecuevierieriinienienienieieeesieeie e 99
7.1 CONCIUSIONS ..ttt ettt et e st et e e sabe e bt e sateebeesaneans 99
7.2 RecoOMMENAALIONS ......ocuiriiiiiiiieiierieeeeet ettt 100

8 GLOSSATY .ttt ettt e et e e e e e et e e s steeessbeeesaeeesseeensseeensseeensneennseeas 103
Appendix A: MATLAB Code for Electrically Small Circular Loop NEC File Generation ...... 110
Appendix B: MATLAB Code for Curved Dipole Cross NEC File Generation ......................... 112
Appendix C: MATLAB Code for “Big Wheel” vl NEC File Generation .............ccccccveevuvennennne 114
Appendix D: MATLAB Code for “Big Wheel” v2 NEC File Generation..........c.cccccveeveveeennenn. 117
Appendix E: MATLAB Code for “Big Wheel” v3 NEC File Generation ...........ccccceeueveennenee. 123
Appendix F: MATLAB Code for Reflector NEC File Generation..........c.cccccuveevvieecieeecneeennnen. 124
Appendix G: Central Plate THUStration ............cccoeeviieiiiriieiieeie e 126
L3 10) B0 o421 o] 1) 2RSSR 128



Table of Figures

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

1 Angle Convention TTUSIIAtION .......c.cecuiieiieiiieiiecie ettt ettt esreesaeesbeeseneenneas 5
2 Vertically Oriented Half-Wave Dipole 3D Radiation Pattern.........c..cccceeeniininicniincnnns 6
3 Half-Wave Dipole VSWR vs Frequency Plot..........cccociiviiiiiiniiiiiecieeeece e 10
4 Quarter-Wave Monopole VSWR vs Frequency ........cccccoceeverieniiienienieienienccceeceeene 12
5 DVB — T Monopole Antenna Photograph...........cccccveeiiieniiiiiiniieieeieeeecee e 15
6 Quarter-Wave Monopole Simulated 3D Radiation Pattern...........ccoceeeeieniincnncnicnennne. 16
7 UHF Half-Wave Dipole Photograph ...........cccccieviieiiieniiiiieieeieesee e 17
8 Horizontally Oriented Half-Wave Dipole Simulated 3D Radiation Pattern ..................... 18
9 Resonant Circular Loop 3D Rendering ...........ccecueevieeiiieniieiiienieeieeeee e 18
10 Resonant Loop Antenna Simulated 3D Radiation Pattern ...........ccccooceeviiniiniincncnennne. 19
11 Horizontally Polarized Electromagnetic Wave’s Electric Field..........c.ccooceviivinnnennee. 22
12 Transmission Line IIUStration...........oocueiiiiiiiiiiiiiieiee e 24
13 Half-Wave Dipole Smith Chart...........ccoocvieiiiiiiieiieeieeiiecie e 28
14 Group 39 3-Petal Wheel Prototype Photograph .........ccccoceeiiniiiiniiniiiininiccciceeee, 31
15 Group 39 3-Petal Wheel Prototype Measured Match............ccceveieriieciienieeniieeieeene, 31
16 Group 39 3-Petal Wheel Prototype Measured Azimuthal Pattern...........c.cccoceevenienncnee. 32
17 Electrically Small Circular Loop GEOMELIY ......ceeevviiriieiiieiieiieeieesiieeieeeee e eve e 36
18 Curved Monopole Cross 3D Rendering ..........coeecveveeririinieneniienieneeieeeesie e 38
19 Curved Dipole Cross 3D Rendering.........cceecvieeuieeiieiieiiieeiieeieesiieeieesee e seee e eene 38
20 Curved Dipole Cross GEOMELIY ........coueeviiriiriienieeiinieerie ettt ettt et st 39
21 Big WhEel VI GEOMELIY ....c.viiiiieiieiiieeiieeiie ettt site vt siee et sieeebeesaaeenseessaeensaessneenns 40
22 Big Wheel V2 GEOMELIY .....eruviiiiiieiiiitieieeieeit ettt sttt st 42
23 Electrically Small Circular Loop Best Azimuthal Pattern.............cccoveevevienieninenenne. 45
24 Electrically Small Circular Loop Best Elevation Pattern ..........cccccocceveineniinincnncnnne. 46
25 Electrically Small Circular Loop Azimuthal Pattern vs Frequency .........c.ccecceveeeennene. 47
26 Electrically Small Circular Loop Azimuthal Pattern vs Loop Length .........c..ccccccceeee. 48
27 Electrically Small Circular Loop Match vs Loop Length ..........ccccevvieniiiiiiniiiiiennn, 49
28 Curved Dipole Cross Elevation Pattern...........ccoeeveriiniiiiiniiniiiciiceceneeieeceeeeeee 50
29 Curved Dipole Cross with Reflectors Elevation Pattern ............cccceeeeevevieiiiecienieenenne. 51
30 Curved Dipole Cross with Reflectors 3D Rendering ........c..ccccevvveveininicniencniicneeniennne. 52
31 Curved Dipole Cross Reflector vs No Reflector Azimuthal Pattern Comparison .......... 53
32 Curved Dipole Cross Azimuthal Pattern vs Reflector Spacing...........cccceeeevervienicncnne. 54
33 Curved Dipole Cross Azimuthal Pattern vs Frequency.........ccoccoeeveeveiienieeiieniecieeeeee, 55
34 Curved Dipole Cross Azimuthal Pattern vs Overall Dipole Length ...........ccccoceeeeneene. 56
35 Curved Dipole Cross Azimuthal Pattern vs Arc Angle.........cccceevieveiienieniieniienieeieene, 56
36 Curved Dipole Cross Match vs Reflector Spacing..........ccceceeverveniineniicnicneniicnecieenne. 57
37 Curved Dipole Cross Match vs Overall Dipole Length .........ccccoooveviieiieniieiieieeene, 58
38 Curved Dipole Cross Match vsS Arc ANGIE......cc.oviiviiiiiiiiiiiiiiceceececeeeeeeeee 58
39 3-Petal Wheel Measured vs Simulated with vl Azimuthal Pattern.............cccoceeeeneeee. 60
40 3-Petal Wheel Measured vs Simulated with vI Match...........cooccoeniiiiiiniiiiicee 61
41 3-Petal Big Wheel Simulated with vl Azimuthal Pattern vs Petal Length ..................... 62
42 3-Petal Big Wheel Simulated with v1 Elevation Pattern vs Petal Length....................... 63
43 Big Wheel Simulated with vl Azimuthal Pattern vs Number of Petals.............ccc.c....... 64
44 4-Petal Big Wheel Simulated with vl Azimuthal Pattern vs Petal Length ..................... 65



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

5-Petal Big Wheel Simulated with vl Azimuthal Pattern vs Petal Length .................... 66
5-Petal Big Wheel Simulated with vl Azimuthal Pattern vs Petal Length ..................... 67
Big Wheel Simulated with vl Match vs Number of Petals vs Petal Length................... 68
3-Petal Wheel Measured vs Simulated with v2 and v3 Azimuthal Pattern................... 71
3-Petal Big Wheel Simulated with v2 Elevation Pattern vs Petal Length....................... 72
3-Petal Wheel Measured vs Simulated with v2 and v3 Match............ccoooeiiiiniininn, 73
Big Wheel Simulated with vl and v2 Azimuthal Pattern vs Number of Petals............... 74
5-Petal Big Wheel Simulated with v2 Azimuthal Pattern vs Petal Length ..................... 75
5-Petal Big Wheel Simulated with v2 Match vs Petal Length ...........cocooiiiiniinininnnn. 76
5-Petal Big Wheel with Small Plates Simulated with v3 Match vs Petal Length ........... 77
5-Petal Big Wheel with Large Plates Simulated with v3 Match vs Petal Length ........... 78
5-Petal Big Wheel Simulated with v3 Smith Chart with Varying Petal Size.................. 79
Prototype Simulated with v2 Elevation Pattern............cccoocvievieniiiiiiinieeiieie e 80
Prototype Simulated with v2 Azimuthal Pattern ............ccccoeevviieiiiiiiieeeeee e, 81
Prototype Simulated with v2 3D Radiation Pattern..........c..cccceeverieniniiniineiicnieneee 82
Prototype with Small Central Plates Photograph ..........ccccceeeviieiiiiiiiiieeeeceece e 84
Prototype with Small Plates Measured vs Simulated with v3 Match............cccccoeeeiin. 85
Prototype with Large Plates Measured vs Simulated with v3 Match............cccccccueennen. 86
Prototype Measured Smith Chart Dependence on Plate Size and Stub.........c...ccccceeee. 87
Prototype Measured Match with Stub and without Stub...........ccccceeeiiiiiiiiiiieeee, 89
Prototype’s Tuning Stub Photograph ............cccoeeviiiiiiiiiiiiiceeeeee e 90
Damaged Prototype Measured Azimuthal Pattern ...........cccoooevveeviiiiniiiiiieceeceeee, 90
Damaged vs Repaired Prototype Measured Azimuthal Pattern .........c..cccceevevieniinennens 92
Repaired Prototype Measured Azimuthal Pattern vs Frequency.........cccocovvvvcveeenieenneen. 93
Repaired Prototype Measured vs Simulated with v2 Azimuthal Pattern .............c......... 94
Repaired Prototype with Stub vs no Stub Azimuthal Pattern.............ccccoeevvevviieiieennnnen. 95
Repaired Prototype with Rectangular Reflector Photograph ...........ccccoocieiiiiiiinnns 96
Repaired Prototype Rectangular Reflector Effect on Azimuthal Pattern........................ 97
Repaired Prototype Gain vs Frequency vs Azimuthal Angle..........ccccooeviiiiniiniincnnn, 97
Suggested Capacitive Central Configuration for Future Prototype..........cccceevvvervennnnnn. 101
Big Wheel v2 Supplementary Geometric Variables.........c.cccocevveriininiiniininncnicnene 117
Prototype Simulated with v3 3D Rendering...........ccccvevveeciieniieniienieeieeeie e 123
Rectangular Mesh Square Reflector 3D Rendering .........cocccoeevueeieniiiicnicneincnicnene 124
Rectangular Mesh Circular Reflector 3D Rendering ..........cccceeevveviieiiienieenieenieenene 125
Radial Mesh Circular Reflector Rendering ............ccccocveviineniinieniniineniecicnecieneene 125
Central Plate Configuration IHUStration .............cceeeeeeeiieriieiienieeeesie e 126

vil



List of Tables

Table 1 Technical SPeCIfiCAtIONS ........cccviiiiiiiieeieeiieeie ettt ettt et ebeesereeteeeaseesseeees 3
Table 2 Angle Convention Definitions.........ccccoveiiiiriiniiiiniinieieeeeeee e 5
Table 3 Constant Design Parameters ...........cocuieeuieriiiiiieriiieieecie et eiee e esieesveeaeesneesseeeesaens 35
Table 4 Electrically Small Loop Simulation Values...........cccccoceeviriiiniineniinienenicnecieeeeeeee 37
Table 5 Curved Dipole Cross Simulation ValUues ...........ccceevieiieniiiiiieniieiiecieeeeeee e 39
Table 6 Big Wheel v1 Simulation Values.........cc.coceriiiiiiiiiiiniiiieeeeeeeseee e 41
Table 7 Big Wheel v2 SIMulation ValUes.........cc.cooviiiiiiriieiiieiiecieecee et 42
Table 8 Big Wheel v3 Simulation Values.........ccccecueiiiniiiiiiiiiiiiiicieecceee e 43
Table 9 Prototype’s Final DIMENSIONS. ........cccuieriieiiiiiiieiiieiteeieesieeeieesieeereeseeeeseesaeeesseessnesnseens 83
Table 10 Variable Names Used in Electrically Small Circular Loop Code .........ccccocveveeeenens 111
Table 11 Variable Names Used in Curved Dipole Cross Code.........cccccvevieeiieneeecieenieeieennen. 113
Table 12 Variable Names Used in Big Wheel v1 Code..........cccooeriiniiniiiiniinieinicecces 116
Table 13 Variable Names Used in Big Wheel v2 Code..........cccoevvvieiiiniieiicieeiecieeee e, 121

viil



1 Introduction

An antenna® is “that part of a transmitting or receiving system that is designed to radiate
or to receive electromagnetic waves.” [1] Antennas have become ubiquitous through their role in
wireless transmission and reception of signals. With applications ranging from
telecommunications to radar and long range tracking, antennas have proven themselves as a
versatile and essential component of modern civilization.

The physics underlying antenna functionality are generally based on classical
electromagnetic theory. Constructive and destructive interference of electromagnetic waves,
principles of self-inductance, parallel and series oscillating RLC circuits and AC current theory
in general all play a role in antenna design and analysis. Antenna design is further complicated
by the difficulties in setting up accurate experiments, as all physical objects conductive and non-
conductive, affect antenna performance without being part of the antenna. Therefore, constant
consideration of unpredicted and not simulated difficulties is necessary in antenna design.

Group 39 at MIT Lincoln Laboratory specializes in Air Defense Techniques, working
extensively with antenna hardware and signal processing for advanced radar and phased array
antenna technologies. Antenna systems vary in several performance parameters, such as the
direction in which they radiate most of the signal, the relative strength of that signal, or the input
impedance of the antenna. These parameters are influenced primarily by the geometry of the
antenna; thus, antenna design generally involves modeling antenna performance as a function of

antennas geometry and optimizing it. Prototype measurement is a major step in antenna design as

! The italicized terms constitute just a few of the terms that are necessary in this report but may be
unfamiliar to a typical applied physicist. Therefore, a Glossary section (see p. 99) has been constructed. The

Glossary section defines the engineering terminology common in antenna and RF-circuit design.



well due to inability of most antenna modeling software and techniques to perfectly model
antenna performance, particularly input impedance.

For the design of the largest and most complicated antenna structures — those made up of
an array of smaller antenna elements — calibration of the individual elements is an important
consideration. A secondary calibration antenna is commonly used for this purpose. The
calibration antenna must have a significantly more precise radiation pattern than that of the
individual elements. If the individual elements are equally sensitive, the intensity of the
calibration antenna’s signal must also be equal at all individual elements, to avoid their uneven
calibration. Therefore, for calibration of a UHF circular array, an antenna was needed that
displayed a consistent, omnidirectional radiation pattern in the azimuthal plane, while also
operating in the ultra-high frequency band and having horizontal wave polarization.

