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L IST OF A BBREVIATION  

ADS Advance Design System Software 
AUC Area Under the Curve 
BW Bandwidth 
##2Ó Cylindrical Cavity Resonators 
CF Central Frequency 
COMSOL Software for Multiphysics Simulation  
CT Computed Tomography 
DI_W Deionized Water 
DRS Diffuse Reflectance Spectroscopy 
ELSS Elastic Light Scattering Spectroscopy 
ELSSS Elastic Light Single-Scattering Spectroscopy 
FNAB Fine Needle Aspiration Biopsy 
FS Fluorescence Spectroscopy 
FWHM  Full Width at Half Maximum  
IR Infrared 
LabVIEW Laboratory Virtual Instrument Engineering Workbench  
LED Light Emitting Diode  
M Molarity  
MATLAB Matrix Laboratory  
-54 Material Under Test 
NA Numerical Aperture 
NaCl Sodium Chloride 
NADH  Nicotinamide Adenine Dinucleotide   
nm Nanometre 
NPV Negative Predictive Value 
OH Hydroxyl  
PDF Probability Density Function  
ppt Part Per Thousand  
PPV Positive Predictive Value 
PS Polystyrene Spheres in Suspension 
PTFE Polytetrafluoroethylene 
Q factor Quality Factor 
RS Raman Spectroscopy 
S11 Reflection 
S21 Insertion Loss 
SE Standard Error 
SPC Silver Plated Copper 
SPCW Silver Plated Copper Clad Steel 
SPCW Silver-Plated Copper Wire 
TE Transverse Electric 
TG Tungsten Halogen 
TM Transverse Magnetic 
US Ultrasound 
UV Ultraviolet  
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VNA Vector Network Analyser 
VNA Vector Network Analyzer 

Symbols  

 Ⱨ╪ Absorption coefficient  
q╪ Acceptance angle 

 Real part 
 Imaginary part 

ἶ  Ambient refractive index 
═▼ Actual cross-section 
╡l╫▌ Background spectrum 

╡l╬ Spectrum of spectralon 
╡l▼ Suspension of monodisperse polystyrene microspheres 
▪□ Refractive index of the medium 
▪▼ Surrounding medium 
Ⱡ╪░► Real permittivity of the air  
Ⱡ▄██ Effective permittivity  

Ⱡ◌ Real permittivity of water  
Ⱨᴂ▼ Scattering function 
Ⱨ▼   Scattering coefficient 
ⱬ▼ Density of the scattering particles 
Ɑ▼ Scattering cross-section 

 Relative permittivity  

P (q,j) Scattering function 

╟ ╬▫▼q Scattering phase function 
ⱠЊ  Extrapolated high-frequency permittivity  
Ⱡ  Low-frequency permittivity  
Ⱳ Relaxation time 

 



 
VIII  

 

TABLE  OF CONTENTS  

DEDICATION ......................................................................................................... I 

ACKNOWLEDGEMENT .......................................................................................... II 

ABSTRACT ........................................................................................................... V 

LIST OF ABBREVIATION ....................................................................................... VI 

TABLE OF CONTENTS ......................................................................................... VIII 

LIST OF FIGURES ................................................................................................ XII 

LIST OF TABLES ............................................................................................... XXIV 

1 INTRODUCTION AND THESIS OVERVIEW ............................................................ 1 

 Background of Clinical Problem ........................................................................ 1 

 Optical and Microwave non-destructive techniques .......................................... 2 

 Aim and objectives .......................................................................................... 2 

 Hypothesis ...................................................................................................... 3 

 Tumour Biology ............................................................................................... 3 

 Normal Tissues ........................................................................................................... 3 

 Benign and Malignant Tumour ................................................................................... 4 

 Thesis Scope .................................................................................................... 7 

 Thesis Overview............................................................................................... 8 
 Original Contributions ................................................................................................ 8 

 Presentations .................................................................................................. 9 

2 DIAGNOSTIC TECHNIQUES ............................................................................... 10 

 Optical Diagnostic Technologies ..................................................................... 10 
 Diffuse Reflectance Spectroscopy (DRS) .................................................................. 10 
 Fluorescence Spectroscopy (FS) ............................................................................... 13 
 Raman Spectroscopy (RS) ......................................................................................... 14 
 Elastic Light Scattering Spectroscopy (ELSS) ............................................................ 16 

 Microwave Techniques .................................................................................. 29 
 Resonant Techniques ............................................................................................... 30 
 Non-Resonant Methods ........................................................................................... 31 

 Other Technique for Cancer Diagnosis ............................................................ 36 

 Chapter Summary .......................................................................................... 36 

3 ELSS OPTICAL DETECTION ................................................................................ 37 

 Transportation of Light in Tissue .................................................................... 37 
 Optical Properties of Biological Tissues.................................................................... 37 

 Scattering ...................................................................................................... 40 



 
IX  

 

 Elastic Light Scattering Spectroscopy (ELSS) Principle ...................................... 42 

 Mathematical Model ..................................................................................... 43 
 Definition and Objective .......................................................................................... 43 
 Equations of the Mathematical Model .................................................................... 44 
 Effect of Some Parameters on the Mathematical Model......................................... 46 

 Chapter Summary .......................................................................................... 52 

4 FABRICATION AND EXPERIMENTAL RESULTS FOR THE OPTICAL PROBE ............ 54 

 Geometrical Design and Fabrication ............................................................... 54 
 Selecting the Optical Fibre ....................................................................................... 54 
 Fabrication and Geometrical Design ........................................................................ 55 

 Tissue Phantom Preparation .......................................................................... 57 
 Optical tissue phantom ............................................................................................ 57 

 Analysing Data ............................................................................................... 58 

 Instruments ................................................................................................... 58 

 Configuration Types ....................................................................................... 59 

 Experimental Results ..................................................................................... 60 
 Effect of the Particle Size (Tissue Phantom Polystyrene Spheres in DI-W) .............. 60 
 Effect of the Dimension of the Core Diameter and the Separation between Fibre 

Optics on the Measurements of no- Absorbing Tissue Phantoms. Polystyrene in DI- W ......... 62 
 Conclusion for of the Particle Size (Tissue Phantom Polystyrene Spheres in DI-W) of 

the first conf .............................................................................................................................. 64 

 Light Source, Light-Emitting Diode (LED) ......................................................... 64 

 Spliced Fibre Configuration ............................................................................ 65 
 Conclusion for Spliced Fibre Configuration .............................................................. 68 

 Chapter Summary .......................................................................................... 68 

5 Microwave Theory, Theoretical Calculation and Simulation Work .................... 69 

 Introduction .................................................................................................. 69 

 Interaction between Different Materials and an Alternating Electric Field ....... 70 

 The Debye Model for Water ........................................................................... 73 

 Effective Permittivity (Ⱡ▄██) .......................................................................... 76 

 Theoretical Measurements of the Effective Permittivity of Polystyrene Spheres 

in a Water Host ....................................................................................................... 77 

 Experimental Works for Non- Resonant Method ............................................. 79 

 Comparison between Theoretical and Experimental Work .............................. 82 

 Method Selection in Our Measurements ........................................................ 82 

 Resonant Coaxial Probe ................................................................................. 83 
 Introduction ............................................................................................................. 83 
 Theory of Coaxial Cable ............................................................................................ 83 
 Electromagnetic Resonators .................................................................................... 94 



 
X 

 

 Simulation of Novel ΨǘŜŜΩ {ǘǊǳŎǘǳǊŜ ŀƴŘ /ŀǇŀŎƛǘƛǾŜ /ƻǳǇƭƛƴƎΦ .......................... 97 
 Design Setup ............................................................................................................. 99 

 The Effect of Circuit Parameters on the Bandwidth (BW), Q Factor and S21 ...... 99 
 Effect of Symmetry in the Coupling Capacitances.................................................. 100 
 Effect of Asymmetry in the Coupling Capacitances ............................................... 102 
 Effect of Coaxial Cable Length on the Bandwidth, Central Frequency, Quality Factor, 

and Insertion loss .................................................................................................................... 106 
 Sample Effect.......................................................................................................... 108 

 Resonance Skew .......................................................................................... 111 
 Resonance Skew and Correction ............................................................................ 115 

 Experiment of De-Skew ................................................................................ 117 

 Chapter Summary ........................................................................................ 120 

6 MICROWAVE CAVITY TECHNIQUE .................................................................. 122 

 Introduction ................................................................................................ 122 

 Basic Principle of the Cavity Resonator ......................................................... 122 

 Cavity Perturbation Theory .......................................................................... 123 

 Experimental Measurements Using Cylindrical Cavity Resonators ................. 125 
 Introduction ........................................................................................................... 125 

 Sample Preparation, Correction Solutions and Measurements ...................... 126 
 Measurements on Commercially Obtained Saline ................................................. 126 
 Detection Limits and Sample Classification ............................................................ 137 
 Measurements of Lab Prepared Saline Dilutions ................................................... 142 

 Comparison between Preparation Types ...................................................... 149 

 Converting the Microwave Parameters to the Permittivity ............................ 151 
 Introduction ........................................................................................................... 151 
 Methodology .......................................................................................................... 152 
 Results .................................................................................................................... 152 

 Enhanced Exponential Correction ................................................................. 153 

 Polystyrene Results by Using the Eppendorf Tube Sample ............................. 155 
 Conclusion for Polystyrene Results by Using the Eppendorf Tube Sample ............ 161 

 Results by Using Thin and Long Eppendorf Tube Sample. .............................. 161 
 Results for Saline Samples ...................................................................................... 161 
 Comparison between Our Experimental Work and Earlier Publications for the Saline

 164 
 Polystyrene Results Using Thin and Long Eppendorf Tube Sample ....................... 165 
 Conclusion for Saline and Polystyrene Results Using Thin and Long Eppendorf Tube 

Sample 168 
 Comparison between the Permittivity of the Experimental and the Theoretical (the 

Effective Permittivity) Work for the Polystyrene .................................................................... 169 

 Chapter Summary ........................................................................................ 170 

7 RESONANT COAXIAL PROBE .......................................................................... 172 

 Introduction ................................................................................................ 172 



 
XI  

 

 Methodology ............................................................................................... 173 
 Results of Coaxial Resonator (first set of frequencies)........................................... 173 
 A second Set frequencies detection ....................................................................... 179 

 Coaxial Cable and Polystyrene Experiments .................................................. 190 
 Microwave Measurements at 2 ȋm Polystyrene Spheres in Suspension .............. 190 
 Microwave Measurements at 0.8 ȋm Polystyrene Spheres in Suspension ........... 204 
 Microwave Measurements at 0.413 ˃m of Polystyrene Spheres in Suspension ... 210 
 Discussion of Polystyrene Spheres in Suspension .................................................. 210 

 Chapter Summary ........................................................................................ 212 

8 OVERCOMING CHALLENGES AND A NOVEL TECHNIQUE FOR SIMULTANEOUSLY 

DETECTING MICROWAVE AND ELSS SIGNALS .................................................... 214 

 Introduction ................................................................................................ 214 

 Overcoming the Corrosion of the Probe ........................................................ 214 
 ¢ƘŜ Ψ/ǊƛƳǇ /ǳǘΩ tǊƻǘǊǳŘƛƴƎ tǊƻōŜ .......................................................................... 214 
 Gold (Au) Coating of the Internal Conductor (flat shape) ...................................... 229 
 Silver Plated Copper (SPC) of Centre Conductor Coax Cable ................................. 233 
 Discussion for the Overcoming the Corrosion of the Probe ................................... 237 

 A Combined Microwave / Optical spectroscopy system ................................ 238 
 A combined BW Microwave/ Optical results at 2 m˃ of PS ................................... 240 
 A combined BW Microwave/ Optical results at 0.8 ˃m of PS ................................ 244 
 A combined BW Microwave/ Optical results at 0.413 m˃ of PS ............................ 246 
 Discussion for the Combined System ..................................................................... 247 

 Chapter Summary ........................................................................................ 250 

9 CONCLUSIONS AND FUTURE WORK ............................................................... 252 

 Chapter Conclusions .................................................................................... 252 

 Future Work ................................................................................................ 256 

APPENDICES .................................................................................................... 258 

APPENDIX (A)  MATHEMATICAL MODEL FOR GEOMETRICAL PROBE 

CHARACTERISATION ........................................................................................ 258 

APPENDIX (B)  DE-SKEWED RESONANCE ........................................................... 262 

APPENDIX (C)  ENHANCED EXPONENTIAL CORRECTION .................................... 264 

APPENDIX (D)  RESONANT COAXIAL PROBE RESULTS ........................................ 266 

REFERENCES .................................................................................................... 279 

 



 
XII  

 

LIST OF FIGURES  

FIGURE 1-1: COMPARISON OF A BENIGN AND A MALIGNANT TUMOUR OF THE THYROID [14]. .................................... 5 
FIGURE 1-2: FOLLICULAR ADENOMA. THE HISTOLOGIC APPEARANCE OF THE THYROID GLAND'S BENIGN TUMOUR CELLS 

SHOWS TUMOUR CELLS THAT ARE MONOMORPHIC IN SHAPE AND COLOUR [16]............................................ 5 
FIGURE 1-3: MICROSCOPIC APPEARANCE OF A PAPILLARY ADENOCARCINOMA OF THE THYROID. THE FRONDS OF TISSUE 

HAVE THIN FIBROVASCULAR CORES [17]. .............................................................................................. 6 
FIGURE 1-4: MICROSCOPIC APPEARANCE IN A SAMPLE OF THE HOBNAIL VARIANT OF PAPILLARY THYROID CARCINOMA, 

TUMOUR CELLS HAVE NUCLEI LOCATED TOWARD THE MIDDLE OR APICAL PORTION OF THE CELL, PRODUCING A 

SURFACE BULGE IMPARTING THE SO-CALLED άHOBNAILέ APPEARANCE (ARROWS). OCCASIONALLY, THE CELLS CAN 

APPEAR TALL AND COLUMNAR. NOTE THE AMPLE, EOSINOPHILIC, AND SLIGHTLY GRANULAR CYTOPLASM, WHICH IS 

REMINISCENT OF ONCOCYTIC CELLS (H&E STAIN, ORIGINAL MAGNIFICATION 360) [19]. ................................ 6 
FIGURE 2-1: DIFFUSE REFLECTANCE SPECTROSCOPY SET UP [31]. ....................................................................... 11 
FIGURE 2-2: FLUORESCENCE SPECTROSCOPY SETUP [45]. ................................................................................. 13 
FIGURE 2-3: RAMAN SPECTROSCOPY SET UP .................................................................................................. 15 
FIGURE 2-4: ELSS SETUP [20]. ................................................................................................................... 17 
FIGURE 2-5: TM010 CAVITY IS COMMONLY USED FOR PERTURBATION MEASUREMENTS OF UP TO 10 GHZ [96]. ....... 30 
FIGURE 2-6: (A) THE REFLECTION SCHEME OF THE SIGNAL; (B) ILLUSTRATION OF THE APPARATUS USED FOR MICROWAVE 

PROBE LIQUID MEASUREMENTS [101]. ............................................................................................... 32 
FIGURE 2-7: (A) TRANSMISSION LINE METHOD; WAVEGUIDE AND COAXIAL LINE CASE; (B) A PRACTICAL EXAMPLE OF THE 

TRANSMISSION LINE ( WAVEGUIDE) SETUP FOR MICROWAVE MEASUREMENTS UNDER TEMPERATURE CONTROL 

[103, 104]. ................................................................................................................................. 33 
FIGURE 2-8: FREE SPACE SETUP [105] .......................................................................................................... 34 
FIGURE 3-1: INTERACTION OF LIGHT INCIDENT WITH THE TISSUE. ........................................................................ 37 
FIGURE 3-2: ANISOTROPY IN SCATTERING. ..................................................................................................... 39 
FIGURE 3-3: OPTICAL PROPERTIES (‘ί, Ὣ AND ‘ᴂί) OF THREE PARTICLE SIZES OF PS, 2, 0.8 AND 0.4 ɾa. ................ 39 
FIGURE 3-4: EFFECT OF THE PARTICLE SIZE ON THE SCATTERING TYPES. ................................................................ 41 
FIGURE 3-5: SCHEMATIC SET UP OF THE ELSS ................................................................................................ 43 
FIGURE 3-6: SCHEMATIC DIAGRAM ILLUSTRATING THE OVERLAP BETWEEN THE EMISSION CONES OF BOTH FIBRES GIVING 

RISE TO THE SENSING VOLUME AND THE FIBRE SEPARATION DS. ............................................................... 44 
FIGURE 3-7: SCHEMATIC DIAGRAM ILLUSTRATING THE POSITION-DEPENDENT FWHM,s AS A FUNCTION OF DISTANCE 

FROM THE FIBRE FACE. .................................................................................................................... 45 
FIGURE 3-8: THE EFFECT OF CORE DIAMETER AND THE ACCEPTANCE ANGLE qὥ !b5 ɸ L{ ¢I9 /wL¢L/![ !bD[9 Chw ¢I9 

TOTAL INTERNAL REFLECTION. ........................................................................................................... 45 
FIGURE 3-9: THE INTENSITY PROFILE FOR THE DIFFERENT NUMBER OF SIGMA (N-s). .............................................. 46 
FIGURE 3-10: THE ACCEPTANCE ANGLE AND THE INCIDENT RAY .......................................................................... 47 
FIGURE 3-11: THE EFFECT OF ACCEPTANCE ANGLE ON THE SCATTERING INTENSITY ................................................. 48 
FIGURE 3-12: THE EFFECT OF THE SCATTER ON THE SCATTERING INTENSITY .......................................................... 48 
FIGURE 3-13: THE EFFECT OF THE SEPARATION ON THE SCATTERING INTENSITY ..................................................... 49 
FIGURE 3-14: THE EFFECT OF THE DIAMETER ON THE SCATTERING INTENSITY ........................................................ 50 
FIGURE 3-15: 3-D INTENSITY PROFILES FOR DIFFERENT DISTANCES FROM THE FIBRE FACES. (LAMBERTIAN EMITTER 

MODEL.), Z ................................................................................................................................... 51 
FIGURE 3-16: COUPLING INTENSITY AS A FUNCTION OF THE DISTANCE BETWEEN THE FIBRES FOR TWO DIFFERENT 

ACCEPTANCE ANGLES (15 AND 25 DEGREES). (LAMBERTIAN EMITTER MODEL.). ......................................... 52 
FIGURE 4-1: FABRICATION STEPS 1-GLUING TWO FIBRE OPTICS AFTER ADJACENT BOTH OF THEM.2- GLUE AND HOUSE THE 

ADJACENT FIBRES IN A RIGID STAINLESS STEEL NEEDLE.3- DRYING ALL GLUING PARTS.4- FIX AND SEPARATE TWO 

FIBRES, ONE AS A SOURCE AND THE SECOND AS A RECEIVER. .................................................................... 56 
FIGURE 4-2: POLISHING STEPS FOR THE SMA905 FIBRE CONNECTORS.1-HANG THE CONNECTOR IN A SAFE SPOT AFTER 

INSERTING FIBRE INTO EPOXIED CONNECTOR.2- PROTRUDE FIBRE TO MAKE READY FOR POLISHING. 3- FIBRE AFTER 

POLISHING. ................................................................................................................................... 56 
FIGURE 4-3: THE DESIGN OF THE OPTICAL PROBE ............................................................................................ 56 



 
XIII  

 

FIGURE 4-4: THE PHYSICAL OPTICAL PROBE .................................................................................................... 57 
FIGURE 4-5: POLYSTYRENE PREPARATION ...................................................................................................... 58 
FIGURE 4-6: SET UP OF THE EXPERIMENT ....................................................................................................... 59 
FIGURE 4-7: SCHEMATIC DIAGRAM OF THE FIRST SET-UP................................................................................... 59 
FIGURE 4-8: THE DIAGRAM OF THE SECOND SET-UP ......................................................................................... 60 
FIGURE 4-9: COMPARISON BETWEEN THREE PARTICLE SIZES AT 0.625 % PS CONCENTRATION BY USING AN OPTICAL 

PROBE WITH 100 µM, EACH PARTICLE SIZE WITH A DIFFERENT SIGNATURE. ................................................ 61 
FIGURE 4-10: DERIVATIVES OF THE SPECTRA IN FIGURE 4.9 ............................................................................... 61 
FIGURE 4-11: PARTICLE DIAMETER AS A FUNCTION OF THE TOTAL NUMBER OF MAXIMA AND MINIMA OF THE ELASTIC 

SCATTER SPECTRUM DERIVATIVES BETWEEN 450 AND 800 NM. .............................................................. 62 
FIGURE 4-12: COMPARING THE CORE DIAMETER 100 AND 200 µM FOR THREE PARTICLES 2, 0.8 AND 0.413(A, B AND C) 

MICRON WITH CONCENTRATION (2.5%) STOCK PS CONCENTRATION. ....................................................... 63 
FIGURE 4-13: THE SPECTRUM FOR THREE PARTICLES 2, 0.8 AND 0.413 µM (A, B AND C) WITH VARIOUS 

CONCENTRATIONS 2.5%, 1.25% AND 0.625% PS CONCENTRATION, RESPECTIVELY, BY USING THE PROBE OF 

100 µM CORE DIAMETER ................................................................................................................. 64 
FIGURE 4-14: COMPARING TG AND LED THREE PARTICLESΩ SIZES 2, 0.8 AND 0.413 µM (A, B AND C) AT 2.5 % PS 

CONCENTRATION WITH 200 µM CORE DIAMETER. ................................................................................. 65 
FIGURE 4-15: COMPARISON BETWEEN THE FIRST (PROBE 1 WITH 200 FOR THE TWO IDENTICAL CORE DIAMETER) AND A 

SECOND CONFIGURATION SET UP FOR THREE PARTICLES SIZES 2, 0.8 AND 0.413 µM (A, B AND C) AT 2.5 % PS 

CONCENTRATION............................................................................................................................ 66 
FIGURE 4-16: COMPARISON BETWEEN THE FIRST (PROBE 1 WITH 200 FOR THE TWO IDENTICAL CORE DIAMETER) AND A 

SECOND CONFIGURATION SET UP FOR THREE PARTICLES SIZES 2, 0.8 AND 0.413 µM (A, B AND C) AT 1.25 % PS 

CONCENTRATION............................................................................................................................ 66 
FIGURE 4-17: COMPARISON BETWEEN THE FIRST (PROBE 1 WITH 200 FOR THE TWO IDENTICAL CORE DIAMETER) AND A 

SECOND CONFIGURATION SET UP FOR THREE PARTICLES SIZES 2, 0.8 AND 0.413 µM (A, B AND C) AT 0.625 % PS 

CONCENTRATION............................................................................................................................ 67 
FIGURE 4-18: A NUMBER OF MAXIMA AND MINIMA AMONG THREE DIFFERENT DESIGNS. ........................................ 67 
FIGURE 5-1: ELECTRIC FIELD BETWEEN OPPOSITELY CHARGED PLATES. ................................................................. 70 
FIGURE 5-2: WATER MOLECULE DIPOLES RANDOMLY ORIENTATED IN THE ABSENCE OF AN APPLIED ELECTRIC FIELD. ...... 70 
FIGURE 5-3: POLARISED (ALIGNED) WATER DIPOLES OPPOSING THE APPLIED ELECTRIC FIELD. ................................... 71 
FIGURE 5-4: CORRECTED LOW FREQUENCY PERMITTIVITY e(0) WITH THE RANGE OF THE TEMPERATURE (15 TO 35) C°. 74 
FIGURE 5-5: CORRECTED EXTRAPOLATED HIGH-FREQUENCY PERMITTIVITY e(¤) WITH THE RANGE OF THE TEMPERATURE 

(15 TO 35) C°. .............................................................................................................................. 74 
FIGURE 5-6: CORRECTED RELAXATION TIME t WITH THE RANGE OF THE TEMPERATURE (15 TO 35) C°. ...................... 75 
FIGURE 5-7: MATHEMATICAL DEBYE MODEL FROM OUR WORK, PERMITTIVITY REAL AND IMAGINARY WITH THE RANGE OF 

FREQUENCY (1E8-1E12) HZ AT RANGE TEMPERATURE (15 TO 35) C°. .................................................... 75 
FIGURE 5-8: OUR CALCULATOR LABORATORY FOR MEASURING THE REAL AND IMAGINARY PERMITTIVITY FOR SPECIFIC 

FREQUENCY AND TEMPERATURE. ....................................................................................................... 75 
FIGURE 5-9: MAGNITUDE COMPLEX EFFECTIVE PERMITTIVITY FOR DI-W AND DIFFERENT CONCENTRATION OF SUSPENSION 

POLYSTYRENE (2.5%, 2.25%, 2%, 1.75%, 1.5% AND 1.25%) AT FREQUENCY RANGE (0.1 TO 3) GHZ. ....... 78 
FIGURE 5-10: TANGENT d FOR DI-W AND DIFFERENT CONCENTRATION OF SUSPENSION POLYSTYRENE (2.5%, 2.25%, 

2%, 1.75%, 1.5% AND 1.25%) AT FREQUENCY RANGE (0.1 TO 3) GHZ. ................................................ 78 
FIGURE 5-11: EFFECTIVE REAL PERMITTIVITY FOR DI-W AND DIFFERENT CONCENTRATION OF SUSPENSION POLYSTYRENE 

(2.5%, 2.25%, 2%, 1.75%, 1.5% AND 1.25%) AT FREQUENCY RANGE (0.1 TO 3) GHZ. .......................... 79 
FIGURE 5-12: EFFECTIVE IMAGINARY PERMITTIVITY FOR DI-W AND DIFFERENT CONCENTRATION OF SUSPENSION 

POLYSTYRENE (2.5%, 2.25%, 2%, 1.75%, 1.5% AND 1.25%) AT FREQUENCY RANGE (0.1 TO 3) GHZ. ....... 79 
FIGURE 5-13: THE REFLECTION S11 AS A FUNCTION TO THE RANGE OF THE FREQUENCY (0.1 TO 3) GHZ FOR THE DI-W 

(CALIBRATION CURVE) AND THE CONCENTRATIONS RANGE (2.5% TO 1.25%) AT 0.413 ɾa t!w¢L/[9 {L½9. .... 80 
FIGURE 5-14: THE REFLECTION S11 AS A FUNCTION TO THE RANGE OF THE FREQUENCY (100 TO 200) MHZ FOR THE DI-

W (CALIBRATION CURVE) AND THE CONCENTRATIONS RANGE (2.5% TO 1.25%) AT 0.413 ɾa t!w¢L/[9 {L½9. 81 
FIGURE 5-15: THE REFLECTION S11 AS A FUNCTION TO THE RANGE OF THE FREQUENCY (100 TO 200) MHZ FOR THE DI-

W (CALIBRATION CURVE) AND THE CONCENTRATIONS RANGE (2.5% TO 1.25%) AT 0.8 ɾa t!w¢L/[9 {L½9. .... 81 

file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301858
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301859
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301860
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301861
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301862
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301862
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301863
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301864
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301864
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301865
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301865
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301866
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301866
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301867
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301867
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301868
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301868
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301869
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301869
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301870
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301870
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301871
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301871
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301872
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301872


 
XIV  

 

FIGURE 5-16: THE REFLECTION S11 AS A FUNCTION TO THE RANGE OF THE FREQUENCY (100 TO 200) MHZ FOR THE DI-

W (CALIBRATION CURVE) AND THE CONCENTRATIONS RANGE (2.5% TO 1.25%) AT 2 ɾa t!w¢L/[9 {L½9. ....... 81 
FIGURE 5-17: THE COMPARISON BETWEEN THE THEORETICAL CALCULATION AND THE EXPERIMENTAL RESULTS FOR NON- 

RESONANT METHOD AT FREQUENCY RANGE 100 TO 200 MHZ FOR THE DI-W AND THE CONCENTRATIONS RANGE 

2.5% TO 1.25%. .......................................................................................................................... 82 
FIGURE 5-18: LINE TRANSMISSION MODEL..................................................................................................... 84 
FIGURE 5-19: LOSS TRANSMISSION MODEL. ................................................................................................... 84 
FIGURE 5-20: LOSING FEATURES. ................................................................................................................. 86 
FIGURE 5-21: SERIES RLC RESONATOR CIRCUIT. ............................................................................................. 87 
FIGURE 5-22: INPUT IMPEDANCE VERSUS FREQUENCY OF THE SERIOUS RESONANT. ................................................ 88 
FIGURE 5-23: PARALLEL RLC RESONATOR CIRCUIT. ......................................................................................... 89 
FIGURE 5-24: INPUT IMPEDANCE VERSUS FREQUENCY OF THE PARALLEL RESONANT. .............................................. 89 
FIGURE 5-25: REGIONS FOR CARRYING CURRENT. ........................................................................................... 91 
FIGURE 5-26: LOSING FEATURES. ................................................................................................................. 95 
FIGURE 5-27: CALCULATION OF THE Q FACTOR. ............................................................................................. 96 
FIGURE 5-28: THE SCHEMATIC OF THE COAXIAL PROBE SIMULATION. .................................................................. 98 
FIGURE 5-29: EXPERIMENTAL PHYSICAL SET-UP. ............................................................................................. 98 
FIGURE 5-30: THE MEASURED BW FOR ALL MODES IN THE RANGE OF THE FREQUENCY (0.1 TO 6) GHZ WITH SYMMETRIC 

VALUES OF THE CAPACITORS (0.0075, 0.01, 0.05, 0.075 AND 0.1) GHZ. ............................................ 100 
FIGURE 5-31: CENTRAL FREQUENCY MEASUREMENTS FOR THE RANGE OF THE FREQUENCY (0.1 TO 6) GHZ WITH 

SYMMETRIC VALUES OF THE CAPACITORS (0.0075, 0.01, 0.05, 0.075 AND 0.1) PF. ............................... 101 
FIGURE 5-32: THE MEASURED Q FACTOR FOR THE RANGE OF THE FREQUENCY (0.1 TO 6) GHZ WITH SYMMETRIC VALUES 

OF THE CAPACITORS (0.0075, 0.01, 0.05, 0.075 AND 0.1) PF. .......................................................... 101 
FIGURE 5-33: S21 MEASUREMENTS FOR THE RANGE OF THE FREQUENCY (0.1 TO 6) GHZ WITH SYMMETRIC VALUES OF 

THE CAPACITORS (0.0075, 0.01, 0.05, 0.075 AND 0.1) PF. .............................................................. 102 
FIGURE 5-34: COMPARISON BETWEEN BW MEASURED OF ASYMMETRIC CAPACITORS (0.1 AND 0.05) PF AND THE 

OPPOSITE, SYMMETRIC CAPACITORS (0.05, 0.1 AND 0.075 (THE AVE. VALUE OF THE ASYMMETRICAL 

CAPACITORS) PF FOR THE RANGE OF THE FREQUENCY (0.1 TO 6) GHZ. ................................................... 103 
FIGURE 5-35: COMPARISON BETWEEN CF MEASURED OF ASYMMETRIC CAPACITORS (0.1 AND 0.05) PF AND THE 

OPPOSITE, SYMMETRIC CAPACITORS (0.05, 0.1 AND 0.075 (THE AVE. VALUE OF THE ASYMMETRICAL 

CAPACITORS) PF FOR THE RANGE OF THE FREQUENCY (0.1 TO 6) GHZ. ................................................... 103 
FIGURE 5-36: COMPARISON BETWEEN Q FACTOR MEASURED OF ASYMMETRIC CAPACITORS (0.1 AND 0.05) PF AND THE 

