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Abstract

Conventional twedimensional phased arrays face two major shortcomings: the presence of
ambiguities in direction of arrival measurements and beam broadening endfire effects. The
literature provides methods for addressing and minimizing these problerosv@ntonal
planar phased array structures, but there has been no investigation into solving these issues with
threedimensional geometries. In this thesis, the design and performance of a cubic phased array
that can eliminate endfire effects and dramdtigenprove direction of arrival ambiguity
resolution is investigated. Both beamforming and direction of arrival simulations are performed
in MATLAB and 4nec2 simulation environments for cubic phased arrays of various sizes and at
different frequencies amtemonstrate that the endfire effects are eliminated and direction of
arrival ambiguity resolution is dramatically improved. These findings are expected to lead to new

designs of high fidelity thredimensional phased arrays.
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General AudienceAbstract

Conventional twedimensionalflat, planeantennaarrayshave revolutionized how sensing
and detection systems perform. These systems, howagertwo major shortcominghie to
t h e i rgednktty Bhe computation that determines the direction from which an object is
approaching or a signal has been tratteahiwill have two solutions that are opposite each other
in the same way that the polynomial expressfon %2 or-2 has two solutions that are opposite
each other. This is known as the ambiguity problem and presents major uncertainty in direction
finding or direction of arrival masurement§ he second major shortcomihgs to do with
transmitting a signal at different directions. The antenna elements in the array are stationary, but
the beams that each element transmits can be aimed in specific dgdxticontrolling the
phase of the voltage sources for each respective antenna. This is why it is called a phased array.
When every element is transmitting directly forwatds known as broadside. As the voltage
sources for the elements are shiftedsteered, away from this direction, it is known as beam
steering. When the beam is steered 90 degrees from the broadside direction, the beams of one
columnof elements are actually transmitting into the rettmnof elementseffectively
transmitting oubf a onedimensional line arrayThis is known as endfire and has significant
negative effects that aoften desired to bavoided.

Current scientific literature provides methods for addressing and minimizing these problems

on conventionalwo-dimensionaplanar phased array structures, but there has been no



investigation into solving these issues with thd@aensional geometries. this thesis, the

design and performance of a cubic phased asrpyesented. The cubic phased arlayiaates
endfire effectentirelybecause each face of the cube is identical; when transmitting at 90
degrees off broadside, thansmit area of the celis identical to that of the broadside direction.
The cubic geometry alstramatically improvethedirectionfinding processBy introducing a

third dimension, the mathematics can more precisely determine the direction from which the
object or the signas coming, thus dramatically decreasing the ambiguity simply as a function of
geometry.

Both beansteeringand direction of arrival simulations are performed in MATLAB and
4nec2 simulation environments for cubic phased arrays of various sizes andrantiff
frequencies. This demonstrates that the endfire effects are eliminated and direction of arrival
performance is dramatically improved. These findings are expected to lead to new designs of
high fidelity threedimensional phased arrays for a multited@pplications, especially for space
applications where the threlfmensional geometry has the added benefit of resothimg

requirements for compensation for the tumbling motion of objects in orbit.



Acknowledgements

| would first like to thank my advisor Dr. Jonathan Black for his support by allowing me to
perform my Master of Science research work with him and his group at the National Security
l nstitute. Working i n [Radive, teArhwvorokedtsd, agdegciing wa s
experience. | would also like to express my sincerest thanks to Dr. Kevin Schroeder and Dr.
Mantu Hudait for serving as my committee members. Dr. Schroeder was there with me every
step of the way, providing constanentorship. This support was instrumental in my success in
completing my degree and writing this thesis.

Next, | would like to extend a thanks to my colleagues at the National Security Institute at
Virginia Tech. Without the assistance provided by Nicigke, the design and fabrication of the
array in this thesis would have been impossible. Nick produced the CAD models of the array
used in this thesis. A very special thanks to Zachary Leffke and Carson Horne for their constant
support, instruction, frierghip, and mentorship. | would also like to thank Dr. Joseph Gaeddert
for his assistance with DOA algorithms. Without his assistance, this thesis would not have been
completed.

Lastly, I would like to thank all of my friends, family, and community membmrtheir
uncompromising and nevending support and encouragement throughout my program. | would
have burned out long before | reached the conclusion of this work if it were not for each and

every one of them.



Table of Contents

Abstract I
General Audience Bstract 1\
Acknowledgements v
Table of Contents Vi
List of Figures X
List of Tables XVii
Chapter I' Motivation and Introduction 1
1.1 Motivation of the Research 1
1.2 Problem Statement for the Thesis 3
1.3 Approach 3
1.4 Thesis Outline 4
Refaences 4
Chapter 2 Background Information and Literature Review 6
2.1 Basic Principles and Terminology 6
2.1.1 Coordinate Systems 6
2.1.2 Electromagnetic Wave Basics 7
2.1.3 Plane Wave and Phase Front 9
2.1.4 Near Field vs Far Field 10
2.2 Antenna Theory 11
2.2.1 Electromagnetic Radiation 11
2.2.1.1 Maxwell 6s Equations 11
2.2.1.2 Maxwell 6s Equations and Radiladati on I
2.2.2 Element Types 17
2.2.2.1 Line Sources 17
2.2.22 Ideal Dipole Elements 19
2.2.2.3 Short Dipole Elements 22
2.2.2.4 Ha¥Wave Dipole Elements 24
2.2.2.5 Long Dipole Elements 26
2.2.3 Antenna Patterns 28
2.2.3.1Directivity and Gain 33
2.2.3.2 Polarization 35
2.3.3.3 Reciprocity 36

Vi



2.3 Electrically Steered Arrays 36

2.3.1 Array Radiation and Pattern 36
2.3.2 Array Conventions and Properties 40
2.3.2.1 Conventional Array Geometries 40
2.3.2.2 Broadside and Endfire 41
2.3.2.3 Element Spacing, Grating Lobes and Aperture Size 42
2.3.3 Practical Phased Array Operation 44
2.3.3.1 Wave Propagation through Array Elements 45
2.3.3.2 Beamforming vs Beam Steering 47
2.3.3.3 Direction of Arrival 50
2.3.3.4Ambiguities in Direction of Arrival 54
2.3.4 Mutual Coupling Effects 55
2.4 HF Fundamentals 57
2.4.1 Frequency Spectrum 57
2.4.2 lonospheric Effects on HF Signals and Electromagnetic Propagation 59
Refaences 60
Chapter 3 ThreeDimensional Array Design and Geometry 66
3.1 Geometry Selection 66
3.2 Cubic ThreeDimensional Geometry Design 67
3.2.1 Detailed Analysis of Cubic Arrétructure Design 69
3.2.2 HF Cubic Geometry Considerations 72
3.2.3 Array Element Specifications 74
3.2.4 Design Pros and Cons 75

3.3 Geometric Terms 76
3.4 Predictions of Cubic Thrd@imensional Geometry Performance 76
Chapter 4 Array Design Simulations 80
4.1 Modeling Software Selection and Assumptions 80
4.1.1 MATLAB 80
4.1.2 4nec2 80
4.1.3 4nec?2 Limitations 82
4.2 ThreeDimensional Array Configuration Software Models 82
4.3 30 MHz Simulations 84

Vil



4.31 Beamforming Simulations
4.32 Direction of Arrival Simulations
4.33 Mutual Coupling Efécts
4.4 10.34 MHz Simulations
4.41 Beamforming Simulations
4.42 Direction of Arrival Simulations
4.43 Mutual Coupling Effects
4.5 Comparison of the 30 MHz and the 10.34 MHz Configurations
4.51 Beamforming Simulations
4.52 Direction of Arrival Simulations
4.53 Mutual Coupling Effects
Refaences
Chapter 5 Results and Discussion
5.1 30 MHz Simulations
5.1.1 Beam Pattern Results
5.1.1.1 Broadside vs Endfire
5.1.1.2 CorneEdge (Azimuth, Elevation) = (45, 0)
5.1.2 Direction of Arrival Results
5.2 10.34 MHz Simulations
5.3 Mutual Coupling Effects
5.4 Full System Simulation
5.5 Full System Results and Discussion
Chapter6 i Summary and Future Work
6.1 Summary
6.2 Results Summary
6.3 Future Work
6.3.1 Utilize Other Geometries
6.3.2 Implement More Advanced DOA Algorithms
6.3.3 Hexapole Element and Polarization
6.3.4 RFIC Switch Implementation for Tunability
6.3.5 Implementing Different Antenna Elements
6.3.6 lonospheric Modeling and Effects

84
88
90
92
93
94
94
95
96
99
99
100
101
101
101
101
102
103
104
104
105
110
112
112
112
113
113
114
115
116
117
117

viii



6.3.7 Chamber Measurement and Characterization
6.3.8 ThreeDimensional Effective Aperture Study
Refaences
AppendixA 1 Simulation Results
A.130 MHz Simulations
A.1.1 Array Pattern Simulations
A.1.2Beamforming Simulations
A.1.21 Beamforming Simulations at (Azimuth, Elevation) = (0,0)
A.1.2.2 Beamforming Simulations at (Azimuth, Elevation)98,0)
A.1.2.3 Beamforming Simulations at (Azimuth, Elevation)45,0)
A.1.3Mutual Coupling Effects
A.2 10.34 MHz Simulations
A.2.1 Array Pattern Simulations
A.2.2 Beamforming Simulations
A.2.2.1 Beamforming Simulations at (Azimuth, Elevation) = (0,0)
A.2.2.2 Beamforming Simulations at (Azimuth, Elevation)98,0)
A.2.2.3 Beamforming Simulations at (Azimuth, Elevation)45,0)
A.2.3 Mutual Coupling Effects
A.3 Comparison of the 30 MHz and the 10.34 MHz Configurations
A.3.1Array Pattern Simulations
A.3.2Beamforming Simulations
A.3.21 Beamforming Simulations at (Azimuth, Elevation) = (0,0)
A.3.22 Beamforming Simulations at (Azimuth, Elevation)38,0)
A.3.2.3 Beamforming Simulations at (Azimuth, Elevation)45,0)
AppendixB i Prototype of Cubic Array
B.1 Prototype Constraints and Approach
B.2 Prototype Design and Fabrication
B.2.1 Probtype Resonance Performance
B.2.2 Digital Processing Architecture
B.3 Laboratory Modifications
B.4 Reconfiguration of Prototype Design

117
118
118
119
119
119
121
101
101
126
128
132
132
133
133
134
135
136
136
136
138
138
140
142
145
145
145
149
149
150
152



List of Figures

Figure 1.1 The (a) Arecibo Observatorydi telescope and (b) Long Wavelength Array.
Figures taken from [9] and [11].

Figure 2.1 Coordinate System fazimuth«) and el evation (d) used fo
adapted fromgjwith(¢) and (d) swapped.

Figure 2.2 Electromagnetic wave propagation. Image taken fi@m [

Figure 2.3 Polarizations of electromagnetic waves with propagation direction out of the page.
Image reproduced fronif].

Figure24Vect ors for radiation problems with Maxwe
[11]-[12].

Figure 25 Geometry foifar field calculations of a-glirected line sourcdzigure aapted from
[11].

Figure 2.6 Geometry used for field calculations of the ideal dipole. Figure adapted Tddm [

Figure 2.7 Current distributions for the ideal dipole (a), the short dipole (b), and thevha#
dipole (c). Figure adapted frorh]].

Figure 2.8 Example resonance curve for Ralave dipole antenna. Figure adapted fr@9j.[
Figure 2.9 Current distributions on dipole antenna of various lengths. Figure taken3ghm [

Figure 2.10 The (9 E-plane radiation pattern, (b)-plane radiation pattern, and (c) three
dimensional radiation pattern of a single haive dipole in 4nec2 simulation software.

Figure 2.11 Radiation power pattern of a 4x4 rectangular array in (a) polandinates and (b)
cartesian coordinates. Figure generated in MATLAB.

Figure 212Vi s u a l represent atAwthmrespett tolamtesnma padterd i d an gl
directivity. Figure taken from31].

Figure 2.13A line array of n zdirected line sources. The first element is centered at the origin.
The distance between the centers of adjacent line sources is d. Figure adaptéd]from [

Figure 2.14 Examples of array configurations: (a) line arrays, (b) rectangular arrays, (c) circular
arrays, and (d) hexagonal arraygjure generated in MATLAB.

Figure 2.158x8 URA normalized radiation power pattern at (a) broadside and (b) endfire in
rectangular coordinates. Figure generated in MATLAB.

Figure216Radi ati on power patt er nspaciagtand(diferingbr oadsi d
number of elements, (b) broadside with fixed 4x4 array size and differing element spacing, (c)



endfire with fixed &/ 2 spacing and differing
size and differing element spacing. Figgenerated in MATLAB.

Figure 2.17 Incident plane wave propagating through aelement unifornlinear array
arranged in the d did47ecti on. Figure adapted f

Figure 2.18lllustration of beamforming. Figure taken frosb].

Figure 2.19 DOA spectra comparisons for a 4x4 URAwith#&) 2 spacing and (b)
Figure generated in MATLAB.

Figure 220DOAPowers pect rum of a 4x4 URA with &/ 2 spac
measurement. The incident signal is located at an azimuth of (a) 35 (b) 65 and (c) at 90 (endfire).
The ambiguity and the incident signal converge at endfire.

Figure 2.21 The electromagnetic spectrum. Figure taken frégp [
Figure 3.1 Proposed array design forepace assembled HF radio telescope
Figure 3.2 4x4x4 64elementarray design ofa) all x-, y-, and zaxes andb) on the YZ plane

Figure 3.3 4x2x4 32-elementarrayreconfiguration of the 4x4x4 édlementarrayfrom Figure
3.20n (a) all %, y-, and zaxes and (b) on the YZ plane

Figure 34 Ten 30 MHz elements combine with nine spacers to form a single element at 3 MHz

Figure 35 A single face of a 39x39x39 spacer cube that can be configured into (a) a 2x2x2 8
element 3 MHz cuber (b)a 20x20x20 800@lement 30 MHz cubé& he yellow lines in (a)
represent the actual location of the array elements.

Figure 3.6 Geometric terms for cubic geomet(g) panels(b) stacks(c) planes, andd) cuts
Figure 3.7 Neartop view of cubic geometry with wave fronts incident at different angles

Figure 4.1 Single face of an 11x11x11 spacer cube that corresponds to (a) a 2e@x@eht
10.34 MHz cube that can be reconfigured to a (b) 6x6xeelident 30 MHz cube. The blue
dots represent every spacer in the array configuration. In (b) every second dsanspac30
MHz array element.

Figure 4.2 4nec?2 software models of tl&) 4x4x4 64-elementconfiguration,(b) 5x5x5 125
elementconfiguration,and (c) 6x6x6 21&lementconfiguration All models consist of

identically sized components that are identically spaced and operated at 3UMHEnk solids
represent the excitation sources and indicate the number of elements in each configuration.

Figure 4.3 H-Plane patteribbeamforming behavidor idealcubicmodel in rectangular and polar
coordinates at 30 MHz

Figure 4.4 H-Plane pattern beamforming behavior for cubic medti mutual coupling effects
in rectangular and polar coordinatgs30 MHz

Xi



Figure 45 The MATLAB ideal DOA power spectrum plots for the full cube simulation models
at (a) (azimuth, elevation) = (0,0) (broadside), (b) (azimuth, elevatid),6) (endfire) and (c)
(azimuth, elevation) =46,0) at 30 MHz

Figure 4.6 Ideal behavior vs mutual coupling effects of the 6x6x6 full cube model at 30 MHz

Figure 4.7 The 6x6x6 30 MHz full cube model froRigure4.7 reconfigured into a 2%2 10.34
MHz cube surrounded by 30 MHz elements that have been turned off in (a) isometric view, (b)
top view, and (c) side view.

Figure 4.8 H-Plane pattern beaforming behavior for ideaind mutual couplinghodekin
rectangular and polar coordinated@t34MHz

Figure 4.9 The MATLAB ideal DOA power spectrum plots for the 6x6x6 30 MHz cube
reconfigured to the 2x2x2 cul¢a) (azimuth, elevation) = (0,0) (broadside), (b) (azimuth,
elevation) = 90,0) (endfire) and (c)azimuth, elevation) =46,0) at 10.34 MHz

Figure 4.10 H-Plane pattern beamforming behavior for ideal m®a¢l30 MHz and 10.34 MHz
in rectangular and polar coordinates

Figure 4.11 H-Plane pattern beamforming behavior iautual couplingnodek at 30 MHz and
10.34 MHz in rectangular and polar coordinates

Figure 412 The MATLAB ideal DOA power spectrum plots for the 6x6xbeat 30 MHz and
thereconfiguredl0.34 MHzcube at (a) (azimuth, elevation) = (0,0) (broadside)(g@b)nuth,
elevation) = 90,0) (endfire) and (c) (azimuth, elevation) 45,0)

Figure 5.1 The MATLAB ideal plots for the (a) rectangular coordinatglene pattern, (b)
rectangulacoordinate Eplane plot, (c) polar coordinate-fplane pattern and (d) polar coordinate
E-plane pattern of the proposed structure at 30 MHz, 15.46 MHz, and 3 MHz

Figure 5.2 The MATLAB ideal plots for the (a) rectangular coordinatglene pattern, (b)
rectangular coordinate-glane plot, (c) polar coordinate-plane pattern and (d) poleoordinate
E-plane pattern of the proposed structure at 30 MHz, 15.46 MHz, and 3 MHz with beamforming
coefficients at (azimuth, elevation) = (0,0)

Figure 5.3 The MATLAB ideal plots for the (a) rectangular coordinatglane pattern, (b)
rectangular coordinate-glane plot, (c) polar coordinate-fplane pattern and (d) polar coordinate
E-plane pattern of the proposed structure at 30 MHz, 15.46 MHz, and 3 MHz with beamforming
coefficients at (azimuth, elevation) = (45,0)

Figure 54 The MATLAB ideal plots for the (a) rectangular coordinatgleine pattern, (b)
rectangulacoordinate Eplane plot, (c) polar coordinate-plane pattern and (d) polar coordinate
E-plane pattern of the proposed structure at 30 MHz, 15.46 MHz, and 3 MHz with beamforming
coefficients at (azimuth, elevation) = (90,0)

Figure 5.5 The MATLAB ideal DOA power spectrum plots for proposed structure at 30 MHz,
15.46 MHz, and 3 MHz at (a) (azimuth, elevation) = (0,0) (broadside), (b) (azimuth, elevation) =
(90,0) (endfire) and (c) (azimuth, elevatior)(45,0)

xii



Figure 6.1 (a) Hollow cube design and () S p d @ egkoinetry designThe yellow rods
represent the conductive aluminum standoffs while the blue rods represent the nonconductive
nylon standoffs for spacing and support.

