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ABSTRACT

A thesis is presented on the deployment of radar systems on ultra light unmanned aerial vehicles
which are compact and lightweight. Deployment upon a small frame presents significant problems
due to the size, weight and power (SWaP) requirements of components and which are addressed in
this work. Traditional pulsed radar is inadequate due to these considerations and alternatively, a
frequency modulated continuous wave (FMCW) radar architecture is proposed. Optical systems, due
to their light weight, bandwidth and resistance to interference are a possible implementation for the
radar front end. Optical architecture implementations suffer from low signal to noise ratio and low
spurious free dynamic range. Employment of an optical architecture for a narrow band radar would
be inefficient and its performance would be substandard. Instead a focus on a wide bandwidth is
pursued. The advantages of deploying a wide bandwidth, frequency agile radar are its resistance to
jamming and the receiver’'s usefulness as a radar warning receiver. An investigation into optical
systems discovers an optical architecture that is highly resistant to environmental changes making it
robust, easy to maintain and inexpensive to deploy. A COTS based beam forming array is designed
within the optical system. The beam former allows for multiple apertures and multiple beams, a
feature previously limited to expensive, complex array architectures. The author presents a COTS
based solution for optical mixing, which is both wideband and exploits the linearity of phase
modulated optical paths to provide linear mixing. The topology suffers some degradation due to the
inherent environmental sensitivity of phase modulated optical fibres. The author presents a means to
stabilize the output of the optical mixer, making it suitable for deployment upon an operational
plattorm. The technique can be miniaturized as a new form of optical modulator. This optical front
end can be integrated into a full, microwave to digital-at-IF radar. This breakthrough allows the use
of millimeter wave carrier frequencies with low IF topologies for digital receivers. Using a low IF
eliminates the problems of data overflow and Nyquist sampling limits inherent in available electronic
analog to digital converters. Wideband antennas are designed that are compact, light weight and are
built from rugged materials. These antennas are simulated to show a 2 — 40+ GHz bandwidth. A
series of lower bandwidth 2 -25 GHz antennas are fabricated and the parameters which enable wide
bandwidth operation are investigated. The difficulty employing antennas in an array is the creation of
grating lobes, through separation of the antennas. The application of medical research in ultrasound
shows that an efficient beam former without grating lobes can be created by the use of two different
apertures. A Vernier array of two antennas is proposed which increases the effective antenna

aperture by a factor of four. A linear 8 port antenna array at the transmitter and an 8 port array at
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the receiver becomes a 64 port linear antenna array for the radar, with consequent affect upon the

beam width at half power of the array radiation pattern.

3| Page




TABLE OF CONTENTS

2 I I 2
TABLE OF CONTENTS 4utuieueuieuenieuseuseussnseussnsenssnssnssnsssssnsssssnssnssnsasenssnsessensensensensenses 4
L 8
LIST OF FIGURES 11tuititinitiaiieiaiiss s sa s s s s sa s sa s snnsnsnsns 8
ACKNOW LED GEMENTS 4 euuiuieuenieuenneurnieassassss s sss s ssnssssanssassnssssassnsenssnsensensensens 16
STATEMENT OF ORIGINALITY ruieuituieuiruieurrrersnssssssssssass s sa s sssssssnsenssnsenssnses 17
L1 INTRODUCTION tiuiusutiaiurennsunsssasssessssnsssssssasssssssssssmassmssmsssnmsmsnmemassmsmsmsrmnrasinns 20
0 L 20
1.2 ULTRALIGHT UAVS ottt s a s s sas s nan e 21
1.3 COMPARISONS WITH CONVENTIONAL RADARS ..cuiviiiiniiiiiininisniisaninssanasnnanes 22
1.4 RADAR AND ARRAYS 1. tuiuitiuinniisiiisiniii s sa s sassasssans 23
1.5 THESIS OUTLINE 4vuiuiiiiiiiiniiiiiniiiini i sa s sanan e 28
2= = 31
2 LITERATURE REVIEW 4tuieuieuienienienseisass s s s sa s sa s s sasa s e nessnnenssnsenns 34
2.1 INTRODUCTION 1uituituitnsrniensrrsnssnsnssssssssssssssasssssssasassssessasensssenssnenns 34
2.2 ELECTRO-OPTIC MODULATION 11utuituitisninnsnsnnsnsnsssea s sassnsassnssassnssasenns 37
2.3 RADAR ARRAY TECHNOLOGY .iuiuriuiuienruiineninniisnrinsnsssinsssssssnsasnsnssnsnssnsens 44
2.4 THE PERFORMANCE LIMITS ON OPTICAL LINKS 1.cuiuinieninisnsnsnssnsnsnsnassa e 59
2.5 OPTICALMODULATION OF AN IF SIGNAL onto a carrier freqUeNncy .....covevurenenses 78
2.6 OPTICAL LO GENERATION iuuuuiuiaiisieianinssisnsiss s s snsansnsas s snsassnsas 92