OPPOSITE, SYMMETRIC CAPACITORS (0.05, 0.1 AND 0.075 (THE AVE. VALUE OF THE ASYMMETRICAL 

CAPACITORS) PF FOR THE RANGE OF THE FREQUENCY (0.1 TO 6) GHZ. ................................................... 104 
FIGURE 5-37: COMPARISON BETWEEN S21 MEASURED OF ASYMMETRIC CAPACITORS (0.1 AND 0.05) PF AND THE 

OPPOSITE, SYMMETRIC CAPACITORS (0.05, 0.1 AND 0.075 (THE AVE. VALUE OF THE ASYMMETRICAL 

CAPACITORS) PF FOR THE RANGE OF THE FREQUENCY (0.1 TO 6) GHZ. ................................................... 104 
FIGURE 5-38: COMPARISON BETWEEN DIFFERENT ASYMMETRICAL (0.05 & 0.1 PF, 0.06 & 0.09 PF, 0.07 & 0.08, AND 

VICE VERSA) PF AND THE SYMMETRICAL 0.075 PF CASE FOR THE ACTUAL FIRST MODE (LOWER FREQUENCY). . 105 
FIGURE 5-39: COMPARISON BETWEEN S21 MEASURED OF ASYMMETRIC CAPACITORS (0.1 AND 0.05) PF AND THE 

OPPOSITE, SYMMETRIC CAPACITORS (0.05, 0.1 AND 0.075 (THE AVE. VALUE OF THE ASYMMETRICAL 

CAPACITORS) PF FOR THE RANGE OF THE FREQUENCY (0.1 TO 6) GHZ. ................................................... 105 
FIGURE 5-40: COMPARISON BETWEEN BW MEASUREMENTS AT SYMMETRIC CAPACITORS 0.0075 PF WITH DIFFERENT 

COAXIAL LENGTHS (255, 180 AND 105) MM. ................................................................................... 106 
FIGURE 5-41: COMPARISON BETWEEN RESONANT FREQUENCY MEASUREMENTS AT SYMMETRIC CAPACITORS 0.0075 PF 

WITH DIFFERENT COAXIAL LENGTHS (255, 180 AND 105) MM. ............................................................ 107 
FIGURE 5-42: COMPARISON BETWEEN Q FACTOR MEASUREMENTS AT SYMMETRIC CAPACITORS 0.0075 PF WITH 

DIFFERENT COAXIAL LENGTHS (255, 180 AND 105) MM. .................................................................... 107 
FIGURE 5-43: COMPARISON BETWEEN S21 MEASUREMENTS AT SYMMETRIC CAPACITORS 0.0075 PF WITH DIFFERENT 

COAXIAL LENGTHS (255, 180 AND 105) MM. ................................................................................... 108 

file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301873
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301873
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301874
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301874
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301874
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301875
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301876
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301877
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301878
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301879
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301880
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301881
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301882
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301883
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301884
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301885
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301886
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301887
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301887
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301888
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301888
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301889
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301889
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301890
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301890
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301891
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301891
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301891
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301892
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301892
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301892
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301893
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301893
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301893
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301894
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301894
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301894
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301895
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301895
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301896
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301896
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301896
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301897
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301897
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301898
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301898
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301899
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301899
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301900
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301900


 
XV 

 

FIGURE 5-44: COMPARISON BETWEEN S21 MEASURED FOR DIFFERENT SAMPLES (AIR AND DI-W) AT STEP SIZE 0.1GHZ, 

SYMMETRIC CAPACITORS (0.0075) PF AND (0.0073) PF FOR AIR AND WATER, RESPECTIVELY FOR THE WHOLE 

RANGE OF FREQUENCY (0.1 TO 6) GHZ. ........................................................................................... 109 
FIGURE 5-45: COMPARISON BETWEEN S21 MEASURED FOR DIFFERENT SAMPLE (AIR AND DI-W) AT SYMMETRIC 

CAPACITORS (0.0075) PF AND (0.0073) PF FOR AIR AND WATER RESPECTIVELY AT THE FIRST MODE AT 

RESONANT FREQUENCY 0.382 GHZ. ................................................................................................ 109 
FIGURE 5-46: COMPARISON BETWEEN S21 MEASURED FOR DIFFERENT SAMPLE (AIR AND DI-W) AT SYMMETRIC 

CAPACITORS (0.0075) PF AND (0.0073) PF FOR AIR AND WATER RESPECTIVELY AT THE LAST MODE AT RESONANT 

FREQUENCY 5.433 GHZ. ............................................................................................................... 110 
FIGURE 5-47: COMPARISON BETWEEN S21 MEASURED FOR DIFFERENT OF NORMAL SALINE SAMPLE CONCENTRATIONS 

(STOCK= 0.154 M, FIRST CONCENTRATIONS (C1=0.077M) AND SECOND CONCENTRATIONS (C2=0.039 M)) 

AT THE FIRST RESONANT FREQUENCY (0.76 GHZ). .............................................................................. 111 
FIGURE 5-48: SKEW EXAMPLES OWING TO INDUCTIVE, CAPACITIVE CROSS-COUPLING AND NEARBY MODES .............. 112 
FIGURE 5-49: RESISTIVE CAPACITIVE AND INDUCTIVE ELEMENTS THAT REPRESENT A LOSSY RESONANT CIRCUIT. ......... 112 
FIGURE 5-50: THE EQUIVALENT CIRCUIT OF A TWO-PORT, LOOP- COUPLED RESONATOR. THE RESONATOR IS MODELLED AS 

A SERIES LRC CIRCUIT OF IMPEDANCE Z. ........................................................................................... 113 
FIGURE 5-51: MICROWAVE RESONATOR MODEL WITH AN ARBITRARY NUMBER FOR RESONANCE OR CROSSTALK TERMS.

 ................................................................................................................................................ 115 
FIGURE 5-52: |S21|  SHOWN THE NO SKEW CASE (S21ςLINE) AND FOR INCREASING SKEW RATIO. ............................. 117 
FIGURE 5-53: |S21| SHOWN THE NO SKEW CASE (S21ςBLUE) AND FOR INCREASING SKEW RATIO. ............................. 117 
FIGURE 5-54: EXAMPLE OF A TYPICAL SKEWED RESONANCE CURVE. .................................................................. 118 
FIGURE 5-55: THE POLAR PLOT OF THE RESONANCE ABOVE, THE POSITION OF THE PEAK IS HIGHLIGHTED WITH THE RED 

DOT AND THE CENTRE OF THE CIRCLE IS DENOTED WITH THE CROSS. ........................................................ 118 
FIGURE 5-56: DE-SKEWED RESONANCE (RED) AND ORIGINAL SKEWED RESONANCE (BLUE). ................................... 119 
FIGURE 5-57: DE-SKEWED RESONANCE (RED) AND ORIGINAL SKEWED RESONANCE (BLUE). ................................... 119 
FIGURE 6-1: THE PHYSICAL CAVITY PRINCIPLE. .............................................................................................. 123 
FIGURE 6-2: THE PREPARATION DILUTION STEPS FROM COMMERCIAL OBTAINED SALINE. ...................................... 126 
FIGURE 6-3: COMSOL SIMULATIONS OF E-FIELD DISTRIBUTIONS FOR TWO CAVITY MODES. A: TM010 E-FIELD AT 2.45 

GHZ, B: TM210 E-FIELD AT 5.33 GHZ ............................................................................................. 127 
FIGURE 6-4: |S21| FOR THE CCR USED WITH SENSING AND REFERENCE MODES HIGHLIGHTED. ................................. 128 
FIGURE 6-5: RELATIONSHIP BETWEEN THE SIGNAL MODE (VERTICAL AXIS) AND THE REFERENCE MODE (HORIZONTAL AXIS) 

MEASURED OVER A PERIOD OF TIME WHERE THE TEMPERATURE OF THE CAVITY WAS ALLOWED TO CHANGE. 

CORRELATION COEFFICIENT 0.999. ................................................................................................. 128 
FIGURE 6-6: FITTING CORRELATION BETWEEN THE QSENSE AND CFREF FOR DI-W. ................................................ 129 
FIGURE 6-7: CORRECTION LINEAR EQUATION. .............................................................................................. 129 
FIGURE 6-8: AFFECTION CAVITY FREQUENCY CORRECTION OF Q FACTOR. ........................................................... 131 
FIGURE 6-9: EFFECT OF CAVITY TEMPERATURE CORRECTION FOR Q FACTOR AFTER FREQUENCY CORRECTION (Q 

FACTOR_F_ CORR.). ..................................................................................................................... 132 
FIGURE 6-10: EXPONENTIAL CHANGE OF THE TEMPERATURE. .......................................................................... 133 
FIGURE 6-11: RAW DATA, FREQUENCY, TEMPERATURE AND EXPONENTIAL CORRECTIONS FOR Q FACTOR MEASUREMENTS 

FOR DIFFERENT CONCENTRATIONS OF THE NORMAL SALINE (0.154 TO 9.400E-06) MOLARITY (COMMERCIAL 

OBTAINED SALINE) OF TM010 CAVITY (EPPENDORF SAMPLE TUBE). ...................................................... 135 
FIGURE 6-12: RAW DATA, FREQUENCY, TEMPERATURE AND EXPONENTIAL CORRECTIONS FOR |S21| MEASUREMENTS FOR 

DIFFERENT CONCENTRATIONS OF THE NORMAL SALINE (0.154 TO 9.400E-06) MOLARITY (COMMERCIAL 

OBTAINED SALINE) OF TM010 CAVITY (EPPENDORF SAMPLE TUBE). ...................................................... 135 
FIGURE 6-13: RAW DATA, FREQUENCY, TEMPERATURE AND EXPONENTIAL CORRECTIONS FOR BW MEASUREMENTS FOR 

DIFFERENT CONCENTRATIONS OF THE NORMAL SALINE (0.154 TO 9.400E-06) MOLARITY (COMMERCIAL 

OBTAINED SALINE) OF M010 CAVITY (EPPENDORF SAMPLE TUBE). ........................................................ 136 
FIGURE 6-14: AVE. OF Q FACTOR OVER THE THREE SETS AFTER APPLYING ALL THE CORRECTIONS OF THE NORMAL SALINE 

(0.154 TO 9.400E-06) MOLARITY................................................................................................. 136 
FIGURE 6-15: AVERAGING |S21| OVER THE THREE SETS AFTER APPLYING ALL THE CORRECTIONS OF THE NORMAL SALINE 

(0.154 TO 9.400E-06) MOLARITY................................................................................................. 137 

file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301901
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301901
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301901
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301902
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301902
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301902
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301903
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301903
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301903
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301904
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301904
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301904
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301905
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301906
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301907
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301907
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301908
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301908
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301909
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301910
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301911
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301912
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301912
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301913
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301914
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301915
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301916
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301917
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301917
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301918
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301919
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301919
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301919
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301920
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301921
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301922
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301923
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301923
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301924
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301925
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301925
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301925
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301926
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301926
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301926
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301927
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301927
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301927
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301928
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301928
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301929
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301929


 
XVI  

 

FIGURE 6-16: AVERAGING BW OVER THE THREE SETS AFTER APPLYING ALL THE CORRECTIONS OF THE NORMAL SALINE 

(0.154 TO 9.400E-06) MOLARITY................................................................................................. 137 
FIGURE 6-17: RANGES OF STDEV IN THE NORMAL PROBABILITY DENSITY FUNCTION. .......................................... 138 
FIGURE 6-18: THE CORRELATION BETWEEN THE CORRECTED Q FACTOR DATA WITH DIFFERENT CONCENTRATIONS AND 

STATISTICAL DETECTION °(2s(RED) AND 3s(BLUE)). .......................................................................... 139 
FIGURE 6-19: THE CORRELATION BETWEEN THE CORRECTED |S21| DATA WITH DIFFERENT CONCENTRATIONS AND 

STATISTICAL DETECTION °(2s(RED) AND 3s(BLUE)). .......................................................................... 139 
FIGURE 6-20: THE CORRELATION BETWEEN THE CORRECTED BW DATA WITH DIFFERENT CONCENTRATIONS AND 

STATISTICAL DETECTION °(2s (RED) AND 3s (BLUE)). ........................................................................ 140 
FIGURE 6-21: AVERAGING OF Q FACTOR CORRECTIONS AFTER REPEATING THREE TIMES AT A CONCENTRATION BETWEEN 

(0.154 TO 9.400E-06) MOLARITY................................................................................................. 140 
FIGURE 6-22: AVERAGING OF |S21| CORRECTIONS AFTER REPEATING THREE TIMES AT A CONCENTRATION BETWEEN 

(0.154 TO 9.400E-06) MOLARITY................................................................................................. 141 
FIGURE 6-23: AVERAGING OF BW CORRECTIONS AFTER REPEATING THREE TIMES AT A CONCENTRATION BETWEEN (0.154 

TO 9.400E-06) MOLARITY. .......................................................................................................... 141 
FIGURE 6-24: AVERAGE RESONANT FREQUENCY CFSENSE AFTER REPEATING THREE TIMES AT A CONCENTRATION BETWEEN 

(0.154 TO 9.400E-06) MOLARITY................................................................................................. 141 
FIGURE 6-25: PREPARATION STEPS OF LAB PREPARED SALINE DILUTIONS. ......................................................... 142 
FIGURE 6-26: FITTING TEMPERATURE CORRECTION FOR Q FACTOR. .................................................................. 144 
FIGURE 6-27: FITTING TEMPERATURE CORRECTION FOR |S21|. .......................................................................... 144 
FIGURE 6-28: FITTING TEMPERATURE CORRECTION FOR BW MEASUREMENTS. ................................................... 144 
FIGURE 6-29: RAW DATA BLACK, TEMPERATURE GREEN AND EXPONENTIAL IN RED CORRECTIONS FOR Q FACTOR 

MEASUREMENTS FOR VARIANCE CONCENTRATIONS (5.22E-05 TO 1.71) M (LAB PREPARED SALINE DILUTIONS) 

OF M010 CAVITY (EPPENDORF SAMPLE TUBE). ................................................................................. 145 
FIGURE 6-30: RAW DATA BLACK, TEMPERATURE GREEN AND EXPONENTIAL IN RED CORRECTIONS FOR |S21| 

MEASUREMENTS FOR VARIANCE CONCENTRATIONS (5.22E-05 TO 1.71) M (LAB PREPARED SALINE DILUTIONS) 

OF M010 CAVITY (EPPENDORF SAMPLE TUBE). ................................................................................. 145 
FIGURE 6-31: RAW DATA BLACK, TEMPERATURE GREEN AND EXPONENTIAL IN RED CORRECTIONS FOR BW 

MEASUREMENTS FOR VARIANCE CONCENTRATIONS (5.22E-05 TO 1.71) M (LAB PREPARED SALINE DILUTIONS) 

OF M010 CAVITY (EPPENDORF SAMPLE TUBE). ................................................................................. 146 
FIGURE 6-32: AVE. OF Q FACTOR OVER THE FOUR SETS AFTER APPLYING ALL THE CORRECTIONS FOR VARIANCE 

CONCENTRATIONS (5.22E-05 TO 1.71) M....................................................................................... 146 
FIGURE 6-33: AVE. OF |S21| OVER THE FOUR SETS AFTER APPLYING ALL THE CORRECTIONS FOR VARIANCE 

CONCENTRATIONS (5.22E-05 TO 1.71) M....................................................................................... 147 
FIGURE 6-34: AVE. OF BW OVER THE FOUR SETS AFTER APPLYING ALL THE CORRECTIONS FOR VARIANCE 

CONCENTRATIONS (5.22E-05 TO 1.71) M....................................................................................... 147 
FIGURE 6-35: THE CORRELATION BETWEEN THE CORRECTED Q FACTOR DATA WITH DIFFERENT CONCENTRATIONS AND 

STATISTICAL DETECTION °(2s(RED) AND 3s(BLUE)). .......................................................................... 148 
FIGURE 6-36: THE CORRELATION BETWEEN THE CORRECTED |S21| DATA WITH DIFFERENT CONCENTRATIONS AND 

STATISTICAL DETECTION °(2s(RED) AND 3s(BLUE)). .......................................................................... 148 
FIGURE 6-37: THE CORRELATION BETWEEN THE CORRECTED BW DATA WITH DIFFERENT CONCENTRATIONS AND 

STATISTICAL DETECTION °(2s(RED) AND 3s(BLUE)). .......................................................................... 149 
FIGURE 6-38: COMPARISON BETWEEN COMMERCIALLY OBTAINED SALINE AND LAB PREPARED SALINE DILUTIONS FOR Q 

FACTOR MEASUREMENTS. .............................................................................................................. 150 
FIGURE 6-39: COMPARISON BETWEEN COMMERCIALLY OBTAINED SALINE AND LAB PREPARED SALINE DILUTIONS FOR |S21| 

MEASUREMENTS. ......................................................................................................................... 150 
FIGURE 6-40: COMPARISON BETWEEN COMMERCIALLY OBTAINED SALINE AND LAB PREPARED SALINE DILUTIONS FOR BW 

MEASUREMENTS. ......................................................................................................................... 150 
FIGURE 6-41: COMPARISON BETWEEN COMMERCIALLY OBTAINED SALINE AND LAB PREPARED SALINE DILUTIONS FOR CF 

MEASUREMENTS. ......................................................................................................................... 151 

file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301930
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301930
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301931
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301932
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301932
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301933
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301933
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301934
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301934
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301935
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301935
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301936
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301936
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301937
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301937
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301938
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301938
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301939
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301940
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301941
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301942
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301943
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301943
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301943
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301944
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301944
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301944
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301945
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301945
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301945
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301946
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301946
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301947
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301947
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301948
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301948
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301949
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301949
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301950
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301950
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301951
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301951
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301952
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301952
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301953
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301953
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301954
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301954
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301955
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301955


 
XVII  

 

FIGURE 6-42: THE COMPARISON AMONG THE REAL PERMITTIVITY AMONG THE LAB PREPARED SALINE DILUTIONS AT 

(1.00E+02, 5.00E+01-7.81E-01) PPT, COMMERCIAL OBTAINED SALINE AT (9.00E+00-5.49E-04) PPT., 

PENMANΩS RESULTS AT (2.73E+02, 1.64E+02, 5.47E+01, 2.73E+01, 1.09E+01AND 2.73E+00) PPT AND 

WEBSITE AT (35 TO 0) PPT. ........................................................................................................... 153 
FIGURE 6-43: THE COMPARISON AMONG THE IMAGINARY PERMITTIVITY AMONG THE LAB PREPARED SALINE DILUTIONS AT 

(1.00E+02, 5.00E+01-7.81E-01) PPT, COMMERCIAL OBTAINED SALINE AT (9.00E+00-5.49E-04) PPT., 

PEYMANΩS RESULTS AT (2.73E+02, 1.64E+02, 5.47E+01, 2.73E+01, 1.09E+01AND 2.73E+00) PPT AND 

WEBSITE AT (35 TO 0)PPT. ............................................................................................................ 153 
FIGURE 6-44: THE COMPARISON BETWEEN THE EXCEL AND MATLAB CORRECTIONS. ........................................ 154 
FIGURE 6-45: DEMONSTRATED THE COMPARISON BETWEEN THE AVERAGE FOR RAW DATA AND THE CORRECTIONS OF 

EXCEL AND MATLAB.................................................................................................................. 154 
FIGURE 6-46: COMPARISON BETWEEN THE EXCEL CORRECTIONS (A) AND MATLAB FOR DIFFERENT SETS (B), 

AVERAGING. ................................................................................................................................ 155 
FIGURE 6-47: AVERAGING CENTRAL FREQUENCY FOR SUSPENSION POLYSTYRENE (2 ɾa) WITH DIFFERENT 

CONCENTRATIONS (12.5 TO 0.195) PPT. ......................................................................................... 156 
FIGURE 6-48: RAW DATA, FREQUENCY, TEMPERATURE AND EXPONENTIAL CORRECTIONS FOR Q FACTOR 

MEASUREMENTS OF DILUTIONS PREPARED FROM SUSPENSION POLYSTYRENE (2ɾa) WITH DIFFERENT 

CONCENTRATIONS (12.5 TO 0.195) PPT BY USING EPPENDORF TUBE SAMPLE (CAVITY TM010). ................ 156 
FIGURE 6-49: RAW DATA, FREQUENCY, TEMPERATURE AND EXPONENTIAL CORRECTIONS FOR |S21| MEASUREMENTS OF 

DILUTIONS PREPARED FROM SUSPENSION POLYSTYRENE (2ɾa) WITH DIFFERENT CONCENTRATIONS (12.5 TO 

0.195) PPT BY USING EPPENDORF TUBE SAMPLE (CAVITY TM010). ...................................................... 157 
FIGURE 6-50: RAW DATA, FREQUENCY, TEMPERATURE AND EXPONENTIAL CORRECTIONS FOR BANDWIDTH 

MEASUREMENTS OF DILUTIONS PREPARED FROM SUSPENSION POLYSTYRENE (2ɾa) WITH DIFFERENT 

CONCENTRATIONS (12.5 TO 0.195) PPT BY USING EPPENDORF TUBE SAMPLE (CAVITY TM010). ................ 157 
FIGURE 6-51: AVERAGING OF Q FACTOR OVER THE TWO SETS AFTER APPLYING ALL THE CORRECTIONS FOR SUSPENSION 

POLYSTYRENE (2 ɾa) WITH DIFFERENT CONCENTRATIONS (12.5 TO 0.195) PPT BY USING EPPENDORF TUBE 

SAMPLE (CAVITY M010). .............................................................................................................. 157 
FIGURE 6-52: AVERAGING |S21| OVER THE TWO SETS AFTER APPLYING ALL THE CORRECTIONS FOR SUSPENSION 

POLYSTYRENE (2 ɾa) WITH DIFFERENT CONCENTRATIONS (12.5 TO 0.195) PPT BY USING EPPENDORF TUBE 

SAMPLE (CAVITY M010). .............................................................................................................. 158 
FIGURE 6-53: AVERAGING BANDWIDTH OVER THE TWO SETS AFTER APPLYING ALL THE CORRECTIONS FOR SUSPENSION 

POLYSTYRENE (2 ɾa) WITH DIFFERENT CONCENTRATIONS (12.5 TO 0.195) PPT BY USING EPPENDORF TUBE 

SAMPLE (CAVITY M010). .............................................................................................................. 158 
FIGURE 6-54: THE CORRELATION BETWEEN THE CORRECTED Q FACTOR, CORRECTED DATA WITH DIFFERENT 

CONCENTRATIONS FOR SUSPENSION POLYSTYRENE OF 2 ɾa (12.5 TO 0.195) PPT AND STATISTICAL DETECTION 

°(2s(RED) AND 3s(BLUE)). .......................................................................................................... 158 
FIGURE 6-55: THE CORRELATION BETWEEN THE CORRECTED |S21| CORRECTED DATA WITH DIFFERENT CONCENTRATIONS 

Chw {¦{t9b{Lhb th[¸{¢¸w9b9 hC ɾa (12.5 TO 0.195) PPT AND STATISTICAL DETECTION °(2s(RED) AND 

3s(BLUE)). ................................................................................................................................. 159 
FIGURE 6-56: THE CORRELATION BETWEEN THE CORRECTED BW CORRECTED DATA WITH DIFFERENT CONCENTRATIONS 

FOR SUSPENSION POLYSTYRENE OF 2 ɾa (12.5 TO 0.195) PPT AND STATISTICAL DETECTION °(2s(RED) AND 

3s(BLUE)). ................................................................................................................................. 159 
FIGURE 6-57: AVERAGING QUALITY FACTOR FOR SUSPENSION POLYSTYRENE (2 ɾa) WITH CONCENTRATION RANGE 12.5 

TO 0.195 PPT BY USING EPPENDORF TUBE SAMPLE (CAVITY TM010). ................................................... 160 
FIGURE 6-58: |S21| MEASUREMENTS FOR SUSPENSION POLYSTYRENE (2 ɾa) WITH CONCENTRATION RANGE 12.5 TO 

0.195 PPT BY USING EPPENDORF TUBE SAMPLE (CAVITY TM010). ........................................................ 160 
FIGURE 6-59: AVERAGING BANDWIDTH MEASUREMENTS FOR SUSPENSION POLYSTYRENE (2 ɾa) WITH CONCENTRATION 

RANGE12.5 TO 0.195 PPT BY USING EPPENDORF TUBE SAMPLE (TM010). ............................................ 160 
FIGURE 6-60: AVERAGING CENTRAL FREQUENCY MEASUREMENTS FOR SUSPENSION POLYSTYRENE (2ɾa) WITH 

CONCENTRATION RANGE12.5 TO 0.195 PPT BY USING EPPENDORF TUBE SAMPLE (TM010). ..................... 161 

file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301956
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301956
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301956
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301956
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301957
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301957
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301957
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301957
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301958
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301959
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301959
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301960
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301960
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301961
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301961
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301962
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301962
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301962
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301963
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301963
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301963
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301964
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301964
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301964
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301965
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301965
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301965
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301966
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301966
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301966
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301967
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301967
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301967
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301968
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301968
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301968
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301968
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301969
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301969
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301969
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301970
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301970
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301970
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301971
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301971
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301972
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301972
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301973
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301973
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301974
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301974


 
XVIII  

 

FIGURE 6-61: RAW DATA, TEMPERATURE AND EXPONENTIAL CORRECTIONS FOR Q FACTOR MEASUREMENTS OF LAB 

PREPARED SALINE DILUTIONS FOR VARIANCE CONCENTRATIONS (5.22E-05 TO1.71E+00) M BY USING A LONG 

THIN EPPENDORF TUBE SAMPLE. ..................................................................................................... 162 
FIGURE 6-62: RAW DATA, TEMPERATURE AND EXPONENTIAL CORRECTIONS FOR |S21| MEASUREMENTS OF LAB PREPARED 

SALINE DILUTIONS FOR VARIANCE CONCENTRATIONS (5.22E-05 TO1.71E+00) M BY USING A LONG THIN 

EPPENDORF TUBE SAMPLE. ............................................................................................................ 162 
FIGURE 6-63: RAW DATA, TEMPERATURE AND EXPONENTIAL CORRECTIONS FOR BW MEASUREMENTS OF LAB PREPARED 

SALINE DILUTIONS FOR VARIANCE CONCENTRATIONS (5.22E-05 TO1.71E+00) M BY USING A LONG THIN 

EPPENDORF TUBE SAMPLE. ............................................................................................................ 163 
FIGURE 6-64: THE CORRELATION BETWEEN THE CORRECTED Q FACTOR DATA WITH DIFFERENT CONCENTRATION FOR 

VARIANCE SALINE CONCENTRATION (5.22E-05 TO 1.71) M AND STATISTICAL DETECTION °(2s(RED) AND 

3s(BLUE)) BY USING A LONG THIN EPPENDORF TUBE SAMPLE. .............................................................. 163 

FIGURE 6-65: THE CORRELATION BETWEEN THE CORRECTED |S21| DATA WITH DIFFERENT CONCENTRATION FOR VARIANCE 

SALINE CONCENTRATION (5.22E-05 TO 1.71) M AND STATISTICAL DETECTION °(2s(RED) AND 3s(BLUE)) BY 

USING A LONG THIN EPPENDORF TUBE SAMPLE. ................................................................................. 164 
FIGURE 6-66: THE CORRELATION BETWEEN THE CORRECTED BW DATA WITH DIFFERENT CONCENTRATION FOR VARIANCE 

SALINE CONCENTRATION (5.22E-05 TO 1.71) M AND STATISTICAL DETECTION °(2s(RED) AND 3s(BLUE)) BY 

USING A LONG THIN EPPENDORF TUBE SAMPLE. ................................................................................. 164 
FIGURE 6-67: REAL PERMITTIVITY COMPARISON AMONG LAB PREPARED SALINE DILUTIONS BY USING EPPENDORF AND 

LONG THIN EPPENDORF TUBE SAMPLE AND COMMERCIALLY OBTAINED SALINE, PREVIOUS AUTHORS WORK. ... 165 
FIGURE 6-68: IMAGINARY PERMITTIVITY COMPARISON AMONG LAB PREPARED SALINE DILUTIONS BY USING EPPENDORF 

AND LONG THIN EPPENDORF TUBE SAMPLE AND COMMERCIAL OBTAINED SALINE AND PREVIOUS AUTHORS WORK.