Figure 6.2 Single Hexapole Element

Figure A.1 The MATLAB ideal plots for the (a) rectangular coordinatpleine pattern, (b)
rectangular coordinate-glane plot, (c) polar coordinate-fplane pattern and (d) polar coordinate
E-plane pattern of the full cube configurations models at 30 MHz

Figure A.2 The 4nec2 mutual coupling plots for the (a) rectangular coordingtart¢ pattern,
(b) rectangular coordinatefidane plot, (c) polar coordinate-plane pattern and (d) polar
coordinate Eplane pattern of the full cube configurations models at 30 MHz

Figure A.3 The MATLAB ideal plots for the (a) rectangular coordinatpleine pattern, (b)
rectangular coordinate-glane plot, (c) polar coordinate-fplane pattern and (d) polar coordinate
E-plane pattern of the full cube configurations misdvith beamforming coefficients at
(azimuth, elevation) = (0,0) at 30 MHz

Figure A.4 The4nec2 mutual couplinglots for the (a) rectangular coordinatepldne pattern,
(b) rectangular coordinatefidane plot, (c) polar codmate Hplane pattern and (d) polar
coordinate Eplane pattern of the full cube configurations models from with beamforming
coefficients at (azimuth, elevation) = (041)30 MHz

Figure A.5 The MATLAB ideal plots for the (a) rectangular coordinatpleine pattern, (b)
rectangular coordinate-glane plot, (c) polar coordinate-fplane pattern and (d) polar coordinate
E-plane pattern of the full cube configurations models with beamformingicieett at

(azimuth, elevation) = (90,0) at 30 MHz

Figure A.6 The 4nec2 mutual coupling plots for the (a) rectangular coordingtart¢ pattern,
(b) rectangular coordinatefidane plot, (c) polar coordinate-plane pattern and (d) polar
coordinate Eplane pattern of the full cube configurations models with beanifigrcoefficients
at (azimuth, elevation) = (90,0) at 30 MHz

Figure A.7 The MATLAB ideal plots for the (a) rectangular coordinatpleine pattern, (b)
rectangular coordinate-glane plot, (c) polar coordinate-plane pattern and (golar coordinate
E-plane pattern of the full cube configurations models with beamforming coefficients at
(azimuth, elevation) = (45,0) at 30 MHz

Figure A.8 The 4nec2 mutual coupling plots for the (a) rectangular coordingtart¢ pattern,
(b) rectangular coordinatefidane plot, (c) polar coordinate-plane pattern and (d) polar
coordinate Eplane pattern of the full cube configurations models with beanifigrcoefficients
at (azimuth, elevation) = (45,0) at 30 MHz

Figure A.9 The MATLAB ideal plot vs the 4nec2 mutual coupling plot for the general array
pattern for the (a) rectangular coordinat@leine pattern, (b) rectangular coordinatpl&ne

plot, (c) polar coordinate 4dlane pattern and (d) polar coordinat@lBne pattern of 6x6x6
model at 30 MHz

Xiii



Figure A.10 The MATLAB ideal plot vs the 4nec2 mutual coupling plot for the beamformer at
(0,0) for the (a) rectangular coordinatepkdne pattern, (b) rectangular coordinatpl&e plot,

(c) polar coordinate Hblane pattern and (d) poleoordinate Eplane pattern of 6x6x6 model at
30 MHz

Figure A.11The MATLAB ideal plot vs the 4nec2 mutual coupling plot for the beamformer at
(90,0) for the (a) rectangular coordinategldane pattern, (b) rectangular coordinatpl&ne plot,

(c) polar coordinate Hplane pattern and (d) poleoordinate Eplane pattern of 6x6x6 model at
30 MHz

Figure A.12The MATLAB ideal plot vs the 4nec2 mutual coupling plot for the beamformer at
(45,0) for the (a) rectangular coordinategldne pattern, (b) rectangular coordinatpl&ne plot,

(c) polar coordinate Hblane pattern and (gholar coordinate fplane pattern of 6x6x6 model at
30 MHz

Figure A.13Ideal MATLAB and4nec2 mutual coupling plots for the (a) rectangular coordinate
H-plane pattern, (b) rectangular coordinatpl&ne plot, (c) polacoordinate Hplane pattern and
(d) polar coordinate fplane pattern for the general pattern of the 6x6x6 Full Cube reconfigured
to 2x2x2 Full Cube at 10.34 MHz

Figure A.14 Ideal MATLAB and4nec2 mutual coupling (0,0) beamforming plots for the (a)
rectangular coordinate-plane pattern, (lMectangular coordinate-plane plot, (c) polar
coordinate Hplane pattern and (d) polar coordinat@lgne pattern for the 6x6x6 Full Cube
reconfigured to 2x2x2 Full Cube at 10.34 MHz

Figure A.15Ideal MATLAB and4nec2 mutual coupling (90,0) beamforming plots for the (a)
rectangular coordinate-planepattern, (b) rectangular coordinatgane plot, (c) polar
coordinate Hplane pattern and (d) polar coordinat@lgne pattern for the 6x6x6 Full Cube
reconfigured to 2x2x2 Full Cube at 10.34 MHz

Figure A.16 Ideal MATLAB and4nec2 mutual coupling (45,0) beamforming plots for the (a)
rectangular coordinate-plane pattern, (b) rectangular coordinatpl&e plot, (c) polar
coordinate Hplane pattern and (d) polar coordinat@lgne pattern for the 6x6x6 Full Cube
reconfigured to 2x2x2 Full Cube at 10.34 MHz

Figure A.17 The MATLAB ideal plots for the (a) rectangular coordinat@lene pattern, (b)
rectangular coordinate-glane plot, (c) polar coordinate-fplane pattern and (d) polar coordinate
E-plane pattern for the 6x6x6 cube at 30 MHz and reconfigured to the 2x2g2tcub.34 MHz

Figure A.18 The4nec2 mutual couplinglots for the (a) rectangular coordinatepldne pattern,
(b) rectangular coordinatefilane plot, (c) polar coordinate-plane pattern and (d) polar
coordinate Eplane pattern for the 6x6x6 cube atNBlz and reconfigured to the 2x2x2 cube at
10.34 MHz

Figure A.19 The MATLAB idealplotsfor the (a) rectangular coordinategtane pattern, (b)
rectangular coordinate-glane plot, (c) polar coordinate-fplane pattern and (d) polar coordinate

Xiv



E-plane pattern for the 6x6x6 cube at 30 MHz and reconfigured to the 2x2x2 cube at 10.34 MHz
with beamforming coefficients at (azimuth, elevation) = (0,0)

Figure A.20 The 4nec2 mutual coupling plots for the (a) rectangular coordinatart¢ pattern,
(b) rectangular coordinatefidane plot, (c) polar coordinate-plane pattern and (d) polar
coordinate Eplane pattern for the 6x6x6 cube atNdBlz and reconfigured to the 2x2x2 cube at
10.34 MHz with beamforming coefficients at (azimuth, elevation) = (0,0)

Figure A.21 The MATLAB ideal plots for the (a) rectangular coordinatglene pattern, (b)
rectangular coordinate-glane plot, (c) polar coordinate-fplane pattern and (d) polar coordinate
E-plane pattern for the 6x6x6 cube at 30 MHz and reconfigured to the 2xBeat®0.34 MHz
with beamforming coefficients at (azimuth, elevationp&, ()

Figure A.22 The4nec2 mutual couplinglots for the (a) rectangular coordinatepldne pattern,
(b) rectangular coordinatefidane plot, (c) polar coordinate-plane pattern and (d) polar
coordinate Eplane pattern for the 6x6x6 cube atNdBlz and reconfigured to the 2x2x2 cube at
10.34 MHz with beamforming coefficients at (azimuth, elevatior§0:0)

Figure A.23The MATLAB ideal plots for the (a) rectangular coordinatgleine pattern, (b)
rectangular coordinate-glane plot, (c) polar coordinate-fplane pattern and (d) polar coordinate
E-plane pattern for the 6x6x6 cube at 30 MHz and reconfigured to the 2xBeat@0.34 MHz
with beamforming coefficients at (azimuth, elevation) = (45,0)

Figure A.24 The4nec2 mutual couplinglots for the (a) rectangular coordinatepldne pattern,
(b) rectangular coordinatefidane plot, (c) polar coordinate-plane pattern and (d) polar
coordinate Eplane pattern for the 6x6x6 cube atNdBlz and reconfigured to the 2x2x2 cube at
10.34 MHz with beamforming coefficients at (azimuth, elevatior)5:0{

Figure B.1 The array components and process for constructing avaak dipole at 500 MHz:
(a) half of a spacer component, (b) SMA fgmaint for a single array element, (c) fegaint
placed inside the spacer, (d) brasswsr® connect the feaabint to the aluminum standoffs,
(e) complete halfvave dipole of lengtis 0.24892 m, {fhalf-wave dipole with feegboint
completely encased by the spacer

Figure B.2 S11 measurement on a singletotypehalf-wave dipoleelementconsisting of two
4-inch aluminum standoffs and one 4n@h spacer showing that resonance occurs at 505 MHz

Figure B.3 (a) The design of the array for thegpace assembly oftAreedimensional cubic
HF radio telescopphased arrays (b) the electrically equivalent scaled down prototjipree
dimensional cubiphased arrafor testing and characterization

Figure B.4 S11 measurements for a single Hadfve dipole in the center of thieree
dimensional cubiphased arragt the (a) 4x4x4 64€lementconfiguration andb) 4x2x4 32
elementonfiguration

Figure B.5 Digital architecture for the array prototype

XV



Figure B.6 (a) Back view and (b) front view of the array showing the aluminum mounting frame
on the 4x4x4 64lement configuration in the 4nec2 simulation software

Figure B.7 (a) A single 252.5 MHz element by using brass threading to shoth&yd#5 MHz
elements and (b) Two 505 MHz elements separated by an empty spacer

XVi



List of Tables

Table 21 Near Field and Far Field Regiorig,[[11], [13]-[15]

Table 22 Impact of Dipole Thickness on Resonance Length. Table adaptedifigm [
Table 23 Radiation Resistance of Dipole vs Lengthlll][

Table 24 Parameters for Different Dipole Elementd]

Table 25 RF Spectrum Breakdown. Table taken froff[

Table 3.1 Array Element Specifications

Table 41 Operational Parameters for Simulation Models

Table 42 SimulationH-PlanePattern Parameters for the Ideal MATLAB Plots$-igure 43 at
(¢ d) = (0,0)

Table 43 SimulationH-PlanePattern Parameters for Ideal MATLAB PlotsHigure 43 at
(¢ d) = (90,0)

Table 44 SimulationH-PlanePattern Parameters for the Ideal MATLAB Plots$-igure 43 at
(¢ d) = (45,0)

Table 45 SimulationH-PlanePattern Parameters for the Mutual Coupling 4nec2 Pldigjure
44at(, d) = (0, 0)

Table 46 Simulation HPlane Pattern Parameters for the Mutual Coupling 4nec2 Pleigure
44at(, d) = (90, 0)

Table 4.7 SimulationH-PlanePattern Parameters for Mutual Coupling 4nec2 Rioksgure 44
at(e, d) = (45,0)

(0, 0)
(90, 0)

Table 48 Simulation Pattern Parameters for plotgigure 46 at (¢, d)

Table 49 Simulation Pattern Parameters for plotéigure 46 at (¢, d)
Table 410 Simulation Pattern Parameters plotsigure 46 at (¢, d450)= (

Table 411 SimulationH-PlanePattern Parameters for 4nec2 PlotEigure 48at(¢, d) = (0, O
Table 412 SimulationH-PlanePattern Parameters for 4nec2 PlotEigure 48at (¢, d) = (90,
Table 413 SimulationH-PlanePattern Parameters for 4nec2 PlotEigure 48at(«, d) = (45,
Table 414 Simulation Pattern Parameters for MATLAB Plotd=igure 410 («, d) = (0, 0)

Table 415 Simulation Pattern Parameters for MATLAB Plotd=igure 410 («, d) = (90, 0)

XVii



Table 416 Simulation Pattern Parameters for MATLAB Plotdmigure 410 (¢, d)

Table 417 Simulation Pattern Parameters for 4nec2 Plotdare 411 (¢, d)

Table 418 Simulation Pattern Parameters for 4nec2 PloEgnre 411 (¢, d)

Table 419 Simulation Pattern Parameters for 4nec2 Plo&gdgnre 411 (¢, d)

Table 51 Simulation Pattern Parameters for Ideal PlotSigure5.1
Table 52 Simulation Pattern Parameters for Ideal PlotSigure5.2
Table 53 Simulation Pattern Parameters for Ideal PlotSigure5.3
Table 54 Simulation Pattern Parameters for Ideal PlotSigure5.4

Table A.1 Simulation Pattern Parameters for Ideal PlotSigureA.1

Table A.2 Simulation Pattern Parameters for 4nec2 PlotgareA.2

Table A.3 Simulation Pattern Parameters for the Ideal MATLAB PlotSigureA.3

Table A.4 Simulation Pattern Parameters for the Mutual Coupling 4nec2 PlbigureA .4
Table A.5 Simulation Pattern Parameters for Ideal MATLAB Plot&igureA.5

Table A.6 Simulation Pattern Parameters for Mutual Coupling 4nec2 PléigureA.6
Table A.7 Simulation Pattern Parameters for the Ideal MATLAB PlotSigureA.7

Table A.8 Simulation Pattern Parameters for the Mutual Coupling 4nec2 PlbtgureA.8
Table A.9 Simulation Pattern Parameters for plot&igureA.9

Table A.10 Simulation Pattern Parameters for plotéigureA.10

Table A.11 Simulation Pattern Parameters for plot§igureA.11

Table A.12 Simulation Pattern Parameters plot&igureA.12

Table A.13 Simulation Pattern Parameters for 4nec2 PlotdgareA.13

Table A.14 Simulation Pattern Parameters for 4nec2 PlotSgunreA.14

Table A.15 Simulation Pattern Paraaters for 4nec2 Plots iFigureA.15

Table A.16 Simulation Pattern Parameters for 4nec2 Plo&gareA.16

Table A.17 Simulation Pattern Parameters for MATLAB PlotdHigureA.17

Table A.18 Simulation Pattern Parameters for 4nec2 Plo&gareA.18

Table A.19 Simulation Pattern Parameters for MATLAB PlotFigureA.19

(45, 0)
(0,0)
(90, 0)
(45, 0)

XViii



Table A.20 Simulation Pattern Parameters for 4nec2 PlotgareA.20
Table A.21 Simulation Pattern Parameters for MATLAB PlotfigureA.21
Table A.22 Simulation Pattern Parameters for 4nec2 PlotgnreA.22
Table A.23 Simulation Pattern Parameters for MATLAB Plotd-igureA.23

Table A.24 Simulation Pattern Parameters for 4nec2 PloSgnreA.24

XiX



Chapter 11 Motivation and Introduction

This chapter presents the motivation for the research presented in thesis. Some background
informationproviding the context of the research is provided in the first section. The second
section identifies the problem statement for the research. In the third section, the overall
approach for how the research will be accomplished is presented. The firal séthie chapter

provides the outline of the thesis.

1.1 Motivation of the Research

Space observatories provide the scientific community with a plethora of information about
astronomical bodies and atmospheric effects. One such observatory of natogaitren is the
Arecibo Observatory. The Arecibo Observatory was the built in 1963 by Cornell University and
the National Science Foundation and was the largest single aperture radio telescope in the world
until 2016[1]-[2]. Scientists utilized the Arelso Observatory to perform radio astronomy, detect
nearearth objects, study pulsars, monitor space weather events, and perform atmospheric studies
[3]-[4]. The Arecibo Observatory featured a 305 m diameter spherical reflector dish. A collection
of sensors could be moved around the stationary dish, fixing the focal point of the radio
telescope to specific regions of the sky, allowing the Arecibo telescqeeftsm scans and
tracking activities of astronomical bodies of intefé$t[5]. The frequency range of the Arecibo
telescope was between 50 MHz to 10 G6lz[7].

Unfortunately, the Arecibo facility was damaged in 2017 during Hurricane Maria. Over time,
the damage became worse until the instrument collapsed in December of 2020. The loss of the
Arecibo Observatory has had an impact on the scientific community, arahdeor a

replacement has been hifgj.



While an incredibly useful radio telescope, Arecibo was more akin to a traditional antenna.
Another nationally recognized observattingt utilizes the advantages of electronically steerable
phased arrayis theLong Wavelength Array (LWA). LWA, located in New Mexico, utilizes a
phased array approach to perform radio astronomy and other measurements. LWA consists of
two separate array stations, with more planned for construction, that operate independently as
radiotelescopes, but can also be operated together as a very large collection area for lower
frequency operations. The current operational frequency range of LWA is 10 MHz to 88 MHz

[9]-[10].

(a) (b)

Figure 1.1 The (a) Arecibo Observatorydi telescope and (b) Long Wavelength Array.
Figures taken from [9] and [11].

A phased array implementation of Arecibo wsiill face a major limitatiomn performance.
In fact, every groundbased radio telescope faces the same challenge; electromagnetic
propagation through the ionosphere becomes significantly more challenging at frequencies
approaching and below HF bafiP]. Rather than attempting to model trans ionospheric
propagation, the concept in this thesis is to place the array in orbit. In this way, the ionosphere no
longer acts as an obstacle for radio telescope operations. This is similaidiatbehind the
Hubble telescope and the obstacles to optical imagery presented by atmospheriglS}etie
motivation for this thesis istilize a similar approach to that used in LWA to createaorbit

electricallysteerable phased arrdyat camact as aeplacenent for the Arecibo Observatory.



There is an additional benefit to putting the array into orbit. The ionosphere no longer
impacts the operation of the array as a radio telescope for radio astronomy. However, the array
could also be directed to transmit ink@ ionosphere from above rather than below like ground
based radio telescopes. This operation paves the way for further advances in atmospheric studies
and for calibration purposes for existing grotrased radio telescopes.