REFERENCES 1iuiiiiiiiiiiiiiiiis s s s s s s s s s s s s na s s nanananans 94

3 OPTICAL ARCHITECTURE FOR HETERODYNE RADAR ...vvevevieesierestesessessssessesssssssseans 108
3.1 OPTICALRADAR LINKS 1vvviueevesveseesesressesessesssssessssessesssssssssesssssssesssessssessssns 108
4 ANTENNA SYSTEMS FOR ULTRA LIGHTS .vevruevierseesssessessssssssessssssssesssssssesssesssssanas 120
B2 OVERVIEW ....veveeeteietesestetesesbessssesssbsssstessstssssesbessssessstesssssssssssasssssssssasens 120
4.2 INTRODUCTION 1.vveseevieesteseseesesssessstssestessstesssesbessssessssssessssssssssssssessssasens 120
4.3 ANALYSIS OF THE VIVALDI ANTENNA 1.veveestesteeestsseesessesssssssessesssssesessessessns 122
4.4 PHYSICAL ANTENNA CHARACTERISTICS uvuvvviveseseestesessessssesssssessssrssessessessens 124
4.5 ANTENNA ARRAYS FOR ULTRA LIGHT RADAR ..vcvveuvveecsesrssesessssrssneseeesseenans 179
4.6 EXTREMELY HIGH FREQUENCY ARRAYS FOR RADAR AND ESM SYSTEMS............ 183
4.7 RUGGEDIZED ARRAYS FOR PLATFORM DEPLOYMENT ..vevveueivreeeesreseesessessenens 192
4.8 CONCLUSIONS ..vvveveveseesesssstsstssssssssesssssssessesssssssesesssssssessesssssssssssssessessens 198
REFERENCES .vuvvuvevseesesesessssessessssssssssssssesssssssssssessssssssssssssssessssessssessssssessases 199
5 SPARSE MATRIX ARRAYS ..v.vvuvevtseesiesssesssessessssessessssssessssesssessessssesssssssssessssessssass 202
5.1 OVERVIEW ! <etieeeetisteceeeeetestesesseetesteessesbestesssbessesessesaestesssssssessensssessenns 202
5.2 INTRODUCTION 11ttt sessesssseesessessesessssesssssesessessesssssssesessesssssssessessesssnns 202
5.3 MATHEMATICAL IMPLEMENTATION ..vvviaeevesteseseessesteseessssestssesssssssessessssessns 205
5.4 IMPLICATIONS ON SIGNAL CHARACTERISTICS cvvuvveeveveseesessssessessssessessnssssesans 211
5.5 FUTURE WORK 1..viueeteitesessessssessessssssstssssssssssssssssessesesssssssessesssssssssssssssssses 213
5.6 CONCLUSION w.vvveueevesvesessessssessessessssssssssessssssssssessesessssssstssesssssssesssssesssnes 213
REFERENCES .vuvtuveveessesessesssessesssssssssessssessssssssessessstasssssssssssessssesssssssssssessases 214
6 PHASE MODULATED LINKS PART lu.vuviveuesueseseesesessssessessssesssesssssssesssssssssssssssssssnses 218




6.1 INTRODUCTION 4iuuiaiaiannniniiiniiisnisssssssssns s sssasasasasasass s sanasansnnns 218

6.2 PHASE MODULATION ..uieiiiiiiiiiiiiiiisisss s s s ans 218
6.3 THE MATHEMATICS OF PHASE MODULATION ..iuiiiiiiiiiiiiiiianananns 221
6.4 PM TO IM CONVERSION ..uuiiiiiiiiiiiiiiisisisis s s nanans 223
6.5 ASAGNAC LOOP INTENSITY MODULATOR ..uivviiiiiiniiiisnisin s 225
6.6 CONCLUSION Luuiuiuiiiuisiiisisiiiissi s s sasasassnsasssans 232
R o = 234
7 PHASE MODULATED LINKS PART . tuiuiuiuinininiaiiaianansisinsssssnsssss s snsnsnsns 237
7.1 OVERVIEW 1 iiiiiiiiiiiiiiiiiiiiiiii s s a s s n s s s s sasnss 237
7.2 THE APPLICATION OF PHASE MODULATION TO OPTICAL MIXING......cviiiinnninnnns 237
7.3 SAGNAC LOOP OPTICALMIXING .uiuiuininiiaiaiaisisisiiiissssssssssssssnss s sasass 238
7.4 MIXING PORT ISOLATION. . cuiuiiiiiiiiirnnnn s s a 239
7.5 PHASE MODULATION AND PHOTONIC ESAARRAYS ...iiiiiiiiinnnnnnnninsnnnas 239
7.6 SIMULATIONS ouiiiiiiiiiiiiiiiiiii s sa s s nan e 240
7.7 THE TEST SETUP ettt s s ssan 254
7.8 CONCLUSION 1iuiiiiiiiiiiiiiiiisiis s s sa s s s s s s s s s nan s 281
REFERENCES 11uiiiiiiiiiiiiiiiii s s s s s s s s s s s s s nanan 282
B SUMMARY 1iiiiiiisisss s s s s a e 286
8.1 THE STATE OF CURRENT RESEARCH ...iviuiuiniiiiniiiiisssssss s sanas 286
8.2 FUTURE RESEARCH ...iiiiiiiiiiiiiinniiii s s s s 286
8.3 CRITIQUE Liiiiiiiiiiiiisiiisiii s s s s s e 286
8.4 CONCLUSION 1uiuiiiiississsssss s s s s snsasass 287




APPENDIX A sttt s s e

DOD UAV ROADMAP L.ttt s s s s s s s s s s s s s nanans

7| Page




NOTE

Appendix A is a brief excerpt from the US DoD roadmap for UAVS 2005 — 2030

For clarity and ease of use by the reader, references are included in each chapter. The list of figures,

being further precipitate is below. Figures are incremented in each section
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