To implement such an antenna, a variety of designs were considered, including simple
and traditional antenna shapes, existing forms and prototypes noted for exhibiting the desired
directionality, as well as less conventional structures. These configurations were then modeled
and analyzed with numerical computer software to approximate their performance. The most
promising design — a 5-petal wheel antenna — was then chosen based upon conformance to
desired specifications and ease of implementation. A prototype was then manufactured,
measured and recommendations made for optimization of the design.

The prototype fulfilled most ideal technical specifications given at the beginning of the
project (see Table 1 below), although none of them perfectly. Particular emphasis was placed on
omnidirectionality of the prototype antenna. Potential improvements over this final design
include further prototyping to attempt to match antenna natively, without a tuning stub, and

prototyping and physical measurement of potential design # 2 — curved crossed dipoles.



Table 1 Technical Specifications

Functional Requirement | Ideal Required Value Final Prototype Value®

Frequency 420-450 MHz ~ 465-480 MHz

VSWR < 2:1 within band 2:1 within band

Polarization Horizontal > Vertical by at least | Horizontal > Vertical by
20 dB in azimuthal plane more than 20dB

Pattern Omnidirectional + 0.25 dB Omnidirectional + 0.4 dB

Input power 2 kW peak (ideally) Untested

Azimuthal power gain ~ 2dBi ~ -0.5dBi

1.1 Problem Statement

Commercially available horizontally polarized UHF antennas lack sufficient
omnidirectionality to calibrate a circular phased array antenna.
1.2 Goal Statement

The goal of our project is to design, manufacture and measure an omnidirectional

horizontally polarized transmitting UHF antenna fit for calibration.

? These are the measured specifications for our final prototype. With further refinement, the design could

perform much better. See section 7 (p. 98) for our recommendations on how to refine this design.



2 Background

This project’s primary purpose, as stated in section 1.2 above, was to design an
omnidirectional horizontally polarized UHF antenna. The necessary researched background was
subdivided into four parts: antenna engineering theory, antenna physics theory, antenna design
and analysis methods, and existing designs.

2.1 Antenna Engineering Theory

This section describes the fundamental quantities and concepts associated with an
antenna’s functionality. These are the antenna’s radiation pattern, matching, bandwidth, and
gain in the position of interest.

2.1.1 Radiation Pattern

All antennas are designed to transmit or receive electromagnetic waves, usually with
certain directions being optimized for stronger signal. The spatial distribution of signal strengths
emitted or received by an antenna is referred to as the antenna’s radiation pattern. Details of an
antenna’s geometry affect the way current flows (or stands) upon its elements’ surfaces, which
defines the shape of the electromagnetic field surrounding the antenna. This field, in turn, defines
the radiation pattern for the given antenna. This pattern is then “a mathematical function or a
graphical representation of the radiation properties of the antenna as a function of space
coordinates.” [2] These radiation properties may be either the magnitude of the electromagnetic
field at a given radius, or (usually) the power density of radiation. Power patterns in particular
may be plotted on either a linear or logarithmic (decibel) scale, with the latter being more
common. [2]

Certain conventions are universally used when discussing radiation patterns and antenna

geometry. A radiation pattern is gain (sometimes referred to as “power gain”) as a function of



two angles, zenith/elevation angle and azimuthal angle. See section 2.1.4 below for the

discussion of gain. Table 2 below and Fig. 1 below summarize the angle conventions used in this

report.
Table 2 Angle Convention Definitions
Angle Symbol Description
Zenith angle 7] Angle between the direction of interest and the +z axis
Elevation angle P Angle between the direction of interest and the x-y plane
) Angle between the x-y projection of the direction of interest
Azimuthal angle [0
and the +x axis

[P

X

Fig. I Angle Convention Illustration
(adapted from [3])



Directions with @ == 90° are sometimes referred to as “azimuthal directions”, and with

0 =~ 0° - as “clevation directions”. Thus, an antenna which radiates mostly perpendicular to the
ground plane can be said to “radiate into elevation”.

When 3D radiation patterns are plotted, they are typically plotted as surfaces defined in
spherical coordinates, with the angles described according to Table 2 above and the radius being
the power gain in the direction defined by those angles. Figure 2 below shows an example of
such a plot, of an antenna designed for azimuthal omnidirectionality. In practice, 3D radiation
pattern plots are rarely used; see section 2.3.1 below for the discussion of charts commonly used

to describe antenna radiation patterns.

2 dBi

0 dBi
-2 dBi
- -4 dBi
- -6 dBi

r 18 dBi

-10 dBi

-12 dBi

-14 dBi

Fig. 2 Vertically Oriented Half-Wave Dipole 3D Radiation Pattern
(see section 2.1.5.2 below)



For an antenna made out of and functioning in a linear medium (such as conductive metal
and vacuum or air), the radiation patterns in transmitting mode are always the same as the
radiation pattern in receiving mode, as a consequence of Lorentz reciprocity theorem for linear
media [2]. This principle is referred to as the radiation pattern reciprocity principle, and is used
commonly to measure a transmitting antenna’s pattern. To do so, a point directional transmitter
with known characteristics can be used (in an anechoic chamber, to not introduce systematic
error due to external sources), with the subject antenna used in receiving mode.

An important form of radiation pattern is that of the omnidirectional antenna. Such an
antenna displays a uniform, directionally independent radiation pattern within a given plane,
while having a non-uniform, directional pattern in an orthogonal plane. [2] The variation in
omnidirectionality of an antenna is sometimes referred to as “ripple”. When referring to such an
antenna, its omnidirectivity defines the degree to which the antenna’s pattern is uniform in the
desired plane. Omnidirectional antennas are a subset of the directional antennas, which have “the
property of radiating or receiving electromagnetic waves more effectively in some directions
than in others.” [2] Directional antennas are contrasted by the isotropic radiator which is a
theoretical idealized antenna having a uniform pattern in all directions. [1, 2]

2.1.2 Matching

Any antenna acts as an element in an RF-circuit with some load impedance in the rest of
the circuit. When a signal (an oscillating voltage) is transmitted or received by the antenna, the
amount of power that will be transmitted or received by the antenna is a function of the
difference between antenna’s input impedance and the load impedance of the rest of the circuit.
A significant difference in these impedances, also referred to as mismatch, will force most of the

power to be reflected. Another (completely equivalent) way to define mismatch is as difference



between impedance toward the source and toward the load at the interface between the antenna
and the transmission line.

Impedance is resistance generalized for oscillating (non-DC) currents, and is
characterized not only by resistive but also by inductive and capacitive behavior of the load. It is
a complex phasor, with the real part being the resistance R and the complex part being
reactance X, given by Eq. (2.1) [4]:

1
pr— o —_——
X X; + X¢ w.

X; = wL 2.1)

1
Y=

Where XC is capacitive reactance, XL is inductive reactance, L is inductance, C is

capacitance and w is signal’s angular frequency.

Impedance Z is thus given by Eq. (2.2) [4]:

Z =R+ 3X (2.2)

Where X is reactance and R is resistance.

At the interface between source and load, if impedance toward the source and impedance
toward the load are unequal, the voltage wave will get reflected back, resulting in power being
reflected back. Reflection coefficient I' is used to describe this reflection; it is defined as “the
amplitude of the reflected voltage wave normalized to the amplitude of the incident voltage
wave”. It is given by Eq. (2.3) [5]:

4y —Zg

= 2.3
Z, + Zs (2.3)



In Eq. (2.3) Zj, is the impedance toward the load at the interface, and Zg is the
impedance toward the source at the interface. As seen from Eq. (2.3), I' is a complex phasor. To
convert from I into Zj, given Zg Eq. (2.4) is used:

1+T
1-T

ZL - ZS (24)

One way to describe power transfer properties of an analog network is using the so called
Scattering Matrix, S-matrix, or S-parameters. S-matrix is a square N by n matrix where n is the
number of ports in the matrix. One basic parameter used to describe the degree of mismatch is

511, defined as “the reflection coefficient seen looking into port 1 when all other ports are

terminated in matched loads”. [5] S’l1 refers to reflected power, while I' refers to reflected

voltage wave. 511 is typically measured in decibels (dB), and is given by Eq. (2.5) [5]:
Si1 = 20logy |T'|dB (2.5)

See section 2.1.4 below for a more detailed discussion of the decibel unit.

Another parameter that uniquely describes the mismatch of a load is VSWR, Voltage
Standing Wave Ratio, which is the ratio of maximum to minimum peak voltage in the standing
wave of a transmission line caused by reflections from impedance mismatch at a terminal. [6]
VSWR is expressed by Eq. (2.6) [5]:

14|

VSWR = =T

(2.6)

Therefore, to convert from Sll in dB into VSWR and vice versa Eq. (2.7) is used:



S
20
VSWR = %
1—-10 AO 2.7)

VSWR —1
S = 2‘”"g(m)

Typically, a well-matched antenna has VSWR < 2 : 1 within band. Impedance of the
antenna is matched with transmission line supplying power to the antenna, which is normally
Zine = 90€2 and is independent of frequency. Antenna impedance however is always highly
frequency dependent because antenna reactance is frequency dependent (see Eq. (2.1)).
Therefore, matching is often the limiting factor for antenna’s operational band. Figure 3 below
shows a sample VSWR vs Frequency plot of a well-matched antenna.

10:1 | !
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Voltage Standing Wave Ratio
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; ; VEWR = 2:1
| i ‘
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Frequency (MHz)

Fig. 3 Half-Wave Dipole VSWR vs Frequency Plot
(designed for f = 435 MHz)
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A useful graphical tool for displaying match as a function of frequency is the Smith chart;
section 2.3.1 below discusses how to plot and use the Smith chart.

If an antenna is not natively matched, it is possible to use a matching circuit to match the
antenna. Section 2.3.1 below describes several techniques for designing matching circuits. It is
always possible to match any load at any specific frequency, however, the more influence the
matching circuit has, the more narrow the matched bandwidth becomes. Therefore, if possible,
matching circuits should be avoided, because it narrows the operational bandwidth. Also
matching circuits significantly restrict the power that can be safely transferred through the
antenna, because they require external circuit elements that are typically rated for much lower
power than the large metallic elements of the antenna itself.

2.1.3 Bandwidth

Bandwidth is the antenna’s effective operational frequency range, or band. Bandwidth is
a general term, as it may be defined with respect to any of an antenna’s parameters that have
some dependence on frequency, and its specific form must be specified. Bandwidth is most often
characterized either by a percentile deviation from a median frequency, or by a ratio of upper-to-
lower frequencies, with the later being used for large bands and the former for small bands. Two
bandwidth classes are generally defined to emphasize the distinction — pattern bandwidth and
impedance bandwidth. [2] ‘“Associated with pattern bandwidth are gain, side lobe level,
beamwidth, polarization, and beam direction while input impedance and radiation efficiency are
related to impedance bandwidth.” [2] For the case of the omnidirectional horizontally polarized
UHF antenna, only gain, input impedance, and polarization are of critical concern.

Often, particularly for UHF antennas, the limiting factor for input impedance bandwidth

is the Voltage Standing Wave Ratio (VSWR), which is a measure of the match between the
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antenna impedance and the transmission line impedance. See section 2.1.2 above for details on
what VSWR is and what factors affect it. Generally, an antenna with VSWR-restricted
bandwidth has nearly perfect match (VSWR = 1) at some frequency within band, and
increases as frequency gets away from the matched frequency until VSWR gets over a certain
target value. That value is usually 2:1, at which about 89% of power is radiated and the rest
reflected to the source.

Figure 4 below shows a typical VSWR vs frequency plot of a matched antenna, as well as

the bandwidth region.

51 T T

Voltage Standing Wave Ratio

o b ........................... ......................... —

VEWR = 2:1
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\ i i

350 400 450 500 550

Frequency (MHz)

Fig. 4 Quarter-Wave Monopole VSWR vs Frequency
(match bandwidth from 395 to 480 MHz)
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2.1.4 Gain

The gain of an antenna is a measure of its radiation intensity in a given direction with
respect to a given input power, and without consideration for losses incurred due to power

dissipation, impedance and polarization mismatches. Gain is calculated as Eq. (2.8):

G(6,0) = 4w@, 2.8)

where U( 0, ¢) is radiation intensity and P, is total input power. In contrast, absolute gain

takes these losses into consideration, but is otherwise equivalent. Gain relates closely to
directivity, which is purely a measure of an antenna’s directive properties, whereas gain
additionally measures its radiation efficiency. [2] Gain is a dimensionless quantity normally
measured in decibels (dB), which is a relative scale, so in practice it must be given with respect

to some reference. Gain in decibels is given by Eq. (2.9):

Where Gyp is the gain in decibels, GG is the gain and Gy is the reference gain. The most

common reference is that of an isotropic radiator, a theoretical antenna assumed to radiate
equally in all directions (see section 2.1.1 above). The units for gain with this reference are

decibels over isotropic radiator, dBi. Specifically, a gain of n dBi in a given direction means that

n

the antenna radiates 1010 times more power in that direction than an isotropic radiator would.
Although the isotropic radiator provides a simple and ideal reference, it is not physically
possible to build such an antenna. Thus, a variety of more practical antennas are often used as a

gain reference. In particular, the half-wave dipole is often used; the units for gain with this
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reference are decibels over dipole (dBd). See section 2.1.5.2 below for information about half-
wave dipoles.
In practice, an antenna’s absolute gain is the same as antenna radiation pattern, calibrated

to a gain standard (normally a half-wave dipole antenna, because its radiation properties are well
known). It corresponds to the 521 scattering matrix parameter, and is measured by connecting

the transmitter and receiver to a network analyzer, orienting the antenna in desired position and

sending a signal. See section 2.1.2 above for information on the scattering matrix parameters. It
is important to note that 521 corresponds to the absolute gain, and thus takes into account

antenna imperfections, such as impedance and polarization mismatches and power dissipation.
For the omnidirectional UHF calibration antenna which was the goal of this project, gain
is not a critical parameter. However, it is important that antenna’s highest gain is in the direction
of interest (azimuthal), otherwise a lot of power is wasted and, more importantly, pattern
becomes significantly less reliable.
2.1.5 Fundamental Antennas
Certain fundamental antenna geometries exist. In this section, some of the simplest and
most common antenna structures are examined, and their characteristic radiation patterns

considered.
2.1.5.1 Monopole Antenna

The monopole is a simple antenna generally consisting of a single terminated wire
constructed above an electromagnetically reflective imaging plane. Regardless of the physical
geometry of the antenna, the desired effect is to “produce a radiation pattern approximating that
of an electric dipole in the half-space above the imaging plane.” [1] In practice, that imaging

plane is usually the conductive ground, serving as the other half of the half-wave dipole (see

14



section 2.1.5.2 below for information on dipoles). Radio tower transmitters and hand-held radio
antennas are common examples of monopole antennas. Figure 5 below shows an example of a

monopole antenna.