 ................................................................................................................................................ 165 
FIGURE 6-69: THE AVERAGING CORRECTED QUALITY FACTOR OF THE SUSPENSION POLYSTYRENE 2 ɾa ²L¢I ±!wLh¦{ 

CONCENTRATIONS 12.5 TO 0.195 PPT AND DI-W FOR A LONG THIN EPPENDORF TUBE. ............................ 166 
FIGURE 6-70: THE AVERAGING CORRECTED |S21| OF THE SUSPENSION POLYSTYRENE 2 ɾa ²L¢I ±!wLh¦{ 

CONCENTRATIONS 12.5 TO 0.195 PPT AND DI-W FOR A LONG THIN EPPENDORF TUBE. ............................ 166 
FIGURE 6-71: THE AVERAGING CORRECTED BW OF THE SUSPENSION POLYSTYRENE 2 ɾa ²L¢I ±!wLh¦{ 

CONCENTRATIONS 12.5 TO 0.195 PPT AND DI-W FOR A LONG THIN EPPENDORF TUBE. ............................ 166 
FIGURE 6-72: THE CORRECTED QUALITY FACTOR AND THE CONCENTRATION OF THE SUSPENSION POLYSTYRENE 12.5 TO 

0.195 PPT AND DI-W FOR A LONG THIN EPPENDORF TUBE. ................................................................. 167 
FIGURE 6-73: THE CORRECTED |S21| AND THE CONCENTRATION OF THE SUSPENSION POLYSTYRENE 12.5 TO 0.195 PPT 

AND DI-W FOR A LONG THIN EPPENDORF TUBE ................................................................................. 167 
FIGURE 6-74: THE CORRECTED BW AND THE CONCENTRATION OF THE SUSPENSION POLYSTYRENE 12.5 TO 0.195 PPT 

AND DI-W FOR A LONG THIN EPPENDORF TUBE ................................................................................. 168 
FIGURE 6-75: THE RESONANT FREQUENCY AND THE CONCENTRATION OF THE SUSPENSION POLYSTYRENE 12.5 TO 0.195 

PPT AND DI-W FOR A LONG THIN EPPENDORF TUBE ............................................................................ 168 
FIGURE 6-76: REAL PERMITTIVITY COMPARISON BETWEEN THE EXPERIMENTAL AND THE THEORETICAL AT THE 

CONCENTRATION OF THE SUSPENSION POLYSTYRENE 12.5 TO 0.195 PPT. ............................................... 169 
FIGURE 6-77: IMAGINARY PERMITTIVITY COMPARISON BETWEEN THE EXPERIMENTAL AND THE THEORETICAL AT THE 

CONCENTRATION OF THE SUSPENSION POLYSTYRENE 12.5 TO 0.195 PPT. ............................................... 170 
FIGURE 7-1: SCHEMATIC DESIGN OF A NOVEL T- STRUCTURE AND CAPACITIVE COUPLING. ..................................... 172 
FIGURE 7-2: PHYSICAL DESIGN OF A NOVEL T- STRUCTURE AND CAPACITIVE COUPLING. ........................................ 173 
FIGURE 7-3: RAW AND AVERAGING DATA FOR Q FACTOR MEASUREMENTS OF COMMERCIAL OBTAINED SALINE FOR 

VARIANCE CONCENTRATIONS (0.154 TO 9.400E-06) M. ................................................................... 174 
FIGURE 7-4: RAW AND AVERAGING DATA FOR |S21| OF COMMERCIAL OBTAINED SALINE FOR VARIANCE CONCENTRATIONS 

(0.154 TO 9.400E-06) M. .......................................................................................................... 174 
FIGURE 7-5: RAW AND AVERAGING DATA FOR BW MEASUREMENTS OF COMMERCIAL OBTAINED SALINE FOR VARIANCE 

CONCENTRATIONS (0.154 TO 9.400E-06) M. ................................................................................. 175 
FIGURE 7-6: DETECTION LIMITS AT BW IN THE FIRST MODE 0.757 GHZ OVER A RANGE OF DILUTIONS (0.154 TO 

9.400E-06) M. .......................................................................................................................... 176 

file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301975
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301975
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301975
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301976
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301976
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301976
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301977
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301977
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301977
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301978
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301978
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301978
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301979
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301979
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301979
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301980
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301980
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301980
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301981
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301981
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301982
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301982
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301982
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301983
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301983
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301984
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301984
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301985
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301985
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301986
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301986
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301987
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301987
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301988
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301988
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301989
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301989
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301990
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301990
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301991
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301991
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301992
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301993
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301994
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301994
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301995
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301995
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301996
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301996
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301997
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301997


 
XIX  

 

FIGURE 7-7: DETECTION LIMITS AT BW IN THE SECOND MODE 1.52 GHZ OVER A RANGE OF DILUTIONS (0.154 TO 

9.400E-06) M. .......................................................................................................................... 176 
FIGURE 7-8: DETECTION LIMITS AT BW IN THE THIRD MODE 2.3 GHZ OVER A RANGE OF DILUTIONS (0.154 TO 9.400E-

06) M. ...................................................................................................................................... 177 
FIGURE 7-9: COMPARISON BETWEEN Q FACTOR OF DIFFERENT FREQUENCIES (0.757, 1.52, 2.3 AND 3) GHZ FOR 

VARIANCE CONCENTRATIONS (0.154 TO 9.400E-06) M. ................................................................... 177 
FIGURE 7-10: COMPARISON BETWEEN |S21| OF DIFFERENT FREQUENCIES (0.757, 1.52, 2.3 AND 3) GHZ FOR VARIANCE 

CONCENTRATIONS (0.154 TO 9.400E-06) M. ................................................................................. 178 
FIGURE 7-11: COMPARISON BETWEEN BW OF DIFFERENT FREQUENCIES (0.757, 1.52, 2.3 AND 3) GHZ FOR VARIANCE 

CONCENTRATIONS (0.154 TO 9.400E-06) M. ................................................................................. 178 
FIGURE 7-12: COMPARISON BETWEEN CF OF DIFFERENT FREQUENCIES (0.757, 1.52, 2.3 AND 3) GHZ FOR VARIANCE 

CONCENTRATIONS (0.154 TO 9.400E-06) M. ................................................................................. 178 
FIGURE 7-13: VARIATION IN THE QUALITY FACTOR AT 0.378 GHZ WITH THE PICO TEMPERATURE (T0), WHICH IS A 

SIMPLE TERM INTERFACE BETWEEN THERMOCOUPLE AND THE PC, SAMPLE TEMPERATURE (T1) AND AMBIENT 

TEMPERATURE (T2). ..................................................................................................................... 180 
FIGURE 7-14: CORRELATION OF THE CENTRAL FREQUENCY (CF_1) 0.378 GHZ WITH THE PICO TEMPERATURE (T0), 

SAMPLE TEMPERATURE (T1) AND AMBIENT TEMPERATURE (T2). ........................................................... 180 
FIGURE 7-15: THE AVERAGE Q FACTOR MEASUREMENTS OF LAB. PREPARED SALINE FOR VARIANCE CONCENTRATIONS 

(5.22 E-05 TO 1.71) M. .............................................................................................................. 181 
FIGURE 7-16: THE AVERAGE |S21| MEASUREMENTS OF LAB. PREPARED SALINE FOR VARIANCE CONCENTRATIONS (5.22E-

05 TO 1.7) M. ............................................................................................................................ 181 
FIGURE 7-17: THE AVERAGE BW MEASUREMENTS OF LAB. PREPARED SALINE FOR VARIANCE CONCENTRATIONS (5.22E-

05 TO 1.71) M. .......................................................................................................................... 182 
FIGURE 7-18: DETECTION LIMITS AT BW IN THE FIRST MODE 0.378 GHZ OVER A RANGE OF DILUTIONS (5.22E-05 TO 

1.71) M. ................................................................................................................................... 182 
FIGURE 7-19: DETECTION LIMITS AT BW IN THE SECOND MODE 0.757 GHZ OVER A RANGE OF DILUTIONS (5.22E-05 TO 

1.71) M. ................................................................................................................................... 183 
FIGURE 7-20: DETECTION LIMITS AT BW IN THE THIRD MODE 1.14 GHZ OVER A RANGE OF DILUTIONS (5.22E-05 TO 

1.71) M. ................................................................................................................................... 183 
FIGURE 7-21: DETECTION LIMITS AT BW IN THE FOURTH MODE 1.52 GHZ OVER A RANGE OF DILUTIONS (5.22E-05 TO 

1.71) M. ................................................................................................................................... 183 
FIGURE 7-22: COMPARISON BETWEEN Q FACTOR OF DIFFERENT FREQUENCIES (0.378, 0.757, 1.14 AND 1.52) GHZ 

FOR VARIANCE CONCENTRATIONS (5.22E-05 TO 1.71) M. .................................................................. 185 
FIGURE 7-23: COMPARISON BETWEEN |S21| OF DIFFERENT FREQUENCIES (0.378, 0.757, 1.14 AND 1.52) GHZ FOR 

VARIANCE CONCENTRATIONS (5.22E-05 TO 1.71) M. ........................................................................ 185 
FIGURE 7-24: COMPARISON BETWEEN BW OF DIFFERENT FREQUENCIES (0.378, 0.757, 1.14 AND 1.52) GHZ FOR 

VARIANCE CONCENTRATIONS (5.22E-05 TO 1.71) M. ........................................................................ 186 
FIGURE 7-25: COMPARISON BETWEEN CF OF DIFFERENT FREQUENCIES (0.378, 0.757, 1.14 AND 1.52) GHZ FOR 

VARIANCE CONCENTRATIONS (5.22E-05 TO 1.71) M. ........................................................................ 186 
FIGURE 7-26: COMPARING BETWEEN THE Q FACTOR MEASUREMENTS OF DIFFERENT FREQUENCIES FOR VARIANCE 

CONCENTRATIONS OF COMMERCIALLY OBTAINED SALINE (0.154 TO 9.4E-06) M AND LAB. PREPARED SALINE 

DILUTIONS (5.22E-05 TO 1.71) M. ................................................................................................ 187 
FIGURE 7-27: COMPARING BETWEEN THE |S21| MEASUREMENTS OF DIFFERENT FREQUENCIES FOR VARIANCE 

CONCENTRATIONS OF COMMERCIALLY OBTAINED SALINE (0.154 TO 9.4E-06) M AND LAB. PREPARED SALINE 

DILUTIONS (5.22E-05 TO 1.71) M. ................................................................................................ 188 
FIGURE 7-28: COMPARING BETWEEN BW MEASUREMENTS OF DIFFERENT FREQUENCIES FOR VARIANCE CONCENTRATIONS 

OF COMMERCIALLY OBTAINED SALINE (0.154 TO 9.4E-06) M AND LAB. PREPARED SALINE DILUTIONS (5.22E-05 

TO 1.71) M. ............................................................................................................................... 188 
FIGURE 7-29: CORROSION OF THE STEEL CENTRE CONDUCTOR ......................................................................... 189 
FIGURE 7-30: COMPARING BETWEEN REAL PERMITTIVITY OF DIFFERENT FREQUENCIES 0.378, 0.757, 1.14 AND 1.52 

GHZ OF LAB. PREPARED SALINE DILUTIONS (5.22E-05 TO 1.71) M....................................................... 189 

file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301998
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301998
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301999
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80301999
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302000
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302000
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302001
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302001
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302002
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302002
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302003
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302003
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302004
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302004
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302004
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302005
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302005
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302006
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302006
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302007
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302007
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302008
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302008
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302009
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302009
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302010
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302010
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302011
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302011
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302012
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302012
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302013
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302013
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302014
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302014
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302015
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302015
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302016
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302016
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302017
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302017
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302017
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302018
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302018
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302018
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302019
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302019
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302019
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302020
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302021
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302021


 
XX 

 

FIGURE 7-31: COMPARING BETWEEN IMAGINARY PERMITTIVITY OF DIFFERENT FREQUENCIES 0.378, 0.757, 1.14 AND 

1.52 GHZ OF LAB. PREPARED SALINE DILUTIONS (5.22E-05 TO 1.71) M. .............................................. 190 
FIGURE 7-32: RAW DATA FOR BW MEASUREMENTS OF POLYSTYRENE WITH 2 ɾa hC Ch¦w ah59{ Chw ±!wL!b/9 

CONCENTRATIONS (25 TO 1.56) PPT. .............................................................................................. 191 
FIGURE 7-33: RAW DATA FOR Q FACTOR OF POLYSTYRENE WITH 2 ɾa hC Ch¦w ah59{ FOR VARIANCE CONCENTRATIONS 

(25 TO 1.56) PPT. ....................................................................................................................... 191 
FIGURE 7-34: RAW DATA FOR |S21| OF POLYSTYRENE WITH 2 ɾa hC Ch¦w ah59{ Chw ±!wL!b/9 /hb/9b¢w!¢Lhb{ (25 

TO 1.56) PPT. ............................................................................................................................. 192 
FIGURE 7-35: RAW DATA-BLACK AND CORRECTED DATA IN RED OF POLYSTYRENE WITH 2 ɾa !¢ ¢I9 CLw{¢ ah59 (378 

MHZ) FOR VARIANCE CONCENTRATIONS (25 TO 1.56) PPT. ................................................................. 193 
FIGURE 7-36: FITTING AVERAGING RAW DATA AND TEMPERATURE (T) IN THE SECOND MODE (757 MHZ)............... 193 
FIGURE 7-37: SCATTER IN THE BW FOR WATER FOR MODE 2 (RAW DATA- BLACK AND CORRECTED DATA-RED). ....... 194 
FIGURE 7-38: SCATTER AND AVERAGING AFTER CORRECTION IN THE BW FOR THREE SETS FOR MODE 2 (RAW DATA - 

BLACK, CORRECTED DATA-ORANGE AND AVERAGING AFTER CORRECTIONS - RED). .................................... 194 
FIGURE 7-39: FITTING AVERAGING RAW DATA AND CF IN THE THIRD MODE (1.14 GHZ). ..................................... 195 
FIGURE 7-40: SCATTER IN THE BW FOR WATER FOR MODE 3 (RAW DATA-BLACK AND CORRECTED DATA-RED)......... 195 
FIGURE 7-41: SCATTER IN THE BW FOR WATER FOR MODE 3 (RAW DATA ς BLACK, CF CORRECTED DATA RED ς AND 

TEMPERATURE CORRECTED IN GREEN). ............................................................................................. 196 
FIGURE 7-42: CORRECTED AND AVERAGED THE BW FOR ALL SAMPLES FOR MODE 3 (RAW DATAς BLACK, CF CORRECTED 

DATA-ORANGE, TEMPERATURE CORRECTED DATA- GREEN AND AVERAGING AFTER CORRECTIONS IN RED). .... 196 
FIGURE 7-43: FITTING AVERAGING BW- RAW DATA AND CF OF THE FOURTH MODE (1.52 GHZ). .......................... 197 
FIGURE 7-44: SCATTER IN THE BW FOR WATER FOR MODE 4 (1.52 GHZ) (RAW DATA - BLACK, CF CORRECTED DATA ς 

RED AND TEMPERATURE CORRECTED DATA IN GREEN)......................................................................... 197 
FIGURE 7-45: CORRECTED AND AVERAGED THE BW FOR ALL SAMPLES FOR MODE 4 (RAW DATA- BLACK, CF CORRECTED 

DATA- ORANGE, TEMPERATURE CORRECTED DATA- GREEN AND AVERAGING AFTER CORRECTIONS IN RED). ... 198 
FIGURE 7-46: RAW DATA, CORRECTIONS AND AVERAGING OF Q FACTOR MEASUREMENTS FOR ALL MODES AT VARIANCE 

CONCENTRATIONS (25 TO 1.56) PPT OF 2 ɾa (RAW DATA - BLACK, CORRECTED DATA - ORANGE AND GREEN 

AND AVERAGING IN RED). .............................................................................................................. 198 
FIGURE 7-47: RAW DATA, CORRECTIONS AND AVERAGING OF |S21| MEASUREMENTS FOR ALL MODES AT VARIANCE 

CONCENTRATIONS (25 TO 1.56) PPT OF 2 ɾa (RAW DATA - BLACK, CORRECTED DATA-ORANGE AND GREEN AND 

AVERAGING IN RED)...................................................................................................................... 199 
FIGURE 7-48: AVE. OF BW OVER THE THREE SETS AFTER APPLYING ALL THE CORRECTIONS FOR VARIANCE 

CONCENTRATIONS (25 TO 1.56) PPT AT 2 ɾa. ................................................................................. 199 
FIGURE 7-49: AVE. OF Q FACTOR OVER THE THREE SETS AFTER APPLYING ALL THE CORRECTIONS FOR VARIANCE 

CONCENTRATIONS (25 TO 1.56) PPT AT 2 ɾa. ................................................................................. 200 
FIGURE 7-50: AVE. OF |S21| OVER THE THREE SETS AFTER APPLYING ALL THE CORRECTIONS FOR VARIANCE 

CONCENTRATIONS (25 TO 1.56) PPT AT 2 ɾa. ................................................................................. 200 
FIGURE 7-51: THE CORRELATION BETWEEN THE BANDWIDTH CORRECTED DATA WITH DIFFERENT CONCENTRATIONS AND 

STATISTICAL DETECTION (2s AND 3s) AT 2 ɾa. ................................................................................ 201 
FIGURE 7-52: THE AVERAGE BW MEASUREMENTS AFTER CORRECTIONS FOR SUSPENSION POLYSTYRENE (2 ɾa) WITH A 

CONCENTRATION RANGE OF 25 TO1.56 PPT. ..................................................................................... 201 
FIGURE 7-53: THE AVERAGE Q FACTOR MEASUREMENTS AFTER CORRECTIONS FOR SUSPENSION POLYSTYRENE (2 ɾa) 

WITH A CONCENTRATION RANGE OF 25 TO1.56 PPT. .......................................................................... 202 
FIGURE 7-54: THE AVERAGE |S21| MEASUREMENTS AFTER CORRECTIONS FOR SUSPENSION POLYSTYRENE (2 ɾa) WITH A 

CONCENTRATION RANGE OF 25 TO1.56 PPT. ..................................................................................... 202 
FIGURE 7-55: THE AVERAGE CF MEASUREMENTS FOR SUSPENSION POLYSTYRENE (2 ɾa) WITH A CONCENTRATION 

RANGE OF 25 TO 1.56 PPT. ........................................................................................................... 202 
FIGURE 7-56: REAL PERMITTIVITY OF THE EXPERIMENTAL WORK FOR DIFFERENT MODE (0.377, 0.757, 1.14 AND 1.52) 

GHZ AT VARIANCE CONCENTRATIONS OF THE 2 ɾa Chw {¦{t9b{Lhb th[¸{¢¸w9b9 (25 TO 1.56) PPT. ........ 203 
FIGURE 7-57: IMAGINARY PERMITTIVITY OF THE EXPERIMENTAL WORK FOR DIFFERENT MODES (0.377, 0.757, 1.14 AND 

1.52) GHZ AT VARIANCE CONCENTRATIONS OF THE 2 ɾa Chw {¦{t9b{Lhb th[¸{¢¸w9b9 (25 TO 1.56) PPT.204 

file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302022
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302022
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302023
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302023
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302024
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302024
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302025
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302025
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302026
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302026
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302027
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302028
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302029
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302029
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302030
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302031
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302032
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302032
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302033
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302033
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302034
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302035
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302035
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302036
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302036
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302037
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302037
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302037
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302038
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302038
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302038
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302039
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302039
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302040
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302040
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302041
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302041
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302042
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302042
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302043
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302043
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302044
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302044
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302045
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302045
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302046
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302046
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302047
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302047
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302048
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302048


 
XXI  

 

FIGURE 7-58: RAW DATA, CORRECTIONS AND AVERAGING OF BW MEASUREMENTS FOR ALL MODES AT VARIANCE 

CONCENTRATIONS (25 TO 1.56) PPT OF 0.8 ɾa (RAW DATA - BLACK, CORRECTED DATA - ORANGE AND GREEN 

AND AVERAGING IN RED). .............................................................................................................. 205 
FIGURE 7-59: RAW DATA, CORRECTIONS AND AVERAGING OF Q FACTOR MEASUREMENTS FOR ALL MODES AT VARIANCE 

CONCENTRATIONS (25 TO1.56) PPT OF 0.8 ɾa (RAW DATA - BLACK, CORRECTED DATA - ORANGE AND GREEN 

AND AVERAGING IN RED). .............................................................................................................. 205 
FIGURE 7-60: RAW DATA, CORRECTIONS AND AVERAGING OF |S21| MEASUREMENTS FOR ALL MODES AT VARIANCE 

CONCENTRATIONS (25 TO1.56) PPT OF 0.8 ɾa (RAW DATA - BLACK, CORRECTED DATA - ORANGE AND GREEN 

AND AVERAGING IN RED). .............................................................................................................. 206 
FIGURE 7-61: THE CORRELATION BETWEEN THE CORRECTED BW DATA WITH DIFFERENT CONCENTRATIONS AND 

STATISTICAL DETECTION °(2s(RED) AND 3s(BLUE)) AT 0.8 ɾa Chw ![[ ah59{. .................................... 206 
FIGURE 7-62: AVE. BW MEASUREMENTS AFTER CORRECTIONS FOR SUSPENSION POLYSTYRENE (0.8 ɾa) WITH 

CONCENTRATION RANGE 25 TO 1.56 PPT OF ALL MODES. .................................................................... 207 
FIGURE 7-63: AVE. Q FACTOR MEASUREMENTS AFTER CORRECTIONS FOR SUSPENSION POLYSTYRENE (0.8 ɾa) WITH 

CONCENTRATION RANGE 25 TO 1.56 PPT OF ALL MODES. .................................................................... 207 
FIGURE 7-64: AVE. |S21| MEASUREMENTS AFTER CORRECTIONS FOR SUSPENSION POLYSTYRENE (0.8 ɾa) WITH 

CONCENTRATION RANGE 25 TO 1.56 PPT OF ALL MODES. .................................................................... 208 
FIGURE 7-65: AVE. CF MEASUREMENTS FOR SUSPENSION POLYSTYRENE (0.8 ɾa) WITH CONCENTRATION RANGE 25 

TO1.56 PPT. ............................................................................................................................... 208 
FIGURE 7-66: REAL PERMITTIVITY OF THE EXPERIMENTAL WORK FOR DIFFERENT MODE (0.378, 0.757, 1.14 AND 1.52) 

GHZ AT VARIANCE CONCENTRATIONS OF 0.8 ɾa Chw {¦{t9b{Lhb th[¸{¢¸w9b9 (25 TO 1.56) PPT. ........... 209 
FIGURE 7-67: IMAGINARY PERMITTIVITY OF THE EXPERIMENTAL WORK FOR DIFFERENT MODES (0.378, 0.757, 1.14 AND 

1.52) GHZ AT VARIANCE CONCENTRATIONS OF 0.8 ɾa Chw {¦{t9b{Lhb th[¸{¢¸w9b9 (25 TO 1.56) PPT. .. 209 
FIGURE 7-68: COMPARISON BETWEEN THE REAL PERMITTIVITY AT DIFFERENT MODES (0.378, 0.757, 1.14 AND 1.52) 

GHZ AT VARIANCE CONCENTRATIONS FOR THREE PARTICLE SIZES (2, 0.8 AND 0.413) ɾa (25 TO 1.56) PPT FOR 

2 AND 0.8 ɾa !b5 (25 TO 3.12) PPT FOR 0.413 ɾa. ...................................................................... 211 
FIGURE 7-69: COMPARISON BETWEEN THE IMAGINARY PERMITTIVITY AT DIFFERENT MODES (0.378, 0.757, 1.14 AND 

1.52) GHZ AT VARIANCE CONCENTRATIONS FOR THREE PARTICLE SIZES (2, 0.8 AND 0.413) ɾa (25 TO 1.56) 

PPT FOR 2 AND 0.8 ɾa !b5 (25 TO 3.12) PPT FOR 0.413 ɾa. .......................................................... 212 
FIGURE 8-1: PROTRUDING PROBE ΨCUT BACKΩ ............................................................................................... 215 
FIGURE 8-2: BANDWIDTH MEASURED FOR DIFFERENT CONCENTRATIONS OF 0.8 ɾa PS SPHERES AT THE FIRST 4 MODES 

OF THE PROBE RESONATOR. ............................................................................................................ 216 
FIGURE 8-3: FITTING AVERAGING RAW DATA AND CENTRAL FREQUENCY (CF) IN THE FIRST MODE (432 MHZ). ......... 218 
FIGURE 8-4: SCATTER IN THE BW FOR WATER FOR MODE 1 (RAW DATA _ BLUE AND CORRECTED DATA _ ORANGE). . 218 
FIGURE 8-5: SCATTER IN THE BW FOR ALL SAMPLES FOR MODE 1 (RAW DATA _ BLUE AND CORRECTED DATA _ ORANGE).

 ................................................................................................................................................ 219 
FIGURE 8-6: AVERAGE OF THE BW FOR ALL SAMPLES FOR MODE 1 (RAW DATA_BLUE AND CORRECTED DATA _ 

ORANGE). .................................................................................................................................. 219 
FIGURE 8-7: THE CORRELATION BETWEEN THE CORRECTED DATA WITH DIFFERENT CONCENTRATIONS AND STATISTICAL 

DETECTION (2s AND 3s) OF MODE1 (432) MHZ .............................................................................. 220 
FIGURE 8-8: FITTING AVERAGING RAW DATA AND TEMPERATURE OF THE ENVIRONMENT IN THE SECOND MODE (868 

MHZ). ....................................................................................................................................... 220 
FIGURE 8-9: SCATTER IN THE BW FOR WATER FOR MODE 2 (RAW DATA ς BLUE AND CORRECTED DATA ς ORANGE). . 221 
FIGURE 8-10: SCATTER IN THE BW FOR WATER FOR MODE 2 (RAW DATA ς BLUE, TEMPERATURE CORRECTED DATA ς 

ORANGE AND CF CORRECTED IN GREEN). .......................................................................................... 221 
FIGURE 8-11: AVERAGE OF THE BW FOR ALL SAMPLES FOR MODE 2 (RAW DATA ς BLUE, TEMPERATURE CORRECTED 

DATA ς ORANGE AND CF CORRECTED IN GREEN). ............................................................................... 222 
FIGURE 8-12: THE CORRELATION BETWEEN THE CORRECTED DATA WITH DIFFERENT CONCENTRATIONS AND STATISTICAL 

DETECTION (2s AND 3s) FOR MODE 2............................................................................................. 223 
FIGURE 8-13: FITTING AVERAGED RAW DATA AND TEMPERATURE OF THE ENVIRONMENT IN BW OF THE THIRD MODE 

(1.31 GHZ). ............................................................................................................................... 223 

file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302049
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302049
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302049
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302050
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302050
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302050
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302051
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302051
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302051
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302052
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302052
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302053
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302053
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302054
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302054
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302055
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302055
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302056
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302056
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302057
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302057
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302058
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302058
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302059
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302059
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302059
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302060
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302060
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302060
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302061
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302062
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302062
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302063
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302064
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302065
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302065
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302066
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302066
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302067
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302067
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302068
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302068
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302069
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302070
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302070
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302071
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302071
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302072
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302072
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302073
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302073


 
XXII  

 

FIGURE 8-14: SCATTER IN THE BW FOR WATER FOR MODE 3 (RAW DATA ς BLUE, TEMPERATURE CORRECTED DATA ς 

ORANGE AND CF CORRECTED IN GREEN). .......................................................................................... 224 
FIGURE 8-15: THE AVERAGE OF THE BW FOR ALL SAMPLES FOR MODE 3 (RAW DATA ς BLUE, TEMPERATURE CORRECTED 

DATA ς ORANGE AND CF CORRECTED IN GREEN). ............................................................................... 224 
FIGURE 8-16: THE CORRELATION BETWEEN THE CORRECTED DATA WITH DIFFERENT CONCENTRATIONS AND STATISTICAL 

DETECTION (2s AND 3s). ............................................................................................................. 225 
FIGURE 8-17: FITTING AVERAGING ROW DATA AND TEMPERATURE OF THE ENVIRONMENT IN BW OF THE FOURTH MODE 

(1.76 GHZ). ............................................................................................................................... 226 
FIGURE 8-18: ILLUSTRATED THE RAW DATA, CORRECTED OF CF, AND AMBIENT TEMPERATURE WITH CORRELATION 

COEFFICIENT (-0.8764). ............................................................................................................... 226 
FIGURE 8-19: SCATTER IN THE BW FOR WATER FOR MODE 4 (RAW DATA ς BLUE, TEMPERATURE CORRECTED DATA ς 

ORANGE AND CF CORRECTED IN GREY). ............................................................................................ 227 
FIGURE 8-20: AVERAGE OF THE BW FOR ALL SAMPLES FOR MODE 4 (RAW DATA ς BLUE, CORRECTED DATA FROM 

FREQUENCY ς ORANGE AND CORRECTED FREQUENCY DATA FROM TEMPERATURE - GREEN). ....................... 227 
FIGURE 8-21: THE CORRELATION BETWEEN THE CORRECTED DATA WITH DIFFERENT CONCENTRATIONS AND STATISTICAL 

DETECTION (2s AND 3s). ............................................................................................................. 228 
FIGURE 8-22: COATED FLAT COAXIAL CABLE WITH AU. ................................................................................... 229 
FIGURE 8-23: BANDWIDTH MEASURED FOR DIFFERENT CONCENTRATIONS OF 0.8 ɾa PS SPHERES AT THE FIRST 4 MODES 

OF THE PROBE RESONATOR AFTER COATING WITH AU. ......................................................................... 230 
FIGURE 8-24: THE CORRELATION BETWEEN THE CORRECTED DATA WITH DIFFERENT CONCENTRATIONS AND STATISTICAL 

DETECTION (2s AND 3s) AT THE FIRST MODE. ................................................................................... 231 
FIGURE 8-25: THE CORRELATION BETWEEN THE CORRECTED DATA WITH DIFFERENT CONCENTRATIONS AND STATISTICAL 

DETECTION (2s AND 3s) AT THE SECOND MODE. ............................................................................... 232 
FIGURE 8-26: THE CORRELATION BETWEEN THE CORRECTED DATA WITH DIFFERENT CONCENTRATIONS AND STATISTICAL 

DETECTION (2s AND 3s) AT THE THIRD MODE. .................................................................................. 233 
FIGURE 8-27: BANDWIDTH MEASURED FOR DIFFERENT CONCENTRATIONS OF 0.8 ɾa PS SPHERES AT THE FIRST 4 MODES 

OF THE SPC PROBE RESONATOR. ..................................................................................................... 234 
FIGURE 8-28: THE CORRELATION BETWEEN THE CORRECTED DATA WITH DIFFERENT CONCENTRATIONS AND STATISTICAL 

DETECTION (2s AND 3s) OF 0.8 ɾa PS SPHERES AT THE FIRST MODE OF THE SPC PROBE RESONATOR. ....... 235 
FIGURE 8-29: THE CORRELATION BETWEEN THE CORRECTED DATA WITH DIFFERENT CONCENTRATIONS AND STATISTICAL 

DETECTION (2s AND 3s) OF 0.8 ɾa PS SPHERES AT THE SECOND MODE OF THE SPC PROBE RESONATOR. ... 236 
FIGURE 8-30: THE CORRELATION BETWEEN THE CORRECTED DATA WITH DIFFERENT CONCENTRATIONS AND STATISTICAL 

DETECTION (2s AND 3s) OF 0.8 ɾa PS SPHERES AT THE THIRD MODE OF THE SPC PROBE RESONATOR. ...... 236 
FIGURE 8-31: SCHEMATIC OF A COMBINED SYSTEM. ...................................................................................... 238 
FIGURE 8-32: EXPERIMENTAL PHYSICAL SET-UP OF A COMBINED SYSTEM. .......................................................... 239 
FIGURE 8-33: SCHEMATIC FOR COMBINED MICROWAVE/  OPTICAL SYSTEM TIP ................................................... 239 
FIGURE 8-34: THE PRESENTATION OF A COMBINED MICROWAVE/  OPTICAL CORRECTED DATA FOR PS (2 ɾa) WITH 

STOCK FROM THE MANUFACTURER (25) PPT AND DIFFERENT CONCENTRATIONS (12.5 TO 0.78) PPT OF FOUR 

MODES (0.378, 0.757, 1.14 AND 1.52) GHZ OF BW MEASUREMENTS AND OVER THE WAVELENGTH RANGE 

(400 TO 1000) NM FOR OPTICAL DETECTION. ................................................................................... 241 
FIGURE 8-35: THE AVERAGE CORRECTED OF A COMBINED MICROWAVE (BW)/ OPTICAL DETECTION AND THE 

CONCENTRATION OF THE PS (12.5 TO 0.78) PPT AND STOCK FROM THE MANUFACTURER (25) PPT AT 2 ɾa Chw 

ALL MODES SEPARATELY................................................................................................................. 242 
FIGURE 8-36: THE AVERAGE CORRECTED OF A COMBINED MICROWAVE (BW)/ OPTICAL DETECTION AND THE 

CONCENTRATION OF THE PS (12.5 TO 0.78) PPT AND STOCK FROM THE MANUFACTURER (25) PPT AT 2 ɾa Chw 

ALL MODES TOGETHER. .................................................................................................................. 243 
FIGURE 8-37: AREA UNDER CURVE (AUC) OF A COMBINED MICROWAVE (BW)/ OPTICAL DETECTION AND THE 

CONCENTRATION OF THE PS (12.5 TO 0.78) PPT AT 2 ɾa Chw ![[ MODES TOGETHER. ............................. 243 
FIGURE 8-38: THE PRESENTATION OF A COMBINED MICROWAVE/  OPTICAL CORRECTED DATA FOR PS (0.8 ɾa) WITH 

STOCK FROM THE MANUFACTURER (25) PPT AND DIFFERENT CONCENTRATIONS (12.5 TO 0.78) PPT OF FOUR 

MODES (0.378, 0.757, 1.14 AND 1.52) GHZ OF BW MEASUREMENTS AND OVER THE WAVELENGTH RANGE 

(400 TO1000) NM FOR OPTICAL DETECTION. .................................................................................... 244 

file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302074
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302074
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302075
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302075
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302076
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302076
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302077
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302077
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302078
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302078
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302079
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302079
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302080
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302080
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302081
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302081
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302082
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302083
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302083
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302084
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302084
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302085
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302085
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302086
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302086
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302087
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302087
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302088
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302088
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302089
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302089
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302090
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302090
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302091
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302092
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302093
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302094
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302094
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302094
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302094
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302095
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302095
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302095
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302096
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302096
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302096
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302097
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302097
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302098
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302098
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302098
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302098


 
XXIII  

 

FIGURE 8-39: THE AVERAGE CORRECTED OF A COMBINED MICROWAVE (BW)/ OPTICAL DETECTION AND THE 

CONCENTRATION OF THE PS (12.5 TO 0.78) PPT AND STOCK FROM THE MANUFACTURER (25) PPT AT 0.8 ɾa 

FOR ALL MODES TOGETHER. ............................................................................................................ 245 
FIGURE 8-40: AREA UNDER CURVE (AUC) OF A COMBINED MICROWAVE (BW)/ OPTICAL DETECTION AND THE 

CONCENTRATION OF THE PS (12.5 TO 0.78) PPT AT 0.8 ɾa Chw ![[ ah59{ ¢hD9¢I9w. .......................... 245 
FIGURE 8-41: THE PRESENTATION OF A COMBINED MICROWAVE/  OPTICAL CORRECTED DATA FOR PS (0.413 ɾa) WITH 

STOCK FROM THE MANUFACTURER AND DIFFERENT CONCENTRATIONS (12.5 TO 0.78) PPT OF FOUR MODES 

(0.378, 0.757, 1.14 AND 1.52) GHZ OF BW MEASUREMENTS AND OVER THE WAVELENGTH RANGE (400 TO 

1000) NM FOR OPTICAL DETECTION. ............................................................................................... 246 
FIGURE 8-42: THE AVERAGING CORRECTED OF A COMBINED MICROWAVE (BW)/OPTICAL DETECTION AND THE 

CONCENTRATION OF THE PS (12.5 TO 0.78) PPT AND STOCK FROM THE MANUFACTURER (25) PPT AT 0.413 ɾa 

FOR ALL MODES TOGETHER. ............................................................................................................ 246 
FIGURE 8-43: AREA UNDER CURVE (AUC) OF A COMBINED MICROWAVE (BW)/ OPTICAL DETECTION AND THE 

CONCENTRATION OF THE PS (12.5 TO 0.78) PPT AT 0.413 ɾa Chw ALL MODES TOGETHER. ...................... 247 
FIGURE 8-44: AREA UNDER CURVE (AUC) COMPARISON FOR ALL PARTICLES (2, 0.8 AND 0.413) ɾa !¢ ²!±9[9bD¢I 

DETECTING RANGE (400 TO1000) NM OVER VARIOUS DILATIONS (25 TO 0.78) PPT. ................................ 248 
FIGURE 8-45: THE CORRELATION BETWEEN THE CORRECTED BW DATA OF 2 ɾa ²L¢H DIFFERENT CONCENTRATIONS (25 

TO 0.78) PPT AND STATISTICAL DETECTION °(2s(RED) AND 3s(BLUE)). ................................................ 249 
FIGURE 8-46: THE CORRELATION BETWEEN THE CORRECTED BW DATA OF 0.8 ɾa ²L¢I 5LCC9w9b¢ /hb/9b¢w!¢Lhb{ 

(25 TO 0.78) PPT AND STATISTICAL DETECTION °(2s(RED) AND 3s(BLUE)). .......................................... 249 
FIGURE 8-47: THE CORRELATION BETWEEN THE CORRECTED BW DATA OF 0.413 ɾa ²L¢I 5LCC9w9b¢ /hb/9b¢w!¢Lhb{ 

(25 TO 0.78) PPT AND STATISTICAL DETECTION °(2s(RED) AND 3s(BLUE)). .......................................... 250 

file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302099
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302099
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302099
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302100
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302100
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302101
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302101
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302101
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302101
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302102
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302102
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302102
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302103
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302103
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302104
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302104
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302105
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302105
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302106
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302106
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302107
file:///C:/Users/W2.41/Desktop/5-4-21%20%20for%20the%20whole%20day/Corrections%20copy%20fter%20Viva_17-8-2021_6.docx%23_Toc80302107


 
XXIV  

 

LIST OF TABLES  

TABLE 1-1: COMPARISON OF BENIGN AND MALIGNANT TUMOUR PRODUCED FROM [14]. ....................................... 7 
TABLE 2-1: OVERVIEW OF THE OPTICAL DETECTING TECHNIQUES WITH DIFFERENT TISSUE TYPES ............................... 21 
TABLE 2-2: OVERVIEW OF THE TISSUE PHANTOM IN THE ELSS DETECTING ............................................................ 27 
TABLE 6-1: DILUTIONS PREPARED FROM COMMERCIALLY OBTAINED SALINE ό.hh¢ΩS PHARMACY) ......................... 134 
TABLE 6-2: SAMPLE LABELS AND RESPECTIVE CONCENTRATIONS. ...................................................................... 143 
TABLE 8-1: MEAN, STANDARD DEVIATION AND PERCENTAGE ERROR FOR FOUR MODES OF THE BW. ....................... 217 
TABLE 8-2: MEAN, STANDARD DEVIATION AND PERCENTAGE ERROR FOR ROW AND CORRECTED FIRST MODE DATA (432 

MHZ). ....................................................................................................................................... 218 
TABLE 8-3: MEAN, STANDARD DEVIATION AND PERCENTAGE ERROR FOR RAW AND CORRECTED DATA OF SECOND MODE 

(686 MHZ). ............................................................................................................................... 222 
TABLE 8-4: MEAN, STANDARD DEVIATION AND PERCENTAGE ERROR FOR MODE THREE OF THE BW. ........................ 225 
TABLE 8-5: MEAN, STANDARD DEVIATION AND PERCENTAGE ERROR FOR MODE 4 OF THE BW. .............................. 228 
TABLE 8-6: MEAN, STANDARD DEVIATION AND PERCENTAGE ERROR IN THE BW FOR THE FOUR MODES. .................. 230 
TABLE 8-7: MEAN, STANDARD DEVIATION AND PERCENTAGE ERROR FOR FIRST MODE OF THE BW. ......................... 231 
TABLE 8-8: MEAN, STANDARD DEVIATION AND PERCENTAGE ERROR FOR SECOND MODE OF THE BW. ..................... 231 
TABLE 8-9: MEAN, STANDARD DEVIATION AND PERCENTAGE ERROR FOR THIRD MODE OF THE BW. ........................ 232 
TABLE 8-10: MEAN, STANDARD DEVIATION AND PERCENTAGE ERROR IN THE BW AT THE FOUR MODES. .................. 234 
TABLE 8-11: MEAN, STANDARD DEVIATION AND PERCENTAGE ERROR IN THE BW AT THE FIRST MODE. .................... 235 
TABLE 8-12: MEAN, STANDARD DEVIATION AND PERCENTAGE ERROR IN THE BW AT THE SECOND MODE. ................ 235 
TABLE 8-13: MEAN, STANDARD DEVIATION AND PERCENTAGE ERROR IN THE BW AT THE THIRD MODE. ................... 236 
TABLE 8-14: MEAN, STANDARD DEVIATION AND PERCENTAGE ERROR IN THE BW FOR THE FOUR MODES. ................ 240 
TABLE 8-15: MEAN, STANDARD DEVIATION, PERCENTAGE ERROR AND SE FOR FIRST MODE OF THE BW. .................. 240 
TABLE 8-16: MEAN, STANDARD DEVIATION, PERCENTAGE ERROR AND SE FOR SECOND MODE OF THE BW. .............. 240 
TABLE 8-17: a9!bΣ {¢!b5!w5 59±L!¢LhbΣ t9w/9b¢!D9 9wwhw !b5 {9 Chw ¢ILw5 ah59 hC ¢I9 .²Φ .................. 241 
TABLE 8-18: a9!bΣ {¢!b5!w5 59±L!¢LhbΣ t9w/9b¢!D9 9wwhw !b5 {9 Chw Ch¦w¢I ah59 hC ¢I9 .²Φ ............... 241 

 

 



MAY ESTEPHAN   CHAPTER 1 

 
1 

 

Chapter 1  

1 INTRODUCTION AND THESIS OVERVIEW  

 Background of C linical Problem  

Cancer is one of the most prevalent and fatal diseases across the globe. According to the Union 

for International Cancer Control, over 7 million people die from cancer, and more than 11 million 

new cases are diagnosed worldwide every year. The accurate diagnosis and treatment planning 

of different types of cancer have been achieved using biopsies. Various medical imaging 

modalities have been used to guide needle biopsies for tumour diagnosis to extract cells from a 

suspicious area, such as breast lumps and enlarged lymph nodes. Ultrasound (US) and 

Computed Tomography (CT) are used in image-guided procedures. Ultrasound is commonly 

used for counselling due to its flexibility, relatively low cost and capacity to provide real-time 

visualization with high image quality. However, this technique's image contrast may limit safe 

needle insertion accuracy, mainly when dealing with complex 3D anatomy [1]. Despite the use 

of CT imaging as guidance in the positioning of the biopsy, there is a limitation in the 

visualization of relevant structures due to thresholds in contrast and image resolution. The 

needle biopsy procedure lacks sensitivity and usually requires multiple sampling locations; the 

area of interest may be either missed or under-sampled. In some cases, although a biopsy needle 

is correctly localized in the lesion target, there is a probability for incorrect  diagnostic because 

only necrotic tissue is sampled [2], it is estimated that between 4.3 and 17.9 % of cancer 

diagnoses are ÍÉÓÓÅÄ ÂÙ ȰÆÁÌÓÅɀÎÅÇÁÔÉÖÅȱ ÂÉÏÐÓÉÅÓ ÄÅÓÐÉÔÅ ÔÈÅ ÃÏÎÔÉÎÕÉÎÇ ÅÖÏÌÕÔÉÏÎ of imaging 

techniques in cancer detection. Furthermore, needle biopsies are repeated in 4% through 32% 

of cases due to the unspecified pathological analysis [3]. Between 75% and 80% of patients who 

undergo biopsy suffer from unnecessary anxiety and potential morbidity because of low 

specificity, representing a significant financial burden upon the healthcare system [4]. It is clear 

that the biopsy procedures are an invasive, complicated and time-consuming procedure; thus, 

there is an urgent need to develop a more efficient and effective minimally invasive method for 

an accurate predictive technique for diagnosis to reduce or even eliminate the emotional trauma 

to the patient waiting for a diagnosis and can speed the next stage of the surgical process. 

Additionally,  to reduce health care costs and eliminate the need for a surgical biopsy [5]  
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 Optical and Micro wave non -destructive 

technique s  

)Î ÔÈÉÓ ÓÔÕÄÙȟ Ô×Ï ÔÅÃÈÎÉÑÕÅÓ ÈÁÖÅ ÂÅÅÎ ÕÓÅÄ ÆÏÒ ÄÅÔÅÃÔÉÎÇ ÐÒÉÏÒ ÔÏ ÔÈÅ ÎÏÖÅÌÔÙ ÏÆ Á ÃÏÍÂÉÎÅÄ 

-ÉÃÒÏ×ÁÖÅȾ /ÐÔÉÃÁÌ ÓÅÎÓÏÒ ÓÙÓÔÅÍ ÉÎ ÔÈÅ ÁÐÐÌÉÃÁÔÉÏÎ ÏÆ ÃÁÎÃÅÒ ÄÅÔÅÃÔÉÏÎȢ   

/ÐÔÉÃÁÌ ÓÐÅÃÔÒÏÓÃÏÐÙ ɉÔÈÅ ÆÉÒÓÔ ÔÅÃÈÎÉÑÕÅɊ ÉÓ Á ÎÏÎȤÉÎÖÁÓÉÖÅ ÏÒ ÍÉÎÉÍÁÌÌÙ ÉÎÖÁÓÉÖÅ ÒÅÁÌȤÔÉÍÅ 

ÄÉÁÇÎÏÓÔÉÃ ÔÅÃÈÎÉÑÕÅ ÆÏÒ ÔÉÓÓÕÅ ÐÁÔÈÏÌÏÇÙ ÕÓÉÎÇ Á ÓÐÅÃÉÆÉÃ ×ÁÖÅÌÅÎÇÔÈ ÏÆ ÌÉÇÈÔȢ 4ÈÅ ÏÐÔÉÃÁÌ 

ÓÐÅÃÔÒÕÍ ÉÎÔÅÒÐÒÅÔÓ ÂÉÏÃÈÅÍÉÃÁÌ ÉÎÆÏÒÍÁÔÉÏÎ ÂÙ ÍÅÁÓÕÒÉÎÇ ÁÂÓÏÒÐÔÉÏÎȟ ÆÌÕÏÒÅÓÃÅÎÃÅȟ ÏÒ 2ÁÍÁÎ 

ÓÃÁÔÔÅÒÉÎÇ ÓÉÇÎÁÌÓȢ -ÏÒÐÈÏÌÏÇÉÃÁÌ ÁÎÄ ÓÔÒÕÃÔÕÒÅ ÉÎÆÏÒÍÁÔÉÏÎ ÃÁÎ ÂÅ ÏÂÔÁÉÎÅÄ ÂÙ ÔÅÃÈÎÉÑÕÅÓ ÔÈÁÔ 

ÁÓÓÅÓÓ ÔÈÅ ÅÌÁÓÔÉÃ ÓÃÁÔÔÅÒÉÎÇ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÔÉÓÓÕÅȢ  

2ÅÇÁÒÄÉÎÇ ÔÈÅ ÓÅÃÏÎÄ ÔÅÃÈÎÉÑÕÅ ɉ-ÉÃÒÏ×ÁÖÅ ÍÅÁÓÕÒÅÍÅÎÔÓɊȟ ÉÔ ÉÓ Á ÎÏÎȤÄÅÓÔÒÕÃÔÉÖÅ ÄÉÁÇÎÏÓÔÉÃ 

ÔÅÃÈÎÉÑÕÅȢ  !ÌÓÏȟ ÔÈÅ ÕÓÅ ÏÆ %ÌÅÃÔÒÏÍÉÃÒÏ×ÁÖÅ ÅÎÅÒÇÙ ÉÎ ÔÈÅ ÍÉÃÒÏ×ÁÖÅ ÓÐÅÃÔÒÕÍ ÐÌÁÙÓ Á ÖÉÔÁÌ ÒÏÌÅ 

ÉÎ ÄÅÔÅÃÔÉÎÇ ÁÓ ÉÔ ÃÁÎ ÂÁÌÁÎÃÅ ÔÈÅ ÃÏÍÐÅÔÉÎÇ ÒÅÑÕÉÒÅÍÅÎÔÓ ÉÎ ÒÅÓÏÌÕÔÉÏÎ ÁÎÄ ÐÅÎÅÔÒÁÔÉÏÎȢ 4ÈÅ 

ÄÉÅÌÅÃÔÒÉÃ ÐÒÏÐÅÒÔÉÅÓ ÈÁÖÅ ÁÎ ÅÓÓÅÎÔÉÁÌ ÒÏÌÅ ÉÎ ÍÉÃÒÏ×ÁÖÅ ÍÅÁÓÕÒÅÍÅÎÔÓȢ )Ô ÑÕÁÎÔÉÆÉÅÓ ÔÈÅ 

ÐÒÏÐÏÒÔÉÏÎ ÏÆ ÅÎÅÒÇÙ ÔÈÁÔ ÆÁÌÌÓ ÉÎÔÏ ÔÈÒÅÅ ÃÁÔÅÇÏÒÉÅÓ ɉÒÅÆÌÅÃÔÅÄȟ ÔÒÁÎÓÍÉÓÓÉÏÎ ÁÎÄ ÁÂÓÏÒÂÅÄɊ ÁÆÔÅÒ 

ÔÈÅ ÍÉÃÒÏ×ÁÖÅ ÒÁÄÉÁÔÉÏÎ ÉÎÔÅÒÁÃÔÓ ×ÉÔÈ ÔÈÅ ÍÁÔÅÒÉÁÌȢ &ÕÒÔÈÅÒÍÏÒÅȟ ÔÈÅ ÁÄÖÁÎÔÁÇÅ ÇÁÉÎÅÄ ÂÙ 

ÍÅÁÓÕÒÉÎÇ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ ÐÒÏÐÅÒÔÉÅÓ ÈÁÓ ÁÎ ÅÓÓÅÎÔÉÁÌ ÒÏÌÅ ÉÎ ÍÉÃÒÏ×ÁÖÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ÁÓ ÉÔ ÉÓ 

ÔÒÁÃËÉÎÇ ÓÐÅÃÉÆÉÃ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÔÈÅ ÐÈÙÓÉÃÁÌ ÏÒ ÃÈÅÍÉÃÁÌ ÃÈÁÎÇÅÓ ÉÎ ÔÈÅ ÍÁÔÅÒÉÁÌȢ )Ô ÁÌÓÏ ÃÌÁÒÉÆÉÅÓ 

ÔÈÅ ÂÁÓÉÃ ÐÈÙÓÉÏÌÏÇÉÃÁÌ ÄÉÆÆÅÒÅÎÃÅ ÂÅÔ×ÅÅÎ ÔÈÅ ÎÏÒÍÁÌ ÁÎÄ ÃÁÎÃÅÒÏÕÓ ÔÉÓÓÕÅ ÉÎ ÂÉÏÌÏÇÉÃÁÌ ÓÙÓÔÅÍÓȢ 

7ÁÔÅÒ ÐÌÁÙÓ ÁÎ ÅÓÓÅÎÔÉÁÌ ÒÏÌÅ ÉÎ ÄÅÔÅÃÔÉÎÇ ÍÉÃÒÏ×ÁÖÅ ÍÅÁÓÕÒÅÍÅÎÔÓȢ !Ô ÃÁÎÃÅÒ ÔÉÓÓÕÅȟ ÔÈÅ ×ÁÔÅÒ 

ÃÏÎÔÅÎÔ ÁÎÄ ÖÁÓÃÕÌÁÒ ÉÓ ÈÉÇÈ ÅØÃÅÐÔ ×ÈÅÎ ÉÔ ÂÅÃÏÍÅÓ ÎÅÃÒÏÔÉÃ ɏΰȟ αɐȢ -ÏÒÅÏÖÅÒȟ ÔÈÅÒÅ ÉÓ ÁÎ 

ÁÐÐÒÏØÉÍÁÔÅ ÉÎÃÒÅÁÓÅ ÉÎ ÔÈÅ ÐÅÒÍÉÔÔÉÖÉÔÙ ÂÙ ΫΪГ ÔÏ έΪГ ÆÏÒ ÈÉÇÈ ×ÁÔÅÒ ÃÏÎÔÅÎÔ ÔÉÓÓÕÅȟ ÆÏÒ ÉÎÓÔÁÎÃÅȟ 

ÓËÉÎȟ ÌÉÖÅÒȟ ÍÕÓÃÌÅ ÁÎÄ ÓÐÌÅÅÎ ɏΰɐȢ /Î ÔÈÅ ÏÔÈÅÒ ÈÁÎÄȟ Á ÃÏÎÓÉÄÅÒÁÂÌÅ ÉÎÃÒÅÁÓÅ ÉÎ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ 

ÃÏÎÓÔÁÎÔ ÁÎÄ ÌÏÓÓ ÆÁÃÔÏÒ ÈÁÓ ÂÅÅÎ ÒÅÐÏÒÔÅÄ ÆÏÒ ÂÒÅÁÓÔ ÔÕÍÏÕÒÓ ɉήȤΫΪ ÔÉÍÅÓɊȢ 4ÈÅ ÄÉÅÌÅÃÔÒÉÃ 

ÃÏÎÓÔÁÎÔ ÉÓ ÔÈÅ ÒÁÔÉÏ ÂÅÔ×ÅÅÎ ÔÈÅ ÐÅÒÍÉÔÔÉÖÉÔÙ ÏÆ ÔÈÅ ÍÁÔÅÒÉÁÌ ÔÏ ÔÈÅ ÐÅÒÍÉÔÔÉÖÉÔÙ ÏÆ ÔÈÅ ÖÁÃÕÕÍȢ 

 

 Aim and objectives   

4ÈÅ ËÅÙ ÁÉÍ ÏÆ ÔÈÉÓ ÒÅÓÅÁÒÃÈ ÉÓ ÔÏ ÄÅÖÅÌÏÐ ÁÎÄ ÃÏÍÂÉÎÅÄ ÁÎ ÏÐÔÉÃÁÌ ÓÅÎÓÏÒ ÁÎÄ Á ÃÏÁØÉÁÌ 

ÍÉÃÒÏ×ÁÖÅ ÓÅÎÓÏÒ ÁÎÄ ÅÖÁÌÕÁÔÅ ÔÈÉÓ ÓÙÓÔÅÍȭÓ ÁÐÐÌÉÃÁÔÉÏÎ ÉÎ ÃÁÎÃÅÒ ÄÅÔÅÃÔÉÏÎȢ 

The key objectives of the project include: 

1- 3ÅÌÅÃÔ ÔÈÅ ÏÐÔÉÃÁÌ ÔÅÃÈÎÉÑÕÅ ÏÆ %ÌÁÓÔÉÃ ,ÉÇÈÔ 3ÃÁÔÔÅÒÉÎÇ 3ÐÅÃÔÒÏÓÃÏÐÙ ɉ%,33Ɋ ÁÎÄ ÄÅÖÅÌÏÐ 

Á ÍÁÔÈÅÍÁÔÉÃÁÌ ÍÏÄÅÌ ÆÏÒ ÇÅÏÍÅÔÒÉÃÁÌ ÃÈÁÒÁÃÔÅÒÉÚÁÔÉÏÎȟ ÆÁÂÒÉÃÁÔÉÏÎ ÏÐÔÉÃÁÌ ÐÒÏÂÅȟ ÁÎÄ 

ÅØÐÅÒÉÍÅÎÔÁÌ ×ÏÒË ÕÓÉÎÇ ÁÎ ÁÒÔÉÆÉÃÉÁÌ ÔÉÓÓÕÅȟ ÐÏÌÙÓÔÙÒÅÎÅ ÓÐÈÅÒÅ ÉÎ ÓÕÓÐÅÎÓÉÏÎ ɉ03Ɋ ×ÉÔÈ 

ÄÉÆÆÅÒÅÎÔ ÓÐÈÅÒÅÓ ÓÉÚÅ ÐÁÒÔÉÃÌÅÓȢ  
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2- 5ÓÅ ÏÆ ÔÈÅ ÎÏÎȤÒÅÓÏÎÁÎÔ ÍÅÔÈÏÄ ɉÏÐÅÎȤÅÎÄÅÄ ÃÏÁØÉÁÌ ÃÁÂÌÅɊ ÆÏÒ ÄÅÔÅÃÔÉÎÇ ÂÙ ÕÓÉÎÇ ÔÈÅ 

ÒÁÎÇÅ ÏÆ ÆÒÅÑÕÅÎÃÙ ɉÏȢΫ ÔÏ έɊ '(Ú ÁÓ ÔÈÅ ÆÉÒÓÔ ÉÎÓÔÁÎÃÅ ÆÏÒ ÄÅÔÅÃÔÉÏÎ ÏÆ 03 ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ 

ÄÉÌÕÔÉÏÎÓȢ  

3- 5ÔÉÌÉÚÅ ÔÈÅ ÒÅÓÏÎÁÎÔ ÔÅÃÈÎÉÑÕÅ ɉÃÁÖÉÔÙ ÒÅÓÏÎÁÎÔɊ ÁÓ Á ÒÅÆÅÒÅÎÃÅ ÆÏÒ ÄÅÔÅÃÔÉÎÇ 03 ÓÁÍÐÌÅÓ 

ÁÎÄ ÎÏÒÍÁÌ ÓÁÌÉÎÅ ×ÉÔÈ ÖÁÒÉÏÕÓ ÄÉÌÕÔÉÏÎÓȢ  

4- $ÅÖÅÌÏÐ ÔÈÅ ÒÅÓÏÎÁÎÔ ÃÏÁØÉÁÌ ÃÁÂÌÅ ɉ.ÏÖÅÌ 4Ȥ3ÔÒÕÃÔÕÒÅ ÁÎÄ ÃÁÐÁÃÉÔÉÖÅ ÃÏÕÐÌÉÎÇ 

ÔÅÃÈÎÉÑÕÅɊȟ ÓÉÍÕÌÁÔÉÏÎ ÂÙ ÕÓÉÎÇ !ÄÖÁÎÃÅ $ÅÓÉÇÎ 3ÙÓÔÅÍ ÁÎÄ ÅØÐÅÒÉÍÅÎÔ ×ÏÒË ÆÏÒ 

ÄÉÓÔÉÎÇÕÉÓÈÉÎÇ ÄÉÆÆÅÒÅÎÔ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÎÏÒÍÁÌ ÓÁÌÉÎÅ ÁÎÄ 03Ȣ  

5- $ÅÓÉÇÎ Á ÃÏÍÂÉÎÅÄ ÓÙÓÔÅÍȟ -ÉÃÒÏ×ÁÖÅ ɉÁ .ÏÖÅÌ 4Ȥ3ÔÒÕÃÔÕÒÅ ÁÎÄ ÃÁÐÁÃÉÔÉÖÅ ÃÏÕÐÌÉÎÇ 

ÔÅÃÈÎÉÑÕÅɊȟ ÁÎÄ ÏÐÔÉÃÁÌ ÓÅÎÓÏÒÓ ÅØÐÌÏÉÔÉÎÇ ÅÌÁÓÔÉÃ ÌÉÇÈÔ ÓÃÁÔÔÅÒÉÎÇ 3ÐÅÃÔÒÏÓÃÏÐÙ 

ÆÁÂÒÉÃÁÔÅÄ ÐÒÏÂÅ ÆÏÒ ÔÈÅ ÆÉÒÓÔ ÔÉÍÅ ÉÎ ÔÈÅ ÁÐÐÌÉÃÁÔÉÏÎ ÏÆ ÃÁÎÃÅÒ ÄÅÔÅÃÔÉÏÎȢ 

 

 Hypothesis   

4ÈÅ ÈÙÐÏÔÈÅÓÉÓ ÅÓÔÁÂÌÉÓÈÅÓ Ô×Ï ÖÁÒÉÁÂÌÅÓȟ /ÐÔÉÃÁÌ ÄÅÔÅÃÔÉÏÎ ÂÙ ÅÌÁÓÔÉÃ ÌÉÇÈÔ ÓÃÁÔÔÅÒÉÎÇ 

3ÐÅÃÔÒÏÓÃÏÐÙ ÁÎÄ -ÉÃÒÏ×ÁÖÅ ÄÅÔÅÃÔÉÏÎ ÂÙ ÄÅÖÅÌÏÐÉÎÇ Á .ÏÖÅÌ 4Ȥ3ÔÒÕÃÔÕÒÅ ÁÎÄ ÃÁÐÁÃÉÔÉÖÅ 

ÃÏÕÐÌÉÎÇ ÔÅÃÈÎÉÑÕÅȢ ! ÃÏÍÂÉÎÅÄ -ÉÃÒÏ×ÁÖÅ Ⱦ/ÐÔÉÃÁÌ ÓÅÎÓÏÒÓ ÓÙÓÔÅÍ ÃÏÕÌÄ ÂÅ ÄÅÓÉÇÎÅÄ ÆÏÒ 

ÁÐÐÌÉÃÁÔÉÏÎ ÉÎ ÃÁÎÃÅÒ ÄÅÔÅÃÔÉÏÎȢ 0ÏÌÙÓÔÙÒÅÎÅ ÓÐÈÅÒÅÓ ÉÎ ÓÕÓÐÅÎÓÉÏÎ ɉ03Ɋ ÁÓ Á ÃÁÎÃÅÒ ÐÈÁÎÔÏÍ ×ÅÒÅ 

ÔÈÅ ÓÕÂÊÅÃÔ ÏÆ ÂÏÔÈ ÔÅÃÈÎÉÑÕÅÓ ÔÏ ÃÏÎÆÉÒÍ ÔÈÅ ÁÂÉÌÉÔÙ ÔÏ ÄÅÔÅÃÔ ÓÅÐÁÒÁÔÅÌÙȢ  

 Tumour  Biology  

 Normal Tissues  

! ÔÉÓÓÕÅ ÃÏÎÓÉÓÔÓ ÏÆ Á ÇÒÏÕÐ ÏÆ ÃÅÌÌÓ ×ÉÔÈ ÓÉÍÉÌÁÒ ÓÈÁÐÅÓ ÁÎÄ ÆÕÎÃÔÉÏÎÓȢ )Î ÄÉÆÆÅÒÅÎÔ ÏÒÇÁÎÓȟ ÖÁÒÉÁÂÌÅ 

ÔÙÐÅÓ ÏÆ ÔÉÓÓÕÅÓ ÃÁÎ ÂÅ ÆÏÕÎÄȢ 4ÈÅÒÅ ÁÒÅ ÆÏÕÒ ÂÁÓÉÃ ÔÙÐÅÓ ÉÎ ÈÕÍÁÎÓȡ ÅÐÉÔÈÅÌÉÁÌȟ ÃÏÎÎÅÃÔÉÖÅȟ 

ÍÕÓÃÕÌÁÒȟ ÁÎÄ ÎÅÒÖÏÕÓ ÔÉÓÓÕÅȢ  

%ÐÉÔÈÅÌÉÁÌ ÔÉÓÓÕÅ ÆÏÒÍÓ ÔÈÅ ÌÉÎÉÎÇ ÏÆ ÍÏÓÔ ÉÎÔÅÒÎÁÌ ÃÁÖÉÔÉÅÓȟ ÁÎÄ ÉÔ ÃÏÖÅÒÓ ÔÈÅ ÂÏÄÙ ÓÕÒÆÁÃÅȢ 

3ÅÃÒÅÔÉÏÎȟ ÐÒÏÔÅÃÔÉÏÎȟ ÁÎÄ ÆÉÌÔÒÁÔÉÏÎ ÁÒÅ ÔÈÅ ÍÁÉÎ ÆÕÎÃÔÉÏÎÓ ÏÆ ÔÈÉÓ ÔÉÓÓÕÅȢ %ÐÉÔÈÅÌÉÁÌ ÔÉÓÓÕÅ ÈÁÓ 

ÄÉÆÆÅÒÅÎÔ ÓÈÁÐÅÓ ÏÆ ÃÅÌÌÓ ɉÔÈÉÎ ɉÓÔÒÁÔÉÆÉÅÄɊȟ ÆÌÁÔ ɉÓÑÕÁÍÏÕÓɊȟ ÒÏÕÎÄ ɉÃÕÂÏÉÄÁÌɊ ÁÎÄ ÅÎÌÁÒÇÅÄ 

ɉÃÏÌÕÍÎÁÒɊɊ ɏβɐȢ 4ÈÅ ÍÏÓÔ ÁÂÕÎÄÁÎÔ ÁÎÄ ÔÈÅ ÍÏÓÔ ×ÉÄÅÌÙ ÄÉÓÔÒÉÂÕÔÅÄ ÔÉÓÓÕÅÓ ÁÒÅ ÃÏÎÎÅÃÔÉÖÅ 

ÔÉÓÓÕÅÓȢ 4ÈÅÓÅ ÔÉÓÓÕÅÓ ÐÅÒÆÏÒÍ ÄÉÆÆÅÒÅÎÔ ÆÕÎÃÔÉÏÎÓȟ ÓÕÃÈ ÁÓ ÓÕÐÐÏÒÔ ÁÎÄ ÐÒÏÔÅÃÔÉÏÎȢ /ÒÄÉÎÁÒÙ ÌÏÏÓÅ 

ÃÏÎÎÅÃÔÉÖÅ ÔÉÓÓÕÅȟ ÆÁÔ ÔÉÓÓÕÅȟ ÄÅÎÓÅ ÆÉÂÒÏÕÓ ÔÉÓÓÕÅȟ ÂÏÎÅȟ ÂÌÏÏÄȟ ÃÁÒÔÉÌÁÇÅȟ ÁÎÄ ÌÙÍÐÈ ÁÒÅ 

ÃÏÎÓÉÄÅÒÅÄ ÃÏÎÎÅÃÔÉÖÅ ÔÉÓÓÕÅ ÉÎ ÔÈÅ ÈÕÍÁÎ ÂÏÄÙ ɏβɐȢ -ÕÓÃÕÌÁÒ ÔÉÓÓÕÅÓ ÁÒÅ ÏÆ ÔÈÒÅÅ ÔÙÐÅÓ ɉÓËÅÌÅÔÁÌȟ 

ÓÍÏÏÔÈ ÁÎÄ ÃÁÒÄÉÁÃɊȢ 3ËÅÌÅÔÁÌ ÍÕÓÃÌÅ ÉÓ ÕÓÅÆÕÌ ÉÎ ÔÈÅ ÃÏÎÔÒÁÃÔÉÏÎ ÏÆ ÐÁÒÔÓȟ ÁÎÄ ÉÔ ÉÓ Á ÖÏÌÕÎÔÁÒÙ 

ÔÙÐÅȢ (Ï×ÅÖÅÒȟ ÓÍÏÏÔÈ ÍÕÓÃÌÅ ÉÓ ÁÎ ÉÎÖÏÌÕÎÔÁÒÙ ÔÙÐÅ ÆÏÕÎÄ ÉÎ ÔÈÅ ×ÁÌÌ ÏÆ ÉÎÔÅÒÎÁÌ ÏÒÇÁÎÓ ÁÎÄ 

ÂÌÏÏÄ ÖÅÓÓÅÌÓȢ &ÉÎÁÌÌÙȟ ÔÈÅ ÃÁÒÄÉÁÃ ÍÕÓÃÌÅ ÉÓ ÓÐÏÎÔÁÎÅÏÕÓȟ ÁÎÄ ÉÔ ÉÓ ÆÏÕÎÄ ÏÎÌÙ ÉÎ ÔÈÅ ÈÅÁÒÔ ×ÁÌÌÓȢ 
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4ÈÅ ÆÕÎÃÔÉÏÎ ÏÆ ÎÅÒÖÅ ÃÅÌÌÓ ÉÓ ÔÏ ÒÅÃÅÉÖÅ ÓÔÉÍÕÌÉ ÁÎÄ ÔÈÅ ÃÏÎÄÕÃÔÉÏÎ ÏÆ ÉÍÐÕÌÓÅÓ ÔÏ ÁÎÄ ÆÒÏÍ ÁÌÌ 

ÐÁÒÔÓ ÏÆ ÔÈÅ ÂÏÄÙȟ ÔÈÅ ÓÈÁÐÅ ÏÆ ÔÈÅ ÎÅÒÖÅ ÃÅÌÌÓȭ ÎÅÕÒÏÎÓ ÁÒÅ ÌÏÎÇ ÁÎÄ ÓÔÒÉÎÇȤÌÉËÅ ɏγɐȢ 

 Benign and Malignant Tumo ur  

! ÂÅÎÉÇÎ ÔÕÍÏÕÒ ÉÓ Á ÍÁÓÓ ÏÆ ÃÅÌÌÓ ÔÈÁÔ ÃÁÎÎÏÔ ÉÎÖÁÄÅ ÎÅÉÇÈÂÏÕÒÉÎÇ ÔÉÓÓÕÅ ÏÒ ÍÅÔÁÓÔÁÓÉÚÅ ÔÏ ÔÈÅ 

ÏÔÈÅÒ ÐÁÒÔÓ ÏÆ ÔÈÅ ÂÏÄÙ ÖÉÁ ÔÈÅ ÂÌÏÏÄÓÔÒÅÁÍ ÏÒ ÔÈÅ ÌÙÍÐÈÁÔÉÃ ÃÈÁÎÎÅÌÓ ÁÎÄ ÃÁÎ ÂÅ ÒÅÍÏÖÅÄ ÅÁÓÉÌÙ 

ÂÙ ÓÕÒÇÉÃÁÌ ÍÅÔÈÏÄÓ ÔÈÁÔ ÓÈÏÕÌÄ ÒÅÓÕÌÔ ÉÎ Á ÃÕÒÅȢ 4ÈÅ ÃÅÌÌÓ ÁÒÅ ÍÏÒÅ ÍÁÔÕÒÅ ÁÎÄ ÁÐÐÒÏØÉÍÁÔÅÌÙ 

ÒÅÓÅÍÂÌÅ ÔÈÅÉÒ ÔÉÓÓÕÅ ÏÆ ÏÒÉÇÉÎ ɏΫΪɐȢ 

/Î ÉÔÓ Ï×Îȟ Á ÂÅÎÉÇÎ ÔÕÍÏÕÒ ÉÓ ÎÏÔ ÄÁÎÇÅÒÏÕÓȢ (Ï×ÅÖÅÒȟ ÔÈÅ ÌÏÃÁÔÉÏÎ ÏÆ ÔÈÅ ÔÕÍÏÕÒ ÉÓ ×ÈÁÔ ÐÏÓÅÓ 

Á ÔÈÒÅÁÔȢ &ÏÒ ÉÎÓÔÁÎÃÅȟ Á ÍÅÎÉÎÇÉÏÍÁ ÉÓ Á ÂÅÎÉÇÎȟ ÓÌÏ×ÌÙ ÇÒÏ×ÉÎÇ ÔÕÍÏÕÒ ÁÒÉÓÉÎÇ ÆÒÏÍ ÔÈÅ 

ÍÅÎÉÎÇÅÓ ÃÏÖÅÒÉÎÇ ÔÈÅ ÂÒÁÉÎȢ %ÖÅÎÔÕÁÌÌÙȟ ÉÔ ÃÁÎ ÐÒÏÖÅ ÆÁÔÁÌ ÉÆ ÎÏÔ ÒÅÍÏÖÅÄ ÂÅÃÁÕÓÅ ÉÔ ÃÏÍÐÒÅÓÓÅÓ 

ÔÈÅ ÓÕÒÒÏÕÎÄÉÎÇ ÈÅÁÌÔÈÙ ÂÒÁÉÎ ÔÉÓÓÕÅ ÁÎÄ ÉÎÔÅÒÆÅÒÅÓ ×ÉÔÈ ÖÉÔÁÌ ÂÒÁÉÎ ÆÕÎÃÔÉÏÎÓȢ 4ÈÅ ÆÏÌÌÏ×ÉÎÇ ÁÒÅ 

ÔÈÅ ÍÏÓÔ ÃÏÍÍÏÎ ÔÙÐÅÓ ÏÆ ÂÅÎÉÇÎ ÔÕÍÏÕÒÓȡ 

Ɇ !ÄÅÎÏÍÁÓ ɉÅÐÉÔÈÅÌÉÁÌ ÔÉÓÓÕÅ ÔÈÁÔ ÃÏÖÅÒÓ ÔÈÅ ÏÒÇÁÎÓ ÁÎÄ ÇÌÁÎÄÓɊ 

Ɇ -ÅÎÉÎÇÉÏÍÁÓ ɉÂÒÁÉÎ ÁÎÄ ÓÐÉÎÁÌ ÃÏÒÄɊ 

Ɇ &ÉÂÒÏÍÁÓ ÏÒ ÆÉÂÒÏÉÄÓ ɉÃÏÎÎÅÃÔÉÖÅ ÔÉÓÓÕÅ ÏÆ ÁÎÙ ÏÒÇÁÎ ɀ ÍÏÓÔ ÃÏÍÍÏÎÌÙ ÆÏÕÎÄ ÉÎ ÔÈÅ ÕÔÅÒÕÓɊ 

Ɇ 0ÁÐÉÌÌÏÍÁÓ ɉÓËÉÎȟ ÂÒÅÁÓÔȟ ÃÅÒÖÉØȟ ÁÎÄ ÍÕÃÏÕÓ ÍÅÍÂÒÁÎÅÓɊ 

Ɇ ,ÉÐÏÍÁÓ ɉÆÁÔ ÃÅÌÌÓɊ 

Ɇ .ÅÖÉ ɉÍÏÌÅÓɊ 

Ɇ -ÙÏÍÁÓ ɉÍÕÓÃÌÅ ÔÉÓÓÕÅɊ 

Ɇ (ÅÍÁÎÇÉÏÍÁÓ ɉÂÌÏÏÄ ÖÅÓÓÅÌÓ ÁÎÄ ÓËÉÎɊ 

Ɇ .ÅÕÒÏÍÁÓ ɉÎÅÒÖÅÓɊ 

Ɇ /ÓÔÅÏÃÈÏÎÄÒÏÍÁÓ ɉÂÏÎÅÓɊ 

-ÁÌÉÇÎÁÎÔ ÔÕÍÏÕÒÓ ɉÕÓÕÁÌÌÙ ÃÁÌÌÅÄ #ÁÎÃÅÒÓɊȟ ÏÎ ÔÈÅ ÏÔÈÅÒ ÈÁÎÄȟ ÁÒÅ ÄÉÖÉÄÅÄ ÉÎÔÏ Ô×Ï ÂÒÏÁÄ 

ÇÒÏÕÐÓ ÏÆ ÓÏÌÉÄ ÔÉÓÓÕÅ ÔÕÍÏÕÒÓȟ ×ÈÉÃÈ ÁÒÅ ÃÁÒÃÉÎÏÍÁÓ ÁÎÄ ÓÁÒÃÏÍÁÓ ɏΫΫɐȢ #ÁÒÃÉÎÏÍÁÓ ÁÒÅ ÃÁÎÃÅÒÓ 

ÄÅÒÉÖÅÄ ÆÒÏÍ ÅÐÉÔÈÅÌÉÁÌ ÃÅÌÌÓȢ 4ÈÉÓ ÇÒÏÕÐ ÉÎÃÌÕÄÅÓ ÍÁÎÙ ÏÆ ÔÈÅ ÍÏÓÔ ÃÏÍÍÏÎ ÃÁÎÃÅÒÓȢ .ÅÁÒÌÙ ÁÌÌ 

ÃÁÎÃÅÒÓ ÄÅÖÅÌÏÐÉÎÇ ÉÎ ÔÈÅ ÂÒÅÁÓÔȟ ÐÒÏÓÔÁÔÅȟ ÌÕÎÇȟ ÐÁÎÃÒÅÁÓȟ ÁÎÄ ÃÏÌÏÎ ÁÒÅ ÃÁÒÃÉÎÏÍÁÓ ɏΫάɐȢ 

7ÈÅÒÅÁÓ ÓÁÒÃÏÍÁÓ ÁÒÅ ÃÁÎÃÅÒÓ ÆÒÏÍ ÃÏÎÎÅÃÔÉÖÅ ÔÉÓÓÕÅ ɉÉȢÅȢ ÂÏÎÅȟ ÃÁÒÔÉÌÁÇÅȟ ÆÁÔȟ ÎÅÒÖÅɊȟ ÅÁÃÈ 

ÄÅÖÅÌÏÐÓ ÆÒÏÍ ÃÅÌÌÓ ÏÒÉÇÉÎÁÔÉÎÇ ÉÎ ÍÅÓÅÎÃÈÙÍÁÌ ÃÅÌÌÓ ÏÕÔÓÉÄÅ ÔÈÅ ÂÏÎÅ ÍÁÒÒÏ× ɏΫέɐȢ 

4ÈÅ ÐÁÔÈÏÌÏÇÉÃ ÅØÁÍÉÎÁÔÉÏÎ ÉÓ ÕÓÅÄ ÔÏ ÐÒÅÄÉÃÔ ÔÈÅ ÃÌÉÎÉÃÁÌ ÂÅÈÁÖÉÏÕÒ ÏÆ ÎÅÏÐÌÁÓÍÓȢ )Î ÔÈÅ ÂÅÎÉÇÎ 

ÔÕÍÏÕÒȟ ÔÈÅ ÎÁËÅÄ ÅÙÅ ɉÍÁÃÒÏÓÃÏÐÉÃɊ ÉÓ ÃÏÍÍÏÎÌÙ ÕÓÅÄ ÉÎ ÁÎ ÉÎÓÐÅÃÔÉÏÎ ÂÙ ÍÉÃÒÏÓÃÏÐÉÃ 

ÅØÁÍÉÎÁÔÉÏÎ ÏÆ ÔÈÅ ÔÕÍÏÕÒΈÓ ÈÉÓÔÏÌÏÇÉÃ ÓÅÃÔÉÏÎÓȢ %ÌÅÃÔÒÏÎ ÍÉÃÒÏÓÃÏÐÙȟ ÉÍÍÕÎÏÈÉÓÔÏÃÈÅÍÉÓÔÒÙ 

ÃÁÎ ÂÅ ÕÓÅÄ ÔÏ ÄÅÔÅÒÍÉÎÅ ÔÈÅ ÅØÐÒÅÓÓÉÏÎ ÏÆ ÐÒÏÔÅÉÎÓ ×ÉÔÈÉÎ ÃÅÌÌÓȟ ÌÅÁÄÉÎÇ ÔÏ Á ×ÈÏÌÅ ÈÏÓÔ ÏÆ 

ÍÏÌÅÃÕÌÁÒ ÔÅÓÔÓ ÅÖÁÌÕÁÔÉÎÇ ÔÕÍÏÕÒ $.! ÁÎÄ 2.! ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓɏΫήɐȢ  
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)Î ÍÁÃÒÏÓÃÏÐÉÃ ÆÅÁÔÕÒÅÓȟ ÂÅÎÉÇÎ ÔÕÍÏÕÒÓ ÁÒÅ ÓÈÁÒÐÌÙ ÄÅÍÁÒÃÁÔÅÄ ÆÒÏÍ ÎÏÒÍÁÌ ÔÉÓÓÕÅ ÁÎÄ ÁÒÅ 

ÏÆÔÅÎ ÅÎÃÁÐÓÕÌÁÔÅÄ ɉ&ÉÇÕÒÅ ΫȤΫɊ ÂÙ ÕÓÉÎÇ ÎÁËÅÄ ÅÙÅ ÅØÁÍÉÎÁÔÉÏÎȢ 4ÈÅ ÃÁÐÓÕÌÅ ÉÓ ÕÓÕÁÌÌÙ ÃÏÍÐÏÓÅÄ 

ÏÆ ÃÏÎÎÅÃÔÉÖÅ ÔÉÓÓÕÅȢ 4ÈÅÒÅ ÉÓ ÅØÐÁÎÓÉÖÅ ÇÒÏ×ÔÈ ÉÎ ÂÅÎÉÇÎ ÔÕÍÏÕÒÓ ÔÈÁÔ ÃÏÍÐÒÅÓÓÅÓ ÔÈÅ ÁÄÊÁÃÅÎÔ 

ÈÅÁÌÔÈÙ ÔÉÓÓÕÅȟ ×ÈÉÃÈ ÕÎÄÅÒÇÏÅÓ ÁÔÒÏÐÈÙ ÁÎÄ ÆÉÂÒÏÓÉÓ ɏΫίɐȢ )Î ÃÏÎÔÒÁÓÔȟ ÍÁÌÉÇÎÁÎÔ ÔÕÍÏÕÒÓ ÌÁÃË 

ÃÁÐÓÕÌÅÓ ÁÎÄ ÁÒÅ ÎÏÔ ÁÓ ÃÌÅÁÒÌÙ ÓÅÐÁÒÁÔÅÄ ÆÒÏÍ ÈÅÁÌÔÈÙ ÔÉÓÓÕÅ ÁÓ ÂÅÎÉÇÎȢ 

 
Figure 1-1: Comparison of a benign and a malignant tumour of the thyroid [14]. 

/Î ÈÉÓÔÏÌÏÇÉÃ ÅØÁÍÉÎÁÔÉÏÎ ɉ-ÉÃÒÏÓÃÏÐÉÃ ÆÅÁÔÕÒÅÓɊȟ ÂÅÎÉÇÎ ÔÕÍÏÕÒÓ ÃÏÎÓÉÓÔ ÏÆ ÃÅÌÌÓ ÒÅÓÅÍÂÌÉÎÇ 

ÔÉÓÓÕÅ ÏÆ ÏÒÉÇÉÎȢ 4ÈÅÙ ÓÈÏ× ÈÉÇÈ ÄÅÇÒÅÅÓ ÏÆ ÄÉÆÆÅÒÅÎÔÉÁÔÉÏÎ ÉÎ ÓÈÁÐÅ ÁÎÄ ÃÏÌÏÕÒȟ ÁÓ ÃÌÁÒÉÆÉÅÄ ÉÎ 

&ÉÇÕÒÅ ΫȤάȢ (Ï×ÅÖÅÒȟ ÔÈÅ ÍÁÌÉÇÎÁÎÔ ÃÅÌÌÓ ÄÅÍÏÎÓÔÒÁÔÅ ÐÒÏÍÉÎÅÎÔ ÁÎÁÐÌÁÓÉÁ ɉÔÈÅ ÅØÈÉÂÉÔÉÏÎ ÏÆ ÎÅ× 

ÆÅÁÔÕÒÅÓȟ ×ÈÉÃÈ ÁÒÅ ÎÏÔ ÉÎÈÅÒÅÎÔ ÉÎ ÔÈÅ ÏÒÉÇÉÎÁÌ ÔÉÓÓÕÅÓɊ ɏΫήɐȢ -ÏÒÅÏÖÅÒȟ ÍÁÌÉÇÎÁÎÔ ÔÕÍÏÕÒÓ ÍÁÙ 

ÂÅ ÕÎÄÉÆÆÅÒÅÎÔÉÁÔÅÄȟ ÁÓ ÓÈÏ×Î ÉÎ &ÉÇÕÒÅȢΫȤέȢ 

 
Figure 1-2: Follicular adenoma. The histologic appearance of the thyroid gland's benign tumour 

cells shows tumour cells that are monomorphic in shape and colour [16]. 
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Figure 1-3: Microscopic appearance of a papillary adenocarcinoma of the thyroid. The fronds of 

tissue have thin fibrovascular cores [17]. 

 

#ÏÎÓÉÄÅÒÉÎÇ ÔÈÅ ÄÉÆÆÅÒÅÎÃÅÓ ÂÅÔ×ÅÅÎ ÂÏÔÈ ÔÙÐÅÓ ÏÆ ÔÕÍÏÕÒÓ ÁÔ ÔÈÅ ÃÅÌÌÕÌÁÒ ÆÅÁÔÕÒÅÓȟ ÂÅÎÉÇÎ 

ÔÕÍÏÕÒÓ ÁÒÅ ÃÏÍÐÏÓÅÄ ÏÆ Á ÕÎÉÆÏÒÍ ÃÅÌÌ ÐÏÐÕÌÁÔÉÏÎȢ 'ÅÎÅÒÁÌÌÙȟ "ÅÎÉÇÎ ÔÕÍÏÕÒÓ ÇÒÏ× ÍÏÒÅ ÓÌÏ×ÌÙ 

ÔÈÁÎ ÍÁÌÉÇÎÁÎÔ ÔÕÍÏÕÒÓȟ ÁÎÄ ÔÈÅ ÔÕÍÏÕÒ ÃÅÌÌÓ ÁÒÅ ÕÓÕÁÌÌÙ ÍÏÒÅ ÄÉÆÆÅÒÅÎÔÉÁÔÅÄ ɉÃÅÌÌÓ ÈÁÖÅ ÍÏÒÅ 

ÎÏÒÍÁÌ ÆÅÁÔÕÒÅÓɊɏΫβɐȢ !Ô ÔÈÅ ÓÁÍÅ ÔÉÍÅȟ ÍÁÌÉÇÎÁÎÔ ÔÕÍÏÕÒÓ ÃÏÎÓÉÓÔ ÏÆ ÈÅÔÅÒÏÇÅÎÅÏÕÓ ÃÅÌÌ 

ÐÏÐÕÌÁÔÉÏÎÓ ÔÈÁÔ ÏÆÔÅÎ ÓÈÏ× ÍÁÒËÅÄ ÎÕÃÌÅÁÒ ÐÌÅÏÍÏÒÐÈÉÓÍȟ ×ÈÉÃÈ ÍÅÁÎÓ ÔÈÁÔ ÔÈÅÒÅ ÁÒÅ 

ÖÁÒÉÁÔÉÏÎÓ ÉÎ ÓÉÚÅȟ ÓÈÁÐÅ ÁÎÄ ÓÔÁÉÎÉÎÇ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÔÕÍÏÕÒ ÃÅÌÌ ÎÕÃÌÅÉ ɏΫήɐ ɉ&ÉÇÕÒÅ ΫȤήɊȢ  

"ÉÏÌÏÇÉÃÁÌÌÙȟ ÂÅÎÉÇÎ ÔÕÍÏÕÒÓ ÍÁÙ ÒÅÔÁÉÎ ÓÏÍÅ ÏÆ ÔÈÅ ÎÏÒÍÁÌ ÃÅÌÌΈÓ ÃÏÍÐÌÅØ ÆÕÎÃÔÉÏÎÓ ÁÓ ÔÈÅ ÔÉÓÓÕÅ 

ÏÆ ÏÒÉÇÉÎȟ ×ÈÉÃÈ ÉÓ ÃÏÎÓÉÄÅÒÅÄ ×ÅÌÌȤÄÉÆÆÅÒÅÎÔÉÁÔÅÄȢ (Ï×ÅÖÅÒȟ ÔÈÅÒÅ ÁÒÅ ÎÏ ÓÉÇÎÓ ÏÆ ÄÉÆÆÅÒÅÎÔÉÁÔÉÏÎ 

ÁÎÄ ÎÏ ÓÐÅÃÉÁÌÉÚÅÄ ÆÕÎÃÔÉÏÎ ÉÎ ÍÁÌÉÇÎÁÎÔ ÃÅÌÌÓȢ 4ÁÂÌÅ ΫȤΫ ÄÅÍÏÎÓÔÒÁÔÅÓ ÔÈÅ ÍÏÓÔ ÉÍÐÏÒÔÁÎÔ 

ÖÁÒÉÁÔÉÏÎÓ ÂÅÔ×ÅÅÎ ÂÅÎÉÇÎ ÁÎÄ ÍÁÌÉÇÎÁÎÔ ÔÕÍÏÕÒÓȢ 

 
Figure 1-4: Microscopic appearance in a sample of the hobnail variant of papillary thyroid carcinoma, tumour 
cells have nuclei located toward the middle or apical portion of the cell, producing a surface bulge imparting 
the so-ŎŀƭƭŜŘ άƘƻōƴŀƛƭέ ŀǇǇŜŀǊŀƴŎŜ όŀǊǊƻǿǎύΦ hŎŎŀǎƛƻƴŀƭƭȅΣ ǘƘŜ ŎŜƭƭǎ Ŏŀƴ ŀǇǇŜŀǊ ǘŀƭƭ ŀƴŘ Ŏolumnar. Note the 

ample, eosinophilic, and slightly granular cytoplasm, which is reminiscent of oncocytic cells (H&E stain, 
original magnification 360) [19]. 
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Table 1-1: Comparison of Benign and Malignant Tumour Produced from [14]. 

&ÅÁÔÕÒÅ "ÅÎÉÇÎ -ÁÌÉÇÎÁÎÔ 

'ÒÏ×ÔÈ  3ÌÏ× &ÁÓÔ 

-ÅÔÁÓÔÁÓÅÓ ɉÔÈÅ ÐÒÏÃÅÓÓ ÔÈÁÔ ÃÅÌÌÓ 

ÍÏÖÅ ÆÒÏÍ ÏÎÅ ÐÁÒÔ ÔÏ ÁÎÏÔÈÅÒ ÐÁÒÔ 

ÏÆ ÔÈÅ ÂÏÄÙɊ 

.Ï 9ÅÓ 

'ÒÏÓÓ !ÐÐÅÁÒÁÎÃÅ  

%ØÔÅÒÎÁÌ ÓÕÒÆÁÃÅ  3ÍÏÏÔÈ )ÒÒÅÇÕÌÁÒ 

#ÁÐÓÕÌÅ 9ÅÓ .Ï 

.ÅÃÒÏÓÉÓ  .Ï 9ÅÓ 

(ÁÅÍÏÒÒÈÁÇÅ .Ï 9ÅÓ 

-ÉÃÒÏÓÃÏÐÉÃ !ÐÐÅÁÒÁÎÃÅ  

!ÒÃÈÉÔÅÃÔÕÒÅ  2ÅÓÅÍÂÌÅ ÔÉÓÓÕÅ ÏÆ 

ÏÒÉÇÉÎ 

$ÏÅÓÎȭÔ ÒÅÓÅÍÂÌÅ ÔÉÓÓÕÅ ÏÆ ÏÒÉÇÉÎ 

#ÅÌÌÓ  7ÅÌÌȤÄÉÆÆÅÒÅÎÔÉÁÔÅÄ 0ÏÏÒÌÙ ÄÉÆÆÅÒÅÎÔÉÁÔÅÄ 

.ÕÃÌÅÉ .ÏÒÍÁÌ ÓÉÚÅ ÁÎÄ 

ÓÈÁÐÅ 

0ÌÅÏÍÏÒÐÈÉÃ 

-ÉÔÏÓÉÓ ɉÁ ÔÙÐÅ ÏÆ ÃÅÌÌ ÄÉÖÉÓÉÏÎ ÔÈÁÔ 

ÒÅÓÕÌÔÓ ÉÎ Ô×Ï ÄÁÕÇÈÔÅÒ ÃÅÌÌÓȟ ÅÁÃÈ 

ÈÁÖÉÎÇ ÔÈÅ ÓÁÍÅ ÎÕÍÂÅÒ ÁÎÄ ËÉÎÄ ÏÆ 

ÃÈÒÏÍÏÓÏÍÅÓ ÁÓ ÔÈÅ ÐÁÒÅÎÔ ÎÕÃÌÅÕÓȟ 

ÔÙÐÉÃÁÌ ÏÆ ÏÒÄÉÎÁÒÙ ÔÉÓÓÕÅ ÇÒÏ×ÔÈɊȢ 

 

&Å× -ÁÎÙ ÉÒÒÅÇÕÌÁÒ 

 

 Thesis Scope  

$ÅÓÐÉÔÅ ÇÒÅÁÔ ÓÃÉÅÎÔÉÆÉÃ ÄÅÖÅÌÏÐÍÅÎÔȟ ÃÁÎÃÅÒ ÒÅÍÁÉÎÓ Á ÓÉÇÎÉÆÉÃÁÎÔ ÈÅÁÌÔÈ ÐÒÏÂÌÅÍȢ !ÃÃÕÒÁÔÅ 

ÄÉÁÇÎÏÓÉÓ ÁÎÄ ÔÒÅÁÔÍÅÎÔ ÐÌÁÎÎÉÎÇ ÉÎ ÄÉÆÆÅÒÅÎÔ ÃÁÎÃÅÒÓ ÈÁÖÅ ÂÅÅÎ ÁÃÈÉÅÖÅÄ ÂÙ ÕÓÉÎÇ ÔÈÅ ÃÏÒÒÅÃÔ 

ÄÅÔÅÒÍÉÎÁÔÉÏÎ ÏÆ ÂÉÏÐÓÉÅÓȟ ÁÎ ÉÎÖÁÓÉÖÅ ÍÅÔÈÏÄ ×ÉÔÈ ÔÈÅ ÐÏÓÓÉÂÉÌÉÔÙ ÏÆ ÍÉÓÓÉÎÇ ÌÅÓÉÏÎÓȢ 

#ÏÎÔÉÎÕÏÕÓ ÄÅÖÅÌÏÐÍÅÎÔ ÏÆ Á ÍÏÒÅ ÁÃÃÕÒÁÔÅ ÁÎÄ ÌÅÓÓ ÉÎÖÁÓÉÖÅ ÁÐÐÒÏÁÃÈ ÉÓ ÕÒÇÅÎÔÌÙ ÎÅÅÄÅÄȢ 

4ÈÅÒÅÆÏÒÅȟ ÉÎ ÔÈÉÓ ÔÈÅÓÉÓȟ ÓÏÍÅ ÎÏÎȤÉÎÖÁÓÉÖÅ ÔÅÃÈÎÉÑÕÅÓ ɉÏÐÔÉÃÁÌ ÁÎÄ ÒÅÓÏÎÁÎÔ ÔÅÃÈÎÉÑÕÅÓɊ ÁÎÄ 

ÁÎ ÉÎÉÔÉÁÌ ÎÏÎ ÏÒ ÍÉÎÉÍÁÌÌÙ ÉÎÖÁÓÉÖÅ ÃÏÍÂÉÎÅÄ ÔÅÃÈÎÉÑÕÅ ÉÎÃÏÒÐÏÒÁÔÉÎÇ Á ÍÉÃÒÏ×ÁÖÅ ȾÏÐÔÉÃÁÌ 

ÓÅÎÓÏÒ ÓÙÓÔÅÍȟ ÈÁÖÅ ÂÅÅÎ ÕÔÉÌÉÚÅÄȢ 4ÈÉÓ ÒÅÓÅÁÒÃÈ ÁÄÄÒÅÓÓÅÄ ÓÏÍÅ ÐÒÏÂÌÅÍÓ ×ÈÉÃÈ ÃÁÎ ÂÅ 

ÓÕÍÍÁÒÉÚÅÄ ÁÓ ÎÏÎ ÏÒ ÍÉÎÉÍÁÌÌÙȤÉÎÖÁÓÉÖÅȟ ÃÏÓÔȤÅÆÆÅÃÔÉÖÅȟ ÅÁÓÅ ÏÆ ÆÁÂÒÉÃÁÔÉÏÎ ÁÎÄ ÓÉÍÕÌÔÁÎÅÏÕÓȟ 

ÒÅÁÌȤÔÉÍÅ ÍÅÁÓÕÒÅÍÅÎÔÓȢ 

4ÈÅ ÏÐÔÉÃÁÌ ÓÅÎÓÏÒ ÕÓÅÄ ÉÎ ÔÈÉÓ ÒÅÓÅÁÒÃÈ ÃÁÎ ÄÅÔÅÃÔ ÔÈÅ 03 ÏÆ ÄÉÆÆÅÒÅÎÔ ÐÁÒÔÉÃÌÅ ÓÉÚÅÓȢ 4ÈÅ ÒÅÓÏÎÁÎÔ 

ÃÏÁØÉÁÌ ÃÁÂÌÅ ÁÎÄ ÔÈÅ ÃÁÖÉÔÙ ÒÅÓÏÎÁÎÔ ÃÁÎ ÄÅÔÅÃÔ ÔÈÅ ÎÏÒÍÁÌ ÓÁÌÉÎÅ ÁÎÄ ÔÈÅ 03 ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ 

ÄÉÌÕÔÉÏÎÓȢ 4ÈÅ ÃÏÍÂÉÎÅÄ ÓÅÎÓÏÒ /ÐÔÉÃÁÌȾ-ÉÃÒÏ×ÁÖÅ ÃÁÎ ÄÅÔÅÃÔ ÄÉÆÆÅÒÅÎÔ ÐÁÒÔÉÃÌÅ ÓÉÚÅÓ ÏÆ 03 ÉÎ 

ÓÉÍÕÌÔÁÎÅÏÕÓ ÁÎÄ ÒÅÁÌȤÔÉÍÅ ÍÅÁÓÕÒÅÍÅÎÔÓȢ 4ÈÅ ÒÅÓÕÌÔÓ ÓÈÏ×ÅÄ ÔÈÅ ÐÒÏÂÁÂÉÌÉÔÙ ÔÏ ÕÔÉÌÉÚÅ ÉÎ ÔÈÅ 

ÃÌÉÎÉÃÁÌ ÁÒÅÁ ÁÓ ÔÈÅ ÏÐÔÉÃÁÌ ÐÒÏÂÅ ÓÈÏ×ÅÄ ÔÈÁÔ ÅÁÃÈ ÐÁÒÔÉÃÌÅ ÓÉÚÅ ÈÁÓ Á ÄÉÆÆÅÒÅÎÔ ÓÉÇÎÁÔÕÒÅ ÁÎÄ ÃÁÎ 

ÄÉÆÆÅÒÅÎÔÉÁÔÅ ÖÁÒÉÏÕÓ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÉÎ ÓÉÍÕÌÔÁÎÅÏÕÓ ÁÎÄ ÒÅÁÌȤÔÉÍÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ÆÏÒ 03 

ÄÉÌÕÔÉÏÎÓȢ )Î ÏÕÒ ÒÅÓÅÁÒÃÈȟ ÔÈÅ ÄÙÎÁÍÉÃ ÒÁÎÇÅ ÏÆ ÔÈÅ ÎÏÒÍÁÌ ÓÁÌÉÎÅ ÉÓ ίȢάά%Ȥί ÔÏ ΫȢαΫ%ЕΪΪ -ȟ )Ô ÉÓ 

,ÁÂ 0ÒÅÐÁÒÅÄ 3ÁÌÉÎÅ $ÉÌÕÔÉÏÎÓ ɉÍÏÒÅ ÃÏÎÔÒÏÌÌÅÄ ÓÁÍÐÌÅ ÐÒÅÐÁÒÁÔÉÏÎɊ ÁÎÄ ÆÏÒ 03 ÉÓ άȢί ÔÏ ΪȢΪγβ 
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ÐÐÔȢ 

  Thesis Overview  

4ÈÉÓ ÔÈÅÓÉÓ ÉÓ ÓÐÌÉÔ ÉÎÔÏ ÔÈÅ ÆÏÌÌÏ×ÉÎÇ ÃÈÁÐÔÅÒÓȡ 

#ÈÁÐÔÅÒȤά $ÉÁÇÎÏÓÔÉÃ 4ÅÃÈÎÉÑÕÅÓ ÓÕÍÍÁÒÉÓÅÓ ÔÈÅ ÂÁÓÉÃ ÐÒÉÎÃÉÐÌÅ ÏÆ ÏÐÔÉÃÁÌ ÔÅÃÈÎÉÑÕÅÓȟ 

ÍÉÃÒÏ×ÁÖÅ ÔÅÃÈÎÉÑÕÅÓȟ ÁÎÄ ÏÔÈÅÒ ÔÅÃÈÎÉÑÕÅÓ ÆÏÒ ÃÁÎÃÅÒ ÄÅÔÅÃÔÉÏÎȢ 

#ÈÁÐÔÅÒȤέ %,33 /ÐÔÉÃÁÌ $ÅÔÅÃÔÉÏÎ ÄÅÓÃÒÉÂÅÓ ÔÈÅ ÂÁÓÉÃ ÐÒÉÎÃÉÐÌÅ ÏÆ ÄÅÔÅÃÔÉÎÇ %,33 ÓÉÇÎÁÌÓ ÁÎÄ 

ÃÏÎÓÉÄÅÒÓ ÓÏÍÅ ÂÁÓÉÃ ÄÅÓÉÇÎÓ ÕÓÅÄ ÉÎ ÏÕÒ ÐÒÁÃÔÉÃÁÌ ×ÏÒËȢ 3ÏÍÅ ÂÁÓÉÃ ÔÈÅÏÒÉÅÓ ÁÎÄ ÍÏÄÅÌÌÉÎÇ ÈÁÖÅ 

ÂÅÅÎ ÐÒÅÓÅÎÔÅÄ ÔÏ ÉÎÄÉÃÁÔÅ ÇÅÎÅÒÁÌ ÔÒÅÎÄÓȢ 

#ÈÁÐÔÅÒȤή &ÁÂÒÉÃÁÔÉÏÎ ÁÎÄ ÅØÐÅÒÉÍÅÎÔÁÌ ÒÅÓÕÌÔÓ ÆÏÒ ÔÈÅ ÏÐÔÉÃÁÌ ÐÒÏÂÅ ÄÅÓÃÒÉÂÅÓ ÔÈÅ 

ÆÁÂÒÉÃÁÔÉÏÎ ÓÔÅÐÓ ÎÅÃÅÓÓÁÒÙ ÔÏ ÒÅÁÌÉÓÅ Ô×Ï ÂÁÓÉÃ ÐÒÏÂÅ ÃÏÎÆÉÇÕÒÁÔÉÏÎÓ ÁÎÄ ÓÈÏ×Ó ÔÈÅ ÒÅÓÕÌÔÓ ÆÒÏÍ 

ÔÈÅÓÅ ÐÒÏÂÅÓȢ 

#ÈÁÐÔÅÒȤί Microwave theory, theoretical calculation and simulation work  ÁÉÍÓ ÔÏ ÃÌÁÒÉÆÙ 

ÔÈÅ ÂÁÓÉÃ ÐÒÉÎÃÉÐÌÅ ÏÆ ÔÈÅ ÍÅÃÈÁÎÉÓÍ ÏÆ ÉÎÔÅÒÁÃÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÅÌÅÃÔÒÉÃÁÌ ÆÉÅÌÄ ÁÎÄ ÍÁÔÅÒÉÁÌÓ 

ÁÎÄ ÔÈÅ ÅÆÆÅÃÔÉÖÅ ÐÅÒÍÉÔÔÉÖÉÔÙ ÍÅÁÓÕÒÅÍÅÎÔÓ ÏÆ ÖÁÒÉÏÕÓ 03 ÄÉÌÕÔÉÏÎÓȢ 4ÈÅ ÔÈÅÏÒÅÔÉÃÁÌ ÄÅÓÃÒÉÐÔÉÏÎ 

ÏÆ ÔÈÅ ÃÏÁØÉÁÌ ÃÁÂÌÅ ɉÓÉÇÎÁÌ ÔÒÁÎÓÍÉÓÓÉÏÎ ÁÎÄ ÉÎÔÅÒÁÃÔÉÏÎɊȟ ÓÉÍÕÌÁÔÉÏÎ ÏÆ ÏÕÒ ÅØÐÅÒÉÍÅÎÔÁÌ ÓÅÔ ÕÐ 

ÆÏÒ ÔÈÅ ÃÏÁØÉÁÌ ÐÒÏÂÅ ÒÅÓÏÎÁÔÏÒ ÁÎÄ ÄÉÆÆÅÒÅÎÔ ÆÁÃÔÏÒÓ ÁÆÆÅÃÔÅÄ ÂÙ ÔÈÅ ÕÓÅ ÏÆ ÔÈÅ !ÄÖÁÎÃÅ ÄÅÓÉÇÎ 

ÓÙÓÔÅÍ ÓÏÆÔ×ÁÒÅȢ 

#ÈÁÐÔÅÒȤΰ -ÉÃÒÏ×ÁÖÅ ÃÁÖÉÔÙ ÔÅÃÈÎÉÑÕÅ ÄÅÓÃÒÉÂÅÓ ÃÁÖÉÔÙ ÐÅÒÔÕÒÂÁÔÉÏÎ ÔÈÅÏÒÙȢ 0ÒÁÃÔÉÃÁÌ ×ÏÒË 

×ÁÓ ÄÏÎÅ ÕÓÉÎÇ ÖÁÒÉÏÕÓ ÓÁÍÐÌÅÓ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÏÆ ÐÏÌÙÓÔÙÒÅÎÅ ÓÐÈÅÒÅÓ ÉÎ 

ÓÕÓÐÅÎÓÉÏÎ ɉ03Ɋȟ ÎÏÒÍÁÌ ÓÁÌÉÎÅ ×ÉÔÈ ÖÁÒÙÉÎÇ ÔÙÐÅÓ ÏÆ ÐÒÅÐÁÒÁÔÉÏÎ ÁÎÄ $ÅÉÏÎÉÚÅÄ ×ÁÔÅÒ ɉ$)Ȥ7Ɋ ÁÓ 

Á ÒÅÆÅÒÅÎÃÅȢ 

#ÈÁÐÔÅÒȤα 2ÅÓÏÎÁÎÔ ÃÏÁØÉÁÌ 0ÒÏÂÅ ÄÅÍÏÎÓÔÒÁÔÅÓ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÁÔÉÏÎ ÏÆ Á ÒÅÓÏÎÁÎÔ ÃÏÁØÉÁÌ 

ÐÒÏÂÅ ÕÓÉÎÇ ÖÁÒÉÏÕÓ ÓÁÌÉÎÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÁÎÄ 03 ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÐÁÒÔÉÃÌÅ ÓÉÚÅÓ ÁÎÄ ÔÈÅ ÔÅÃÈÎÉÑÕÅ 

ÆÏÒ ÓÔÁÂÉÌÉÚÁÔÉÏÎ ÁÎÄ ÃÏÒÒÅÃÔÉÏÎÓȢ 

#ÈÁÐÔÅÒȤβ /ÖÅÒÃÏÍÉÎÇ ÃÈÁÌÌÅÎÇÅÓ ÁÎÄ Á ÎÏÖÅÌ ÔÅÃÈÎÉÑÕÅ ÆÏÒ ÓÉÍÕÌÔÁÎÅÏÕÓÌÙ ÄÅÔÅÃÔÉÎÇ 

ÍÉÃÒÏ×ÁÖÅ ÁÎÄ %,33 ÓÉÇÎÁÌÓȢ 4ÈÉÓ ÃÈÁÐÔÅÒ ÄÅÓÃÒÉÂÅÓ ÓÏÍÅ ÅÎÈÁÎÃÅÍÅÎÔÓ ÍÁÄÅ ÔÏ ÉÎÃÒÅÁÓÅ ÔÈÅ 

ÓÙÓÔÅÍȭÓ ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÄ 'ÏÌÄ ɉ!ÕɊ ÃÏÁÔÉÎÇ ÏÆ ÔÈÅ ÉÎÔÅÒÎÁÌ ÃÏÎÄÕÃÔÏÒ ÏÆ ÔÈÅ ÃÏÁØ ÃÁÂÌÅ ÔÏ ÏÖÅÒÃÏÍÅ 

ÔÈÅ ÃÏÒÒÏÓÉÏÎ ÏÎ ÔÈÅ ÐÒÏÂÅ ÔÉÐȢ 4ÈÅ ÆÉÎÁÌ ÓÔÁÇÅ ÆÏÒ ÔÈÉÓ ÃÈÁÐÔÅÒ ÐÒÅÓÅÎÔÓ Á ÎÏÖÅÌ ÔÅÃÈÎÉÑÕÅȡ ȰÁ 

ÃÏÍÂÉÎÅÄ ÍÉÃÒÏ×ÁÖÅ ÁÎÄ ÏÐÔÉÃÁÌ ÐÒÏÂÅ ÆÏÒ ÁÐÐÌÉÃÁÔÉÏÎ ÉÎ ÃÁÎÃÅÒ ÄÅÔÅÃÔÉÏÎȱȢ 

 Original Contributions  



MAY ESTEPHAN   CHAPTER 1 

 
9 

 

¶ 4ÈÅ ÄÅÖÅÌÏÐÍÅÎÔ ÏÆ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ÃÏÒÒÅÃÔÉÏÎ ÏÆ ÍÉÃÒÏ×ÁÖÅ ÒÅÓÏÎÁÎÔ ÃÁÖÉÔÙ 

ÐÅÒÔÕÒÂÁÔÉÏÎ ÍÅÁÓÕÒÅÍÅÎÔÓ ÉÓ ÓÕÍÍÁÒÉÓÅÄ ÉÎ ÆÅ× ÓÔÅÐÓȢ 4ÈÅ ÆÉÒÓÔ ÓÔÅÐ ÉÓ ÒÅÍÏÖÉÎÇ ÔÈÅ 

ÆÒÅÑÕÅÎÃÙ ÅÆÆÅÃÔȟ ×ÈÉÃÈ ÅÌÉÍÉÎÁÔÅÓ ÔÈÅ ÒÏÏÍ ÔÅÍÐÅÒÁÔÕÒÅ ÁÓ ÔÈÅÒÅ ÉÓ Á ÃÏÒÒÅÌÁÔÉÏÎ 

ÂÅÔ×ÅÅÎ ÔÈÅ ÒÅÆÅÒÅÎÃÅ ÁÎÄ ÓÅÎÓÉÎÇ ÆÒÅÑÕÅÎÃÙȢ 4ÈÅ ÓÅÃÏÎÄ ÓÔÅÐ ÉÓ ÒÅÍÏÖÉÎÇ ÔÈÅ ÉÍÐÁÃÔ 

ÏÆ ÔÈÅ ÅØÔÒÁ ÔÅÍÐÅÒÁÔÕÒÅ ÅÆÆÅÃÔ ÄÕÅ ÔÏ ÔÈÅ ÉÎÔÅÒÃÏÎÎÅÃÔÉÎÇ ÃÁÂÌÅɂÆÉÎÁÌÌÙȟ ÉÍÐÌÁÎÔÉÎÇ ÔÈÅ 

ÅØÐÏÎÅÎÔÉÁÌ ÆÏÒÍÕÌÁ ÔÏ ÃÁÌÃÕÌÁÔÅ ÔÈÅ ÓÁÍÐÌÅΈÓ ÁÓÙÍÐÔÏÔÉÃ ÔÅÍÐÅÒÁÔÕÒÅ ÁÎÄ ÏÖÅÒÃÏÍÅ ÔÈÅ 

ÖÁÒÉÁÎÃÅ ÂÅÔ×ÅÅÎ ÔÈÅ ÓÁÍÐÌÅ ÁÎÄ ÒÅÓÏÎÁÔÏÒ ÔÅÍÐÅÒÁÔÕÒÅȢ 4ÈÉÓ ÔÅÃÈÎÉÑÕÅ ÃÁÎ ÎÅÇÁÔÅ Á 

ÄÉÒÅÃÔ ÍÅÁÓÕÒÅÍÅÎÔ ÆÏÒ ÔÈÅ ÓÁÍÐÌÅ ÔÅÍÐÅÒÁÔÕÒÅ ÁÎÄ ÍÁÙ ÈÁÖÅ ÔÈÅ ÁÄÖÁÎÔÁÇÅ ÔÏ ÁÐÐÌÙ ÉÔ 

ÉÎ ÏÔÈÅÒ ÁÐÐÌÉÃÁÔÉÏÎÓ ÁÆÆÅÃÔÅÄ ÂÙ ÔÅÍÐÅÒÁÔÕÒÅȢ 

¶ ! ÎÏÖÅÌ 4Ȥ3ÔÒÕÃÔÕÒÅ ÁÎÄ ÃÁÐÁÃÉÔÉÖÅ ÃÏÕÐÌÉÎÇ ÈÁÖÅ ÂÅÅÎ ÄÅÓÉÇÎÅÄ ÔÏ ÉÎÃÒÅÁÓÅ ÔÈÅ 

ÍÅÁÓÕÒÅÍÅÎÔÓΈ ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÄ ÅÎÁÂÌÅ ÍÅÁÓÕÒÅÓ ÁÔ Á ×ÉÄÅ ÒÁÎÇÅ ÏÆ ÄÉÓÃÒÅÔÅ ÆÒÅÑÕÅÎÃÉÅÓȢ 

¶ 4ÈÅ ÄÅÖÅÌÏÐÍÅÎÔ ÏÆ Á ÎÅ× ÁÐÐÒÏÁÃÈ ÔÏ ÔÅÍÐÅÒÁÔÕÒÅ ÃÏÒÒÅÃÔÉÏÎ ÏÆ Á ÎÏÖÅÌ 4Ȥ3ÔÒÕÃÔÕÒÅ 

ÁÎÄ ÃÁÐÁÃÉÔÉÖÅ ÃÏÕÐÌÉÎÇ ÆÏÒ 03 ÍÉÃÒÏ×ÁÖÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ÂÙ ÉÓÏÌÁÔÉÎÇ ×ÁÔÅÒ ÅØÐÅÒÉÍÅÎÔ 

ÒÅÓÕÌÔÓ ÆÒÏÍ ÅÁÃÈ ÓÅÔ ÁÎÄ ÔÈÅÎ Á ÓÔÁÔÉÓÔÉÃÁÌ ÁÎÁÌÙÓÉÓ ÈÁÓ ÂÅÅÎ ÄÏÎÅ ÔÏ ÓÔÕÄÙ ÔÈÅ ÅÆÆÅÃÔ ÏÆ 

ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ÁÎÄ ÔÈÅ ÃÅÎÔÒÁÌ ÆÒÅÑÕÅÎÃÙ ÍÉÃÒÏ×ÁÖÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ÆÏÒ ÁÌÌ ÍÏÄÅÓȢ 

¶ 4ÈÅ ÆÉÒÓÔ ÔÉÍÅ ÕÓÅ ÏÆ ÓÉÍÕÌÔÁÎÅÏÕÓÌÙ ÃÏÍÂÉÎÅÄ ÍÉÃÒÏ×ÁÖÅ Ⱦ ÏÐÔÉÃÁÌ ÓÙÓÔÅÍȢ 

 Presentations   

¶ 0ÒÅÓÅÎÔÁÔÉÏÎ ÁÔ %.'). $Á 6ÉÎÃÉ !×ÁÒÄÓ )ÎÎÏÖÁÔÉÏÎ 0ÉÔÃÈ άΪΫίȤΫΰ ÏÎ άίÔÈ .ÏÖȢάΪΫίȢ 

¶ 0ÒÅÓÅÎÔÁÔÉÏÎÓ ÁÔ ÁÌÌ 7ÁÌÅÓ -ÅÄÉÃÁÌ 0ÈÙÓÉÃÓ ÁÎÄ #ÌÉÎÉÃÁÌ %ÎÇÉÎÅÅÒÉÎÇ ÉÎ άΪΫΰ ÁÎÄ άΪΫαȢ )Ô 

×ÁÓ Á ÙÅÁÒÌÙ ÓÕÍÍÅÒ ÍÅÅÔÉÎÇȢ -ÁÎÙ ÅØÐÅÒÔÓ ÆÒÏÍ ÁÌÌ ÏÖÅÒ 7ÁÌÅÓ ÉÎ ÔÈÅ ÍÅÄÉÃÁÌ ÁÒÅÁ 

ÓÈÁÒÅÄ ÔÈÅÉÒ ÅØÐÅÒÉÅÎÃÅ ×ÉÔÈ ÔÈÅ 0È$ ÒÅÓÅÁÒÃÈ ÁÔ ÔÈÉÓ ÃÏÎÆÅÒÅÎÃÅȢ  

¶ 0ÒÅÓÅÎÔÁÔÉÏÎ ÁÔ 3ÅÎÓÏÒÓ, Signals and Imaging Symposium ÏÎ άαÔÈ ÏÆ *ÕÎÅ άΪΫαȢ 4ÈÉÓ 

ÓÙÍÐÏÓÉÕÍ ×ÁÓ ÏÒÇÁÎÉÚÅÄ ÂÙ ÔÈÅ 3ÅÎÓÏÒÓȟ 3ÉÇÎÁÌÓ ÁÎÄ )ÍÁÇÉÎÇ 2ÅÓÅÁÒÃÈ 'ÒÏÕÐ ɉ33)Ɋ ÁÔ 

#ÁÒÄÉÆÆ 3ÃÈÏÏÌ ÏÆ %ÎÇÉÎÅÅÒÉÎÇ ÂÙ ÁÔÔÅÎÄÉÎÇ ÅØÐÅÒÔÓ ÆÒÏÍ ÖÁÒÉÏÕÓ ÕÎÉÖÅÒÓÉÔÉÅÓ ÉÎ ÔÈÅ 5+ 

ɉ+ÉÎÇȭÓ College London, Clifton Medtech Consulting, Bristol, Bristol University and 

Cardiff University).  

¶ 0ÏÓÔÅÒ ÁÎÄ 0ÒÅÓÅÎÔÁÔÉÏÎÓ ÁÔ ÓÐÅÁËÉÎÇ ÏÆ ÓÃÉÅÎÃÅ #ÏÎÆÅÒÅÎÃÅ ÉÎ άΪΫΰȟ άΪΫαȟ άΪΫγ ÁÎÄ άΪάΫȢ 

4ÈÉÓ ÉÓ ÁÎ ÁÎÎÕÁÌ ÃÏÎÆÅÒÅÎÃÅȢ )Ô ÁÌÌÏ×Ó ÔÈÅ ÓÔÕÄÅÎÔÓ ÔÏ ÓÈÁÒÅ ÔÈÅ ×ÏÒË ×ÉÔÈ ÏÔÈÅÒ ÓÔÕÄÅÎÔÓ 

ÉÎ #ÁÒÄÉÆÆȟ "ÒÉÓÔÏÌȟ "ÁÔÈ ÁÎÄ %ØÅÔÅÒȢ /Î άΪÔÈ -!9ȟ άΪάΫȟ ) ÏÂÔÁÉÎÅÄ ÔÈÅ ÂÅÓÔ ÓÐÅÁËÅÒ ÉÎ ÍÙ 

ÓÅÓÓÉÏÎ ÔÏ ÇÉÖÅ ÁÎ ÅÎÌÉÇÈÔÅÎÉÎÇ ÔÁÌË ÏÎ Ȱ! -ÉÃÒÏ×ÁÖÅ ÃÁÖÉÔÙ ÔÅÃÈÎÉÑÕÅ ×ÉÔÈ ÁÐÐÌÉÃÁÔÉÏÎ 

ÉÎ ÃÁÎÃÅÒ ÄÅÔÅÃÔÉÏÎȱȢ 
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Chapter 2  

2 DIAGNOSTIC TECHNIQUES  

  Optical Diagnostic Technologies  

4ÈÅ ÅÓÔÁÂÌÉÓÈÅÄ ÍÅÔÈÏÄ ÆÏÒ ÃÈÁÒÁÃÔÅÒÉÚÉÎÇ ÐÈÙÓÉÃÁÌ ÁÎÄ ÃÈÅÍÉÃÁÌ ÃÈÁÎÇÅÓ ÉÎ ÔÉÓÓÕÅÓ ÁÎÄ ÃÅÌÌÓ ÉÓ 

ÔÈÅ ÏÐÔÉÃÁÌ ÓÐÅÃÔÒÏÓÃÏÐÙ ÍÅÔÈÏÄȢ 4ÈÉÓ ÔÅÃÈÎÉÑÕÅ ÉÎÖÏÌÖÅÓ ÔÈÅ ÕÓÅ ÏÆ ÌÉÇÈÔ ÏÆ Á ÓÐÅÃÉÆÉÃ ×ÁÖÅÌÅÎÇÔÈ 

ÒÁÎÇÅ ÔÏ ÅØÁÍÉÎÅ ÔÈÅ ÔÉÓÓÕÅ ÏÆ ÉÎÔÅÒÅÓÔȢ )Î ÔÈÉÓ ÔÅÃÈÎÉÑÕÅȟ Á ÐÁÒÔÉÃÕÌÁÒ ÓÃÁÔÔÅÒÉÎÇ ÓÐÅÃÔÒÁÌ ÉÓ Á ÓÉÇÎ 

ÔÏ ÄÉÓÔÉÎÇÕÉÓÈ ÃÁÎÃÅÒÏÕÓ ÆÒÏÍ ÎÏÒÍÁÌ ÔÉÓÓÕÅ ÂÙ ÍÏÒÐÈÏÌÏÇÉÃÁÌ ÃÅÌÌ ÁÎÄ ÂÉÏÃÈÅÍÉÃÁÌ ÍÁËÅÕÐ 

ÃÈÁÎÇÅÓ ɏάΪɐȢ 7ÉÔÈ ÔÈÉÓ ÔÅÃÈÎÉÑÕÅȟ ÔÈÅÒÅ ÉÓ Á ÐÏÔÅÎÔÉÁÌ ÆÏÒ ÄÅÔÅÃÔÉÎÇ ÍÁÌÉÇÎÁÎÔ ÌÅÓÉÏÎÓ ÉÎ ÔÈÅ ÆÉÒÓÔ 

ÓÔÁÇÅÓ ÂÅÆÏÒÅ ÉÔ ÂÅÃÏÍÅÓ ÄÅÔÅÃÔÁÂÌÅ ÏÒ ÖÉÅ×ÁÂÌÅ ɉ-ÁÃÒÏÓÃÏÐÉÃÁÌÌÙ ÖÉÓÉÂÌÅɊ ɏάΫɐȢ 6ÁÒÉÏÕÓ ÏÒÉÇÉÎÓ 

ÈÁÖÅ ÂÅÅÎ ÓÅÅÎ ÏÆ ÔÕÍÏÕÒÓ ÂÙ ÕÓÉÎÇ ÏÐÔÉÃÁÌ ÓÐÅÃÔÒÏÓÃÏÐÙ ÔÅÃÈÎÉÑÕÅ ɏάάȤάίɐȢ 

4ÈÉÓ ÔÅÃÈÎÉÑÕÅ ÁÉÍÓ ÎÏÔ ÔÏ ÄÉÓÔÉÎÇÕÉÓÈ ÂÅÔ×ÅÅÎ ÎÏÒÍÁÌ ÁÎÄ ÁÂÎÏÒÍÁÌ ÔÉÓÓÕÅȟ ×ÈÉÃÈ ÄÉÒÅÃÔ 

ÏÂÓÅÒÖÁÔÉÏÎ ÍÅÔÈÏÄÓ ÃÁÎ ÁÃÈÉÅÖÅȟ ÂÕÔ ÔÏ ÄÉÆÆÅÒÅÎÔÉÁÔÅ ÓÉÍÉÌÁÒ ÃÌÉÎÉÃÁÌ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÓÕÃÈ ÁÓ 

ÄÙÓÐÌÁÓÉÁ ÁÎÄ ÃÁÒÃÉÎÏÍÁ ÉÎ ÓÉÔÕ ɏάΰȟ άαɐȢ 4ÈÅ ÏÐÔÉÃÁÌ ÓÐÅÃÔÒÏÓÃÏÐÙ ÍÅÔÈÏÄ ÅØÁÍÉÎÅÓ ÐÁÔÈÏÌÏÇÙ 

ÁÒÅÁÓ ÓÕÃÈ ÁÓ ÈÙÐÅÒËÅÒÁÔÏÓÉÓȟ ÉÎÆÌÁÍÍÁÔÉÏÎȟ ÄÙÓÐÌÁÓÉÁȟ ÃÁÒÃÉÎÏÍÁȟ ÁÎÄ ÎÅÏÐÌÁÓÉÁ ÉÎ ÓÉÔÕȢ 4ÈÉÓ 

ÔÅÃÈÎÉÑÕÅΈÓ ÁÄÖÁÎÔÁÇÅÓ ÁÒÅ ÔÈÁÔ ÉÔ ÉÓ ÎÏÎȤ ÏÒ ÍÉÎÉÍÁÌÌÙ ÉÎÖÁÓÉÖÅ ÁÎÄ ÐÒÏÖÉÄÅÓ ÒÅÁÌȤÔÉÍÅ ÄÉÁÇÎÏÓÔÉÃ 

ÄÁÔÁ ÆÏÒ ÂÏÔÈ ÉÎȤÖÉÖÏ ÁÎÄ ÅØȤÖÉÖÏ ÍÏÄÁÌÉÔÉÅÓȢ !ÄÄÉÔÉÏÎÁÌÌÙȟ ÔÈÉÓ ÔÅÃÈÎÉÑÕÅ ÃÁÎ ÒÅÄÕÃÅ ÈÅÁÌÔÈÃÁÒÅ 

ÃÏÓÔÓ ÂÙ ÅÌÉÍÉÎÁÔÉÎÇ ÈÉÓÔÏÌÏÇÙ ÁÎÄ ÔÈÅ ÎÅÅÄ ÆÏÒ ÓÕÒÇÉÃÁÌ ÂÉÏÐÓÙ ÉÎ ÍÁÎÙ ÃÁÓÅÓ ɏάβɐȢ &ÕÒÔÈÅÒÍÏÒÅȟ 

ÉÍÍÅÄÉÁÔÅ ÁÃÑÕÉÓÉÔÉÏÎ ÏÆ ÄÉÁÇÎÏÓÔÉÃ ÉÎÆÏÒÍÁÔÉÏÎ ÃÁÎ ÒÅÄÕÃÅ ÔÈÅ ÅÍÏÔÉÏÎÁÌ ÔÒÁÕÍÁ ÔÏ ÔÈÅ ÐÁÔÉÅÎÔ 

ÃÁÕÓÅÄ ÄÕÒÉÎÇ ÔÈÅ ×ÁÉÔ ÆÏÒ ÔÈÅ ÒÅÓÕÌÔȢ 3ÅÖÅÒÁÌ ÏÐÔÉÃÁÌ ÔÅÃÈÎÉÑÕÅÓ ÁÒÅ ÁÖÁÉÌÁÂÌÅ ÔÏ ÔÈÅ ÍÅÄÉÃÁÌ 

ÃÏÍÍÕÎÉÔÙȟ ÓÕÃÈ ÁÓ $ÉÆÆÕÓÅ 2ÅÆÌÅÃÔÁÎÃÅ 3ÐÅÃÔÒÏÓÃÏÐÙ ɉ$23Ɋȟ &ÌÕÏÒÅÓÃÅÎÃÅ 3ÐÅÃÔÒÏÓÃÏÐÙ ɉ&3Ɋȟ 

2ÁÍÁÎ 3ÐÅÃÔÒÏÓÃÏÐÙ ɉ23Ɋ ÁÎÄ %ÌÁÓÔÉÃ ,ÉÇÈÔ 3ÃÁÔÔÅÒÉÎÇ 3ÐÅÃÔÒÏÓÃÏÐÙ ɉ%,33ɊȢ 

 Diffuse Reflectance Spectroscopy (DRS)  

$23 ÉÓ ÁÎ ÏÐÔÉÃÁÌ ÔÅÃÈÎÉÑÕÅ ÔÈÁÔ ÍÅÁÓÕÒÅÓ ÔÈÅ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÉÎÔÒÉÎÓÉÃ ÌÉÇÈÔ ÁÂÓÏÒÐÔÉÏÎ ÁÎÄ 

ÓÃÁÔÔÅÒÉÎÇ ÉÎ ÔÉÓÓÕÅ ÁÆÔÅÒ ÂÒÏÁÄÂÁÎÄ ÏÆ ÌÉÇÈÔ ÆÒÅÑÕÅÎÃÉÅÓ ÉÎÔÅÒÁÃÔÓ ×ÉÔÈ ÔÈÅ ÔÉÓÓÕÅ ÍÏÌÅÃÕÌÅÓȢ 4ÈÅ 

ÒÅÆÌÅÃÔÅÄ ÓÐÅÃÔÒÕÍ ÕÎÄÅÒÇÏÅÓ ÍÁÎÙ ÃÈÁÎÇÅÓ ÄÕÅ ÔÏ ÔÈÅ ÃÏÍÂÉÎÁÔÉÏÎ ÏÆ ÓÃÁÔÔÅÒÉÎÇ ÁÎÄ 

ÁÂÓÏÒÐÔÉÏÎ ÐÒÏÐÅÒÔÉÅÓ ÁÔ ÄÉÆÆÅÒÅÎÔ ×ÁÖÅÌÅÎÇÔÈÓ ɏάγɐȢ !ÆÔÅÒ ÉÌÌÕÍÉÎÁÔÉÎÇ ÔÈÅ ÔÉÓÓÕÅ ×ÉÔÈ ÔÈÅ 

ÓÅÌÅÃÔÅÄ ÂÒÏÁÄÂÁÎÄ ÌÉÇÈÔ ÓÐÅÃÔÒÕÍȟ ÔÈÅ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃ ÓÃÁÔÔÅÒÉÎÇ ÁÎÄ ÁÂÓÏÒÐÔÉÏÎ ÁÒÅ ÁÎÁÌÙÓÅÄ ÔÏ 

ÏÂÔÁÉÎ ÁÎ ÏÐÔÉÃÁÌ ÆÉÎÇÅÒÐÒÉÎÔ ÏÆ ÔÈÅ ÔÉÓÓÕÅȢ 4ÈÅ ÏÐÔÉÃÁÌ ÆÉÎÇÅÒÐÒÉÎÔ ÒÅÐÒÅÓÅÎÔÓ ÓÐÅÃÉÆÉÃ ÑÕÁÎÔÉÔÉÅÓ 

ÏÆ ÍÏÒÐÈÏÌÏÇÉÃÁÌ ÁÎÄ ÂÉÏÃÈÅÍÉÃÁÌ ÉÎÆÏÒÍÁÔÉÏÎ ÆÒÏÍ ÔÈÅ ÉÎÓÐÅÃÔÅÄ ÔÉÓÓÕÅ ÁÎÄ ÄÅÐÅÎÄÓ ÍÁÉÎÌÙ 

ÏÎ ÍÅÔÁÂÏÌÉÃ ÒÁÔÅȟ ÖÁÓÃÕÌÁÒÉÔÙȟ ÉÎÔÒÁÖÁÓÃÕÌÁÒ /ØÙÇÅÎÁÔÉÏÎ ÁÎÄ ÁÌÔÅÒÁÔÉÏÎ ÉÎ ÔÉÓÓÕÅ ÍÏÒÐÈÏÌÏÇÙ 

ɏέΪɐȢ 4ÈÅ ÓÐÅÃÔÒÁ ×ÅÒÅ ÃÏÍÐÏÓÅÄ ÏÆ ÄÉÆÆÅÒÅÎÔ ÓÁÍÐÌÅÓ ÂÙ ÕÓÉÎÇ ÔÈÉÓ ÓÙÓÔÅÍȢ 4ÈÅ ÓÙÓÔÅÍ ÃÏÍÐÒÉÓÅÓ 

Á ÔÕÎÇÓÔÅÎȾÈÁÌÏÇÅÎ ÂÒÏÁÄÂÁÎÄ ÌÉÇÈÔ ÓÏÕÒÃÅȢ 4×Ï ÓÐÅÃÔÒÏÍÅÔÅÒÓ ɉÔÈÅ Ô×Ï ÓÐÅÃÔÒÏÍÅÔÅÒÓ ÒÅÓÏÌÖÅ 

ÔÈÅ ÌÉÇÈÔ ÉÎ ÔÈÅ ÖÉÓÉÂÌÅ ×ÁÖÅÌÅÎÇÔÈ ÒÁÎÇÅ ÂÅÔ×ÅÅÎ ήΪΪ ÎÍ ÁÎÄ ΫΫΪΪ ÎÍ ÁÎÄ ÔÈÅ ÎÅÁÒȤÉÎÆÒÁÒÅÄ 
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×ÁÖÅÌÅÎÇÔÈ ÒÁÎÇÅ ÆÒÏÍ βΪΪ ÔÏ ΫαΪΪ ÎÍȟ ÒÅÓÐÅÃÔÉÖÅÌÙɊȢ !Î ÏÐÔÉÃÁÌ ÐÒÏÂÅ ÉÓ ×ÉÔÈ ÔÈÒÅÅ ÏÐÔÉÃÁÌ ÆÉÂÒÅÓȢ 

/ÎÅ ÏÐÔÉÃÁÌ ÆÉÂÒÅ ÉÓ ÃÏÎÎÅÃÔÅÄ ÔÏ ÔÈÅ ÌÉÇÈÔ ÓÏÕÒÃÅȟ ÁÎÄ ÔÈÅ ÏÔÈÅÒ Ô×Ï ÆÉÂÒÅÓ ÁÒÅ ÃÏÎÎÅÃÔÅÄ ÔÏ ÔÈÅ 

ÓÐÅÃÔÒÏÍÅÔÅÒÓ ÔÏ ÃÏÌÌÅÃÔ ÄÉÆÆÕÓÅÌÙ ÓÃÁÔÔÅÒÅÄ ÌÉÇÈÔ ÆÒÏÍ ÔÈÅ ÔÉÓÓÕÅ ɉ&ÉÇÕÒÅ άȤΫɊȢ 

 

Figure 2-1: Diffuse reflectance spectroscopy set up [31]. 

$23 ÃÁÎ ÇÕÉÄÅ ÓÕÒÇÅÏÎÓ ÄÕÒÉÎÇ ÃÁÎÃÅÒ ÓÕÒÇÅÒÙȢ 4ÈÅÒÅÆÏÒÅȟ ÍÁÎÙ ÁÕÔÈÏÒÓ ÈÁÖÅ ÕÓÅÄ ÔÈÉÓ ÔÅÃÈÎÉÑÕÅ 

ÉÎ ÃÁÎÃÅÒ ÄÅÔÅÃÔÉÏÎȢ /ÖÅÒ ÔÈÅ ÌÁÓÔ Ô×ÅÎÔÙ ÙÅÁÒÓȟ ÔÈÅÒÅ ÈÁÓ ÂÅÅÎ Á ÇÒÁÄÕÁÌ ÉÎÃÒÅÁÓÅ ÉÎ ÔÈÅ ÒÁÔÅ ÏÆ 

ÉÎÃÉÄÅÎÃÅ ÁÎÄ ÍÏÒÔÁÌÉÔÙ ÏÆ ÐÒÉÍÁÒÙ ÁÎÄ ÓÅÃÏÎÄÁÒÙ ÌÉÖÅÒ ÃÁÎÃÅÒ ÉÎ ÁÌÌ ÐÁÒÔÓ ÏÆ ÔÈÅ ×ÏÒÌÄ ɏέάɐȢ 4ÈÅ 

ÒÅÓÅÁÒÃÈÅÒÓ ÉÎ ÔÈÅ .ÅÔÈÅÒÌÁÎÄÓ #ÁÎÃÅÒ )ÎÓÔÉÔÕÔÅ ÄÅÍÏÎÓÔÒÁÔÅÄ ÔÈÅ ÅÖÁÌÕÁÔÉÏÎ ÏÆ ÓÃÁÔÔÅÒÉÎÇ 

ÁÍÐÌÉÔÕÄÅ ÁÎÄ ÖÏÌÕÍÅ ÆÒÁÃÔÉÏÎ ÏÆ ÔÈÅ ÂÉÌÅ ÏÎ ÈÅÁÌÔÈÙ ÁÎÄ ÍÅÔÁÓÔÁÔÉÃ ÌÉÖÅÒ ÃÁÎÃÅÒ ÔÉÓÓÕÅÓ ÆÒÏÍ ÅØȤ

ÖÉÖÏ ÈÕÍÁÎ ÌÉÖÅÒ ÒÅÓÅÃÔÉÏÎÓȢ 4ÈÅÓÅ ÖÁÌÕÅÓ ÃÁÎ ÄÉÓÔÉÎÇÕÉÓÈ ÂÅÔ×ÅÅÎ ÂÏÔÈ ÔÙÐÅÓ ÏÆ ÔÉÓÓÕÅ ɏέέɐȢ 

!ÎÏÔÈÅÒ ÓÔÕÄÙ ɏέΪɐ ÆÒÏÍ ÔÈÅ ÓÁÍÅ ÔÅÁÍ ÈÁÓ ÃÏÎÆÉÒÍÅÄ ÔÈÅ ÁÂÉÌÉÔÙ ÔÏ ÕÓÅ $23 ÔÏ ÄÉÓÃÒÉÍÉÎÁÔÅ 

ÍÅÔÁÓÔÁÔÉÃ ÆÒÏÍ ÎÏÒÍÁÌ ÌÉÖÅÒ ÔÉÓÓÕÅ ×ÉÔÈ ÈÉÇÈ ÁÃÃÕÒÁÃÙ ÁÎÄ ÐÒÅÄÉÃÔ ÔÈÅ ÄÅÇÒÅÅ ÏÆ ÈÅÐÁÔÉÃ ÓÔÅÁÔÏÓÉÓȢ 

/ÎÅ ÏÆ ÔÈÅ ÄÒÁ×ÂÁÃËÓ ÏÆ ÔÈÅÓÅ ÓÔÕÄÉÅÓ ÉÓ ÔÈÁÔ ÔÈÅÒÅ ÁÒÅ ÎÏ ÉÎȤÖÉÖÏ ÓÔÕÄÉÅÓ ÔÏ ÃÏÎÆÉÒÍ ÔÈÉÓ 

ÔÅÃÈÎÉÑÕÅΈÓ ÃÌÉÎÉÃÁÌ ÁÐÐÌÉÃÁÔÉÏÎÓȢ 

! ÒÅÃÅÎÔ ÉÎ ÖÉÖÏ ÓÔÕÄÙ ÉÎÖÅÓÔÉÇÁÔÅÄ άΫ ÐÁÔÉÅÎÔÓ ÕÎÄÅÒÇÏÉÎÇ ÌÕÎÇ ÃÁÎÃÅÒ ÓÕÒÇÅÒÙ ÉÎ ÒÏÕÔÉÎÅ 

ÄÉÁÇÎÏÓÔÉÃ ÌÕÎÇ ÂÉÏÐÓÙ ÐÒÏÃÅÄÕÒÅÓȢ )Ô ÆÏÕÎÄ ÔÈÁÔ ÔÈÅ $23 ÔÅÃÈÎÉÑÕÅ ÉÓ Á ÐÏ×ÅÒÆÕÌ ÎÅ× ÔÏÏÌ ÆÏÒ 

ÂÉÏÐÓÙ ÇÕÉÄÁÎÃÅ ÁÆÔÅÒ ÉÎÔÅÇÒÁÔÉÏÎ ÉÎÔÏ ÔÈÅ ÂÉÏÐÓÙ ÎÅÅÄÌÅ ɏέήɐȢ /ÔÈÅÒ ÁÕÔÈÏÒÓ ÈÁÖÅ ÄÅÍÏÎÓÔÒÁÔÅÄ 

ÔÈÁÔ ÂÙ ÕÓÉÎÇ ÔÈÅ ÃÏÍÂÉÎÁÔÉÏÎ ÏÆ $23 ×ÉÔÈ ÃÏÎÖÅÎÔÉÏÎÁÌ ÉÍÁÇÉÎÇ ÔÅÃÈÎÉÑÕÅÓȟ ÔÈÅÒÅ ÉÓ ÁÎ 

ÉÍÐÒÏÖÅÍÅÎÔ ÉÎ ÄÉÁÇÎÏÓÉÓ ÁÃÃÕÒÁÃÙȟ ×ÉÔÈ Á ÍÉÎÉÍÁÌÌÙ ÉÎÖÁÓÉÖÅ ÐÒÏÃÅÄÕÒÅ ÉÎ ÔÈÅ ÌÕÎÇ ɏέΫɐȢ 

&ÕÒÔÈÅÒÍÏÒÅȟ ÔÈÅ ÄÕÁÌȤÍÏÄÁÌÉÔÙȟ ÄÉÆÆÕÓÅ ÒÅÆÌÅÃÔÁÎÃÅ ÓÐÅÃÔÒÏÓÃÏÐÙȤÆÌÕÏÒÅÓÃÅÎÃÅ ÓÐÅÃÔÒÏÓÃÏÐÙ 

ɉ$23Ȥ&3Ɋȟ ÈÁÓ ÂÅÅÎ ÕÓÅÄ ÆÏÒ ÄÉÓÃÒÉÍÉÎÁÔÉÎÇ ÂÅÔ×ÅÅÎ ÈÅÁÌÔÈÙ ÁÎÄ ÍÁÌÉÇÎÁÎÔ ÔÉÓÓÕÅ ɏάȟ έίȤέαɐȢ $23 

ÁÎÄ &3ΈÓ ÃÏÍÂÉÎÁÔÉÏÎ ÉÎ ÂÉÏÐÓÙ ÄÅÖÉÃÅÓ ÈÁÖÅ ÓÉÇÎÉÆÉÃÁÎÔÌÙ ÅÎÈÁÎÃÅÄ ÔÒÁÎÓÔÈÏÒÁÃÉÃ ÂÉÏÐÓÉÅÓ ɏάɐȢ 

4ÈÅ ÁÄÖÁÎÔÁÇÅÓ ÏÆ ÔÈÅ ÃÏÍÂÉÎÁÔÉÏÎ ÏÆ $23 ÁÎÄ &3 ÁÒÅ ÆÏÒ ÉÍÐÒÏÖÉÎÇ ÔÈÅ ÉÄÅÎÔÉÆÉÃÁÔÉÏÎ ÏÆ 

ÃÁÎÃÅÒÏÕÓ ÌÅÓÉÏÎÓ ÉÎ ÄÉÆÆÅÒÅÎÔ ÏÒÇÁÎÓ ɏάɐȢ 7ÉÔÈ $23ȟ ÔÈÅ ÃÈÁÎÇÅÓ ÉÎ ÔÈÅ ÒÅÆÌÅÃÔÅÄ ÓÐÅÃÔÒÕÍ 

ÔÒÁÎÓÌÁÔÅ ÔÈÅ ÖÁÒÉÁÎÃÅ ÏÆ ÔÉÓÓÕÅ ÉÎÔÅÒÁÃÔÉÏÎȢ )Î ÔÈÉÓ ×ÁÙȟ ÖÁÒÉÏÕÓ ÃÈÒÏÍÏÐÈÏÒÅÓ ÉÎ ÔÈÅ ÔÉÓÓÕÅ ÓÕÃÈ 
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ÁÓ ÈÁÅÍÏÇÌÏÂÉÎ ɉÏØÙÇÅÎÁÔÅÄ ÁÎÄ ÄÅÏØÙÇÅÎÁÔÅÄɊȟ ʃȤÃÁÒÏÔÅÎÅȟ ×ÁÔÅÒ ÌÉÐÉÄÓȟ ÁÎÄ ÃÏÌÌÁÇÅÎ ÃÁÎ ÂÅ 

ÑÕÁÎÔÉÆÉÅÄ ÁÎÄ ÄÉÓÔÉÎÇÕÉÓÈÅÄȢ &ÕÒÔÈÅÒÍÏÒÅȟ ÔÈÅ ÉÎÆÏÒÍÁÔÉÏÎ ÁÂÏÕÔ ÔÈÅ ÕÎÄÅÒÌÙÉÎÇ ÃÅÌÌÕÌÁÒ 

ÓÔÒÕÃÔÕÒÅÓ ÃÁÎ ÂÅ ÄÅÒÉÖÅÄ ÂÙ ÃÁÌÃÕÌÁÔÉÎÇ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÃÏÅÆÆÉÃÉÅÎÔȢ 4ÈÅ &3 ÁÄÄÓ ÔÈÅ ÐÒÏÂÁÂÉÌÉÔÙ 

ÄÅÔÅÃÔÉÏÎ ÏÆ ÉÎÔÒÉÎÓÉÃ ÆÌÕÏÒÏÐÈÏÒÅÓ ÉÎ ÔÈÅ ÍÅÁÓÕÒÅÄ ÔÉÓÓÕÅȟ ÓÕÃÈ ÁÓ %ÌÁÓÔÉÎ ÁÎÄ ÃÏÌÌÁÇÅÎȟ ×ÈÉÃÈ 

ÁÒÅ ÐÒÏÔÅÉÎÓ ÓÔÒÕÃÔÕÒÅ ÁÎÄ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÔÉÓÓÕÅ ÓÔÒÕÃÔÕÒÅȢ !ÌÓÏȟ ÎÉÃÏÔÉÎÁÍÉÄÅ ÁÄÅÎÉÎÅ 

ÄÉÎÕÃÌÅÏÔÉÄÅ ɉ.!$(Ɋ ÁÎÄ &ÌÁÖÉÎȤÁÄÅÎÉÎÅ ÄÉÎÕÃÌÅÏÔÉÄÅ ɉ&!$Ɋ ÉÎÄÉÃÁÔÅ ÔÈÅ ÍÅÔÁÂÏÌÉÓÍ ÏÆ 

ÃÅÌÌÕÌÁÒ ÅÎÅÒÇÙ ɏέαɐȢ !ÎÏÔÈÅÒ ÓÔÕÄÙ ÈÁÓ ÆÏÕÎÄ ÔÈÁÔ ÔÈÅ ÑÕÁÎÔÉÔÁÔÉÖÅ ÆÕÎÃÔÉÏÎÁÌ ÉÎÆÏÒÍÁÔÉÏÎ ÆÒÏÍ 

ÄÕÁÌ ÍÏÄÅÌ $23Ȥ&3 ÐÌÁÙÓ Á ÖÉÔÁÌ ÒÏÌÅ ÉÎ ÄÅÔÅÃÔÉÎÇ ÐÁÔÈÏÌÏÇÉÃ ÒÅÓÐÏÎÓÅȢ 4ÈÅÓÅ ÆÉÎÄÉÎÇÓ ÍÉÇÈÔ ÈÅÌÐ 

ÏÂÓÅÒÖÅ ÁÎÄ ÐÒÅÄÉÃÔ ÔÈÅ ÅÆÆÉÃÉÅÎÃÙ ÏÆ ÃÁÎÃÅÒ ÔÈÅÒÁÐÙ ÁÃÃÏÒÄÉÎÇ ÔÏ ÐÁÔÉÅÎÔ ÒÅÓÐÏÎÓÅȢ (ÅÎÃÅ ÔÈÉÓ 

ÔÅÃÈÎÉÑÕÅ ÈÁÓ ÈÉÇÈ ÅÆÆÉÃÉÅÎÃÙ ÉÎ ÍÏÎÉÔÏÒÉÎÇ ÁÎÄ ÐÒÅÄÉÃÔÉÎÇ ÃÁÎÃÅÒ ÔÈÅÒÁÐÙ ɏέΰɐȢ !ÄÄÉÔÉÏÎÁÌÌÙȟ 

:ÏÎÉÅÓ ÅÔ ÁÌȢ ÁÐÐÒÏÖÅÄ ÔÈÅ $23ΈÓ ÁÂÉÌÉÔÙ ÔÏ ÏÂÔÁÉÎ ÉÎȤÖÉÖÏ ÉÎÆÏÒÍÁÔÉÏÎ ÒÅÇÁÒÄÉÎÇ ÔÉÓÓÕÅ ÓÔÒÕÃÔÕÒÅ 

ÁÎÄ ÃÏÍÐÏÓÉÔÉÏÎȢ 4ÈÅÓÅ ÒÅÓÕÌÔÓ ÈÁÖÅ ÂÅÅÎ ÄÅÒÉÖÅÄ ÆÒÏÍ ÈÁÅÍÏÇÌÏÂÉÎ ÃÏÎÃÅÎÔÒÁÔÉÏÎȟ ÏØÙÇÅÎ 

ÓÁÔÕÒÁÔÉÏÎȟ ÅÆÆÅÃÔÉÖÅ ÓÃÁÔÔÅÒ ÄÅÎÓÉÔÙ ÁÎÄ ÅÆÆÅÃÔÉÖÅ ÓÃÁÔÔÅÒ ÓÉÚÅȢ 4ÈÅ ÆÉÎÄÉÎÇÓ ÈÁÖÅ ÂÅÅÎ ÃÏÌÌÅÃÔÅÄ ÉÎ 

ÖÉÖÏ ÆÒÏÍ ÁÄÅÎÏÍÁÔÏÕÓ ÐÏÌÙÐÓ ÏÎ Ϋέ ÐÁÔÉÅÎÔÓ ÕÎÄÅÒÇÏÉÎÇ ÒÏÕÔÉÎÅ ÃÏÌÏÎÏÓÃÏÐÙ ɏέίɐȢ -ÏÒÅÏÖÅÒȟ 

ÏÐÔÉÃÁÌ ÓÐÅÃÔÒÏÓÃÏÐÙȟ $23 ÁÎÄ &3ȟ ÃÁÎ ÄÅÔÅÃÔ ÃÏÌÏÒÅÃÔÁÌ ÃÁÎÃÅÒ ÆÒÏÍ ÓÕÒÒÏÕÎÄÉÎÇ ÈÅÁÌÔÈÙ ÔÉÓÓÕÅȟ 

ÅÓÐÅÃÉÁÌÌÙ ×ÈÅÎ ÔÈÅÓÅ ÓÍÁÌÌ ÆÉÂÒÅÓ ÁÒÅ ÉÎÃÏÒÐÏÒÁÔÅÄ ÉÎÔÏ ÓÕÒÇÉÃÁÌ ÔÏÏÌÓȟ ×ÈÉÃÈ ÈÅÌÐÓ ÄÅÔÅÃÔ ÔÈÅ 

ÔÉÓÓÕÅΈÓ ÄÉÒÅÃÔ ÆÅÅÄÂÁÃË ÁÎÄ ÔÈÅ ÒÅÁÌȤÔÉÍÅ ÒÅÓÐÏÎÓÅ ɏέαɐȢ 0ÒÁÂÉÔÈÁ ÅÔ ÁÌȢ ÈÁÖÅ ÒÅÐÏÒÔÅÄ Á ÓÔÕÄÙ ÏÎ 

ÔÈÅ ÄÅÔÅÃÔÉÏÎ ÏÆ ÃÅÒÖÉÃÁÌ ÌÅÓÉÏÎÓ ÂÙ ÍÕÌÔÉÖÁÒÉÁÔÅ ÁÎÁÌÙÓÉÓ ÏÆ $23Ȣ 4ÈÅÙ ÄÅÖÅÌÏÐÅÄ ÁÎ ÁÌÇÏÒÉÔÈÍ ÔÏ 

ÄÉÓÃÒÉÍÉÎÁÔÅ ÆÒÏÍ ήβ ÓÉÔÅÓ ÉÎ έή ÐÁÔÉÅÎÔÓ ×ÉÔÈ Á ÓÅÎÓÉÔÉÖÉÔÙ ÏÆ αάГ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ ÏÆ βαГȢ 

&ÕÒÔÈÅÒÍÏÒÅȟ ÔÈÉÓ ÓÔÕÄÙΈÓ ÆÉÎÄÉÎÇÓ ÉÌÌÕÓÔÒÁÔÅÄ ÔÈÁÔ ÔÈÅ ÔÅÃÈÎÉÑÕÅ ÃÏÕÌÄ ÂÅ ÕÓÅÄȟ ÁÌÏÎÇ ×ÉÔÈ 

ÍÕÌÔÉÖÁÒÉÁÔÅ ÁÎÁÌÙÔÉÃÁÌ ÍÅÔÈÏÄÓȟ ÁÓ Á ÎÏÎȤÉÎÖÁÓÉÖÅ ÍÅÔÈÏÄ ÔÏ ÔÒÁÃË ÃÅÒÖÉÃÁÌ ÄÉÓÅÁÓÅ ÓÔÁÔÕÓ ÉÎ ÒÅÁÌȤ

ÔÉÍÅ ɏέβɐȢ 

"ÒÅÁÓÔ ÃÁÎÃÅÒ ÉÓ ÔÈÅ ÍÏÓÔ ÃÏÍÍÏÎ ÃÁÎÃÅÒ ÉÎ ×ÏÍÅÎ ×ÏÒÌÄ×ÉÄÅȠ ÔÈÕÓȟ ÔÈÅ $23 ÐÌÁÙÓ Á ÒÏÌÅ ÉÎ 

ÂÒÅÁÓÔ ÃÁÎÃÅÒ ÄÉÁÇÎÏÓÉÓ ÁÎÄ ÉÍÐÒÏÖÅÄ ÓÕÒÖÉÖÁÌ ÒÁÔÅȢ )Î άΪΫέȟ %ÖÅÒ ÅÔ ÁÌȢ ÓÔÕÄÉÅÄ ÂÒÅÁÓÔ ÃÁÎÃÅÒΈÓ 

ÄÉÁÇÎÏÓÔÉÃ ÁÃÃÕÒÁÃÙ ÆÒÏÍ ήα ÆÅÍÁÌÅ ÐÁÔÉÅÎÔÓȭ ÅØȤÖÉÖÏ ÂÙ ÔÈÅ $23 ÔÅÃÈÎÉÑÕÅȢ 4ÈÉÓ ÇÒÏÕÐ ÁÃÑÕÉÒÅÄ 

Á ÓÅÎÓÉÔÉÖÉÔÙ ÏÆ γΪГȟ Á ÓÐÅÃÉÆÉÃÉÔÙ ÏÆ ββГ ÁÎÄ ÁÎ ÏÖÅÒÁÌÌ ÁÃÃÕÒÁÃÙ ÏÆ βγГ ÔÏ ÄÉÓÔÉÎÇÕÉÓÈ ÂÅÔ×ÅÅÎ 

ÔÈÅ ÎÏÒÍÁÌ ÁÎÄ ÍÁÌÉÇÎÁÎÔ ÂÒÅÁÓÔ ÔÉÓÓÕÅ ÁÎÄ Á ÎÅÁÒÌÙ ΫΪΪГ ÁÃÃÕÒÁÃÙ ÉÎ ÃÁÔÅÇÏÒÉÚÉÎÇ ÔÈÅ ÒÅÓÕÌÔÓ ÁÓ 

ÅÉÔÈÅÒ ÂÅÎÉÇÎ ÏÒ ÍÁÌÉÇÎÁÎÔɏάγɐȢ &ÕÒÔÈÅÒÍÏÒÅȟ 6ÏÌÙÎÓËÁÙÁ ÅÔ ÁÌȢ ÓÔÕÄÉÅÄ ÂÒÅÁÓÔ ÃÁÎÃÅÒ ÄÉÁÇÎÏÓÉÓ 

ÂÙ ÕÓÉÎÇ Á ÃÏÍÂÉÎÁÔÉÏÎ ÏÆ $23 ÁÎÄ &3Ȣ 4ÈÅ ÆÉÎÄÉÎÇÓ ÁÃÈÉÅÖÅÄ Á ÓÅÎÓÉÔÉÖÉÔÙ ÏÆ ΫΪΪГȟ ÓÐÅÃÉÆÉÃÉÔÙ ÏÆ 

γΰГȟ ÔÈÅ ÐÏÓÉÔÉÖÅ ÐÒÅÄÉÃÔÉÖÅ ÖÁÌÕÅ ÏÆ ΰγГȟ ÁÎÄ ÎÅÇÁÔÉÖÅ ÐÒÅÄÉÃÔÉÖÅ ÖÁÌÕÅ ÏÆ ΫΪΪГ ÁÎÄ ÏÖÅÒÁÌÌ 

ÄÉÁÇÎÏÓÔÉÃ ÁÃÃÕÒÁÃÙ ÏÆ γΫГ ÒÅÓÐÅÃÔÉÖÅÌÙȠ ÁÄÄÉÔÉÏÎÁÌÌÙȟ ÆÉÎÄÉÎÇ ÔÈÁÔ ÔÈÅ ÃÏÍÂÉÎÁÔÉÏÎ ÏÆ $23 ÁÎÄ 

&3 ÙÉÅÌÄÓ ÐÒÏÍÉÓÉÎÇ ÒÅÓÕÌÔÓ ÆÏÒ ÄÉÓÔÉÎÇÕÉÓÈÉÎÇ ÂÒÅÁÓÔ ÃÁÎÃÅÒ ÆÒÏÍ ÂÅÎÉÇÎ ÂÒÅÁÓÔ ÌÅÓÉÏÎÓ ɏέγɐȢ 

/ÔÈÅÒ ÓÔÕÄÉÅÓ ɏήΪȤήάɐ ÈÁÖÅ ÅÓÔÉÍÁÔÅÄ ÔÈÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ ÌÉÐÉÄÓ ÁÎÄ ×ÁÔÅÒ ÉÎ ÔÈÒÅÅ ÁÎÁÅÓÔÈÅÔÉÚÅÄ 

Ó×ÉÎÅ ÔÉÓÓÕÅÓȟ ÔÉÓÓÕÅ ÐÈÁÎÔÏÍÓȟ ÂÅÎÉÇÎ ÔÉÓÓÕÅȟ ÁÎÄ ÔÕÍÏÕÒ ÔÉÓÓÕÅȢ 4ÈÅÓÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÐÌÁÙ Á 

ÖÉÔÁÌ ÒÏÌÅ ÉÎ ÄÉÓÔÉÎÇÕÉÓÈÉÎÇ ÂÅÔ×ÅÅÎ ÎÏÒÍÁÌ ÁÎÄ ÁÂÎÏÒÍÁÌ ÔÉÓÓÕÅÓ ÉÎ ÔÈÅ ÂÒÅÁÓÔ ɏήέɐ ÁÎÄ 

ÄÉÓÃÒÉÍÉÎÁÔÉÎÇ ÂÅÎÉÇÎ ÌÅÓÉÏÎÓ ÆÒÏÍ ÃÙÓÔÓ ÉÎ ÂÒÅÁÓÔÓ ÂÙ ÅÍÐÌÏÙÉÎÇ ÆÉÂÒÅ ÔÉÓÓÕÅ ÐÒÏÂÅÓ ɏήήɐȢ )Î άΪΫΪȟ 

ÒÅÓÅÁÒÃÈÅÒÓ ÆÏÕÎÄ ÔÈÁÔ ÔÈÅ ÃÏÎÆÉÄÅÎÃÅ ÉÎ ÔÈÅ ÅÓÔÉÍÁÔÉÏÎ ÏÆ ×ÁÔÅÒ ÁÎÄ ÌÉÐÉÄ ÉÎÃÒÅÁÓÅÄ ÂÙ Á ÆÁÃÔÏÒ 
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ÏÆ ÆÏÕÒ ×ÈÅÎ ÕÓÅÄ ×ÉÔÈ ÁÎ ÏÐÔÉÃÁÌ ÐÒÏÂÅ ×ÉÔÈ ÔÈÅ ÄÅÔÅÃÔÉÏÎ ×ÁÖÅÌÅÎÇÔÈ ÅØÔÅÎÄÅÄ ÕÐ ÔÏ ΫΰΪΪ ÎÍ 

ɏήΫɐȟ ×ÈÉÃÈ ÉÎÃÒÅÁÓÅÓ ÃÏÎÆÉÄÅÎÃÅ Ï×ÉÎÇ ÔÏ ÔÈÅ ÅØÉÓÔÅÎÃÅ ÏÆ ÁÄÄÉÔÉÏÎÁÌ ÁÂÓÏÒÐÔÉÏÎ ÆÅÁÔÕÒÅÓ ÁÂÏÖÅ 

ΫΪΪΪ ÎÍȢ !ÃÃÕÒÁÔÅ ÍÅÁÓÕÒÅÍÅÎÔ ÏÆ ×ÁÔÅÒ ÁÎÄ ÌÉÐÉÄ ÅØÔÉÎÃÔÉÏÎ ÃÏÅÆÆÉÃÉÅÎÔÓ ÃÁÎ ÂÅ ÁÃÈÉÅÖÅÄ ×ÉÔÈ 

Á ÄÉÆÆÕÓÅ ÏÐÔÉÃÁÌ ÓÐÅÃÔÒÏÓÃÏÐÙ ÔÅÃÈÎÉÑÕÅ ɉÔÈÅ ÓÁÍÅ ÐÒÉÎÃÉÐÌÅ ÁÓ $23Ɋ ÉÎ ÔÈÅ ÓÁÍÅ ÒÁÎÇÅ ÏÆ 

×ÁÖÅÌÅÎÇÔÈÓȟ ÇÉÖÉÎÇ Á ÒÅÌÉÁÂÌÅ ÅÓÔÉÍÁÔÉÏÎ ÏÆ ÔÈÅÓÅ Ô×Ï ÃÈÒÏÍÏÐÈÏÒÅÓ ÉÎ ÔÈÅ ÍÉØÔÕÒÅ ÂÙ ÕÓÉÎÇ Á 

ÐÈÁÎÔÏÍ ÓÔÕÄÙ ɏήΪɐȢ 4ÈÉÓ ÓÔÕÄÙΈÓ ÆÉÎÄÉÎÇÓ ÃÏÕÌÄ ÐÒÏÖÉÄÅ ÐÈÙÓÉÃÉÁÎÓ ×ÉÔÈ ÒÅÁÌȤÔÉÍÅ ÆÅÅÄÂÁÃË ÂÙ 

ÍÅÁÓÕÒÉÎÇ ÔÈÅ ÁÍÏÕÎÔ ÏÆ ÌÉÐÉÄ ÁÎÄ ×ÁÔÅÒ ÉÎ ÔÉÓÓÕÅÓ ÔÏ ÃÁÔÅÇÏÒÉÚÅ ÂÅÔ×ÅÅÎ ÍÁÌÉÇÎÁÎÔȟ ÂÅÎÉÇÎ ÁÎÄ 

ÎÏÒÍÁÌ ÓÁÍÐÌÅÓȢ ! ÒÅÃÅÎÔ ÓÔÕÄÙ ÉÎ άΪΫί ɏήάɐ ÃÏÎÆÉÒÍÅÄ ÔÈÉÓ ÒÅÓÕÌÔȟ ×ÈÉÃÈ ÏÂÓÅÒÖÅÄ ÔÈÁÔ 

ÁÂÓÏÒÐÔÉÏÎ ÏÆ ÌÉÐÉÄ ÁÎÄ ×ÁÔÅÒ ÃÏÎÔÅÎÔ ÉÎ ÔÈÅ ÅØÔÅÎÄÅÄ ÎÅÁÒȤÉÎÆÒÁÒÅÄ ×ÁÖÅÌÅÎÇÔÈ ÒÅÇÉÏÎ ɉΫΪΪΪ ÔÏ 

ΫΰΪΪ ÎÍɊ ÐÒÏÖÉÄÅÓ ÔÈÅ ÂÅÓÔ ÒÅÃÏÇÎÉÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÕÍÏÕÒ ÁÎÄ ÂÅÎÉÇÎ ÔÉÓÓÕÅȢ !ÌÓÏȟ ÅØÃÅÌÌÅÎÔ 

ÄÉÓÃÒÉÍÉÎÁÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÉÎÓÉÄÅ ÁÎÄ ÏÕÔÓÉÄÅ ÔÉÓÓÕÅ ɉÔÈÅ ÂÏÒÄÅÒɊ ÏÆ ÔÈÅ ÔÕÍÏÕÒ ÈÁÓ ÂÅÅÎ 

ÏÂÔÁÉÎÅÄ ÂÙ ÍÅÁÓÕÒÉÎÇ ÌÉÐÉÄÓ ÁÎÄ ×ÁÔÅÒ ÒÁÔÉÏȢ 

 Fluorescence Spectroscopy (FS)   

&3 ÁÎÁÌÙÓÅÓ ÔÈÅ ÁÕÔÏȤÆÌÕÏÒÅÓÃÅÎÃÅȟ ×ÈÉÃÈ ÏÃÃÕÒÓ ×ÈÅÎ ÔÈÅ ÍÏÌÅÃÕÌÅÓ ÏÆ ÔÉÓÓÕÅ ÁÒÅ ÅØÃÉÔÅÄ ÂÙ 

ÎÁÒÒÏ×ÂÁÎÄ ÌÉÇÈÔ ɉÏÂÔÁÉÎÅÄ ÖÉÁ ÆÉÌÔÅÒÉÎÇ Á ÂÒÏÁÄÂÁÎÄ ÓÏÕÒÃÅ ÏÒ ÆÒÏÍ Á ÎÁÒÒÏ× ÌÁÓÅÒɊ ÁÓ ÔÈÅ ÓÅÔ ÕÐ 

ÓÈÏ×Î ÉÎ &ÉÇÕÒÅ άȤάȢ !ÌÌ ÂÉÏÌÏÇÉÃÁÌ ÔÉÓÓÕÅÓ ÈÁÖÅ ÆÌÕÏÒÏÐÈÏÒÅÓ ÓÕÃÈ ÁÓ ÔÒÙÐÔÏÐÈÁÎȟ ÒÅÉÂÏÆÌÁÖÉÎÓȟ 

.!$(ȟ ÃÏÌÌÁÇÅÎȟ ÅÌÁÓÔÉÎȟ ÁÎÄ ÐÏÒÐÈÙÒÉÎÓȢ 7ÈÅÎ ÔÈÅ ÌÉÇÈÔ ÉÎÔÅÒÁÃÔÓ ×ÉÔÈ ÔÉÓÓÕÅȟ ÔÈÅÓÅ 

ÆÌÕÏÒÏÐÈÏÒÅÓ ÁÂÓÏÒÂ ÔÈÅ ÅÎÅÒÇÙ ÁÎÄ ÒÅȤÅÍÉÔ ÁÓ ÆÌÕÏÒÅÓÃÅÎÃÅȢ 4ÈÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÁÎÄ ÔÈÅ 

ÃÈÁÒÁÃÔÅÒÉÚÁÔÉÏÎ ÏÆ ÔÈÅÓÅ ÆÌÕÏÒÏÐÈÏÒÅÓ ÃÈÁÎÇÅ ÄÕÅ ÔÏ ÄÉÓÅÁÓÅ ɉÔÈÅ ÔÉÓÓÕÅ ÇÏÅÓ ÆÒÏÍ ÎÏÒÍÁÌ ÔÏ 

ÄÙÓÐÌÁÓÔÉÃ ÔÏ ÎÅÏÐÌÁÓÔÉÃɊȟ ×ÈÉÃÈ ÖÁÒÉÅÓ ÔÈÅ ÃÈÁÒÁÃÔÅÒÉÚÁÔÉÏÎ ÏÆ ÉÔÓ ÆÌÕÏÒÅÓÃÅÎÔ ÓÐÅÃÔÒÕÍȢ 

 
Figure 2-2: Fluorescence spectroscopy setup [45]. 

4ÈÉÓ ÔÅÃÈÎÉÑÕÅ ÈÁÓ ÂÅÅÎ ÕÓÅÄ ÉÎ ÍÕÌÔÉÐÌÅ ÏÒÇÁÎ ÓÙÓÔÅÍÓ ÔÏ ÉÄÅÎÔÉÆÙ ÌÅÓÉÏÎÓ ÆÒÏÍ ÎÏÒÍÁÌ ÔÉÓÓÕÅÓ 

ÏÒ ÁÂÎÏÒÍÁÌ ÔÉÓÓÕÅÓ ɏήΰɐȢ 4ÈÕÓȟ ÒÅÓÅÁÒÃÈÅÒÓ ÈÁÖÅ ÕÓÅÄ ÔÈÉÓ ÔÅÃÈÎÉÑÕÅ ÉÎ ÃÁÎÃÅÒ ÄÉÁÇÎÏÓÉÓȢ )Î Ϋγγβȟ 

'ÉÌÌÅÎ×ÁÔÅÒ ÅÔ ÁÌȢ ÁÃÈÉÅÖÅÄ ÔÈÅ ÁÂÉÌÉÔÙ ÔÏ ÄÉÓÔÉÎÇÕÉÓÈ ÂÅÔ×ÅÅÎ ÔÈÅ ÆÌÕÏÒÅÓÃÅÎÃÅ ÓÐÅÃÔÒÁ ÏÆ ÔÈÅ 

ÎÏÒÍÁÌ ÁÎÄ ÁÂÎÏÒÍÁÌ ÏÒÁÌ ÍÕÃÏÓÁȢ 4ÈÅÒÅÆÏÒÅȟ &3 ÈÁÓ ÔÈÅ ÐÏÔÅÎÔÉÁÌ ÔÏ ÉÍÐÒÏÖÅ ÔÈÅ ÄÉÁÇÎÏÓÉÓ ÏÆ 

ÏÒÁÌ ÃÁÖÉÔÙ ÎÅÏÐÌÁÓÉÁ ÂÙ Á ÎÏÎȤÉÎÖÁÓÉÖÅ ÍÅÔÈÏÄȢ 3ÐÅÃÔÒÁ ÈÁÖÅ ÂÅÅÎ ÒÅÃÏÒÄÅÄ ÆÒÏÍ ÔÈÅ ÏÒÁÌ ÃÁÖÉÔÙ 

ÏÆ β ÈÅÁÌÔÈÙ ÖÏÌÕÎÔÅÅÒÓ ÁÎÄ Ϋί ÐÁÔÉÅÎÔÓ ×ÉÔÈ ÐÒÅÍÁÌÉÇÎÁÎÔ ÏÒ ÍÁÌÉÇÎÁÎÔ ÏÒÁÌ ÃÁÖÉÔÙ ÌÅÓÉÏÎÓ ÁÔ ÔÈÅ 

ÓÐÅÃÉÆÉÃ ÁÂÓÏÒÐÔÉÏÎ ×ÁÖÅÌÅÎÇÔÈÓ ɉέέαȟ έΰί ÁÎÄ ήΫΪ ÎÍɊ ÁÎÄ ÔÈÅ ÅÍÉÓÓÉÏÎ ÒÁÎÇÅ ÏÆ έίΪ ÔÏ αΪΪ ÎÍ 
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ɏήαɐȢ 2ÅÃÅÎÔ ÐÕÂÌÉÃÁÔÉÏÎÓ ÉÎ άΪΫί ÈÁÖÅ ÕÓÅÄ ÔÈÅ &3 ÔÅÃÈÎÉÑÕÅ ÔÏ ÄÉÆÆÅÒÅÎÔÉÁÔÅ ÂÅÔ×ÅÅÎ ÂÅÎÉÇÎ ÁÎÄ 

ÍÁÌÉÇÎÁÎÔ ÔÉÓÓÕÅÓȢ 7ÅÒÁÈÅÒÁȟ 0Ȣ.ȢÅÔ ÁÌȢ ÓÔÕÄÉÅÄ ÔÈÉÓ ÔÅÃÈÎÉÑÕÅ ÕÓÉÎÇ Ô×Ï ÌÉÇÈÔȤÅÍÉÔÔÉÎÇ ÄÉÏÄÅÓ ÁÔ 

άγΪ ÎÍ ÁÎÄ έήΪ ÎÍ ÔÏ ÔÒÁÃË ÔÒÙÐÔÏÐÈÁÎȟ ÃÏÌÌÁÇÅÎȟ ÁÎÄ .!$(ȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 4ÈÅ ÓÐÅÃÔÒÁ ×ÅÒÅ 

ÁÃÑÕÉÒÅÄ ÆÒÏÍ έΪ ÐÁÔÉÅÎÔÓ ×ÉÔÈ ÐÒÏÓÔÁÔÅ ÃÁÎÃÅÒȟ ÕÓÉÎÇ ÉÎȤÖÉÖÏ ÂÉÏÐÓÉÅÓ ÄÕÒÉÎÇ ÒÁÄÉÃÁÌ ÒÅÔÒÏ ÐÕÂÌÉÃ 

ÐÒÏÓÔÁÔÅÃÔÏÍÙ ÓÕÒÇÅÒÙȟ ÔÈÅ ÅØÐÏÓÅÄ ÂÌÏÏÄ ÆÌÏ× ÔÏ ÔÈÅ ÇÌÁÎÄ ÉÎÔÁÃÔȟ ÁÎÄ ÅØȤÖÉÖÏ ÁÆÔÅÒ ÓÕÒÇÉÃÁÌ 

ÅØÃÉÓÉÏÎ ÏÆ ÔÈÅ ÐÒÏÓÔÁÔÅȢ 4ÈÅÙ ÆÏÕÎÄ Á ÃÏÎÓÉÄÅÒÁÂÌÅ ÖÁÒÉÁÎÃÅ ÂÅÔ×ÅÅÎ ÂÅÎÉÇÎ ÁÎÄ ÍÁÌÉÇÎÁÎÔ ÅØȤ

ÖÉÖÏ ÓÐÅÃÔÒÁ ÁÔ ÔÈÅÓÅ Ô×Ï ×ÁÖÅÌÅÎÇÔÈÓ ÃÏÍÐÁÒÅÄ ÔÏ ÉÎ ÖÉÖÏ ÓÐÅÃÔÒÁȢ )Î ÖÉÖÏ ÓÐÅÃÔÒÁ ×ÅÒÅ ÓÕÂÊÅÃÔÅÄ 

ÔÏ ÍÏÒÅ ÂÁÃËÇÒÏÕÎÄ ÎÏÉÓÅ ÄÕÅ ÔÏ ÏØÙȤ ÁÎÄ ÄÅÏØÙ ÈÁÅÍÏÇÌÏÂÉÎ ÉÎÔÅÒÆÅÒÅÎÃÅ ÏÎ ÏÐÔÉÃÁÌ ÓÉÇÎÁÌÓȢ !Ó 

Á ÒÅÓÕÌÔȟ ÉÔ ÁÆÆÅÃÔÉÎÇ ÔÈÅ ÁÃÃÕÒÁÃÙ ÏÆ ÉÎ ÖÉÖÏ ÔÉÓÓÕÅ ÃÌÁÓÓÉÆÉÃÁÔÉÏÎ ɏήίɐȢ !ÄÄÉÔÉÏÎÁÌÌÙȟ "ÒÁÎÄÁÏȟ -Ȣ0 

ÅÔ ÁÌȢ ÓÔÕÄÉÅÄ ÔÈÅ ÏÐÔÉÃÁÌ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÔÈÙÒÏÉÄ ÔÉÓÓÕÅ ÔÏ ÄÉÓÔÉÎÇÕÉÓÈ ÂÅÔ×ÅÅÎ ÎÏÒÍÁÌȟ ÂÅÎÉÇÎȟ ÁÎÄ 

ÍÁÌÉÇÎÁÎÔ ÌÅÓÉÏÎÓȢ 4ÈÅÙ ÆÏÕÎÄ Á ÓÉÇÎÉÆÉÃÁÎÔ ÄÉÆÆÅÒÅÎÃÅ ÉÎ ÔÈÅ ÆÌÕÏÒÅÓÃÅÎÃÅ ÌÉÆÅÔÉÍÅÓ ÂÙ ÁÎÁÌÙÓÉÎÇ 

ÖÁÒÉÁÎÃÅ ɉ4ÕËÅÙ ÔÅÓÔ ×ÉÔÈ ÁÎ ÉÎÄÉÖÉÄÕÁÌ ÃÏÎÆÉÄÅÎÃÅ ÌÅÖÅÌ ÏÆ γβȢΪΰГ ÏÎ Ϋα ÈÕÍÁÎ ÔÈÙÒÏÉÄ ÓÁÍÐÌÅÓɊ 

ɏήβɐȢ 

 Raman Spectroscopy (RS)  

23 ÉÓ ÁÎ ÏÐÔÉÃÁÌ ÔÅÃÈÎÉÑÕÅ ÔÈÁÔ ÒÅÌÉÅÓ ÏÎ ÉÎȤÅÌÁÓÔÉÃ ÌÉÇÈÔ ÓÃÁÔÔÅÒÉÎÇ ɉÁÔ ÄÉÆÆÅÒÅÎÔ ×ÁÖÅÌÅÎÇÔÈÓ ÔÏ ÔÈÅ 

ÉÎÃÉÄÅÎÔ ÐÈÏÔÏÎɊ ÁÒÉÓÉÎÇ ÆÒÏÍ ÍÏÌÅÃÕÌÁÒ ÖÉÂÒÁÔÉÏÎÓȢ 23 ÅÎÁÂÌÅÓ ÑÕÁÌÉÔÁÔÉÖÅȟ ÓÅÎÓÉÔÉÖÅȟ ÁÎÄ ÓÐÅÃÉÆÉÃ 

ÃÈÅÍÉÃÁÌ ÉÎÆÏÒÍÁÔÉÏÎ ÒÅÇÁÒÄÉÎÇ ÓÉÇÎÉÆÉÃÁÎÔ ÂÉÏÌÏÇÉÃÁÌ ÃÏÍÐÏÎÅÎÔÓ ÉÎ ÔÉÓÓÕÅ ÍÉÌÉÅÕ ÁÎÄ ÃÅÌÌÕÌÁÒ 

ɏήγɐȢ 4ÈÅ ÅÆÆÅÃÔ ÏÆ 23 ÉÓ ÂÁÓÅÄ ÏÎ ÔÈÅ ÉÎÔÅÒÁÃÔÉÏÎ ÏÆ ÌÉÇÈÔ ×ÉÔÈ ÔÈÅ ÔÉÓÓÕÅȢ 7ÈÅÎ ÐÈÏÔÏÎÓ ÁÒÅ 

ÄÉÒÅÃÔÅÄ ÉÎ ÔÈÅ ÍÁÔÔÅÒȟ ÍÏÓÔ ÏÆ ÔÈÅÓÅ ÐÈÏÔÏÎÓ ÐÁÓÓ ÔÈÒÏÕÇÈ ÕÎÃÈÁÎÇÅÄȟ ×ÈÉÌÅ ÏÔÈÅÒÓ ÃÏÎÔÁÃÔ 

ÍÏÌÅÃÕÌÅÓȢ /Æ ÔÈÏÓÅ ÐÈÏÔÏÎÓ ÔÈÁÔ ÉÎÔÅÒÁÃÔȟ ÍÏÓÔ ÒÅÓÕÌÔ ÉÎ ÅÌÁÓÔÉÃ ÓÃÁÔÔÅÒÉÎÇȟ ×ÈÉÃÈ ÃÁÕÓÅÓ 

ÐÈÏÔÏÎÓΈ ÅÍÉÓÓÉÏÎ ×ÉÔÈ ÔÈÅ ÓÁÍÅ ÆÒÅÑÕÅÎÃÙ ÏÆ ÔÈÅ ÉÎÃÉÄÅÎÔ ÐÈÏÔÏÎ ÁÆÔÅÒ ÅØÃÉÔÉÎÇ ÔÈÅÍ ÔÏ Á ÐÁÒÔÉÁÌ 

ÑÕÁÎÔÕÍ ÓÔÁÔÅ ɏίΪɐȢ ! ÓÍÁÌÌÅÒ ÎÕÍÂÅÒ ÏÆ ÔÈÅÓÅ ÐÈÏÔÏÎÓ ÓÃÁÔÔÅÒ ÔÈÒÏÕÇÈ ÁÎ ÉÎÅÌÁÓÔÉÃ ÍÅÃÈÁÎÉÓÍ 

ÏÆ ÔÈÅ ÅÌÅÃÔÒÏÎ ÃÌÏÕÄ ÁÎÄ ÂÏÎÄÓ ÏÆ ÔÈÁÔ ÍÏÌÅÃÕÌÅȟ ÃÒÅÁÔÉÎÇ Á ÄÉÆÆÅÒÅÎÃÅ ÉÎ ÅÎÅÒÇÙ ÂÅÔ×ÅÅÎ ÔÈÅ 

ÉÎÃÉÄÅÎÔ ÐÈÏÔÏÎ ÁÎÄ ÔÈÅ ÅÍÉÔÔÅÄ ÐÈÏÔÏÎ ÄÕÅ ÔÏ ÔÈÅ ÅÎÅÒÇÙ ÒÅÑÕÉÒÅÄ ÔÏ ÅØÃÉÔÅ ÔÈÅ ÖÉÂÒÁÔÉÏÎ ÏÆ ÔÈÅ 

ÍÏÌÅÃÕÌÅÓ Ȥ ÔÈÅ 2ÁÍÁÎ %ÆÆÅÃÔȢ )Î ÔÈÅ ÓÐÏÎÔÁÎÅÏÕÓ 2ÁÍÁÎ %ÆÆÅÃÔȟ Á ÔÙÐÅ ÏÆ ÌÉÇÈÔ ÓÃÁÔÔÅÒÉÎÇȟ Á 

ÐÈÏÔÏÎ ÃÒÅÁÔÅÓ ÁÎ ÅØÃÉÔÁÔÉÏÎ ÉÎ ÔÈÅ ÍÏÌÅÃÕÌÅ ÆÒÏÍ ÔÈÅ ÇÒÏÕÎÄ ÓÔÁÔÅ ÔÏ Á ÖÉÒÔÕÁÌ ÅÎÅÒÇÙ ÓÔÁÔÅȢ )Î 

ÔÈÅ ÍÏÌÅÃÕÌÅΈÓ ÒÅÌÁØÁÔÉÏÎ ÔÉÍÅȟ ÉÔ ÅÍÉÔÓ Á ÐÈÏÔÏÎ ÁÎÄ ÃÈÁÎÇÅÓ ÉÔÓ ÄÉÒÅÃÔÉÏÎ ÏÆ ÖÉÂÒÁÔÉÏÎ ÓÔÁÔÅȢ 4ÈÉÓ 

ÎÅ× ÃÏÎÄÉÔÉÏÎ ÃÁÕÓÅÓ Á ÓÈÉÆÔ ÉÎ ÔÈÅ ÅÍÉÔÔÅÄ ÐÈÏÔÏÎÓ ÆÒÅÑÕÅÎÃÙ Á×ÁÙ ÆÒÏÍ ÔÈÅ ÅØÃÉÔÁÔÉÏÎ 

ÆÒÅÑÕÅÎÃÙ ɏίΫɐȢ  

)Î ÔÈÅ 23 ÔÅÃÈÎÉÑÕÅȟ ÂÉÏÌÏÇÉÃÁÌ ÍÏÌÅÃÕÌÅÓ ×ÉÔÈ ÃÌÅÁÒ ÃÈÅÍÉÃÁÌ ÓÐÅÃÉÆÉÃÁÔÉÏÎÓ ÁÎÄ ÍÏÌÅÃÕÌÁÒ 

ÆÅÁÔÕÒÅÓ ÓÕÃÈ ÁÓ ÐÒÏÔÅÉÎ ÌÉÐÉÄÓ ÁÎÄ $.! ÃÁÎ ÂÅ ÅÁÓÉÌÙ ÄÅÔÅÃÔÅÄ ÁÎÄ ÑÕÁÎÔÉÆÉÅÄ ×ÉÔÈÏÕÔ ÅØÏÇÅÎÏÕÓ 

ÌÁÂÅÌÓ ÁÎÄ ÔÈÅ ÐÁÔÈÏÌÏÇÉÃ ÉÎÆÏÒÍÁÔÉÏÎ ÏÂÔÁÉÎÅÄ ÆÒÏÍ ÔÈÅ ÍÏÌÅÃÕÌÁÒ ÆÉÎÇÅÒÐÒÉÎÔ ÖÁÒÉÁÔÉÏÎ ɏίΫɐȢ 

$ÅÓÐÉÔÅ ÔÈÅ ÕÓÅ ÏÆ 23 ÉÎ ÃÁÎÃÅÒ ÄÉÁÇÎÏÓÉÓȟ ÓÉÇÎÉÆÉÃÁÎÔ ÐÒÏÂÌÅÍÓ ÁÒÅ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÔÈÅ 2ÁÍÁÎ 

ÁÐÐÌÉÃÁÔÉÏÎȢ 4ÈÅ ÓÉÇÎÁÌÓ ÔÈÁÔ ÁÒÅ ÐÒÏÄÕÃÅÄ ÂÙ ÓÐÏÎÔÁÎÅÏÕÓ 2ÁÍÁÎ ÓÐÅÃÔÒÏÓÃÏÐÙ ÁÒÅ ÒÅÌÁÔÉÖÅÌÙ 

×ÅÁËȢ 4ÈÉÓ ÍÁËÅÓ ÉÔ ÄÉÆÆÉÃÕÌÔ ÔÏ ÄÅÔÅÃÔ ÓÉÇÎÁÌÓ ×ÈÅÎ ÔÒÙÉÎÇ ÔÏ ÃÁÒÒÙ ÏÕÔ 2ÁÍÁÎ ÔÅÃÈÎÉÑÕÅÓ ÆÒÏÍ 

ÏÐÔÉÃÁÌ ÓÃÁÔÔÅÒÉÎÇȢ 3ÐÏÎÔÁÎÅÏÕÓ 23 ÏÆÔÅÎ ÒÅÑÕÉÒÅÓ ÌÁÓÅÒÓ ×ÉÔÈ ÈÉÇÈ ÐÏ×ÅÒȟ ×ÈÉÃÈ ÃÏÕÌÄ ÐÏÓÓÉÂÌÙ 
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ÃÁÕÓÅ ÄÁÍÁÇÅ ÔÏ ÔÈÅ ÂÉÏÌÏÇÉÃÁÌ ÓÁÍÐÌÅÓȢ 4Ï ÏÖÅÒÃÏÍÅ ÔÈÅ ÁÂÏÖÅ ÄÅÆÉÃÉÅÎÃÉÅÓȟ ÃÏÈÅÒÅÎÔ ÁÎÄ 

ÓÕÒÆÁÃÅȤÅÎÈÁÎÃÅÄ 2ÁÍÁÎ ÓÃÁÔÔÅÒÉÎÇ ÏÆÆÅÒÓ ÉÍÐÒÏÖÅÍÅÎÔÓȢ 4ÈÅ ÓÉÇÎÁÌ ÏÆ ÃÏÈÅÒÅÎÔ 2ÁÍÁÎ 

ÓÃÁÔÔÅÒÉÎÇ ÉÓ ÕÐ ÔÏ ÆÉÖÅ ÏÒÄÅÒÓ ÏÆ ÖÁÌÕÅ ÂÙ ÁÄÄÉÎÇ ÁÔ ÌÅÁÓÔ ÏÎÅ ÅÎÈÁÎÃÉÎÇ ÌÁÓÅÒ ÓÏÕÒÃÅȟ ÅÎÁÂÌÉÎÇ 

ÒÅÁÌȤÔÉÍÅ ÖÉÂÒÁÔÉÏÎÁÌ ÉÍÁÇÉÎÇȢ 4ÈÅ ÕÓÅ ÏÆ ÐÌÁÓÍÁÔÉÃ ÎÁÎÏÐÁÒÔÉÃÌÅÓ ×ÏÕÌÄ ÉÍÐÒÏÖÅ ÔÈÅ ÓÕÒÆÁÃÅ 

ÓÉÇÎÁÌÓ ÁÎÄ ÅÎÈÁÎÃÅ 2ÁÍÁÎ ÓÃÁÔÔÅÒÉÎÇ ÏÖÅÒ ÔÅÎ ÏÒÄÅÒÓ ÏÆ ÍÁÇÎÉÔÕÄÅ ɏίΫɐȢ 4ÈÅ 2ÁÍÁÎ 

ÓÐÅÃÔÒÏÓÃÏÐÙ ÓÙÓÔÅÍ ÃÏÎÓÉÓÔÓ ÏÆ Á ÄÉÏÄÅ ÌÁÓÅÒ ÁÓ ÔÈÅ ÅØÃÉÔÁÔÉÏÎ ÓÏÕÒÃÅȢ 4ÈÅ ÉÎÓÔÒÕÍÅÎÔ ÈÁÓ ÎÏ 

ÍÏÖÅÁÂÌÅ ÐÁÒÔÓ ÁÎÄ Á ÓÐÅÃÔÒÁÌ ÒÅÓÏÌÕÔÉÏÎ ÁÓ ÐÅÒ ÍÁÎÕÆÁÃÔÕÒÅÒ ÓÐÅÃÉÆÉÃÁÔÉÏÎȢ 4ÈÅ ÐÒÏÂÅ ÃÏÎÓÉÓÔÓ 

ÏÆ ÅØÃÉÔÁÔÉÏÎ ÆÉÂÒÅ ÁÎÄ ÃÏÌÌÅÃÔÉÏÎ ÆÉÂÒÅ ÕÓÅÄ ÔÏ ÃÏÕÐÌÅ ÅØÃÉÔÁÔÉÏÎ ÓÏÕÒÃÅ ÁÎÄ ÄÅÔÅÃÔÉÏÎ ÓÙÓÔÅÍȟ ÁÓ 

ÓÈÏ×Î ÉÎ &ÉÇÕÒÅ άȤέȢ 

 
Figure 2-3: Raman Spectroscopy set up 

 

4ÈÉÓ ÔÅÃÈÎÉÑÕÅ ÐÌÁÙÓ Á ÒÏÌÅ ÉÎ ÏÒÁÌ ÃÁÎÃÅÒȢ !ÕÔÈÏÒÓ ÈÁÖÅ ÕÓÅÄ 23 ÔÏ ÃÌÁÓÓÉÆÙ ÈÅÁÌÔÈÙȟ ÍÁÌÉÇÎÁÎÔȟ 

ÁÎÄ ÐÒÅÍÁÌÉÇÎÁÎÔ ÌÅÓÉÏÎÓ ÁÎÄ ÉÄÅÎÔÉÆÙ ÓÕÂÔÌÅ ÏÒÁÌ ÃÁÎÃÅÒȢ )Î άΪΫάȟ ÉÔ ×ÁÓ ÓÕÇÇÅÓÔÅÄ ÔÈÁÔ 

ÐÒÅÍÁÌÉÇÎÁÎÔ ÃÏÎÄÉÔÉÏÎÓ ÃÏÕÌÄ ÂÅ ÉÍÐÁÒÔÉÁÌÌÙ ÄÉÓÔÉÎÇÕÉÓÈÅÄ ×ÉÔÈ ÂÏÔÈ ÎÏÒÍÁÌ ÁÎÄ ÃÁÎÃÅÒÏÕÓ 

ÓÉÔÅÓ ÁÓ ×ÅÌÌ ÁÓ ÆÒÏÍ ÈÅÁÌÔÈÙ ÃÏÎÔÒÏÌÓ ×ÉÔÈ ÁÎÄ ×ÉÔÈÏÕÔ ÔÏÂÁÃÃÏ ÈÁÂÉÔÓȢ 4ÈÅÓÅ ÒÅÓÕÌÔÓ ÉÎÖÏÌÖÅÄ βΰΫ 

ÓÐÅÃÔÒÁ ÆÒÏÍ ΫΪή ÓÕÂÊÅÃÔÓ ÕÓÉÎÇ Á ÆÉÂÒÅ ÏÐÔÉÃ ÐÒÏÂÅ ÃÏÕÐÌÅÄ 2ÁÍÁÎ 3ÐÅÃÔÒÏÍÅÔÅÒ ɏίάɐȢ "ÅÓÉÄÅÓȟ 

3ÁÈÕ ÅÔ ÁÌȢ ɏίέɐ ÈÁÖÅ ÉÎÄÉÃÁÔÅÄ ÔÈÅ ÐÏÓÓÉÂÉÌÉÔÙ ÏÆ ÄÉÓÔÉÎÇÕÉÓÈÉÎÇ ÂÅÔ×ÅÅÎ ÎÏÒÍÁÌ ÁÎÄ ÏÒÁÌ ÃÁÎÃÅÒÓȢ 

4ÈÅÓÅ ÆÉÎÄÉÎÇÓ ÃