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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  

platform.  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.  
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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 

 



9 | P a g e  

  

LIST OF FIGURES  

FIGURE 1-1 A DIGITAL RADAR CONCEPT, SHOWING RECEIVER IF DIGITIZATION. DOES NOT SHOW BEAM 
FORMING TECHNIQUE 26 

FIGURE 1-2 A TYPICAL RECEIVED RADAR PULSE.  (A) THE IF WAVEFORM, (B) THE I AND Q OUTPUT  26 

FIGURE 1-3 THE POWER OUTPUT FROM THE PULSE OF FIGURE 1.2  27 

FIGURE 2-1 ILLUSTRATION OF A QUARTER WAVE PLATE AND BIREFRINGENT CRYSTAL INSERTED BETWEEN 
TWO OFFSET LINEAR POLARIZERS. 41 

FIGURE 2.2.3-1 (A) DISPERSION ACROSS A 60 KM FIBRE LINK [2.2.39] (B) A DIAGRAM OF A WDM LINK USING 
FIBRE AS A DISPERSIVE MEDIUM 47 

FIGURE 2.2.3-2 (A) A DIAGRAM OF A WDM LINK USING A MCFBG AS COMPENSATION FOR A DISPERSIVE 
FIBRE LINK [2.2.39] (B) DIAGRAM OF A 50 ITU CHANNEL MCFBG [2.2.39]  48 

FIGURE 2.2.3-3 DIAGRAM OF ONE INDIVIDUAL CHANNEL WITH DISPERSION CHARACTERISTIC AND GROUP 
DELAY RIPPLE 49 

FIGURE 2.2.3-4 (A) DIAGRAM OF A HIGHLY LINEAR 9 CHANNEL MCFBG DESIGNED BY TERAXION FOR A 40 GHZ 

ARRAY 49 

FIGURE 2.2.3-5 (A) A DUAL WDM MCFBG LINK (B)  A 1:N WDM MCFBG LINK (C)  THE 3BEAM STARING ARRAY

 50 

FIGURE 2.2.3-6 (A) A WDM LINK SHOWING THE TOPOLOGY OF AN MCFBG BEAMFORMER USING DFB LASERS 

(B) THE BEAM PATTERN FROM THE LINK AT 12 GHZ, 16 GHZ AND 18 GHZ  53 

FIGURE 2.2 .3-7 A NON LINEAR ELECTRO-OPTIC ANTENNA 55 

FIGURE 2.2 .3-8 A PHOTONIC CRYSTAL USED AS A RO TMANS L ENS IN A PHOTONIC BEAMFORMER 55 

FIGURE 2.2 .3-9 THE OUTPUT OF AN ASE FROM THE DATASHEET 56 

FIGURE 2.2.3-10 (A) SHOWS A VLSI SET UP [2.2.21] (B) SHOWS A CLOSE UP OF THE OPTO-VLSI PROCESSOR 
AND (C) AND (D) SHOW A DIAGRAM OF THE MODE OF OPERATION.  57 

FIGURE 2.2 .3-11 AN OPTICAL ELECTRICAL SIGMA DEL TA SUBSAMPLING ADC  58 

FIGURE 2.4 .2-1 AN EQUIVALENT CIRCUIT MODEL FOR AN OPTICAL LINK [2.5 .1].  67 

FIGURE 2.4 .5-1  NOISE POWER AGAINST INSTANTANEOUS BANDWIDTH.  79 



10 | P a g e  

  

TABLE 2 .5.1-1 ELECTRONIC MIXER PERFORMANCE FIGURES, FOR EXISTING DEVICES  85 

FIGURE 2.5.2-1  SERIES SEPARATE MZIM PHASED ARRAY ARCHITECTURE FOR RADAR TRANSMISSION. 87 

FIGURE 2.5.2-2 SERIES SEPARATE MZ PHASED ARRAY ARCHITECTURE WITH MULTIPLE INDEPENDENT 
WAVEFORM GENERATION. 87 

FIGURE 2.5.2-3 MZIM OPTICAL SINGLE SIDEBAND WITH HARMONIC GENERATION AND FIXED OPTICAL BIAS.
 89 

FIGURE 2.5.2-4 A SERIES MZIM SAGNAC LOOP RECEIVER WITH HARMONIC GENERATION, OPTICAL SINGLE 
SIDEBAND AND MINIMUM TRANSMISSION BIASING. 90 

FIGURE 2.5.2-5 AN UP CONVERSION INTENSITY MODULATED LINK THAT HAS BOTH THE GENERATED LOCAL 
OSCILLATOR AND THE IF SIGNAL OPTICALLY SINGLE SIDEBAND. 91 

FIGURE 2.5.2-6  SERIES SEPARATE MZIM ARCHITECTURE WITH COHERENT TRANSMISSION AND OSSB IF.
 93 

FIGURE 2.5 .2-7 BETTS’ FILTERED OSSB ARCHITECTURE WITH NON COHERENT MIXING.  95 

FIGURE 3.1-1  PM DIRECT GENERATION OF A LOCAL OSCILLATOR SIGNAL.  114 

FIGURE 3.1-2 A DIAGRAM OF THE SAGNAC LOOP CONFIGURATION 117 

FIGURE 3.1-3 A PHYSICAL MODEL OF THE BIAS UNIT IN THE SAGNAC LOOP 118 

FIGURE 3.1-4 THE FIBRE COLLIMATOR 119 

FIGURE 3.1-5 THE TRANSMIT ARCHITECTURE FOR THE FMCW RADAR.  NOTE: THE LO OUTPUT TO THE 
ANTENNAS IS ALSO DELAYED WITH AN MCFBG.NOTE THERE IS AN ERROR IN THIS FIGURE AS THE 
SPLITTER IS NOT NECESSARY WITH THE CIRCULATOR. 122 

FIGURE 3.1-6 THE RECEIVE ARCHITECTURE FOR THE FMCW RADAR.  NOTE:  THE LO HAS BEEN TRANSFERRED 
FROM THE TRANSMITTER AND CONVERTED BACK TO AN EL ECTRICAL SIGNAL  124 

FIGURE 4-1 AN IMPULSE RESPONSE OF A 2- 20 GHZ WIDEBAND ANTENNA MODELED IN CST MICROWAVE 
STUDIO 127 

FIGURE 4-2 (A) THE COMMON DIFFRACTION SOURCE (B) A MODIFIED POINT SOURCE   (C) SIMULATION OF 
THE E FIELD. THE WAVE IS CLEARLY SHOWN RADIATING FROM THE OUTSIDE EDGE OF THE ANTENNA.
 129 

TABLE 4-1  ANTENNA PARAMETERS OF FIGURE 2 .  ALL DIMENSIONS ARE IN MM. 131 

FIGURE 4-3 ANTIPODAL VIVALDI WITH FEED 131 



11 | P a g e  

  

FIGURE 4-4 THE OVERLAPPED S11 OF THE MEASURED AND SIMULATED VALUES OF THE PRIMARY ANTENNA
 132 

FIGURE 4-5 (A) THE S11 OF THE MEASURED VALUES OF THE PRIMARY ANTENNA   (B) THE S11 OF THE 
SIMULATED VAL UES OF THE PRIMARY ANTENNA  133 

FIGURE 4-6 THE S11 OF THE SIMULATED VALUES OF THE PRIMARY ANTENNA ON A POLAR CHART 134 

FIGURE 4-7 (A) THE SIMULATED GAIN VALUES OF THE PRIMARY ANTENNA (B) THE SIMULATED GAIN VALUES 

OF THE PRIMARY ANTENNA  AT THE FREQUENCY POINTS OF THE MEASURED ETS LINDGREN 
QUADRIDGE HORN (C) THE MEASURED GAIN VALUES OF THE PRIMARY ANTENNA  AT THE SAME 
POINTS 135 

FIGURE 4-8 (A) THE MEASURED GAIN VALUES OF THE PRIMARY ANTENNA AGAINST THE SAME ANECHOIC 
CHAMBER MEASUREMENTS FROM THE ETS LINDGREN QUADRIDGE HORN (B) THE MEASURED GAIN 
VALUES OF THE COMPARISON  ANTENNA  AT THE SAME POINTS  137 

FIGURE 4-9 (A) THE E WAVE IMPEDANCE MEASUREMENTS (B) AND THE H WAVE IMPEDANCE 
MEASUREMENTS OF THE PRIMARY ANTENNA TAKEN AT THE FEED POINT  (C)  THE E WAVE IMPEDANCE 

MEASUREMENTS  (D) AND THE H WAVE IMPEDANCE MEASUREMENTS OF A HIGH POWER ALUMINIUM 
ANTENNA TAKEN AT THE FEED POINT 140 

FIGURE 4-10 (A) A 200X300MM VIVALDI ANTENNA USING AN RO4003 (ROGERS CORPORATION) SUBSTRATE 

(B) THE SIMULATED REFLECTION COEFFICIENT OF THE RO4003 ANTENNA (C) THE MEASURED 
REFLECTION COEFFICIENT OF THE RO4003 ANTENNA (D) THE S11 OF THE HIGHER DIELECTRIC ANTENNA 
OF THE SAME SIZE AND DEPTH  IN RO3010 (E) THE S11 OF THE PRIMARY ANTENNA.  143 

FIGURE 4-10-1 UPPER THE ANTENNA PATTERN OF AN 8 PORT LINEAR ARRAY OF THE 200X 300MM ANTENNA 
AT 2.45 GHZ  (B) AT 9 .8 GHZ 144 

FIGURE 4-11 (A) SHOWS THE GAIN CURVE OF THE RO4003 ANTENNA SIMULATED UPON CST MICROWAVE (B) 
SHOWS THE SIMULATED GAIN CURVE OF THE FRP 4.2 ANTENNA (C) SHOWS THE GAIN CURVE OF THE 
RO4003 ANTENNA MEASURED (1)  SHOWS THE GAIN CURVE OF THE FRP 4.2  ANTENNA MEASURED (2)  

(C) SHOWS THE GAIN CURVE OF THE RO3006 ANTENNA MEASURED AND SIMULATED  (D) SHOWS THE 
GAIN CURVE OF THE RO3010 ANTENNA MEASURED AND SIMULATED  147 

FIGURE 4-12 （A)  ANTENNA BEAM PATTERN @ 9.9 GHZ FOR RO3003.  (B)  ANTENNA BEAM PATTERN @ 9.9 

GHZ FOR RO3010. 148 

FIGURE 4-13 CST GAIN CURVE COMPARING ANTENNAS WITH DIELECTRIC OF RO3003 (1) AND RO3010 (2)

 149 

FIGURE 4-14 (A)  RADIATED ANTENNA PATTERN ON SUBSTRATE RO3003 ANTENNA AT 9.8 GHZ  (B)  

RADIATED ANTENNA PATTERN ON SUBSTRATE RO3010 ANTENNA AT 9 .8 GHZ  150 

FIGURE 4 -15 (A) GAIN OF THE PRIMARY ANTENNA WITH WIDTH 135 MM. (B) GAIN OF THE SAME ANTENNA 
WITH WIDTH 80MM.  ALL OTHER PARAMETERS ARE THE SAME (C) SHOWS THE 80 MM ANTENNA.

 152 



12 | P a g e  

  

FIGURE 4-16 (A) THE 45MM WIDTH ANTENNA IN A COPLANAR ARRAY (B) THE 80 MM WIDTH ANTENNA IN A 
COPLANAR ARRAY  153 

FIGURE 4-17 (A) THE S11 AND S21 OF THE 80 MM ANTENNA ONE  (B) THE S11 AND S21 OF THE 80 MM 
ANTENNA TWO  154 

FIGURE 4-18   PREDICTED GAIN FOR 3 TWO PORT ARRAY ANTENNAS WITH WIDTH 45 MM (RED), 60 MM 
(GREEN) AND 80 MM (BLUE) USING R3003. 155 

FIGURE 4-19 SHOWS A SERIES OF FIGURES FROM THE 80X300 MM ANTENNA STARTING AT 1.25 GHZ (A) AND 
PROCEEDING TO 18 GHZ.  THE FREQUENCY IS DOUBLED BETWEEN EACH (EXCEPT THE  ADDITION OF A 
12 GHZ FIGURE) THE UPPER FIGURE IN EACH IS THE AZIMUTH PATTERN AND THE LEOWER IS THE 
ELEVATION PATTERN  160 

FIGURE 4-20 ** 166 

(A) RECTANGULAR CHART AT 2 .45 GHZ OF THE SIMULATED PRIMARY ANTENNA AZIMUTH  166 

(B) RECTANGULAR CHART AT 2.45 GHZ OF THE MEASURED PRIMARY ANTENNA AZIMUTH  166 

(C) POLAR CHART AT 2.45 GHZ OF THE SIMULATED PRIMARY ANTENNA AZIMUTH  166 

(D)  POLAR CHART AT 2 .45 GHZ OF THE MEASURED PRIMARY ANTENNA AZIMUTH  166 

(E) RECTANGULAR CHART AT 9.9 GHZ OF THE SIMULATED PRIMARY ANTENNA AZIMUTH  166 

(F) RECTANGULAR CHART AT 9.9 GHZ OF THE MEASURED PRIMARY ANTENNA AZIMUTH  166 

(G) POLAR CHART AT 9 .9 GHZ OF THE SIMULATED PRIMARY ANTENNA AZIMUTH  166 

(H)  POLAR CHART AT 9 .9 GHZ OF THE MEASURED PRIMARY ANTENNA AZIM UTH 166 

(I) RECTANGULAR CHART AT 9.9 GHZ OF THE MEASURED PRIMARY ANTENNA AZIMUTH  166 

(J) RECTANGULAR CHART AT 18 GHZ OF THE MEASURED PRIMARY ANTENNA AZIMUTH  166 

(K) POLAR CHART AT 9.9 GHZ OF THE MEASURED PRIMARY ANTENNA AZIMUTH  166 

(L)  POLAR CHART AT 18 GHZ OF THE MEASURED PRIMARY ANTENNA AZIMUTH  166 

FIGURE 4-21  (A)  THE SIMULATED S11 OF A 60MM ANTENNA (B) THE MEASURED S11 OF A 60 MM ANTENNA  
(C) THE SIMULATED S11 OF AN 80 MM ANTENNA  (D)  THE MEASRUED S11 OF AN 80 MM ANTENNA

 168 



13 | P a g e  

  

FIGURE 4-21-1 (A)  PREDICTED GAIN FOR 3 ANTENNAS WITH WIDTH 60 MM (1), 80 MM (2) AND 135 MM (3) 
USING R3003.  (B)  MEASURED GAIN FOR 3 ANTENNAS WITH WIDTH 60 MM (1), 80 MM (2) AND 135 

MM (3) USING R3003 169 

FIGURE 4-22 (A) THE PRIMARY ANTENNA WITH 10 MM FLARE (B)  THE SIMULATED GAIN AND (C) THE 
MEASURED RESULTS 171 

FIGURE 4-23 (A) PREDICTED V MEASURED GAIN FOR 3 ANTENNAS WITH WIDTH 80 MM AND FLARE (1), 10 
MM (2) 30 MM AND (3) 40 MM.  (B)  PREDICTED V MEASURED GAIN FOR 3 ANTENNAS WITH WIDTH 

135 MM AND FLARE (1), 10 MM (2) 30 MM AND (3) 60 MM  173 

FIGURE 4-24 (A) (B) AND (C) (D)SHOWS THE 10 MM FLARE ANTENNA SIMULATED AND MEASURED GAIN IN 
RECTANGULAR AND POLAR BEAM PATTERNS AT 9 .9 GHZ  175 

FIGURE 4-25 (A) (B) ; (C) (D) AND (E) (F) SHOWS THE 40 MM FLARE ANTENNA SIMULATED AND MEASURED 
GAIN IN AMPLITUDE AT FIXED POINT, RECTANGULAR AND POLAR BEAM PATTERNS AT 9.9 GHZ 178 

FIGURE 4-26 (A) (B) ; (C) (D) AND (E) (F) SHOWS THE 60 MM ANTENNA SIMULATED AND MEASURED GAIN IN 
AMPLITUDE AT FIXED POINT, RECTANGULAR AND POLAR BEAM PATTERNS AT 9.9 GHZ  181 

FIGURE 4-27 THE AUTHOR IN THE ANECHOIC CHAMBER 183 

FIGURE 4-28 THE ANTENNA ARRAY FACTOR GAIN FOR AN 8 PORT LINEAR ANTENNA ARRAY AT (A)1.25 GHZ  

(B) 2.45 GHZ (C) 4 .95 GHZ (D) 9.8 GHZ  (E) 12 GHZ (F) 18 GHZ  186 

FIGURE 4-29 (A) THE 4 – 40 GHZ ANTENNA (B) S11 RECTANGULAR (C) S11 POLAR (D) GAIN 2 – 40 GHZ 

RECTANGULAR (E) 3D POLAR GAIN: 2 GHZ (F) 9 .5 GHZ (G) 22 GHZ (H) 32 GHZ (I) 39.5 GHZ 190 

FIGURE 4-30 (A) THE 30 – 100 GHZ ANTENNA (B) S11 RECTANGULAR  (C) S11 POLAR  (D) GAIN 30 – 100 GHZ 

RECTANGULAR (E) 3D POLAR GAIN : 30 GHZ  UPPER AZIMUTH LOWER ELEVATION (F) 3D POLAR GAIN : 
50 GHZ  UPPER AZIMUTH LOWER ELEVATION  (G) 3D POLAR GAIN : 70 GHZ  UPPER AZIMUTH LOWER 
ELEVATION  (H) 3D POLAR GAIN : 90 GHZ  UPPER AZIMUTH LOWER ELEVATION  195 

FIGURE 4-31 (A) THE 4 – 40 GHZ ANTENNA (B) S11 RECTANGULAR  (C) S11 POLAR  (D) GAIN 2 – 40 GHZ 
RECTANGULAR  (E)  3D POLAR GAIN : 2.5 GHZ  (F) POLAR GAIN: 2.5 GHZ (G) ARRAY FACTOR GAIN 2.5 
GHZ  (H) 3D POLAR GAIN: 24.5 GHZ (I) POLAR GAIN 24.5 GHZ  200 

THIS CHAPTER WAS PUBLISHED AS [5.13]  206 

FIGURE 5-1  (A) THE TOP SECTION OF THE ANTIPODAL VIVALDI  (B) THE BASE SECTION WITH THE DUAL 

ANTENNA FEED 207 

FIGURE 5-2  (A) A 1:1 ARRAY FOR A 32 PORT SYSTEM (B) A P=3 VERNIER ARRAY WITH NO WINDOW (C) A P=4 

VERNIER ARRAY WITH NO WINDOW  209 

FIGURE 5-3   (A) P=3 VERNIER ARRAY WITH BLACKMAN WINDOW APODIZATION.  (B)  P=4 VERNIER ARRAY 

WITH BLACKMAN WINDOW APODIZATION.  (C)  32 PORT ARRAY WITH BLACKMAN WINDOW.211 



14 | P a g e  

  

FIGURE 5-4  (A) P=3 WEIGHTED VERNIER ARRAY WITH Z DOMAIN APODIZATION (B) P=4 WEIGHTED VERNIER 
ARRAY WITH Z DOMAIN APODIZATION  213 

FIGURE 5-5  P=3 WEIGHTED VERNIER ARRAY WITH Z DOMAIN APODIZATION MULTIPLIED BY A SUB KERNEL.  
(B)  P=4 WEIGHTED VERNIER ARRAY WITH Z DOMAIN APODIZATION MULTIPLIED BY A SUB KERNEL.
 214 

FIGURE 5-6 RADIATION PATTERN OF A VIVALDI ANTENNA AT 2.45 GHZ MAIN LOBE MAGNITUDE: 23.3 DBV/M 
SIDE LOBE LEVEL: -11.1 DB。  ANGULAR WIDTH: 66.6 DEG 215 

FIGURE 6-1 (A (A)) THE SPECTRUM OUTPUT OF AN INTENSITY MODULATED SIGNAL. (A (B)) A PHASE 
MODULATED OPTICAL SIGNAL. (B)  A MODEL OF A PHASE MODULATOR 221 

FIGURE 6-2 THE TRANSFER FUNCTION OF FREQUENCY AGAINST OUTPUT INTENSITY FOR A FBG GRATING FM 
OPTICAL LINK [6 .4]. 225 

FIGURE 6-3  CHANGE IN OUTPUT FOR A DISTURBANCE 90 M FROM THE LOOP CENTRE.  229 

FIGURE 6-4  THE SIMULATED OUTPUT IN DBM FOR VIBRATION AT 500 KHZ AGAINST LOOP LENGTH 230 

FIGURE 6.5-1 (UPPER) A METHOD FOR CANCELLING VIBRATION INTERFERENCE IN A SAGNAC LOOP   (LOWER) 
AN ALTERNATIVE SCHEME WHERE THE MODULATOR CAN BE PLACED IN THE EXTENSION TO THE LOOP
 232 

FIGURE 7-1 (A) A VPI SIMULATED MODEL OF AN IM PHOTONIC LINK.  (B) THE SIMULATED TRANSMIT OPTICAL 
SPECTRUM (C) THE SIMULATED RF SPECTRUM OF AN OVER DRIVEN IM LINK SHOWING HARMONICS (D) 

THE OUTPUT WAVEFORM OF THE DISTORTED L INK  242 

FIGURE 7-2  (A) THE TRANSMITTED RF SPECTRUM OF THE OPTIMAL LINK  (B) THE OUTPUT WAVEFORM OF 

THE OPTIMAL LINK  (C) THE TRANSMITTED RF SPECTRUM OF THE LOW POWER LINK (D) THE OUTPUT 
WAVEFORM OF THE LOW POWER LINK  244 

FIGURE 7-3 (A) VPI SIMULATED  MODEL OF AN OPM SAGNAC LOOP.   (B)  THE SIMULATED TRANSMITTED 

OPTICAL SPECTRUM. (C) THE SIMULATED RECEIVED SIGNAL.  246 

FIGURE 7-4  (A) THE TRANSMITTED RF SPECTRUM OF THE OPTIMAL SL LINK  (B) THE OUTPUT WAVEFORM OF 

THE OPTIMAL SL LINK  (C) THE TRANSMITTED RF SPECTRUM OF THE LOW POWER SL  LINK (D) THE 
OUTPUT WAVEFORM OF THE LOW POWER SL LINK  248 

FIGURE 7-5  THE TRANSMITTED RF SPECTRUM OF THE IDEAL RADAR SIGNAL  249 

FIGURE 7-6 THE TRANSMITTED RF SPECTRUM OF THE SAME RADAR SIGNAL ON A MACH ZEHNDER SERIES 
LINK 249 

FIGURE 7-7 THE TRANSMITTED RF SPECTRUM OF THE SAGNAC LOOP TRANSMITTER  250 



15 | P a g e  

  

FIGURE 7-8 (A)  THE RECEIVED RF SPECTRUM OF THE SERIES MODULATOR LINK  (B)  THE SAME SPECTRUM 
WITH A 1 GHZ BANDWIDTH FIL TER APPLIED  251 

FIGURE 7-9 (A) THE RECEIVED RF SPECTRUM OF THE SAGNAC LOOP LINK  (B) THE SAME SPECTRUM WITH A 1 
GHZ BANDWIDTH FILTER 252 

FIGURE 7-10 (A) PRODUCT SHEET FOR THE INTENSITY MODULATOR (B) PRODUCT SHEET FOR THE PHASE 
MODULATOR (C) IM DATA SHEET (D) PM DATA SHEET 255 

FIGURE 7-11 A SINGLE MZIM LINK SHOWING THE HARMONICS AT LOW FREQUNCY (A) 1 GHZ (B) DELTA 2 GHZ 
(C) G GHZ (D) 4.5 GHZ PL US DELTA AT 9 GHZ (E) 9 GHZ (F) 11 GHZ  258 

FIGURE 7-12 A SERIES MZIM LINK (A) 1 GHZ AND 2 GHZ AT -10 DBM (B) 1 GHZ AND 2 GHZ AT 0 DBM (C) 1 GHZ 
AND 3 GHZ (D) 1 GHZ AND 7 GHZ (E) 1 GHZ AND 7 GHZ DELTA (F) 1 GHZ AND 9 GHZ (G) 1 GHZ AND 11 
GHZ DELTA (I) 1 GHZ AND 11 263 

FIGURE 7-13 THE OPTICAL TEST BENCH SET UP. 264 

FIGURE 7-14 A CLOSE UP OF THE FREE SPACE TEST BENCH  265 

FIGURE 7-15 (A) A DIAGRAM OF THE ARCHITECTURE OF THE TEST SET UP.  NO MCFBG WAS USED IN THE LAB 
SET UP AND ONLY ONE ANTENNA SECTION NOT FOUR AS SHOWN.  (B) A DIAGRAM OF THE MODIFIED 
ARCHITECTURE OF THE TEST SET UP.  NO MCFBG WAS USED IN THE LAB SET UP AND ONLY ONE 

ANTENNA SECTION NOT FOUR AS SHOWN. 267 

FIGURE 7-16  (A) THE 700 MHZ TONE AFTER OPTICAL MODULATION ON THE SPECTRUM ANALYSER DISPLAY  

(B) THE OUTPUT DIRECTLY FROM THE SIGNAL GENERATOR TO THE SPECTRUM ANALYSER   (C) THE 
RECEIVED SIGNAL ON AN AGILENT 1 GHZ DSO IN MULTISHOT MODE   (D)  THE SIGNAL CAPTURED IN A 
SINGLE SHOT WITH FFT SUPERIMPOSED 270 

FIGURE 7-17 (A) THE 900 MHZ TONE ON THE SPECTRUM ANALYSER DIPLAY.  (B) THE HAMRONICS ON THE 
SIGNAL GENERATOR (C) THE SIGNAL CAPTURED IN A SINGLE SHOT WITH FFT SUPERIMPOSE D271 

FIGURE 7-18 THE MIXED SIGNALTONE AT 1600 MHZ ON THE SPECTRUM ANALYSER.   CAREFUL COMPARISON 
OF THE HARMONICS REVEALS THAT THE MIXED TONE DOES NOT SHOW DISTORTION. 272 

FIGURE 7-19 THE MIXED OUTPUT SIGNALS OF A SECOND TEST (A) THE OUTPUT OF THE ARCHITECTURE OF 
FIGURE 7-15 (A) (B) THE OUTPUT WHEN BOTH PHASE MODULATORS WERE PLACED INSIDE THE SAGNAC 
LOOP. 273 

FIGURE 7-20 A TWO TONE TEST SIGNAL WITH 0 DBM INPUT 274 

FIGURE 7-21 A TWO TONE TEST INPUT WITH 4 DBM INPUT 275 

FIGURE 7-22 THE OUTPUT FROM A – 70 DB INPUT RF SIGNAL WITH POST AMPL IFICATION.  276 

FIGURE 7-23   AN OUTPUT OF A DOUBLE SIDEBAND MIXED SIGNAL AT 11 GHZ  277 



16 | P a g e  

  

FIGURE 7-24 THE UPPER SIDEBAND SHOWING NO SPURS DOWN TO – 110 DBM NOISE FLOOR 277 

FIGURE 7-25 MIXING A 5 GHZ INPUT RADIO FREQUENCY SIGNAL WITH A 4 GHZ “LO”. 278 

FIGURE 7-26 THE DOWN CONVERTED 1 GHZ SIGNAL.  278 

FIGURE 7-27 THE RECEIVE ARCHITECTURE FOR THE FMCW RADAR.  280 

 



17 | P a g e  

  

ACKNOWLEDGEMENTS  

The author would like to thank Tim Priest from the Defence Science and Technology Organization for 

providing valuable insight into the optical concepts and assistance in the set up and testing of the 

optical link at the University of Adelaide and at DSTO.  Tim was a big supporter of the optical 

development and it is unfortunate that damage to the components, prevented us from attaining even 

better results. 

The author would like to thank Ross Kyprianou for assistance with analysis and presentation of the 

Vivaldi antenna data and for his encouraging support, when challenging the traditional viewpoint on 

Vivaldi antennas and dielectric substrates. 

The parties are acknowledged as co authors on the pertinent papers. 

The author wishes to acknowledge the input of Dr Bevan Bates, for the wisdom and experience 

contained therein and the Defence Science and Technology Organization for financial support during 

the time of research and writing.  Dr Bates support was invaluable throughout the time of the 

research, in particular for his perceptive comments on the concepts presented and for many hours 

spent in assisting the writer‟s presentation skills, the writer being naïve to the process of technical 

writing. 



18 | P a g e  

  

STATEMENT OF ORIGINALITY 

 

Low Noise Wideband Optical Mixing and Optical Up-Conversion 

Architecture. 

Alexander N. Sharp* , Bevan D. Bates*† 

*School of EEE, The University of Adelaide, SA 5005 Australia 

†Defence Science and Technology Organisation, Edinburgh SA 5111, Australia  

 

Vivaldi Antennas : Wideband Radar Antennas 

Simulation and Reality 

Alexander N. Sharp* , Bevan D. Bates*† 

*School of EEE, The University of Adelaide, SA 5005 Australia 

†Defence Science and Technology Organisation, Edinburgh SA 5111, Australia  

 

This work contains no material which has been accepted for the award of any other degree or diploma 

in any university or other tertiary institution and, to the best of my knowledge and bel ief, contains no 

material previously published or written by another person, except where due reference has been 

made in the text. 

I give consent to this copy of my thesis when deposited in the University Library, being made 

available for loan and photocopying, subject to the provisions of the Copyright Act 1968. 

The author acknowledges that copyright of published works contained within this thesis (as listed 

below) resides with the copyright holder(s) of those works. 



19 | P a g e  

  

Sparse Array Systems for Ultralite UAV Radar 

Alexander N. Sharp* , Bevan D. Bates*† 

*School of EEE, The University of Adelaide, SA 5005 Australia 

†Defence Science and Technology Organisation, Edinburgh SA 5111, Australia  

Email: {alexander.sharp, bevan.bates}@adelaide.edu.au 

 

© The Institution of Engineering and Technology 

Michael Faraday House 

Six Hills Way. Stevenage 
Hertfordshire 
SG12AY 

UK 
Tel: +44 (0) 01438 765647Fax: +44 (0) 01438 765659 





 CHAPTER  

ONE 

  

 

 

INTRODUCTION 

 

   Alexander Sharp    

 



 

22 | P a g e  

  

1 INTRODUCTION 

1.1 A IM 

The aim of the thesis is to design a radar system operating in real time on small, unmanned 

platforms, at low cost. To minimize cost, the use of commercial off the shelf (COTS) components is 

important.  The growing use of artificial intelligence technology in conflict areas, is centred upon 

minimizing risk and cost.  The most dangerous missions are those best performed by unmanned 

intelligent technology.  High technology drones like the Predator [1.1] are already established, but at 

high cost.  Another means of solving the key objective of mission safety is to use lighter, less 

expensive and readily available technology and networking the smaller units to form a highly capable 

extended group.  Based upon studies of insect behaviour such as ant groups [1.5], each unit is 

effective, highly redundant and in large swarms, is difficult to counter.  

The introduction outlines the motivation for the thesis.  The possible targets and modes of the radar 

are discussed and the reason wide bandwidth is considered essential. A discussion of phased array 

concepts shows why they are important to autonomous radar, which is followed by an outline of the 

principles of digital radar systems using digital signal processing.  The introduction concludes with an 

outline of the thesis sections. 
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1.2 ULTRA  LIGHT UAVS 

A UAV is an unmanned aerial vehicle. UAVs are currently operated by a remote command centre, but 

may contain autonomous abilities in flight, navigation and operation.  The area in which the UAV 

operates may be within a short range or many kilometres distant. The UAVs most commonly deployed 

for radar are large, such as the Predator and Global Hawk [1.1].  These assets cost millions of dollars 

to operate and purchase, but are still inexpensive compared to high value assets, such as AEW&C 

(e.g. the Wedgetail Airborne Early Warning and Control System) [1.2]. 

A new class of UAVs, Ultra lights, are being developed that are lightweight, easy to deploy and are a 

minimum value asset [1.3].  These assets carry payloads of 5 - 20 kilograms.  The operating range 

and endurance of these craft can equal the Predator and Global Hawk [1.3].  They are deployed from 

a mobile unit, without a runway and can be landed on any road, flat field or wire.  Appendix A shows 

examples of different  UAVs and includes size, weight and power (SWaP) data.  The primary 

limitations on these vehicles are the payload and power capacity.  A light payload necessitates the 

design of a highly integrated system.  A typical power maximum of tens of watts limits the range of 

conventional pulsed radar. An alternative mode of radar is needed for the platform that can combine 

accuracy with low power. An additional limitation is the communications system.  The UAV must 

communicate in real time to be able to network with other UAVS.  Local communications links (e.g. 

WiMax), operate at well known frequencies and are easy to electronically jam; limiting the ultra light‟s 

most valuable capability. 

Being inexpensive, an ultra light UAV can be deployed in large quantities.  Its primary purpose as a 

remote radar system would be to detect and track targets that are out of reach of conventional 

systems.  This can be due to access, or risk.  Topographical features may prevent easy access to a 

nearby terrain.  Unknown forces may be deployed in the area.  The UAV operates as a scout, 

networking assets to create a better picture of the area, combining results from multiple UAVS to give 

a better situational awareness.  UAVS can use local communication channels to fuse data between 

units, using ad hoc networking (such as RFC5181 - IPv6 Deployment Scenarios in 802.16 Networks) 

[1.5].  The fused data can be relayed via ad hoc networks or via satellite networks to the operation 

deployment centre.  In a maritime deployment, a UAV can travel to a remote target, located by shore 

based HF radar, to identity and monitor a craft. 
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1.3 COMPARISONS WITH CONVENTIONAL RADARS 

Although many forms of radar exist, the prime use of radar in aerial systems is for one of two modes, 

either to detect and track airborne targets or to detect and track ground targets. 

1.3.1 MOVING TARGET INDICATOR MODE (AIRBORNE) 

MTI radar intends to detect and track fast moving, airborne threats. Such systems commonly use high 

powered (kilowatts of power) radar to detect at distance, using traditional pulsed radar techniques. 

MTI needs high range and azimuth resolution, to differentiate between multiple targets closely 

separated. Targets may be detected actively (from their return signature) or passively (from 

monitoring their own radar).   

A strategy for the ultra light UAV in MTI mode is to operate at higher altitude in a stealth mode. An 

ultra light UAV is very small in radar cross section in comparison to other targets. At higher altitude its 

range is greater than on the ground and the ultra light is too high to be threatened by ground based 

surface to air missiles and rocket propelled grenades.  Ground based groups can attain active early 

warning of approaching targets via a network link. Concurrently, the ultra light UAV is not keen on 

displaying its location by radiating energy from its radar, as it has no defenses.  Low probability of 

intercept (LPI) radar is a possible solution for the radar, as it is difficult for others to detect and track.  