1.2 Problem Statement for tle Thesis

An electricallysteerable phased array with the same aperture size of the Arecibo radio
telescope would be excessively large. Launching such an array into orbit would be unfeasible.
However, advancements inapace robotic assembly are leadiogdalizable techniques for
launching smaller components into orbit and integrating them to form larger overall structures
[14]-[15].

Objects in orbit also experience a tumbling motion as they move around the 8haréh [1
conventional, planaarray undegoing this kind of motion requires attitude control to keep the
array directed where desired7/[1Attitude control, however, may lmhallengingto implement
on large structure§ hereforea threedimensional array design is proposedian alternativ
account for the tumbling motion of the-@ambit environmentAs the array tumbleg]ectrical
steering can be applied to the array elementsaimtain operation in the desired angular

directionbecaus®ne face of the array will alwa be facing in the desired ditem.
1.3 Approach

The ratio of the highest to lowest operational frequencies of the Arecibo radio telescope is
200:1. Rather than designing an array that can replicate this full bandwidth, this thesis focuses on
the degyn and simulation performanad a resonant structure array at the HF band with the

ability to tune to different frequencies within the HF band. HF is selected bebausaosphere



layer of the atmosphere is usually studied using sigridis- frequenas, [16] but the concept

can be extended to any frequency band.

1.4 Thesis Outline

The outline of this thesis is as follows. Chapter 2 explores the theoretical foundation of
antenna theory, phased arrays, and the HF frequency band. Chapter 3 theasdinscrib
geometry considerations, the design of the tilieeensional irspace assembled phased array.

In Chapter 4, simulation tests are performed to characterize the array design performance.
Chapter 5 discusses the results from the simulations in CHger extends the principles to a
full-scale modedf the proposed arrayhe thesis then concludes in Chafevith a summary

and a discussion of future work that could be done on this préjeappendix is added at the
endof the thess whichprovides further simulation results for a more comprehensive view of the
array performance, amractical design considations for a prototype of the array design for

laboratory measurements.
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Chapter 21 Background Information and Literature Review

This chapter covers the background information necessary for the principles implemented in
this thesis. The literature review begins with basic concepts of electromagnetic wave
propagation. The key principles of antenna theory relevant to this thediearnatroduced. A
discussion of phased array theory and how it differs from general antenna theory then follows.
Different challenges encountered in array theory as well as the theory behind applications such
as beam steering and direction of arrival aesented. The literature review then shifts to the

challenges faced by HF frequency transmission and propagation.

2.1Basic Principles and Terminology

The highlevel concepts of electromagnetic propagation are introduced in this section.
Understanding theerminology and concepts in this section paves the way for an understanding
of antenna theory and the analysis presented in the following sections.

2.1.1 Coordinate Systems

A number ofdifferent coordinate systems that can be usethtenna and phased array
systems. In most coordinate systems for antenna applications, spherical coordinates are used with
the geometric center of the antenna at the orifjii4]. The coordinate system used for this
thesis is shown ifrigure 21 [5]. The xaxis is defined as the direction normal to the antenna
centered at the origin. Starting at thexs and rotating counterclockwise to thesifige y-axis
is known as « or the azimuth angle. The upwar
elevation. This is not the standard system used in engineering and physics, but it is consistent
with the simulation sofitwaereeusseddi hoerchiasgth

and azimuth respectively throughout this thesis.
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Figure 2.1 Coordinate System fazimuth«) and el evation (d) wused
adapted fromgJwith(¢) and (d) swapped.

2.1.2Electromagnetic Wave Basics

Electromagnetic waves consist of an electric field and a magnetic field that propagate
together in space and tim@) [The electric and magnetic fields are orthogonal to each other and
propagate in the same direction, known as the propagation diregtidm[exampleof an
electromagnetic propagating wave is showRigure2. This wave can be viewed either as

propagating over space at a given time gorapagating over time at a given point in space

(Al

Propagation
Direction

Electric Magnetic
field field

Figure 2.2 Electromagnetic wave propagation. Image taken figlm [

f

o



Electromagnetic waves can be characterized their properties: wavelength, frequency, phase,
and polarization. The wavelength & is defined
peaks Frequency is inversely proportional to wa
propagation speed of the electromagnetic wayellypically, v is taken to be the speed of light,

c [7]. Phase can be thought of as the angular offset of the sinusoidal M#veHhase is directly

related to applying a time delay in the propagation of the electromagnetic wave as seen in

equation(100) or equatiorn(104).

F 3
Y

(a) Horizontal Linear Polarization (b) Vertical Linear Polarization
:'l /< \\ .r’ F\/i\‘
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(c) Left-Hand Circular Polarization (d) Right-Hand Circular Polarization
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.. ——

(e) Left-Hand Elliptical Polarization (f) Right-Hand Elliptical Polarization

Figure 2.3 Polarizations of electromagnetic waves with propagation direction out of the page.
Image reproduced fronif].



The polarizations of the electric and magnetic fields are orthogonal to each other and
determined by the oscillation of the fields at a fixechpoi the observation area over time.
These polarizations can be linear, circular, or ellipticpl[fL1]-[12].

The different polarizations are shownHigure 23. Note that there are lefand righthand
polarizations for both circular and elliptical polarizations. This is determined using thaheft
rule. If the electromagnetic wave is travelingvards the observer and the field vector rotates
clockwise, it is lefthand polarized; if the field vector rotates counterclockwise, it is-hightl
polarized[11].

While each of the three polarizations is considered separately, it is important to note that all
electromagnetic polarizations are elliptical. The circular polarization is the special case where the
semimajor and serminor axes of thellipse are equal. Linear polarization occurs when the
ellipse collapses into a lin&]-[12]. It is also worth mentioning that there are electromagnetic
waves that have no polarization. Because antennas cannot generate these electromagnetic waves,
they are disregarded]].

2.1.3Plane Wave and Phase Front

When an electromagnetic wave is transmitted from a source, it can be thought of as a
spherical wave propagating radially outwa®{] [11]. As the electromagnetic wave propagates
over large distances radius r getgéar If a detector is placed far enough away from the source,
the curvature of the electromagnetic wave in the localized spatial region of the detector will be
small such that the wave can be treated as a @&rHéa.]]. This is known as a plane wave. The
electromagnetic analysis for antenna theory predominately assumes plane wave bdhavior [
[11]. These planar electromagnetegions near the detector are also considered in

approximately constant phase and are also known as a phaseXfipf§i<].



2.1.4Near Field vs Far Field

In antenna theory there are two basic regions of operation for electromagnetic waves. These
are known as the near field region and the far field region. THel region is of most interest
and is generally used for analysis. In the far field region, the antenna radiation pattern discussed
in Section 2.2.3 becomes independent of distance from the sad}fc&He far field distancesr

for an element of length L igl], [9], [11], [13]-[15]

N G,
© 7 @)

Thefar field region then exists for r r. Three conditions must also be met for distance r to be

considered the far field region. These three conditions are sinatirematically asifi]

Y

© 7 )
o, 3)
a (4)

Generally, equation
(2) is sufficient enough for determining the far field region for antennas operating in the UHF
region, defined in Section 2.4, or above. For lower frequencies, however, the far field distance
may be greater than that defined in equation
(1) to ensure that all three conditions are fiéf.

The near field is the space surrounding the antenna before reaching the far field distance. The
near field is broken into two regions. The reactive near field region is the region closest to the

antenna. The reactive field caused by the reactive compohantenna element impedance

dominates the radiated fields of the antenna. This region exists to distaficé2 , 7 [1],

[9], [1]], [15]. Between the far field and the near field reactive region is the near field radiating
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region. Within the near field radiating region, the radiated fields dominate the reactive fields, but
vary with respect to distance. This is sometimes referred to as the Fresnel g&&dibf],[[13]-
[16]. A summary of the field regions is providedTiable 21 [12].

Table 21 Near Field and Far Field Regiorg,[[11], [13]-[15]

Region Distance r from antenna
Reactive near field region 0 r 062, N
Radiating near field region 062 . 1 r —
Far field region TR
2.2 Antenna Theory
This section introduces the basics of antenn

patterns. Much of the material in this section was primarily taken &ttzman 11] andthe
sequence of topics largely follows the same sequasnfid].

2.2.1Electromagnetic Radiation

Antenna theory and performance metrics are based upon the radiation of electromagnetic
fields from current distributions on conductive elements. This section provides the understanding

of electromagnetic radiation ftans. antenna theo
2.2.1.1 Maxwell s Equations

Maxwel | 6s equat ikmownsequatiors in @ngiseering and physieslthhat
describe the propagation and interaction of electromagnetic fields. The electromagnetic fields are
assumed to be timegarmonic fieldsmeaning that they vary sinusoidally over time at angular
f r equ é¢6h[AY-[1&. This assumption is reasonable because in most cases of interest, the
bandwidth of the signal is small enough that the spread of frequencies around the carrier formed

11



by modulation techniqecan be ignoredLl]. Phasor fields can be substituted into the time

domain versions of Maxwell 6s equd{fl?Zlons to der
n @A BA Ee (5)
ngE B R E (6)
g 2
R (7
I 1

)
whereE, H, andJ represent the electric field, magnetic field, current density complex phasor
vectors respectively and Meaeepresent afectitiquemagnetics i t y
current density thatcanbeudefuas a substitute for complicate
and p denote the permittivity and permeability of the propagation medium. It should be noted
that the time derivatives have been replaced
eqguations.
A fifth equation that is often taken into co
continuity equation givehy [11]
X Bwm €)
The boundary conditions for the titlea r moni ¢ f or ms of Maxwel |l 6s
homogeneous mediairand m are given by 11]-[12]
Tgg & &, (10
A A d Ey (11)
where dand Msrepresent the surface electric and magnetic currents dotimelary between m
and m. Unless an equivalent magnetic sheet is used in this conditionDM represents the

unit vector normal to the boundary surface that is directed fromtownmp. The cross product

with1 forms components that ar@ngential to the boundary surfadg, [11]-[12]

12



( ( * (12
% % - (13

If conductor 1 is a perfecobnductor, the boundary conditions simplify 1d]F[12]
( * (14

% T (19

These equations apply for the fields at every point along the boundary.

Anot her i mportant concept that can be derive
equation is the conservation of po6yEY-[1B.quati o
This theorem states that the complex poweatefivered by a volume v enclosed by a surface s
equals the sum of the powejifflowing out of sthe timeaveraged powera dissipated in v,
and the timeaverage stored power in v. Stated mathematically, the conservation of power is
[11-[12]

0O O 0 Ex 7 7 (16)

The complex power that flows out through closed surface s is givel}, 3 1]-[12]

0 AZETAD (17)

P
G
whereH” represents the complex conjugate of the magnetic field vector.

The inside of the integrand of the above equation is defined as the Poynting Ge¢tdl {
[12]. The Poynting Vector represents the complex power density at a given point. Therefore, the
total complex power flowing out through any surface s can be determined by taking the integral

of the Poynting Vector over the suréaOf particular interest is the real power. The real power

flowing out of any surface s is given by1]-[12]
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0 2A ORI ng 2ERD (18

2.2.1.2 Maxwell 6s Equations and Radiat:

For antenna theory, the electromagnetic fi@ldsdH need to be determined. In antennas,
these fields are caused by an excitation current along the conductive element. Therefore, a
method is needed for determinikBgandH from a givenl. This is accompéhed using scalar
potentials and vector potentials in Maxwell 0s
From equation
(8) the divergence dfl = 0 indicating thaH only has curl. For this reasdd,is known as a
solenoidal field and can be representedlyy[[L1]-[12]

. P .
—n gAa
€ %)

(19

whereA represents the magnetic vector potential. By substituting equ&8pmto equation(5)
the electric scalar potential can be foundld§-[12]

A BA i (20)
whereflz is the electric scalar potential.

E andH can be expressed in terms of the scalar and vector potentials by substituting
equationg19) and(20) into equation(6). Simplifying using a Lorentz condition results in the
following equation known as the vector wave equafitbf]-[12].

A S AR AE (21
It should be noted that the scalar and vector potentials have been decoupled and the vector

wave equation is only in terms of the magnetic vector potehtiAssuming thad is known, the
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vector wave equation can be solvedAdpy decomposition into the rectangular coordinates and
solving for a point source. This solution takes the form of equé@r7], [11].

ne ¢ 127070 (22
where Yy represents the response to a point so

function. b r eopstast of tha flane wave and 5 Hefinedps$ ], [11]-[12]

5 AR 2
r R 3 (23
If the point source is assumed to bdiected [L1]
¢ (29

This implies that the point source is 0 everywhere except at the origin. Applying this
simplification to equatioii22) yields [11]

nor ¢ m (29
everywhere except for the origin.

This equation is known as the complex scalar wave equation, or the Helmholtz egdation [
[11]-[12]. The Laplacian is applied in spherical coordinates to maintain consistency with the
coordinate frame from Section 2.1.1 This mean
(25) has two solutions:Jefr'and é ! # Which represent waves propagating radially outward and
inward respectively. The only feasible solution is for waves propagating outwardly from the
point source. Therefore, the solutiar the Helmholtz equation i4]]

A
¢ Tz (26)

where R represents the distance between the arbitrary source location and the observation point.
If the point source is-directed, then current density, and therefore the vector potential, will

also be airected. Furthermore, if the current density is treated as an accumulation of point
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sources, then the vector potential can be thought of as thefgshmindividual responses for
each point source in a given source volung1]-[12]. This is expressed mathematically as
[11]-[12]

n

Ano
T A

whereR is the vectorp-raerpis the vector from the origin to a field point P, aré the vector
from the origin to the source point. A pictorial representation of the vector representations is

shown inFigure 24.

) / +<——Source volume v’

Field Point P

y

Figure24Vect ors for radiation problems with Maxwe
[11]-[12].

The solution foH can be solved by substituting equat{@i) above into equatio(l9). The
solution forE, however, can be found by substitutingiation(27) into the vector wave
equation(21), which gives 11]-[12]

n BA BN
5 AR (28)

More conveniently, equatiof2l) can be substituted into equati@®), which gives 11]-[12]
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w P Nk
e & OC (29

Another approach for solving the vector and scalar potentials is to solve the following scalar

wave equation][1]-[12]

g 5 A n
5 RE % (30)

In this approach, both the scalar and vector wave equations need to be solved. Nase that

related to J} by (5. Hnehisappnodck iadetermiped byceguatid@0)o n
2.2.2 Element Types

While there are many types of antenna elements that can bedliddd]f[12], [17]-[19] this
thesis focuses on line sources, specifically dipoles. There are three mipdéls that are used in
practice: the short dipole, the halive dipole, and the long dipol&]], [17]-[19]. It should be
noted that far field approximations are used for all calculations in this section. All dipole
elements are considered centered at the origin with the power supply connéategeometric

center. This is known as a center fed elemefit [
2.2.2.1 Line Sources

The easiest way to model an antenna element is-@lracted line source. A line source is a
finite thin wire antenna and can be thought of as a line current. The vector potential from

equation(27) becomes ondimensional in the-axis and takes the form][ [11]

‘ A
Due to the symmetry of the source, an observer can move around the source with respect to
¢, assumingrandzarekeponst ant. From the observerds pers

source does not change. Therefore, the radiation fields do not vary, \&itkd « can be

considered a fixed value.is chosen asJior simplicity, fixing the observation to the yz plane.
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The scenario is visualized Fgure 25. FromFigure 25[11]

¥4

Figure 25 Geometry foifar field calculations of a-glirected line sourcdzigure aapted from
[11].

O U U (32
U OAT O (33
U OOEI (39

Applying the R definitions from equatid@7) andFigure 24, rp =r =w + z » and k= z.

Therefore, R =y + (z-zg». The magnitude dR is then [L1]

2 O ¢ OAff® Ue (39
Applying a binomial expansion for R givekl]
UOET UOET
¢ O cO

2 O UAIfO 888 (36)

Since zx< r, the second and following terms of R rapidly decrease to 0. Ther&fof&l]
2 O UeAfl O (37
The denominator of equatiqB1) only impacts the amplitude of the vector potential, so R
can be further simplified & Obecause r is very large compared to the length of the line

source. However, in the phase term, patigth differences can be comparable sizes to the
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wavelength and a more precise approximation is necesgafg]]. The substitution into

equation(31) for the vector potential giveg]} [11]

; A | A o

SubstitutingAz into equationg19) and(29) givesH andE [1], [11]

A ,.I

: Fognat

A O )UA QJ KOEI ! (39)

A B! BOEJ ! (40)

Equationq39) and(40) define the magnetic and electric fields in the far field region of the

line ource antenna. They are known as the radiation fields of the line source and are denoted as

Esand H [11]-[12], [20].

2.2.2.2 ldeal Dipole Elements

The ideal dipole is functionally an infinitesimally small line source with a uniform current

di stribution. This is represented as a dipol e
both magnitude and phald]eThigi$ shawg pictotially ikegnre 27.r e en
Azdirect ed el e ceatared atahe origie exgted kvithguarent of constant
amplitude | is used for the derivation in this section. The vector potential for this element defined
in equation(27) is simplified to a on@limensional integral of the forni]], [21]
A 6A) :é—/zA U (41)
Because @z is very small, R &iguck?26 Thigalevsthe pr o X i

simplification of equatiorf41) to [11], [21]
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Field Point P

Az — y

Figure 2.6 Geometry used for field calculations of the ideal dipole. Figure adapted Tdym [

AR
A O . D&U (42)

SubstitutingA from equation(42) into equationg19) and(29) and simplifying in spherical

coordinates gives the radiation fields andEq as [L1], [20]-[21]

BUE p IR
— = — A E
TAO O OE]J (43
" E DA A gt T
T T T o (44)
e OA o
T HU T 1

N
If the medium surrounding the dipole is free space, then the above equations simflify to [

[20]-[21]

, A Ao
TP go o OF (49
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" g ,‘6A "Hi ,j‘l'. . g 6 . H 'H -
—] — a— —— | U1 — = == — hi
R | TR (46)

Il n the far field region, r >> &, or b >>

less than 1. In this case, the equati@® and(46) reduce to11]-[12], [21]

. U, A A
£ TaF o OF (47
N B»o, A

A A

g r ° (49)

It should be noted that the radiation fields vary inversely with 1/r. The ratio of these fields is

defined by t he v ar46amnd4® which is egqeahto thenntriesig u at i on s

impedance of the medium, a property of plamees L1]-[12], [2]].
Substitutinges andH « into the Poynting Vector integrating as defined in equgti@gives

the real power flowing out of a sphere with radius r surrounding the ideal didlé1]

. £ 0 . AL,
E nJHI — — A H liti "H — & 0O (50)

In contrast to the radiation fields, the output power does not vary with radius r of the sphere.

This indicates that the power is the same regardless of the size of the sphere surrounding the
dipole. This is known as the far field radiated power. As te&adce is taken closer to the dipole
the simplifications from equatior{d3) and(44) do not apply. Another set of equations known as
the near field equations must be uget], [20].

The input impedance for an ideal dipole is given by equgsit11], [22]-[23].

Ha Na Ma (5
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Ra represents the radiated power losses caused by radiative resistanddi® heating of the
antenna caused by ohmic lossesf The input reactancea{epresents the stored power in the
near field region. The i npuawaspdgd2da8lance can b

_Ei
£ns (52)

fin
where |A| represents the magnitude of the time current at the input of the antenna element and P
represents the input power of the dipole which is defined as the sum of the radiated power and
the ohmic power losse&]], [23]

‘E Et REiiiw (53
The radiated resistance is found by substituting the radiated pewkof equation(18) into

equation(52). The raliated resistance for the ideal dipolelig][

A ¥ (54)
Because gz << a,heR ohmic | osses for an ideal d
approximated aslfl], [23]

N7 it HiH: (55
where 0 is the conductivity of the dipole ele

reactance Xfor an ideal dipole is infinite4]. This is shown in equatiof®9) in the next

section.
2.2.2.3 Short Dipole Elements

Ideal dipoles are nerealizable elements. However, a very smak lsource could be
fabricated that is much shorter than a wavele
the ideal dipole can be met. This is known as a short dipole and can also be described using
Figure 26. Figure 26 shows the electrical length of the short dipole as hatsgfhysical length.
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Unlike the ideal dipole, the current distribution for the short dipole is not uniform but is instead
triangular and is given byl ]], [25]
€0 & - h o5 = (56)

This is showrnin Figure 27. However, if proper terminal loading is applied, the charge, and
therefore the current, reduces to O at the ends of the dipole. This restricts the radiation fields to
the peak of the currenistribution which is approximately uniform. Because the short dipole
meets these conditions, the ideal dipole is approximated. Therefore, the radiation fields of the
short dipole are those of the ideal dipdlé][

The radiative and ohmic resistances and i npu

radius a are given byL{], [23]

- A (57)
. Bipqon Yo y—o 55 s "HB ¥
NTiii W g — n » 08 HO —  — (58)
A —v | Ty—o
Yo H (59)

Equation(59) shows that electrically short dipoles have very high input reactance. It should
be noted that the radiative resistance of the short dipole is less than that of the ideal dipole. This
is becase radiation resistance is proportional to the radiated power, discussed in Section 2.2.3,
which is proportional to the square of the radiated electric field. Because the short dipole has an
electrical length that is half its physical length, the radiatsmstance is % that of the ideal
dipole[11].1 t shoul d be n oinFgdre 29 loeks very $inglar 8o thdt ofche r v e

short dipole irFigure 27.
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Figure 2.7 Current distributions for the ideal dipole (a), the short dipole (b), and thevha#
dipole (c). Figure adapted frorh]].

2.2.2.4 HalfWave Dipole Elements

A half-wave dipole is a line source with a current amplitude that varies dsatingf a sine
wave with a maximunexactly in the centerlfl], [26]. This is shavn in Figure 27. It should be
noted fromFigure 27 that the currendlistributions for the ideal, ship and halfwave dipoles are
all in phase. The radiation fields from these dipoles will be strongest in the direction normal to
the dipole, where the peak of the current distribution is, and weakest along the axis of the dipole
[11]. The length of a halivave dipole is ¥z the wavelength of the operational frequency. This
means that halivave dipoles can only be operated at one frequency or at very narrow
bandwidths as discussed at the end of this se@@n[R7].

The half sine wave current distribution for thdirected halHwave dipole fronfigure 27 is
mathematically defined a&f]-[12]

. R L .o
)U ) OB - & h & - (60)
As stated, this current goes to 0 at the ends with its maximum in the center. Taking-the half
wave dipole as adirected line sorce and substituting equati¢®0) into equation(38) gives the

electric radiation field asll]-[12], [23]
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% B AET— )U A AUe (61)

which simplifies to

. Q) T Al @I AT O
) -
% B A—r - ~O &l GET 62)

Half-wave dipoles have anput impedance is found using the induced IMF metldd [
[23], [28]. The simplified form of the input resistance and reactance of a dipole ¢ lergn

be approximated ag3J]

5 2
. (63
OEIrc
8 8
OET ©4)

where X shortis the reactance of the short dipole found in equgB8n The ohmic resistance

for thehalf-wave dipole is given byilf]

IR

AR A" (65

The input impedance for the halfave dipolecanbap pr oxi mated as 73 + | 42
inductive reactancel]l]. This impedance for varies slightly with respect length and thickness as
illustrated inTable 22 [11], [22], [27].

One major advantage of halfave dipoles is that they are resonant structures. The reactance
of the halfwave dipole varies with frequency as is seen in equ&idn This is shown visually
in Figure 28. As the frequency is increased, the reactance of thevMaak dipole transitions
from capacitive to inductive. The peak of the curve indicates where the capacitive reactance and
the inductive reactance cancel, giving a total reactance of 0. This is laso@sonance, and it

significantly simplifies impedance matching at the input of thewalfe dipole antennd. 1],
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[22]-[23]. Under resonant conditions, the input impedance of theshalfv e di pol e becom

[11], [22)-[23], [2€].
Table 22 Impact of Dipole Thickness on Resonance Length. Table adaptedffigm [

Length: Diameter Ratio Shortening Resonant Length Dipole
(L/2a) Required (L Thickness
5000 2% 0.498& Very thin

50 5% 0.475%@& Thin

10 9% 0.455%& Thick

Half-wave dipoles also have a bandwidih][ [22]. The bandwidth of an antenna element is
defined as the range of frequenciesvitich antenna performance meets a desired threshijld [

[22]. Resonance and bandwidiheusually measured over the;parameter. The bandwidth for

half-wave dipoles is usually narroi]].

0dB
bandwidth

IS, (dB)

:
r Frequency (Hz)
Figure 2.8 Example resonance curve for haléve dipole antenna. Figure adapted fr@9j.|
2.2.2.5 Long Dipole Elements

Dipoles that are longer than a halavelength can also be used in practice. The current

distribution for these dipoles is also a sine wave with a valuebfte ends of the dipol&]],

[23], [30]. Figure 29 shows the current distributions for dipoles of various lengths. As the length
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Table 23 Radiation Resistance of Dipole vs Lengthlll]

Length L l nput Radiati o
O<L<- 202’_
8
—<L<- 24.7 A -
8
-< L < 0. 11.14 A -

is increased, the curredistribution in some sections of the dipole drifts out of phase with the
current in other sections of the dipold]. This causesancellations in the radiation fields in the
direction normal to the dipole and reinforcement of the radiation fields along the dipole axis.
This is generally considered a negative effect in antenna theory, and dipole lengths are typically
limited to one vavelength 11]. The impedance for long dipoles can be approximated using
equationg63) and(64) [23]. A summary table of the approximate input radiation resistance for a

dipole of ength L is given ifmable 23.

0.6

Normalized current (a.u.)

— I=)4 —m 1= 3022
-—- =22 — 1=2

Figure 2.9 Current distributions on dipole antenna of various lengths. Figure taken3@pm [
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2.2.3 Antenna Patterns

One of the most important characteristics of any antenna is the radiation pattern. The
radiation pattern in simple ternssthe angular variation of the far field radiation intensity around
the antenna at a given spatial coordinatg, [23].

In the case of the-directed ideal dipole, the fieldssBnd H radiate from the dipole over a
sphere of radius r in the far field region. From equat{di@sand(48), Esand H vary angularly
over the sphere as sin(d). An-waxiswilllzmpaaldthr ough
and contain, k theelectric field vector in the direction of maximum radiation. These are known
as Eplanes. The radiation patterns in allofthesge Eanes ar e i denti cal bec:
dependence. These are known gddhe patterns. The plane perpendicular to tpdaBe that
cuts through the dipole is known as thgldne and contains Hthe magnetic field in the
direction of maximum radiation. In thedirected dipole case, the-plane is the xy plane.

Patterns taken in the-plane are known as-plane patternslThe E and Hplanes are known as
principal patterns or principal sweedd], [23].

It is important to note that the full radiation pattern is a taliegensional pattern covering
the entire sphere surrounding the antenna, viéd= and Hplanes patterns are two
dimensional cross sections of that pattdrtj,[[23]. However, much of the information
necessary for analysis can be obtained from thedim@nsional principal pattern&3]. In this
thesis, the dominamadiation pattern metric will be on the tdomensional principal patterns.
Figure 210 shows the magnitude of the &d H principal patterns and the thrdenensional
radiation pattern for a halave dipole. It should be noted that thealBd Hplane patterns are
taken for the spatial range for which the radiation pattern is optimal. \Wowa the three

dimensional pattern, as the elevation is increased (or decreased) from the optimal range, the
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radiation patten begins to decrease in strength. When the elevation re86hatong the z
axis, the radiation pattern is taken across the @ixihe dipole and the magnitude dramatically
decreases. This was predicted from the current distribution of thevéradf dipole in Section
2.2.2.4. This rapid decrease in the radiation power pattern is known as2vhull [

In practice, the radiation fields are normalized to a maximum value of unity. The phase is
also set to zero at a chosen pattern maximum, because only relative phase information is needed

[11]. The normalized field pattern for adirected line source element isl]

5 %
& nff

% I AQ (66)
Eican be complex valued because it hd}) aamagni
al so be complex valued. No t edirectechetementtiler e i s no

The normalized pattern for the uniform line source from equaf@8)sand(40) in Section

2.2.2.1is given by11]

[ A o) (67)
where sin(d) igs bhes mak e andlstbedendhoohtise line source
in terms of &. The appear anc €67)chouldtbarteds Thac f un
sinc functionoccurs very frequently in antenna theaty]|
In general, the normalized field pattern can be written as the following prddiict [
&nff  Cnlf Al (68)
where g( «, d) represents the el eeammentfacitoact or a

can be thought of as the effect on the radiation pattern from individual points along the current

distribution of the dipole. The pattern factor, however, is the normalized sum of all of the
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(a) (b)

(c)

Figure 210 The (3 E-plane radiation pattern, (b)-plane radiation pattern, and (c) three
dimensional radiation pattern of a single hatve dipole in 4nec2 simulation software.

radiation contributions from the infinitesimally small current distributions. This is repszsby

the integration given in equati¢88) [11].
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Eqfor a halfwave dipole from equatiof®2) can be normalized as shown in equatie®) to
give [1]]

. .- AT @fgc AT ¢
% OH géﬁ : (69

The el emend) ffarcam@Bips(as i mhd) and tdhelllpatftern f

. Al argc AT O
/] OET (70

The complete normalized far field pattern for a {vadive dipole is thenl[l]

. Al @1c AT D
&«nt GEf (71

Typically, in antenna theory, the power of the radiation pattern is ofintes¢st. The power

pattern, as it is called, i&]]
0N &Nl s (72)
The power pattern is generally calculated in log scale as decibels (dB). It should be noted that the
radiation magnitude pattern and f@wver pattern are the same in decibIg,[[23].
cnik@ s pnidi@l s pnlRd s (73

Power patterns can be taken in either polar or in rectangular coordinates. An example power
pattern for both coordinate systems is showRigure 211. The power pattern has a several
different parameters. The most notable and important are the lobes of the pattern. The lobe with
the greatest power is known as the main lobe, major lobaiorlmeam. This lobe points in the
direction of maximum radiation for the antenna. The radiation in this direction arrives in the far
field more nearly in phase than in other directions. It is possible for power patterns to have more
than one main lobe. Theare also special cases known as back lobes that direct energy in the
opposite direction as the main lobes. Sometimes back lobes have the same magnitude as the main

lobe. The other lobes are known as minor lobes or side latg$32]-[23], [27].
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Figure 2.11 Radiation power pattern of a 4x4 rectangular array in (a) poladinates and (b)
cartesian coordinates. Figure generated in MATLAB.

A metric of how well the power is concentrated in the main lobe can be obtained by taking
the ratio of the peak of the maximum side lobe to the main lobe. This is known as the relative
side lobe level (SLL) ratio and is defined a4][ [23], [27]

&3, ,
i Ag (74)

3,, ¢mli

For a normalized power pattern, F(max) = 1.
Another important metric is the width of the main beam. This is quantified as thgoladf

beamwidth HP11], [23], [27]

(0 ¢ / $ (79
The v a ke donfelarethe points that have a value dfidbr 3dB down on the
main lobe of the power pattern. In thhéienensional pattern plots the HP contour becomes a
continuous curve rather than a single value. If the HP curve forms an ellipse, pattern cuts that

contain the major and minor axes of the ellipsereferred to by IEEE as principal hptwer

beamwidths 11].
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Oy, =0y,

Figure 212Vi s u a l represent at dwihrespedt to bBnéeanmpageonl i d an gl
directivity. Figure taken from31].

2.2.3.1Directivity and Gain

A very important concept for antenna theory is directivity. Directivity is the measure of how
much energy the antearcan concentrate in a given direction and is equal to the antenna gain if
100% efficiency is achieved. Directivity is determined in terms of the radiation intensity in a
given directi on anfl],{2B.erhelbeam solidsangleisthe solidgrigle q
through which all power would be radiated if the radiation intensity equaled the maximum value

over the entire beam area. Mathematically this iméefias 11]

0
M 5 (76)
where U, is the maximum radiation intensity. A visualization for beam solid angle is provided in

Figure 212. Expressed in more relevant terms, beam scan angle can be defiddfl by [
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Directivity D can be expressed dad], [23]

$fh ' s
m (78)

It should be notethat both beam scan angle and directivity are completely dependent on the
pattern shape. It should also be noted that when the pattern is normalized, the maximum
directiviapl.is D = 4"1/q

Another important concept to consider in antenna analysis is the gain. Gain is directly related
to directivity. Whereas directivity considers the maximum possible gain in a specified direction
without taking into consideration parameters that can affeatfticiency of the antenna, gain
takes into account the efficiency of the antenna element. Thus, while gain and directivity are
referring to the same concept, directivity assumes perfect performance while gain gives a
realizable value. Gain is mathemaligalefined as 11], [23]

' As (79
where D is the directivity and is the radiation efficiency defined as R/P is radiated power
and R is the input power to the antenna. Radiation efficiency can also be defined in terms of the

input impedance of the antenrid], [23]

2
2 2 (80)

A
Units for both directivity D and gain G are generally in dB.
$ = 10log(D) (81
" =10log(G) (82
The values for all othese parameters are tabulated for the ideal dipole, short dipole and half

wave dipole inTable 24.
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Table 24 Parameters for Different Dipole Elemenid]

Dipole Type | Length L Current Pattern HP D (dB) R( q) Rohmic
Distribution (degrees) . (q)
Ideal L << Uniform sin(d) 90 1.76 YU Ya 3¢
L Y W
Short L << Triangular sin(d) 90 1.76 yo YU 31
ST eA A
Half-Wave L = < Sinusoidal AT @fg¢ AT O 78 2.15 ~70 1 5%
O Efl WA CA

2.2.3.2 Polarization

The polarization of the antennatie same as the polarization of the electromagnetic wave
radiated by the antenna. The polarization of the radiation from the antenna can vary with
direction but is constant over the main | obe
polarizationof the main lobe is considered the polarization of the antenna. By convention, the
polarization is taken to be the polarization of the radiated electric fig]d[R3].

At a given instant, the electric fielelpropagating along theaxis is a vector in the xy plane
with both ¥ and ycomponents Fand E. If Eyis leadingkby phase U, then the

representation ok is given by 1]

A HD WA O (83
or [17]
A s ws ATO6 OEi Ao (84)
where o9 i 8% defined as |
~ -~ S .
r OAIs)Togthr wTtJ (85)
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In this thesis, only the vertical linear polarizations are utilized. However, if the antenna is not
perfectly oriented in the desired verticahxis direction, then the electric field will not be
perfectly vertically polarized with respect to thexas. Therefore, only a component of the
electric field will interact with the antenna as desired. Equat@®fsand(85) can be used to

compute that vector component for more accurate results.
2.3.3.3 Reciprocity

One final, but very powerful concept in antennaotiygs known as reciprocity. The
reciprocity concept simply states that the characterizations of the antenna are the same when the
antenna is transmitting and when it is receiving. Therefore, antennas are generally characterized

in one mode and assumedojoerate identically in the othet]], [23].

2.3 Electrically Steered Arrays

The focus of the literature review thus far has been on single array element analysis. This
thesis focuses on phased arrays. An array antenna consists of several antennas of the same
orientation placed in a certain configuration to form a larger antenphaged array or an
electronically steered array (ESA) is an array antenna that has digital control on each element
that allows phase changing of the currents that excite each element in thinghigyway, the
array can digitally scan through spacele/the physical array is mechanically stationdryj [

[23]. This section discusses the nuanced changes of antenna theory for an elemeats and

some applications for these arrays.
2.3.1 Array Radiation and Pattern

The theory behind a phased array is mostly identical to standard antenna theory with a few
changes. Because arrays are formed by bringing multiple antenna elements,ttuetreay
properties are determined by the cumulative effects of each individual eldrijef2].
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Fortunately, Maxwell 6s equations are | inear

element and summed together to obtain the dveehlavior for the array.

z

Figure 2.13 A line array of n zdirected line sources. The first element is centered at the origin.