Fig. 5 DVB — T Monopole Antenna Photograph
(from [7])

Monopole antennas have an omnidirectional pattern in the azimuthal plane. However,
assuming horizontal azimuthal plane, their signal is vertically polarized, thus making this
antenna completely unfit for this project’s purposes. Since the monopole is intended to act as half
of a half-wave dipole, typical monopole is a quarter wavelength of its intended frequency. Figure

6 below shows a simulated radiation pattern of a quarter-wavelength monopole antenna.
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Fig. 6 Quarter-Wave Monopole Simulated 3D Radiation Pattern
(perfectly conductive infinite ground)

2.1.5.2 Dipole Antenna

Another simple, but commonly used antenna is the dipole antenna. Specifically, the
dipole antenna is “any one of a class of antennas producing a radiation pattern approximating
that of an elementary electric dipole.” [1] The general form for such an antenna is “a metal
radiating structure that supports a line current distribution similar to that of a thin straight wire so
energized that the current has a node only at each end.” [1] Figure 7 below shows an example of

a UHF dipole antenna in the azimuthal plane.
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Fig. 7 UHF Half-Wave Dipole Photograph
(from [8])

Dipoles are generally characterized by the length of the flared elements in terms of
fractions of wavelengths for the given operational frequency. As mentioned in Section 2.1.4
above, the dipole antenna’s ubiquity, simplicity, and consistency of radiation pattern has resulted
in it being used as a common reference point against which other antennas may be compared.

Figure 8 below shows a half-wave dipole’s simulated three-dimensional radiation pattern.
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2.1.5.3 Loop Antenna

A loop antenna is simply any “antenna whose configuration is that of a loop.” [1] The
geometry of that loop may “take many different forms such as rectangle, square, triangle, ellipse,
circle, and many other configurations.” [2] Loops are generally characterized by their
circumference, and categorized as either being electrically small or near-resonant. Small loops
have relatively high azimuthal gain and produce near-omnidirectional toroidal radiation patterns
much like those of small dipoles. In contrast, near-resonant loops tend to have the maximum of
their radiation pattern along an axis normal to the plane of the loop, and not in the azimuthal

plane. [2]
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Fig. 10 Resonant Loop Antenna Simulated 3D Radiation Pattern
(circular loop, f = 435MHz)
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Figure 9 above shows the geometry of a resonant loop antenna. Figure 10 above shows
the 3D radiation pattern of a resonant circular loop. Resonant loop antennas are not
omnidirectional. The problem with electrically small loops is that they approximate a zero-
resistance IN = 1 inductor, and thus require a highly capacitive matching network.

2.1.5.4 Electrically Small, Electrically Large and Resonant Antennas

Electrically small antennas are those with an overall circumference or radiator length of

approximately 1— Aor less. Electrically large antennas have a circumference or radiator length

of approximately one wavelength. Resonant antennas are those antennas constructed such that
the electric current in the antenna structure will resonate, thus existing in a standing wave on the
radiator’s surface.

Electrically small antennas’ patterns approach omnidirectionality. However, they
typically require a matching circuit, as natively their input impedance is very low and inductive
in nature. Resonant antennas tend to have much better matching but are usually not

omnidirectional.
2.2 Antenna Physics Theory

This section describes the physics involved in the function of transmitting and receiving
antennas, including the theory of electromagnetic waves, oscillating current and RLC circuits.
2.2.1 Electromagnetic Wave Theory

Electromagnetic wave theory is the core principle underlying the operation of all
antennas. In applications involving antennas electromagnetic waves are produced by alternating
(“signal”) currents flowing through conducting elements. Currents produce electromagnetic

fields about them, and these fields change in magnitude and direction as the current changes.
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Thus, when a sinusoidal alternating current is applied to an antenna element, the associated
current within the conducting element creates an electromagnetic field that also oscillates
sinusoidally, and at the same frequency as the current. However, as the changes in this field may
not occur instantaneously, the changing field propagates away from the element at the speed of
light as an electromagnetic wave. [9] The electric and magnetic fields of this wave are dependent
on each other as the wave propagates. As the magnetic field “varies sinusoidally, it induces (via
Faraday’s law of induction) a perpendicular electric field that also varies sinusoidally.” [9]
Likewise, as the electric field oscillates, “it induces (via Maxwell’s law of induction) a
perpendicular magnetic field that also varies sinusoidally.” [9]

An important characteristic of electromagnetic waves that has a large impact on antenna
and radar design is the polarization of the wave. The polarization of a given wave is defined by
the orientation of the oscillations of its electric field component. [9] Specifically, polarization is
characterized by “the curve traced by the end point of the vector representing the instantaneous
electric field.” [2] Polarization is given as the shape of this trace, being elliptical, circular, or
linear. The polarization of an antenna is directly equivalent to the polarization of the
electromagnetic wave it transmits, or that of the incident radiation it is capable of receiving. [2]

Figure 11 below illustrates a horizontally polarized electromagnetic wave.
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Fig. 11 Horizontally Polarized Electromagnetic Wave’s Electric Field

Linear polarization is most commonly associated with antennas whose elements are
simple conducting wires. This results directly from the generation of the electromagnetic wave.
[2] Electromagnetic waves at any point along the wave’s path are described by three mutually
orthogonal vectors — the electric and magnetic fields, and the wave’s propagation vector. For a
wave generated by a wire element, the propagation vector (parallel but not equivalent to
Poynting vector, the vector characterizing the direction and rate of energy transfer) shall point
normal to the wire’s surface, as the wave radiates directly away from the wire. By the Biot-
Savart law, the magnetic field shall form concentric rings about the wire, with the field vector
tangent to the wire at any given point (assuming straight wire), and superimposed if the wire is
curved. The electric field vector must be orthogonal to both of these other vectors, thus it must
point parallel to the length of the wire — meaning the electromagnetic wave shall be polarized
along the same direction as the length of the wire. Reciprocally, for an incident wave to induce a

current in a receiving wire the wire and electric field must again be parallel, else the electric field
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could not force electrons to move along the length of the wire, producing a current (and thus, a
signal to be received). See Ref. [9] for a more complete discussion of Biot-Savart Law and field
orientation relative to current-carrying wires. See Fig. 11 above for an illustration of the waves
formed by a straight wire.

Ground planes play a significant role in antenna design as they affect the pattern even
without being connected directly to the antenna. Specifically, they act as reflectors. Parallel E-
fields across an interface (such as the ground plane) must be equal [10], thus on the surface of a
conducting ground plane the E-field tangent to the plane is zero. Since horizontally polarized
antennas have the E-field oriented in the horizontal plane, their signal cannot travel along the
surface of the horizontal ground plane, and is instead reflected to conserve energy. Vertically
polarized waves have zero horizontal E-field, and thus can travel along the surface of the ground
plane instead of being reflected. Due to the ground planes’ reflective nature for horizontally
polarized waves they can be used to transfer some gain from elevation into azimuthal directions.
2.2.2 Oscillating Current Theory

Generally, an oscillating current is any current that varies as a function of time. In context
of antennas, and most other engineering applications, an oscillating current on a transmission
line is formed by a periodically oscillating voltage across that line. This oscillating voltage varies
as a periodic wave about a given zero, which is the potential level of the ground. In a current-
carrying RF transmission line one wire is normally labeled “hot”, and the other one “ground”,
with the oscillating voltage varying as a function of that current.

RF transmission lines are commonly drawn using convention shown in Fig. 12 below:
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Fig. 12 Transmission Line Illustration
(using ADS 2006a Smith Chart Tool [11])

These schematics are usually used for designing matching networks, as any point on the
schematic has an impedance which can be calculated. Normally, impedances toward the load and
toward the source at the point right before the load (the antenna) are calculated, as those define
the antenna’s mismatch (see section 2.1.2 above). All of the shunt elements in the schematic are
really in parallel with the load in the circuit.

Sinusoidal periodic oscillating voltage varies as a function of time; see Eq. (2.10):

v(t) = Vpeqr cos(wit + 0) (2.10)
In Eq. (2.10), v(t) is voltage as a function of time, Vpeak is peak voltage, w is angular

frequency of the oscillations and @ is the phase angle. When such a voltage is put across a

resistor R, the average power transferred through that resistor is a function of ¥4, root-mean-

square voltage; see Eq. (2.11):

1 pT
vm:\/— V2 (t)dt with
Tj;’ (2.11)
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In Eq. (2.11) T is the period of oscillations. For the sinusoidal voltage of Eq. (2.10),

Upms becomes Eq. (2.12):

\/Tf V2, cos? (wt + 0) dt = V\’g’“ (2.12)

Therefore the average power transferred across a resistor is given by Eq. (2.13):

Py = s _ Vyea (2.13)
R 2R

A more detailed discussion of sinusoidal currents and voltages as well as whether or not
they lag lead one another (an effect known as transient current) and all of the equations of this
section is given in Ref. [4].

It is important to note that all of the current travels only on the surface of the conductor
[10], therefore, in modeling and analysis, as well as construction, only surfaces of the solid
shapes have to be considered. That leads to using thin hollow copper pipes instead of solid pipes
in construction of antennas to save money, as copper is a relatively expensive material used a lot
in antenna construction due to good conductivity. Notice, however, that thin strips should not be

used in high power applications, as too much heat will be dissipated and they will get thermally

damaged.
2.3 Antenna Design and Analysis Methods

Antenna modeling and design is a relatively new (less than 200 years old) and constantly
evolving field. This section describes several techniques for antenna modeling that were used in
this project. Section 2.3.1 below discusses several charts that are used as illustrative graphical
tools in antenna design as they provide insight into various parameters of the antenna. Section
2.3.2 below discusses an FEA (Finite Element Analysis) technique called Method of Moments

(MoM) for numerical calculations of antenna performance. Section 2.3.3 below discusses NEC-

25



2, Numerical Electromagnetics Code, which is a software package that uses MoM for antenna
modeling.
2.3.1 Descriptive Charts

Two types of non-standard plots are commonly used in antenna engineering. Radiation
pattern plots, the theory of which is discussed in section 2.1.1 above, are the first type. There are
three basic ways to present radiation pattern of an antenna: 3D radiation pattern plot, polar
radiation pattern plot and rectangular radiation pattern plot. The other plot used to characterize

impedance mismatch is the Smith chart. These are discussed in detail in sections below.
2.3.1.1 3D Radiation Pattern Plot

On a 3D plot the pattern is typically shown for only one frequency. It shows a three-
dimensional surface defined in terms of direction angles (see section 2.1.1 above and Table 2
above) and gain in dBi or dBd as a function of direction acting as the distance from the origin in
that direction. See Fig. 2 above or Fig. 6 above for examples of 3D radiation pattern plots. It is
important to note that while antenna gain can be negative (and any real antenna’s gain is negative
in some direction), distance from the origin is always positive, and the conversion is made by
offsetting the gain by a value such that the most negative value of gain is zero. This is illustrated
in both Fig. 2 above or Fig. 6 above. 3D radiation pattern plots are used to generally demonstrate
where the antenna’s radiation goes, and are not typically used to demonstrate antenna’s exact

performance, as they are (by definition) isometric and thus less accurate.
2.3.1.2 Polar Radiation Pattern Plot

Polar radiation pattern plots show the antenna’s performance at one or multiple
frequencies, in a specific plane. Gain is represented by the distance from the origin, corrected the

same way it is for 3D radiation pattern plots. If the plane is defined in terms of a fixed zenith
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angle and a range of azimuthal angles the plot is named “azimuthal pattern at @ = ...”. If the
plane is defined in terms of a fixed azimuthal angle and a range of zenith angles the plot is

named “elevation pattern at ¢ = ...”. Polar radiation pattern plots can show horizontal,

vertical, or total gain.
2.3.1.3 Rectangular Radiation Pattern Plot

Rectangular radiation pattern plots are completely equivalent to polar radiation pattern
plots. Gain is typically plotted on the y-axis and variable angle (azimuthal angle for azimuthal
pattern and zenith or elevation angle for elevation pattern) on the x-axis. Like polar radiation

pattern plots rectangular radiation pattern plots can show horizontal, vertical, or total gain.
2.3.1.4 Smith Chart

Another useful plot that is often seen in RF engineering and matching networks in
particular is the Smith chart. The Smith chart is a polar plot of the complex reflection coefficient
I', the theory of which is discussed in section 2.1.2 above. Figure 13 below shows an example
of a Smith chart demonstrating the matching characteristics of a A/2 dipole.

The values plotted on the Smith chart are the reflection coefficients as a function of
frequency. The frequency is not explicitly shown anywhere on the chart. A well-matched load
will have most of its reflection coefficients close to the center of the chart, where |I'| = 0. |T'|
is represented by the distance from the center on the Smith chart. The zone where the load is

matched is marked by a green circle about the origin, this is the circle of VSWR <2 :1 or

r<i.
3
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Fig. 13 Half-Wave Dipole Smith Chart

(f €350,550] MHz)

The other curves plotted on the Smith chart represent lines of constant normalized

resistance and reactance. A detailed discussion of the nature of these lines is presented in Ref.

[12] but is not necessary in this document. Primarily this document makes use of the Smith chart

s due to the load being highly inductive or

whether it’

M

to show the nature of the mismatch (i.e.

capacitive, etc.).
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2.3.2 Method of Moments
Numerical modeling of antennas is almost always done using a Finite Element Analysis
(FEA) method called Method of Moments (MoM). Method of Moments relies on numerically

solving the MoM Integral Equation (2.14) over a spherical surface:

1 .
Pm—EgRe[EXH |- ds (2.14)

Where P, is the average radiated power, E is the electric field vector and H™* is the

complex conjugate of auxiliary magnetic field. These fields are computed individually based on
breaking up antenna’s structure into finite size elements and calculating dipole moments between

those elements. P, can then be converted into (6, ¢) (Gain as a function of direction) by
Eq. (2.15)

47U (6,9)

G(0,0) = —F—— = €u

P (2.15)

47U (6,¢) ‘
Flad

Where U/(6,¢)is radiation intensity as discussed in section 2.1.4 above, P, is the
power input, and €. is radiation efficiency which is a function of free space and antenna
geometry.