It is desirable that the ultra light deploy a form of LPI radar.  Frequency modulated continuous wave 

(FMCW) radar is a form of LPI radar. 

1.3.2 MOVING TARGET INDICATOR MODE (GROUND) 

At high altitude, the ultra light is travelling at a slowly changing angle of attack to the ground.  This is 

advantageous in detecting ground based targets from clutter. At low changing angle of attack, clutter 

can be more easily differentiated from low-speed ground targets.  At L Band, radar has some ability to 

penetrate foliage, as long wavelengths bend around semi-solid barriers, somewhat in the manner of 

diffraction. In this mode, the radar needs a high azimuth resolution to detect targets.  As a rule of 

principle, radar requires an azimuth resolution ratio to the target size of 1:10 to reliably detect a target 

[1.6]. That is to be able to differentiate the features of an object, it typically requires ten squares of 

resolution.  Azimuth resolution depends upon the size of antenna in relation to the wavelength of the 

radar.  For pulsed radar 

R/D (1.1)  

where R is range and D is antenna length of the array.  Clearly Lambda is the only parameter that can 

be changedto give this resolution.  For high azimuth resolution for pulsed radar, therefore a high 

frequency is preferred. This is an incentive for the radar to operate at X band or higher. But these 

frequencies are not productive for ground search where dense foliage may obscure targets. 
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1.4 RADAR AND ARRAYS 

1.4.1 ARRAYS 

The design challenge of creating an extreme lightweight structure will place size, weight and power 

(SWaP) constraints on the radar, unless creative solutions are found.  These include the design and 

operation of the antennas, the creation of a steerable radar beam that can be deployed upon a light 

weight structure and the creation of an array that can operate at all frequencies without squint or 

grating lobes.  Siting antennas on the craft will be difficult.   

A mechanical array is unlikely to be effective, due to the antenna size.  A phased array requires a 

phase shift on the transmitting signal across each radiating antenna. The phase shift is dependent 

upon frequency, as the wavelength k, of each frequency changes, changing the fraction of 

wavelength required to travel the extra distance to the next antenna. 
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1.4.2 DIGITAL RADAR 

A digital radar is a radar which digitizes the signal at the received radio frequency and performs all the 

functions of the front end (up, down conversion, filtering) and then performs the necessary 

intermediate frequency functions in the digital domain. Currently digitization occurs at the 

intermediate frequency in radar systems, if at all.  Figure 1-1 shows a diagram of a digital-at-

intermediate-frequency radar, upon which this study is based. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 1-1  A  DIGIT AL RADAR CONCEPT, SHOWING RECEIVER IF DIGIT IZATION. DOES NOT  SHOW  
BEAM FORMING T ECHNIQUE  

 The use of digital at intermediate frequency processing is a prerequisite to achieve the aims of the 

study.  In general current radar and AEW systems use two IF frequencies:  1 GHz and 160 MHz.  
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These operate in a traditional radio frequency (RF) heterodyne transmitter and receiver.  In radar the 

RF signal is a single side band (SSB), amplitude modulated (AM) signal that is up converted to RF by 

an electronic mixer.  Electronic mixers are usually limited to a decade in bandwidth, although attempts 

to increase this have met with some success. Generally electronic mixers are not available with a 

range of 2- 20 GHz, requiring at least two separate sub-stages to combine to reach the desired 

bandwidth, with an associated increase in complexity and cost.  A typical receiver channel for a 2 – 20 

GHz bandwidth costs US$250,000.  An example is the MA/COM receiver.  

 

1.4.3 A RADAR PULSE 

A radar pulse is traditionally generated by gating a continuous wave signal.  It is equivalent to mixing 

a repetitive square pulse with a single sine wave, ramped in frequency.  The resultant signal is fed 

into a filter which compresses the frequencies of the pulse into a linear frequency modulated chirp 

pulse: the IF signal.  Figure 1-2 (A) shows a typical radar pulse captured at the intermediate 

frequency.  The IF is digitized upon down conversion and digital signal processing (DSP) operates to 

extract information from the received signal.  Current implementations use high end ADCs and field 

programmable gate arrays (FPGAS). 
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(B) 

FIGURE 1-2 A  T Y PICAL RECEIVED RADAR PULSE.  (A) T HE IF W AVEFORM, (B) T HE I AND Q OUT PUT  

Figure 1-3 shows the output power from the received radar pulse in Figure 1-2.  This is the envelope 

of the down converted pulse, commonly used in traditional log amplifier radar detection. Waveform 

design is a particularly important aspect of radar design.  Modified waveforms can show superior 

characteristics for radar.  These include: very low side bands; very high compression (high power for 

low average power) and the new field of ultra wideband (UWB) waveforms.  Digital data synthesizers 

(DDS) can create multiple different waveform transmissions and be programmable to switch between 

them.  
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FIGURE 1-3  T HE POW ER OUT PUT  FROM T HE PULSE OF FIGURE 1. 2  

1.4.4 ASSUMPTIONS 

It is important to note that the digital components of the system are assumed in the current study.  

The study focuses on what is termed the front end of the radar.  The digital systems will operate at 

the intermediate frequency of the radar. 
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1.5 THESIS OUTLINE 

1.5.1  LITERATURE REVIEW 

1.5.1.1 ELECTRO-OPTIC MODULATION 

1.5.1.2 RADAR ARRAY TECHNOLOGY 

A brief précis of existing technologies for radar arrays is presented along with illustrations from 

papers. 

1.5.1.3 THE PERFORMANCE LIMITS  ON TRADITIONAL RADAR SYSTEMS  

1.5.1.4 OPTICAL MODULATION OF AN IF S IGNAL ON A CARRIER 

1.5.2 OPTICAL ARCHITECTURE FOR HETERODYNE RADAR SYSTEMS 

The literature review focuses upon previous research that is informative to the thesis.  

This section contains a description of the principle of birefringent modulation of an electrical signal 

upon the intensity of an optical waveform and the Pockel effect to modulate an electrical signal onto 

the phase of an optical waveform.  Jones calculus is used to model the system of this modulation. A 

coupled wave analysis is presented to model the system of modulation. 

Radar systems need to detect signalsbut have inherent limitations in SNR and SFDR. These affect the 

system design of radar for ultralight UAV.  An alternative form of radar design is necessary and the 

reasons are illustrated in this section. 

Optical modulation of the IF signal onto the carrier has significant advantages, including infinite port 

isolation, the elimination of electrical components in the link and the elimination of traditional radio 

frequency rules and limitations for frequency conversion in the heterodyne system. 

An optical architecture is proposed for the radar system. Features of the architecture are elaborated 

for the transmit and receive front end of the radar. The adoption of an optical architecture leads to 

high frequency agility and therefore resistance to jamming attack and denial of communications. 
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1.5.3 WIDEBAND ANTENNAS 

1.5.4 SPARSE MATRIX ARRAYS 

1.5.5 PHASE MODULATED LINKS PART I 

1.5.6 PHASE MODULATED LINKS PART II 

A new method to mix optical signalsinvolves the use of a Sagnac loop. The implementation provides 

linear mixing of the radio frequency and local oscillator signals. This is proven with mathematical 

elegance.   Modulation onto the optical fibre with phase modulation is linear.  The result is a link 

which has the performance characteristics of a single interferometer link, although it achieves mixing 

and down conversion. 

Deployment of a frequency agile system requires a wideband antenna.  These antennas need to be 

lightweight and small enough to fit on a UAV.  The parametersof Vivaldi antennas are determined, 

which achieve this wideband performance.  The antenna parameters are simulated and then 

measured on built prototypes in an anechoic chamber.  The performance characteristics in a linear 

array are simulated and the results applied to the system design. A range of wideband array antennas 

are proposed, from 1.25 – 25 GHz, 2 – 40 GHz then 30 – 100 GHz.  A new class of high power Vivaldi 

antennas is introduced.  This antenna has potential for 10 – 100 Watts of output power and a 

bandwidth of 1.5 GHz to 40 GHz, but it is possibly up to twice this bandwidth. 

An optimum architecture for an LPI radar system is a separate transmit and receive antenna.  Vivaldi 

antennas have an inherent problem in wideband operation in the lateraldimension (or across the 

width of the antenna). They are too wide to achieve high frequency transmission in an array without 

grating lobes.  A simulated system is presented that combines the antenna aperture patterns to create 

an effective array,denser by a factor of 4, than the physical array.  The concept is extended to 2D 

arrays,demonstrating that a two dimensional array can be constructed with separate transmit and 

receive antenna superimposed. 

The investigation of phase modulation is suggested by previous chapters on optical architectures.  

This chapter looks at phase modulation and its limitations.  The chapter looks at a means to convert 

phase modulation to intensity modulation so the signal can be transferred across a link to the digital 

component of the radar. 



 

32 | P a g e  

  

Simulation models of the mixing concept are made.  Simulated models showmachzehnder series down 

conversion degrades signal to noise ratio and spurious free dynamic range. The phase mixing 

architecture does not degrade these parameters due to the linear processes involved. Real model 

architectures show that down conversion and up conversion achieve less than 10 dB loss. 

Some confusion in results is shown, due to unknown factors.  These may be due to components of 

the link design or components of the link.  Polarization factors affect performance. Nevertheless the 

proof of concept is established. 

 

1.5.7 SUMMARY 

 

A summary is presented of the current research with suggestions for future research.  A critique is 

included which outlines some of the limitations of the research. 
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2 LITERATURE REVIEW 

2.1 INTRODUCTION 

The literature review contains an introduction to the key research concepts in radar that are applicable 

for an ultra light UAV.  An ultra light is a disposable system with extreme Swap (Size, weight and power) 

characteristics. Typical size constraints are a small area in the cockpit or nose cone, of 300 - 400mm 

cube. Some space may be used within the wings, if access is available. Typical payload constraints are 

10 kilograms or less.  Typical power constraints are 30 - 100 watts.  All these characteristics will still 

dramatically limit the range and flying time of an ultra light. Appendix A gives examples of typical ultra 

lights.   

Compromise upon performance can be expected due to the use of COTS  components, including cost 

constraints. Fabrication facilities are limited, so the radar must be viewed as a system design involving 

coordination of the various sub components which are COTS based.  The implementation cost is given 

between US$ 25,000 and US$ 50,000.   

A brief précis of current techniques in literature is presented. Implementations are assessed briefly, 

based upon their cost, availability and performance.  It is critical to note, that this thesis is about the 

practical design of ultra light radar and any system which is not available commercially within cost 

constraints will be excluded. 

The assessment will lead to the adoption of a particular architecture and antenna.  This architecture 

will be then be analyzed in detail in the chapter corresponding to the feature selected, along with 

improvements that can be gained with further modification. 

2.1.1 RADAR AND ROF LINKS 

Radar photonic architectures have different priorities to Radio over Fibre (ROF) communications links.   

Radio over Fibre links employ digital modulation of the input signal onto the intermediate frequency.  

The resultant information signal is mixed (or modulated) onto the carrier signal and transmitted at the 

carrier + IF or carrier – IF frequency,  either through the air, or alternatively along the optical system, 

usually after a narrowband filter.   

For a Radio over Fibre link, a very special form of modulation referred to as GMSK or FSK modulation of 

the information signal is the most widely deployed.  GMSK refers to Gaussian Minimum Shift Keying of 

the IF, where only the phase of the IF signal is changed and only in a linear change of direction.  FSK 

refers to a Frequency Shift Keying of the IF where the centre frequency is shifted by a ratio of the 

intermediate frequency so that the output signal is again changed in a linear direction.  These two 

schemes are very important in communications networks, because they enable the use of non linear 

output amplifiers at the antenna.  Without these schemes, the radio signal would be so distorted that it 

would be impossible to recover the digital baseband signal.  Essentially ROF links are non linear and 

special forms of modulation to allow a digital to linear analog conversion, which is then put through a 

non linear amplification.   

Distortion at the output can be compensated at the receiver, if the transmit signal is known.  The main 

function of the communications link is to recover the digital signal and therefore, whether the link is 

linear in itself is an irrelevance. 
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ROF signals can be optimised for optical transmission at 10 dBm, but are never sent across fibre at the 

signal levels at which they are detected by the wireless receiver of a radar.  Loss is produced over a 

distance, but never to the degree incurred with wireless transmission and in any event amplifier 

repeaters are placed to recover the signal and re send it, as new, at reasonable detection limits.  No 

ROF signal is detected at amplitudes of -70 - - 110 dBm as wireless and radar signals are commonly 

detected.  

A traditional radar signal is a constant amplitude signal, in which only the frequency or amplitude of the 

IF signal is generally changed.  A radar signal works on a very simple on – off keying baseband signal.  

That is a traditional magnetron radar pulse typically takes up to 5% of the duty cycle of a “pulse”, most 

of which is empty noise.  The “pulse” train is repeated at a pulse repetition frequency, which may be in 

the order of 1/10 us to 1/100 us.  Some radars use a 50 – 50 duty cycle at a very high repetition 

frequency.  These high PRF signals are common in air intercept radar.   In these signals the original on – 

off keying signal can then be interpreted as a binary shift keyed digital ROF signal at 1,-1,1,-1 ... et al.   

The received signal then appears as a digital modulated 1,0,1,0  ROF signal, but it is different in one 

respect.  The radar signal is nearly always transmitted with no DC offset, to eliminate distortion in the 

sent and received pulses.  The resultant transmission is more equivalent to {[1 ,-1] [0,0][1,-1] ... et al.  

Such high PRF signals easily jam a receiver with lower power by preventing that receiver from being 

able to detect its own return.  Ultralight radar will need to perform in the severe environment where 

there are many of these particular kinds of signals. 

A radar signal works to detect a target by performing autocorrelation of the input signal to produce a 

spike in amplitude.  There are various means by which this can be improved, including the frequency 

chirp of the input IF signal and the employment of phase shift codes (i.e. Barker Codes) to improve the 

auto correlation.  Auto correlation is not an exact process as it is defined by mathematical interpretation. 

The autocorrelation of a random process describes the correlation between values of the process at 

different points in time, as a function of the two times or of the time difference. Let X be some 

repeatable process, and i be some point in time after the start of that process. (i may be an integer 

for a discrete-time process or a real number for a continuous-time process.) Then Xi is the value (or 

realization) produced by a given run of the process at time i. Suppose that the process is further 

known to have defined values for mean i and variance σi
2 for all times i. Then the definition of the 

autocorrelation between any two time s and t is 

 (2.1.1) 

where "E" is the expected value operator. Note that this expression is not well -defined for all time 

series or processes, because the variance may be zero (for a constant process) or infinite. If the 

function R is well-defined, its value must lie in the range [−1, 1], with 1 indicating perfect correlation 

and −1 indicating perfect anti-correlation. 

If Xt is a second-order stationary process, then the mean μ and the variance σ2 are time-independent, 

and further the autocorrelation depends only on the difference between t and s: the correlation 

depends only on the time-distance between the pair of values but not on their position in time. This 

further implies that the autocorrelation can be expressed as a function of the time-lag, and that this 

would be an even function of the lag τ = s − t. This gives the more familiar form 

 (2.1.2) 
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and the fact that this is an even function can be stated as 

 (2.1.3) 

It is common practice in some disciplines, other than statistics and time series analysis, to drop the 

normalization by σ2 and use the term "autocorrelation" interchangeably with "autocovariance". 

However, the normalization is important both because the interpretation of the autocor relation as a 

correlation provides a scale-free measure of the strength of statistical dependence, and because the 

normalization has an effect on the statistical properties of the estimated autocorrelations. 

In signal processing, the above definition is often used without the normalization, that is, without 

subtracting the mean and dividing by the variance. When the autocorrelation function is normalized by 

mean and variance, it is sometimes referred to as the autocorrelation coefficient.  

The result, given a signal f(t), and assuming the standardization just explained, the continuous 

autocorrelation Rff(τ) is most often defined as the continuous cross-correlation integral of f(t) with 

itself, at lag τ. 

 

 (2.1.4) 

where represents the complex conjugate and * represents convolution. For a real function, 

. 

Any distortion of the original analog signal by noise will corrupt the auto correlation process and produce 

error.  When the original transmitted signal is unknown, a typical detector will auto-correlate the input 

signal with itself in an attempt to imitate the process of the original radar.  This is again disrupted by any 

non linear distortion on the signal with the possible result that the detection is lost in a mess of noise 

and distortion.  In the event that incoming signals overlap, this distortion becomes so acute that the 

detector can not produce any output as is the case with the reception of air intercept radar. 

Noise and distortion of a signal are modelled with two key parameters: signal to noise ratio (SNR) and 

spurious free dynamic range (SFDR).  These are the key elements, as concluded from the discussion, 

which allow practical performance of the radar and the receiver.  The key radio frequency system 

requirements for radar are SFDR and noise figure across the band of interest.  In practice radar signals 

are at ranges between -100 dBm and 10 dBm power at the receiver [2.4.1]. 

The best recorded optical system SFDR is 132 dB/Hz 4|5   [2.4.2], achieved in a narrowband (530 and 

531 MHz two tone test) configuration, which doesn‟t compete well with traditional narrowband 

microwave systems.  Clearly the advantage of optical systems is in wide bandwidth, not in narrow 

bandwidth performance.  Typical figures on wideband microwave RF COTS components across 2-18 

GHz are 65 dB/1MHz [2.4.3].  This translates to a 125 dB/Hz wideband system across 2 – 18 GHz.  

This will be a target for our radar to achieve in the receiver. 
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2.2 ELECTRO-OPTIC MODULATION 

2.2.1 BIREFRINGENCE IN ISOTROPIC AND ANISOTROPIC CRYSTAL 

Intensity modulators and Phase modulators work with a different physical effect. Intensity modulation 

onto an optical wave (IOM) is the effect of an electrically induced birefringence that causes a wave 

launched at z=0, with its polarization along x only (the fast axis) to acquire a y polarization with 

increasing distance, at the expense of x, until the polarization becomes parallel to y.  If a polarizer is 

inserted at the output in the direction of y, then the transmission of the energy along the x axis is 

blocked and the transmission of energy along the y axis (the slow axis) is passed in accordance with 

and approximately proportional to the intensity of the electrical wave. 

The systematic understanding of such a system is aided by the use of Jones calculus where the overall 

matrix for the system is obtained by multiplying all the individual element matrices and the output is 

obtained by multiplying the system matrix by the vector representing the input beam.  The state of 

polarization is represented by a 2x2 matrix as the initial input to the system and is multiplied by the 

system matrix to obtain the output state of polarization. 

The Jones matrix of a system which transmits light perfectly in the x or y axis is: 

   (
  
  

)      (
  
  

) (2.2.1) 

 

A crystal through which the light is travelling is not isotropic and then can‟t be used in a generalized 

wave equation.  In fact for a given crystal, energy travelling along it is related to:  

    √     (2.2.2) 

where k is the propagation constant or wave number, omega is the wave frequency, rho is the electric 

permeability and epsilon is the electric permittivity.  According to this calculation, propagation in an 

anisotropic medium with a direction of polarization that is orthogonal with the direction of propagation 

is changed from the ideal circular polarization state to an elliptical state, where one state of 

polarization is favoured over another.  Propagation amplitude is still allowed only in two states of 

polarization by Maxwell‟s equations, but these are not truly orthogonal. 

Such a case is propagation in a uniaxial crystal, which is not a liquid or gas, that is a crystal with a 

single axis of threefold, fourfold or six fold symmetry, with the symmetry along the z axis.  One can 

create an index ellipsoid where each propagation constant can be defined.  Due to the perfect 

symmetry along the z axis: 

        (2.2.3) 

representing the x and y axes.  The index ellipsoid is: 

  

     ⁄
 

  

     ⁄
 

  

     ⁄
   (2.2.4) 
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To put the case simply the medium of transmission is not a perfect crystal and does not have perfect 

symmetry.  The direction of propagation is not entirely coincident with the z axis and as a result there 

is an imperfection between the phase velocity of the polarized field along the x and the y axis.   

As a result the birefringence effect causes the imperfect transition of light from the polarization along 

the x axis (the fast or extraordinary axis) to the y (the slow or ordinary axis).  The resultant waveform 

is no longer the linear superposition of two orthogonally polarized waves: the eigenwaves. 

2.2.2 RETARDATION PLATES AS POLARIZATION CONVERTORS 

Retardation plates (also called wave plates) are polarization state convertors or transformers.  The 

polarization state of a light beam can be converted to any other polarization state by using a suitable 

retardation plate.  For consideration, part of Figure 3.1-2 is reproduced here in Figure 2-1.  A wave 

plate is a birefringent device in which the propagation constant of each polarization in the plate is 

different and has a different phase velocity.  An input beam of light which has isotropic or perfect 

propagation where each propagation constant for the x axis and the y axis is equal, will output from 

the plate with a difference in phase retardation.  The difference is a relative difference and not an 

absolute difference.   

Note that a wave plate causes exactly the same effect as the electro-optic modulation of an electric 

wave onto a light wave.  If the plate has an input polarizer parallel to the x axis and an output 

polarizer parallel to the y axis, then the wave plate performs the same task upon the incident optical 

wave.  Note that it does not perform any electric to optical modulation; it simply mimics the effect 

using an already generated light wave travelling along a fibre. 

In fact a half wave plate causes the light to be rotated by an angle which is twice that of the 

alignment of the plate to the incident wave.  

If the Jones matrix of a linear polarized optical wave transmitted through an isotropic or perfect 

medium is represented by: 

    (
 
 
) (2.2.5) 

and the Jones matrix for the half wave plate system is represented by:  

   (
   
   

) (2.2.6) 

then the output of the half wave plate will be: 

   (
 
 
)     (

 
 
) (2.2.7) 

so that the output wave is rotated by ninety degrees to the y axis.  The output is now polarized in the 

y direction.  

A quarter wave plate has a system transfer matrix: 

   (
   
   

) (2.2.8) 
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The same input wave put through a quarter wave plate at 45 degrees to the polarization of the input 

will produce an output: 

    
 

√ 
(
 
 
) (2.2.9) 

This is circularly polarized light.  It is well known in antenna circles that circular polarized antennas will 

detect both horizontal and vertical polarized microwaves, but not the opposite circular rotation.  

Note that the quarter wave plate changes the incident waveform from linear to circular polarization 

with no asymmetric effect and so the output of the quarter wave plate will be a ci rcular polarized 

wave that has exactly the same phase modulation as the input, but with a ninety degree rotation.  

2.2.3 INTENSITY MODULATION 

One problem identified clearly is the non linearity of the MZIM transfer function.  It impinges upon the 

upper limit of SFDR through the creation of distortion at high power.  At low power, imbalance caused 

through imperfections in the crystal symmetry may cause a phase jitter on the output.   

An MZIM consists of an electro-optic modulator on one of two parallel arms of a waveguide, cut into 

Lithium Niobate or similar substrate.  The input wave travels along the first arm of the MZIM without 

any change, with the exception that it is half the input power.  The remaining light power travels 

through the second axis where it is modulated.  The electro-optic modulator is kept at mid power by 

biasing it at half on.  The light on the two arms combines in an interference pattern to create the 

output wave. 

Intensity modulators have a non linear transfer function: 

   (
   

 

 
 –     

 

 
 

     
 

 
    

 

 
 
) (2.2.10) 

 

where Lambda is the retardation or lag caused by the fixed bias and the modulating voltage. Lambda 

is the same parameter represented by the imaginary coefficient in the previous section on wave 

plates.  In this case the system transfer effect contains the non linear transfer curve that is typically 

associated with intensity modulators.  This is a well known equation that is repeated in a later section.  

The output of an intensity modulator will be: 

   
 

 
(
    

 
 

–      
 
 
) (2.2.11) 
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A number of intensity modulators have been developed to linearize the transfer function and a well 

known principle of these papers is to reverse the modulation of the first modulator, either in series or 

in parallel.  A number of papers present this process and have constructed modulators for this 

purpose, the most effective being Kawanishi et al [2.4.24] who developed a 70 dB extinction ratio 

MZIM by balancing the arms through putting a nested MZIM on both to measure and counter the 

imbalance.  The effect of these modulators is to cancel the non linearity in the transfer function by 

inserting the opposing function.  The optical output of 70 dB will translate to approximately 140 dB/Hz 

of electrical SFDR due to the power to voltage modulation of the detection diode. 

 

 

FIGURE 2 -1 ILLUST RATION OF A  QUARTER W AVE PLAT E A ND BIREFRINGENT  CRY ST AL INSERT ED  
BET W EEN T W O OFFSET  LINEAR POLARIZERS.  

 

An equivalent model of an intensity modulator is presented in Figure 2-1.  Light input to the 

modulator is controlled using a linear polarizer.  This polarizer is aligned parallel to the x axis.  This 

polarizer is one reason for the large losses of optical intensity modulators.  Circular to linear 

polarization creates a 3 dB loss as any antenna engineer would know.  Any light polarized to the y axis 

will be lost. Light enters the quarter wave plate polarized on the x axis.   

The quarter wave plate is aligned so that the fast axis is aligned with the x axis.  The polarized light 

on the y axis will obtain a ninety degree lag, due to the effect of the quarter wave plate.  The output 

light is represented by the Jones matrix as before. 

Quarter Wave Plate with the 

fast axis aligned parallel to the x 

axis. 
Y (SLOW AXIS) 

X (FAST AXIS) 

Z (PROPAGATION) 

Fibre 

Linear Polarizer 

parallel to y Axis 

Linear Polarizer 

parallel to x Axis 

LI NBO2 CRYSTAL 

WITH ELECTRODES 

THE BIRE FRINGENT 

AXES ARE AT 45 O  
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√ 
(
 
 
) (2.2.9) 

 

This light has a lag in one axis of ninety degrees, causing circular polarization.  Light should be of 

equal intensity on each axis.  This represents the effect of biasing the electro-optical crystal at 
 

 
 

The light is modulated by the driving voltage using the birefringent effect.  The birefringent crystal is 

aligned at a 45 degree rotation to the incoming polarization. Remember that the effect of the crystal is 

to change the polarization of the light from the x to the y axis.  The 45 degree rotation acts to impart 

the cosine of the intensity onto each axis of the crystal.  This is intended to equalize the light intensity 

on each axis, but is responsible for a further loss in intensity.     

The light incident on the crystal is: 

          (2.2.12) 

          

using complex notation this becomes: 

  ( )    (2.2.13) 

  ( )    

and the incident intensity is: 

     
  (2.2.14) 

After the quarter wave plate and the birefringent crystal, light emerges having a relative lag in phase:  

  ( )   
    (2.2.15) 

  ( )    

Light exits the crystal and passes through a linear polarizer.  The total complex field emerging from 

the polarizer is the sum of the components in the y axis (note this is not the same as the 

birefrengentcrystal y axis as it is aligned by 45 degrees from it). The circular to linear polarization will 

cause another loss as no light travelling on the x axis passes through the linear polarizer.  

The resultant complex field intensity, recalling that the input voltage wave becomes an optical 

intensity will be:  

(   )   
 

√ 
(      ) (2.2.16) 
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The output intensity will be; 

(  )    
     

 

 
 (2.2.17) 

The system transfer function will be: 

      
  

 
     *(

 

 
)
 

  
+ (2.2.18) 

Reverting back to the notation as an analytic representation the system transfer function as a function 

of optical input power is expressed as: 
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and the output of the optical intensity modulator after a linear polarized input wave is:  
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where the first term represents the imperfect power transfer from the linear polarized light onto the 

crystal.  This is a truly horrendous equation from a radio frequency perspective. 

The term in the outer square brackets can be expressed as: 
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 (5.23) 

where 
rfm AV  .  This is the well known system equation for intensity modulators.  The 

linearization of intensity modulators will no longer be considered.  

It is to be noted the comparison of the system transfer function and output with AM modulation in 

radio frequency, which is almost the same: 

Amplitude modulation is created by forming the product: 

    tCtmAty )(  (2.2.20)
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    tSintMCosAty cm  )(  (2.2.21) 

„A‟ represents the carrier amplitude which is a constant that we would choose to demonstrate the 

modulation index. The values A=1, and M=0.5, produce a y(t) with a modulation index of "50% 

Modulation" or 0.5  For this simple example, y(t) can be trigonometrically manipulated into the 

following equivalent form: 

     







  tSintSin

M
tASinty mcmcc

2
)(  (2.2.22) 
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2.3 RADAR ARRAY TECHNOLOGY 

A useful implementation of radar requires the use of a steerable array.  Limited space suggests that it is 

too complex to place a mechanical array in conjunction with antennas.  An electronically steerable array 

(ESA) provides a solution to this problem.This section looks at reported literature on ESA 

implementation, as a background to the design. 

An ESA array requires a phase shift on the transmitted or received signal across each radiating 

antenna.  This combines the radiated output, or captured input, so that constructive interference will 

occur in the direction required.  A phase shift is dependent upon frequency, changing the fraction of 

wavelength required to travel the extra distance to the next antenna.  Although the wavelength 

changes at each frequency, for a given direction, the true time delay (TTD) is the same for all 

wavelengths.  TTD arrays are then superior for this application. 

2.3.1 MICROWAVE TRUE TIME DELAYS 

Current microwave radio frequency (RF) technologies can‟t readily provide a linear phase shift across 

frequency. The physical size of microwave components changes with frequency, meaning that 

implementations are narrow band.  There have been attempts to broaden the bandwidth of traditional 

RF phased arrays [2.2.1, 2.2.2], but these are able to extend bandwidth to a range 15% either side of 

a centre frequency. The aim of this study is for a centre frequency of either 6 GHz or 9 GHz with a 

useable bandwidth of up to twice the centre frequency.  Research effort has been put into examining 

Butler and Blass matrix arrays 22.2.4, 2.2.5, 2.2.20] due to their simplicity.  The results are narrow 

band, due to the fixed switching delay imposed, or too large to be adaptable to low frequencies.  

A study in 2001 used optical illumination of a varactor diode [2.2.3] on a loaded coplanar transmission 

line, to produce a variation in the dark current capacitance of the varactor over 800 MHz to 7 GHz.  

This can be used to change the tuning of a ferrite based array by applying a magnetic bias.  This 

implementation is still well below the upper limit of 18 GHz identified.  Magnetic fields are easily 

interrupted so can‟t be relied upon in adverse conditions.  The use of YIG oscillators is prohibited due 

to the extreme power requirements and heat emission. 

One implementation that has achieved 2–18 GHz frequency range is a piezo electric generated field 

that operates as dielectric perturber controlled by an input voltage [2.2.6, 2.2.7].  The unit is relatively 

low cost and compact.  It requires the piezo component to be set at a very small distance above the 

antenna feeds and the distance altered to obtain a change in phase.  This approach has a few 

limitations.  Firstly the change in height of the perturber above the feed is very small.  This may be 

subject to influence from vibration.  A minimum vibration level capacity of 20g is expected in deployed 

UAVs.   The phase change from the perturber is inexact, causing unbalanced antenna radiation 

patterns at even small offsets from bore sight.  Antenna squint is a phenomenon observed in 

microwave implementations of phased arrays due to the imperfect phase adjustment.  Further a small 

beam steering capacity of 30 degrees was achieved.  This is inadequate for the expected mode of 

operation, which would require at least a 90 degree field of view. 

2.3.2 DIGITAL TRUE TIME DELAYS 

Digital arrays show great promise to implement precise beam forming arrays.  A digital, sample based, 

polyphase filter has been suggested [2.2.8] and implemented at L Band.  This operates up to 3 GHz.  

The FPGA fabric speed limits the upper frequency of these systems.  Digital beam formers are 

demonstrated using GPS signals [2.2.10], where the input base band signal is a very low bit rate.  

Further research efforts are being put into broadband digital systems [2.2.9], but these invariably use 
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optical components at the high radio frequencies (such as optical ADCs).  It has been suggested that 

a fully digital system will incorporate high speed optical digital links after the use of optical ADCs. 

In ultrasound applications, over sampled Sigma-Delta ADCs [2.2.11] have been used in conjunction 

with FPGAs to build compact beam formers with an input frequency at 3 MHz and a radio frequency at 

129 MHz. Although effective, this method is impractical at GHz frequencies. 

A further disadvantage of digital systems is the difficulty remoting a digital signal on a platform.  

Circuit board design, with digital signals can be based upon simple principles if the distance of each 

track is less than six times the rise time of the signal times the speed of light. At 18 GHz the rise time 

is in the order of 1ps.  A track longer than 1.8 mm is then a transmission line that requires a solution 

based upon Maxwell‟s equations for accurate design. Full wave analysis of a transmission line is time 

consuming and difficult.  In addition, corruption of digital signals in parallel is likely, due to cross talk 

between lines caused by magnetic field overlap.  The data will need to be serial transmitted, at very 

high bit rates, typically 8 * 18 GHz for an eight bit word.  Electronically, this data is highly susceptible 

to interference. 

This leads to the conclusion that even digital systems are likely to use optical transmission to send 

signals to remote antennas.  Optical systems have the distinct advantage that they are impervious to 

interference.  Electronic systems which control the optical transmission can be protected with Faraday 

cages, ensuring a higher degree of protection from interference. Current digital optic links have bit 

speeds of 40 GBps with future links to 100 GBps. 

2.3.3 OPTICAL TRUE TIME DELAYS 

It is advantageous for optical systems to incorporate true time delays into the fibre run between 

transmitter and antenna. Optical true time delays originated with switching lines to obtain the delays 

[2.2.12, 2.13].  These systems proved to be complex and expensive. The number of delay lines required 

increases at an impractical rate with larger arrays.  A linear sweep of frequency is not achieved, without 

extra components and cost.  These systems have largely been left behind.   

2.3.3.1 FIBRE DISPERSIVE MEDIUM 

It is commonly known that fibre dispersion causes pulses in optical links to widen. The amount of 

dispersion is proportional to the wavelength.  Figure 2.2.3-1 (A) show the difference in group delay 

across 60 km of fibre (courtesy of Teraxion) at different wavelengths of light. Different lengths of fibre 

or different fibres (with different dispersion) will result in the true time delay across the link to differ in 

proportion to the wavelength.  Dispersive mechanisms in fibre are notoriously sensitive to temperature 

changes and the difference in lengths needs to be excessive (at least 25 km) to achieve the true time 

delay. A linear sweep can be achieved employing either large wavelength tuning of the free space 

laser light source [2.4.12] or by using different wavelengths and switching them to different fibres as 

in [2.4.14].  Figure 2.2.3-1 (B) shows a link where switchable splitters are used to channel each 

wavelength to a particular fibre. A free channel light source is far too expensive and is not suitably 

robust for deployment upon an ultralight. 
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(A) 

 

(B) 

FIGURE 2.2 .3 -1 (A)  DISPERSION ACROSS A  60 KM FIBRE LINK [2 .2 .39]  (B)  A  DIAGRAM OF A  W DM 
LINK USING FIBRE AS A  DISPERSIVE MEDIUM 

 

2.3.3.2 FIBRE BRAGG GRATINGS  

Fibre Bragg gratings (FBG) are used in fibre as filters, to reflect wavelengths of a specific frequency.  