The distance between the centers of adjacent line sources is d. Figure adaptéd]from [

This process is performed by summing the vector potentials and radiation fields for each
element. This shown below for rdrected line sourcgdaced in a line as shown igure 213

Each element has current distributidd][

) U EU (86)

The vector potential and far field electric field are then determinetiips |

A ..
! -5 EUA AU (87)
A
% E:SA?O OE] EUA AUe (89)
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The above analysis assumes that there is no symmetry or equal spacing d between elements.
If there is equal spacing d between elements, symmetry simplifies the analysis. The vector

potential and the electric field for an ediy spaced linear array ofdirected line sources are

[11]
! AA U A E A
: ﬁo3‘ ) ) ) (89)
A
Aﬁoau ) A (90)
L AT
[
Normalizing Ergives
% 11 O Al EQENA ) A (92)

This is a much simpler form. Array elements can be spaced equally to take advantage of this
symmetry and computational simplicity. The arrays in this thesis will be regarded as equally
spaced. From equatigd0)i t can be shown that the el ement p

[11]. The remaining term is what is known as the array factor (8lF]11]-[12], [23]

I & ) A (93)

The arrayfactor represents the sum of the radiation fields if each element in the array were
replaced by an ideal point source that radiates equally in all directitin$Z3]. These
theoretical ideal point sources are called isotropic elements and are located at the center of each
element 1L1], [27]. In this way, the isotropic elements maintain the positions and current

magnitudes and phases of the array elements. The elementpd¢erngl ) cont ai ns t he
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pattern of the indindual element taking into account current distribution and spatial orientation

[3], [11]-[12], [23]. The array factor can be extended to arrays of multiple dimensiof]as [

[23]

I & YA oh (94)

whereOi s the position vector of eachd)liesnetnihe ifna
field direction of interest in spherical coordinates. The dot product represents the projection of

the element coordinates into spherical coordinates relative fieltadirection of interest. This

is shown explicitly in equationd.01) to (103) andFigure 217.

For a singleantenna, the pattern was determined as the product of a pattern factor and an
element factor. For an array, the radiation pattern is the product of the array factor with the
element factor. This is known as the principle of pattern multiplication andvenshelow B],

[11], [23], [32]

&N C nf ! &y (95)
where gis the element pattern. Note the similarity between equérand equatioric8).
Pattern multiplication is a very good approximation, given theeitgs in the array have
identical current distributions and are oriented in the same diredtlpn [

Similarly, the normalized power patterngisen by [L1]

onff LI s (96)
and is measured in dBhe principles discussed in Section 2.2 for the single antenna are also

applicable to phased arrays.this thesis, SLL for an array pattern is taken at the firs sidelobe.
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2.3.2 Array Conventions and Properties

This section discusses common terminologies and properties that apply to phased arrays that
do not necessarily apply to single element antennas. These topics include standard array
geometries, important spatial directions for phased arrays, and elem@ngspasiderations
for phased arrays. Understanding these concepts is crucial for the discussion for the rest of the

thesis.
2.3.2.1 Conventional Array Geometries

Phased arrays exist in various forms. Several examples of standard configurations are show
in Figure 214. The simplest array is known as a line array. In a line array, individual antenna
elements are spaced imaedimensional line. These arrays can scan in one dimension, either
azimuth or elevation, depending on whether the elements are placed in the azimuth or the
elevation direction11], [33]. If the array elements are equally spaced, the structure is known as
a uniform line array or ULA34]-[35].

Another popular array design is the extension of the line array intditwensions to form a
rectangular grid. This is known as a rectangular array. If the spacing between elements is the
same the rectangular array is known as a uniform rectangular array or URA. URAs do not have
to have equal spacing in both dimensions. Consider a URA with a normal to the peaitise x
The array elements lie in the yz plane. As long as tkgaging beteen elements is consistent
and zspacing between elements is consistent, the array is considered a URA. If there is equal
spacing in both dimensions, the URA takes the form of a sqB@r¢J7].

There are also twdimensional arrays that take different geometries. Hexagonal arrays and
circular arrays are not uncommon. If uniform spacing is implemented on these structures, they

areknown as uniform hexagonal arrays (UHAS) and uniform circular arrays (UCAS) respectively
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[38]-[40]. Finally, there are what are known as conformal arrays that have an arbitrary geometry.
These are generally used when the array needs to fitaucai an arbitrary surfacd]]. Any

ofthesetwed i mensi onal arrays i s capabl e o083.scannin

(@) (b)

(c) (d)

Figure 2.14 Examples of array configurations: (a) line arrays, (b) rectangular arrays, (c) circular
arrays, and (d) hexagonal arralygyure generated in MATLAB.

2.3.2.2 Broadside and Endfire

There are two special orientations and directions in phased array theory. Broadside is the
term used to refer to the direction that is perpendicular to the plane of the array el@gjents [
Using zdirected dipoles in the coordinate system from Section 2.1.1, the poséris s
broadside. Broadside can also be considered the moranal. At broadside, the antenna or array
will have optimum performance with respect to beamwidth, directivity, and gain. As soon as the

transmitted or received signal is shifted away from the broadside direction, array performance
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will continue to degade until the worst performance is reachgd[fL1], [23]. This occurs at
endfire.

Endfire is the direction that is orthogonal to the broadside direction and the dipol&ljxis [
For an array of Zlirected dipoles in the coordinate system usauah Figure 21 the endfire
direction is the positive-pxis. At endfire, the beamwidth is at its maximum and directivity is at
its minimum [L1]. While there are arrays specifically designed to operate at en@firgl]],

[23] this thesis focuses on broadside antennas. Therefore, endfire effects are considered
something to be avoideBigure 215illustrates the difference in performance of an 8x8 URA
with halfwavelength spacing at broadside and endfire. The very broad beamwidth at endfire

should be noted. This is the undesired éffieat is sought to be avoided in this thesis.
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Figure 2.158x8 URA normalized radiation power pattern at (a) broadside and (b) endfire in
rectangular coordinates. Figure generated in MATLAB.

2.3.2.3 Element Spacing, Grating Lobs and Aperture Size

One of the most important concepts to consider when designing an array is the spacing
between the individual elements. Jons#?,[Van Trees43] and Balanis23] apply the theory
proposed by Woodwardl{l] to phased array spacing. According to this theory, element spacing

in an array is analogous to sampling theory in the spatial domain. As such, sampling theory
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concepts like the Nyquist limit apply. Just like too few samples in frequency can result in a
frequency alias, taking too few samples by spacing the elements too far apart can lead to a spatial
alias R6]. From the geometry iRigure 217 the time delay between two adjacent elements is
gi ven as 3dptneguatibridd)i Mole dbout the time delay and its derivation are
explored in the next section. The phase difference between adjacent elements mudidievikept
to avoid incorre46tTHhiignei ded sag/s ctal & utl ead ti roincst i

Therefore, the distance between elements isrgby B]
A ]
¢ £GET ¢ Ogl (97)

This means that the maximum possible spacing to avoid aliasingspatial domain s3],
[11], [23], [46]
] ]

¢OEbT ¢ (99)

| f spacing | arger than or &/ 2 is implemented
as a second major lobe that has equal gain as the main lobe.Whé is known as a grating
|l obe. To avoid grating | obeg,[1lls[Baci ng must be

The aperture of the array is the effective area over which the electromagnetic wave can be
collected R3]. Figure 216 illustrates the relationship between element spacing, aperture size,
HP, and grating lobes. Aperture size can be increased by adding more elements with constant
spacingFigure 216a and ¢ show that as the aperture size is increased HP decreases, and array
performance is improved. ]]. This increasen aperture, however, comes at the S\WaBost of
adding extra elements to the array. Another way to increase aperture size is by increasing spacing

as inFigure 216b and d. As element spacing is increasedHiRef the array decreases but with
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increasing presence of grating lobes. If the element spacing is decreased, the grating lobes will

disappear, but the HP will increase. This s@gmificant tradeoff in array desigaq].
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4x4 URA A4 Spacing
6x6 URA M2 Spacing
8x8 URA A Spacing
10x10 URA 3N2 Spacing
| A \
20t £ A
) ‘{| I[\/ \ I M/ o
2 o) W I '” I L"J ||ﬁ " <
ol | \\. I :
[ o
T 501 K
o &
E -60 | g -60
s s
-0+ 1 -70
-80 -80
-90 + b -90
-100 - -100 .
-150  -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
Azimuth Angle (degrees) Azimuth Angle (degrees)
(a) (b)
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Figure216Radi ati on power patt er nspaciagtiand(diferingbr oads i d
number of elements, (b) broadside with fixed 4x4 array size and differing element spacing, (c)
endfire with fixed &/ 2 spacing and differing
size and differing element spacing. Figgenerated in MATLAB.

2.3.3 Practical Phased Array Operation

This section introduces applications of phased arrays and introduces some details about their
operation. For the scope of this thesis, the phased array is used for direction of arrival, beam

steering and beamforming. These are discussed in detail irethicns In order to understand
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how the array can be used for these applications, an understanding of how an electromagnetic

wave interacts with the array elements is first necessary.
2.3.3.1 Wave Propagation through Array Elements

An example of an electnoagnetic wave propagating through an array is showngure
2.17. As the wave front propagates through the array, it will encounter element 1 before
encountering element 2 ot | ater in time, el em
Simple trigonometry similar tdat performed in Section 2.2ahdFigure 25canbe used to
compute a phase difference between when two elements interact with a present wave front.

Considering only element 1 and element 2, a right triangle can be formed consisting of the

Direction of Propagation
(Incident plane wave)

s '
.. .— Plane wave front |1

. ]

|

Ad,

Element Spacing, d

Figure 2.17 Incident plane wave propagating through aelement uniforniinear array
arranged in the d di47lecti on. Figure adapted f

di stance d between the el ements, the distance
length of the wave front between element 1 and eletient The wave frent f or ms
with respect to the arr aas.equalto9ibadh,o uwhde rbee dh oitse dt
elevation variable in the coordinate system giveRigure 21. Because the array is assumed to

be in the far field region with respect to the source, every point on the wave front over the area of

45



the array is assumed to be at the same pladkeTherefore, the angle formed between the wave
front and each el ement can be 1djoTmsei deerneggd ht opdk2
t h en gwhiochggprésents the path length difference between the two eled@nts [

The phase difference between adjacent elements can be found by multiplying this path length

di fference by the phase constant b. However,
bet ween el ements. Therefore, the t4&8 al phase s
¢ [AAIfGey 1AOET (99

The time delay ot between when the wave fron
defined as49|

. 0OAORT GEEEAAOAR AAAAT Ge [AOET
001 DAGAAHTAEDAU A A (100

The above procedure was performed on adimensional ULA, but theoncept can be
extended to higher dimensional arrays by including spacing and distances between elements in
other dimensions.

The cartesian coordinates of the element positions must be projected onto spherical

coordinates in terms dofusaizn gnutthhe «0palnldo veil negv aet g u
@ OEMl AT ® (101
U OE[l OED (102
U AT (103

The time shift ot fobf this case Iis represente

6 0 b (104
———

The procedure as presented here is performed on receive and can be utilized in direction of

arrival (DOA) calculations. However, this same process can be applied to the array on transmit
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for beam steering and beamforming. Beamforming, beam steering, ahé@ie@iscussed in the

following sections.
2.3.3.2 Beamforming vs Beam Steering

The pattern discussed in Section 2.3.1 is the overall radiation pattern when every element in
the array is transmitting simultaneously when no steering is applied. As defipkdsed array
allows for the phase shifting of the excitation currents on each element to steer the main lobe or
beam in a desired directiohl]. This is known as beam steeririgll]. An important feature in
beam steering is that only the phase of each element is affected; the magnitudes of the currents
remain unchange@8§|, [50], [52].

Beamforming is a moradvanced version of beam steering where both the magnitudes and
the phases of the excitation current for each element are manipulated. In this way multiple beams
can be formed in multiple directions simultaneou$s] [Beamforming can be utilized in
conjunction with null forming, forming nulls in specified directions, to filter out interference

signals and improve the sigrakinterferenceplus-noise atio (SINR) B3], [53]-[54].

Figure 2.18lllustration of beamforming. Figure taken froB5].
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Figure 218 shows a visual representation of beamforming with a ULA of n elements. Every
element has a weight.\applied which will manipulate the phase and amplitude of the current
such that the radiative responsekthe elements combine into an output signahandesired
directd)onThe, radi ati ve r esqya®assumedsdbg idemtical o f
except for a phase shift. This phase shift is computed from the previous section and converted
i nt o a tiamieeqdagofl®0 or egtiation(104). The effective response of each

element xais [56]

o o OA (109

The total output signal y i%(], [56]-[57]

uod x ‘@ OA T 11T EOA (106

whereX is the element response vectol is the Hermitian conjugate transpose of the weighting
vector, and the noise is assumed as white Gaussian noise. It should be noted in @@@ation
and Figure 218that the conjugate of the weight of each elemens wsed for this calculation.

The variance of the output signaldstermined by the value of the power of the signal. This

is expressed mathematically &9

OU A %UO0s (107)
% x B X A (108
% x AR x (109
X %N R X (110
X X (111)

whereR is the covariance aorrelation matrix of the element responses and is definet8gs [

[50]
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3 57 3 ﬁ'
n %nn . (112

Equation(111) represents the output signal y(t) in the specific steered direction. The challenge is
to determine the exact values for the weight veetorhis is accomplished by solving for the
variance of the signal as a function of steering direcd& [50], [57].
The phase shift information is stored in a time shift vectdk as  for each term and is
known as the steering vect®r [50]. The steering vector represents the phase information for
each element at each steering direction. The covariance mRadtigan arbitrary direction will
have phase shifts associated with the steering direction. This indicatBagreafunction of
steeing directionR(sv) = sV'Rsv + noise §0].
The power can be calculated with respect to steering vects B0
000 x I O& x O0MO& (113
This is known as the steered response of the array at a given steering direction and gives the
power spectrum of the array in a given direction in the frequency doBG@inNhen uniform
spacing is implemented in the array and all elements have been given equal weight, the
normalized steered response reducedd [50], [58]
0 0O 06O (114
The similarity between equati¢hl4) and equatioril1l) should be noted. This implies that
the normalized weight vectar for an equally weighted uniform array is simply the steering
vectorsv[50]. Because all the sensors have equal weight [1, B0], [59] the only factor that is
changing is the phase. Therefore, this solution cghdagght of as a phasmly beamformer or a
beam steerer. It is also known as the delay and sum beamformer, conventional beamformer and

Bartlett beamformel43], [50]. In this thesis, it will be referred to as a Bartlett beamformer.
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More advaned beamforming methods are also be used in practice. One such beamformer is
the Minimum Variance Distortictess Response (MVDR). The MVDR beamformer changes the
weights in magnitude and phase for each element based on the element response in a given
diredion. For this reason, MVDR is known as an adaptive beamfos0gr60]. The goal of
MVDR beamforming is to minimize the power in all directions except for the direction of
interest. This is achieved by applying the following constr&@y, [57]

I EOU x Ax (115
OO0 A BAAGO p

The constraint given in equati¢hlb) is a Lagrange optimization problem and can be solved

using Lagrange multiplier$(]. The solution for w can be found a&3], [57], [60]

n 00
5% GO (119

If the spacing of the array is such that grating lobes will be present, they will manifest in the
beamforming pattern as well. Back beams may also appear in the opposite direction as the main
beam, such as Figure 211. Back beams may also form in the opposite direction any grating

lobes that are present in the pattern dSigire 216

2.3.3.3 Direction of Arrival

The same principles that were implemented for beamforming can be applied to determine the
direction from which a given signal was transmitted. This dirediiming process is known as
a direction of arrival or DOA measurement. It should be noted that for a DOA measurement the
power spectrum in the frequency domain is utilized rather than a beam pa@lefirhprefore,
maxima are referred to as peaks rather than lobes or beams. All noise in these measurements is

assumed to be white Gaussian notsg.[
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The simplest form of DOA measurement is to perform a beam scan of space. This is
achieved using the Bartlett beamformer to for
scanning areara compute the power in each direction using equélitd). The direction for
which maximum power is found is the direction from which the signal was transmitted. Bartlett
is a special case where the DOA power spectrum is identical to the beam [>&d59].

MVDR can also be used for DOA measurements. MVDR sweeps through the directional area
of interest one direction at a time, minimizing the power in all directions except for the desired
direction. It is important to note that for a DOA measurement, MVDR doeform a beam;

MVDR only computes a power for a given direction while minimizing power elsewhere. This
allows for much narrower peaks in the power spectrum than the Bartlett DOA calculation. The
power spectrum for the MVDR DOA calculation is found bivsm equation(111) using the
weights w from equatio(lL15). The normalized MVDR steering responsedid]|[[50], [57]

o p
° 99385 60 (117

It should be noted that the covariance méaRis required to compute the power spectrum for
MVDR. Therefore, MVDR is more computationally expensive than the Bartlett DOA approach.
The final DOA approach considered in this thesis is the multiple signal classification
(MUSIC) technique. In thenusic technique, the covariance matrix undergoes eigenvalue
decomposition for both signal and noise subspaces. This is expressed mathematiEglly as [
nooO OMOOT I EORY N A ¥ i (118
whereUsandUn are the matrices of eigenvectors that span the signal subspace and the noise
subspace r es®rddrathe dihggnalaactdrs of eigenvalues of the signal and
noise subspaces respectively. Because the noise is assumed to be white Gaussthr nois

signal and noi se ssabd,peasused obaathogohatto eaéhothee. s
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The ei gensaa b aremsitivoe, reag values arranged from greatest to least. If there are
n signals and s sources present, then the largest g e n v a da un ehsogespondsto the
signal while the smaller-a eigenvalues correspond to the no&s4.|

The objective of MUSIC is very similar to that of MVDR. MUSIC sweeps through the
directional area of interest one direction at a time and computes a power for each steering
direction. Instead of finding where the maximum power is, however, MUSIC look® wieer
noise is minimal. This is achieved by projecting onto the noise subgpgce . Substituting
N N forn inequation(117) gives the MUSIC power spectrudd, [57]

L p

0 00 & 1 00 (119
The desired the peak power from equafibi®) occurs when the noise is at a minimum.

Like MVDR, the MUSIC approach requires the covariance m&yigut must also perform

eigenvalue decomposition. MUSIC is therefore the most computationally expensive approach

out of the three.

All three DOA algorithms are preseifigueed f or
2.19. Bartlett has a very wide main peaks with side peaks throughout the spectrum. These are th
two major disadvantages to Bartlett as a DOA approach. If a second sigresast but at a
lower SNR the power level in the spectrum will be lower. If the power level of the weaker signal
is lower than the side peak level of the Bartlett power spectrum, then the signal will be masked
and unresolvable. Similarly, because the tviolt the main peak, Bartlett is said to have low

resolution #3], [59]. Resolution refers to how spatially distant two signals can be and still be

resolvable 43], [57].
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Bartlett vs MVDR vs MUSIC DOA Resolution Bartlett vs MVDR vs MUSIC DOA Resolution
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Figure 2.19 DOA spectra comparisons for a 4x4 URAwith#&) 2 s pacing and (b)
Figure generated in MATLAB.

MVDR and MUSIC do not have either of these issues. Ffmure 219 MVDR and MUSIC
have negligibly high side peaks. Therefore, secondary signals of lower power can easily be
resolved as peaks of lower power level in the spectrum and will not be masked. Furthermore,
Signals can be spatially cloggether for both MVDR and MUSIC and still be resolved. MUSIC
exhibits the best resolution of the thrdg][ [57] and will be used exclusively for the simulations
in Chapter 4.

As aperture size is increased, the performance of all three DOA algorithms im@dyes [
[61]. Thisis illustrated irfFigure 219% . When el ement spadowevgr, i ncr ea
the effects of grating lobes are introduced into the spectrum as extra spectrum peaks. Grating
lobes form a kind of ambiguity because without external informadientifying whichpeakin
the spectrum is the real signal of interest cannot bendieted. There are, however, other
ambiguities that can occur. These ambiguities are discussed in the next section. All of these

ambiguities will manifest as peaks in the DOA power spectrum.
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2.3.3.4Ambiguities in Direction of Arrival

If there exists a s@f distinct DOA calculations for which the steering vector is rank
deficient, there will be ambiguities in the spectr@#] [ In other words, if there is more than one
steering vector that result in the same DOA calculation, an ambiguity is pré3e@dnsider a

URA in place of the ULA inFigure 217 performing a DOA measurement for a signal incident at

broadside («, d) = (0, Fi§uje 2K The planedwave wihexaitel i nat i o
every el ement in the array at the sdlforti me.
equation(104d wi | | be 0. However, a plane wave incide

also excite every element in the array at time t with no time delay. Therefore, a DOA
measurement taken withd steering vector for either direction will result in detection of two
signals: one signal from each direction. This means an ambiguity will be presentditelBhe
plane wave is at broadside and vice versa. Every incident direction falinvemsionalJRAS
arrays will inherently result in an ambiguit§4).

These ambiguities converge with the incident plane wave signal at esdire his
convergence of the two power spectrum peaks or beam patterns causes the increase in width for
both the power spectrum and the beam pattekigare 215[52]. This convergence is shown
for the DOA spectrum of a 4x4 URA with halfavelength spacing iRigure 220. It should be
notedthat a grating lobe aldorms at endfire for this arragnd the DOA spectrum detects a

second peak
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Figure 220DOAPowers pect rum of a 4x4 URA with &/ 2 spac
measurement. The incident signal is located at an azimuth of (a) 35 (b) 65 and (c) at 90 (endfire).
The ambiguity and the incident signal converge at endfire.

These ambiguities exist for alhkar and twalimensional planar arrays as result of their
planar geometryg4]. Effort has been made to utilize uniform circular arrays and arrays with no
phase centers to eliminate and resolve ambiguifes| §6]. Rectangular planar arrays, however,
are the focus of this thesis and the ambiguities for these geometries cause significant operational

concerns.
2.3.4 Mutual Couping Effects

Antenna operation is defined by the current distribution, and the magnitude and phase of the
currents on the radiating elements. When elements are spaced in close proximity to one another
as in an array, the radiated fields from one elemehtnieéract with those of the other elements.

This interaction is known as mutual coupling and leads to deviations from ideal behavior. As the
current distribution on each element changes, the impedance on each respective element will also
change. Therefer mutual coupling effects can be computed by looking at the impedances of the
array elements. This is conveniently done by modeling each element as having its own generator
with generator impedance. An array of n elements can be modelgubasnetworkusing

circuit analysis aslfl], [67]-[68]

M

6 ) ) (120
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6 ) ) E:) (123

Dx

6 ) ) E: ) (122

where \h and | are the applied voltages and currents to each elementaisctize self
impedance of each element when the other elements areiopgts. Zn, represents the mutual
impedance between elements in the artdy. [

Dividing equation(122) by ) gives theinput impedance of any element in the array with all

mutual coupling effects included. This is known as active impedance and is giveq by [

) ) =)

Mutual coupling effects impact more than just the input impedance of the array elements. As
discussed, the radiating behavior of one element impacts the radiating behavior of another
element in the array. This has significant impacts on the radiati@rmpatid beam steering
behavior of the array as a whol€l], [67], [69]. It should be noted that the active impedance
depends on the current in each element which contains phase information. Therefore, at different
steering directions, different mutual couplieiflects occuf11]. Mutual coupling also impacts
DOA measurement$§], [70].

To compensate for mutual coupling, the mutual impedance terms from eqafdnsnd
(123 must be determined. Once these mutual impedances are found, the mutlirad coatyix
for the array can be generated. Applying the inverse of this mutual coupling matrix to the array
excitation sources will offset the mutual coupling effects for the specified direction and
approximate the ideal performance. There are severa thaythe mutual coupling matrix can

be calculateddq], [71]-[73].
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2.4 HF Fundamentals

This section of the literature review transitions into HF propagation. The basic principles and
operation of electromagnetic waves is maintained at HF as well aeafretjuencies.
However, HF signals interact with the ionosphere in ways that higher frequency signals do not.
These interactions present an additional challéoiggroundbased radio telescopes. An orbiting
array, such as the one proposed in this thesigld avoid many ofhese challenges.

2.4.1 Frequency Spectrum

To understand the fundamentals of HF, the basics of the electromagnetic spectrum must first
be discussed. The electromagnetic spectrum is the range of frequencies and wavelengths of all
electromagnetic radiation propagating in spae. |A visual representation of the

electromagnetic spectrum is shown in terms of wavelength belbigume 221.

- Increasing energy
Increasing wavelength -
0.0001 nm 0.01 nm 10nm 1000 nm 0.01 cm 1 em 1 m 100 m
1 1 1 1 1 1
Gammao rays Xrays Ultra- Infrared Radio woves
violet

Radar TV FM AM
e

| T T T -

| |
400 nm 500 nm 600 nm 700 nm

Figure 2.21 The electromagnetic spectrum. Figure taken frégp [
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As can be seen iRigure 221, the electromagnetic spectrum covers a wide range of
wavelengths and frequencies for an equally wide variety of purpdsesart of the
electromagnetic spectrum that is of interest to this thesis is the radio wave spectrum, also called
the radio frequency (RF) spectrum. The RF spectrum is defined as the subset of the
electromagnetic spectrum with frequencies between 30 #13@M GHz 76]. This is the section
of the electromagnetic spectrum over which wireless communication and broadcasting takes
place The RF spectrum is broken down into even further subsets listedbia 25.

FromTable 25, HF isfound to have frequencies ranging frori 30 MHz, which
corresponds to wavelengths of 1Q00 m. Arrays built to operate at HF with haldvelength
spacing have element spacings loe order of 5 50 m for optimal performance. This is one
major constraint imposed by HF operation. The other major constraints of the HF operating
frequency band are given in terms of the ionospheric environment discussed in the next section.

Table 25 RF Spectrum Breakdown. Table taken froff]

Frequency =S Band Description

307 300 Hz 101 10°km ELF Extremely LowFrequency
3007 3000 Hz 1037 102 km VF Voice Frequency

371 30 kHz 1007 10 km VLF Very Low Frequency
307 300 kHz 107 1 km LF Low Frequency

0.37 3 MHz 17 0.1 km MF Medium Frequency
37 30 MHz 1007 10 m HF High Frequency
307 300 MHz 107 1m VHF Very High Frequency

30071 3000 MHz 1007 10 cm UHF Ultra-High Frequency

37 30 GHz 107 1 cm SHF SuperHigh Frequency
3071 300 GHz 107 1 mm EHF Extremely High Frequency
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2.4.2 lonospheric Effects on HF Signals and ElectromagnetiRropagation

While many signals will reflect off the ionosphere and bounce back to earth, signals near the
HF band can penetrate into the ionosphere and propagate through it. However, the ionosphere is
not a static medium for radio signal propagation. Bati is split into layers based on the
distribution of the density of charged particles. Furthermore, the density in each of these layers is
time varying and is highly dependent on the geomagnetic field of the earth and can be affected
by solar activityfrom the sun. This constant shifting of ionization causes electromagnetic waves
to experience dispersive effects as they propagate through the ionogpHe@{77].

Another effect experienced by electromagnetic waves in the ionosphaaa as Faraday
rotation. Faraday rotation is the gradual rotation of the polarization of an electromagnetic wave
as it propagates through the plasma medium of the ionosphere. This effect is usually experienced
by linearly polarized signalg]. A change in the polarization of a signal has a significant impact
on the receiving array, especially if the array is designed to operate only at a specific
polarization.

Similarly, the charged patrticles in the ionosphere interfere with the electromagnetic wave
causing the propagating velocity to decrease. This ionosphere induced time delay depends on the
frequency of the electromagnetic wave and the densityeatharged particles in the ionosphere
[7], [77]. This can have significant impacts on DOA measurements, as the time delay used for
those calculations assumes a propagation speed equal to the speed of light. If a high enough
density of charged particles is present for a transmitted signal at a giveerfcgdn the
ionosphere, then the propagation velocity may be delayed enough to cause errors in the DOA

calculations.
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Finally, a third major impact caused by the ionosphere is known as scintillation. Because
different distributions of the ionosphere haviedent ionization densities, the propagation speed
the amplitude, and the phase can be varied by different amounts across the spatial distribution of
the propagating wavée]. When this wave encounters the receiving phased array, the
electromagnetic wave that illuminates the array is no longer in phase and is therefore not a phase
front. Thus, the DOA calculations from Section 2.3.3.3 no loigettifies the exact position of
the source of the electromagnetic wave, and additional, more complex analysis must be
performed.

This thesis does not provide solutions for these issues and instead focuses exclusively on the
design and operation of the thréienensional arrayln orbit, the proposed array will only be
faced with these challenges when it is implemented for ionospdratiatmospheristudiesand
calibration for grounébased systems. For studies beyond the atmosphere, the ionosphere no

longer acts as an obstacle and the array will avoid the challenges presented in this section.
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Chapter 31 Three-Dimensional Array Design and Geometry

This chapter presents the design considerations for the-apsembled thredimensional
phased array. Geometry considerations for the design are presented with corresponding
solutions. The components for the array design are then discussed. The chiagiters to a
discussion of geometric terms for the array that will be used in the rest of the thesis. Finally, a

theoretical analysis is presented with the expected results due to the cubic geometry of the array.

3.1 Geometry Selection

The first decision regarding the thrdenensional array design was which geometry to
implement. There were two major factors to be considered in selecting a geometry. The first
factor to be considered was the simplicity of the design for simulation maulsrototyping
fabrication. Simplicity in the geometry can not only simplify the design but can also lead to
simpler analysis. The second factor to be considered was practical application of the geometry to
the end usease of a spaeassembled HF radielescope. Ideally, a simple geometry with a
regular, modular structure was desired for this use case. A cubic structure met both requirements
and was readily selected for the end design and the prototypes developed for this thesis.

There are additionaldmefits to using a cubic structure for the array geometry. A cubic
structure is inherently symmetric on all sides. This symmetry will make analysis far simpler than
arbitrary threedimensional geometries. Secondly, a cubic array is the natural extenaibnamf
dimensional URA. Thus, the performance of a cubic array can be easily compared to that of a

conventional URA of the same number of elements.
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3.2 Cubic ThreeDimensional Geometry Design

The end goal is for the array design to be easy to simuldtsimple to fabricate, especially
when considering the ispace assembled HF radio telescope endase. For this reason, the
design presented in this thesis consists of small pieces that are integrated together in a regular

structure.

Figure 3.1 Proposed array design forapace assembled HF radio telescope

The entire array structure consists of four major components: conductive rods for array
dipole elements, nonconductive rods for spacing and support, spacenshé&et the rods
together, and feepoints(or excitation sources$dr the array elements. The integration of these
components to form the cubic design is showhRigure3.1. The vertical yellow rods represent
the conductive rods for the array halve dipole elements, the horizontal blue rods represent

the nonconductive rods that provide the spacing between the elements and structural support, and
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the spacers are represented by the hexagpiedre shapes. It should be noted that the spacers
aremodeledwith a size of 10 cnfior easyimplementatiorwith 1U CubeSats.

This design implements the desired regular, modular structure with the added capability of
tunability. Radio frequency integrated circuit (RFIC) switches within each spacer would allow
for opening or shorting the spacer itself to connect or disconneatcibrelelements. Through
this process, dipole element sizes and spacings can be reconfigured for operation at different
frequencies within the HF band. RFIC switches are not implemented in this thesis, however, the
design presented herein intentionallylires the RFIC tunability as a feature that can be
explored as future work on the project. A more detailed discussion is presented in Ghapter

One shortcoming of the designFigure3.1 is the limited polarization capability. The z
directed nature of the dipoles in the design limits the performance of the array to linear
polarizationsAs seen in Chapter 2, the polarization of an electromagnetic wave can be captured
by two orthogonal vector component& operate at all polarization states for antenna and array
operation two orthogonal sets of conductive rods are required. Howevire asray tumbles,
one of those sets of rods may align with the propagation direction of the electromagnetic wave.
Therefore, a third set of orthogonal rods is neeWéth three sets of orthogonal rods at each
feedpoint,no matter what the orientationpth vector componentsf the electromagnetic wave
for any polarization will be measurethis is known as a hexapole and would be implemented
by replacing the blue, nonconductive rods with conductive rods. More information on the
hexapole is provided in Glpter 6.

The dipole element and the resulting polarizatiomtation was chosen intentionally for
simplicity in simulation and analysi$he simulation environments assumepoarized

conditions; therefore, orthogonal sets of rods result in unnecessary computational complexity.
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Additional rods also present scaling limitations for the array in the 4nec2 simulation discussed in
Chapter 4. Fally, the dipole simplification also makes a prototyglkericationand laboratory

measurement much more practical.

3.2.1 Detailed Analysis ofCubic Array Structure Design

The array elements for the cubic geometry design-dieezted halwave dipolesAs
mentioned in Chapter 2, these are dipoles that have a length that is approximately half of the
wavelength, &/ 2, of the di poFiguiesl, thessalaestant f
half-wave dipole element consists of a single fpedt in the center of two conductive rods.
The regular structure of conductive rod, spacer, conductive rod, spacer, Bliced for the
purpose of tunability. If the spacers are shorted, rather than serving gefetdfor smaller
dipole elements, they can contribute the length of the dipole element and connect conductive
rods to form larger dipole elements. Regardldssperational frequency, dipole elements cannot
physically touch or overlap in space. Therefore, a hollow spacer is required between dipole
elements in the-direction.

Another representation of the array design in a 4x4x4 configuration is presehtgdri
3.2. This is the same representation freigure3.1 with some helpful visualization. There are
four different colored hexagonrbke shapes and two different colored rods. The dark colored
vertical rods represent thedirected halwave dipole conductive rods. The orange hexagonal
solids at the intersections of vertical dark rods and the horizontal blue rods represent spacers or
CubeSats that act as fepdints for the hativave dipoles. Thaorizontal blue rods represent
nonconductive structural components which are used to provide the desired spacing amthe x
y-directions between array elements. The white hexagonal shapes between the blue rods

represent hollow spacers or CubeSats whrehused to connect the spacing/structural rods to
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maintain the xand yspacing between array elements. Finally, the maoodored hexagonal
shapes placed between the vertical dark rods represent hollow, empty spacers that maintain the z
spacing betweearray feeepoints. It should be noted that the hollow and empty spacers along

the zaxis would still contain RFIC switches in a full implementation of the design.

‘ ~N2 I ’
| B
-] -] -]
~N2 ’

J | ‘

Half-Wave Dipole ~\/2 Feed-PoinJ
® & T

’ & & ®
T I T T
T o @ ®

(a) (b)

Figure 3.2 4x4x4 64elementarray design ofa) all x-, y-, and zaxes andb) on the YZ plane

Figure 32b shows the YZ twalimensional plane of this threBmensional array design. The
half-wavedipoles are directed vertically along thexs. Between two vertically adjacent feed
points, there are two conductive rods and one hollow spacer. However, the actypalif¢ed
connection is the exact center of the spacer with respect teattis.Zherefore, there is an
additionalspaceiengthbetweerntwo feedpoints. The vertical feegboint to feedpoint distance
is then length of dipole + length of spacdihe horizontal distance is computed the same way.
The spacing in the-girection is identical to the spacing in the&liyection due to the symmetrical
geometry. In this configuration, the spacing in all three directions is identical and the cubic

geometryis maintained.
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Figure 3.3 4x2x4 32-elementarrayreconfiguration of the 4x4x4 édlementarrayfrom Figure
3.20n (a) all %, y-, and zaxes and (b) on the YZ plane

The RFIC switches inside the spacers between conductive elements could be opened or
closed to reconfigure the array into other forms such as the one shbigure3.3. In this
configuration, the array operates at approximately half the frequency as Fnguri@ 32. The
green hexagonal shapes for this configuration represent spacers or CubeSats that have been
shorted to connect conductive elements together to form larger dipoles. In this configuration, the
z-distance from feegoint to feedpoint is maintained around agximately one haf
wavelength. Likewise, the dipole length itself is kept at approximately ongvha#length.

However, the xand yspacings have not changed and are approximately one gwasxtelength
spacing for this configuration. Because the sga@smot symmetric in all three dimensions, the
cubic nature of the geometry is lost. This is an important consequence that will be discussed in
the next section.

It should be noted that the physical dimensionhefarray inFigure 32 andFigure3.3 have
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not changed. Only the size of the dipole elements and the spacing between the dipole elements is
changed. It is also worth-emphasizing that RFIC switches are not implemented inhbsg,
however, the reconfiguration of the array can be implemented in simulation by restructuring a

model as was done Figure3.3.
3.2.2 HF Cubic Geometry Considerations

As mentioned in Chapter 2, an HF array operates between 3 and 30 MHz. This frequency
range corresponds to wavelengths between 10 and 100 m. Faravaldipoles, the element
size and the spacing between elements is limited to batsvand 50 m. The design for the array
approximates that of a cubic geometry. The goal is to maintain that approximate cubic geometry
at different frequencies within the HF band. As seen in the previous sectionkigdre3.3,
certain reconfigurations can cause the cubic geometry to be lost. For the purposes of this thesis,
such reconfigurations are not usefub. Maintain cubic geometry for the HF frequency band, a
cube must be designed at the lowest frequency of 3 MHz. The goal is to implement elements that
are sized to operate at the highest frequency of 30 MHz such that a cube that operates 30 MHz
can be recdigured to an approximate cube that operates at 3 MHz.

The smallest cube possible is arl8ment 2x2x2 configuration. As mentioned, at 3 MHz,
the element size and spacing required is 50 m. The element size for 30 MHz is approximately 5
m. Therefore, teB0 MHzelements can be combined to form a single 3 Miément, as shown
in Figure 34. To form two vertical 3 MHzelements would then require approximately twenty 30
MHz-elements. Furthermore, these elements cannot physically overlap in space, therefore
additional empty spaceor CubeSat between each of the 30 MHz elements as well as one to
separate the 3 MHz elements are requifetbtal of 19 spacers per 3 MHz element and one

spacer between 3 MHz elements results is@&erdor 2 zdirected3 MHz halfwavedipoles
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in asinglecolumn To maintain the cubic geometry38x39x39 spacer structure is required.
Element Element Element Element Element Element Element Element Element Element
1 2 ] 4 5 6 7 8 9 10
(30 MHz) (30 MHz) (30 MHz) (30 MHz) (30 MHz) (30 MHz) (30 MHz) (30 MHz) (30 MHz) (30 MHz)

Figure 34 Ten 30 MHz elements combine with nine spacers to form a single element at 3 MHz

In Figure 35, all the dots represent the spacers or CubeSgisie 35a shows 19 spacers
being combined to form individual 3 MHz elements. It should be notEdyure 35a where the
elements are formed; the yellow lines represent where the elements are formed in the 3 MHz
configuration whereas the red boxes provide useful illustration for the reader. There are enough
spacers to form additional 3 MHz elemeriswever, by forming these elements, the cubic
geometry of the array is lost and a rectangular solid is formed as was shiéiguraB.3.

Because thithesis focuses specifically on cubic geometry, these extra elements are non
desirable. Therefore, the additional 3 MHz elements are excluded. For symmetry purposes, the
central elements iRigure 35a are selected to form the 3 MHz cube.

At 30 MHz, there are a lot more elements that can be implemented. The 2x2x2 3 MHz cube
becomes a 20x20x20 30 MHz cube with each element consisting of asgpagés acting as a
feedpoint and 2 conductive rods, asHigure 32. Every other spacer acts as an open circulit.

This structure is shown iRigure 35b. Therefore, the design shownHigure3.1 can be
implemented to form a regular structdinat can be kspace assembled that could be tunable to
operate at 3 MHz and 30 MHz in the HF band with while retaining cubic array geometry with

various aperture sizes.
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Figure 35 A single face of a 39x39x39 spacer cube that can be configured into (a) a 2x2x2 8
element 3 MHz cuber (b)a 20x20x20 800@lement 30 MHz cub& he yellow lines in (a)
represent the actual location of the array elements.

One final note regarding the ewple inFigure 35 is that of the mutual coupling effects. The
same amount of metal is present in the array regardless of the frequency of operation. At 30
MHz, every conductive rod in the array is being used by an array element. At 3 MHz, however,
there are spacers with aturctive elements that are not in use by the array that are placed
between and around the larger elements that are being used in the array. This excess metal from

the elements that are not in use could have substantial effects on the mutual coupling
performance at different frequencies.
3.2.3 Array Element Specifications
As mentioned, the ideal component to implement as a spacer would be a 1U CubeSat that is a
10 cm cube. The overall size of a single dimension of the cubic array structuréidume3.1
for N 30 MHz elements is
SEUA.z , ATC@EE T ACADEOGA . p zmpi (1249

At 3 MHz, the size of the hailvave dipole needs to be slightly shorter than 50 m. USigigre
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3.4 and substituting 50 m for Size (h24) results in
ot cepm , AT C@EET AGEDEORT prp *rmi (125
CAT ¢esE T AGADE QA T (127)
Additionally, in order taavoid grating lobes, the spacing between elements in all three
di mensions is kept under O0.5a. Therefore, the
be reduced slightly to ensure that grating lobes are avoided. For this reason, the length of the
conductive and nonconductive rod lengths are identically selected as 2.3 m. The results for the 3
MHz and 30 MHz elements are shownTiable3.1

Table 3.1 Array Element Specifications

Frequency | Wavelength | Element Length ElementSpacing | % Shorter

3 MHz 100 m 47.9 m 48 m 4.2

30 MHz 10 m 4.7 m 4.8 m 6

3.2.4 Design Pros and Cons

The major benefit to the designkigure3.1 is the regular, modular structure for arspace
assembly process. The solid cube geometry provides eymifor the analysis and fabrication
process as well as allowing for tunability to different frequencies.

However, in order tachieve the desired cubic geometry that is desired, a substantial number
of elements is required. The high element count increases the cost of the system as well as
introducing complexity in the assembly process. Furthermore, high number of elementts leads
increase power consumption, increased data processing requirements, and an increase in mutual

coupling effects.
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3.3 Geometric Terms

Throughout this thesis there are references to different groups of elements within the array

structure. Some definitiorfer these terms and visual representations for each are provided:

1 Panelis used to refer to a singular face of 16 elements of the cubic array. The panels are
listed in terms of letters A, B, C, and D with A being the outermost and broadside face. Using
the coordinate system in Figure 2.1, Panel A is the furthest along theis:XThe panels are
represented ifrigure 36a.

9 Stackis a vertical grouping of 4 elements in the same panel. There are 4 stacks in each panel.
The first stack of each panel Al, B1, C1, and D1 is representgdure 36b.

1 Planerefers to a grouping of stacks from different panels. Stacks A1, B1, C1, and D1 from
Figure 36b form the plane showRigure 36c.

1 Cutrefers to a cross section that is not defined by a plane, panel, or stack. There are four cuts
in the array structurd=igure 36d represents cut 1. The other cuts proceed vertically
downward.

Each element in the array also has a corresponding index number. Panel A consists of
elements 416, Panel B consists of elements37, etc. Therefore, Stack Al consists of elements
1-4, Stak A2 consists of elements& etc. From these notations any grouping of any size of
elements within the array can be properly identified.

3.4 Predictions of Cubic ThreeDimensional Geometry Performance

This section briefly presents the hypothesis aquetations of the proposed array
performance based on its thh@ienensional geometry.

As seen in Chapter 2, tadimensional arrays face two major shortcomings: the ambiguity
seen in DOA measurements and the broadening of the beam and DOA spectrurhgreak w
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Figure 3.6 Geometric terms for cubic geomet(g) panels(b) stacksc) planes, andd) cuts

operating near endfire. Consider again the URA in Section 2.3 with the plane wave incident at
broadside. The reason tambiguity is observed at 180 is because the time delay between when
the plane wave interacts with all the elements in the array is identical from both directions. For a
cube, however, this is not the case. If a plane wave is incident at broadside tdrelerigure
3.7, the elements in Panel A will be excited before the elements in Panel B, which will be excited
before the elements in Panel C, etowgver, if the plane wave is incident from 180, then the
elements in Panel D will be excited before the elements in Panel C, etc. Therefore, by adding the
third dimension to the array, an incident signal from any direction in space should have a unique
DOA solution. Therefore, it is hypothesized that these ambiguities are not seen by the cubic
structure DOA measurements.

It should be noted that there could still be ambiguities caused by grating lobes. These
ambiguities are brought about by the spatiakang caused by an insufficient spacing of
elements. A third geometric dimension should not remove these effects. Therefore, the element
spacing effects for twdimensional arrays are expected to be maintained atdimesnsions.
However, the spacing ithis design is intentionally decreased in order to remove grating lobes

from the analysis altogether.
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Furthermore, because the proposed design is a cube, each face of the array is identical. At 90
degree®ff broadside (endfire), the signal will be inert on an identical surface as that of a
signal incident at broadside. Therefore, the cubic geometry should completely remove the beam
broadening endfire effects as there is no endfire for the array. Rather, the array performance at
Aendf i r ed ntical o that dt brbadside shited by 90. It is hypothesized, therefore, that
the cubic geometry should solve both major shortcomings efltmensional URAs.

It was shown in Chapter 2 that performance of an array is best at broadside and gradually
deaeases until endfire. Because endfire for the cubic array is another broadside face, it is
anticipated that the array performance will degrade until abalaffibroadside, and then
increase until Aendfireo whHevwwe asFigwda3hsows,br oads
the aperture area of the cubic array at@bbroadside is larger than the aperture at broadside.
Additionally, the spacing between elements as viewed at azimuth = 45, is smalleshtra
viewed at broadside. Therefore, it is possible that azimuth = 45 could have the best performance
of any orientation of the cube.

The cubic design frorRigure3.1is a filled cube. It is not anticipated that the additional
elements in the interior of the cube will increase performance. As seen in Chapter 2, the aperture
of the array is determined by the area of the array, not its volume. Thetbtoeperture area of
the 4x4x4 configuration is the same as that for a 4x4 URA on a single face at broadside.
Therefore, a twalimensional URA with the same number of elements shoulgerdbrm the
cubic structure at broadside in terms of HP and SLIwéi@r, a twedimensional URA will

exhibit ambiguities and endfire effects, whereas the cubic geometry will not.
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Figure 3.7 Neartop view of cubic geometry with wave fronts incident at different angles

As mentioned, the interior elements are present in the array to allow a tunable structure that
can be reconfigured to different dipole sizes and spacings at different fresgidnis highly

anticipated that these elements will have significant impact on mutual coupling effects.
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Chapter 41 Array Design Simulations

The focus of this chapter is the simulation behavior of the-fliraensional cubic array from
Chapter 3. All simulations are run assuming the design given in Figure 3.1. Each array
configuration is simulated to determine the performance of beamforminbeaperformance of
(DOA) measurements. Simulations are performed using MATLAB 2022a and 4nec2.

Of specific interest in this chapter is the performance of the cubic phased array structure at 30
MHz at broadside, endfire, and the azimuth =odbo0f thecorner edge of the culaes the array
increases in size. The focus then shiftautability and reconfiguration, performing the same
simulations at 10.34 MHZ.he mutual coupling effects at both frequencies are also investigated.

Additional figures for each section are provided in Apperdix

4.1 Modeling Software Selection and Assumptions

4.1.1 MATLAB

MATLAB conveniently includes a phased array toolbox.sTiiolbox allows rapid modeling
and characterization capabilities of arbitrary array geometries in terms of pattern generation,
beamforming, DOA measurements and much more. However, these models ignore mutual
coupling effects and only present ideal behavine useful feature of these toolboxes is user
control over element size, type, and material. It is important to note that MATLAB will model

the dipoles as opeended hollow cylinderand assumes a-gmwlarized environment
4.1.2 4nec2

The 4nec2 softwarincludes the mutual coupling in array pattern generation through the
method of moments numerical approach. The method of moments is a numerical technique for

approximating electromagnetic integrals in the frequency domain with a system of linear
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simultareous equations [4[R]. The analysis in Chapter 2 was performed assuming specific
current distributions. With the method of moments, however, any arbitrary current distribution
can be used because electromagnetic radiation can always be stated in tife¢Herfallowing
integral [1]

YU + (GO AU % O (127

where) U is the unknown current distributio? U represents the inhomogeneous source
term, and+ URJ is a kernel that depends on the integration that is performed. A popular form
used for this integral kernel is the Pocklington form Tlje integral in equation (127) can be
solved as a set of linear simultaneous equations tbr. Once) U is found, anlysis from
Chapter 2 can be used to find the impedance terms. For more information on the method of
moments and how it can be used to solve radiation problems, see [1] and [2].

In contrast to MATLAB, 4nec2 models the array element exclusively as a shfidery
4nec?2 also includes ability to perform beamforming operations by implementing phase and
magnitude shifts on the excitation sources if the required beamforming weights are computed
from an external source. Therefore, 4nec2 can be used to investigatd coupling effects on
patterns and beamforming applications. However, 4nec2 cannot be used to perform direct DOA
calculationsSimilarly to MATLAB, 4nec2 also assumes apolarized environment.

Because both software packages fall short in one wapather, both will be used in
conjunction to perform the simulations in this thesis. Because certain assumptions such as the
hollow vs filled cylinder are inconsistent between the software packages, results may vary
slightly. Finally, the precision fohe MATLAB simulations is far greater than the precision
permitted in the 4nec2 simulations. As a result, there is a margin of error in the 4nec2 simulation

results.
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4.1.3 4nec?2 Limitations

To perform the integration in equation (127), the individuabldi@ntenna elements must be
broken into segments, and the analysis is performed per segment per element. The more
segments per element, the more accurate the simulations. However, there are limitations to the
size of the segments that be used in 4neeeiisas a maximum number of segments that be
implemented in a system, approximately 11,000. Furthermore, 4nec?2 restricts the number of

excitation sources, and therefore elements in a system, to 256.
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Figure 4.1 Single face of an 11x11x11 spacer cube that corresponds to (a) a 2e@x2eht
10.34 MHz cube that can be reconfigured to a (b) 6x6xeelient 30 MHz cube. The blue
dots represent every spacer in the array configuration. In (b) every second dssnespac30
MHz array element.

4.2 ThreeDimensional Array Configuration Software Models

Due to the constraints imposed by 4nec2, the largest array that can be modeled is a 6x6x6
216-element cube. This cube consists of 11x11x11 spacer components anakearholarge
enough to be reconfigured to a cube that operates at 3 MHz. The simulations in this chapter will
focus on the frequency range that is achievable through the simulation tools. The simulation
models presented in this chapter are a 4x4x4, a%aby a 6x6x6 cube at 30 MHz. Each of
these models is designed to operate at 30 MHz and be reconfigured to a smaller cube that

operates at bwer frequency in the HF band. The process from Chapter 3 is used to determine
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the minimum operational frequenayrfeach configuration. The 6x6x6 2&&ment 30 MHz
cube can be reconfigured to a 2x2x2 10.34 MHz cube as illustrated bdiogure 41. The
results for all the models are presentedable 41.

Table 41 Operational Parameters for Simulation Models

Spacers Elements(30 Maximum Lowest Number of Elements at Lowest
MHz) Length Frequency Frequency
TXTXT 4x4x4 9.5m 158 MHz 2X2x2
9x9x9 5x5x5 11.9m 12.5 MHz 2X2x2
11x11x11 6X6Xx6 14.3 m 10.34 MHz 2X2x2
39x39x39 20x20x20 479 m 3 MHz 2X2x2

(a) (b) ()

Figure 4.2 4nec?2 software models of tl&) 4x4x4 64-elementconfiguration,(b) 5x5x5 125
elementconfiguration,and (c) 6x6x6 21&lementconfiguration All models consist of

identically sized components that are identically spaced and operated at 30Kk solids
represent the excitation sources and indicate the number of elements in each configuration.

The haltwave dipole conductive rods foaeh simulation model are identical and are equal
to the 2.3 m as determined in Chapter 3. Furthermore, the conductive rods are chosen as 0.25
inch-thick aluminum rods. The nonconductive rods are modeled as free space, as they have no
direct impact on thelectrical performance of the array. Likewise, the spacers that are hollow are
represented as free space, whereas the spacers that act@srfeedre represented by the
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voltage excitation sources. Spacers that are shorted together to form longeeldipelets are
represented in the longer dipole element length. In all cases, the spacer is modeled as a 10 cm
increase in length, or gap of free spdeach of the models is presentedrigure4.2.

4.3 30 MHz Simulations

Each of the array configurations showrfFigure4.2 is simulated at 30 MHz to determine the
beamforming performance and the performance of DOA measurermbase simulationare
presented itheir own respectivesectiors below.General arraypatterns and more

comprehensive plots are presented in Appendix Al.1.
4.3.1 Beamforming Simulations

Each of the array configurations undezgbeamforming simulations. The MATLAB Phased
Array Toolbox permits the user to calculate the beamformer weights for the elements in an
arbitrary array to form a beam irspecifieddirection with respect to azimuthand elevatiord
in the coordinate systefrom Figure 2.1. These weights are determined per element using a
conventional beamformer in MATLAB. To accurately reflect the beamformer weights from the
MATLAB model in the 4nec2 software model, the indices of each element were designed with a
1to 1 maping between simulation tools as defined in Section 3.3. Therefore, the weights
computed in MATLAB could be directly applied as real and imaginary components to the
excitation sources in the 4nec2 software.

The beam directions chosen for this thesidlaedoroadside (azimuth, elevation) = (0,0)
direction, the endfire (azimuth, elevation) = (90,0) direction,@ndf thecorneredge(azimuth,
elevation) = (45,0) direction. The plots for the ide&#TLAB model and the mutual coupling
model are providedf each directiorBecause the elevation is constant, the main observation

between broadside and endfire is observed in tipéaHe pattern. Therefore, only thegthne
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patterns are presented in this chapter. TipdaBe patterns are presented in ApperdixAll of

the plots in are normalized, but the pattern parameters of interest are tafmulasezh angular

directionfollowing each figure. Both rectangular and polar plots are provided for each

simulation.
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Table 42 SimulationH-PlanePattern Parameters for the Ideal MATLAB Plot$-igure 43 at

(¢ d) = (0,0)
Configuration | HP [deg] | SLL (H-Plane) [dB] | Gain [dB]
4x4x4 27.22 -16.3127 14.6668
5X5X5 21.54 -15.0124 16.6552
6X6X6 17.84 -14.4211 18.3098

Table 43 SimulationH-PlanePattern Parameters for Ideal MATLAB PlotsHigure 43 at

(¢ d) = (90, 0)
Configuration | HP [deg] | SLL (H-Plane) [dB] | Gain [dB]
4x4x4 27.22 -16.3127 14.6668
5X5x5 21.54 -15.0124 16.6552
6X6X6 17.84 -14.421 18.3098

Table 44 SimulationH-PlanePattern Parameters for the Ideal MATLAB Plots$-igure 43 at

(¢« d) = (45,0)

Configuration | HP [deg] | SLL (H-Plane) [dB] | Gain [dB]
4x4x4 27.72 -16.0769 16.7763
5X5x5 21.92 -20.0887 18.772
6X6X6 18.16 -23.4624 20.5108
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Table 45 SimulationH-PlanePattern Parameters for the Mutual Coupling 4nec2 Pldigjure

44at(¢, d) = (0, 0)
Configuration | HP [deg] | SLL (H-Plane) [dB] | Gain [dB]
4x4x4 26 -13.77 14.86
5X5X5 20 -16.98 16.46
6X6X6 16 -16.29 18.45

Table 46 Simulation HPlane Pattern Parameters for the Mutual Coupling 4nec2 PlBigure

44at(¢, d) = (90, 0)
Configuration | HP [deg] | SLL (H-Plane) [dB] | Gain [dB]
4x4x4 28 -12.84 114.86
5x5x5 21 -12.34 16.47
6X6X6 18 -12.51 18.45

Table 4.7 SimulationH-PlanePattern Parameters for Mutual Coupling 4nec2 RioEgure 44

at(e, d) = (45, 0)
Configuration | HP [deg] | SLL (H-Plane) [dB] | Gain [dB]
4x4x4 26 -12.84 14.86
5X5x5 20 -12.34 16.47
6X6X6 18 -12.51 18.45

4.3.2 Direction of Arrival Simulations

Additionally, each configuration undergoes DOA simulasiaiith simulated sources located
atthe same angles as the beamforndimgctionsin the previous sectioill DOA simulations

areperformed using MATLAB and represent ideal performance. When the Bartlett DOA
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algorithm is used, identical behavior to that of the beamformer results from Sectibois 4.3.
found. Therefore, reciprocity is maintained for the tkateeensional cubic geomgtrHowever,

as mentioned in Chapter 2, the Bartlett DOA spectrum is not high resolution. Therefore, the
MUSIC algorithm is usedTheMUSIC DOA simulation results are shownhigure 45. The

plots have been normalizéar this simulation as well
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Figure 45 The MATLAB ideal DOA power spectrum plots for the full cube simulation models
at (a) (azimuth, elevation) = (0,0) (broadside), (b) (azimuth, elevatid),8)(endfire) and (c)
(azimuth, elevation) =46,0) at 30 MHz
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4.3.3 Mutual Coupling Effects

Up urtil this point, each array model has been compared within the respective simulation
environments. In this section, the ideal and-it@al models are compared. Because the 6x6x6

full cube is the largest array and most closely approximates-gpane assebly array, it will

6x6x6 Full Cube H-Plane Beam Pattern @ (0,0)
=

6x6x6 Full Cube H-Plane Beam Pattern @ (0,0)

Normalized Power [dB]
. P .
s &
e

50
-G60
-T0
Ideal Behavior
-80 Mutual Coupling Effects
. L . L T ; T -185  4g9 165
150 100 50 0 50 100 150 Azimuth (Elevation = 0°) | ———Ideal Behavior
Azimuth [deg] Mutual Coupling Effects
. __6x6x6 Full Cube H-Plane Beam Pattern @ (90.0) 6x6x6 Full Cube H-Plane Beam Pattern @ (90,0)
15 0 s
-10 * f *
-20
= o)
hoa - -30
¢ :
(==
= @ -40
Il =
— &
o = -50
= E
& Z 50
-0
==Ideal Behavior
-80 Mutual Coupling Effects

185 45 165

L ' | '
-150 -100 -50 0 50 100 150 Azimuth {Elevation = (7)) == |deal Behavior
Azimuth [deg] Mutual Coupling Effects.

6x6x6 Full Cube H-Plane Beam Pattern @ (45,0)

6x6x6 Full Cube H-Plane Beam Pattern @ (45,0)

Mormalized Power [dB]

Ideal Behavior
70 Mutual Coupling Effects
— - . . : : -185 459 165
-150 -100 -50 0 50 100 150 Azimuth (Elevation = 0%) Ideal Behavior
Azimuth [deg] ——— Mutual Coupling Effects
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be used for the mutual coupling comparisons. The plots for the 6x6x6 array from the previous

sections areepeated comparing the ideal MATLAB model to the effects of mutual coupling in

4nec2.0Once again, these plots are normalized and the parameters for each angular direction are

provided in separate talsléThe Eplane patterns are providedAppendix Al.

Table 48 Simulation Pattern Parameters for plot§igure 46at (¢, d) = (0, 0)
Configuration | HP [deg] | SLL (H-Plane) [dB] | Gain [dB]
Ideal 17.84 -14.4211 18.3098
Mutual 16 -12.51 18.45
Coupling
Table 49 Simulation Pattern Parameters for plotsigure 46at(¢, d) = (90, 0)
Configuration | HP [deg] | SLL (H-Plane) [dB] | Gain [dB]
Ideal 17.84 -14.4211 18.3098
Mutual 18 -12.51 18.45
Coupling
Table 410 Simulation Pattern Parameters plotsigure 46 at (¢,  d450)= (
Configuration | HP [deg] | SLL (H-Plane) [dB] | Gain [dB]
Ideal 18.16 -23.4624 20.5108
Mutual 15 -16.29 18.45
Coupling
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4.4 10.34 MHz Simulations

Because 4nec?2 limits the number of elements to 256, the largest cubic array that can be
simulated is a 6x6x6 21€lement array at 30 MHz. As discussed in Section 4.2, the lowest
frequency cubic structure that can be reconfigured from the 6x6x6 30 MHiscal2e2x2 cube
that operates at 10.34 MHz. This new configuration is shown bel&igume4.7. In this
configurationthe 10 cnspacers for the 10.3MHz elements would be shorted together to form
the 14.3 m long elements while the spacers for the surrounding 30 MHz elements remain open.
Therefore, surrounding each 10.34 MHz element are stacks of four 30 MHz elements that have
their feedpoint excitaton sourcesurned off. While 10.34 MHz is not the lower bound of the HF
band of interest, the concept of a reconfigurable resonant cubic array that operates in the HF
band is still demonstrated. The same simulations from Section 4.3 are performedrfewthis

array configuration at 10.34 MHz.

(a) (b) (c)

Figure 4.7 The 6x6x6 30 MHz full cube model froRigure4.7 reconfigured into a 2%2 10.34
MHz cube surrounded by 30 MHz elements that have been turned off in (a) isometric view, (b)
top view, and (c) side view.
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4.4.1 Beamforming Simulations

The beam patterns for the 10.34 MHz configuration of the array at broadside, endfire and 45

degrees off broadside are presented beldw. Eplane patterns are presented in Appendix Al.
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Table 411 SimulationH-PlanePattern Parameters for 4nec2 PlotEigure 48 at («,

Configuration | HP [deg] SLL (H-Plane) [dB] Gain [dB]
MATLAB 58 -- 10.6875
4nec?2 56 -- 8.61

Table 412 SimulationH-PlanePattern Parameters for 4nec2 PlotEigure 48 at («,

Configuration | HP [deg] SLL (H-Plane) [dB] Gain [dB]
MATLAB 58 - 10.6875
4nec2 58 -- 8.61

Table 413 SimulationH-PlanePattern Parameters for 4nec2 PlotEigure 48 at («,

Configuration | HP [deg] SLL (H-Plane) [dB] Gain [dB]
MATLAB 60 -2.6629 11.0369
4nec2 56 -5.85 8.61

4.42 Direction of Arrival Simulations

d) =

d)

d) =

The same MUSIC DOA analysis from Section 4.3.2 is performed on the 10.34 MHz

configuration. The sources are located at broadside, endfire, and 45 degrees off broadside

respectively. The results of these simulations are presenkegure 412.

4.4 3 Mutual Coupling Effects

The mutual coupling effects and comparison to the ideal performance for the 10.34 MHz

configuration are captured in the results from the simulations in Sectidn
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Figure 4.9 The MATLAB ideal DOA power spectrum plots for the 6x6x6 30 MHz cube
reconfigured to the 2x2x2 cul¢a) (azimuth, elevation) = (0,0) (broadside), (b) (azimuth,
elevation) = 90,0) (endfire) and (c)azimuth, elevation) =46,0) at 10.34 MHz

4.5 Comparison of the 30 MHz and the 10.34 MHz Configurations

Section 4.3 and Section 4.4 investigate the performance of the array at 30 MHz and 10.34
MHz individually. The goal of thishapteiis to present th@erformance of tharray structure
that can be reconfigured to operate at both 30 MHz and 10.34 IMBlziseful, therefore, to
compare the performance of the same array at these different frequencies. The comparison of the

array performance at 30 MHz ah@.34 MHz is presented in this section.
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45.1 Beamforming Simulations

This section overlays both the ideal and the mutual coupling results from Section 4.3.1 and
Section 4.4.1 to compare the beamforming performance at the specified angular directions. Once

again, the plots are normalized, and the parameters are tabulatiee@@gon. The Eplane
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Figure 4.10 H-Plane pattern beamforming behavior for ideal mea¢l30 MHz and 10.34 MHz
in rectangular and polar coordinates
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results are available in Appendix Al.

Table 414 Simulation Pattern Parameters for MATLAB Plotdeigure 410 (¢,

Configuration | HP [deg] | SLL (H-Plane) [dB] | Gain [dB]
30 MHz 17.84 -14.4211 18.3098
10.34 MHz 58 -- 10.6875

Table 415 Simulation Pattern Parameters for MATLAB PlotdHigure 410 (¢,

Configuration | HP [deg] | SLL (H-Plane) [dB] | Gain [dB]
30 MHz 17.84 -14.421 14.6668
10.34 MHz 58 -- 10.6875

Table 416 Simulation Pattern Parameters for MATLAB Plotdgure 410 (¢,

Configuration | HP [deg] | SLL (H-Plane) [dB] | Gain [dB]
30 MHz 18.16 -23.4624 20.5108
10.34 MHz 60 -2.6629 11.0369

Table 417 Simulation Pattern Parameters for 4nec2 Plo&dnre 411 («,

Configuration | HP [deg] | SLL (H-Plane) [dB] | Gain [dB]
30 MHz 22 -12.51 18.45
10.34 MHz 54 -- 8.61

Table 418 Simulation Pattern Parameters for 4nec2 Plo&gnre 411 (¢,
Configuration | HP [deg] | SLL (H-Plane) [dB] | Gain [dB]

30 MHz 18 -12.51 18.45

10.34 MHz 58 -- 8.61

d)

d)

d)

d)

d)
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4 5.2 Direction of Arrival Simulations

The direction of arrival simulations from Section 4.3.2 and Section 4.4d8sareverlayed

and compared in this section.
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Figure 412 The MATLAB ideal DOA power spectrum plots for the 6x6xbeat 30 MHz and
thereconfiguredl0.34 MHzcube at (a) (azimuth, elevation) = (0,0) (broadside)(gb)muth,
elevation) = 90,0) (endfire) and (c) (azimuth, elevation) 45,0)

4 5.3 Mutual Coupling Effects

The mutual coupling effects for the 30 MHz and the 10.34 MHz configurations have been

established in Section 4.3.5 and Section 4.4.5 respectively
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Chapter 51 Results and Discussion

This chapter presents a discussion of the key findings from the simulations in Chapter 4.
After a discussion of the important results from Chapter Zuthecaleproposed structure is

simulated in MATLAB at 30 MHz15.46 MHz, and 3 MHz.

5.1 30 MHz Simulations

The results from Section 4.3 verify several key concepts. One obvious result is that as the 30
MHz cube increases in size from a 4x4x4 to a 6x6x6HP@nd gairperformance of the array
improves. In all cases in both the MATLAB and the 4nec models, increasing the number of
elements decreases thelB haltpower beamwidth HP and increases the gain. This is not a
surprising result as increasing the size of the autreases the aperture area of the array, which
in turn decreases HP. At the same time, increasing the number of elentaataperture

increases the gain.

5.1.1Beam Pattern Results

5.1.11 Broadside vs Endfire

The results from Section 413llustrate that the beam patterns at broadside and endfire are
identical. Not only is the shape of the beam pattern the same, thi®iShe H-plane patterns
are identical as are the gains of the beams and th&héBe results are maintained in the E
plane results in Appendix Al arabnfirm the hypothesis presented in Chapter 3 regarding the
broadside and endfire behavior of the cubic geometry. Therefore, the cubic geometry
successfully eliminates endfire effects.

The 4nec2 mutual coupling results agretihhese results as well with regard toaad H

plane pattern SLL and gain. The HP at broadside and endfire, however, do not perfectly match.
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This could be caused by two factors. One factor is the mutual coupling effects introduced by the
4nec2 method ahoments calculation. However, the coupling environment at broadside is the
same as the coupling environment at endfire. Therefore, mutual coupling is not likely the
primary source of this discrepancy. The more likely cause of this discrepancy is trendéfan
precision between the two simulation environments. The 4nec2 simulations are run with 1
degree increments, whereas the MATLAB simulation could get within 2 decimal places of a
degree of precision. As such, the HP calculations in 4nec2 are edtimmaténherently have a

margin of error. A combination of both effects explains the minor discrepancy in the data

between broadside and endfire effects in the 4nec2 data.

5.1.12 Corner Edge (Azimuth, Elevation) = (45, 0)

The results from Sectioh 3.1at the angular direction of 45 degrees off broaddligstrate
the results for the case where the beam is formed out of the edigemf the cube. In the ideal
model, both the HP and the gain increase. The increase in gain is not surprising as latazimut
45, there are more elements in the aperture than at broadside or endfire, as was illustrated in
Figure 3.7, and with an increase of elements comes an increase in gain. However, the increase in
HP indicates that the aperture is smaller than at broad&ieis contrary to the result predicted
in Chapter 3. At broadside and endfire, all of the elements in the aperture are in the same plane
of space. At azimuth = 45, however, the elements in the aperture are no longer in the same plane
of space. This ithe expected cause of the result. Further investigation intcdimesnsional
aperture where elements are distributed in different planes of space is necessary to fully explain
this result.

The 4nec2 data is mostly consistent with these results aslwelfain in the 4nec2 data

increases, consistent with the ideal model behavior. However, the HP in the 4nec2 models is
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either identical, or even slightly improved over that of the broadside and endfire cases. Once
again, this is likely explained by a comhtion of mutual coupling effects and the difference in
precision between the two simulation environments. Furthermore, as illustrated in Patrid 4.
Table 44, the differencen HP for the ideal models is between 0.32 and 0.5 degrees. This is well
within the margin of error caused by the imprecision of the 4nec2 simulation.

One final observation regarding the coraed5 degrees off broadsidad the HP is the
effect of adding more elements. As the cube is increased from a 4x4x4 to a 6x6x6 the decrease
performance at the cornedgesteadily declines. Therefore, with a large enough cube structure,
the corneedge performancmayapproximateequivalent performance than at the broadside

face. Further investigation into this effect is necessary in todeake that determination.

5.1.2 Direction of Arrival Results

The DOA results from Section 42Z3urther confirm the identical behavior at broadside and
at endfire. However, at broadside and at endfire, there is still the formation of an ambiguity. The
ambiguity is reduced by 33 or more dB, and therefore resolvable. However, an ambiguity is still
present in the spectrum. This, too, is contrary to the hypothesis from Chapter 3. By adding more
elements, the ambiguity is further reduced. Therefore, a large enough cube may also remove the
ambiguity from the spectrum entirely.

The DOA spectrum fosourcelocated out ofhe corneredge at azimuth = 45 degrees
illustrates another interesting result. At azimuth = 45, the ambiguity practically disappears from
the spectrum. This is likely caused by the fact that viewed from that direction, the spacing

between kements is reduced. This can also be seen from Figure 3.7.
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5.2 10.34 MHz Simulations

The results at 10.34 MHz mirror those from the 30 MHz simulations. The broadside and
endfire behavior are identical. Furthermore, the azimuth = 45 cedgecase demnstrates
greater HP and greater gain. Similarly, the DOA behavior follows the same trend as that of the
30 MHz results.

The 10.34 MHz configuratiohasonly 8 elements compared to the 216 eleméenthe30
MHz configuration. Therefore, it is not surpng that the performance at 10.34 MHz is
substantially worse than at 30 MHz. The ambiguity in the DOA spectrum at broadside and
endfire, for example, is only reduced by approximately 11 dB as opposeefdEin the 30
MHz configurations. This lends ability to the idea that increasing the array size at the same

spacing will resolve thembiguity entirely

5.3 Mutual Coupling Effectsand Tunability/Reconfiguration

The mutual coupling effects for each configuration can be seen in the respectivéi@msiula
from Chapter 4. Of note, however, is the change in the mutual coupling effects at 10.34 MHz
versus the effects of mutual coupling at 30 MHz. At 30 MHz, there is noticeable distortion in the
beamforming patterns and shifts in the SLL and gain. Howewvdi0.34 MHz, while there is
reduction in the SLL and the gain, there is almost no distortion apart from the nulls for the
broadside and endfire patterns. Therefore, the extra metal from the 30 MHz elements that are not
in use, does not substantiallyedt the behavior of the array at 10.34 MHhis is not surprising
as the 30 MHz elements are unlikely to resonate at 10.34 MHz. This result shows a major

advantage of narrowband resonant dipole elements for the array implementation.
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5.4 Full System Simution

The verification of the results at 30 MHz and at 10.34 MHz with the predictions of the array
behavior from Section 3.4 indicate that a reconfigurable resonant cubic array could be
implementedhat operates at frequencies across the HF band. A fdiéhad the array is
simulated in MATLAB that consists of a 20x20x20 8afl@ment array that operates at 30 MHz
that can be reconfigured to a 10x10x10 Xe@fment array that operates at 15.46 MHz and a
2x2x2 8element array that operates at 3 MHz. In way, simulations can be run to predict

performance at both ends and near the middle of the HF band.
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Figure 5.1 The MATLAB ideal plots for the (a) rectangular coordinatglene pattern, (b)

rectangulacoordinate Eplane plot, (c) polar coordinate-fplane pattern and (d) polar coordinate

E-plane pattern of the proposed structure at 30 MHz, 15.46 MHz, and 3 MHz

Table 51 Simulation Pattern Parameters for Ideal PlotSigure5.1

Configuration | HP [deg] | SLL (E-Plane) [dB] | SLL (H-Plane) [dB] | Gain [dB]
20x20x20 7 -13.0879 -13.6009 51.5609
10x10x10 5.5 -4.0361 -0.7729 24.689

2X2x2 38 -- -- 5.4099
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