The restrictions of MoM are typically not due to the equations presented in this section,
but rather due to the meshing algorithms. Different codes, for example, NEC, RWG, WIPL-D
and others, use different meshing algorithms which require varying processing power and thus
impose varying limitations. MoM itself is, in theory, limitless in accuracy. [2]

2.3.3 Numeric Electromagnetics Code
NEC-2 is one of the oldest antenna modeling packages. It employs Method of Moments

as discussed in section 2.3.2 above, and one of its restrictions is that it requires the user to
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manually create the mesh of finite elements. The other, more important restriction, is that NEC’s
geometry input only accepts straight wires, and thus approximating curves as sequences of
straight elements and surfaces as grids is required. Curve approximation is not usually a big
problem, however, when surfaces (particularly close together) are parts of an antenna’s geometry
NEC-2 can fail to accurately model the antenna. Such antennas are better modeled using more
modern codes such as WIPL-D, Ansoft HFSS and others which employ automated Delaunay
triangulation instead of straight wire segmentation for creating the mesh. [2, 13]

In this project, NEC-Win Pro v1.6 by Nittany Scientific [14] was used to implement
NEC-2. NEC compiler accepts ASCII code generated by hand or using MATLAB and then runs
NEC’s algorithms to execute MoM on the input geometry. It is interesting to note that NEC-2
dates back to mainframe computers so lines in its input files are called “cards”.

2.4 Existing Designs

Prior to beginning of this project there existed a design that was claimed by manufacturer
to achieve required omnidirectionality. This design was a 3-petal wheel, similar to the one in Fig.
14 below. Tapered chamber measurements indicated that the design does not meet the
requirements for omnidirectionality and a similar, better manufactured prototype was

manufactured in tested. Figure 14 below shows this prototype.
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Fig. 14 Group 39 3-Petal Wheel Prototype Photograph’
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Fig. 15 Group 39 3-Petal Wheel Prototype Measured Match

3 This photograph was taken by David Bruno of MIT Lincoln Laboratory.
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However, this prototype, while matched (see Fig. 15 above) for VSWR vs Frequency
plot) did not meet the requirements for omnidirectionality. Figure 16 below shows the
prototype’s measured pattern. The prototype’s measurements were used to confirm modeling

accuracy.
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Fig. 16 Group 39 3-Petal Wheel Prototype Measured Azimuthal Pattern
We found several other designs, although none commercially available, that suggested
omnidirectionality. However, since they were not commercial samples and were rather just

manufactured by radio amateurs, no reliable radiation patterns were available.
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2.5 Background Summary

Antenna modeling is a complex and sometimes unreliable discipline. However, it is
required prior to prototyping stage to produce an antenna that has approximately right
characteristics, although fine-tuning is more of a trial and error process. The background
research we conducted prior to this project that is presented in this chapter was used as the basis

for nearly all of the procedures conducted throughout this project.
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3 Simulation and Measurement Methods

To design the omnidirectional horizontally polarized UHF antenna three objectives were
outlined. These are:
1. To simulate potential designs to pick the optimal type.
2. To analyze the optimal type in detail and create prototype dimensions.
3. To manufacture, measure and optimize the prototype.

The methods used to achieve each objective are explained below.
3.1 Potential Designs

The first step of this project involved simullating several different antenna designs to
pick the optimal type so that detailed design could later be conducted. Simulations were
conducted using MATLAB codes that took structural design parameters of antennas as inputs
and generated NEC-2 code describing the antenna. At this stage, each simulation simplified the
antenna geometry to some degree, to make the running and coding of the simulations faster.

Section 2.4 above describes the background data available prior to these simulations. We
concluded that the following designs had to be simulated in detail:

e FElectrically small circular loop

e Curved dipole cross

e “Big wheel”

Stacked wheel antennas were not simulated at this stage because of potential mechanical
difficulties in providing a feed signal to both antennas; instead, stacking was used for curved
dipole cross simulation and left as a backup measure for the “big wheel” should the single-
element antenna fail to meet specifications. Throughout all initial potential design simulations

the following assumptions and were held constant:
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Table 3 Constant Design Parameters

Quantity Symbol | Assigned value

C
Wavelength® A >‘f:435MHz = } = 0.689m

Wire diameter’ WD WD = % m

Material

S
o o — 5.8001 X107 =
Conductivity copper m

Details of each initial simulation are given below.
3.1.1 Electrically small circular loop

One of the difficulties with simulating an antenna with a curved wire element using NEC-
2 is that NEC-2 only allows for straight wires. Therefore, regressions of the loop using
minimum-length straight wires were used for all curves in all of the models simulated. Wire
length was restricted as NEC-2 cannot effectively simulate wires shorter than their diameter [15].

Another difficulty was that the connector for a circular loop (that the coaxial transmission line

* In every simulation, wavelength A was corrected with an input correction factor CF (typically
CF €[0.75,1.25], but for electrically small antenna CF < 0.2). A given here is the base A that was then

corrected.

> Wire diameter was kept constant because it was planned from the start to make the antenna wires out of
% #n diameter copper tubing. The primary reason for this is ease of manufacturing and material availability; the

only performance parameter that wire diameter typically affects the most is bandwidth.
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would connect to) would have to be installed on a straight segment part of the loop, thus

introducing asymmetry into the antenna’s geometry.

Appendix A (p. 110) contains the description of MATLAB code for creating the NEC-2

file that describes the electrically small circular loop (ESCL)®. Figure 17 below shows the

geometry of the simulated model.

S Legend
—— Loop wire
- i - o _} Dimension line
S I
™ s
* I

B Feed

5, s
S, /
( ¥
S~ R (loop radius)
al

Other variables

w . Loop wire diameter

l . Loop wire overall length

Fig. 17 Electrically Small Circular Loop Geometry

The geometry was computed based on the input variables in Table 4 below:

® From this point on, the acronym ESCL is used in this report to refer to an electrically small circular loop.
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Table 4 Electrically Small Loop Simulation Values

Variable | Units | Description Values simulated

‘ Overall length of the loop together with the
l in 0.075A, 0.1X, 0.2\

straight interval

S in Length of the straight interval with the feed | 1 in

Due to the loop’s simple geometry it only had two structural design parameters, and one
of them (the length of the straight interval with the feed connector on it) was kept constant at
s = 1an, because it would very difficult to make a connector that was smaller, and a larger
connector would introduce more asymmetry into the antenna geometry.

Appendix A (p. 110) contains the equations used to calculate the geometric variables (o,
(3 and R), which were not design parameters.

Section 4.1 (p. 44 below) contains the results and the outcome of the ESCL simulation.
3.1.2 Curved dipole cross

Originally, a curved monopole cross (CMC)’ similar to that in Fig. 18 below was
considered.

We declined the CMC design due to completely unacceptable impedance match.
However, after prototyping has started we (by accident) realized that monopoles and monopole
arrays are physically impossible without a reflective and conductive ground. See section 2.1.5.1
(p. 14) for more information about how monopoles operate. This fact rendered CMC physically

meaningless.

7 From this point on, the acronym CMC is used in this report to refer to a curved monopole cross.
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Fig. 18 Curved Monopole Cross 3D Rendering

z

Fig. 19 Curved Dipole Cross 3D Rendering
However, we then modeled a mechanically similar but electrically different configuration
which was the curved dipole cross (CDC)®. It consists of two curved dipoles stacked on top of
each other and fed 90° out of phase. Figure 19 above shows the basic geometry of the CDC.
Appendix B (p. 112) contains the description of MATLAB code for creating the NEC-2

file that describes the CDC. Figure 20 below shows the geometry of the simulated model.

¥ From this point on, the acronym CDC is used in this report to refer to a curved dipole cross.
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Fig. 20 Curved Dipole Cross Geometry
The geometry was computed based on the input variables in Table 5 below:

Table 5 Curved Dipole Cross Simulation Values

Variable | Units | Description Values simulated
l in Overall length of each dipole 0.42,0.5), 0.6\
S in Spacing between top and bottom dipole % m

° Arc angle 65°,70°,75°
n Number of dipoles 2
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Appendix B (p. 112) contains the equations used to calculate the geometric variables (7,

(3 and 7;,), which were not design parameters.
Section 4.2 (p. 50) contains the results and the outcome of the CDC simulation.

3.1.3 “Big wheel”

An n-petal wheel design was one of the initial potential designs that were looked at. The

first simulations were run using “big wheel v1” code a description of which is in Appendix C (p.

114). Figure 21 below shows the geometry of big wheel v1 simulation.

Legend

——  Petal wire

} Dimension line

"'\ [ | Feed

Other variables

Petal wire diameter

Overall petal length

. Arclength

Number of petals

Fig. 21 Big Wheel vl Geometry
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Notice that in it legs and arcs meet at sharp angles (no rounds), and central plates are
replaced with connectors. Geometry was computed based on input parameters in Table 6:

Table 6 Big Wheel v1° Simulation Values

Variable | Units | Description Values simulated
l in Overall length of each petal 0.9 1.0A\ 1.1A
‘ Spacing between hot and ground y )
S 1n m
connectors 4
Y ° Interval angle 13°
d, in Central “plate” diameter lin
n Number of petals 3,4,5,6

Appendix C (p. 114) contains the equations used to calculate the geometric variables that
were not design parameters (¢, 3, 73, 7, and ).

Section 4.3 (p. 59) contains the results and the outcome of big wheel v1 potential design

simulations.
3.2 Detailed Design

After we settled on the 5-petal wheel as the type of prototype to develop, we wrote two
more simulation codes to more accurately model the wheel. Those codes are big wheel v2 and
big wheel v3. Figure 22 below shows the geometry of big wheel v2 simulation; big wheel v3 is

similar but has rectangular meshes instead of connectors in place of central plates.

? Note that these values are the parameters that only Big Wheel vl was simulated with. More detailed
simulations using a more accurate code were then ran over a much wider range of input design. See chapter 5 (p. 71)

for information on these detailed simulations.
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Fig. 22 Big Wheel v2 Geometry

See chapter 5 (p. 70), Appendix D (p. 117) and Appendix E (p. 123) for information on
and details of those codes. Geometry for the big wheel v2 simulation was calculated based on

input parameters in Table 7 below.

Table 7 Big Wheel v2 Simulation Values

Variable | Units | Description Values simulated
l in Overall length of each petal 0.9 1.0, 1.1A
S in Vertical spacing between hot and ground connectors % mn
h2 in Interval between adjacent parallel legs % mn
. . 5/ =
T, in Round radius 4 m
: 13 9 : ].]. .
dp n Central “plate” diameter 1—mmn
n Number of petals 3,4,5,6
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See Appendix D (p. 117) for derivations of geometric variables that were not input design
parameters.

Big Wheel v3’s petals and input variables are exactly the same as v2’s. However, the
central plates, instead of being modeled as connectors, are modeled as circular grids with finite
square elements. Appendix E (p. 123) describes Big Wheel v3 in more detail. The input
parameters at which big wheel v3 was simulated are listed in Table 8 below.

Table 8 Big Wheel v3 Simulation Values

Variable | Units | Description Values simulated
l n Overall length of each petal 0.9A 1.0\ 1.1A
s n Vertical spacing between hot and ground y n
connectors 16
]’l2 in Interval between adjacent parallel legs % m
. ) 5/ =
T, in Round radius A m
. . 11. .
d, n Central plate diameter 1—1n, 3n
n Number of petals 3,4,9,6

3.3 Measurements and Analysis

After prototype was manufactured, its S;; data was measured using a network analyzer.
Different configurations of central plates as well as a tuning stub were tried during these
measurements. Also, a gain calibrated measurement of the antenna’s azimuthal pattern in tapered

anechoic chamber was conducted. See chapter 6 (p. 84) for information on the outcome and

details of these measurements.
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4 Potential Designs

Sections 4.1 through 4.3 below discuss the potential designs that were simulated prior to
choosing a design to optimize. These are: electrically small circular loop (section 4.1), curved
dipole cross (section 4.2) and “big wheel” (section 4.3). Section 3.1 (p. 34) describes the general
assumptions held constant throughout all of the simulations described in this chapter.

4.1 Electrically Small Circular Loop

Section 3.1.1 (p. 35 above) describes how the ESCL was simulated. The outcome of this
simulation was as we had expected. The radiation pattern was very omnidirectional. At optimal
values of [ the simulated peak to valley difference in azimuthal gain was under 0.25 dB. A more
detailed discussion of electrically small circular loop’s pattern is in section 4.1.1 below.

The impedance match was unacceptably poor. This is the fundamental problem with
electrically small loops — they act as near zero-resistance inductors, and inevitably require strong
matching networks. The lowest simulated VSWR was 400:1, which is completely unacceptable.
Matching is the primary reason why electrically small circular loop design was rejected. A more
detailed discussion of ESCL matching is in section 4.1.2 below.

The ESCL’s gain was acceptable. Electrically small loops send most of the power into
the azimuthal plane, which is desired. At optimal values of R the average gain along the
azimuthal plane was 0.5 dBi.

The ESCL was rejected due to the need for a complicated matching network, and being
asymmetrically fed (off-center presence of a feed wire which was not simulated would likely

disturb the azimuthal pattern).
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4.1.1 Radiation Pattern
As stated above, ESCL produces a very omnidirectional radiation pattern. Figure 23

below shows the antenna’s azimuthal radiation pattern at f = 435 MHz with [ = 0.075\.

180°

270°

— 1 =0.075%

Fig. 23 Electrically Small Circular Loop Best Azimuthal Pattern
(f = 435MHz)

Most of the energy ESCL radiated went into the azimuthal plane. Figure 24 below shows

the elevation pattern at f = 435 MHz with [ = 0.075\.