This is used in dispersion compensation to provide a different point of reflection at each particular 

wavelength.  This compensates for the dispersion against wavelength shown in Figure 2.2.3-1 (A).  

Figure 2.2.3-2 (A) shows this mechanism.  The point of reflection is a single point.   This point of 

reflection can be used to derive a true time delay.  In addition, the use of multiple channel FBG 

reflectors can provide an aperture for each channel of the antenna as shown in these figures. 

  
                                          NOTE:   
   This figure is included on page 48 of the print copy of  
     the thesis held in the University of Adelaide Library.
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FIGURE 2.2 .3 -2  A )  DIAGRAM OF A  50  IT U CHANNEL MCFBG [2 .2 .39]  

 

To provide a linear sweep across wavelength the Bragg Grating can have a temperature gradient 

applied to vary the individual points, or can use a grating function, such as a Fourier transform to 

apply a linear sweep [2.2.15]. The use of a function in the grating can cause this reflective property to 

be linear, and so a change of wavelength will cause a linear delay in the reflection from the Bragg 

grating.  Bragg gratings lose very little light power and this is an effective method.  Bragg gratings can 

be made from about 50mm in length to 1000 mm in length.  Figure 2.2.3-2 (B) shows the 

characteristic of a Fibre Bragg Grating for the 50 ITU channels at 193 THz with different linear sweeps 

for the different wavelength channels.  Such a device can be purchased for around US$2500 making it 

ideal for use with a closely spaced antenna array.  Dispersion compensation up to 1000 ps can be 

achieved in this manner.  The time delay must be matched precisely with the spacing of the array 

antenna and group delay across the Fibre Bragg Grating or it can cause the same squint effect as with 

microwave beam formers.  It is critical therefore that extreme accuracy be built in to the the 

Multichannel FBG.  A close up of a single channel in Figure 2.2.3-3 shows significant group delay 

variation across the channel, especially if compared to the maximum channel spacing for a 40 GHz 

array of 11 ps.  Figure 2.2.3-4 (A) shows the spacing necessary for a 40 GHz array.   

AFibre Bragg Grating was designed by Dr Yves Panchaud from Teraxion for the TTD of a 40 GHz nine 

channel array.  This was simulated upon the design software ready for implementation on a MCFBG.  

The characteristic for the FBG is shown in Figure 2.2.3-4 (A).  The idea of having different rates of 

dispersion change, was dismissed in favour of accuracy and zero group delay ripple across the very 

small 11 ps time differential per channel.  This is taken up late in chapter 2.2.3.2. 

  
                                          NOTE:   
   This figure is included on page 49 of the print copy of  
     the thesis held in the University of Adelaide Library.
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(B) 

FIGURE 2.2 .3 -3 DIAGRAM OF ONE INDIV IDUAL CHANNEL W ITH DISPERSION CHARACT ERIST IC AND 
GROUP DELAY  RIPPLE  

 

 

(A) 

FIGURE 2.2 .3 -4 (A)  DIAGRAM OF A  HIGHLY  LINEAR 9 CHANNEL MCFBG DESIGNED BY  T ERAXION 

FOR A  40 GHZ ARRAY  

The integration of many wavelength channels can be effected by the use of a reflecting mirror at the 

end of each MCFBG.  Any wavelength not reflected in the channel will continue to be reflected along 

the path of the fibre and a circulator is used to direct the light.  In this way more than a single beam 

can be created at each antenna output to create a “staring array” that is an array of fixed beams that 

cover a large angle of azimuth across the multiple beams.  The use of MCFBGs creates an extremely 
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                                          NOTE:   
   This figure is included on page 50 of the print copy of  
     the thesis held in the University of Adelaide Library.
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good quality antenna beam due to the precision of the time delay [2.2.42].  Figure 2.2.3-5 (B) shows 

a 1:N array and Figure 2.2.3-5 (C) shows a multiple beam staring array based on Figure 2.2.3-5 (A). 

 

 

(B) 

 

(C) 

FIGURE 2.2 .3 -5  (A )  A  DUAL W DM MCFBG LINK (B)   A  1:N W DM MCFBG LINK (C)   T HE 3BEAM 
ST ARING ARRAY  

 

Further work done by Dave Hunter at DSTO in Adelaide [2.4.11] has investigated the use of MCFBGs 

for use as wideband arrays with frequency agility.  In particular the 2 – 18 GHz bandwidth and the 4 – 

40 GHz bandwidth is of interest.  This investigation finds that use of the MCFBG prevents the 

interference of closely spaced gratings on a single fibre from causing beat signals that distort the 

output signal, when the beam is brought to broadside on a single grating.  This would distort the 

output of a single grating such as that used by Corral [2.2.15] to show a 2 – 18 GHz linear dispersion 
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with 1 ps group delay.  Figure 2.2.3-6 (A) shows an optical WDM system for such an array and Figure 

2.2.3-6 (B) shows the antenna pattern from 12 -18 GHz. 

Due to the readily available low cost components and the demonstrated application of phased array 

beam forming, this topology was chosen to implement the true time delay for the photonic 

architecture.   

 

 

(A) 

 

(B) 

FIGURE 2.2 .3 -6 (A)  A  W DM LINK SHOWING T HE T OPOLOGY OF AN MCFBG BEAMFORMER USING DFB 

LASERS (B)  T HE BEAM PAT T ERN FROM T HE LINK AT  12 GHZ, 16 GHZ AND 18 GHZ 

2.3.3.3 NON LINEAR OPTICS  

A future for optical beam forming is likely to be in the area of non linear optical effects such as a form of 

vector summing of delays [2.6.1].  These approaches are too early in the research cycle to be 

implemented using COTS components. Such a device is a resonant tunnelling diode-laser diode circuit 

to implement a photonic antenna. Figure 2.2.3.7 shows such a device.  
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FIGURE 2.2.3-7 A NON LINEAR ELECTRO-OPTIC ANTENNA 

 

The RTD-LD is a nonlinear dynamical system that oscillates at RF frequencies and modulates the 

optical output of the laser to produce a sub-carrier on the laser output.  Injecting a small wireless 

signal (-40 dBm) synchronizes the RTD-LD to the wireless signal and the phase of the optical sub-

carrier to the phase of the wireless signal [2.2.43]. 

2.3.3.4 ROTMAN LENSES  

The Rotman lens operates by curving the light input through a dielectric lens into one of a number of 

outputs thus causing the light to travel different distances to each output. Therefore the delay is 

proportional to the speed of light across the different paths and the receiver position and is limited. The 

Rotman lens is a suitable implementation of a phased array, but is bulky and requires expensive optics. 

There is currently no easily available COTS component that can be sourced.  Examples of Rotman lenses 

can be found in many radar and phased array text books. A photonic crystal Rotman lens has been used 

to implement a fixed X band radar multiple beam phased array [2.2.44].  Figure 2.2.3-8 shows this 

device. 

 

FIGURE 2.2 .3 -8 A  PHOTONIC CRY STAL USED AS A  ROT MANS LENS IN A  PHOT ONIC BEA MFORMER 

2.3.3.5 VSCEL SUBSTRATE ARRAYS  

Vertical Surface Cavity Emitting Laser arrays (VSCEL) can integrate many lasers into very small areas.  

The outputs of these lasers can be controlled at the micro metre level and tuned through very large 

scale integrated circuits (VLSI). At times, the VSCEL array is replaced with an amplified spontaneous 

emission diode which is very inexpensive and high power. The output is filtered to contain many laser 

wavelengths separated by a fixed channel separation.  This filtering can be achieved by use of the 50 

Channel MCFBG in Figure 2.2.3-4.  Figure 2.2.3-9 shows the output of the FESL-1550-20-BTF. 

  
                                          NOTE:   
   This figure is included on page 53 of the print copy of  
     the thesis held in the University of Adelaide Library.
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FIGURE 2.2 .3 -9  T HE OUT PUT  OF AN A SE FROM T HE DAT ASHEET  

 

Optical guided substrates use arrays of photodiodes that are switched on and off. Diodes that are 

switched off reflect the free space beam to the output where the diode is switched on.  The extra path 

length of the free space reflector creates a time delay.  This principle is used in a number of VLSI 

implementations, both as a switch for the output of the highly integrated laser channels, or for the 

time delay.  Figure 2.2.3-10 (A) shows such a set up [2.2.21] and (B) and (C) show a diagram of the 

mode of operation. 

(A) 

 

  
                                          NOTE:   
   This figure is included on page 54 of the print copy of  
     the thesis held in the University of Adelaide Library.
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(B) 

(C) 

FIGURE 2.2 .3 -10 (A ) SHOWS A  V LSI SET UP [2 .2 .21]  (B)  SHOW S A  CLOSE UP OF T HE OPT O-VLSI  
PROCESSOR AND (C)  AND (D) SHOW  A  DIAGRAM OF T HE MODE OF OPERAT ION.  

 

These technologies show promise for high scale integration of optical arrays but require expensive 

nano-technology to fabricate which is unavailable commercially. Currently such systems are bulky and 

impractical. A system is currently under research development by Budi Juswardy[2.2.21] at the Edith 

Cowan University of WA. 

2.3.3.6 OPTICAL DIGITAL AT RF 

Optical analog to digital converters have been demonstrated to 100 GSa/s [2.2.29].  Mode locked 

lasers can provide femto second pulses at high data rates. This is referred to as optical heterodyning.  

These systems are expensive, using bulky external lasers for mode locking.  The technology has not 

been integrated into a compact production solution.  The inability to process data at high sampling rates 

  
                                          NOTE:   
   This figure is included on page 55 of the print copy of  
     the thesis held in the University of Adelaide Library.

  
                                          NOTE:   
   This figure is included on page 55 of the print copy of  
     the thesis held in the University of Adelaide Library.
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limits its implementation.  A bank of FPGAs to process the 38 GSa/s data rate of [2.2.29] an integrated 

digital beam former, is excessive to implement on a UAV.   

A full digital at RF optical link is being held up by the lack of an integrated optical sampler. Some 

systems have been proposed, but none have yet been demonstrated in commercial practice.  The main 

difficulty with optical analog to digital convertors is obtaining a high enough bit width to gain dynamic 

range.  Figure 2.2.3-11 shows one 

particular single bit photonic ADC 

[2.2.43]. 

 

 

FIGURE 2.2.3-11 AN OPTICAL ELECTRICAL SIGMA DELTA SUBSAMPLING ADC 

 

 

 

 

 

 

 

 

 

 

 

  
                                          NOTE:   
   This figure is included on page 56 of the print copy of  
     the thesis held in the University of Adelaide Library.
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2.3.4 RADAR DETECTION 

Radar systems are designed to detect targets.  Detecting targets requires a return power of the 

reflected signal that is of sufficient power to distinguish it from noise. The radar range equation 

determines the power of the received signal.  This section illustrates that the available power in an 

ultralight UAV is insufficient to detect a target, using traditional pulse Doppler radar.  It is a simple 

section that uses well known equations.  The conclusion states that the ultralight must use a form of 

low probability of intercept (LPI) radar design.  A typical LPI radar is FMCW radar.  As the thesis topic 

is design of a viable and practical ultralight radar this section is a valuable and essential proof of 

concept. 

Radar systems are governed by two major factors: 

 the sensitivity required for operation 

 the dynamic range of the receiver system 

The dynamic range of the receiver determines its effectiveness at differentiating signals of very 

different amplitude.  A receiver with a limited dynamic range will splatter higher power received 

signals across the output, covering the weak signals the radar hopes to detect.  This is the basic 

principle of jamming when applied to a receiver.   

The amount of power Pr returning to the receiving antenna is given by the radar equation: 

  223

2

4 rt

rtt
r

RR

AGP
P




  (2.3.1) 

where 

Pt = transmitter power, 

Gt = gain of the transmitting antenna 

Ar = effective aperture (area) of the receiving antenna 

σ = radar cross section, or scattering coefficient, of the target 

Rt = distance from the transmitter to the target 

Rr = distance from the target to the receiver. 

Sensitivity is determined by the minimum noise floor of the receiver system.  To recognize a signal, 

the signal must be above the noise floor.  To receive such a signal, the power of the transmitter must 

satisfy the radar range equation.  Sensitivity is adequately and simply explained by the form of the 

radar range equation [2.1.6].  The following is an estimation of the theoretical receiver sensitivity 
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The receiver sensitivity is placed as the received power of the signal.  To detect the signal, the 

received power must be greater than the sensitivity, so rearranging the radar range equation will give 

the minimum detectable signal. 
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As range increases the power of the detected radar pulse reduces at a rate proportional to 

434

1

R
[2.1.6].  This figure accounts for both the transmission and reflection paths.  For receiver 

only systems this becomes a function of range squared. 

A 100 MHz BW signal has a minimum noise figure of -143 dBm + NF(Receiver).  The sensitivity is placed 

into the radar range equation and modified to obtain the power necessary to detect an object at a given 

range (R).  If rPS min in  equation (2.3.1) and 
avgP is the power needed, when applied to a 1 m2 

radar cross section, with an integration time ( intT ) of 1 s to be able to detect a target, then it requires a 

transmitter power of 1.6 kW  for the theoretical system to detect an object with a 1 sq m radar cross 

section at 3 kilometres. A larger object such as a metal vehicle requires a lower transmitter power for 

detection.  For an RCS of 10 m2, an output power of 160 Watts is required for a detection range of 3 

kilometres.  

Typical ultra light UAVs (Aerosonde[2.1.3], Kingfisher) [2.3.1] have 30 – 90 W of available power (the 

higher values are in third generation models) which needs to be shared between the digital systems 

used for signal processing and the RF chain.  For a radar system, power is required for the higher 

power output amplifiers for transmission [2.3.4], low noise amplifiers on the input and the variable 

gain conditioning amplifiers.  Digital systems alone are likely to use 10 W of power [2.3.2].  Both high 

speed ADCs and FPGAs use a lot of power in comparison to the available power.  Add to this the 

microprocessor power requirements [2.3.3] of at least 10 W. Control microprocessors, for 

beamforming and aircraft flight control circuitry will add on to this figure.   It is entirely likely that a 

maximum of 50 Watts is available for transmission of the signal and probably significantly less, 

perhaps 1- 5 Watts on the Aerosonde.  This makes detection of a large object such as a car or tank, 

impossible at 3 km, using pulsed radar. 

Ultra light UAVs have insufficient power to detect targets at even a modest range, using a traditional 

pulsed radar format.   This simple analysis demonstrates that even with an ideal receiver with no noise 

figure and minimum noise power, a radar of sufficient accuracy can not be built with the size, weight 

and power (SWaP) restraints in an ultra light UAV.  Radar design needs to look at alternative forms of 

LPI radar, whilst maximizing the SNR and SFDR of the system.  A typical LPI radar is FMCW radar.   

FMCW radar is suitable for implementation on an ultra light UAV, due to its low power requirements, 

high range resolution and relatively simple processing requirements.  The basic principles of FMCW 

radar are well known.  In this chapter an FMCW radar is designed with range and resolution enabling 

the ultra light to detect targets to 25 nm.  The principles of processing data, to determine waveform 

character and targets are examined. 

 

2.3.5 FMCW RADAR 

FMCW radar sends a continuous signal, with a waveform that is swept in frequency.  The principles of 

FMCW radar are not new [2.12.1]. Frequency modulation spreads transmitted energy across a wide 

bandwidth. A continuous frequency sweep outputs a rectangular power spectral density, so 

interception of the signal is more difficult.  If the transmitter is frequency agile, it can be difficult for a 

jammer to stimulate false targets, or to overpower the transmit signal.   

The deterministic transmit signal is correlated with the return signal and the difference that is formed 

creates a beat frequency.  The frequency of the beat signal is highly accurate when correlated against 
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range.  It has a large range window due to the long sweep time, with little ambiguity.  FMCW signals 

have significant processing gain, due to bandwidth spread,   Transmitted signal power can be very low 

and the receiver is still able to detect the return signal with a matched filter. Transmit power as low as 

1 Watt can detect up to 22 nm [2.12.1].   

Detection of FMCW radar receive signals by the sender is relatively simple compared to other FM 

communications receivers, but detection of the unknown sent signal is much more difficult.  IF  to base 

band down conversion is not required, as it would be for an FM minimum shift keyed (MSK) 

communications signal.  A single mixing stage is enough and the signal can be digitized at IF with 

current ADC technology.  Low pass filtering and Fourier transforms can be performed in the digital  

domain.   

In addition, search mode as well as moving target indicator tracking can be achieved.  Range 

resolution is a function of the bandwidth of the signal, implying that it is easy to obtain high precision 

range tracking.   Doppler shift can be concurrently extracted from the derived results.  A single 

implementation can provide all of the functions of a multimode tracking radar with different pulse 

widths, waveforms and PRIs.  In addition FMCW has the added attraction of being more immune to 

clutter, than traditional pulsed radar.  Resolution can be made to match the predicted target size, with 

the result of a higher signal to clutter ratio.  

Signal detection can be improved by making a long modulation interval.  Coherent detection through 

integration can then be used to increase the probability of detection.  Indeed a typical FMCW received 

signal has a 0 dB signal-to-noise ratio, a vast improvement on pulsed radar detection. 
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2.4 THE PERFORMANCE LIMITS ON OPTICAL LINKS 

2.4.1 INTRODUCTION 

The primary limits on optical links used as analogue transmission links, are noise, gain and spurious 

free dynamic range.  Although optical links have high bandwidth, it is necessary to meet specifications 

in these three critical areas.  The implicit causes of degradation and the means to improve them, are 

considered in this chapter. 

2.4.2 NOISE FIGURE 

The noise figure for an optical link is considered in three limiting cases: 

 RIN  
 Shot Noise  
 Thermal Noise  

Relative Intensity Noise (RIN) is defined as random spontaneous emissions from the laser source and 
can be traced to laser efficiency and physical design.   

Shot Noise is random spontaneous collisions of electrons in the photo detector.  

Thermal noise is well known. 

The noise figure (NF) equation [5.10] for an optical link with transformer-matched terminals, per unit 

bandwidth ( 1 Hz ) is expressed as: 
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   (2.4.1) 

where ND
2 in is the primary-to-secondary turns ratio of an assumed lossless impedance matched 

transformer, Rin is the resistive input impedance, k is Boltzmann’s constant, T is the temperature in 

degrees Kelvin, q is the charge of an electron in Coulombs, i is the receiver current after optical to 

electrical conversion and G is an overall term and may be a loss, incorporating optical losses and EO 

to RF conversion.  The definition of a two port noise figure is the ratio of noise present at the source 

to the noise power per unit bandwidth measured at the output [2.5.1].  A perfectly matched input will 

provide a NF of 2 (or 3 dB).   

The lower limit is due to the thermal noise power of the source (kTG) added to that expressed on the 

input terminals of the optical modulator (also kTG).  The result is 2*(kTG)/Hz.  Output thermal noise 

is expressed as a term divided by G, the gain of the optical link.  Output noise is independent of the 

intrinsic optical link and can be analyzed as a cascaded system.  If the optical link has unitary gain, 

the NF can asymptotically approach the theoretical noise limit of the optical system.  The limit is 

expressed as: 
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Equation (2.4.2) assumes photodiode responsivity of 1:1, a modulation efficiency of 1:1 and lossless 

components in the link to achieve unitary gain.  It can be demonstrated that the extra terms in 

equation (2.4.1): 

 2

2

2 RINsn

inD iqi
kTG

RN
  (2.4.3) 

are the principle terms which degrade an optical link, assuming unitary gain and lossless components. 

2.4.2.1 RELATIVE INTENSITY NOISE 

Relative Intensity Noise (RIN) is defined as random spontaneous emissions from the laser source and 

can be traced to laser efficiency and physical design.  A laser, as the acronym stands for, is amplified, 
stimulated light emission.  Any spontaneous emission degrades the coherent light output.  Equation 5.6 
defines RIN as [2.5.5] 

_
2

_
2

P

fp
rin




 (2.4.4)  

rinRIN 10log10  (2.4.5)

  

  

where 
2p  is the square of the spontaneous intensity power per bandwidth ( ) against 

_
2P  the square of the average power in the light wave.   

As RIN is a variable related to power, power is related to 

_
2

DI  (the general term for detector current).  

Substituting 

_
2

DI for 

_
2P and 

2p  in Equation 5.4, gives the well known equation of RIN:  the 

relationship of the square of the instantaneous current variation against the square of the average 

current [2.5.6]. 






2

2

I

i
rin  (2.4.6) 

fIrini Drin  ..
_
2

_
2

 (2.4.7)

  

where  

_
2

DI is the average detector current. 

Optical links are firstly RIN limited.  RIN increases in proportion to the optical power of the system, 

while RIN decreases with increased bias current of the laser.  The higher bias current increases the 
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relaxation resonance frequency of the laser.  The relaxation resonance frequency is the frequency at 

which RIN peaks.  The resultant damping factor effect upon RIN is non linear [2.5.2].  Operating a 

semiconductor laser at high bias current will then slightly improve SNR.  

RIN as a source originated noise is not reduced by increasing optical power.  It is modeled by a 

current generator proportional to ID2 on the output of an optical link [2.5.1].  Noise figures for optical 

links are in a typical range of 10 – 30 dB [2.5.3, 2.5.4].  Many links are greater than this. Figure 

2.4.2-1 shows an equivalent noise model of an optical link including RIN. 

In an optical link dominated by RIN, the maximum SNR is defined by the input optical power and RIN 

[5.5]. Output optical power is proportional to the detected photodiode current di 2 .  di 2 is 

proportional to the  
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Figure 2.4.2-1 An equivalent circuit model for an optical link [2.5.1]. 

  
                                          NOTE:   
   This figure is included on page 65 of the print copy of  
     the thesis held in the University of Adelaide Library.
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input optical power multiplied by the optical modulation depth (OMD) of the input signal (2.4.8), 

multiplied by the photodiode responsivity () in A/W.   



2
. d

L

IOMD
P      (2.4.8)

  

   

P L is the equivalent power transmitted to a 1 Ohm load assuming a 1:1 transfer ratio. Referring the 

signal and noise to the input,   RIN present at the laser source is transferred to the output as given in 

(2.4.9). 

  


RINI
N d

L

2

   (2.4.9)

  

N L is the equivalent noise power transferred to a 1 Ohm load assuming a 1:1 transfer ratio (optical 

power detected and converted to electrical current, needs to be squared to represent electrical power) 

Substituting (2.4.9) into (2.4.8): 

RIN

omd

N

P
SNR

L

L
2

  (2.4.10)

  

If maximum optical modulation depth is unity then [2.5.5] 

 
RIN

SNR
1

  (2.4.11)

  

The minimum observable RIN in solid state NdYAG lasers is -180 dB/Hz [2.5.6] implying the best case 

SNR obtainable with RIN present is 180 dB/Hz.  Radar signals (assuming RIN = -155dB/Hz), with an 

IF of 160 MHz and a 100 MHz instantaneous bandwidth (IBW) have a maximum SNR of 75 dB using a 

modulation index (MI) of 100 %.  Much lower values of MI are typical resulting in an SNR of 45 – 65 

dB.  

The simple equation tells us that for noise generated at the source of the intrinsic link, the only 

possible means to increase the SNR and the SFDR of the link is to increase the efficiency of the 

modulator device or lower the noise floor by cancelling or eliminating RIN.  Increasing the efficiency of 

the modulator will create gain, while eliminating RIN can reduce the noise floor to the optimal 

theoretical limit.   

2.4.2.2 SHOT NOISE 

Shot noise is caused by random independent events in the photodiode creating an electrical current.  

The equation for shot noise [2.5.6] is given by: 
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fIqi dsn 
__

2 2  (2.4.12) 

Shot noise is proportional to Id. Shot noise is modeled as a current generator after an ideal lossless 

transformer proportional to Id.  Increasing the optical power will produce an (Id
2) increase in the signal 

power and an (Id) increase in shot noise.  Shot noise will then decrease by a factor of 
2

1
 with 

increased optical power. 

2.4.2.3 A SHOT NOISE LIMITED LINK 

To analyze a shot-noise-limited link we make the assumption that the current detected at the 

photodiode is 1 mA.  The thermal noise and shot noise for a link using 1 mA of detector current is 

equal.  

The minimum noise output of the link is then: 

RIN
G

NF 









1
3log10  (2.4.13) 

which equals 4.77 dB + RIN provided the link has adequate gain. 

It is necessary to define gain (G), in particular, to quantify its effect upon decreasing the noise figure 

of an optical link.  

The gain needed to compensate optical loss can be lowered by reducing losses in optical components.  

An average loss for a high quality MZIM is - 4dB [2.5.8].   

Gain can be created by increasing optical power (as noted above), but in this case it is of no interest 

as our input power is limited.  Gain can then be created by increasing the electrical to optical (EO) 

efficiency and optical to electrical (OE) efficiency.  An EO conversion ratio as high as 15 W/A [2.5.5] 

has been demonstrated in a narrow bandwidth. An OE conversion ratio of 2 A/W (to 70 GHz) [2.5.15] 

has been demonstrated.  Only gain intrinsic to the optical link is included as part of the definition.   

Typical gain for optical links [2.5.6] is 0dB to -20 dB, clearly not ideal.  Noise will be injected into the 

post detection output amplifiers and the 1/G term will act as a noise amplifier, according to the 

cascaded systems noise equation.  Post detection gain has no effect until the next stage of 

amplification, although amplifier characteristics may have an effect upon output noise.  The output of 

a photo detector is high impedance and only particular types of amplifiers can match high impedance 

outputs.  A mismatched output then reduces the power available to be injected into the next stage. 

Using an ideal assumption that gain is unitary, the laser specifications for RIN to equal shot noise 

would be (-168 dB/Hz) for a detected photocurrent of 1 mA.  The inherent noise figure is 6.99 dB.  

The minimum noise figure for the link is then: 
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The link can be implemented with a telecom standard laser with low RIN. 

2.4.3 NOISE FIGURE MINIMISATION 

2.4.3.1 ELIMINATING RIN 

In practice there are techniques used to minimize noise figure.  The first is to eliminate RIN.  An obvious 

solution is to remove RIN from the source, using solid state lasers (NdYAG).  These approach the 

minimum observable RIN [2.5.5] or nil, but are very costly in comparison to distributed feedback (DFB) 

lasers.   

If RIN is eliminated, then optical power (and gain) can be increased to achieve a shot noise limited 

performance.  Ackerman and Cox et al. [2.5.9] first used NdYAG lasers to demonstrate pure shot 

noise limited performance.  Optical gain [2.5.10] using a high input optical power (400 mW) and a 

reflective modulator achieved a NF = 4.2 dB at 150 MHz.  After loss coupling to the fibre, the fibre-

launched input power was 225 mW.   The link was passively matched at the photo detector output 

and modulator input.  High power photo diodes are required to detect the signal.  Extending the high 

power photo diodes to beyond a moderate bandwidth is challenging, due to the deterioration of the 

component parameters at higher frequencies. 

Ackerman and Cox et al. [2.5.11] demonstrated a link with 11-15 dB NF across 11 GHz using a high 

power DFB laser (187 mW) with RIN of -162 dB/Hz.  The link used balanced photo detectors and a 

dual output MZIM with 180o outputs to cancel RIN.  The same technique can cancel spontaneous 

emission noise from optical amplifiers using Erbium Doped Fibre Amplifiers (EDFA) [2.5.7, 2.5.20].   

2.4.4 OPTICAL LINK GAIN 

Optical gain can be created with high optical power, as proven in [2.5.9, 2.5.10, 2.5.11].  Optical gain 

in a link reduces noise, in accordance with equation (2.4.1).  High gain devices, such as BJT 

transistors, can be matched with the input impedance, to derive specific noise figure and gain 

tradeoffs.  Can an optical link be used in the same way? 

2.4.4.1 LINK GAIN DEFINITION 

An optical link with high gain can be modeled as a high gain device, as proven by Ackerman and Cox 

et al.  In [2.5.1] a link noise figure below the apparent minimum transmission noise figure of 3 dB has 

been realized.  As with BJT transistors, the result is theoretically impossible unless the link parameters 

can be substituted by the input impedance only, for impedance matching.  The link used the balanced 

detection configuration [2.5.10] and deliberately mismatched the modulator and source impedances.  

This formed a voltage division that caused less noise to appear on the modulator electrodes.  A noise 

figure of 2.5 dB at 130 MHz was achieved. Equations linking gain and noise figure to the input source 

impedance demonstrate constant gain and noise figure loci (circles) on a Smith Chart, exactly as for a 

high gain transistor.  When gain is present the matching loss of the link can be ignored, and only the 

matching loss at the modulator input and source impedance need to be configured.  

The impedance of a link can be written: 

linklinklink jXRZ   (2.4.15) 

The gain of a link can be written: 
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The resultant noise figure equation is: 
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where mg  is the combined slope efficiency in A/V.  M is subscript for the modulator, D for the 

detector.  A lossless impedance match (such as a transformer) is assumed.  
'

MZ  and MZ are complex 

conjugates (i.e. the resulting circuit is a perfect real impedance), the voltage divider circuit that is the 

first term in 5.13 can be transformed by using a matching circuit to transform the complex source 

impedance into a matching real impedance seen at the transformer.  As a result, plotting the 

impedance: 
'

MZ , will give the gain and NF loci. 

 “”A simple summary of these important points, indicates that gain must be a primary consideration in 

creating our optical link and eliminating RIN is an equal primary importance.  Once this is achieved, 

noise figure can become a commodity that is traded against other parameters in overall link 

performance.”” [2.5.15] 

 

2.4.4.2 GAIN CREATION 

For the remaining discussion, it is assumed that RIN is either cancelled, or eliminated from the optical 

link. 

A simple means to maximize gain is to reduce the optical losses through the link.  A typical COTS 

MZIM has a 4 dB insertion loss [2.5.12] and a similar COTS PM has 1.5 dB.  For the remaining 

discussion, it is assumed that optical losses are not relevant to the discussion. 

The RF-RF conversion loss of modulators depends not just upon insertion loss, but on electrical-to-

optical conversion efficiency.  A typical measurement is 30 - 40 dB per modulator of RF conversion 

loss [2.5.12].  High performance MZIMs can achieve as low as 15 dB loss.   

A critical determinant of the gain of a photonic link is efficiency of the MZ modulator. The concept of 

slope efficiency is borrowed from direct laser modulation to conveniently represent the modulation of 

the voltage input to the optical power PL of the CW laser.  The slope efficiency is the effect of the time 

varying voltage input waveform on the optical time varying transmission power Tff. 

M

MT
RPE Ls



 )(


 (2.4.18)

   

where Es is the slope efficiency, R is the input impedance of the modulator, PL is the biased optical 

power of the system and )( MT   is the time varying RF input voltage. It is compared against the 
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time averaged voltage (or bias) of the modulator.  It is known that an MZ (Mach Zehnder) modulator 

transfer function is in the form [2.5.5]: 
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 (2.4.19)

  

   

where vM = )sin( tA LO  for a local oscillator signal, Tff is the fraction of optical power that is 

coupled to the modulator.  V  is the defined switching voltage for the modulator. 

The maximum transmission power coupled into the modulator for a balanced modulator occurs at VB 

= M = 0, while the minimum transmission power at V , 2 V , 3 V  etc.  It is commonly 

written as: minimum transmission bias (MTB) and maximum transmission bias (MATB) respectively. 

Expanding, as a Taylor series and using the fundamental, Equation (2.4.18) becomes: 
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 (2.4.20)

  

  

  

The slope efficiency of the modulator is directly proportional to 
V

1
.  Enhanced slope efficiency 

increases modulation depth.  The most efficient modulation depth is 100%, when VvM  .  When 

V approaches 1V [2.5.10], the optical link achieves a positive power conversion gain, overcoming 

optical losses, using typical components.  Given equation (2.4.1), without loss of generality, positive 

conversion gain translates to a reduction in the NF of the link.   

The point is that a low power link can achieve positive gain, with a low V modulator.  Substituting 

the figures for 1sE  

RPTV Lff 2  

For LP = 1 mA, R = 50 Ohm, 
ffT =1 : 

VV 078.0  

which corresponds to a gain of 12.7, or 11 dB. 

 

2.4.4.3 NARROW BANDWIDTH OPTIMISATION 
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As noted in Equation (2.4.20), slope efficiency is related to both optical loss  ffT  and power LP .  If a 

matching transformer [2.5.5] is used mg  the small signal gain, becomes: 
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  (2.4.21) 

where R and C are resistance and capacitance of source, modulator and detector  and N is the number 

of coils in the modulator. 

The gain is proportional to slope efficiency squared and photo detector efficiency squared.  Gain 

increases proportional to N2, the number of turns in the transformer at low frequencies.  For a 

resistive termination the equation is similar, without the N2 term.  The equation itself approximates a 

low pass filter; it can be implemented below a cut off frequency, which is specified by the second 

bracketed term. 

2.4.4.4 WIDE BANDWIDTH OPTIMISATION 

 

2.4.4.4.1 TRAVELLING WAVE MODULATORS  

Cox et al [2.5.1] stated that a travelling wave modulator will reduce the modulators input impedance 

contribution to NF, due to the thermal noise on the electrodes of the modulator being launched in 

counter propagating directions.  The requirement for high bandwidth modulators (i.e. 20 – 100 GHz), is 

coincident with the use of travelling wave modulators.  Travelling wave modulators use the same 

principle as travelling wave antennas, matching input impedance across a wide bandwidth by restricting 

the output wave to the TEM mode. Finite, fixed, resistive impedance is achieved across the entire 

bandwidth,  ensuring the velocity match of the travelling wave across the input terminals is closely 

matched.  Designing a travelling wave modulator is coincident with obtaining a low V  on the 

modulator.  As a result, an ultra wide bandwidth modulator will achieve the two paramount conditions 

required for a low noise optical link: impedance matched terminals and gain. 

 “In most lumped electrode devices in which the electrode length is not very large and a limitation due 

to the light propagation time is not relevant, the 3dB bandwidth f of modulation is basically limited to 

1/RC, where R is the matched load resistance and C is the electrode capacitance. 

This RC limitation can be reduced by reducing C by means of miniaturization. This causes an increase 

in the driving voltage and degradation of the extinction ratio and the optical power handling 

capability.  These limitations due to the RC time constant and light propagation time can be overcome 

by the travelling wave optical modulator.  The design aim is to achieve a modulating electromagnetic 

wave which propagates at precisely the same speed as the resultant modulation enve lope on the 

optical wave, thus permitting the optical modulation to accumulate monotonically irrespective of 

frequency. If the group velocity of the modulating signal is matched to that of the optical signal and if 

the characteristic impedance of the travelling wave electrode is matched to the load and source 

impedance, the modulation bandwidth can be very large even if the electrode length is very large. In 
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this way the driving voltage, extinction ratio and optical power handling capability can also be 

significantly improved.”‟‟ [2.5.16] 

 

2.4.4.5 OPTICAL POWER AND V 

Substituting (2.4.20) into (2.4.21), the best approach to increasing link gain is to increase optical power 

and reduce V .  Ackerman and Cox et al [2.5.11] demonstrate a link gain to 5 GHz with a modulator V  

of 1.81 V @ 6 GHz.  Various parties have related V  with gain and optical detected current.  Essentially 

a broad relationship is established, where for a series modulator link, with VV 1    @




2
f , end-to-

end RF gain of 0 dB is established when detector optical current approaches 10 mA [2.5.15].  Unitary 

gain is matched to a NF of 6.99 dB (assuming Nth=Nsh=RIN) and approaches the passive match limit 

of 3.7 dB when end-to-end RF gain approaches 20 dB.  As NF is linked to gain, then there is an 

optimal V  to achieve minimum NF and maximum gain. 

Tada et al. [2.5.16] have fabricated a multiple quantum well optical modulator, with V  of 0.3V, 

bandwidth of 100 GHz and positive conversion gain to 8 GHz, using the travelling wave electrode 

principle.  The slope efficiency of the modulator itself is then greater than 1.  MZIM style modulators 

with V  approaching mV at up to 500 GHz have been proposed [2.5.17].  These modulators have 

shown an increase in the electrical to optical conversion ratio by 2 orders of magnitude.  The situation 

with current modulator technology is clearly going to improve. 

2.4.4.6 LOW BIASING 

 An alternative technique exists for improving gain and reducing noise figure.  The technique involves 

shifting the bias point of the MZIM used for EO conversion.  The upper range of linearity (excluding 

laser, fibre and photo detector non linearity) for an MZIM, is dependent upon the intermodulation 

distortion terms created by the bias point.  An analysis of the transfer function of an MZIM based 

upon an interferometer structure follows. 

Expanding Equation (2.4.19), [2.5.13] 
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where




V

A
m  .  The first  bracketed term on each line of the expanded equation, demonstrates that 

each of the harmonics ([2; 4; 6,…],[1; 3; 5, …]) will be suppressed according to the relationship of 
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cosine or sine against the bias voltage 



V

Vb
.  The sine of   is zero if VVb   etc.  Accordingly for 

a quadrature bias VVb 2 , there is an immediate 3 dB loss in power and the 1st, 3rd etc terms will 

be generated.  For the case where VVb  , or as 0Vb , both the transmitted optical power and 

the second harmonic terms will exist with a much reduced power output for the minimum bias case . 

For the case of the bias voltage Vb  at quadrature, it is replaced by a term: 
quad

Vb 


 
2

 

On line 1 of Equation (2.4.19), the outer square bracketed term can be replaced by: 
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1  (2.4.23) 

Where 
rfm AV  using trigonometric identities.  The expansion is not performed here.  Further 

substitution is made where: 





2
 (2.4.24) 

Using trigonometric identities again: 
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As 
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 CosSin  and the bracketed term is replaced by: 
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Assuming a small signal expansion where
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is expressed by expanding the sine term using a Taylor series expansion.  It can be seen that as   

decreases, the DC term 
2

2
 decreases more rapidly than the second bracketed term which is not 
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squared (recalling that  <<1).  This ensures that carrier suppression is achieved when minimum bias 

is used, and more power is put into the signal.   

The lack of output power can be compensated by an increase in input power to the modulator.  The 

result is that link gain increases by a factor of  

2

sin1

cos















k  (2.4.28) 

as link gain increases quadratically with power.  For a degree of bias 70o off quadrature the link gain 

is improved by 15 dB. 

Further, RIN decreases quadratically (
2

dI ) and shot noise decreases linearly with reduced power.  A 

shot noise limited link can be achieved along with an increase in link gain, by increasing optical power. 

Link gain causes a decrease in NF (noted previous) and an increase in the OIP3 (output IP3), so that 

the IIP3 (input IP3) remains unchanged. 

Jun Xue et al. [2.5.18] demonstrated a 2-18 GHz link operated at minimum transmission bias with 

input radio frequency power of -30 dBm and a noise figure of 13 dB, with received optical power of 

8.5 dBm.  A forecast link noise figure of less than 10 dB is made, for a received optical power of 16 

dBm.  To date this is the best NF obtained for an ultra wide bandwidth optical link. Betts et al. [2.5.1] 

combined minimum transmission biasing with a linear MZIM to achieve a noise figure of 2.8 dB at 130 

MHz. 

The limitation on the result is that it can be used only for signals within an octave bandwidth.  Multiple 

input signals will cause even order distortion terms to appear, and signals outside the octave 

bandwidth will cause second order distortion terms to appear. The use of the format for an early 

warning radar receiver, which requires a bandwidth of 16 GHz, is not appropriate. 

2.4.5 SFDR 

SFDR is a measure of the ability to transfer an input signal of minimum and maximum power, 

through a link without clipping or distortion of either signal, without adjusting the input gain.  The 

standard measurement of SFDR is taken by transmitting two equal tones, separated by a small 

fraction of the centre frequency of the transmission.  In practice 1 percent is sufficient.  For 

frequencies of A and B, the inter modulation tones at )2( BAf   and )2( ABf   will then fall either 

side of the two tones, at a frequency separation given by )( BAf  .   

2.4.5.1 INSTANTANEOUS BANDWIDTH 

SFDR is quoted in units of noise power per Hertz, but must be adjusted for the instantaneous bandwidth 

(IBW) of the input signal.  In practice most radar signals have an IF of 1 GHz and instantaneous 

bandwidth of up to 100 MHz. 
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FIGURE 2.4 .5-1   NOISE POW ER AGA INST  INST ANT ANEOUS BANDW IDT H.  

Standard figures for SFDR take a 1 kHz bandwidth signal (i.e. -174 dBW, or alternatively -174 dBm in a 1 

Hz bandwidth).  SFDR can be as great as the SNR, which is 1/kTB.  The best NdYAG lasers achieve -

180 dB/Hz RIN.  Noise figure for a shot noise limited link is considered to be 4.77 dB, considering no 

RIN.  Noise figure is deducted from the maximum SNR to obtain the maximum SFDR and thus set the 

lower bound of SFDR by the noise floor. 

The upper bound of SFDR is the power output of the system, without distortion. In practice it is 

limited by IIP3 = OIP3-GAIN.  IIP3 then defines the maximum limit on attainable SFDR.  If the system 

can transmit a higher power without distortion, then the SFDR can theoretically move to infinity.  It is 

limited only by the non linearity of the transfer function.  At high power, the SFDR of an optical link is 

limited by the non linearity of the photo detector and following that, the optic fibre itself.   

The SFDR equation then becomes: 

)3174(3/2)1( IIPNFHzSFDR   (2.4.29) 

The 2/3 ratio is a result of the difference in the rate of increase of the fundamental and 3rd order 

tones.  The theoretical maximum for the shot noise limited link above, (given an IIP3 of 23 dBm) is 

128 dB/Hz and a noise figure of 4.77 dB.  The only alternative to increase SFDR is to eliminate both 

second order and third order distortion, leaving the link susceptible to distortion order 4 and 5.  The 

change in scaling to 4/5 brings a theoretical maximum 152 dB/Hz.  In a 1 MHz bandwidth it is 92 

dB/MHz4|5.  Typical wideband microwave components display an SFDR of 65 dB/MHz. 

The best SFDR for an MZIM ultra wideband link given so far is 122 dB/Hz [2.5.18], in the minimum 

bias link of Jun Xue et al.  Williams et al. [2.5.19] have shown a 3 GHz link using an NdYAG laser and 

high optimum power at quadrature with an SFDR of 119 dB/Hz at 3 GHz. 
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Equation (2.4.29) is equivalent to other expressions used for SFDR calculation (i.e. the power of the 

fundamental at maximum sensitivity (1/SNR) vis the power of the 3rd  IMD.  The 3rd  IMD for an MZIM 

link [2.5.5], is given as 9 times the third harmonic distortion (3rd HMD), which can be calculated by 

the optical transfer function.   

2.4.5.2 SFDR IMPROVMENT 

Clearly, improving SFDR involves reducing noise figure and reducing IMD.  It has been demonstrated 

that an optical link noise figure less than 3 dB can be achieved for a resistive impedance of 50 Ohms, 

with optical gain between 15 and 20 dB [2.5.1]. 

To extend the SFDR the optical transfer function can be made linear.  A linear transfer function will 

not have third order distortion, due to intermodulation product cancellation.  Phase modulated (PM) 

and frequency modulated (FM) links can employ linear transfer functions.  These links have an 

inherent advantage over IM links.  The Pockels effect which creates phase modulation is linear. To 

detect phase modulation the output must be converted to amplitude modulation, using an 

interferometer or via dispersion.  FM links have shown a theoretical SNR of 160 dB/Hz [2.5.24].  In 

practice SNR of 120 dB/Hz to 1.3 GHz is achieved with positive conversion gain (i.e. slope efficiency 

greater than 1).  The study used the light wave frequency as a modulation source.  The FM source 

laser was fabricated using a multiple quantum well external tuned laser.  Both PM and FM links suffer 

from phase/frequency noise, both from the laser itself and the additive intensity noise related to the 

photo current I0.  Noise is limited in a stationary link, but on a moving platform, noise inherent in the 

fibre itself, through vibration from acoustic to mechanical, will increase the noise level dramatically. 

This prevents practical implementation of coherent phase modulation links and they are not discussed 

further. 

The output intercept point (OIP3) of the link is increased with a linear transfer function.  If the IIP3 

point can be raised to 1/3 of SNR (60 dBm), then the theoretical limit for SFDR = SNR can be 

achieved.  It has been assumed with optical links, that as V  is decreased [2.5.6], the gain of the 3rd 

order terms increases at a faster rate than the fundamental, but this is for a non linear transfer 

function.  The loss of the link, due to components and photodiode efficiency must also be 

compensated for and applies equally to both the fundamental and harmonics.  If V  is set to counter 

the loss of the components and photodiode efficiency, unity gain is created.  An increase in optical 

power at unity gain is directly translated into optical gain, without increase in IMD.  At unity gain, IIP3 

= OIP3.  Improving the linearity of the transfer function of the optical modulator has a direct impact 

upon achieving maximum SFDR = SNR.   

If SNR is increased through gain and gain is independent of the link impedance [2.5.1], then V  and 

optical power can be treated equally, as the equation for slope efficiency is the dominant structure.  If 

the link is dominated by thermal noise, then 
2

V  and optical 2P are the dominant structures and 

again, can be equally treated.  If the link is dominated by shot noise, then 
2

V  and optical power are 

the dominant structure, and V  takes more importance than optical power.  Kawanishi et al [2.5.26] 

have developed 40 and 100 GHz modulators with V  of 3.5 and 5.1 V that exhibit less than 3 dB 

optical losses at 20 GHz, using a travelling wave impedance match. 

2.4.5.3 LINEAR MODULATORS  

Linear dual MZIMs [2.5.22, 2.5.23] have been shown to demonstrate SFDR of 132 dB/Hz at 530 MHz 

and 138 dB/Hz at 50 MHz (Betts).  Such MZIMs are difficult to control over a wide input bandwidth, 
requiring high accuracy biasing.  Betts uses a second modulator to cancel third order distortion of the 

first modulator.  Due to low biasing, the noise floor of Betts’ optical link reduced to – 160 dBm and third 
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order IMD was suppressed up to 51 dB at low modulation depths.  This more than compensates for the 

reduced power output of the link at low bias.  As pointed out the IIP3 for the low biased link remains the 

same, but gain increases, due to the reduction in noise sources and suppressed carrier.   

Kawanishi et al [2.5.24, 2.5.25], demonstrated two tone test signals at 20 and 40 GHz, using a 70 dB 

extinction ratio, linear modulator and also to above 100 GHz.  A 70 dB optical extinction ratio is 

translated to 140 dB electrically.  Phase noise was -100.5 dB/Hz at 10 kHz offset.  The average noise 

figure was 5.7 dB.   

Betts [2.2.28] claims up to 130 dB/MHz SFDR for as little as 1 mA received photo current, using an 

AM/SSB modulator structure, with coherent down conversion, and an SNR of 160 dB/Hz.  Betts 

completely cancelled the carrier, by using minimum transmission bias and optical filtering. 

These studies confirm that increasing modulation depth, increasing transfer function linearity, 

maximizing transmission power in the sideband and reducing the noise floor will increase SFDR to the 

maximum attainable. 

2.4.5.4 HIGH POWER RECEIVERS  

Williams et al [2.5.19] have taken the balanced detector link to the opposite direction, seeking very high 

power at the detector.  Such very high power photodiodes are limited to quite low frequencies, but can 

now be extended to 3 GHz, well above the IF frequency for broad band radar systems.  The simplest 

means to build such a link is with an NdYAG laser, to eliminate RIN from the link.  Using photo detectors 

with 1 dB compression currents of 55 mA, a link with 100 mA received power achieved an SFDR of 

119.5 dB/Hz at up to 3 GHz.  Link gain of 7 – 3 dB was demonstrated in the same frequency range.  The 

OIP3  was measured at 30 – 35 dBm, therefore IIP3 was between 23 and 32 dBm.  The noise floor was 

shot noise limited to -154 dBm and the 1 dB compression dynamic range was 168.4 dB/Hz 

 

2.4.6 CONCLUSION 

Currently optical links have failed to capitalize on the inherent wide bandwidth available through light 

wave systems, due to the need for expensive components (NdYAG lasers) and failure to meet 

performance criteria.  The inability to create gain through the system, due to the low slope efficiency of 

intensity modulators, has prevented COTS based systems from being deployed in radio frequency 

systems.  The lack of impetus to improve these devices, owing to the lack of commercial interest in high 

SFDR, low noise systems, as opposed to high power digital, long haul links, prevents further 

development. 

Alternatives, such as low biasing, can achieve the bandwidth required (2-18 GHz), but are susceptible 

to second order distortion, which will become readily apparent in a multi signal environment such as 

an early warning receiver.  This is less concern in narrow bandwidth radar, but the parameters are not 

sufficient for deployment in a wideband system. 

Inherent intermodulation distortion properties of the MZIM transfer function limit available SFDR and 

NF, even for high power links, due to either distortion created at high receiver currents, or the phase 

noise jitter on the output of the MZIM due to imbalance in the arms at recombination.  Given the 

target operating bandwidth of 2 -18 GHz, conventional MZIM links have failed to prove optical links 

can meet the required specification.  High performance figures have been demonstrated at low 

frequencies, and high bandwidth has been demonstrated, but no link has combined the requirement 

for a low radio frequency input power and high bandwidth with NF, SNR and SFDR.  An approach 

which aims to improve these limitations is discussed in the next chapters. Chapter 8 discusses the 
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present limitations and advantages of phase modulation. Chapter 9 introduces a new architecture, 

which can be used to capture the entire linearity of the modulation, with superior output power to 

traditional MZIM systems and with better noise performance, enabling the detection of low power 

signals.  Using off the shelf components a – 70 dBm (in a 1 MHz bandwidth) input signal is captured 

and displayed.   
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2.5 OPTICAL MODULATION OF AN IF SIGNAL ONTO A  CARRIER 

FREQUENCY 

Radar links for a phased array use analogue input signals arriving from multiple channels.  In an 

analogue WDM system, these are combined into a single fibre transmission channel.  A strong analysis 

parallel exists with analogue video links used for cable television access, especially prevalent in the 

United States.  Sub carrier multiplexing (SCM) is typically used on a WDM optical link.  Typical input 

parameters are 155 MHz channels mixed on to a carrier and transmitted on 50 GHz spaced 

commercial ITU channels.  The paramount criteria of the links are the signal to noise ratio for each 

carrier (CNR), the CSO and CTB, (the 2IP and 3IP distortion products caused by multiple channels 

transmitted on a single fibre, modeled by the second and third order Taylor expansion of the 

transmission).  The distortion products cause an inevitable degradation of the available SNR.   

An alternative implementation is optical digital WDM links. These links send a digitized input signal to 

the receiver to be mixed. These channels experience an analogous crosstalk between adjacent signals, 

which cause walkover of one signal into an adjacent signal (XPM and SPM).  The effect is exacerbated 

by high data rates needed for 18 GHz frequencies.  No commercial implementations of optical digital 

samplers exist, and there are challenges with reducing the footprint of these devices.  Likely digital 

implementations will be purposely designed and fabricated, to deal with these challenges. 

Radar systems have the advantage that the expected optical transmission distance is likely to be 

short, although on some large marine platforms, distances of kilometres can be expected.  This 

feature helps to limit the effects of both analogue and digital crossover, in comparison with 

commercial systems designed for transmission distances of tens of kilometres.  A degrading factor in 

commercial systems is the effect of fibre dispersion upon the signal.   Chromatic, Brillioun or Raman 

scattering affects the fibre, causing frequency selective fading, similar to a wireless channel.  Fibre 

Bragg gratings are used to compensate for dispersion in commercial systems.  These issues are not 

likely to affect the ultralight radar. 

Given the benefits of transmitting multiple analogue signals on a single WDM fibre link, it is worth 

investigating optical modulation of the analogue IF onto the carrier, in the manner of subcarrier 

multiplexing as an added benefit. 

 

2.5.1 BENEFITS OF OPTICAL MODULATION 

Incorporating optical mixing in a link is probably the greatest single benefit that can be gained for radar 

systems in the current environment.  Electronic mixers are non linear devices and invariably are the least 

efficient section of an RF link. 

Optical modulation of an IF signal (optical mixing) involves the multiplication of two input signals to 

create an IF signal at the receiver, or an RF signal at the transmitter.  Similar to RF communications 

systems, optical systems employ four main mixing strategies, vis: 

 Amplitude Modulation 

 Sideband Modulation 

 Phase Modulation 

 Frequency Modulation 
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A significant benefit is gained with optical mixing and optical local oscillator generation: Optical signal 

mixing achieves infinite port isolation.  Optical mixing eliminates electronic components from the link, 

increasing the cost benefit of optical links against traditional microwave links. The more functions that 

are included optically, the higher the chance of uptake in deployed platforms. 

Heterodyne radio frequency systems have been invented to overcome the problems occurring in single 

conversion radio frequency schemes.  Inadequate isolation between the RF and LO ports enables mixing 

of spurious signals and DC components to appear in the output. Further to this, LO leakage can be 

transmitted from the antenna, making the radar easy to track from an external source.  In optical 

systems this is eliminated completely.  This quality enables the use of ultra broadband systems with low 

intermediate (IF) frequencies.  Traditional microwave mixers are limited in the ratio of the IF to RF 

frequency.  Optical systems can obtain a theoretical improvement on microwave mixing in output noise 

and SFDR due to the lack of spurious terms.  This advantage is magnified when considering broadband 

receiver systems, where multiple input pulses are evident across frequency.   

This highly desirable characteristic warrants further investigation into optical systems.  If the 

frequency conversion front end of the radar is optical, then the requirements for digital conversion 

and signal processing can be kept at the IF.  Heterodyne radar systems typically have a fixed IF, with 

a bandwidth between 3 MHz and 500 MHz at maximum. There are limitations on the speed of both 

processor and hardware ICs that prevent their bandwidth from increasing.  Digital IF radio frequency 

systems suffer no inherent loss of quality in comparison with a full digital at RF, other than that 

caused by non linear mixing.  This means that a full digital system is unnecessary if the optical system 

can perform at the same level as an analogue radio frequency microwave system.  Further to this, a 

large saving is gained in the optical system, by using inexpensive COTS  optical modulators and photo 

diodes at the IF level.  

 

MIXER NF @ LO = 10 

dBm, or best 

case 

CONVERSION 

GAIN @ LO = 

10 dBm, or 

best case 

ISOLATION 

(IF | LO; RF| 

LO; IF|RF) 

SIDEBAND 

ISOLATION 

Single 

Balanced 

Diode 

8 dB -8 dB -50 dB;-40 dB;-

7 dB 

-35 dB 

Double 

Balanced 

Diode 

6 dB -5 dB - 50 dB;-60 dB;-

35 dB 

45 dB 

Gilbert Cell 10 dB 22 dB NA 70 dB (IM3) (at -

40 dBm input 
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BJT Mixer RF) 

Gilbert Cell 

FET Mixer 

(GaAs MMIC)* 

4.5 dB 5 dB -6 dB;-6dB;NA 56 dB  (IM3) (at 

-3 dBm input 

RF) 

Linear Gilbert 

Cell BJT Mixer 

12 dB - 4 dB -33 dB; -25 dB; 

-40 dB 

100 dB (IM3) (at 

-40 dBm input 

RF) 

* Gallium Arsenide Monolithic Integrated Circuit 

T ABLE 2 .5 .1-1  ELECT RONIC MIXER PERFORMANCE FIGURES,  FOR EXIST ING DEV ICES 

It is sensible to compare these advantages with traditional electronic mixers.  Ulrich Rohde (of Rhode 

and Schwarz) presents a succinct account of important mixer parameters and current ICs [2.2.27].  

From the published values, typical values for conversion gain, noise figure (NF), LO | RF isolation and 

distortion suppression, are shown in Table 2.5.1-1.  The figures are for narrowband mixers with RF 

below 1 GHz and IF between 10.7 – 50 MHz 

It is quite clear, that even for low frequency, narrowband electronic mixers, that each configuration has 

a potential weakness, either low sideband suppression, noise figure et al.  It is evident too, that 

electronic mixer performance is highly dependent upon ideal match of components.  The figures 

degrade quickly (i.e. for double balanced diode mixers, sideband isolation of 10 dB), when component 

parameters are non ideal, or don‟t match. 

 

2.5.2 AMPLITUDE MODULATION 

Amplitude modulation using MZ intensity modulators connected in series is sometimes referred to as 

photonic mixing, differentiating it from using coherent phase or sideband modulation in an optical link.  

It is sensible to define the power conversion gain of the link and the mixing conversion gain:  

The power conversion gain is shown in equation (2.5.1) is proportional to the current or voltage 

change M  at the input (either for a directly modulated laser, or an external MZ modulator).  Input 

RF power is the voltage squared: 
2M .  Voltage is directly converted to intensity power in an MZ link 

and the result is that input RF power is directly proportional to the square of the modulated optical 

power. 
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where gt is the gain of the link, pm,o is the optical power at the modulator, ps,rf is the optical source 

power, pl is the power at the load and pd,o is the optical power at the photo detector.  T 2(m-d) is the 

optical loss when transmitting the signal optically, including propagation and coupling loss into the 

fibre from the modulator.  

Mixer conversion gain [2.4.13] is defined as the ratio of detected power at fLO  +- fRF  to the 

original power at fRF  and doesn‟t include optical loss.    

Mixing processes can occur both within the laser diode and the photo diode, but none of these 

processes offer the advantages, described for optical mixing in the literature review.  The series MZIM 

configuration has the advantage of bandwidth and infinite isolation, identified as strengths of optical 

mixing.  Series mixing provides a mixing gain of -4.7 dB [2.4.13].  The power conversion gain though 

is: 
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 (2.5.2) 

Thus series mixing can achieve a positive power conversion gain, essential for minimum noise 

operation, by considering V .   

2.5.2.1 SERIES  MODULATOR LINKS  

Amplitude modulation is achieved with series modulator links.  Figure 2.5.2-1 illustrates the series 

modulator concept.  Note that in this configuration, the LO has been displayed at minimum 

transmission bias (MTB).  This will be referred to later.  A typical series separate link would use  
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FIGURE 2.5 .2-2  SERIES SEPARAT E MZ PHASED ARRAY  ARCHIT ECT URE W IT H MULT IPLE 
INDEPENDENT  W AVEFORM GENERAT ION. 

quadrature bias. An advantage of the series topology is that independent waveforms can be 

generated to be transmitted across the link.  Figure 2.5.2-2 illustrates the generation of individual 

waveforms (again a traditional series separate link would use quadrature bias). 
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The primary constraints upon series mixing with external modulators are typical radio frequency 

parameters: NF and SFDR.  In addition, frequency dependent fading [2.7.1] of the delayed output due 

to the difference in the dispersion terms between the upper and lower sidebands on the optical 

wavelength can cause an uneven power transfer curve. Such a transfer curve will cause notches in the 

output power at frequencies where the dispersion difference is interfering.  This must be eliminated 

for a wideband radar system. 

Esman et al. [2.2.24] use a series mixing configuration to perform IQ down conversion across a 2-18 

GHz bandwidth, with power conversion gain of 14.5 -9 dB (2-18 GHz) and a noise figure of 8.5 – 14 

dB.  A maximum phase deviation of 0.25 degrees at an RF input of -60 dBm was demonstrated.  This 

represents what are probably the limits of a traditional optical architecture and as well is equal to 

current RF microwave schemes available commercially.  The advantage of I and Q demodulation (and 

modulation) is image rejection.  Image rejection architectures are identical to IQ demodulation and 

SSB - the phase of the signal is combined to cancel a single sideband, resulting in only the carrier and 

a single sideband being transmitted or received at IF. 

Series mixing generates harmonics of the original transfer function, which limit the SFDR.  Single 

optical links have shown SFDR of 60 dB in a 1 MHz bandwidth, up to 12 GHz.  IMD of the third 

harmonic products in a series link will theoretically reduce this by a factor of two, as the mixing of the 

third order products should create a 6th order transfer function.  The output signal is then 

incompatible with a wideband up conversion, as it will require narrow band filtering at the output.  

Esman et al. [2.2.24] used a narrow band filter at IF to eliminate the effect.  

2.5.2.2 DUAL DRIVE LINK 

Corral et al [2.2.19] placed the LO on the quadrature inputs of an MZIM and the IF signal onto the bias 

point. This produces an unfiltered output that can use coherent demodulation after optical detection.  

The LO signal is captured through an RF band pass filter (at 20 GHz) and the 2LO + IF signal can be 

similarly captured.  Other harmonic terms were too low to influence the detected result.  In this 

particular case, the data is modulated onto the sideband and not the LO. The signal used was a binary 

phase shift keyed (BPSK) signal.  The architecture is suitable for a radar system, where the modulation 

system is previously known, but not for a radar warner receiver where the modulation format is not 

known.  Access to the bias terminal is not available on COTS modulators and needs to be arranged 

with the manufacturer.  This unit is completely different to the dual drive modulator used in the next 

section, which is actually two full modulators in series. 

2.5.2.3 OPTICAL S INGLE S IDEBAND MODULATION 

The effect of fading can be eliminated using optical single sideband (OSSB) modulation. OSSB operates 

exactly as RF SSB, by transmitting a single sideband and carrier.  OSSB is achieved by adding a 

2/ phase shift to the input IF signal, or by using a combination of optical filtering.  OSSB eliminates the 

opposing optical sideband rejecting the optical image frequency in down and up conversion. Loayassa et 

al. [2.2.25] demonstrate a sub carrier multiplexed (SCM) link employing a fixed bias loop and with a 

single MZIM using a 90o phase split input to the RF and bias ports to generate OSSB (Figure 2.5.2-3) 

(Figure 2.2.3-6 (A) displays a similar OSSB scheme by Dave Hunter et al [2.4.11]).  The fixed bias unit 

operates in free space using optics and biases the output of the Sagnac Loop at quadrature, eliminating 

second order harmonics and suppressing the optical carrier, but is independent of the MZIM which can 

theoretically be operated at minimum transmission bias, thus achieving carrier suppression and 

frequency doubling.    
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FIGURE 2.5 .2-3  MZIM OPT ICAL SINGLE SIDEBAND W IT H HARMONIC GENERAT ION AND FIXED 
OPT ICAL BIAS .   

The link of Figure 2.5.2-3 does not incorporate down conversion, which requires a second MZIM.  The 

limitation of the link is the requirement for an electrical phase splitter, for generation of OSSB.  These 

splitters have errors as high as 10 degrees at 18 GHz, resulting in significant degradation of the OSSB 

characteristic.  Further the phase recombination noise of the MZIM, will limit the SNR.  A series 

separate receiver which uses this topology is illustrated in Figure 2.5.2-4.  If the scheme of Loayassa 

is used to create the OSSB-SC which is independent of MZIM bias, then theoretically both carrier 

suppression from the minimum bias and OSSB can be combined with harmonic generation creating a 

2LO + IF up converter which is equivalent to RF SSB-SC up conversion.  This is shown in Figure 2.5.2-

5 
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FIGURE 2.5 .2-5  AN UP CONVERSION INT ENSIT Y  MODULAT ED LINK T HAT  HAS BOT H T HE 
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Used in conjunction with a Bragg Fibre Grating for the true time delay, the absence of the opposing 

optical sideband eliminates dispersion fading. Corral et al [2.2.23] demonstrated a single sideband (SSB) 

link based upon optical single sideband generation (OSSB), used with a Bragg Fibre Grating beam 

former. This is extremely important for the development of our radar beam forming array. The detected 

signal at the photodiode is the beat signal between optical frequencies (the envelope detection of the 

AM modulated light wave).  The detected signal of a link such as Corral proposed would be: 

Quadrature shifted IF and LO :  2 LO + IF 

On wideband radar receiver it is not possible to place a narrowband filter on the front end of the RF 

chain to eliminate the image frequency.  It is impractical both in component count and cost.  The 

image frequency is often used to enable jamming of the radar [2.2.18].  The use of an OSSB 
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equivalent RF SSB up and down conversion technique in the ultralight radar will allow wideband 

operation without penalty. 

Williams and Esman et al. [2.2.24] have shown a two channel optical down converter for IQ detection, 

which outperforms a wideband electrical system for input signals lower than -60 dBm.  This link (a 

receiver) used a 90o phase shift with microwave trombone to delay one side of the down converted 

signal, obtaining the quadrature component. As the phase shift is at the IF, it is fixed.  This link uses 

an electronic 90 degree hybrid on the LO, which severely degrades performance at high frequencies, 

with up to 10 degree RMS error.   

2.5.2.4 COHERENT MODULATION 

Fading can be eliminated using coherent mixing.  Combining two coherent optical signals modulated 

with different RF tones, is the equivalent to the convolution of the RF signals.  Coherent mixing 

requires the use of phase modulated signals, or the use of optical filters. 

Figure 2.5.2-6 displays architecture for a telecommunications link, where each LO sideband is optically 

filtered then recombined after modulation of the IF OSSB signal.  This architecture generates a 2 LO + 

IF output spectrum and performs coherent mixing.  Coherent mixing is an advantage as it is has a 

lower noise power and greater distortion limit than series mixing.  The architecture is not suitable for 

implementation with the MCFBG Bragg fibre grating due to the inability to dynamically shift the optical 

filter as the frequency of the light wave changes.  The MCFBGs in the diagram would not work 

efficiently for beam forming.  It would make a great analogue ROF link, where only the IF would alter 

frequency. 
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FIGURE 2.5 .2-6  SERIES SEPARAT E MZIM ARCHIT ECT URE W IT H COHERENT  T RANSMISSION AND 
OSSB IF.  

2.5.2.5 PSEUDO COHERENT MODULATION 

Radar signal generation can be achieved through a pseudo–heterodyne (PSH) architecture.  The 

architecture is dispersion fading tolerant [2.2.14], allowing its use with a wide bandwidth and uses 

minimum transmission biasing (MTB) to generate an LO x2 or LO x4 up conversion [2.2.15].  Linear 

dispersion error of 1 picosecond with a single fibre grating has been demonstrated across 18 GHz by 

Corral et al [2.2.15]. It is important to note that this architecture is identical to a traditional series 

separate architecture displayed in Figure 2.5.2-1.  The difference between series separate and pseudo 

coherent modulation is only the use of MTB on the LO.  This then presents a very simple architecture 

with great flexibility, almost as simple as connecting two MZIMs in series. 

Corral et al [2.2.19] used a pseudo coherent mixing technique, which is employed with MTB to mix a 

155 Mb/s NRZ digital signal transmission on a 38 GHz carrier, creating an SSB RF signal, optically 

remoted and transmitted wirelessly. A received bit error rate (BER) of less than 10 -9 is a very high 

quality wireless signal.  The mixed signals still however, displayed 6th order harmonics, which needed 
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to be filtered out. Corral demonstrated a 20 dB reduction in the noise floor of the PSH system, using 

minimum transmission biasing (MTB) of the LO MZIM [2.2.17].  This is converted to an increase in the 

SFDR of the system.  The demonstrated system converted to millimetre wave frequencies (40 GHz).   

Corral et al [2.2.22] have demonstrated this technique can use two IF Mach Zehnder intensity 

modulators to build an IQ vector modulator to generate QPSK modulated signals and then detect the 

signal through mixing on a photodiode.  QAM modulated signals have also been generated [2.2.16] 

and detected. 

2.5.2.6 OPTICAL SINGLE SIDEBAND SUPPRESSED CARRIER THROUGH FILTERING 

The efficacy of SSB-SC transmission on an optical link is shown by Betts.  An OSSB-SC dual tone signal is 

transmitted on an optical link, using an optical filter to allow only one sideband to pass.   

Betts [2.2.28] (Figure 2.5.2-7) uses a MTB RF  with the modulator biased at V or completely off.  A 

completely off minimum bias IM transmits no carrier unless the injected RF or LO signal is also 

present. Betts then optically filters one sideband out from the received RF signal.  The single sideband 

itself is unable to produce an output, as there are no beat frequencies.  Detection is achieved through 

non-coherent demodulation by injecting a second optical signal, offset from the first by twice the LO 

frequency, using another minimum bias link.  The ability to achieve a high SNR in the system is due to 

the suppression of the optical carrier to zero on the received optical wave. In most optical links the 

carrier contains the majority of the optical power.  Eliminating the carrier, suppresses RIN (see 

Section 2.5).  The LO can be injected at the same optical power as the sideband, achieving a perfect 

100% modulation.  Betts claims second order distortion can be eliminated, by placing the LO laser 

frequency to remove it from the receiver bandwidth.  Betts claims to eliminate odd order harmonics. 

This topology, although very effective at demonstrating the need to treat optical links in the same 

manner as radio frequency links, is ineffective for use in radar systems due to the difficulty in 

dynamically changing the optical filter. 
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FIGURE 2.5 .2-7  BET T S ’ FILT ERED OSSB ARCHIT ECT URE W IT H NON COHERENT  MIXING.  

2.5.3 PHASE MODULATION 

Phase modulation (PM) has the desirable characteristic of being linear across the modulation range, 

leading to a number of implementations using PM to demonstrate an increased dynamic range and 

noise performance.   

Phase modulation produces an output spectrum that has the sidebands inverted and is the same 

spectrum as a Hilbert Transform of a real signal.  As photodiode detection is dependent upon the beat 

signals at the output, two beat signals (between the LO and the side bands), which are 180 degrees 

out of phase, are created which cancel each other.  To achieve an output one of the sidebands needs 

to be rotated, or alternatively, filtered out.  The rotation can be achieved by passing the signal 

through a dispersive medium (i.e. optical fibre) with a linear, monotonic group delay, thus ensuring 

different phase rotation is achieved for each of the sidebands at a different wavelength of light.   



 

93 | P a g e  

  

Zhang and Darcie [2.7.2] have used this approach to build a high dynamic range link with a linear 

transfer function across 90% of the link, with a Fibre Bragg grating (FBG) performing the linear 

dispersion.  The linearity was limited by the fabrication process of the FBG.  The output signal showed 

third order distortion improvement up to 20 dB compared with an MZIM.  The noise floor of the link 

was reduced to -170 dBm.  Without the phase jitter that the output of the MZ creates at 

recombination, the link achieves high noise performance (i.e. very low noise).  The link shows third 

order distortion of -140 dBm at 0 dBm input RF power and SFDR of 105 dB/Hz. 

Corral et al. [2.7.3] use an FBG with both IM and PM in series to create frequency conversion at 

harmonics, using the 7th, 8th, 9th and 10th harmonics of the up-converted signal.  The output is an 

ODSB signal.  Phase noise performance of 87 dB/Hz at 10 kHz was shown at 28 GHz. 

Coherent links have been demonstrated using either phase or frequency detection of the output 

signal, showing linear transfer functions of two tones, reducing or eliminating third order distortion 

[2.7.4-7.9]. These such links have displayed linear mixing of I and Q signals such as in a radar 

warning receiver system.  Clark and Dennis (the latter is the inventor of the phase modulated Sagnac 

loop) showed I and Q down converted outputs with 72 dB SFDR and SNR at baseband and greater 

than 50 dB at 3 GHz.  In comparison, without the linear down conversion, the I and Q signals needed 

to be filtered to eliminate the third order distortion products at – 12 dB. This scheme used a 

commercial optical ninety degree quadrature hybrid to combine the down converted signals.  The 

SFDR was actually demonstrated to have been limited by the ADC used to sample the baseband 

signals. OIP3 was 12.7 dBm a figure usually demonstrated in narrowband microwave circuits.  

Hu-Feng Chong used a feedback mechanism on essentially the same link topology to produce an 

SFDR of 103.5 dB/Hz on a noise floor of -124.8 dBm which is jus 6.4 dB above the shot noise floor 

limit and achieved an OIP3 of 42 dBm.   

Clearly the benefits of linear, distortion free mixing are of great value in a radar system.  The ultra 

light radar would benefit from this form of implementation to improve the aspects of optical systems 

that have so far seen these systems unsuccessful.   

Unfortunately these links contain a critical flaw.  Optical fibre is highly susceptible to vibration and 

temperature changes.  Fibre has been used, often in loop topologies (Sagnac, Michelson) or FBGs, as 

acoustic, vibration and strain sensors.  Placing a PM link on a high vibration source, such as an 

aircraft, will render it ineffective, due to the increase in the noise floor of the link due to vibration and 

the corruption of the signal due to its effect. 

A phase modulated link must be converted to intensity modulation, before transmission along the 

main body of the link. This argument is taken up in later chapters where a coherent link that converts 

to intensity transmission is demonstrated. 

 

2.5.4 FREQUENCY MODULATION 

A novel frequency modulation link has been demonstrated by Cai and Seeds [2.4.21], which uses 

frequency modulation of the light wave, as a coherent link.  The FM link noise level is not dependent 

upon optical power and can use high power links without compromise through RIN.  Phase noise caused 

through the Kerr effect (as SPM and XPM do so on WDM links), can be determined by the transmitter 

and LO laser line width and traded against the maximum frequency deviation of the modulation.  

Theoretical limits of 161 dB SNR are calculated.  The difficulty with frequency modulation is the 

maximum frequency deviation and the rate of frequency modulation that can be achieved.  Without 



 

94 | P a g e  

  

deliberate fabrication of a new device (a confined Stark effect Multiple Quantum- Well MQW laser), 

maximum modulation frequencies over more than tens of kilo Hertz is not possible. 

 

2.5.5 POLARIZATION MODULATION 

Novel modulation schemes involving polarization states have been demonstrated.  These are not 

pursued due to lack of data pertaining to these systems.  

 

2.6 OPTICAL LO GENERATION 

A number of techniques involving laser sources have been reported to create a local oscillator at 

related multiples of the input frequency.  These are based on either harmonic generation (a technique 

used in microwave oscillators) or coherent heterodyning of laser sources.  The basic principle of 

harmonic generation is examined. 

 

OPTICAL HARMONIC GENERATION 

The output of a MZIM is: 
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where 



V

A
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. 

An obvious consequence of this expansion is that the cosine and sine terms cancel at /2 and 3/2 for 

the cosine terms and  and 2 for the sine terms, leading to the typical performance curve of MZIMs 

where the generated harmonics affect the upper SFDR of the modulator.  A second effect is the Bessel 

function expansion, which is affected by the alpha term.  A series of nulls occur in the output of each 

harmonic at decreasing intervals.  The result is that biasing the MZIM at (0 V , V ,2 V ,3 V ...) with 

an optimum input power will produce an efficient harmonic of the input signal.  The harmonics of 

most interest are the second and fourth harmonics.  Using MTB, the second harmonic cancels the 
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fundamental completely and the fourth harmonic is eliminated at up to 75% of the maximum power 

output.  Similarly the fourth harmonic generated will cancel the second harmonic at 100% power 

output and the fundamental will achieve significant suppression. The sixth harmonic will be apparent 

with some suppression.  

Corral et al. demonstrated the fourth harmonic at 41 GHz with -110 dBc phase noise at 10 kHz.  If the 

sixth harmonic is outside the transmission range of the photo detector then this technique can 

generate high quality local oscillators with a low frequency input signal.  The output can be changed 

by adjusting the bias voltage on the MZIM.  The phase noise on the generated signals is entirely 

correlated and upon mixing cancel; the line width is dependent only upon the input signal generator 

line width.  This system has shown a slight power gain of 3 dB across a 0 GHz to 20 GHz range, 

primarily due to laser chirp.   

Thus signals between 1 - 10 GHz can be output using a second fundamental, and signals between 10 

and 18 GHz can be output using a fourth fundamental.  The input signal generator can be created 

using a low jitter FPGA clock resource and then using either a high speed serial output to generate the 

output with a Gaussian filter, or a PLL multiplier circuit.  Current transmission schemes for FPGA serial 

transmission operate up to 10 GHz, implying that no further hardware is required for LO generation. 
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3 OPTICAL ARCHITECTURE FOR HETERODYNE RADAR  

3.1 OPTICAL RADAR LINKS 

3.1.1 SUMMARY 

Current optical frequency conversion techniques use either harmonic generation with minimum 

transmission bias, or heterodyning techniques.  These have proven successful at generating millimetre 

wave frequencies.  The latter has proven too costly and bulky to implement on an ultra light UAV.  

Independent testing has shown that harmonics are created with heterodyne techniques, through 

supermode noise [2.7.13].  Minimum transmission bias is suitable for generation of harmonic local 

oscillators, but is not suitable for use in a receiver, due to even order distortion.  A separate bias 

mechanism needs to be employed, that will not incur even order distortion, but enables minimum 

transmission biasing. 

In a receive system, the difficulty of managing image frequencies makes mixing no longer optimal.  

An image frequency is a frequency separated from the carrier LO by the same as the IF frequency on 

the opposite side from the carrier.  Unless filtered, any image frequency is down converted and 

arrives at the IF with equal power to the desired RF input frequency.  For wide band rejection, image 

rejection architectures operate by mixing the input in two channels, with an LO frequency separated 

by 90 degrees.  A further 90 degree change on one output causes a 180 degree change in the signal 

path.  Depending upon whether high side injection mixing or low side injection mixing is used, this 

causes the image frequency at either the upper or lower IF, to mix at 180 degrees and cancel.  Full 

image rejection can also be obtained by using an optical linear all pass filter at the IF level of the 

receiver to create the extra 90 degree phase shift on the down converted signal.  

The transmitter of Figure 2.5.2-5 can be used in reverse to obtain an image rejection circuit, in that 

only one IF sideband will be transmitted, and only one LO carrier transmitted (on the light wave 

carrier).  The major limitation on the architecture is the use of a wideband electronic 90 degree 

splitter, with attendant error over a wide bandwidth. In addition, the power loss of the splitter and the 

3 dB loss at the input radio frequency is not optimal for a radar receiver.  Another reduction in 

dynamic range, due to the combined loss of the series MZ modulators and their distortion products 

has a critical effect on a receiver design.  

 

3.1.2 PHASE MODULATION FOR OSSB AND MTB LINKS 

3.1.2.1 RATIONALE 

It has been demonstrated that an OSSB and MTB link can be created with the use of a Sagnac loop 

and an optical bias unit, using an intensity modulator.  This creates the improved features of a 

minimum transmission bias link together with the superior qualities of eliminating an unneeded 

sideband and reducing the power of the carrier although the output of the Sagnac loop is still a 

quadrature biased interferometer.  The optical bias unit removes the necessity for complex electronic 

monitoring of the modulator bias.  Thus it is much easier to deploy the intensity modulator right next 

to the antenna, where it is most effective as a receiver. 
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The problem this topology presents is that at minimum transmission bias, the transfer curve of the 

intensity modulator is highly non linear.  Linearity is a key parameter in capturing radar signals, as 

power output of signals is often an important factor and is used in sum-difference signal detection and 

direction finding. Further to this a radar receiver operates as an auto correlator and non linear 

transformation of the input signal will degrade the ability to detect targets.  Further it has been 

demonstrated that ultralight radar requires LPI radar, in particular FMCW radar is suggested.  This 

radar operates to auto correlate the received transmit signal at the transmit frequency, rather than 

after down conversion.  A sinusoid system transfer curve would have unknown operation in this 

regard and would need to be captured and compensated for.   Phase modulation and frequency 

modulation, in addition have important advantages in noise and linearity characteristics.  This can lead 

to improvements in the critical noise floor and dynamic range parameters of a radar.  Phase 

modulation is not effective for transmission across a link due to environmental problems.  It must be 

turned into intensity modulation. 

The Sagnac loop structure presented in Section 2.5.2.3 can be used in conjunction with phase 

modulators.  The use of the Sagnac loop with a phase modulator has already been proven to 

frequencies of 20 GHz with no power fall off [7.6, 7.14, 7.19]. Phase modulation as explained in 

Section 2.2 is a linear process. The carrier is the only optical signal affected and no other optical signal 

is created, albeit phase modulation is represented in the spectrum domain by a series of Bessel 

functions. To capture the phase modulation, the signal must be converted to intensity modulation.  

The Sagnac loop achieves this by forming an interferometer using the optical bias unit. In Section 2.2 

it was shown that the optical bias unit causes the same effect as an intensity modulator, but is not 

subject to the distortion in modulation caused by the imperfect symmetry across the z axis.  A single 

phase modulator in a Sagnac loop performs the same task as an intensity modulator and has an 

almost identical output transfer curve.  The Sagnac loop has advantages in noise floor, temperature 

dependence and dynamic range that don‟t exist in a typical mach zehnder modulator.  

Figure 3.1-1 shows PM conversion of a single sine wave LO through a typical WDM system.  This 

system does not have harmonic generation.  It does have superior noise qualities and has been shown 

to have environmental stability over time, making it robust [2.9.14].  These features are important 

when considering deployment upon the wing of a small aerial vehicle or even a large aerial vehicle.   
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 3.1.2.2 OPTICAL BIAS  UNIT 

 

Figure 3.1-3 shows a diagram of the optical bias unit.  Light travels through the fibre with the slow 

axis aligned with the Z axis.  Light from the fibre is collimated into free space.  The light then travels 

through a Faraday rotator which changes the angle of the slow polarization axis , in one direction 

(from the LHS) so that it perfectly aligns with the quarter wave plate.  This light is elliptically polarized 

and delayed by a quarter wave length. The light then travels through the Faraday rotator on the RHS 

and the polarization is moved back to the Z axis.  If the output from the laser is already polarized in 

the X axis, then there is no light in the Y or fast axis at the entrance to the bias unit. 
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Light from the RHS travels through the fibre with the slow axis aligned with the Z axis.   Light from the 

fibre is collimated into free space.  The light then travels through a Faraday rotator which changes the 

angle of the slow polarization axis, in one direction (from the RHS) so that the light is now at 90 

degrees to the quarter wave plate.  This light will not be affected by the quarter wave plate as it is 

orthogonal to the plate.  The light then moves through the Faraday rotator on the LHS and the 

polarization is moved back to the Z axis.  If light output from the laser is already polarized in the X or 

slow axis, then no light from the RHS will be affected by the quarter wave plate. 

The bias unit is shown in Figure 3.1-2 by a horizontal diamond.  By changing the lightwave in one 

direction by a quarter wave, a quarter wave bias is placed on the output of the Sagnac Loop.  This is 

the same as biasing a mach zehnder intensity modulator at .  The Sagnac Loop is a superior 

modulator as it has better noise characteristics for RF waves.  The two phase modulators in Figure 

3.1-2 in the loop sum linearly to form a linear mixer, the same as the coherent systems which have 

demonstrated both high power linearity (OIP3 42 dBm) and very good noise performance (6 dB 

greater than the shot noise limit, with no special features and a noise floor of -124.8 dBm).  A number 

of other features can improve the output, such as minimum transmission bias, very high optical power 

and matching of transmission line effects. Some of these features have been omitted from the current 

thesis, for brevity but are well represented in the literature. 

Figure 3.1-3 shows the Faraday rotator mirror used in the bias circuit.  The mirror of the rotator is at 

the end of the device capping the end.  If this cap is removed and the mirror is also removed, then 

this device will perform exactly what is shown in Figure 3.1-2, without the quarter wave plate. Two of 

these altered devices need to be aligned, so that the slow axis on each is in the same direction, and 

the collimated light will travel back into the opposite device.  Then the quarter wave plate needs to be 

glued to the altered devices so that it is exactly 45 degrees to the slow axis.  The amount of free 

space that the light travels through should be minimized, preferably as little as possible.   

Delivering the Faraday rotator without the mirror, will expose the rotator and fibre to dust.  A 

temporary removable blind needs to be placed over this end of the device, to prevent contamination, 

before fixing. 

Procedure for Alignment and Gluing. 

Align both collimated beams so that the slow axis is aligned in the same 2D vertical plane and the 

output is centred. 

The wave plate should be aligned at an angle of 45 degrees to the vertical or X or slow axis of the 

fibre. 

Glue the two rotators together with the quarter wave platein between. 

The quarter wave plate alignment is not of necessity aligned with the two rotators. 



 

114 | P a g e  

  

The bias unit was not constructed for this research and an optical free space test bench was used 

instead.

 

FIGURE 3.1 -2  A  DIAGRAM OF T HE SAGNAC LOOP CONFIGURATION 

RF IN LO IN 
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FIGURE 3.1-3  A  PHY SICAL MODEL OF T HE BIAS UNIT  IN T HE SAGNAC LOOP  
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Figure 3.1-4 The Fibre Collimator 

3.1.3 TRANSMIT ARCHITECTURE 

A combination of architectures is proposed for the transmission loop.  Figure 2.5.2-5 shows a 

transmission architecture that uses intensity modulation to achieve an RF SSB-SC signal.  This topology 

is dependent upon the LO radio frequency ninety degree hybrid, with its attendant inaccuracies, but 

achieves optical carrier suppression through the minimum bias and the Sagnac loop. An optical bias unit 

has the system biased at quadrature. As the LO uses OSSB only one optical signal is output to mix with 

the IF OSSB signal resulting in the second harmonic being mixed with the IF. 

In the proposed transmit architecture, the IF is injected before the Sagnac loop. A dual input MZIM 

injects the fixed IF to form an OSSB IF signal.  The signal can use a fixed frequency, highly accurate 90o 

hybrid at the IF.   

A phase modulator in the configuration is biased at V  without using a 90o hybrid on the input signal, 

although an intensity modulator will also suffice. It will transmit the same ODSB-SC signal as in Bett‟s 

architecture biased at quadrature (due to the optical bias unit) with no even order distortion (due to the 

quadrature bias).  On transmit the input power can be controlled and the improved noise qualities are 

not as dramatic, when the transmission power input is optimal. 

The optical bias unit demonstrated by Loayassa has shown up to 20 dB carrier suppression.  For either 

an intensity modulator or a phase modulator biased at V   the output is the second harmonic 

generated by the MTB bias.  The beat signal between the two second harmonics will generate a 4LO 

output at the detector.   

Series mixing will provide the same mixing characteristic as described in Section 2, an amplitude 

modulation of the optical power. The resultant signals will be the sum and difference frequencies of the 

IF and 4LO.  The architecture is demonstrated in Figure 3.1-5 (Note that an error in the diagram leaves 

out the IF modulator).  This transmitter produces a slightly imperfect sine wave due to the non linear 

transfer function at minimum bias.  This sine wave has higher shoulders than a typical sine wave. This 

will be taken up in a later chapter.   



 

117 | P a g e  

  

Recall in Chapter 2.3 that the radar design for the ultralight will be an FMCW signal in which the output 

signal is mixed with the return signal to form the beat frequency.  The local oscillator is not sent to the 

receiver.  Instead of using the Port 4 output to produce the LO for the receiver after a 3 dB splitter, the 

receiver mixing signal can be taken from the injected input at Port 1, through the use of a circulator at 

the laser diode output.  The output of the circulator is of the same signal strength and is the same signal 

as the output at Port 4, but is 180o out of phase.  Both outputs could be combined to increase the RF 

power, or the return signal can be used to inject directly into the radar receiver.  

90
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FIGURE 3.1 -5  T HE T RANSMIT ARCHITECTURE FOR T HE FMCW  RADAR.  NOTE: T HE LO  OUT PUT  T O 
T HE ANT ENNAS IS ALSO  DELAYED W ITH AN MCFBG.NOTE T HERE IS AN ERROR IN T HIS FIGURE A S  

T HE SPLIT T ER IS NOT  NECESSARY  W IT H T HE CIRCULAT OR.  

The transmission section of the radar combines the power effectiveness of single sideband transmission, 

with the frequency doubling capabilities of harmonic generation.  The transmission modulators are 

housed in the fuselage of the UAV, which makes it easier to stabilize for temperature and vibration and 

bias is still obtained through a temperature independent mechanism.  The imposing stability 

requirements are taken off the bias control for the mach zehnder intensity modulators, as a slight drift 

will not cause any perceptible change on the output.  The input to the IF and LO modulators can be 

adjusted for maximum transmission power.  The electrical IF ninety degree hybrid will be fixed in 

frequency, allowing a highly accurate 90 degree split, enhancing the sideband suppression.   

 

3.1.4 RECEIVE ARCHITECTURE  

The full receive architecture is shown in Figure 3.1-6.  In 3.1-6 an array of laser diodes output a light 

wave first sent through a polariser, then combined through wave division multiplexing and routed 

through a circulator.  Recalling that phase modulation can not be sent across a link, instead the 

demultiplexed outputs are each fed into Sagnac Loop interferometers.  Two phase modulators are in 

series in the Sagnac Loop.  

The local oscillator signal (in the case of FMCW this is the transmission output signal) has been fed to 

the modules, detected and then injected into one of the phase modulators in the loop. This is one aspect 

of the design that is not optimal, but it is used in order to gain the linear mixing of the Sagnac loop that 

is equivalent to coherent modulation.  Remember that the power input of the signal fed from the 

transmitter can be power optimised for this purpose. 

The input radio frequency signal is transmitted to the first phase modulator in the series. Both 

modulators are set near the centre of the loop. The two signals are mixed linearly in the loop and the 

resultant down converted beat signal is output through the transmitted path and the reflected path.  On 

the reflected path, the circulator directs the output to a fibre with a multi channel fibre Bragg grating, 

which disperses the IF signal wavelengths.  The LO signal has been previously dispersed before 

reception at the transmit module, as explained in the transmission section. Although this may seem 

inefficient, it means only two MCFBGs have to be used.  In this particular topology the RF signal can not 

be combined in the wave division multiplexer before the MCFBG as that would mean the link between 

the antenna and the Sagnac loop would be a phase modulated signal, which incurs unsolvable 

environmental penalties. 

The receive topology maximizes the SFDR of the optical link, by eliminating the LNA on the front end 

of the receiver and using linear mixing with phase modulators, before combining with an 

interferometer.  Eliminating the LNA prevents this gain from squeezing the valuable dynamic range, as 

the receive topology, like all interferometers, will eventually suffer from distortion as the signal power 

input rises. 
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FIGURE 3.1 -6  T HE RECEIVE ARCHIT ECT URE FOR T HE FMCW  RA DAR.   NOT E:  T HE LO  HAS BEEN 

T RANSFERRED FROM T HE  T RANSMIT T ER AND CONV ERT ED BACK T O AN ELECT RICAL SIGNAL 
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4 ANTENNA SYSTEMS FOR ULTRA LIGHTS 

4.1 OVERVIEW1 

Multiple applications sharing a single multiple-aperture array is a driver for research into wideband 

antenna design. Vivaldi antennas are inherently wideband and are known to have good RF  

characteristics, are inexpensive and easy to manufacture, and have a flat profile enabling construction 

of compact arrays. This chapter investigates a wideband antipodal Vivaldi antenna over a 20:1 

frequency range, with a focus on the key parameters needed to achieve ultra-wideband performance. 

The study identifies tradeoffs and interdependencies of different parameters including the antenna 

shape, the dielectric material and the substrate thickness. The study compares simulated results of 

Vivaldi antennas (using CST Microwave Studio) with measurements of prototypes. 

4.2 INTRODUCTION 

Ultralight UAVs (Uninhabited Aerial Vehicles) have a role in reconnaissance, an operation ideal for 

small, light unmanned vehicles. Intelligent reconnaissance can save many lives in times of threat.  

Radar is the prime, all terrain, all weather solution for reconnaissance. Ultra lights have a minimal 

detection presence making them a highly preferred choice.  Wideband Vivaldi antennas are developed 

for radar and communications systems. A key advantage is that a wide bandwidth of operation can 

lead to a reduction in the number of antenna structures on a platform. 

The operating bandwidth is often specified as the ratio of upper to lower frequencies of acceptable 

operation [4.1]. For example, the designs in this paper aim for a bandwidth greater than 10:1 (or a 

decade). Within this range a number of parameters such as input impedance and gain must be within 

specified bounds.   

Using this definition of bandwidth, useable bandwidth as used in this paper is the range of frequencies 

where the antenna gain is greater than isotropic and the radiation pattern shows a useable unbroken 

beam pattern.  The definition of impedance bandwidth is the range of frequencies where the antenna 

S11 is -10 dB or less. This paper investigates the parameter drivers required to extend impedance 

bandwidth to beyond a decade. Ultra-wide bandwidth (UWB) may be defined by the usable gain 

bandwidth being greater than or equal to the centre frequency and for our system, we aim for a 

decade of useable bandwidth from 2 to 20 GHz, with a centre frequency of 10 GHz.   

The impulse response (transient response) of the system (antenna) will determine its ability to 

transmit ultra short UWB pulses.  Research has shown time domain capture of the Vivaldi antenna 

impulse response is excellent for this purpose [4.9]. A clear, short impulse response is a required 

characteristic of a wideband antenna, as it defines the antenna ability to radiate without pulse 

distortion.  The radiated far field is the convolution of the antenna‟s normalized transient (impulse) 

response and the time derivative of the driving voltage at the feeding support [4.8] showing that the 

transmitted and received signals are subject to distortions due to the dispersive and reflective 

properties the antenna.  Figure 4-1 shows the impulse response modelled in CST Microwave Studio of 

a matched antenna.  For this study equipment was not available to obtain the time domain response 

of the antenna, but it is clear that the modelled response is nearly identical to that obtained by 

previous papers. Figure 4-1 shows a Gaussian doublet that was used as the input for all models.  The 

                                                 

1 The first twosections of this chapter were published as [4.12]  
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impulse response and time delayed reflections are shown.  Greater distortion or greater reflective 

elements will show up in degraded antenna performance.  

 

 

FIGURE 4 -1 AN IMPULSE RESPONSE OF A  2 - 20 GHZ W IDEBAND ANT ENNA  MODELED IN CST  
MICROW AVE ST UDIO  
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4.3 ANALYSIS OF THE VIVALDI ANTENNA  

Vivaldi antennas [4.4, 4.6] are travelling wave antennas and there is no accessible design theory that 

can be used to design an optimum antenna for a particular set of design constraints.  To accurately 

describe the effects of changing parameters upon the design, a rigorous empir ical study needs to be 

done. This chapter is a contribution to such a study and examines three common design parameters: 

dielectric constant, antenna width and depth and antenna flare. 

Travelling wave antennas are sometimes compared to the diffraction of a point light source. Figure 4-

2 (A) shows a typical model of a diffraction point source.  A travelling wave antenna can be simply 

represented by considering the right hand side of the model, i.e. as a point source that is travelling 

outward, acting as a diffraction point source, although it is not a diffraction source. 

 

(A) 

 

(B) 

Radiation Source 

Light Source 
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FIGURE 4 -2 (A )  T HE COMMON DIFFRACT ION SOURCE (B)  A  MODIFIED POINT  SOURCE   (C)  

SIMULATION OF T HE E FIELD. T HE W AVE IS CLEARLY  SHOW N RADIAT ING FROM T HE OUT SIDE  
EDGE OF T HE ANT ENNA .  

Figure 4-2 (B) shows such a simple model. Figure 4-2 (C) shows the E field wave of a travelling wave 

Vivaldi antenna, modelled in CST Microwave Studio [4.2]. It can be seen the simulation shows an E 

field wave launching into space from the point source of origin. It is a matter of speculation as to 

what features of the antenna affect the waveform.  It is well known in microwave design, that at high 

frequency, the physical characteristics of components have as much effect upon performance as 

impedance characteristics.  Therefore it is assumed that physical characteristics may equally affect the 

performance of the travelling wave antenna.  

Finite Difference Time Domain simulations such as used in CST Microwave Studio can accurately 

model travelling wave antennas.  Such simulations, based upon Green‟s Theorem can empirically 

model a mesh or net of enclosed structures to form a larger structure.  Providing that accurate 

boundary conditions are met, this empirical model is likely to be the best means to explore the 

physical characteristics effect upon the antenna design. 
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4.4 PHYSICAL ANTENNA  CHARACTERISTICS 

4.4.1 ANTENNA CONSTRUCTION 

Vivaldi antennas can be constructed in different ways, with different characteristics.  The initial parts 

of the empirical investigation are not elaborated here, as it adds nothing to the outcome.  A particular 

structure and flare solution were chosen as a result.   An antipodal antenna has identical flared metal 

surfaces placed in opposite symmetry on each side of a dielectric. The shapes are identical to the twin 

line area of the feed.  Figure 4-3 shows such an arrangement.  Previous research has shown that 

placing the metal surface of an array of antennas exactly opposite significantly reduces undesired 

cross polarization [4.5].  This is referred to as a balanced antenna array.   The dimensions of the 

antenna can be captured accurately through measurement of the length, width, loci of each curve and 

dimension of each curve.  Vivaldi designs commonly use exponential or elliptical flares. This study 

uses elliptical flares due to the Electrical (E) & Magnetic (H) fields being symmetrical and suitable for 

future dual polarization designs.  In a two dimensional array the electric field of one antenna is exactly 

opposite to the magnetic field of the antenna in the next row.  The table of the resultant antenna 

design is shown in Table 10-1 with the actual antenna drawn to scale below in Figure 4-3.   

 

Essential  Attribute Length ( x 

Major) (mm) 

Width ( y 

Minor) (mm) 

Size 250  133 

Inner Elliptical Curve -181.3 -30.912 

Inner Elliptical Loci 33.3 30 

Outer Elliptical Curve -83.3 -65.08 

Outer Elliptical Loci 33.3 66 

uStrip Elliptical Curve 66.56 -66.08 

uStrip Elliptical Loci 33.3 67 

XYZ  Dimensions +100 to -150 +-66.7 
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uStrip Feed 68.333 3.52 

uStrip Height & Metallization 0.75 PEC 

uStrip r  Rogers 3003 3.0 

 

T ABLE 4-1   Ant enna Parame t e rs o f Figure  2 .   A ll d imensions are  in mm. 

 

 

FIGURE 4-3  ANT IPODAL V IVALDI W IT H FEED  
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4.4.2 ANTENNA PERFORMANCE 

The performance of the antenna characterized in Table 4-1 is given in the results displayed below.  

These results are compared for both simulated and measured results.  Note that the antenna 

displayed is neither the best matched antenna across the bandwidth, nor the antenna with the lowest 

cut off frequency, nor is it the antenna with the highest gain.   Rather it is in the middle of these 

characteristics, so that the effect of physical parameters on each can be observed better.   It is 

referred to herein as “THE PRIMARY ANTENNA” 

The bandwidth of an antenna is usually determined by its reflection coefficient or S11.  This measures 

the resistance to feeding an input waveform to the antenna.  If the reflection of the wave is too high 

it is determined that the antenna is no longer able to function.  The accepted cut off for this to occur 

is – 10 dB, equivalent to a 2:1 standing wave ratio at the input feed.  In the results displayed in 

Figure 4-4, Figure 4-5 (A)  (the measured result) and in Figure 4-5 (B)  (the simulated result), it is 

pertinent to notice that figures from the anechoic chamber showed some anomalies which are 

repeated in all measurements.  Firstly, an impedance spike is indicated at about 5.5 GHz.  This 

impedance is centred at a point where a drop in antenna gain is also placed in gain measurements.  It 

is thought that this occurred due to damage to a particular connection.  Secondly, all S11 

measurements show a 5 -6 dB impedance deterioration at frequencies above 12 GHz.  This is thought 

to be due to loss in the cables of the chamber, which were measured to be about this level.    Figure 

4-4 shows both results displayed in Figure 4-5 overlapped upon a single graph, as an aid for 

comparison, but this figure is somewhat smaller and harder to read. 

 

 

 

FIGURE 4-4  T HE OVERLAPPED S11 OF T HE MEASURED AND S IMULAT ED VALUES OF T HE PRIMARY  

ANT ENNA  
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(A) 

 

(B) 

FIGURE 4-5  (A )  T HE S11 OF T HE MEASURED VALUES OF T HE PRIMARY ANTENNA    (B)  T HE S11 OF 

T HE SIMULAT ED VALUES  OF T HE PRIMARY  ANT ENNA  

The S11 figure translates into a polar diagram showing the excellent feed match in Figure 4-6 
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FIGURE 4-6  T HE S11 OF T HE SIMULATED VALUES OF T HE PRIMARY ANT ENNA  ON A  POLAR CHART  

 

(A)  



 

131 | P a g e  

  

 

(B) 

 

(C)  
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FIGURE 4-7  (A )  T HE SIMULATED GA IN V ALUES OF T HE PRIMARY  ANT ENNA  (B)  T HE SIMULAT ED  
GA IN VALUES OF T HE PRIMARY ANTENNA   AT  T HE FREQUENCY  POINT S OF T HE MEASURED ET S 

LINDGREN QUADRIDGE HORN (C)  T HE MEASURED GA IN VALUES  OF T HE PRIMARY  ANT ENNA   AT  
T HE SAME POINT S  

The gain of the antenna is simulated and shown in Figure 4-7 (A).  This plot was placed into a bar 

graph and compared against the measured results in the anechoic chamber.  The visual similar ity 

should be apparent.  Note that the maximum gain plateau between 14 GHz and 15 GHz shows clearly 

upon the measured results. The amplitude of the measurements was taken by comparing the output 

for the test antenna against a certified Lindgren Horn Antenna, the results for which are published 

and provided with the antenna for calibration purposes.  For the sake of transparency and to show the 

veracity of our measurement, the data taken from the antenna, from both the Lindgren Horn antenna 

and the 135x 250 ER 3.0 Vivaldi are shown in Figure 4-8.  Frequency is shown in units of 100 MHz 

and amplitude in dBm.  Figure 4-8 shows the raw measurement before adjustment.  Figure 4-8 (A) 

shows that the 135x250 ER 3.0 antenna has a very similar gain profile to the Lindgren Horn.  Similar 

data was taken for all antennas.  Figure 4-8 (B) shows data for an antenna of exactly the same size, 

but built from FRP ER 4.2.  There is clearly a loss of amplitude spike at 12.5 GHz which is repeated 

through all the tests.  This is a different anomaly to the impedance spike at 5.5 GHz.  In fact, as 

shown in Figure 4-7 (C) at 5.5 GHz every single measurement in all tests shows an anomaly.  The test 

data was then taken to represent within reasonable accuracy the correct trend of the data  and the 

amplitude, ignoring any severe deviations. 

 

(A) 
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(B) 

FIGURE 4-8  (A )  T HE MEASURED GA IN VA LUES OF T HE PRIMARY  ANT ENNA  AGA INST  T HE SAME 

ANECHOIC CHAMBER MEA SUREMENT S FROM T HE ET S LINDGREN QUADRIDGE HORN (B)  T HE 
MEASURED GA IN VALUES  OF T HE COMPARISON  ANT ENNA   AT  T HE SAME POINT S  
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4.4.3 FEED STRUCTURE 

The first element of the research attempted to determine the primary limitation upon bandwidth 

(Vivaldi antenna examples will be assumed in all further comment, unless stated).  No other resear ch 

investigated showed antennas that matched a 2 - 20 GHz bandwidth.  There were some papers which 

speculated that to increase the bandwidth of the antenna it was necessary to increase the dielectric 

constant of the substrate. None of these papers presented an adequate theory as to why this would 

be effective. It is well known that on microstrip patch antennas, amongst others, increasing the 

dielectric constant will increase the frequency of operation of the antenna.  The author‟s own 

investigation of this phenomenon, constructing antennas for a 2.4 GHz patch antenna, showed that 

although the centre frequency increased, the bandwidth of operation at this frequency decreased.  

The antenna was made more narrowband, which suited the desire to receive only 30 MHz of 

bandwidth.  Numerous investigations have been made into increasing the bandwidth of microwave 

patch antennas, some of which are cited, but nearly all these investigations concentrate upon the 

antenna feed and not the dielectric. In particular investigations of Dr Rod Waterhouse from RMIT in 

this area have led to several developments [4.13].    

Investigation revealed that the antenna feed was the primary limitation to the Vivaldi antenna.  Even 

in published papers, when calculations were made upon dielectric constant and input wave resistance, 

all published examples were limited actually by the input feed bandwidth and no attempt was made to 

justify the spurious and rather odd claim, that somehow the dielectric was the primary cause.   

The antenna feed has a number of similarities to wideband baluns. In fact nearly all examples 

constructed can be considered to be wideband baluns.  The antenna feed with the largest bandwidth, 

is used as a wideband microstrip balun in literature.  This is the microstrip to twin-line feed shown in 

Figure 4-2 [4.5]. This feed structure has shown excellent input matching to 40 GHz and this has been 

confirmed in our simulations. This configuration effectively eliminates the feed as the bandwidth limit 

on the antenna system leaving the inherent physical characteristics of the antenna to determine the 

bandwidth limit. The parameters of the antenna used as the starting point for the simulation study are 

listed in Table 10-1 and the antenna is displayed in Figure 4-2.   

The significant feature of the operation of this balun, is that it operates with a fixed impedance of 50 

Ohms.  I am sure the reader is aware of the use of 50 Ohm matched impedance lines upon circuit 

board and cable.  Such a resistance is finite and therefore the matched cable or track has no 

imaginary impedance.  This can occur at only one mode of a wave guide:  TEM 1,1 Mode with a 

transverse electric and magnetic field.  Any serious student of microwave design should be able to 

recall this.  As an example of this, two antennas are show the table of the electrical field impedance 

match at the feed of the antenna, that is produced by CST Microwave .  .  The first antenna in Figure 

4-9 (A) shows the electrical field impedance match at the feed of the 135x250 ER .0.  The second 

example in Figure 4-9 (B) shows the Magnetic field impedance match.  Note that both a wave 

impedance and a finite impedance are shown.  A third example shows the impedance match of a high 

power aluminium Vivaldi antenna in Figure 4-9 (C).  This antenna is operating in a different mode and 

has no finite wave impedance.  The actual antenna is shown beneath in Figure 4-9 (D).  It is 

interesting to note the similarity between this high power antenna and the Lindgren Ridged Horn 

antenna.  It can be presumed that the Lindgren antenna is actually operating as a travelling wave 

antenna. 
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2 www.cst.com

E(1, 1): QTEM-mode, Line Imp. 51 Ohms

 

(A) 
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(B) 

2 www.cst.com

E(1, 1): TM-mode, Wave Imp. 1367 Ohms

 

(C) 

 

(D) 

FIGURE 4 -9 (A )  T HE E W AVE IMPEDANCE MEASUREMENT S (B)  AND T HE H W AVE IMPEDANCE 
MEASUREMENT S OF T HE PRIMARY  ANT ENNA  T AKEN AT  T HE FEED POINT   (C)   T HE E W AVE 

IMPEDANCE MEASUREMENTS  (D)  AND T HE H W AVE IMPEDANCE MEASUREMENTS OF A  HIGH POWER 
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ALUMINIUM ANT ENNA  T A KEN AT  T HE FEED POINT      



 

138 | P a g e  

  

 

4.4.4  DIELECTRIC CONSTANT  

Vivaldi antennas have an inherently wide bandwidth. The primary limitation on wide bandwidth is 

radiation through the substrate causing dispersion which prevents the electric field radiating to free 

space. This diminishes the gain of the antenna and breaks up the antenna radiation pattern.  Low 

frequency S11 cut-off is improved by increasing the dielectric constant. This increase in dielectric 

constant has no effect in lowering the frequency at which the antenna provides usable gain. A 

possible reason is that the lower S11 is caused by losses in the substrate. The same effect can be 

observed by placing an attenuator or lossy filter in front of an antenna feed.  

One of the first antennas modeled was a 200x300mm Vivaldi antenna using an RO4003 (Rogers 

Corporation) substrate.  The same antenna was modeled with RO3010 to compare substrates of a 

similar quality.  The substrate thickness was modeled at 1.2 mm and the antenna flare was 40mm.  

The figure of 40 mm flare was used as a mid point for all antennas.  The result is shown is Figure 4-

10.  Figure 4-10 (A) shows the actual antenna.  Figure 4-10 (B) shows the reflection coefficient of the 

RO4003 antenna.  Figure 4-10 (C) shows the S11 of the higher coefficient antenna.   The higher 

dielectric material shows a modest improvement in low frequency response below 2 GHz and a 

modest deterioration above 5 GHz to 10 GHz.  Neither is enough to warrant a change of substrate.  It 

is informative to compare these results with the model used as the primary example for this chapter: 

the 135x250 RO3003 antenna.  Figure 4-10 (D) shows the S11 of the primary antenna.  Note that 

despite the change of scale, there is a clear improvement in low frequency response from the wider 

and longer antenna.  The primary antenna is not useable, by our definition, below 2 GHz.  In 

comparison both the larger antennas have useable bandwidth below 2 GHz.  The best antenna shown 

is the high dielectric antenna, indicating that increasing the dielectric constant improves the low 

bandwidth response and degrades the upper bandwidth response, in direct contrast with the analysis 

of previous papers. 
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(D) 

 

(E) 

FIGURE 4 -10 (A )  A  200X300MM V IVALDI ANT ENNA  USING AN RO4003 (ROGERS CORPORAT ION) 
SUBST RATE (B) T HE SIMULAT ED REFLECT ION COEFFICIENT  OF T HE RO4003 ANT ENNA  (C)  T HE 

MEASURED REFLECTION COEFFICIENT  OF T HE RO4003 ANT ENNA  (D) T HE S11 OF T HE HIGHER 
DIELECT RIC ANTENNA OF T HE SAME SIZE AND DEPTH  IN RO3010 (E )  T HE S11 OF T HE PRIMARY  

ANT ENNA .   

For interest, the antenna pattern of an 8 port linear array of the 200x 300mm antenna is shown in 

Figure 4-10-1. For reasons of practicality, it was not possible to build a different sized antenna of this 

size for comparison. 
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FIGURE 4 -10-1 UPPER T HE ANTENNA PATTERN OF AN 8 PORT  LINEAR ARRAY  OF T HE 200X 300MM 
ANT ENNA  AT  2 .45 GHZ  (B)  AT  9 .8  GHZ 

 

 

Figure 4-11 (A) shows the gain curve of the RO4003 antenna simulated upon CST Microwave. Figure 

4-11 (B) shows the gain curve of the FRP 4.2  antenna.  The difference is very acute and can not be 

explained by reference to the reflective impedance of either antenna.  What is clear, is that there is an 

increase in the rate of gain increase at low frequencies in the high dielectric antenna, that is 

superseded at medium and higher frequencies by the low dielectric antennas.  These two antennas 

were then place into the anechoic chamber and measurements taken directly. 
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(E) 

FIGURE 4 -11 (A )  SHOW S T HE GA IN CURVE OF T HE RO4003 A NT ENNA  SIMULAT ED UPO N CST  
MICROW AVE (B)  SHOWS T HE SIMULATED GA IN CURVE OF T HE FRP 4 .2  ANT ENNA  (C)  SHOW S T HE 

GA IN CURVE OF T HE RO4003 ANTENNA MEASURED (1)  SHOWS T HE GA IN CURVE  OF T HE FRP 4 .2   
ANT ENNA MEASURED (2)  (C) SHOWS T HE GA IN CURVE OF T HE RO3006 ANT ENNA  MEASURED AND 

SIMULATED  (D)  SHOWS T HE GA IN CURVE OF T HE RO3010 ANTENNA  MEASURED AND SIMULAT ED 

The gain plots of Figure 4-11 (A) and (B) were superimposed upon Figure 4-11 (C).  These results 

show that the built antennas have an uncanny resemblance to the simulated antennas, enough to 

conclude the results are accurate.  The second antenna in Figure 4-11 (C) is the primary antenna in 

FRP 4.2.  The antenna designs were almost identical. To ensure a 50 Ohm match, the width of the 

microstrip feed must be different for each antenna.  Further antennas were constructed in RO3006 

and RO3010 to ensure that the results were not a one off situation.  These results are presented in 

Figure 4-11 (C) and (D).  Not only are the simulated and measured results almost coincident, given 

the chamber anomalies, they concur with the predicted hypothesis on the effect of dielectric constant.  

The FRP 4.2 shows the worst gain overall due to it being a lossy substrate, unlike the high quality 

Rogers substrates. 

Simulations and measurements show that the effect of dispersion in the substrate is exacerbated by 

increasing the dielectric constant of the substrate, causing a loss of gain in consequence. To achieve 

wide bandwidth, a low dielectric constant must be used. Simulations show that increasing the 

dielectric constant by even modest amounts (e.g. 2-5) reduces the useable bandwidth of the antenna.  

The predicted improved low frequency response for S 11 [4.5] occurs at the cost of a slightly degraded 

S11 response across the entire frequency range.  

To further illustrate the tests conducted, beam width measurements were taken and plotted upon 

rectangular coordinates against the simulated beam width for the primary antenna.  Figure 4-12 (A) 

shows the results for the RO3003 antenna and Figure 4-12 (B) show the results for the RO3010 

antenna (note that this result is unfortunately reversed to the first).  The patterns show a striking 

correlation, given the limitations of the anechoic chamber in use.  One side of the pattern is 

consistently lower in all measurements taken.  It is suggested that this is due to inadequate radio 

frequency absorbing material on the door frame (the measurements were taken in a major rush, due 

to the deadline for the Radar 2007 conference).  At the time, lack of material meant that this 
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imperfection could not be solved. For equal comparison the simulated results for RO3003 and RO3010 

are shown on the same Figure 4-13. 

 

 

( A) 
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(B) 

FIGURE 4 -12 （A) ANT ENNA  BEAM PAT T ERN @ 9.9  GHZ FOR RO3003 .   (B)   ANT ENNA  BEAM 

PAT T ERN @ 9.9  GHZ FO R RO3010 .  

The gain measurements are all taken against a reference antenna: the ETS Lindgren Open Boundary 

Quadridge Horn Model 3164 -05.  This design functions closely to Vivaldi antennas [4.3] and perhaps 

can even be described as a boundary limited Vivaldi antenna.  

 

FIGURE 4 -13 CST  GA IN CURVE COMPA RING ANT ENNAS W IT H DIELECT RIC OF RO3003 (1)  AND 
RO3010 (2)   

An important effect can then be extrapolated to the antenna radiation aperture. Figure 4-14 shows 

that at the higher frequency, the antenna pattern breaks up and begins to radiate in another mode to 

a travelling wave at a normal to the plane of the original radiation. Increasing the dielectric constant 

causes the breakup of the antenna radiation pattern at a lower frequency. This is consistent with a 

hypothesis of energy loss caused through dispersion. 
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(A) 

 

(B) 

FIGURE 4-14 (A )   RADIATED A NTENNA PATTERN ON SUBSTRATE RO3003 ANTENNA AT 9 .8 GHZ  (B)   

RADIAT ED A NT ENNA  PAT T ERN ON SUBST RAT E RO3010 ANT ENNA  AT  9 .8  GHZ 
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4.4.5 ANTENNA WIDTH AND ASPECT RATIO 

Antenna width is the main determinant of low frequency cut off for gain.  Figure 4-11 (A) and Figure 

4-11 (B) show no difference in the point of gain low frequency cut off.    Figure 4-15 (A) and Figure 

4-15 (B) show the difference in gain between the primary antenna with width 135 mm and the same 

antenna with width 80mm.  All other parameters are the same. Figure 4-15 (C) shows the 80 mm 

antenna.  Obviously the feed itself needed to be reduced in width to match.  The narrower antenna 

gain rises slower at low frequency, but has a higher mid range of maximum gain. 

 

(A) 

 

(B) 
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(C) 

FIGURE 4 -15 (A )  GA IN OF T HE PRIMARY ANTENNA W ITH W IDTH 135 MM. (B)  GA IN OF T HE SAME 

ANT ENNA W ITH W IDTH 80MM.  ALL OTHER PARAMET ERS ARE T HE SAME (C)  SHOW S T HE 80 MM 
ANT ENNA .   

Single tapered slot antennas exhibit a low frequency gain bandwidth cut-off which occurs when the 

maximum width of the antenna is one half of the free space wavelength, irrespective of the flare 

aperture width, as demonstrated by Figure 4-15. It is irrespective of the dielectric constant.  Antenna 

width is an independent variable to antenna flare. An increase in antenna width without changing the 

flare design shows a pattern of increased low frequency response at the lowest useable gain point. 

A series of high aspect ratio antennas was simulated and built.  These antennas were:  

 45x300 mm 

 60x300 mm 

 80x300 mm 

The antennas were identical in substrate (RO3003), in substrate depth: 0.75mm.  The flare did 

change, as these antennas were modeled as an array and so the curvature was placed to match the 

antenna width.  This investigation was also looking at the effect of mutual coupling across the array 

and its affect upon S11.  Figure 4-16 (A) and (B) show the 45 mm and 80 mm antenna width arrays.  

Figure 4-17 (A) and (B) show the S11 characteristic of the 45 mm and 80 mm antenna.  Note that 

mutual coupling between the antennas has improved the S11 performance to achieve the same level 

of performance as a single antenna nearly twice the width.  Note that S11 and S22 are equal as is S12 

and S21 the reflection coefficient between the two single antennas, which is highly coupled. 

Note that the changing aspect ratio of the antennas, appears to have an effect upon the rate of gain 

increase and the bandwidth of the gain (Figure 4-18).  This finding concurs with other empirical 

studies that indicate that bunny ear antenna gain correlates with the aspect ratio. In fact the antenna 

with the lowest width appears to have only just reached the midpoint gain at 20 GHz and looks that it 

can continue with this gain level.  This begins to show a feature which is apparent in all the antenna 

simulations.   
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(A) 

 

(B) 

FIGURE 4 -16 (A )  T HE 45MM W IDT H ANT ENNA  IN A  COPLA NAR ARRAY  (B)  T HE 80  MM W IDT H 
ANT ENNA  IN A  COPLANA R ARRAY  
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(A) 

 

(B) 

FIGURE 4 -17 (A )  T HE S11 AND S21 OF T HE 80 MM ANT ENNA ONE  (B) T HE S11  AND S21 OF T HE 80 

MM ANT ENNA  T W O 
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FIGURE 4 -18   PREDICT ED GA IN FOR 3 T WO PORT ARRAY ANTENNAS W ITH W IDTH 45 MM (RED), 60 

MM (GREEN) AND 80 MM (BLUE) USING R3003.    

The radiation pattern of the Vivaldi antenna follows a pattern of transition across frequency which 

occurs in all Vivaldi antennas. It starts as a broad azimuth pattern and decreases to a point where the 

gain pattern is symmetric in azimuth and elevation. It then begins to broaden in elevation until the  

elevation is far greater than the azimuth. Eventually the antenna pattern is split into two beams. This 

result is consistent with the published finding of substrate thickness and its effect upon antenna 

radiation pattern [4.11].   Figure 4-19 shows a series of figures from the 80x300 mm antenna 

showing this effect clearly.  Points are taken from 1.25 GHz and then doubled in frequency.  This 

antenna has a useable range of frequency gain from 1.25 GHz to 20 GHz, which is a range of 16:1 or 

much greater than a decade.  The S11 correspondingly shows the same range, although the use of a 

spike at 1.25 GHz aids this.  These figures show both the vertical and horizontal beam width across 

this frequency range.   

Of great interest, is that at a range between 9 GHz and 12 GHz the azimuth and elevation features of 

this antenna is almost equal, making it ideal for operation as an X band air attack radar.  The lower 

frequencies exhibit striking azimuth range, making this frequency ideal for air reconnaissance.  It is 

pertinent to include here, the measured beam width of the RO3003 125x250 mm antenna across this 

range, showing exactly the same feature.   
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(D) 
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(F) 

FIGURE 4 -19 SHOWS A  SERIES OF FIGURES FROM T HE 80X300 MM ANT ENNA  ST ART ING AT  1 .25  
GHZ (A )  AND PROCEEDING T O 18 GHZ.  T HE FREQUENCY IS DOUBLED BETWEEN EACH (EXCEPT T HE  

ADDIT ION OF A  12 GHZ  FIGURE) T HE UPPER FIGURE IN EACH IS T HE AZIMUTH PAT T ERN AND T HE 
LEOW ER IS T HE ELEVAT ION PAT T ERN 

Figure 4-20 shows the measured data for the 135x250 mm antenna.  The first figure in each diagram 

is the simulated beam width (PINK) and the second is the measured data (BLUE).  A clear 

correspondence is shown between simulated and measured data.  Amplitude measurement is not 

made to the same scale and these figures can only be compared upon relative beam width and depth 

of side lobes. Also elevation patterns were not able to be taken during the time available.  
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(L) 

FIGURE 4-20 **    

(A )  RECT ANGULAR CHART  AT  2 .45 GHZ OF T HE SIMULAT ED PRIMARY  ANT ENNA  AZIMUT H 

(B)  RECT ANGULAR CHART  AT  2 .45 GHZ OF T HE  MEASURED PRIMARY  ANT ENNA  AZIMUT H 

(C)  POLAR CHART  AT  2 .45 GHZ OF T HE SIMULAT ED PRIMARY  ANT ENNA  AZIMUT H 

(D)  POLAR CHART  AT  2 .45 GHZ OF T HE MEASURED PRIMARY  ANT ENNA  AZIMUT H 

(E)  RECT ANGULAR CHART  AT  9 .9  GHZ OF T HE SIMULAT ED PRIMARY  ANT ENNA  AZIMUT H 

(F)  RECT ANGULAR CHART  AT  9 .9  GHZ OF T HE MEASURED PRIMARY  ANT ENNA  AZIMUT H 

(G) POLAR CHART  AT  9 .9  GHZ OF T HE SIMULA T ED PRIMARY  ANT ENNA  AZIMUT H 

(H)  POLAR CHART  AT  9 .9  GHZ OF T HE MEASURED PRIMARY  ANT ENNA  AZIMUT H 

(I)  RECT ANGULAR CHART  AT  9 .9  GHZ OF T HE MEASURED PRIMARY  ANT ENNA  AZIMUT H 

(J)  RECT ANGULAR CHART  AT  18 GHZ OF T HE MEASURED PRIMARY  ANT ENNA  AZIMUT H 

(K)  POLAR CHART  AT  9 .9  GHZ OF T HE MEASURED PRIMARY  ANT ENNA  AZIMUT H 
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(L)   POLAR CHART  AT  18 GHZ OF T HE MEASURED PRIMARY  ANT ENNA  A ZIMUT H 

 

**  Note that no assumptions can be made about gain in the polar plots of the anechoic chamber.  

These figures are to compare antenna beam pattern and beam width against the simulated beam 

pattern and width. 

A further series of simulated and measured results was done on S11 of antennas of equal parameters 

excluding width.  That is the length of the antennas was 250 mm, the flare was 40 mm the substrate 

was RO3003 with a depth of 0.75 mm.  Figure 4-21 Displays simulation and measurement of the S11 

of two antennas, one 60 mm and the other 80 mm.  The results for the135 mm width antenna are 

already displayed previous. 

 

(A) 
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(B) 

 

(C) 

 

(D) 

FIGURE 4 -21  (A )  T HE SIMULATED S11 OF A  60MM ANTENNA (B) T HE MEASURED S11  OF A  60 MM 

ANT ENNA  (C) T HE SIMULATED S11 OF AN 80 MM ANT ENNA  (D)  T HE MEASRUED S11 OF AN 80 MM 
ANT ENNA  

 Figure 4-15 (C) shows the 80 mm wide antenna and the first figure in this chapter shows the 135 mm 

antenna.  A 60 mm wide antenna was included.  Figure 4-21 (A) shows the simulated results of the 60 

mm antenna , showing the decrease in low bandwidth.  Figure 4-21 (B) shows the measured results.  

Figure 4-21 (C) shows the simulated results of the 80 mm width antenna and (D) the measured 
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results.  The correspondence between simulated and measured results is clear.  Note that the trend 

lines in both the simulated and measured results are nearly identical, including frequency cross over 

points.  This illustrates the clear dependence of useable gain upon antenna width. 

 

(A)  

 

(B) 

FIGURE 4 -21-1  (A )  PREDICTED GA IN FOR 3  ANT ENNAS W IT H W IDT H 60 MM (1) ,  80 MM (2)  AND 

135 MM (3)  USING R3003.   (B)   MEASURED GA IN FOR 3 ANT ENNAS W ITH W IDTH 60 MM (1) ,  80  MM 
(2)  AND 135 MM (3)  USING R3003  
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Figure 4-21-1 shows the same antennas with the gain of each plotted. The correspondence between 

simulated and measured results is clear.  Note that the trend lines in both the simulated and 

measured results are identical, including frequency cross over points.  This illustrates the clear 

dependence of useable gain upon antenna width. 

4.4.6 ANTENNA FLARE 

Antenna flare has an effect upon the radiation pattern of the antenna. Demonstrated results show 

that an optimum radiation pattern is achieved by decreasing the flare to less than 35 mm irrespective 

of the antenna width. This is consistent with the known result that increasing the aspect ratio gives a 

narrower main lobe pattern.   

A model of the primary antenna (135x250 mm) was made with 10 mm, 30 mm, and 60 mm flare.  

The same flares, with the exception that the 60 mm was reduced to 40 mm was made for an 80x250 

mm antenna.  The primary antenna with 10 mm flare is shown in Figure 4-22 (A).  The simulated gain 

and the measured results are plotted in Figure 4-22 (B) and (C).  The measured and simulated gain 

show remarkable coincidence.  There is no correlation with increasing low frequency bandwidth, as it 

is clear from the results and simulation in Figure 4-7 that the gain patterns converge at low 

frequencies.  The gain of the low flare antennas rises slower and appears to increase at high 

frequency bandwidth.  This will be consistent with the assertion made at the beginning of the chapter 

that at high frequencies, physical shape is just as important as impedance in determining 

characteristics of radio frequency elements.  Again the trend lines in these figures correspond clearly 

to the simulated results. 

 

 

(A) 



 

169 | P a g e  

  

 

(B) 

 

(C)  

FIGURE 4 -22 (A )  T HE PRIMARY ANTENNA W ITH 10 MM FLARE (B)   T HE SIMULAT ED GA IN A ND (C)  

T HE MEASURED RESULT S  
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(A) 



 

171 | P a g e  

  

 

(B) 

FIGURE 4 -23 (A )  PREDICTED V  MEASURED GA IN FOR 3 ANT ENNAS WITH W IDTH 80 MM AND FLARE  

(1) ,  10 MM (2)  30 MM AND (3)  40 MM.  (B)   PREDICTED V  MEASURED GA IN FOR 3  ANT ENNAS W IT H 
W IDT H 135 MM AND FLA RE (1) ,  10 MM (2)  30  MM AND (3)  60 MM 

Again the results are plotted for three identical antennas with 80mm width and only the flare changing 

on the same graph in Figure 4-23 (A).  The correspondence to the predicted gain cross over points is 

close to identical.  Again the antenna with the smallest flare showed a much slower rise in gain at low 

frequencies, but was still rising when the other antennas show a decreasing gain.  Nothing could be 

more indicative that antenna aspect ratio is the primary determinant of the gain curve and that each 

antenna follows a predictable gain pattern caused by the change in the antenna beam shape.  

Figure 4-23 (B) shows the same plots for 135 mm antennas.  Other than showing a clear 

improvement in low frequency gain, the results are again almost perfect in match. 

This demonstrates that a Vivaldi antenna has a gain bandwidth product, which is dependent upon its 

width, flare and aspect ratio and can only be shortened by changing the die lectric or through the 

effect of changing its length. 
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Figure 4-24 shows the 10 mm flare antenna simulated and measured gain in rectangular and polar 

beam patterns of the 135 mm antenna at 9.9 GHz.  Figure 4-25 shows the 40 mm Flare simulated and 

measured gain in rectangular and polar beam patterns of of the 135 mm antenna at 9.9 GHz  
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FIGURE 4 -24 (A )  (B) AND (C)  (D)SHOWS T HE 10 MM FLARE ANTENNA  SIMULAT ED AND MEASURED 
GA IN IN RECT ANGULAR AND POLAR BEAM PAT T ERNS AT  9 .9  GHZ 
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(D) 

 

(E) 

 

(F) 

FIGURE 4 -25 (A )  (B) ; (C)  (D)  AND (E)  (F)  SHOW S T HE 40 MM FLARE ANT ENNA  SIMULAT ED AND  
MEASURED GA IN IN AMPLITUDE AT FIXED POINT, RECT ANGULAR AND POLAR BEAM PAT T ERNS A T  

9 .9  GHZ 
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(E) 

 

(F) 

FIGURE 4 -26 (A )  (B)  ; (C)  (D)  AND (E )  (F)  SHOW S T HE 60 MM ANT ENNA  SIMULAT ED AND 

MEASURED GA IN IN AMPLITUDE AT FIXED POINT, RECT ANGULAR AND POLAR BEAM PAT T ERNS A T  
9 .9  GHZ 

Figure 4-26 shows the 60 mm Flare simulated and measured gain in rectangular and polar beam 

patterns of of the 135 mm antenna at 9.9 GHz  
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Simulations and measurements show the antenna with the narrowest flare of 10 mm has both the 

lowest frequency cut-off point for S11 (but NOT the lowest S11) and the broadest gain pattern.  This 

antenna in simulation shows up to 40 GHz of useable gain bandwidth.  This is counter intuitive to the 

concept that increase in flare betters the performance of the antenna. 

The antennas with 30 mm and 36 mm flare show a 2-20 GHz bandwidth, with useable gain down to 

1.25 GHz. The antennas with a higher flare (40-60 mm) show useable gain of 2-16 GHz and 2-12 GHz 

respectively. This is due to the antenna pattern splitting into two lobes.  

A concept is presented of two different categories of Vivaldi antennas: Low aspect ratio (AR) Vivaldi 

antennas with an AR of 1:3 or less consistently demonstrate better S11 matching across the 

bandwidth. Useable antenna pattern and gain is dependent upon the antenna width and flare. 

High aspect ratio Vivaldi antennas with an AR of above 1:3 show a higher range of peak gain than the 

low aspect ratio case and demonstrate an inferior, but consistent S11 across the entire bandwidth. 
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4.5 ANTENNA  ARRAYS FOR ULTRA  LIGHT RADAR 

Part of this research is focussed upon designing an antenna array for wide bandwidth ultra light radar, 

or for a radar receiver.  The Vivaldi antennas designed are optimal for such radar, when combined in 

a linear array.  Further simulation presents the antenna characteristics of an 8 port 80x300 mm linear 

array.  This array is highly advantageous in having wide azimuth coverage at low frequencies and very 

sharp azimuth beam width at higher frequencies.  The fabrication of the array is made easy by the 

ease of fitting 50 Ohm connectors to the antenna feeds, which has already been proven.  A 

photograph of an antenna is shown below with a standard SMA 3.5 mm connection (geeky dork 

included not in sale). 

 

FIGURE 4 -27 T HE AUT HOR IN T HE  ANECHOIC CHAMBER 

Figure 4-28 shows the results of putting an array factor across the primary antenna.  Similar results 

were obtained for all the antennas simulated.  In Figure 4-10 and Figure 4-19 directivity is displayed 

rather than gain.  The difference in this case is minimal as the antenna efficiency of 0.95 shown is 

very high for these antennas (on average).   

The array has a gain of about 6 dB at 1.35 GHz moving to 24 dB at 9 GHz and dropping to 21 dB at 

20 GHz.  This appears to indicate that this array can in fact reach higher frequencies and investigation 

showed a 1.25 GHz to 25 GHz band width. Although the array approaches a very narrow beam width, 

which is still decreasing at 18 GHz, the elevation of the array radiation pattern is still very broad.  This 

becomes a typical fan beam, which has been described as the optimal radar antenna pattern.  This 

pattern allows an antenna beam to scan in one axis, while covering a wide range in the opposing axis.  

As radar is usually scanning for targets or threats at or beyond the horizon, an elevation of 30 – 45 

degrees is usually sufficient.  In comparison a beam width of as little as a few degrees expands to a 

much larger than desired azimuth at and beyond the horizon.  Employing the very first equation in this 

thesis, it becomes very difficult to determine the direction of arrival of an incoming threat.   
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Often wideband ESM receivers employ very low gain antennas and use obtuse amplitude comparison 

to determine direction of arrival (DOA).  The introduction of scanning ESA arrays with very low beam 

widths which cover the full elevation would actually be better at determining direction of arrival with 

accuracy and even faster, when the  
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(F) 

FIGURE 4 -28 T HE ANTENNA ARRAY  FA CT OR GA IN FOR AN 8 PORT  LINEAR ANT ENNA  A RRAY  A T  
(A )1 .25 GHZ  (B)  2 .45 GHZ (C)  4 .95 GHZ (D)  9 .8  GHZ  (E)  12 GHZ (F)  18 GHZ  

antenna beam can scan the 90 – 120 degree field of view at rates of 100 kHz.  This beam could easily 

scan the full field of view in a millisecond, detecting targets within a few degrees as the scan moves.  

The antenna beam can be brought back to track targets detected whilst still scanning. 

The advantage of wide band frequency agile radar now becomes more apparent.  At 1.25 GHz not 

only are there advantages for the radar in penetrating foliage, but the antenna beam and gain at this 

frequency are very wide, making it ideal for a generalized search.  The antenna beam at 18 GHz is 

excellent for range and simple DOA using a single beam hopping Sigma Delta mode.   

 



 

185 | P a g e  

  

4.6 EXTREMELY HIGH FREQUENCY ARRAYS FOR RADAR AND ESM SYSTEMS 

Due to the apparent success of the initial array two further arrays were developed.  The first was a 4 

– 40 GHz array with an antenna under 100 mm in length.  The second was a 30 – 100 GHz antenna 

that was 25 mm in length.   Figure 4-29 shows the 4 – 40 GHz antenna with its characteristics.   In 

fact useable gain extends from 2 – 40 GHz, although the input standing wave ratio will be a bit high at 

2 GHz.  The Polar S11 shows the remarkable containment of the feed match across the 38 GHz 

bandwidth. 
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(I) 

FIGURE 4 -29 (A )  T HE 4 –  40 GHZ ANT ENNA (B) S11 RECTANGULAR (C)  S11 POLAR (D) GA IN 2 –  40  
GHZ RECT ANGULAR (E) 3D POLAR GA IN: 2  GHZ  (F)  9 .5  GHZ (G) 22 GHZ (H) 32 GHZ (I)  39 .5  GHZ   

 

The 30 – 100 GHz bandwidth antenna is shown in Figure 4-30 although with fewer simulation results. 
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(D) 
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(H) 

FIGURE 4 -30 (A )  T HE 30 –  100 GHZ ANTENNA (B)  S11 RECTANGULAR  (C) S11 POLAR  (D)  GA IN 30 

–  100 GHZ RECT ANGULAR (E)  3D POLAR GA IN : 30 GHZ  UPPER AZIMUTH LOWER ELEVATION (F)  3D 
POLAR GA IN : 50 GHZ  UPPER AZIMUTH LOWER ELEVATION  (G) 3D POLAR GA IN : 70 GHZ  UPPER 

AZIMUT H LOWER ELEVATION  (H) 3D POLAR GA IN : 90 GHZ  UPPER AZIMUT H LOW ER ELEVAT ION  

Of course building an antenna to operate between 30 and 90 GHz is far more challenging than a mere 

simulation and it is not expected that such an antenna is simple.  For a start the antenna substrate is 

50 microns deep.  Such substrate is commercially available, but the challenges of attaching 

connections and further electronics are likely to push this antenna to a narrow band implementation.   
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4.7 RUGGEDIZED ARRAYS FOR PLATFORM DEPLOYMENT 

The success of the extreme high frequency arrays led to the investigation of ruggedized Vivaldi 

antennas.  The deployment of substrate antennas on a platform requires significant engineering to 

ruggedize the fragile substrate.  One of the conclusions of the research is that low dielectrics make 

good antennas.  This is partly confirmed by the ETS Lindgren Quadridge Horn antenna used for 

calibration of the anechoic chamber. It is most likely that this antenna is functioning as a travelling 

wave antenna.  The 4 – 40 GHz antenna was constructed from aluminium which has a dielectric 

approaching that of free space.  Some empirical investigation was carried out to determine optimum 

thickness of the aluminium substrate.  Through empirical observation, it appeared that the same 

design rules should be applied and the antenna constructed was entirely similar in size, aspect ratio 

and flare to the original 4 – 40 GHz antenna. 

The simulated result exceeded all expectations.  It not only performed as a travelling wave antenna, it 

outperformed the antennas built on substrate.  This gives rise to a potential new class of antennas 

that are extremely simple to build, with superior broadband characteristics to current narrow band 

antennas.  It also validates the conclusion in simulation at least, that low dielectric material is the best 

suited for wide band antennas.  Figure 4-31 shows the simulated results for this antenna. 
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Farfields > ff_24.5000 [1]

 

(H) 
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Farfields > ff_24.5000 [1]

 

(I) 

FIGURE 4 -31 (A )  T HE 4 –  40 GHZ ANT ENNA (B) S11 RECTANGULAR  (C)  S11 POLAR  (D)  GA IN 2  –  40  
GHZ RECT ANGULAR  (E)  3D POLAR GA IN : 2 .5  GHZ  (F)  POLAR GA IN: 2 .5 GHZ (G) ARRAY  FA CT OR 
GA IN 2 .5  GHZ  (H)  3D POLAR GA IN: 24.5  GHZ  (I)  POLAR GA IN 24.5  GHZ  
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The results presented here verge upon extraordinary.   Not only does the antenna have a reflection 

characteristic S11 of better than – 10 dB across a range between 2 GHz – 40 GHz, the reflection 

coefficient drops to – 30 dB across a significant proportion of this range and shows no sign of 

diminishment at 40 GHz.  The designed antenna averages a 95% radiation efficiency, making this one 

of the most efficient antennas ever designed. 

The low frequency gain of the simulation surpassed antennas of much greater size built from 

substrate. It is not clear why this is.  It further challenges some assumptions concerning antenna 

design.  Further to this the gain curve of the antenna looks to be at the midpoint of the gain 

bandwidth product at 40 GHz.  This antenna may be able to function up to a much higher frequency.  

The gain curve is just beginning to flatten.  This antenna is the same size as the substrate antenna, 

that is it is less than 125 mm in length with an aspect ratio of just over 1:4.   

The aluminium thickness was between 1 mm and 2 mm in the design, this being readily available as 

plate.  Therefore with as little as 1mm – 2 mm gap between each antenna, it is possible to fabricate a 

2 – 40 GHz array, possibly a 2 – 80 GHz array.  This antenna with its excellent size, weight and 

performance characteristics could be a ubiquitous one size fits all antenna for all defence needs 

including 60 GHz wireless arrays.  Its performance in a linear array is very similar to the substrate 

antenna performance, enabling sophisticated beam forming with such an antenna across a significant 

spectrum. 

Clearly future research would be of value and the construction of the antenna and testing would be 

highly valued. 
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4.8 CONCLUSIONS 

Vivaldi antennas have an inherently broadband response that is maximised by using a low dielectric 

constant and small flare. Peak antenna gain and maximum gain bandwidth can be achieved at the 

expense of S11 by changing the aspect ratio of the antennas and adjusting the amount of flare. 

The radiation pattern of the Vivaldi antenna follows a pattern of transition across frequency which 

occurs in all Vivaldi antennas. It starts as a broad azimuth pattern which decreases to a point where 

the gain pattern is symmetric in azimuth and elevation. It then begins to broaden in elevation until the 

antenna pattern is split into two beams. This result is consistent with the published finding of 

substrate thickness and its effect upon antenna radiation pattern [4.11].   

Increasing the antenna dielectric decreases the bandwidth range of an antenna of the same 

dimensions.  The low bandwidth cut off is determined only by the free space wavelength of the 

antenna driving voltage and the antenna width.  An improvement in reflection coefficient can be 

obtained by using mutual coupling of antennas or by increasing the dielectric to create a lossy 

dispersive medium. 

Further investigation of this phenomenon revealed that decreasing the antenna substrate depth would 

eliminate the effects of the higher dielectric.  That is antennas of extremely thin substrate, such as 50 

-250 microns enabled the same size antennas, with a high dielectric to regain the characteristics of 

the original antennas with low dielectric.  This may enable the development of thin film antennas on 

the leading edges of airplanes and ultra light UAVs.  These antennas, though do not exhibit any 

further characteristics, they simply mimic the results of the original antennas at a greater thickness 

with a lower dielectric.  The argument that an antenna exhibits greater bandwidth when a high 

dielectric is used has not been demonstrated by this research.  
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6 PHASE MODULATED LINKS PART I 

6.1 INTRODUCTION 

This chapter investigates the properties of phase modulation that affect its use in optical links and 

shows that phase modulation has the capacity to provide linear signal modulation of the electrical 

input.  Phase and frequency modulation links aren‟t ready for practical deployment, but if a way to 

overcome these limitations is devised, their performance characteristics are superior to intensity 

modulated links. 

 

6.2 PHASE MODULATION   

The Pockel effect, upon which the phase modulation is based, is entirely linear.  Phase modulated 

(PM) links can provide a linear transfer function, provided that the modulation can be detected.  To 

detect phase modulation it must be transferred to intensity modulation.  

A convenient analytic representation of a signal is 

)(ˆ)()( tsjtstsan 
 (6.1) 

where )(ˆ ts is the Hilbert Transform of the signal )(ts  

The FFT of the Hilbert Transform is expressed as: 

  )sgn(.)()(  iwhFH 
  (6.2) 

where the signum function is: 
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 (6.3) 

This produces a signal spectrum where the sidebands are inverted.  This is the signal produced by a 

phase modulator. 
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(A) 

 

(B) 

FIGURE 6 -1  (A  (A )) T HE SPECT RUM OUT PUT  OF AN INT ENSIT Y  MODULAT ED SIGNAL.  (A  (B) )  A  
PHASE MODULAT ED OPT ICAL SIGNAL.  (B)   A  MODEL OF A  PHASE MODULAT OR 

Y (FAST AXIS) 

X (SLOW AXIS) 

Z (PROPAGATION) 

Fibre 

Linear Polarizer 

parallel to x Axis 

LI NBO2 CRYSTAL WITH 

ELECTRODES IN THE 

SAME ALIGNMENT AS 

THE INPUT BEAM 

Quarter Wave Plate with the 

fast axis aligned parallel to the 

x axis. 
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A model of a phase modulator is given in Figure 6-1 (B). On this occasion, the alignment of the crystal 

is the same as the input light. The electric field applied across the crystal will modulate the light 

source phase in proportion to the driving voltage.  In phase modulation the incident beam is polarized 

parallel to the input axes. This is usually the x or slow axis, the same as occurs on the output of the 

intensity modulator.   
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6.3 THE MATHEMATICS OF PHASE MODULATION 

Briefly recapping, optical phase modulation (OPM) causes a Hilbert transform of the signal and the 

resulting sidebands are 180 degrees out of phase. Hence, the beat signals between these sidebands 

cancel entirely.  Because the Hilbert transform of a signal produces a signal spectrum where the 

sidebands are inverted, phase modulation of light when detected by a photo detector (PD) produces 

no output. The sidebands are inverted in the spectral domain and  out of phase in the time domain. 

Phase modulation is expressed as: 






v

Vm
tSintj

out
mAeE
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 (6.4) 

  

  

  

               

where   is the modulation index . 

The depth of modulation for a phase modulator is expressed by the term: 

 (6.5) 

where n is the refractive index of the material, E is the electric field and l is the length of the crystal.   

A Bessel Function expansion of the second term is : 
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 (6.6) 

 

6.3.1 NOISE IN PHASE MODULATED LINKS 

The similarities and differences between AM radio and FM radio transmission, apply equally to IM and 

FM links in optical fibre. High fidelity audio transmission uses FM for improved noise qualities.  An FM 

system‟s noise parameters [6.12] are determined by the transmitter, the laser line width f and the 

frequency deviation of the signal f  thus 

222
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where m(t) is the signal,  is the FM detector gain after optical detection, and the terms relating to 

222

phinqu    are related to 
f

f




.  As the carrier frequency for light links is in terahertz, a large 

f is obtained.  As a result noise improves if a high quality laser with narrow line width is purchased.  

Cai and Seeds [6. mW at the photo detector, after input 

power of 4 mW from the laser diode gave an output SNR of 120 dB and power conversion after 

detection of -12 dB with a variance of 1.6 dB across 1.2 GHz. These received powers are orders of 

magnitude lower than IM systems that can produce similar results. Cai and Seeds predict that a 50 

GHz link with SNR of 160 dB/Hz should be obtainable.  Section 2.4 demonstrated IM links need up to 

100 mA of received photo current to achieve these ratios, a technology not available in COTS 

components. 

 

6.3.2 SFDR IN PHASE MODULATED LINKS 

To increase SFDR and noise performance, attention has been given to increasing the linearity of MZ 

intensity modulators. Phase modulation of a light source using an electric field is entirely linear as 

opposed to the intensity modulation (IM) transfer which rolls off at the minimum and maximum bias 

points [7.4].  In practice SFDR is limited by the available SNR, unless non linearity is so severe that it 

prevents achievement of maximum SNR. Assuming perfect linear modulation, maximum SNR 

achievable in the Sagnac loop is not limited by phase noise generation. This is due to the light in the 

loop travelling exactly the same distance (without the bias unit), irrespective of direction. Reference 

[7.2] shows an SNR rising to 140 dB/Hz for a simulated system with laser RIN of -160 dB/Hz and a 

modulation index of 0.1 

Disengaging the link between bias and modulation index implies that minimum biasing of the optical 

link can be achieved. Second order harmonics currently prevent minimum bias from spanning more 

than a single octave. The bias unit of the link creates an output with 1st, 3rd etc harmonics of a single 

MZ IM. Recalling (2.5.2), minimum bias allows all the input power to be transmitted into the 

fundamental.  The Sagnac loop architecture provides a higher limit on the optical power useable in the 

system due to the noise characteristics of the loop, resulting in a higher achievable SNR. 
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6.4 PM TO IM CONVERSION 

PM is converted to IM due to dispersion across the wavelength of the light carrier.  This is the same 

phenomenon which causes IM systems to require dispersion compensation.  Photonic phase to 

intensity links have been demonstrated [6.1,6.2] using fibre dispersion, fibre heating and fibre Bragg 

gratings [6.3].  A linear dispersion causes a phase shift difference in the lower sideband, carrier and 

upper sideband.  It acts to move the sidebands from being 180o opposite in phase, to being ninety 

degrees out of phase or in phase. In fact this technique has been used to generate femto second 

optical ultra wideband pulses, using 25 km of single mode fibre.  A simpler solution is to simply filter 

one sideband out, leaving optical single sideband transmission (but not feasible in a wideband link, 

due to limited tuning of the filter).  The technique of simple fibre dispersion has been used to create 

ultra wideband pulses of 40 ps with 17 GHz of bandwidth[6.1]. 

 

FIGURE 6 -2  T HE T RANSFER FUNCT ION OF FREQUENCY  AGA INST  OUT PUT  INT ENSIT Y  FOR A  FBG  
GRAT ING FM OPT ICAL LINK [6 .4] .  

Zhang and Darcie [6.4] have demonstrated a PM link which converts phase modulation into 

instantaneous frequency modulation (the integral of phase) using a Bragg fibre grating.  Figure 6-2 

shows how the reflectivity of the Bragg grating can be made linearly monotonic across wavelength.  A 

change in the phase modulation will affect the rate of angle change of the light wave, which becomes 

a change in frequency over time.  The Bragg grating will affect the optical intensity of the output light, 

which is a measure of the frequency change of the light caused by the input signal. 

The technique produced a link with SFDR of 106 dB/Hz at 1 GHz.  The resultant noise floor of the link 

of -170 dBm is the lowest observed in any paper.  The technique is applied to generate ultra 

wideband signals of 50 ps [6.5] with a bandwidth of 7- 10 GHz.  The study shows that pulses 

generated with the FBG have a somewhat higher noise, due to the non linearity and imperfections of 

the FBG. The same PM-IM conversion used in [6.1] using chromatic dispersion, produced superior 

pulses, as did the use of a two tap delay line filter.  None of the links required the use of high power 

lasers, or NdYAG lasers to obtain results.   

  
                                          NOTE:   
   This figure is included on page 225 of the print copy of  
     the thesis held in the University of Adelaide Library.
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PM links are more suitable to WDM combining, due to the constant intensity of the modulated signal. 

Coherent links which combine phase modulated signals in a linear mixing topology have been shown 

to have superior characteristics to analogue to digital receivers, which currently limit the dynamic 

range of a digital at IF radar receiver.  Using phase modulators to achieve the same principle in a 

Sagnac loop should also achieve the qualities of these links.   
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6.5 A  SAGNAC LOOP INTENSITY MODULATOR 

6.5.1 INTRODUCTION 

The architecture described in this chapter is a phase modulated link providing high signal-to-noise 

ratio, low-distortion mixing.  Phase modulation is linear, thus the mixing itself is entirely linear.  The 

output is identical to a dual output, balanced intensity modulator transmitting a single signal. 

Transmission can occur with intensity modulation, eliminating phase noise effects of typical coherent 

links.  The link is intensity noise immune, and overcomes the dynamic range limitations of series 

mixing using the intensity modulator transfer function.   In addition a means to extract an entirely 

linear output, based upon phase is identified.  A mixed output from a -70 dBm radio frequency signal 

is displayed, enabling optical systems to be used in radar, beamforming and similar applications.  

Output dynamic range of 100 dB/Hz is demonstrated without post amplification after detection and 

mixing to 12 GHz with 1 GHz or 2 GHz IF. 

For a phase modulator outside the Sagnac loop, the output power of the OPM at the output of the 

Sagnac loop is: 
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where   is the phase difference created by the non-reciprocal bias unit and   is the phase chirp 

on the optical carrier caused by the same. If   is 90o then the last term reduces to 1 and the output 

is exactly the same as in an intensity modulator with bV  at 90o resulting in suppressed second order 

terms. This occurs despite the bias on the modulator.  The result is that the optical bias and the 

modulation index are separate.  It is of note that for  =0,  nJ |n=0 =1 and nJ |n!=0 =0 meaning 

that all of the input power is transmitted into the fundamental. 

Phase modulation inside a Sagnac loop [7.15] has been demonstrated to show  
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where   is the time taken for light to transit the OPM. This reduces to (2.5.3) where 


1
f . 
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6.5.2  THE OUTPUT OF A SAGNAC LOOP 

PM and FM optical links have impressive qualities, but PM links over single fibre have a single 

disadvantage over IM links.  Optical fibre, like lasers and FBGs, are susceptible to temperature, strain 

and vibration and have been used [6.13] as sensor detectors.  Temperature variations are relatively 

slow and may be compensated.  Fibre sensors, typically detect strain (or impact if the force is applied 

fast enough), but typically at a low frequency.  Such sensors rarely operate at frequencies higher than 

1 MHz.  Common sensors are Sagnac and Michelson interferometers, incorporating a loop structure. 

Vibration causes characteristics which appear as phase noise on the detected signal. The phase noise 

will be converted to intensity modulation at the detector on PM links.  IM links are not susceptible to 

phase noise, due to envelope detection.  Although PM links have shown an inherent advantage over 

IM links in noise and dynamic range, it is not possible to implement such links in a high vibration 

environment.   

Advances in photonic fibre development may possibly allow deployment of coherent links [6.13] 

should improvement continue.   

Phase modulation is a simple two part process.  The Pockel Effect is linear, so the process is linear.  

There are no other variations.  The use of a quarter wave plate performs the conversion from linear to 

circular polarization. Note there is no loss of intensity in the phase modulation of the optical signal, 

and no loss of intensity due to the alignment of the crystal. Referring back to Jones calculus Equation 

2.2.9 the output of the phase modulator and bias unit will be: 

 (6.10) 

that is equal intensity slow and fast axis propagating waves.  Exactly as the Mach Zehnder intensity 

modulator did, this circular polarized wave is combined at an interferometer with a wave in the 

opposite arm, which is unmodified to produce an intensity modulated output. 

The phase modulation terms in the CW and CCW direction, need not necessarily be as effectively 

modulated. To translate both CW and CCW light effectively the same problem as applied to an 

intensity modulation is formulated. 

In general the retardation applied by the lumped terminal is:  

 (6. 11) 

where „a‟  is dependent upon the refractive index of the crystal at any frequency, E is the electric 

applied field, l is the length and Lambda the result.  If the field E changes appreciably over time, then 

the retardation must be replaced by integration over time: 

 (6. 12) 

where the frequency dependent term is expanded as c/n 

This becomes: 
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 (6.13) 

 

The factor   is the amount the retardation is reduced from ideal.  For r to 

approximate 1, then .  The amount of retardation applied on the wave is of course the 

numerator of the modulation index.  

Looking again at phase modulation we find the modulation index is also a function of the electric field 

input.  

 (6.14) 

 

The factor   is the amount the retardation of the phase is reduced.  For r to 

approximate 1, then .  

 

For the wave travelling in the reverse direction, the time that the input modulating voltage “sees” the 

reverse travelling wave is reduced dramatically. For this case r is given, but the time may be so small, 

that the phase is ineffectively modulated by the electric field.  

 In this case the opposite bound of this equation applies.  Modulation will occur only when 

.  The output will be reduced by a factor of : 













 )cos(
1  (6.15) 

This is not a true mathematical proof, but rather an intuitive understanding of what occurs, based 

upon papers presented by the inventors of the method. 

Phase modulation can be expressed using a coupled wave notation and in this notation the phase 

modulation index is expressed as: 

 



 

P a g e  | 230 

 (6.16) 

Where  is the time varying index of refraction (referred to previously simply as „a‟). Thus the 

modulation index for a phase modulator is no longer a function only of the length of the phase 

modulator, but becomes a time varying function related to the input frequency. 

Only in the perfect case where the phase velocity of both the electrical and light wave are perfectly 

matched, is there a linear relationship as: 

 (6.17) 

 

This intuitively shows, that for a phase modulator, although reverse modulation is inefficient, it is not 

theoretically impossible to achieve.  Later sections show a method for overcoming this limitation.

  

The nonreciprocal phase modulation in the loop causes an output signal at one of the detectors 

proportional to the phase difference: 
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where η is the refractive index of the fibre, L is the total length of the fibre loop, z is the distance of 

the perturbation from the midpoint of the loop.  If the maximum frequency in the power spectrum of 

satisfies the following inequality [6.14] 
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then (6.5) can be written as 
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z
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 (6.20) 

Time-varying perturbation on a Michelson fibre loop also results in an interferometer signal at the 

reflected wavelength. The phase modulation causes an output signal at the detector proportional to 

the phase change: 
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)()( ttym 
 (6.21) 

No explicit spatial dependence (on z) is present in the output signal. Subsequently it is differentiated 

to obtain a spatially dependent signal: 

dt

d
tym


)('

 (6.22) 

By taking the ratio of the two outputs, the location of the disturbance is determined:  
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 (6.23) 

 

FIGURE 6 -3   CHANGE IN OUT PUT  FOR A  DIST URBANCE 90 M FROM T HE LOOP CENT RE.  

Figure 6-3 shows the output of a Michelson and Sagnac loop interferometer. Slower variations in phase 

give rise to fewer fringes of the Michelson interferometer in a time frame. If we assume that at least five 

fringes are required for a reliable estimate of phase change rate and we allow a maximum time frame of 

20 ms, then the minimum phase rate detectable is 1.57x103 rad/s or 0.5x103 Hz.  For typical radar 

pulses between 100 ns and 10 us, the change in amplitude in the Sagnac loop is going to be barely 

measured.  The effect will be greatest upon constant waveform signals.  This results in low frequency 

vibration, acceleration, or constant strain not having an effect upon the Sagnac interferometer.    
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- he Sagnac 

loop output.  Further when this strain is applied to the opposite side of the Sagnac Loop, the sign of 

the output is inverted.  If the strain is applied to both sides of the Sagnac Loop (i.e. vibration rather 

than a localized disturbance), the DC change is negated.  Summing will cause cancellation. Vibration 

has an effect upon the Sagnac Loop, only if it causes rotation of the loop about its axis. The Sagnac 

loop can be wound around a circular drum to allow cancellation of vibration effects. 

 

 

FIGURE 6-4   T HE SIMULATED OUTPUT IN DBM FOR V IBRATION AT 500 KHZ AGAINST LOOP LENGT H 

 

6.5.3 MINIATURIZATION OF THE SAGNAC LOOP 

At points less than 1 m from the centre of the Sagnac Loop, z becomes a divisor.  Miniaturization of the 

Sagnac loop is an effective means to reduce the effect of vibration, as is a low index of refraction.  

Assuming index of refraction of 1.45 in an optical fibre loop of 0.1 m, an effect proportional to 1x10 -10 

dTdp /  exists. Assuming a maximum detectable phase change of 4.5x105 rad/s [6.14], the resultant 

change in amplitude is 450 nV.  If the SL is miniaturized onto a modulator substructure around 10x10  -6 

m the effect is 45 nV.  Even so, it can be seen that the changes on the output of the Sagnac Loop are 

an integral of the rate of phase change, rather than proportional to it, resulting in a DC offset to the 

applied voltage rather than a modulation effect. Figure 6-4 shows the simulated output amplitude of 

vibration in a Sagnac loop against loop size. 

Another complication is that the amplitude of the relative phase shift generated by a disturbance is a 

function of its position on the sensor loop. The sensitivity falls to near zero at the centre of the loop. 

The phase modulators used in the proposed Sagnac loop are based at the centre of the loop. It is 

possible that this insensitive section of the loop can be made sensitive by being wound onto a fibre 

reel and acoustically isolated (the required length is approximately twice the delay loop length, i.e., for 

this system this would be 8 km).  This obviously is the opposite to what is required for the Sagnac 

loop for the ultralight radar.  The placing of the phase modulator for the use as a strain or vibration 

sensor is adjacent to the coupler at the output.  Placing the phase modulator at the middle of the 

Sagnac loop dramatically reduces the effect. 



 

P a g e  | 233 

 

6.5.4 A VIBRATION INSENSITIVE OPTICAL SAGNAC LOOP 

Shake and Takara et al [6.16] have demonstrated a vibration insensitive Sagnac Loop used to switch 

100 GB/s optical pulses with a nonlinear optical loop mirror.  The configuration uses polarization 

rotation combined with a Faraday mirror to reduce bit error rate by a factor of 105 with a 2 Hz 

vibration source.  The sensitivity of the Sagnac Loop to vibration is reduced by a factor of:  2|nx-ny |/nx 

where n is the refractive index of the fast and slow axis of polarization.  The polarization state on each 

arm of the Sagnac, both the CW and CCW waves (clockwise and counter clockwise) loop is polarized 

orthogonally by rotating the polarization state on one arm by 90 degrees.  This is coincidentally the 

same as an alternative bias method used when a non reciprocal bias unit is not available for the 

Sagnac loop [7.18].  A polarizing beam splitter is used to transfer out from the loop to a single fibre 

with a Faraday mirror polarizing rotator also set at 90 degrees.  The mirror will reflect noise jitter  on 

the light wave at opposite amplitude to the original noise, so that it combines to cancel.  The only 

difference is the index of refraction of the two polarization axes.  Figure 6.5-1 shows this circuit. 

Note that this configuration would eliminate the problems caused by opposing directions of the 

modulating light wave.  Indeed Figure 6.5-1 (B) is presented by the inventor of the method as a 

means to increase the low frequency response of the Sagnac interferometer. 
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6.6 CONCLUSION 

PM and FM links offer an inherent advantage over IM links, due to the linear transfer function and 

greater noise immunity.  Practical considerations prevent their use in optical links.  A study of 

Michelson and Sagnac Loop interferometers shows the mechanisms that cause vibration in optical 

fibre to appear as a phase to intensity noise on the output.  A Sagnac loop does not register low 

frequency variations which make it immune to temperature, constant strain and acceleration changes.  

Vibration which is not localized in the Sagnac loop, but affects the entire loop, will be cancelled, due 

to the opposite sign on each side of the loop.  Other means to minimize the effect of vibration are to 

make the loop as small as possible and to place the modulators at the centre point of the loop. 
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7 PHASE MODULATED LINKS PART II 

7.1 OVERVIEW 

Radar requirements differ from commercial Radio-Over-Fibre (ROF) systems. High signal to noise ratio 

(SNR) and spurious free dynamic range (SFDR) in a photonic beam forming architecture are essential 

prerequisies. The architectures described in this chapter use phase modulation to overcome previous 

limitations. They provide high SNR, low-distortion mixing, enabling optical systems to be used in 

radar, beamforming and similar applications. 

 

7.2 THE APPLICATION OF PHASE MODULATION TO OPTICAL MIXING 

The use of phase modulation has significant benefits for microwave photonics. Phase modulation has 

a signal-to-noise ratio (SNR) advantage over intensity modulation and does not obtain an upper limit 

on SNR with increased optical power.  The link in this chapter is converted to intensity modulation 

before transmission. To achieve a high SNR an optical link requires gain, due to the cascaded gain 

equation.  The primary means to obtain gain is to use a high optical power in combination with a 

matched receiver at narrow band frequency.  RF frequency down conversion to an intermediate 

frequency allows the use of a narrow band at the receiver and these same techniques can be used in 

the link to create gain.  

Phase modulation has a linear transfer curve and any signal will then be accurately represented in the 

electro-optic modulation.  The combination of two linear phase modulated signals will also be a linear 

mixed signal due to the mathematical interpretation of the mixing process. Phase modulation has a 

limitation to deployment, due to being sensitive to environmental vibration as well as the common 

temperature dependant relationship.  

Phase modulation must be converted to intensity modulation to transmit the signal on a real platform.  

This conversion will involve a typical interferometric combination of phase modulated signals into a 

single AM modulation signal on the light itself.  This process has been identified in Section 2.2 as 

being equivalent to the process in a mach zehnder interferometer, but without a penalty caused by 

the imperfect crystal structure and orientation of the light wave. 

The advantage of using the phase modulated system is twofold: 

1. The RF signal and the LO signal are both modulated onto the light wave with a linear transfer.  

Therefore each of these signals is an accurate representation of the input signal across the 

entire dynamic range.  When these signals are mixed, resulting in an IF signal, the mixing 

that occurs is linear.  The resultant IF signal is the linear form of the mixed signal.  Intensity 

based frequency mixing is unable to attain a linear mixed signal, due to harmonic 

intermodulation distortion.  The phase based mixer will combine at the output of the Sagnac 

loop as a single signal, without intermodulation distortion in the mixing process.  This has 

been proven already in Section 2.5.2.4 on coherent optical mixing links.  

2. The use of a selective phase modulated based interferometer, will have significant 

improvement of SNR and by default SFDR, because the signal is no longer a product of two 

signals but a single signal on the output of the interferometer.  This concept is somewhat 

subtle in presentation and should not be mistaken with the general output of an 

interferometer which is limited in its power output by the traditional Sine and Cosine system 

equation that is repeated for the reader in Equation 2.7.1 in Section 2.7 
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7.3  SAGNAC LOOP OPTICAL MIXING  

The use of phase modulators within the Sagnac loop structure addresses performance limitations of 

traditional intensity modulation architectures, whilst maintaining their prime advantage. This 

architecture maintains infinite isolation between the RF and LO signals, eliminating spurious feed 

through of LO and RF signals. The use of optical mixing will allow low IF systems for millimetre wave 

generation. Analogue to digital conversion samplers operating at 2 GSa/s can be used with millimetre 

wave carriers, bypassing current RF heterodyne architectures. In the Sagnac Loop structure a high 

pass filter effect is demonstrated.  Slow reciprocal variations on the loop have little effect, as in fibre 

optic gyroscopes [7.14].  Variations in temperature and humidity have proven to have negligible effect 

upon the non reciprocal bias unit [7.14].  This makes the unit ideal for rugged deployment in an 

autonomous environment.  Temperature changes of 25o C have produced negligible change in the 

bias condition.  A change coefficient of < 0.07o/ oC was demonstrated.  Low frequency change on the 

input signal, at less than 1/2T where T is the time for light to travel through the modulator, is not 

modulated.  On our test results, radio frequency inputs at 150 MHz had no output from the 

modulator.  

The Sagnac Loop structure eliminates coherence imbalance and phase-induced intensity noise.  

Narrow line width lasers with high coherence can be used.  Fluctuations in loop length due to 

environmental conditions apply equally to both directions of light as they travel through the same 

medium.  This prevents the limitation on increasing signal-to-noise ratio, due to the imbalance on the 

arms of an X cut intensity modulator and reduces the noise floor on the output of the interferometer.  

 7.3.1 LINEAR OPTICAL MIXING IN THE SAGNAC LOOP 

For a series photonic link with intensity modulators, the output is the result of mixing two intensity 

modulated signals (i.e. the beat frequency between the optical signals). In an IM optical link, each 

modulator generates multiple harmonics associated with the periodic cosine nature of the transfer 

function. Series mixing creates inter modulation distortion terms (i.e. 2a-b and 2b-a) from mixing of 

both the signals and their harmonics.  The non-linearity limits the practical SFDR to well below that 

achievable in a single signal link.  If the signals are mixed with a linear transfer function, the output of 

the link is limited by the harmonics of the overdriven modulator.  This should result in a reduction in 

third order distortion of 9:1 (see Chapter 2.4).  IMD products are in general 9 times the power of 

harmonics in an optical link. 

The Sagnac loop optical mixer consists of two phase modulators in series. The original waveform is 

phase shifted by two processes. In the phase modulator case, the intensity modulation conversion 

happens after both phase modulations occur. There is no cross modulation of the sidebands as they 

cancel. The output of the Sagnac loop is then a signal given by 
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 (7.1) 

This is a signal which is further modulated in phase. The harmonic generated mixing terms of 

Equation (4.3) only exist in the summation of the signal at the output of the Sagnac loop. Importantly 

the traditional mixing terms causing 3rd order intermodulation products will not exist. The output of 

the mixer should have the qualities of a single signal output. This will enable a high SFDR, as 

obtainable in a single optical link. 
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7.4  MIXING PORT ISOLATION 

The primary advantage of photonic mixing is obtaining infinite isolation between the RF and LO 

signals, eliminating spurious feed through of LO and RF signals.  This is a significant problem in 

microwave mixing systems, causing generation of spurious signals from the mixing process.   To 

eliminate this problem the heterodyne architecture was invented, to enable spurious signals to be 

filtered out by occurring far from the generated output.  A rule of thumb for microwave local oscillator 

creation is to generate the LO at twice the frequency needed and then halve the output.  The reason 

for this is so that the harmonics generated by the LO are completely removed from the transmission 

carrier frequency, whereas the halved LO is independent of these harmonics.   

A second rule of thumb of microwave heterodyne architecture is the use of an intermediate frequency 

that is a 10x – 20x multiple of the baseband signal clock.  In high speed digital architectures with 

individual channels of up to 155 Mbits per second signaling transmission, this becomes an imposing 

limitation.  Traditional radar IF frequency at 1 GHz is capable of a 100 Mbits/s baseband rate, using 

this rule of thumb.  Many communications signals are transferred with Pseudo Random Generator chip 

sequences to enable bandwidth re use.  This idea is being taken up as a form of noise radar, making 

detection almost impossible unless the receiver is aware of the generated chip code. Base band signal 

rates have an inexorable tendency to want to increase.  A similar rule applies to the IF to RF 

frequency ratio. 

The use of phase modulators within the Sagnac loop structure of Figure 3.1-2 addresses the 

performance limitations of traditional MZ intensity modulation (IM) architectures. This architecture 

reduces intermodulation distortion products. The use of optical mixing will allow low IF  systems for 

millimetre wave generation, eliminating the need for a greater than 1:10 ratio in the IF. Optical mixing 

will allow the mixing of very high baseband signals on a near frequency IF by a nearby frequency RF 

carrier.  That is the transmission of a combined 750 MBits/s SCM signal can be placed on a 1 GHz IF 

and multiplied by a 1.75 GHz radio frequency carrier without any imposition due to typical microwave 

feedthrough.  The implication is that current IF analogue to digital conversion schemes at 160 MHz 

and 1 GHz can be used with millimetre wave carriers in the tens of gigahertz, bypassing the limitations 

of current RF heterodyne architectures.   

7.5 PHASE MODULATION AND PHOTONIC ESA  ARRAYS 

Radio-Over-Fibre (ROF) and photonic phased-array systems display selective frequency fading caused 

by the beat signals of sideband terms in a microwave optical link. This fading causes deep notches in 

the transmission band similar to Rayleigh scattering fading in a wireless channel [2.2.23,2.2.14,2.6.4]. 

This affects deployment in larger ship platforms or remote platforms such as the Square Kilometre 

Array, as it is a function of the dispersion induced by optical fibre.  The same method can be used to 

generate intensity transmission from phase modulation.  The longer the link is transmitted, the 

greater the effect.  Wavelength Division Multiplexed (WDM) systems create the same fading, for 

different reasons. Cross Phase Modulation (XPM) is created when IM channels interfere and Self Phase 

Modulation (SPM) is created by the same Kerr effect.  In an ultralight UAV this penalty is unlikely to 

occur, due to the short length of the link, but in larger platforms that carry the link, such as ships 

kilometers of fibre often occur. 

Pseudo Heterodyne Generation (PHG) and optical single sideband (OSSB) topologies both prevent 

induced power fading [2.2.19,2.6.6,2.6.7,2.6.8] and both topologies have been shown to operate with 

MCFBGs to induce beam forming. 
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7.6 SIMULATIONS 

7.6.1 A PHOTONIC LINK 

Models were made of the photonic mixer and an IM link using VPI Transmission Maker [7.12].  Noise 

was injected into the transmitted signal and the detector was modeled with parameters from a photo 

detector data sheet [7.18].  The models of the Mach Zehnder modulator and Phase modulator were 

taken from libraries used with VPI transmission maker. 

The first link diagram shown in Figure 7-1 (A) is the VPI model of an IM Mach Zehnder link.  This is an 

over driven IM link using a Mach Zehnder model.  The MZ was biased at .  The transmission 

frequency is 2.5 GHz to easily show the harmonics at multiples of the transmission frequency.  It 

shows the harmonics generated by the overdriven signal and the corruption of the output radio 

frequency spectrum by this distortion. This is a well known phenomenon of the transfer function 

explained in Chapter 2.   The optical transmission spectrum of the link is spread across a range of 

optical frequencies.   193.1 THz is the first ICU communications channel at 1550.3 nM.   

A second output shown in the next Figure 7-2 (B) is the same link with the transmission power 

adjusted for optimal transmission, without distortion. With no harmonics, the output power is 

concentrated in the fundamental and both transmission and reception power is equal to or better than 

in the distorted link.  Notably the output radio frequency signal is clear and has minimal distortion.   

 

(A) 
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(B) 

 

(C) 
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(D) 

FIGURE 7 -1 (A )  A  VPI SIMULAT ED MODEL OF AN IM PHOT ONIC LINK.   (B)  T HE SIMULAT ED 
T RANSMIT OPTICAL SPECTRUM (C)  T HE SIMULAT ED RF SPECT RUM O F AN OVER DRIVEN IM LINK 

SHOW ING HARMONICS (D) T HE OUT PUT  W AVEFORM OF T HE DIST ORT ED LINK 

 

(A) 
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(B) 

 

 

 

(C) 
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(D) 

FIGURE 7 -2   (A )  T HE T RANSMIT T ED RF SPECT RUM OF T HE O PT IMAL LINK  (B)  T HE OUT PUT  
W AVEFORM OF T HE OPTIMAL LINK  (C) T HE T RANSMITTED RF SPECTRUM OF T HE LOW POWER LINK 

(D) T HE OUT PUT  W AVEFORM OF T HE LOW  POW ER LINK  

(note that the transmit frequency is no longer 2.5 GHz, but 1.5 GHz). 

The third output shown in the same figure, is the same link with the transmission power set to 20 dB 

below the optimal drive point.  The output wave form show degradation of the output with noise.  

This is clearly shown in the drop in transmitted radio frequency power.  The output of the IM link is 

significantly corrupted by noise.  Simulation seems to indicate that Mach Zehnder modulators have a 

very narrow range of operation, making them unsuitable for radar applications.  A further simulation 

was made of a phase modulator in a Sagnac loop, to compare.  Note that the improvement of a phase 

modulated Sagnac loop is suggested in Chapter 2 as being the ability to produce a higher output 

power, before distortion becomes apparent and the ability to produce a very low output power signal 

with minimum distortion 

The first diagram shown in Figure 7-3 (A) shows the VPI model of the Sagnac loop Interferometer.  

Diagram (B) shows the output optical power from the loop. All transmitted power is in the 

fundamental and this is 10 dB higher than the overdriven MZ link.  The output wave form in diagram 

(C) is clear and without distortion .  The output signal is higher in power than for the MZ link.  This 

may be due to the signal power being constrained to the primary frequency and not lost in harmonics.  
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(A) 

 

 (B)  
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(C)  

FIGURE 7-3 (A )  VPI SIMULAT ED  MODEL OF AN OPM SAGNAC LOOP.   ( B)   T HE SIMULAT ED 
T RANSMIT T ED OPT ICAL SPECT RUM. (C)  T HE SIMULAT ED RECEIVED SIGNAL.  

 

 

(A) 
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(B) 

 

(C) 
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(D) 

FIGURE 7 -4   (A )  T HE T RANSMIT T ED RF SPECT RUM OF T HE O PT IMAL SL LINK  (B)  T HE OUT PUT  

W AVEFORM OF T HE OPTIMAL SL LINK  (C)  T HE T RANSMITTED RF SPECT RUM OF T HE LOW  POW ER 
SL  LINK (D) T HE OUT PUT  W AVEFORM OF T HE LOW  POW ER SL LINK  

The difference from a pure sine waveform is a result of the Sagnac loop interferometer.  This slight 

difference doesn‟t affect the output function of the loop and as remarked in Chapter 2 actually 

provides a better down conversion signal, when used as a local oscillator.  Diagram (A) in Figure 7-4 

shows the same transmitted power as the optimal MZ IM link (note that the transmit frequency is no 

longer 2.5 GHz, but 1.5 GHz). In Diagram (B) the output radio frequency power is again much better 

than the MZ link.  The slight anomaly from a sine wave has lessened.  In particular Diagram (C) and 

(D) show a major improvement at a 20 dB lower input power, over the MZ link.  Simulation then tends 

to back the literature presented in Chapter 2, that a Sagnac loop interferometer will have both a 

higher output power before harmonic distortion and a lower noise floor than an MZ link. 

7.6.2 A TRANSMIT UP CONVERTED LINK 

A comparison was made between a series MZIM photonic mixer link and a dual PM Sagnac loop 

structure.   An ideal radar signal was created in VPI photonics, without any distortion.  Figure 7-5 

shows the ideal signal.  A 500 MHz IF  
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FIGURE 7 -5   T HE T RANSMIT T ED RF SPECT RUM OF T HE IDEA L RADAR SIGNAL  

 

FIGURE 7 -6  T HE T RANSMITTED RF SPECTRUM OF T HE SAME RADAR SIGNAL ON A  MACH ZEHNDER 

SERIES LINK 

signal was modulated onto a 5 GHz carrier.  The ideal signal contained no model distortion.  The 

output signal power was around 32 dBm, a signal which would be typical of a base station output or 

from a low power FMCW antenna.  This signal was then replicated onto an MZ IM link.  Figure 7-6 

shows the non ideal up converted radar signal.  As predicted through Chapter 2 the output signal has 

both third and fifth harmonics showing along with (2a-b), (2b-a) or 3rd order intercept distortion along 

with 5th order intercept distortion.  Clearly the output signal requires filtering, making it unsuitable for 

wideband transmission as a radar signal.  Output power at the desired transmission frequency is 

about -38 dBm. 
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Figure 7-7 shows the output of the Sagnac loop transmitter. In this case no third order harmonics 

appear, showing suppression of third order harmonics and as a result, intermodulation distortion is 

limited by the fifth order harmonics.  As suggested in Chapter 2, this should give superior SFDR 

qualities in the transmission link.  Output power is equivalent to that of the MZ IM link.  Further to 

this, the fifth harmonic would fall outside the photo detector limit for the 12 GHz test link and would 

therefore be suppressed.  Note that 3rd order distortion is suppressed to a similar extent to the MZIM 

link 

 

 

FIGURE 7 -7 T HE T RANSMIT T ED RF SPECT RUM OF T HE SAGNAC LOOP T RANSMIT T ER 

7.6.3 A RECEIVE DOWN CONVERTED LINK 

Using the same ideal transmit signal shown in Figure 7-5 a comparison was then made of a series MZ 

IM down conversion link and a Sagnac loop down conversion link as outlined in Chapter 3.  The latter 

link comprises two phase modulators in series in the Sagnac loop.   In each case the received signal 

(the ideal transmitter) was down converted and firstly no filter was applied.   In the second down 

conversion, a filter at the original 500 MHz IF was applied.  The reason this is done, is to show the 

spurious distortion signals that occur due to the down conversion process.   

Figure 7-8 shows the series modulator link down conversion with the ideal transmit signal.  Notice that 

due to having to use an LO of either 5.5 GHz or 4.5 GHz (high side injection or low side injection), the 

output shows the (2a-b) and (2b-a)  3rd order distortion signals and the 5th order  distortion signals 

surrounding the transmit signals  as well as the distortion signals surrounding the IF.  On the series 

link, inter modulation distortion products are clearly visible at twice and three times the IF from the RF 

carrier. Less than 20 dB suppression is achieved.  The down converted IF signal shows the same 

distortion terms at 2 IF and 3 IF. 
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(A) 

(B) 

FIGURE 7 -8 (A )   T HE RECEIVED RF SPECTRUM OF T HE SERIES MODULAT OR LINK  (B)   T HE SAME 
SPECT RUM W IT H A  1  GHZ BANDW IDT H FILT ER APPLIED 
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(A) 

 

(B) 

FIGURE 7 -9 (A )  T HE RECEIVED RF SPECT RUM OF T HE SA GNAC LOOP LINK  (B) T HE SAME SPECTRUM 
W IT H A  1  GHZ BANDW IDT H FILT ER  

The received signal of the Sagnac loop in Figure 7-9 is 24 dB above the IM signal. Again the reason 

for this is speculated to be the confinement of the signal to the principal frequency of interest.  The 

PM spectrum shows no replication at the second harmonic at 10 GHz.  3 rd order distortion products 

again surround the ideal signal at 5 GHz.  A second and  third harmonic is evident at the IF with 

suppression of 10 - 20 dB.   

Note that there is no degradation of the amplitude of the IF signal.  The IF signal power is nearly the 

same as the original ideal radar signal and it has a 30 dB higher output than the IM link.  This is in 

clear contrast to the series MZ IM link.   
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The PM IF signal has a signal spectrum that drops 60 dB by 2.5 GHz.   Note that due to the higher 

power of the PM IF signal, after filtering it will show a higher spectral noise floor.   The output of the 

Sagnac loop down convertor after filtering shows one harmonic spur at 2 IF and no other harmonics.  

This signal can therefore take a much higher input power and not display  distortion products that 

would rise above the noise floor. 

In conclusion, simulation would suggest that the Sagnac loop phase modulator architecture can 

outperform an MZ IM series architecture in a receiver.  The reason is suggested to be the lack of  

certain  distortion products present in the MZ IM link, resulting in a higher output power at the IF; the 

ability of the loop to detect lower signal power inputs and the ability of the loop to take in a higher 

power signal than the MZ IM series with much lower distortion.  

This simulation tends to support the principal outlined previously, that the Sagnac loop has superior 

qualities to the MZ IM series architecture, due to the linear mixing of the LO and the RF input signal 

and the superior noise and power qualities of the Sagnac loop.  The Sagnac loop still acts as an 

interferometer to convert to intensity modulation, but has better characteristics in this process.  

Still it is brave to suggest that simulation only provides a certain conclusion and efforts were made to 

set up both a series down conversion and Sagnac loop down conversion for comparison. 
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7.7 THE TEST SETUP  

7.7.1 A SINGLE AND SERIES MZIM LINK 

A test set was constructed to test the proposed system.  All components used were readily available 

COTS components.  Figure 7-10 shows the data sheet for both the intensity and phase modulator from 

Covega.  

 

 

(A) 

 

(B) 

  
                                          NOTE:   
   This figure is included on page 256 of the print copy of  
     the thesis held in the University of Adelaide Library.

  
                                          NOTE:   
   This figure is included on page 256 of the print copy of  
     the thesis held in the University of Adelaide Library.
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(C) 

 

(D) 

FIGURE 7 -10 (A )  PRODUCT SHEET FOR T HE INT ENSITY MO DULATOR (B) PRODUCT SHEET  FOR T HE  

PHASE MODULAT OR (C)  IM DAT A  SHEET  (D) PM DAT A  SHEET  

The phase and intensity modulators were from an identical bandwidth pair made by a single 

manufacturer (Covega).  They had a  of 4 V at DC and a bandwidth of 12 GHz.  The first test 

displayed is that of a single MZIM link using a 100 mW input laser.  The optical power at the source 

was 40 mW or 16 dBm showing a transfer efficiency of 0.4.  The input RF signals in this test were 

generated on high quality Arbitrary Waveform Generators, which had unobservable distortion.  The 

radio frequency input is – 10 dBm and there is a highly sensitive amplifier with 30 dB of gain applied 

post detection.  This amplifier has a larger effect on the noise than the signal, due to the previous loss 

in the optical link and detection.  The noise floor of the system as a result increases to approximately -

60 dBm.  Later results without the amplifier show the noise floor to be closer to -100 dBm.  The 

  
                                          NOTE:   
   This figure is included on page 257 of the print copy of  
     the thesis held in the University of Adelaide Library.

  
                                          NOTE:   
   This figure is included on page 257 of the print copy of  
     the thesis held in the University of Adelaide Library.
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results are displayed in the following figures: Figure 7.11 (A) to (F), showing the increase in frequency 

across the 12 GHz range of the modulators. 

 

(A) 

 

(B) 
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(C) 

 

(D) 
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(E) 

 

(F) 

FIGURE 7 -11 A  SINGLE MZIM LINK SHOW ING T HE HARMONICS AT  LOW  FREQUNCY  (A )  1  GHZ (B)  
DELT A  2 GHZ (C)  G GHZ (D) 4 .5  GHZ PLUS DELT A  AT  9 GHZ (E)  9  GHZ (F)  11 GHZ 
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Figure 7-11 (A) and (B) show the 41 - 45 dB drop to the second harmonic which is repeated in Figure 

C and D.  This replicates the simulation in Figure 7-1 (C) showing the repetitive harmonics.  Figures 7-

11 (E) and (F) show a roll off of 8 dB at 9 and 11 GHz. 

Next a series modulator link was measured with both radio frequency inputs at – 10 dBm. In Figure 7-

12 (A) the inputs displayed are at 1 GHz and 2 GHz.  This shows interestingly a significant drop in 

captured power of the fundamental signals, when two signals are injected simultaneously, which is 

very similar to the observation in the simulation.   To make this clearer both radio frequency signal 

powers were lifted to 0 dBm.    

 

(A) 
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(B) 

 

(C) 
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(D) 

 

(E) 
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(F) 

 

(G) 
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(H) 

 

(I) 

FIGURE 7 -12 A  SERIES MZIM LINK (A )  1  GHZ AND 2 GHZ AT  -10 DBM (B)  1  GHZ AND 2 GHZ AT  0  
DBM (C)  1  GHZ AND 3 GHZ (D) 1  GHZ AND 7 GHZ (E)  1  GHZ AND 7 GHZ DELT A  (F)  1  GHZ AND 9  

GHZ (G) 1  GHZ AND 11  GHZ DELT A  (I)  1  GHZ AND 11  
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Figure 7-12 (B) shows the corresponding rise in the fundamental power by about 10 dB and the 

appearance of the mixed term at 3 GHz which is 15 dB below the fundamental.  This simple result 

supports the conclusion that the MZIM does not efficiently mix the two signals, due to the loss of 

power into spurious distortion signals.  The fundamental signals are a full 30 dB below the single 

MZIM signal. Figure 7-12 (C) continues this observation at a carrier frequency of 3 GHz.   Figure 7-12 

(D) and (E) continue the observation at 7 GHz and Figure 7-12 F and G at 9 GHz and Figure 7-12 H 

and I at 11 GHz. 

It is clear that the MZIM link in series produces a loss of 30 - 35 dB on each fundamental and a 

further 15 – 20 dB loss on the mixed term.  This is a similar result to that suggested by simulation. 
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7.7.2 A SINGLE AND SERIES SAGNAC LOOP PHASE LINK 

Figure 7.13 shows a picture of the test setup.  The non reciprocal bias unit was constructed with a 

free-space test bench.  The laser light was collimated and projected across the test bench through 

stand alone faraday rotators, with a rotating quarter wave plate between.  The bias unit worked 

entirely as expected from the papers published.  The free-space test bench is shown in Figure 7-14.   

 

 

FIGURE 7 -13 T HE OPT ICAL T EST  BENCH SET  UP.  
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FIGURE 7 -14 A  CLOSE UP OF T HE FREE SPACE  T EST  BENCH 

Both single tones and mixed signals were generated.  The inexpensive modulators showed a 

significant roll off towards the 12 GHz output as expected, assuming their  increased with 

frequency.  This is evident in both the intensity and phase modulators.  The same architecture used 

for the simulated demonstrations was repeated in the test.  In front of the laser output, a polarizing 

isolator and a circulator was placed as the first two components in the link, to prevent the reflected 

transmission from damaging the laser.  A diagram of the system is shown in Figure 7-15. 
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(B) 

 

FIGURE 7 -15 (A )  A  DIAGRAM OF T HE ARCHITECTURE OF T HE T EST SET UP.  NO MCFBG W AS USED 
IN T HE LAB SET  UP  AND ONLY ONE ANTENNA SECTION NOT FOUR AS SHOWN.  (B)  A  DIAGRAM OF 

T HE MODIFIED ARCHITECTURE OF T HE T EST SET UP.  NO MCFBG W AS USED IN T HE LAB SET  UP 
AND ONLY  ONE ANT ENNA  SECT ION NOT  FOUR AS SHOW N.   
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7.7.3 TEST RESULTS OF A SAGNAC LOOP DOWN CONVERTER 

In the first test, optical power input was 19 dBm. The PM loss was less than 2 dB each. The optical 

power received after PM mixing was 5 dBm. In the first test setup, two harmonics were mixed at 700 

MHz and 900 MHz.  Figure 7-16 and Figure 7-17 show each harmonic.  The test was limited by the 

extreme distortion from the inexpensive signal generators, evident in the screen shots.  The optical 

mixer itself worked perfectly as intended, showing an output without post amplification with dynamic 

range of 85 dB/Hz.  The mixed signal was 6 dB below the two tone amplitudes, as displayed in Figure 

7-18.  This matches the expected result of the simulation, showing minimal loss in the converted 

signal.  

Figure 7-16 (A) shows the 700 MHz signal on the display of the spectrum analyzer.  There are many 

harmonics displayed.  This signal achieved the highest output, of 100 dB SNR.  This is the signal from 

the phase modulator outside the Sagnac Loop.  Note the amplitude swing on the signal in Figure 7-16 

(C) in multi shot mode which was attributed to polarization decay.  Figure 7-16 (D) displays the signal 

captured in single shot mode.  The signal is very clear, with little noise evident, as predicted in the 

simulations.   Figure 7-16 (B) shows the output directly from the signal generator, showing that the 

major harmonics are products entirely of the signal generator and not the optical modulation.  
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(D) 

FIGURE 7-16  (A ) T HE 700 MHZ T ONE AFTER OPTICAL MODULATION ON T HE SPECTRUM ANALY SER 

DISPLAY  (B) T HE OUTPUT DIRECT LY FROM T HE SIGNAL GENERATOR T O T HE SPECTRUM ANALYSER   
(C)  T HE RECEIVED SIGNAL ON AN AGILENT 1  GHZ DSO IN MULT ISHOT  MODE   (D)   T HE SIGNAL 

CAPT URED IN A  SINGLE  SHOT  W IT H FFT  SUPERIMPOSED 

 

(A) 
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(B) 

 

(C) 

 FIGURE 7 -17 (A ) T HE 900 MHZ T ONE ON T HE SPECTRUM ANALYSER DIPLAY.   (B)  T HE HAMRONICS  

ON T HE SIGNAL GENERA T OR (C)  T HE SIGNAL CAPT URED IN A  SINGLE SHOT  W IT H FFT  
SUPERIMPOSED  

Figure 7-17 (A) shows the 900 MHz signal on the display of the spectrum analyzer.  There are many 

harmonics displayed.  This signal achieved AN 80 dB SNR.  This is the signal from the phase 

modulator INSIDE the Sagnac Loop.  Figure 7-17 (C) displays the signal captured in single shot mode.  
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The signal is very clear, with little noise evident, as predicted in the simulations.   Figure 7-17 (B) 

shows the output directly from the signal generator, showing that the major harmonics are products 

entirely of the signal generator and not the optical modulation. 

 

FIGURE 7 -18 T HE MIXED SIGNALT ONE AT  1600 MHZ ON T HE SPECT RUM ANALY SER.   CAREFUL  

COMPARISON OF T HE HA RMONICS REVEALS T HAT T HE MIXED T ONE DOES NOT SHOW DIST ORTION. 

 

Figure 7-18 displays the 900 MHz and 700 MHz tones with the mixed tone at 1600 MHz.  The mixed 

signal displays 6 dB losses after mixing, which is very reasonable.  It is higher than the second 

harmonic of the tones from the signal analyzer.  It shows the clear resolution of the mixed signal 

against a noise floor of -90 dBm.   

No post amplification was made on the signals displayed in these tests.  With post amplification, 

losses can be reduced to less than 10 dB from the radio frequency input signal.  The resultant noise 

floor however increases to -70 dBm, as predicted in Chapter 2.  This is due to the loss through the 

optical link maximizing the noise generated input into the post amplification amplifier.   

Comparing the harmonics generated by the signal generators alone, it is clear that the mixed product 

evident is that of the 1600 MHz mixed signal.  Other signals that are above the noise floor to any 

extent are attributable to the signal generators. The test demonstrates the technique of mixing is not 

limited by traditional 1:10 ratios of microwave mixers as the two signals themselves were close in 

frequency.  This illustrates the high isolation typified by optical mixing. 
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(A) 

 

(B) 

FIGURE 7 -19 T HE MIXED OUT PUT  SIGNALS OF A  SECOND T EST  (A )  T HE OUT PUT  OF T HE  
ARCHIT ECTURE OF FIGURE 7-15 (A )  (B)  T HE OUT PUT  W HEN BOT H PHASE MO DULAT ORS W ERE 

PLACED INSIDE T HE SA GNAC LOOP.  

 

Figure 7-19 shows the output signals of two tests done with lower frequency signals than in the 

previous example, so that the output frequency was within the bandwidth of the 1 GHz Agilent DSO.  

The output waveform of each mixed link topology was captured on the DSO.  The amplitude variation 

evident was largely reduced by placing both phase modulators in the Sagnac Loop, removing the 

phase modulator at the start of the link. Figure 7-19 (A) displays a clear distortion in the amplitude 

output. Figure 7-19 (B) displays fairly even amplitude in the output of the mixed tone.  The multiple 

harmonics of the signal generators could also play a part in amplitude variation. 
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7.7.4 TWO TONE TEST USING SAGNAC LOOP OUTPUT 

The limitations of this test were significant.  To eliminate the contentious harmonics from the signal 

generator, the set up was moved to an optical laboratory at the Defence Science Technology 

Organisation in Adelaide, Australia.  After the move, there appeared to be some damage to either the 

optical coupler, or one of the phase modulators, as the signal outputs were lower than with the first 

test setup. This may have been due to the extreme conditions in the University laboratory before the 

move, due to the demolition of a nearby building (The Mathematics building at the time).  In 

particular, the coupler showed greater than 10 dB losses, which was unusual.  This may have been 

caused through dust contamination.  Loss through the free space bias unit was still minimized to 3 dB.  

Both phase modulators maintained less than 2 dB loss. 

 

  

FIGURE 7 -20 A  T W O T ONE T EST  SIGNAL W IT H 0 DBM INPUT  

 

The test was a classical two tone test for IMD.  A signal at the global positioning frequency of 1575 

MHz and a 1585 MHz signal were used.  A GPS 30 MHz band pass filter was placed on the output for 

the test, which eliminated all spurious harmonics outside the signal generator. Figure 7-20 shows the 

output from a 0 dBm input of both frequencies.  

Due to the slight optical loss, one phase modulator will always be slightly lower in amplitude.  It can 

be compensated by injecting a slightly higher RF input into the second modulator in the series.  An 

alternative not explored is to place both phase modulators in opposite orientation, such that the 
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forward modulation of each should be in a different direction.  Although the 40 dB RF-RF loss is 

disappointing, it is presumed mostly due to the extra loss measured at the coupler and a lower input 

power of 15.4 dBm.  It is undoubtedly possible to minimize the full loss, by using the techniques 

described in Chapter 2.  Indeed, as both the reflected and transmitted outputs can be detected, the 3 

dB loss of the coupler should be entirely negated, leaving the minimum optical loss to be: 2 dB 

(circulator) + 4 dB (PMs) + 3dB (90o bias).  Ignoring the slope efficiency of the link (see Chapter 2), 

minimum losses of 8-9 dB should be realizable. 

 

 

FIGURE 7 -21 A  T W O T ONE T EST  INPUT  W IT H 4 DBM INPUT  

Figure 7-21 shows the same signals with a 4 dBm input.  The mixing terms at 1565 MHz and 1595 

MHz are evident.  It is expected that if the optical loss through the system is eliminated, or 

compensated, with higher efficiency modulators, that the signal output power would be higher, 

without lifting the distortion terms.  This would create a higher IMD suppression ratio.  The reasoning 

for this is the IMD terms are created by placing the interferometer into compression, not due to the 

linear mixing process.  A gain in output power of each tone will not be translated into larger IMD 

terms.   

To show in principle, the ability to recover low amplitude input signals, the same two signals were 

input at -70 dBm with a 30 dB post amplifier to recover the signal.  Figure 7-22 shows a recovered 

output with less than 13 dB RF-RF loss. 
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FIGURE 7 -22 T HE OUT PUT  FROM A  – 70 DB INPUT  RF SIGNAL W IT H POST  AMPLIFICAT ION.  

To prove the wideband mixing concept, a 1.575 GHz signal was mixed onto an 11 GHz carrier, 

generated by a high quality Vector Wave Generator from Agilent.  The VWG showed no visible 

harmonics to -110 dBm.  Each input was 0 and 10 dBm RF in respectively.  A 30 dB post amplifier was 

used, thus each input signal shows above the -20 dBm reference level.  The mixed IF signals are 

clearly visible.  The power of the mixed signal is disappointing, but is likely to be due to the optical 

coupler.  Figure 7-23 shows the results.  Figure 7.24 shows the mixed signal in a 10 Hz bandwidth.  

This is the upper sideband, which is slightly below the lower sideband, due to the offset amplitudes of 

the input signal. 

Figure 7-25 shows a 5 GHz signal down converted with a 4 GHz LO,  to a 1 GHz IF.  Figure 7-25 

shows the IF in a 10 Hz bandwidth.  Down converting a 12 GHz signal with an 11 GHz LO provided 

exactly the same result, with expected roll off of gain. 

Further testing is required to understand the differences between the power conversion figures 

obtained with the original test set up and the results following the move to DSTO.  It would be 

expected that the mixed signal should exhibit the power conversion loss that occurred for these 

original signals (i.e. about 8 dB).  Unfortunately soon after taking these measurements, one phase 

modulator began to generate harmonic outputs, indicating that either it or the coupler was 

significantly damaged.  This may have been due to the high input optical power, or through physical 

damage to the coupler. 
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FIGURE 7 -23   AN OUT PUT  OF A  DOUBLE SIDEBAND MIXED SIGNAL AT  11 GHZ 

 

FIGURE 7 -24 T HE UPPER SIDEBAND SHOW ING NO SPURS DOW N T O –  110 DBM NOISE FLOOR 
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FIGURE 7 -25 MIXING A  5  GHZ INPUT  RADIO FREQUENCY  SIGNAL W IT H A  4  GHZ “LO”.  

 

 

FIGURE 7 -26 T HE DOW N CONVERT ED 1  GHZ SIGNAL.  
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7.7.5 LINEAR PHASE EXTRACTION 

Twitchell and Helkey [7.17] demonstrated a method to extract linear phase from the output of a 

double balanced modulator. The output of a 90 degree biased Sagnac Loop is the same as a double 

balanced modulator, consisting of two outputs with the signal separated by 180 degrees.  A dynamic 

range of 90 dB (no bandwidth was given) was demonstrated. Combining the phase noise and 

environmental stability of the Sagnac loop configuration, with linear phase extraction maximizes the 

performance benefit of this topology.  The equation for linear extraction of phase is:  

θ= arcsin[(I1-I2)/ (I1+I2)]                            (2.5.6) 

where I is the current extracted from each output (one and two), θis the instantaneous phase.  This 

method will effectively eliminate all non linear distortion from the link as we have already proven that 

the two signals are mixed linearly.  In addition intensity noise (RIN) suppression of 50 dB is exhibited.  

This is more than double the suppression exhibited through balanced detection alone.  Figure 7-27 

shows a repeat of the receive architecture for illustrative purposes, showing how the transmission and 

reflective paths from the loop can be used for balanced detection. 
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FIGURE 7 -27 T HE RECEIVE ARCHIT ECT URE FOR T HE FMCW  RA DAR.    

 

 

7.8 CONCLUSION 

Although significant challenges still exist, the possibility of Sagnac loop phase modulation is a real 

opportunity to move forward in the area of optical architectures for radar.  This thesis has 

demonstrated that an integrated optical phased array and down conversion architecture can be built 

and that it has significant properties that improve existing techniques of optical radio over fibre links.  

Equipment failure limited full and adequate investigation and prevented a proper comparison with 

traditional techniques of optical down conversion. 
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8 SUMMARY 

8.1 THE STATE OF CURRENT RESEARCH 

The results presented demonstrate that the principle of linear mixing is both technically and 

economically possible.  It further proves the favourable power advantages and increased dynamic 

range possible through this implementation.  Unfortunately, the component damage apparently 

limited the clarity of the results.  Further testing, eliminating damaged components would clarify the 

benefits and disadvantages of the current optical link.  Optimally a full transmit and receive 

architecture can be combined and then used to illustrate a full link.   

8.2 FUTURE RESEARCH 

Testing in a single link should provide comparable results of each topology. The construction of an 

inline bias unit will enable better power output figures.  If demonstrated, then the principles outlined 

in Chapter 2.4 can be used to optimize the link performance in gain and noise figure. This includes 

balanced detection and high power sources.  In cost terms this is a further expense.  Detailed 

measurements of SFDR and NF will be of importance in assessing the link potential.  Addition of the 

fibre Bragg grating at this point should demonstrate the beamformer capability; at the same time 

measuring the effect of the beam former upon noise and SFDR, including settling time will provide 

valuable data  

Further testing can involve investigation of the potential sensitivity of the Sagnac loop structure to 

vibration and rotation, before serious deployment on any real platform.  Concurrently, use of an 

evaluation board DDS can be employed to develop the FMCW waveform required for the link.  

A high quality laser driver from Sacher-Laser has been purchased and this can be used to further 

testing in a single link.  This was used in the added test of the MZIM modulators in single and series 

topology. Implementing the transmit IF OSSB signal requires a dual input MZIM, and this is not 

expensive.  At most another 3 dB coupler may be needed or an extra phase modulator.  

Future research on antennas and antenna apertures could lead to the  development of new forms of 

radar with wideband frequency agile characteristics.  In particular an extremely wide band array may 

be possible. 

8.3 CRITIQUE 

The study of this area was of great challenge and gave me personally a great pleasure and thrill.  

Developing cutting edge technology, even with entirely limited resources of human and technical 

areas is exciting. 

The areas of greatest importance in the study are: 

The development of linear mixing in the Sagnac interferometer. 

The development of wideband Vivaldi antennas, suitable for deployment in linear or dual linear arrays. 

The theoretical concepts developed to overcome limitations of the array spacing.   

There are many features of the research I would like to change which may form important beacons 

for future research.   Given the scope of the research, it is clear that the project will benefit in future 

from concentrating on a single point and proving this point beyond doubt.  The research can continue 

with adequate back up of technical data for each of the primary principles.  This work would never 
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have begun if the author seriously considered all the impediments to attempt it and indeed doing so 

would have been a backward step.  Future research though would benefit from have a methodical 

consistent approach to build and measure each system component in parallel or consecutively. 

I would have desired more people involved in the research. I did try to get undergraduate university 

students involved, but due to many commitments, I was unable to progress.  It would be great to be 

more involved in this aspect in the future. 

It is clear that the scope of the research was large, both an advantage and a hindrance.  A large 

perspective allowed me to grasp the breadth of the undertaking and to develop a number of ideas to 

solve the technical issues.  At the same time I was too ambitious in attempting to develop a wideband 

transimpedance amplifier in parallel with this study.  It became a frustrating exercise, as I didn‟t have 

time to properly resource the activity.  As a result I have a number of simulations, but no working 

part. 

At times I became overwhelmed with the amount I was trying to do.  This led to feeling inadequate 

and under resourced and did nothing to improve my self confidence.  In future I would like to 

continue with this research, but to limit the scope and focus more singly upon an area to achieve 

good results. 

8.4 CONCLUSION 

It is possible to design an FMCW radar for ultra light UAV with up to 30km detection range.  The 

project is an ambitious project and other universities have achieved similar results, with much greater 

budgets and human resources.  Theoretically the concepts of the project have been proven, given 

limitations in deployment, which are probably surmountable.   

Further to this, it is possible to develop truly ultra broadband optical systems as components continue 

to improve, using simple principles outlined in this study.  The techniques which are presented here 

use sound radio frequency principles, which concentrate upon maximizing the potential of optical links 

in the radio frequency domain.  This does not preclude the development of new optical techniques, 

which may eventually surpass this technology, but it does enable cost effective deployment of optical 

systems today.  The development of optical systems has been largely spurred by commercial optical 

fibre transmission links for digital data.  The huge bandwidth of optical links and their guaranteed 

immunity to interference mean that further developments of components used today will definitely 

occur.  As this link is based upon components available and deployable today, as these components 

improve, so will the technical implementation of this optical link  
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   This appendix is included on pages Appendix 2 - Appendix 11 of the   
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LIST OF ACRONYMS  

ACRONYM MEANING 

A  

ADC  ANALOGUE TO DIGITAL CONVERSION 

AEW  AIRBORNE EARLY WARNING 

AEW&C  AIRBORNE EARLY WARNING AND CONTROL 

AM  AMPLITUDE MODULATION 

AR  ASPECT RATIO 

B  

FBG  BRAGG FIBRE GRATING 

BPSK  BINARY PHASE SHIFT MODULATION 

C  

CNR  CARRIER TO NOISE RATIO 

COTS  COMMERCIAL OFF THE  SHELF 

CSO  CARRIER TO SECOND ORDER DISTORTION 

CTB  CARRIER TO THIRD ORDER DISTORTION 

D  

DDS  DIRECT DIGITAL SYNTHESIZER 

DFB  DISTRIBUTED  FEEDBACK  LASER 

DSB-SC  DOUBLE SIDEBAND SUPPRESSED CARRIER 
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DSO  DIGITAL  SAMPLING  OSCILLATOR 

DSP  DIGITAL  SIGNAL PROCESSING 

DWDM  DENSE WAVELENGTH DIVISION MULTIPLEXER 

E  

EDFA  ERBIUM DOPED FIBRE AMPLIFIER 

EO  ELECTRICAL  TO  OPTICAL CONVERSION 

ES  ELECTRONIC SUPPORT 

ESA  ELECTRONICALLY  STEERABLE  ARRAY 

EVM  ERROR VECTOR MAGNITUDE 

F  

FFT  FAST FOURIER TRANSFORM 

FIR  FINITE  IMPULSE RESPONSE 

FM  FREQUENCY MODULATION 

FMCW  FREQUENCY MODULATION CONTINUOUS 

WAVELENGTH 

FPGA  FIELD PROGRAMMABLE GATE ARRAY 

G  

GMSK  GAUSSIAN MINIMUM SHIFT KEY 

GPS GLOBAL POSITIONING SYSTEM 

I  

IC  INTEGRATED  CIRCUIT 
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IF  INTERMEDIATE FREQUENCY 

IIP3  INPUT THIRD ORDER INTERCEPT 

IMD  INTERMODULATION DISTORTION 

IQ  IN PHASE  AND QUADRATURE 

ITU  INTERNATIONAL TELECOMMUNICATION UNION 

L  

LO  LOCAL OSCILLATOR 

LPI  LOW  PROBABILITY OF INTERCEPT 

M  

MATB  MAXIMUM TRANSMISSION BIAS 

MCFBG  MULTICHANNEL  BRAGG FIBRE GRATING 

MTB  MINIMUM   TRANSMISSION BIAS 

MTI  MOVING  TARGET INDICATOR 

MZIM  MACH ZEHNDER  INTENSITY MODULATOR 

N  

NF NOISE FIGURE 

O  

OE  OPTICAL  TO ELECTRICAL CONVERSION 

OFT  OPTICAL FOURIER TRANSFORM 

OIP3  OUTPUT THIRD ORDER INTERCEPT POINT 
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OMD  OPTICAL MODULATION DEPTH 

OSSB  OPTICAL SINGLE SIDEBAND  

P  

PLL  PHASE LOCKED LOOP 

PM  PHASE MODULATION 

PSH  PSEUDO  HETERODYNE 

Q  

QAM  QUADRATURE AMPLITUDE MODULATION 

QPSK  QUADRATURE PHASE SHIFT KEY 

R  

RCS  RADAR CROSS SECTION 

RF  RADIO  FREQUENCY  

RIN RELATIVE INTENSITY  NOISE 

ROF  RADIO  OVER  FIBRE 

S  

S11  REFLECTION  COEFFICIENT 

SCM  SUB-CARRIER MODULATION 

SPM  SELF PHASE MODULATION 

SSB  SINGLE SIDEBAND 

SSB-SC  SINGLE SIDEBAND- SUPPRESSED CARRIER 
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T  

TEM  TRANSVERSE ELECTRICAL MODE 

TTD  TRUE TIME DELAY 

U  

UAV  UNMANNED AERIAL VEHICLE 

UWB  ULTRA WIDE BAND 

V  

 VSCEL VERTICAL SURFACE CAVITY EMITTING LASER 

W  

WDM  WAVELENGTH DIVISION MULTIPLEXING 

WiMax  WIRELESS MAXIMUM 

X  

XPM CROSS PHASE MODULATION 
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