45



150 0 50

7&° N-T5°

90°

-90°

105° -105°

165 .. -165°

—1=0.075~

Fig. 24 Electrically Small Circular Loop Best Elevation Pattern
(f = 435MHz, ¢ = 0°)

The azimuthal radiation pattern did not vary in shape much with frequency, although gain
changed. Figure 25 below shows the antenna’s azimuthal radiation pattern over a range of

frequencies with I = 0.075\.
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Fig. 25 Electrically Small Circular Loop Azimuthal Pattern vs Frequency
(I = 0.075\)

Only one design parameter () was varied during the simulation of ESCL and so there is
no way to state what specific parameter of ESCL’s geometry affected the radiation pattern the
most. As Fig. 26 below shows, ESCL’s azimuthal radiation pattern (at f = 435MHz) did
vary significantly for [ > 0.1\, but did not vary significantly for smaller ESCLs. This is in line

with the general theory that states that circular loops can be considered electrically small with

[ < 0.1\ [13]
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Fig. 26 Electrically Small Circular Loop Azimuthal Pattern vs Loop Length
(f = 435 MHz)
4.1.2 Matching

Fundamentally, electrically small loops tend to be very poorly matched. [2] This was
shown to be true in this simulation — as Fig. 27 below shows, the loop was unacceptably poorly
matched across bandwidth and any value of .

The loop was nearly short circuit - at f = 435MHz and I = 0.075\ input

impedance was Z = 0.133€2+ 97.017 5€2. Matching was the reason ESCL was rejected.
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Fig. 27 Electrically Small Circular Loop Match vs Loop Length

4.1.3 Gain

ESCL radiated most of the power into the azimuthal plane. Figures 23 and 24 above show
simulated gain distribution at optimal [ across both azimuthal and elevation planes. Simulated
gain is fully acceptable; however, if absolute gain was accounted for, it would be highly
negative, due to complete mismatch.
4.1.4 Summary

ESCL was abandoned due to unacceptably poor matching. However, it provided practice
in simulating antennas and also provided a code for approximating arcs with finite length straight

elements, which was used in future simulations.
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4.2 Curved Dipole Cross

Section 3.1.2 (p. 37) discusses the methods employed in simulating the curved dipole
cross (CDC). CDC’s geometry and its design parameters are also given in section 3.1.2 (p. 37).
As is explained in section 3.1.2, the dipole cross was originally conceived as an arrangement of
four curved monopoles (see Fig. 18 (p. 38)).

This geometry, although physically impossible to produce as simulated, had positive
simulated gain, omnidirectionality within = 1dB, but an extremely poor match. The curved
dipole cross, which has a mechanically similar (although electrically different) geometry, was
expected to perform in a similar manner.

4.2.1 Radiation Pattern

75°
90°

1057

165° -165°

£180°
—1=04r —1=05. —1=062]

Fig. 28 Curved Dipole Cross Elevation Pattern
(f = 435MHz, o = 70°)
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By itself, the curved dipole cross radiates most of its radiation normal to the plane of the
antenna, producing very low gain in the azimuth. In this mode, the antenna also operates in both
horizontal and vertical polarization. Figure 28 above shows the dipole cross’ elevation radiation

pattern at f = 435 MHz with | = 0.4\, 0.5\, 0.6\ and o« = 70°.

The addition of circular reflectors located at d = 0.5\, where d is the distance from
the azimuthal plane to each reflector, above and below the curved dipole cross directed the

pattern into the azimuth, as shown in Fig. 29 below which again shows the dipole cross’
elevation radiation pattern at f = 435MHz with [ = 0.4\, 0.5\, 0.6\ and o = 70°,

but this time with reflectors.

15 0° -15°

75 [ 750

-90e

90°

105°%

165" oo -165°

| —1=04r —1=050 —1=062]

Fig. 29 Curved Dipole Cross with Reflectors Elevation Pattern
(f = 435MHz, oo = 70°)
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Figure 30 below shows a 3D rendering of the reflectors used in simulation. Reflectors
provided a considerable (about 3 dB) improvement in azimuthal gain, as well as improved the
omnidirectionality of the radiation pattern. Figure 31 below shows a comparison of azimuthal

radiation patterns for the CDC at f = 435 MHz with | = 0.5\, o = 70° and with both no

reflectors as well as reflectors positioned at d = 0.5\.

Fig. 30 Curved Dipole Cross with Reflectors 3D Rendering
(d = 0.5))
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Fig. 31 Curved Dipole Cross Reflector vs No Reflector Azimuthal Pattern Comparison
(f=435MHz,l = 0.5\, oo = T0°)

Reflector spacing from the CDC has a significant impact on azimuthal radiation pattern,
affecting both the omnidirectionality of the pattern and the gain. Figure 32 below contrasts the

radiation patterns in the azimuth for a dipole cross at f = 435MHz with [ = 0.5\,

o = T0° and with reflectors positioned at d = 0.4\, 0.5\ and 0.6\.
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Fig. 32 Curved Dipole Cross Azimuthal Pattern vs Reflector Spacing
(f = 435MHz, | = 0.5\, a = 70°)

With reflectors in place, variation in frequency had only minimal impact on pattern but

did alter gain. Figure 33 below shows a range of frequencies for { = 0.5\, a = 70° and

d = 0.5)\.
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Fig. 33 Curved Dipole Cross Azimuthal Pattern vs Frequency
(Il = 0.5\, aa=170°,d = 0.5)\)

Two design parameters were varied during simulation of the CDC — the dipole overall
length [ and the arc angle «. Neither were found to have a significant impact on radiation

pattern, although both affected the gain. Figures 34 and 35 below show the effect of variation in
dipole length (I = 0.4X,0.5\, 0.6\) with fixed arc angle (v = 70°) and the effect of
variation in arc angle (@ = 65°, T0°, 75°) with fixed dipole length (I = 0.5\). Both

figures are at f = 435 MHz with circular reflectors spaced d = 0.5\ from the antenna.

55



25 :

: — =045
—1=055
— =065

24 P B el B

Gain (dBi)

i I
60 120 180 240 300 360
Azimuthal Angle ¢ (°)

Fig. 34 Curved Dipole Cross Azimuthal Pattern vs Overall Dipole Length
(f=435MHz, oo = 70°, d = 0.5)\)
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Fig. 35 Curved Dipole Cross Azimuthal Pattern vs Arc Angle
(f =435MHz, | = 0.5\, d = 0.5)\)
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4.2.2 Matching

The CDC consists of two dipoles stacked one above the other, and thus requires two
independent feeds. Further, to prevent destructive interference, the dipoles must be fed 90° out
of phase. These factors make impedance matching a complex issue for the CDC. However, the
CDC is natively well matched and the presence of reflectors assists in matching the antenna in
simulation. Figure 36 below demonstrates this, comparing the match of a dipole cross with
Il = 0.5\, o= 70° with circular reflectors positioned at d = 0.4\, 0.5\, 0.6\ and no

reflectors at all.
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Fig. 36 Curved Dipole Cross Match vs Reflector Spacing
(I = 0.5\, = 70°)
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The arc angle « had little impact on match; however, the overall length of the dipole [
significantly altered the frequency to which the dipole cross was tuned. Figures 37 and 38 above
show the impedance match for dipole crosses with dipole length [ = 0.4\, 0.5\, 0.6\ with
fixed arc angle at v = 70° and arc angle o¢ = 65°, 70°, 75° and with fixed dipole length

at I = 0.5)\. Both cases have circular reflectors spaced at d = 0.5\.

4.2.3 Gain

As discussed in section 4.1.1 above, without reflectors the CDC has very poor azimuthal
gain. The addition of reflectors greatly improves the azimuthal gain, as is shown by Fig. 31
above.
4.2.4 Summary

The curved dipole cross displayed promising radiation pattern, gain, and impedance
match in simulation. Unfortunately, time constraints prevented us from building and measuring a
prototype of the CDC to confirm simulated performance. Although the complexities in
construction resulting from a phased dual feed as well as the necessity of using reflectors make
implementation of the dipole cross difficult, its strong performance in simulation warrants future

consideration.
4.3 “Big Wheel”

The “big wheel” was the primary antenna geometry considered by our predecessors in
Group 39 at MIT Lincoln Laboratory for the application of omnidirectionality with horizontal
polarization. As a result, we had experimental data against which we could compare simulations.
Thus, in simulating the wheel we could establish the accuracy of our simulation methods and

then consider how the configuration of the wheel could be altered to improve its pattern, match,
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and gain. Details of our initial wheel simulation code, big wheel v1, were discussed in section
3.1.3 (p. 40). This simulation predicted Group 39’s experimental data on the 3-petal big wheel
fairly well. Figure 39 below shows the comparison between experiment and simulation for a

wheel of comparable geometry and the rough correlation that was seen with both pattern and

gain.
2 T T T T
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: : : —— Simulated: v1
1A : : : : -
.2 I I | I |
0 60 120 180 240 300 360

Azimuthal Angle 4 (°)

Fig. 39 3-Petal Wheel Measured vs Simulated with vl Azimuthal Pattern
Simulation using big wheel v1 code failed to accurately predict impedance match. This
was expected due to the simplicity of the vl simulation — which could not accurately model the
central plates. Figure 40 below shows the comparison of impedance match between experimental

data and simulation for 3-petal wheels of comparable geometry.
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Fig. 40 3-Petal Wheel Measured vs Simulated with vl Match
4.3.1 Radiation Pattern and Gain
The only parameter which was varied for simulations of the 3-petal big wheel was the
total length of each petal l. Total petal length has a significant impact upon both the radiation
pattern and gain of the wheel. Figure 41 below compares azimuthal radiation patterns at

f = 435 MHz for 3-petal wheels having petal lengths of [ = 0.9\, 1.0\, 1.1\.
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Fig. 41 3-Petal Big Wheel Simulated with vl Azimuthal Pattern vs Petal Length
(f = 435 MFz)

The peak gain for the 3-petal wheel is in the azimuthal plane for all variations in petal

length. This is shown by the elevation radiation patterns of Fig. 42 below which includes loop

lengths of I = 0.9, 1.0\, 1.1\ at f = 435MHz and ¢ = 0°.
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Fig. 42 3-Petal Big Wheel Simulated with v1 Elevation Pattern vs Petal Length
(f = 435MHz,¢p = 0°)

However, regardless of loop length, these simulations showed that the 3-petal wheel
could not produce the omnidirectionality required. Thus, the number of petals 1 was varied and
found to have significant impact upon azimuthal radiation pattern, while having minimal impact

on gain. Figure 43 below shows this relation at f = 435 MHz for 3, 4, 5 and 6-petal wheels

each having petal length [ = 1.0\.
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Fig. 43 Big Wheel Simulated with vl Azimuthal Pattern vs Number of Petals
(f = 435MHz, | = 1.0\)

A 4-petal wheel showed little improvement over a 3-petal wheel, regardless of loop

length — as seen in Fig. 44 below which displays azimuthal radiation patterns for 4-petal wheels

having loop lengths I = 0.9\, 1.0\, 1.1\ at f = 435MHz.
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Fig. 44 4-Petal Big Wheel Simulated with vl Azimuthal Pattern vs Petal Length
(f = 435MHz)

However, a 5-petal wheel showed dramatic improvement in the pattern. Figure 45 below
shows how azimuthal pattern and gain vary for a 5-petal wheel at f = 435 MHz as petal

length varies with [ = 0.9\, 1.0\, 1.1\.
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Fig. 45 5-Petal Big Wheel Simulated with vl Azimuthal Pattern vs Petal Length
(f = 435 MHz)

This trend continued for 6-petal wheels. Figure 46 below shows how azimuthal pattern

and gain vary for a 6 petal wheel at f = 435MHz as petal length varies with [ = 0.9\,

1.0, 1.1A.
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Fig. 46 5-Petal Big Wheel Simulated with vl Azimuthal Pattern vs Petal Length
(f = 435MHz)

4.3.2 Matching

Big wheel vl code was primarily intended for simulating radiation patterns because it
relatively accurately models the geometry of the arcs. However, as Fig. 40 above shows, big
wheel v1 code cannot be used for accurately simulating match of n-petal wheel antennas because
it does not accurately model the geometry of the central plates.

We attempted to use big wheel vl code to at least identify trends for matching as a
function of petal length and number of petals. Figure 47 below shows the trend predicted by big

wheel v1. It plots predicted VSWR vs frequency vs number of petals vs petal length. The band of
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fe [350, 550] MHz is examined for 3 to 6 petals and petal lengths simulated are [ = 0.9\,

1.0\ and 1.1)\.
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Fig. 47 Big Wheel Simulated with vl Match vs Number of Petals vs Petal Length

The trend is that more petals is harder to match, and the antennas all appear to be closest
to matched a higher than resonant frequency. These are just trends and exact numbers picked out
of these simulations will be completely meaningless because of the central plates.
4.3.3 Summary

Based upon early simulations, the big wheel appeared to be a promising candidate for
producing an omnidirectional, horizontally polarized radiation pattern. Although the original 3-
petal configuration could not satisfy requirements, we determined that through variation of petal

length and number of petals an effective pattern could be produced while still being capable of
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achieving a proper impedance match. We determined that the 5-petal wheel, being the first
geometry to show the desired omnidirectionality, would be the best design to move forward to
further consideration and optimization. This would be achieved through the use of more detailed

simulations that could account for specific details of the geometry.
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5 Detailed Design

This chapter describes and justifies the decisions made in optimizing the simulated 5-

petal wheel design a prototype of which was then built.
5.1 Methods and Justification

As discussed in section 4.3.3 (p. 68), we determined that the 5-petal big wheel antenna
was the most promising for further consideration and that more detailed simulations were
required to accurately determine which configuration to build and experimentally measure.
Particularly, we observed that the petal length had a significant effect upon radiation pattern, and
thus wanted to more accurately model the petals’ actual geometry in simulation. This resulted in
the big wheel v2 simulation code, which is described in detail in section 3.2 (p. 41). The code for
big wheel v2 is in Appendix D (p. 117). For matching we attempted to simulate central plates as
meshes of finite size wire, which resulted in the big wheel v3 simulation code, discussed in
greater detail in section 3.2 (p. 41).

As was the case with the big wheel vl simulation, we compared Group 39’s
measurements of the 3-petal wheel against results predicted by v2 and v3 simulation codes.
Simulations accurately predicted radiation pattern, as is seen in Fig. 48 below. They were not
able to accurately predict gain, but pattern was more important than the gain (as long as the
maximum gain was in the azimuthal plane and not in elevation). Big wheel v2 simulation was
particularly accurate in predicting the radiation pattern. Central plates of the v3 simulation
obscured the predicted radiation pattern making v3 more useful for matching simulations and

less so for pattern.
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Fig. 48 3-Petal Wheel Measured vs Simulated with v2 and v3 Azimuthal Pattern
(f = 435MHz)

As stated above, v2 and v3 simulations predicted gain has been substantially lowered as
compared to what was predicted by v1 (see Fig. 39, p. 60). Big wheel v2 and v3 simulations
show gain shifted by —4.5dB on average compared to results from the vl simulation.
However, the v2 simulation still predicts peak gain within the azimuthal plane, as shown by the
elevation radiation pattern of Fig. 49 below, which shows the predicted elevation pattern of a 3-

petal wheel wheel at f = 435 MHz and ¢ = 0° with with petal lengths I = 0.9\, 1.0\,

1.1\. An antenna cannot have negative gain (not the case for absolute gain) in every direction
[2], due to energy conservation. Therefore this shift by —4.5dB was deemed to be an
imperfection in NEC-2’s algorithm. This result greatly decreases our degree of confidence in the
simulation’s ability to predict gain. However, based upon the strong correlation of the predicted
radiation pattern with that obtained from experimental measurements, we deemed v2 our best

simulation to predict omnidirectionality.
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Fig. 49 3-Petal Big Wheel Simulated with v2 Elevation Pattern vs Petal Length
(f = 435MHz,¢p = 0°)

Predictions of match were also improved by the v2 and v3 simulations. Our v3

simulation, in particular, showed promising correlation to measurements when central plates of

the appropriate size were modeled. Figure 50 below shows this relation between measurements

and v2 and v3 simulations using 3-petal wheel geometry with [ = 1.1\ and plate geometry of

dp = 11%6 n and S = %ﬁin.
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Fig. 50 3-Petal Wheel Measured vs Simulated with v2 and v3 Match
I =11nd, = 11%67371,3 - %ﬁin)
The detailed simulations (v2) also produced results similar to those predicted by our early
vl simulations, confirming our decision to use a 5-petal wheel and allowing us to move on to
design optimization. Figure 51 below shows the relation between v1 and v2 simulations by

comparing azimuthal radiation patterns for 3, 4, 5 and 6-petal wheels at f = 435 MHz each

with I = 1.0\.
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Fig. 51 Big Wheel Simulated with v1 and v2 Azimuthal Pattern vs Number of Petals
(f = 435 MHz,l = 1.0\

5.2 Design Optimization

Big wheel v2 simulation allowed for the variation of several of parameters defining the
geometry of the antenna. However, not all of these were varied in optimization due to
manufacturing restrictions. As with previous simulations, we varied only the total length of each
petal I, while holding other structural design parameters constant. Table 7 (p. 42) and Table 8 (p.
43) list the structural design parameters over which the antenna was simulated with Big Wheel
codes v2 and v3.

Due to the influence of petal length on the characteristics of the antenna, radiation pattern
and match were given the greatest weight in determining the final design. This is mostly due to
low degree of confidence in the simulation’s accuracy in predicting gain and knowing that as

long as the maximum gain is in the azimuthal gain and not the elevation, it will be positive (due
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to energy conservation [2]). As shown in Fig. 52 below, the azimuthal radiation pattern at

f = 435 MHz varied with loop length, with the smaller lengths producing the least deviation.

—l=08 !
—l=a |
— =143

Gain (dBi)

45 I | | | I
o 60 120 180 240 300 360
Azimuthal Angle ¢ (%)

Fig. 52 5-Petal Big Wheel Simulated with v2 Azimuthal Pattern vs Petal Length
(f = 435MHz)

Matching, and particularly the frequency at which the antenna is best matched, varied
significantly as loop length was varied. Figure 53 below shows how impedance match varied for

loop lengths of I = 0.9\, 1.0\, 1.1\ using the v2 simulation.
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We also needed to determine how varying the size of the central plates might assist

matching through use of our v3 simulation. Small plates had been used in Group 39’s original

prototype, and plates of comparable size dp = 11%6 in,s= 1

16

21, were considered first.

The impedance match of a wheel with this plate configuration simulated with v3 for [ = 0.9\,

1.0\, 1.1\ is shown in Fig. 54 below. The variation with loop length is much the same with

this simulation as was seen with the v2 simulation. However, as seen Fig. 50 above, v3

simulation was significantly more accurate than v2.
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Fig. 54 5-Petal Big Wheel with Small Plates Simulated with v3 Match vs Petal Length
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The same simulation was also run for a larger plate size (dp = 3wn). Figure 55 below

shows the results. The simulation suggests that increasing the size of the plates has the effect of
further improving the impedance match of the antenna, as well as shifting the frequency at which

1t best matched.
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Fig. 55 5-Petal Big Wheel with Large Plates Simulated with v3 Match vs Petal Length
(d, = 3in, s = Kﬁin)

Simulated impedances showed the 5-petal wheel antenna to have mostly imaginary
inductive input impedance. Its impedance varied significantly with petal size I. Figure 56 below
shows 5-petal wheel antenna’s Smith chart produced using v3 simulation. From the antenna’s
location on the Smith chart we can see that in theory a shunt (parallel) capacitor would match the
antenna. If the central plates were to behave as parallel-plate capacitor, their size could be

adjusted to match the input impedance, because they are in parallel with the petals.
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5.3 Prototype Dimensions

Based upon trends in simulation results, we concluded that a small petal length would not
only provide omnidirectionality well within specifications, but also the highest gain among the 5-
petal wheels. Further, both our v2 and v3 big wheel simulations suggested that at [ = 0.9\
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petal length the 5-petal antenna would be matched as well as, if not better than, other petal
lengths, and may also be natively tuned to be impedance matched within our desired operation
frequency. Therefore, we selected a 5-petal wheel having [ = 0.9\ as our final design to be
built as a prototype and measured.

Simulations suggest that this antenna has its peak gain within the azimuthal plane, as

shown by Fig. 57 below, which shows the antenna’s simulated (with v2) elevation radiation

pattern at f = 435MHz.

15° -15°

75° -75°

90°

-90°

105° -105°

165" _igpe 1657

| —Final Design @ 435 MHz|

Fig. 57 Prototype Simulated with v2 Elevation Pattern
(f = 435 MHz)

Although the antenna has relatively high gain above and below the azimuth, making it

almost isotropic, it shows very good omnidirectionality in the azimuthal plane, having a variation
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of only £ 0.06 dB in simulation. Figure 58 below shows the prototype’s simulated (with v2)

azimuthal radiation pattern for f = 435 MHz.

90°

180°

270°
| —Final Design @ 435 MHz |

Fig. 58 Prototype Simulated with v2 Azimuthal Pattern
(f = 435 MHz)

The prototype’s 3D radiation pattern simulated with v2 is shown at f = 435MHz in

Fig. 59 below:
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Fig. 59 Prototype Simulated with v2 3D Radiation Pattern
(f = 435 MHz)

As we had only a moderate degree of confidence in the accuracy of the impedance match
predicted by simulations, the match was expected to be the main challenge for the prototype. As

such, we requested that two sets of central plates be built, one having the dimensions used in the

previous 3-petal prototype (dp = 11%6 #n), and another of roughly twice the size

( dp = 32n) . We believed that these plates would act as parallel capacitors, which as discussed

in section 5.2 above, would bring the impedance of the antenna to within a close match to its
transmission line. By producing two plates, would could confirm this expectation and either

match the antenna or determine a more appropriate central plate size for future prototypes.
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Table 9 below contains the final dimensions of the produced prototype. See Fig. 22 (p.
42) for definitions of the structural parameters listed in Table 7. Appendix G (p. 126) contains an
illustration of how the central plates were constructed.

Table 9 Prototype’s Final Dimensions

Parameter Value
Plate Diameter 11
d =1—in = 1.68mn
p 16
Antenna Radius r = 8.34in
o
Interval Between Adjacent 1/ .
Parallel Legs h, = 2 m = 0.5
Total Petal Wire Length l = 24.42mn
Leg Length l, = 6.86in
Arc Angle Interval ~ = 6.5°
Arc Angle a = 59°
R Radi . .
ound Radius r = 58 in = 0.63in
Round Angle 0 =97°

83



6 Measurements and Analysis

The prototype was built to the general specifications that resulted from the optimization
discussed in section 5.2 (p. 74). The exact parameters of the physical prototype can be found in

section 5.3 (p. 79); an illustration of the central plates can be found in Appendix G (p. 126).

Figure 60 below is a photograph of the prototype, with small (dp = 11% 6 in) plates.

Fig. 60 Prototype with Small Central Plates Photograph '

6.1 Measured Impedance Match

Two pairs of central copper plates were manufactured for the prototype, the small pair

with diameter dp = 11%6 #n and the large pair with diameter dp = 3in. We made S,

measurements for the prototype antenna with both sets of plates, and compared to simulation.

Figures 61 and 62 below show the results of these measurements as compared to big wheel v3

simulation for appropriately sized plates.

' This photograph was taken by Dr. Herbert Aumann of MIT Lincoln Laboratory.
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Fig. 61 Prototype with Small Plates Measured vs Simulated with v3 Match
The dependence of the position on the Smith chart on the plates is shown in Fig. 63

below. The large plates did not act as expected at all, instead shifting the impedance away from

50€2. The spacing between the large plates was also adjusted from s = 1 16 mn to

s = 0.0902n but with no observable effect.

Based upon these results and further theoretical research, we determined that the central
plates do not act as parallel (shunt) capacitors and instead approximately act as a parallel-plate
transmission line.

When used as a transmission line, parallel plates may display both capacitive and

inductive behavior. Specifically, for a parallel-plate transmission line configuration in which "the
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plate width w

is large compared with the plate separation s''”

and “the skin depth & is small

compared to the thickness ¢ of the plates," [12] the following relations may be applied for the

capacitance and inductance of the transmission line respectively:

C’=€2
S
L:ui
w

701

— Experimental

— Simulation

(44
(=]
=

40:1

30:1

Voltage Standing Wave Ratio

]
o
=

10:1

VSWR = 211

Fig.

Frequency (MHz)

62 Prototype with Large Plates Measured vs Simulated with v3 Match

"' In Ludwig and Bretchko variable d is used, but in this report this variable is S.

(6.1)

(6.2)
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Fig. 63 Prototype Measured Smith Chart Dependence on Plate Size and Stub

Where pt is the permeability of the medium between the plates, €is the permittivity of

the medium between the plates, S is the plate separation and w is the width of the plates. [12]
Although the parallel-plate feed at the center of our prototype is not strictly a parallel-
plate transmission line, but rather a highly specific and more complex arrangement of a parallel-

plate transmission line, these relations of Egs. (6.1) and (6.2) still hold to some extent. The width
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of the plates is larger than the plate separation by a factor of roughly 25 and the plates have a
significant thickness (£ = 0.25%n) which will be much greater than the skin depth.

The complex geometry of the plates and connected elements makes direct application of
the equations defining parallel-plate transmission lines inaccurate at best. However, the results
may nonetheless provide a generalized view of the interactions in the parallel-plate construction.
Applying Egs. (6.1) and (6.2) theoretically predicts an inductance much higher than its
capacitance (by a factor of roughly 250), indicating why the parallel plates of the antenna acted

inductively. This means that central plates, at least in their current configuration (central parallel
circular plates dp = %6 in apart with Teflon spacers in between) cannot be used for

matching this prototype. Therefore, an alternative central configuration (see chapter 7, p. 99) is
required to tune the antenna.

Instead of matching with the plates as planned the antenna had to be single stub-matched
instead. An open stub when viewed at its input is a pure susceptance, and thus will move the
point clockwise along the line of constant conductance that the point is on. How far it moves the
point depends on the frequency of the point, which is why stub-tuning generally increases
frequency dependence of the antenna thus widening the Smith chart point group over a given
frequency band. Pozar [5] discusses Smith chart application for stub tuning in detail. A longer
open stub will move the point more. A shorted (shunt) stub is, when viewed at its input, a pure
reactance, and thus will move the point counterclockwise along the line of constant resistance.
Again, a longer shunt stub will move the point further and thus increase the antenna’s frequency
dependence.

Adding a stub means adding a T splitter to the transmission line feeding the antenna close

to the input of the antenna and then adding the stub to that T and changing its length. Adding that
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T means adding a length of a transmission line, which adds a delay and moves the point
clockwise along a circle of constant magnitude (thus not affecting the point’s VSWR but moving
it clockwise).

The effect of the stub used to tune the prototype can be seen on Fig. 63 above and Fig. 64
below. An very short open stub was used. Figure 65 below is the photograph of the tuning stub
used along with the T. The stub consists of an SMA-type gender changer, dual-male and female
SMA-T and dual-male SMA-L. An ideal stub would be slightly shorter than the resulting
configuration but these were the minimal lengths physically possible. The stub was attached right

under the antenna, between the SMA transmission line and type N to SMA converter.

301 T T T T T T

: : : — Without Stub : :
251 : : : ——With Stub : ; |

201

10:1

Voltage Standing Wave Ratio

e VSWR = 21

400 410 420 430 440 450 460 470 480 490 500
Frequency (MHz)

Fig. 64 Prototype Measured Match with Stub and without Stub
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Fig. 65 Prototype’s Tuning Stub Photograph'?
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Fig. 66 Damaged Prototype Measured Azimuthal Pattern
(f = 467 MHz, no stub)

'2 This photograph was taken by Dr. Herbert Aumann of MIT Lincoln Laboratory.



6.2 Measured Radiation Pattern

Measurements of radiation pattern were conducted in a tapered anechoic chamber after a
number of measurements of impedance match had been conducted. During these impedance
measurements, the prototype was disassembled to vary the size of the central plates, and in this
process the antenna was mechanically damaged. Initial measurements were made before we
realized that minor defects would have a significant impact upon the antenna’s azimuthal

radiation pattern. Figure 66 above shows the results of these measurements at f = 467 MHz.

Notice that all gain measurements given in this section are gain-calibrated unless specifically
stated otherwise.

Neither the omnidirectionality nor the shape nor the gain of this pattern agreed with
simulation. Upon inspection of the prototype, we found that a Teflon spacer used to prevent
petals from short circuiting was partially dislodged and that a number of petals were bent slightly
out of shape. The defects were repaired and new measurements conducted. Figure 67 below

shows a comparison of the new results to the previous results at f = 465 MHz.
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Fig. 67 Damaged vs Repaired Prototype Measured Azimuthal Pattern
(no stub)

The repairs resulted in a significant improvement in the antenna’s omnidirectionality,
although the pattern was still noticeably asymmetric. Figure 68 below shows azimuthal radiation
pattern measurements of the repaired antenna over a range of frequencies, f = 420, 440,
460, 480 and 500 MHz . Notice that the average azimuthal gain follows the match (see Fig.

61 above) and maxes out at f ~ 480 MHz.
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Fig. 68 Repaired Prototype Measured Azimuthal Pattern vs Frequency
(no stub)

We found little correlation between our simulations and experimental measurements.

Figure 69 below compares both the gain and azimuthal radiation patterns of simulation to

experimental results at f = 435, 450 MHz.
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Fig. 69 Repaired Prototype Measured vs Simulated with v2 Azimuthal Pattern
(no stub)

It is notable that the measured pattern is not a repetition of five nearly identical ripples
across the azimuthal angle range, which would be expected from its geometry. We suspect that
this is due to the mechanical imperfections causing the ripple, as opposed to the antenna’s
electrical structure. Therefore a more precise manufacturing - ideally machining the entire
structure out of a big copper workpiece — may be required to get the best omnidirectionality
possible.

We also measured the effect of both the stub matching system and a single square
reflector on the radiation pattern of the prototype. As shown by Fig. 70 below, the stub greatly

disturbed the pattern at f = 466 MHz, increasing ripple in pattern from = 0.4dB to

~ 1dB as compared to a measurement with no stub.
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Fig. 70 Repaired Prototype with Stub vs no Stub Azimuthal Pattern
(f = 466 MHz)

Figure 71 below shows a photograph of the metallic rectangular reflector that the antenna
was measured with. Due to time constraints, a circular reflector could not be manufactured, and
so the reflector the prototype was measured with is highly asymmetric. It was thus less than ideal
for an omnidirectional antenna, however, it still provided a way to test the effect of a single

reflector on the pattern.
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Fig. 71 Repaired Prototype with Rectangular Reflector Photograph '
(d = 0.5)\)

Figure 72 below compares the results of a single square reflector placed a distance

d = 0.5\ below the antenna to results with no reflector at f = 465 MHz. The reflector

performed as expected, increasing gain by = 1dB, although at the cost of pattern. This was
expected, as not only was a single reflector used, but it was square and thus introduced
asymmetry of its own. A more accurate consideration of the effect of reflectors upon the
azimuthal radiation pattern would require circular reflectors placed both above and below the
antenna. Also note that the reflector used was not grounded, just like the reflectors in simulation.

Prototype’s measured azimuthal gain as a function of frequency and azimuthal angle is

shown in Fig. 73 below.

' This photograph was taken by David Bruno of MIT Lincoln Laboratory.
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Fig. 73 Repaired Prototype Gain vs Frequency vs Azimuthal Angle
(no stub)
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6.3 Prototype Performance Summary

The manufactured prototype’s geometry was somewhat different from the simulated
model due to central plates and unavoidable mechanical imperfections introduced in
manufacturing and tweaking. However, its azimuthal pattern was still very omnidirectional,
having ripple of only = 0.4dB. More precise manufacturing and handling of the antenna
should help reduce ripple even more. Stub and reflector both increased the gain (due to match

and geometry variation respectively), both damaging the pattern. The prototype was measured to

be best matched at higher frequencies than expected: VSWR < 2 :1 at f € [470,476]MHz
with no stub and f € [468,486]MHz with stub. However, with VSWR limit lifted to
VSWR < 2.5 : 1 the antenna was measured to be matched at f € [466,485]|MHz with no
stub and f € [462,492]MHz with stub.

The prototype’s measured azimuthal gain peaked at just under 0dBi, which was
expected, as the antenna’s simulated radiation pattern is nearly isotropic. It also follows the
match, and thus increasing the match will increase the gain.

A single square reflector increased the gain but disturbed the pattern, increasing the
ripple. A circular reflector should increase the gain without disturbing the pattern, and dual

reflectors above and below the prototype should increase the gain even more.
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7 Conclusions and Recommendations

This chapter summarizes the outcome of this project.
7.1 Conclusions

After extensive consideration of antenna geometries and optimization of design
parameters, we produced a prototype 5-petal “big wheel” antenna with each petal length of
l = 0.9\ and parallel circular plates central configuration. According to all of our simulations,
S-petals is the minimum number of petals that can produce the omnidirectional pattern required.

The prototype antenna’s impedance match, azimuthal radiation pattern and gain were
measured experimentally. The antenna was found to be natively matched in a narrow band and at

a higher frequency than in simulation. Without a tuning stub the prototype had VSWR <2 : 1

at f €[470,476]MHz, but it also had VSWR < 2.5 : 1 at f € [466,485|MHz. Tuning
stub matched the antenna at f € [468,486]MHz for VSWR <2:1 and

f €[462,492]MHz for VSWR < 2.5 : 1.

This match could be improved with a parallel capacitor, and it was expected that the
central plates would act as one. However, these plates were found to be parallel-plate
transmission lines acting highly inductively instead.

The radiation pattern of the prototype was found to be highly sensitive to very minor
defects in construction. Although the measured pattern had little correlation to those predicted
our simulations, it was still very omnidirectional with a ripple of only +0.4dB.

The prototype’s gain was measured to be just under 0dBt at frequency of best match.
This agrees with simulation which predicts the 3D pattern to be nearly isotropic with the highest

gain being in the azimuthal plane. This gain was measured to improve by about 1dB after an
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addition of a rectangular reflector half a wavelength under the antenna’s azimuthal plane. The
rectangular reflector also increased the ripple to =~ +1dB.

7.2 Recommendations

The prototype’s measured performance proves that an optimized 5-petal big wheel
antenna can achieve the high omnidirectionality required. The biggest problem with this
configuration is the inherently poor match which requires added shunt capacitance to match the
antenna. Good match should also bring the antenna’s azimuthal gain to be positive.

It was found that parallel plate configuration used with the prototype did not help the
match but instead made it worse. The parallel plates added shunt inductance instead of acting
capacitively. Therefore, a central configuration is required that acts capacitively, and does not
require such high tolerances for both design manufacturing as the parallel plates do.

Figure 74 below shows one design that may have such properties. It has not been
manufactured and tested, and so we recommend that Group 39 does manufacture and test a
prototype with such central configuration. Assuming this configuration does act as a cylindrical
capacitor it can be easily tuned by adjusting the size of the cylinders and also adding and
removing dielectric rings (not shown in the figure) between the central cylinder and the grounded
shell. We think it will act as a cylindrical capacitor because in it the legs are oriented normally to
the potential-carrying surfaces, as opposed to parallel as is the case with the parallel central
plates that the prototype had. Here the size and the thickness of the shell can be varied more
easily than with the plates which will change the reactance of this configuration. If any matching
network is still required it can be placed between the grounded shell and the central cylinder and

thus will not affect the pattern as much as a stub located under the antenna’s azimuthal plane.
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"Hot" leg
(connected to
central cylinder)

Type 'N' connector here (grounded to shell, Insulating ceramic
central wire goes to central cylinder through the bushing
ceramic insulator between the shell and the cylinder)

Fig. 74 Suggested Capacitive Central Configuration for Future Prototype
(cutting section view)

Simulations suggested that increasing petal size tunes the antenna to a lower frequency
without considerably affecting the ripple as long as the petal length [ stays about one design
wavelength. Therefore, the next prototype should have larger petals since this project’s prototype
was tuned to a higher frequency than desired.

It may also be worth it to investigate other designs, particularly the curved dipole cross,
due to its phenomenal simulated performance. Dual reflector effect is worth investigating on the
5-petal prototype (even the currently existing one), as dual reflectors (especially if brought closer
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to the antenna than half a wavelength) can act capacitively and help match the antenna while
decreasing the ripple by redirecting more energy into the azimuthal plane. The reflectors have to
be circular as a rectangular reflector was found to disturb the pattern.

Finally, a design that was suggested at the beginning of the project although never
considered is two stacked 60° offset 3-petal wheels. This design was not considered due to
complexity and bulkiness, but given the highly periodic shape of 3-petal wheels’ measured
performance it is worth investigating. Alternatively, the wheels can be placed without offset and
fed 180° out of phase. However, 5-petal wheel with a different central configuration than parallel
plates should be given higher priority since it is mechanically simpler, requires only 1 feed, and

is much more omnidirectional than a single 3-petal wheel.
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8 Glossary

This section contains a collection of terms common in RF circuit and antenna design
which are used in this project. When a term is first used in the main text it is italicized.
Absolute Gain: A measure of the radiation intensity, in a given direction, obtained over that
expected from an isotropic radiator, while taking into account losses endured due to impedance

polarization mismatches. [2] (See Gain below). Absolute gain is given as:
Gaps (6,0) = &G(6,9) (7.1)
Where G( 0, ) is gain and € is total antenna efficiency.

Anechoic Chamber: “The walls, ceiling and floor of an anechoic chamber are covered
completely with absorbing material. An anechoic chamber simulates a reflectionless free space
and allows all-weather antenna measurements in a controlled laboratory environment. In an
anechoic chamber, the test area is isolated from interfering signals much better than at outdoor
ranges. The isolation can be improved further by shielding.” [16]
Antenna: “That part of a transmitting or receiving system that is designed to radiate or to
receive electromagnetic waves.” [1]
Beamwidth: “The angular separation between two identical points on opposite side of the
pattern maximum.” [1, 2]
Half-Power Beamwidth (HPBW): “In a radiation pattern cut containing the direction of
the maximum of a lobe, the angle between the two directions in which the radiation
intensity is one-half the maximum value.” [1]
Bandwidth of an Antenna: “The range of frequencies within which the performance of an

antenna, with respect to some characteristic, conforms to a specified standard.” [1]
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Decibel (dB): “One tenth of the common logarithm of the ratio of relative powers, equal to 0.1
B (bel). The decibel is the conventional relative power ratio, rather than the bel, for expressing
relative powers because the decibel is smaller and therefore more convenient than the bel.” [6]
The relative power in decibels is determined as:

Where dim is the dimensionless ratio of powers and dB is the relative power in decibels.
Directivity: “The ratio of the radiation intensity in a given direction from the antenna to the

radiation intensity averaged over all directions.” [2] Directivity is given as:
U(e
D(6,¢) = 4nZ 0P (73)

Where U( 0, ) is radiation intensity and B, is total radiated power.

Far-Field (Fraunhofer) Region: “That region of the field of an antenna where the angular field
distribution is essentially independent of the distance from the antenna. For an antenna focused
at infinity, the far-field region is sometimes referred to as the Fraunhofer region on the basis of
analogy to optical terminology.” [2]
Field Vector:
Circularly Polarized Field Vector: “At a point in space, a field vector whose extremity
describes a circle as a function of time.” [1]
Elliptically Polarized Field Vector: “At a point in space, a field vector whose extremity
describes an ellipse as a function of time.” [1]
Linearly Polarized Field Vector: “At a point in space, a field vector whose extremity

describes a straight line segment as a function of time.” [1]
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Gain: “The ratio of the intensity, in a given direction, to the radiation intensity that would be
obtained if the power accepted by the antenna were radiated isotropically.” “Gain does not
include losses arising from impedance mismatches (reflection losses) and polarization

mismatches (losses).” [2] (See: Absolute Gain above). Gain is given as:

G(6,0) = 4«@ (7.4)

Where U( 0,¢) is radiation intensity and P, is total input power.

Ground Plane: “A conducting or reflecting plane functioning to image a radiating structure.” [1]
Impedance: “The total passive opposition offered to the flow of electric current. Impedance is
determined by the particular combination of resistance, inductive reactance, and capacitive
reactance in a given circuit. Impedance is a function of frequency, except in the case of purely
resistive networks.” [4] Complex impedance is a phasor given by:

Z =R+ 33X (7.5)
Where Z is the total impedance phasor, R is the resistance, and X is the reactance of the
circuit. (See Reactance below).
Input Impedance: “The impedance presented by an antenna at its terminals or the ratio of the
voltage to current at a pair of terminals or the ratio of the appropriate components of the electric
to magnetic fields at a point.” [2]
Isotropic Radiator: “A hypothetical lossless antenna having equal radiation in all directions.”
[1]
Omnidirectional Antenna: “An antenna having an essentially non-directional pattern in a given

plane of the antenna and a directional pattern in any orthogonal plane.” [1]
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Omnidirectivity: The degree to which an antenna approximates an ideal omnidirectional
antenna. (See: Omnidirectional Antenna above).

Polarization Loss Factor (PLF): A measure of the energy loss associated with the mismatch in
polarization between a transmitting and receiving antenna. [2] For a perfectly matched
arrangement, the loss factor is unity. PLF is a dimensionless quantity. Polarization Loss Factor is

given as:
2
PLF = ‘cos ( Py )‘ (7.6)
Where 1)y, is the angle between the unit vectors of the receiver’s and the wave’s electric fields.

Polarization of an Antenna: “In a given direction from the antenna, the polarization of the wave
transmitted by the antenna.” [1] (See: Polarization of a Wave below)

Polarization of a Wave: “That property of an electromagnetic wave describing the time-varying
direction and relative magnitude of the electric-field vector; specifically, the figure traced as a
function of time by the extremity of the vector at a fixed location in space, and the sense in
which it is traced, as observed along the direction of propagation.” [2]

Polarization Pattern: “The spatial distribution of the polarizations of a field vector excited
(radiated) by an antenna taken over its radiation sphere.” [1]

Radiating Near-Field (Fresnel) Region: “That region of the field of an antenna between the
reactive near-field region and the far-field region wherein radiation fields predominate and
wherein the angular field distribution is dependent upon the distance from the antenna. If the
antenna has a maximum dimension that is not large compared to the wavelength, this region may
not exist. For an antenna focused at infinity, the radiation near-field region is sometimes referred

to as the Fresnel region on the basis of analogy to optical terminology.” [1]
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Radiation Intensity: “The power radiated from an antenna per unit solid angle.” [2] The

radiation intensity is given as:

2

2—|E(’I°, 09 ¢)|2 (7.7
n

U(6,¢) =

Where 1 is the intrinsic impedance of the medium and E (7,60, @) is the far-zone electric-field

intensity of the antenna.
Radiation Lobe: “A portion of the radiation pattern bounded by regions of relatively weak
radiation intensity.” [2]
Back Lobe: “A radiation lobe whose axis makes an angle of approximately 180° with
respect to the beam of an antenna. By extension, a radiation lobe in the half-space
opposed to the direction of peak directivity.” [1]
Major Lobe: “The radiation lobe containing the direction of maximum radiation.” May
also be called a main lobe. [1]
Minor Lobe: “Any radiation lobe except a major lobe.” [1]
Side Lobe: “A radiation lobe in any direction other than the intended lobe.” [2] Most
commonly found adjacent to the major lobe and occupying the hemisphere containing the
direction of primary radiation. [2]
Reactance: The imaginary component of impedance due to inductive and capacitive elements.
[4] (See Impedance above). Inductive elements add imaginary impedance and capacitive
elements subtract imaginary impedance. Inductive reactance is given by:

X; = wL (7.8)
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Where Xj, is the inductive reactance, w is the angular frequency of the signal, and L is the
inductance of the inductor. Inductive reactance is always positive. Capacitive reactance is given

by:
Xec=—— (7.9)

Where X is the capacitive reactance, w is the angular frequency of the signal, and C' is the

capacitance of the capacitor. Capacitive reactance is always negative. Overall reactance of the
circuit is given by:

X=X+ X¢ (7.10)
Reactive Near-Field Region: “That portion of the near-field region immediately surrounding
the antenna wherein the reactive field predominates.” [1]
Reflection Coefficient: “The amplitude of the reflected voltage wave normalized to the

amplitude of the incident voltage wave.” [5] Reflection coefficient is given by:

4y —Zg
- Zp + Zg

(7.11)
Where Zp, is the impedance towards the source at the interface, and Zg is the impedance
towards the source. Power reflected is expressed in terms of | I'|, absolute reflection coefficient.
|I’| = 1 means total energy propagation, and |I'| = 0 means total reflection.

RF: Radio frequency, refers to the spectrum of electromagnetic waves that can be generated and

received using antennas. Specifically, it’s the spectrum of frequencies between 10* Hz to

10" Hz. An RF-circuit is a circuit used to generate and / or process signals in that frequency

spectrum. [9]
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Ripple: Maximum variation in an antenna’s omnidirectional pattern across a plane. For example,
if an antenna’s azimuthally omnidirectional to within 30.5dB, it is said that its ripple is
0.5dB and thus the peak to valley variation is 1.0dB

Structural Design Parameters: A structural design parameter is a quantity that describes the
shape of the antenna (more generally — of any structure). The number of design parameters
needed to unambiguously describe the antenna’s shape corresponds to the number of degrees of
freedom in that antenna’s shape. Antenna’s geometry is calculated from its design parameters.
[17]

Transmission Line: “The material medium or structure that forms all or part of a path from one
place to another for directing the transmission of energy, such as electric currents, magnetic
fields, acoustic waves, or electromagnetic waves. Examples of transmission lines include wires,
optical fibers, coaxial cables, rectangular closed waveguides, and dielectric slabs.” [6]

Ultra High Frequency (UHF): “Frequencies from 300 MHz to 3000 MHz.” [6]

Voltage Standing Wave Ratio (VSWR): “In a transmission line, the ratio of maximum to
minimum voltage in a standing wave pattern. VSWR is a measure of impedance mismatch
between the transmission line and its load. The higher the VSWR, the greater the mismatch. The
minimum VSWR, that which corresponds to a perfect impedance match, is unity.” [6]

1+ |T|

VSWR =
1-||

(7.12)

Where |I| is the absolute value of the reflection coefficient (see Reflection Coefficient

above).
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Appendix A: MATLAB Code for Electrically Small Circular

Loop NEC File Generation

See sections 3.1.1 (p. 35) and 4.1 (p. 44) for information on how this code was used in
this project. See Fig. 17 (p.36) for definition of all the geometric input and calculated variables.
The geometric variables that were not design parameters were calculated from the design

parameters based on the following equations (all derived from how the geometry of the loop was

restricted):
l
To = —
T
2s S-T
13=—=— Al
B o ] (A.1)
a:27r—ﬁ:27r—¥

Notice that angles are measured in radians in all of the above equations.

MATLAB file loop.m provided with this report can be used to create NEC file describing
the ESCL. Inputs that the simulation requires are listed in Table 4 (p. 37). Table 10 below
contains the variable names used in loop.m MATLAB code.

See the comments in the loop.m code file for more details on Electrically Small Circular
Loop simulation.

Notice that this code, like the rest of the simulation codes written over the course of this
project, allows for an addition of a module that adds reflectors of different geometries. See
Appendix F (p. 124) for a description of the reflector code.

The variables described here are geometric. All curved wires are regressed by finite size

straight wire elements; see the loop.m file for details on how this is done.
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Table 10 Variable Names Used in Electrically Small Circular Loop Code

Variable Symbol | Variable Name in MATLAB Code

Irad

wavel
looplength
2*pi-aint
aint

wdiam
lengthint

® || QRIQ|~|>| 3
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Appendix B: MATLAB Code for Curved Dipole Cross NEC

File Generation

See sections 3.1.2 (p. 37) and 4.2 (p. 50) for information on how this code was used in

this project. See Fig. 20 (p. 39) for definition of all the geometric input and calculated variables.

The geometric variables that were not design parameters were calculated from the design

parameters based on the following equations (all derived from how the geometry of the crossed

dipoles was restricted):

Solving Egs. (B.1) yields:

—
I

2

oﬁ

(03 ==

+ a=
17 & (B.1)
2r, + 21, =1

I, = oo,

X 313

—

7L
o= —
l " (B.2)
2-(1—|—a)

ol
2-(1—|—a)

o,

Notice that angles are measured in radians in all of the above equations.

MATLAB file cdec.m provided with this report can be used to create NEC file describing

the Curved Dipole Cross. Inputs that the simulation requires are listed in Table 5 (p. 39). Table

11 below contains the variable names used in cdc.m MATLAB code.
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Table 11 Variable Names Used in Curved Dipole Cross Code

Variable Symbol | Variable Name in MATLAB Code
r orad
n ndipoles
A wavel
l dipolelength
l, arclength
(87 arcangle
Y aint
B adipolestep
w wdiam
s platespace

See the comments in the cde.m code file for more details on Curved Dipole Cross
simulation.

Notice that this code, like the rest of the simulation codes written over the course of this
project, allows for an addition of a module that adds reflectors of different geometries. See
Appendix F (p. 124) for a description of the reflector code.

The variables described here are geometric. All curved wires are regressed by finite size

straight wire elements; see the cdc.m file for details on how this is done.
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Appendix C: MATLAB Code for “Big Wheel” vl NEC File

Generation

See sections 3.1.1 (p. 35) and 4.3 (p. 59) for information on how this code was used in
this project. See Fig. 21 (p. 40) for definition of all the geometric input and calculated variables.

The geometric variables that were not design parameters were calculated from the design
parameters based on the following equations (all derived from how the geometry of the wheel

was restricted in v1 simulation):

d
r=-2
¢ 2
2
e--()
2
{21, +2L +1, =1 (C.1)
aty=p0
I, =7 -«
27
g=""
| n

Solving Egs. (C.1) yields Egs. (C.2):
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d
n=y
27
==
n
27
oa=——7
n

%[”J[Z;}lj;lz]“l?l
lalmJ[éi*[:r[]z; et

Notice that angles are measured in radians in all of the above equations.

MATLAB file bigwheell.m provided with this report can be used to create NEC file
describing the Big Wheel v1. Inputs that the simulation requires are listed in Table 6 (p. 41)
Table 12 below contains the variable names used in bigwheell.m MATLAB code.

See the comments in the bigwheell.m code file for more details on Big Wheel vl
simulation.

Notice that this code, like the rest of the simulation codes written over the course of this
project, allows for an addition of a module that adds reflectors of different geometries. See

Appendix F (p. 124) for a description of the reflector code.
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The variables described here are geometric. All curved wires are regressed by finite size

straight wire elements; see the bigwheell.m file for details on how this is done.

Table 12 Variable Names Used in Big Wheel vl Code

Variable Symbol

Variable Name

in MATLAB Code

T

irad

orad

platediam

npetals

wavel

looplength

conlength

arclength

leglength

arcangle

aint

apstep

wdiam

® |8 | WL |~ ™| o™ |~ >3 | &3

platespace
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Appendix D: MATLAB Code for “Big Wheel” v2 NEC File

Generation

See sections 3.2 (p. 41) and 5.1 (p. 70) for information on how this code was used in this
project. See Fig. 22 (p. 42) for definition of the geometric input and calculated variables.
There are several other geometric variables that are not in Fig. 22 (p. 42). These variables

are not useful for construction but help in simulation; they are given in Fig. 75 below:

Petal wire

} Dimension Line

Fig. 75 Big Wheel v2 Supplementary Geometric Variables
The geometric variables that were not design parameters were calculated from the design
parameters based on Egs. (D.1), all derived from how the geometry of the wheel was restricted in

v2 simulation).
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(20 +21. +1, =1

L, = a1,
2v+a=p0
_ 2w
n
p=
¢ 2
=09,
po e
2
|7 =B+ (= k)
T
+I-5
K 2
2
(r,=k)+4) +(h+n) =(r,—5)
_ htr
77 tan(5)
g—(n—k)=1 D.1)
2
o]
2
7 =g+ (n,+h)
The following variables can be immediately calculated from the given variables
— 27
g=""
n
=
’ 2
_h
Jh= 9 (D.2)
2 2
Sopr
2 2
2 2
S Y AN
L 2 2 2
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Which after substitution and simplification reduces the system to:

bl 3o

%_ %_\/[%]2_[%]2 +1 +[%+7;,]2=(%—7})2 (D3)
o (d, > (Y
£L§f'7_f%_ﬂ%4_'%] ~
i) + 5+

tan 2 —1 (D.4)
nsin(qy) + 7, + 2
2m 2
+ [— — 2y
n sin ()

Equation (D.4) is not solvable analytically. Therefore, MATLAB’s numerical function

fminbnd() was implemented to minimize the following function f( fy) :

By R m
ficz- =t

flvy) =
5 nsin(qy) + 7, + 2

(D.5)

fminbnd() is based on golden section search and parabolic interpolation, and always

converges as it does not use derivatives. [18, 19] This is why it was used instead of regular
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solving functions — due to the nature of f( fy) , most algorithms are not guaranteed to converge

for it. This method approximates the location of the function’s minimum which approximates “y.

After finding ~y the following equations can be used to find the rest of the variables:

as?
b, —
ll‘[tirjw)]:ﬂ? 3]
o=t (4 3]
LR RTINS
5:7+§
=)
_'f;sin('y)+n+’;2
. sin(~) (D.6)
,_[__2] nsin(y) 7, +

sin (~)
To summarize, Egs. (D.2) and (D.6) can be used to compute all the geometric variables
which are not design parameters when design parameters are given and -y is found using the

method of Eq. (D.5).

Notice that angles are measured in radians in all of the above equations.
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MATLAB file bigwheel2.m provided with this report can be used to create NEC file
describing the Big Wheel v2. Inputs that the simulation requires are listed in Table 7 (p. 42).
Table 13 below contains the variable names used in bigwheel2.m MATLAB code.

Table 13 Variable Names Used in Big Wheel v2 Code

Variable Symbol | Variable Name in MATLAB Code
l looplength
n npetals
d; platediam
T, roundrad
h, legint
S platespace
w wdiam
L leglength
L roundlength
L, arclength
a arcangle
r orad
T irad
Y arcinitangle
I6] apstep
o roundangle
k Idiff
h halflegint
g roundleglength
L conlength
m crad

See the comments in the bigwheel2.m code file for more details on Big Wheel v2

simulation.
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Notice that this code, like the rest of the simulation codes written over the course of this
project, allows for an addition of a module that adds reflectors of different geometries. See
Appendix F (p. 124) for a description of the reflector code.

The variables described here are geometric. All curved wires are regressed by finite size

straight wire elements; see the bigwheel2.m file for details on how this is done.
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Appendix E: MATLAB Code for “Big Wheel” v3 NEC File

Generation

See sections 3.2 (p. 41) and 5.1 (p. 70) for information on how this code was used in this
project. See Fig. 22 (p. 42) for definition of the geometric input and calculated variables.

Big Wheel v3 geometry is the same as v2’s (see Appendix D, p. 117), except for the
variable lc which does not get used. This is because instead of connectors there are parallel

central plates approximated with finite square element circular grids. See the MATLAB file
bigwheel3.m for more details.
Figure 76 below shows the prototype antenna (see the description of it in section 5.3, p.

79) simulated using Big Wheel v3 code.

Fig. 76 Prototype Simulated with v3 3D Rendering
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Appendix F: MATLAB Code for Reflector NEC File Generation

As part of this project, a MATLAB code was developed to generate NEC-2 code
describing reflectors of several different geometries. This code is in the MATLAB file
reflector.m distributed with this report. The code does not run on its own, and is instead made to
be copied and pasted into other MATLAB codes used for creation of NEC-2 files, such as
loop.m (see Appendix A, p. 110), cde.m (see Appendix B, p. 112) or bigwheel2.m (see Appendix
D, p. 117).

The file reflector.m contains all the descriptions necessary to use the reflector simulation
code. Figures 77, 78 and 79 below show the types of reflectors the code can be used to simulate.
In this project, mainly circular reflectors with rectangular mesh were used for curved dipole
cross simulations. This is because they showed what we deemed was the most realistic pattern

(although none of the reflector simulations were truly tested experimentally).

Fig. 77 Rectangular Mesh Square Reflector 3D Rendering
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Fig. 78 Rectangular Mesh Circular Reflector 3D Rendering

Fig. 79 Radial Mesh Circular Reflector Rendering
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Appendix G: Central Plate lllustration

Figure 80 below illustrates the central plates that were used for both Group 39’s 3-petal

and the 5-petal prototypes.

Ground Plate Adjacent parallel legs

Fig. 80 Central Plate Configuration Illustration
The Type N female coaxial connector was grounded to the bottom plate with the

(insulated from the ground plate) central spike going through the plate and connecting to the top
plate. %6 #n Teflon spacers were used to insulate the legs from the plates that they were

supposed to be insulated from. The plates were held together with 3 to 5 bolts that ran through

the plates and were insulated from the “hot” plate using plastic bushings.
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The main problem with this configuration was the interval between plates is only the

thickness of the spacers, which is just %6 #n. This made the plates very difficult to tweak and

work with, and also made the configuration very sensitive to impact and reassembly.

The plates were made of copper, same as the legs.

One of the recommendations of this project is to replace the central parallel plate
configuration with a more durable and less sensitive one. See chapter 7 (p. 99) for one suggested

configuration.
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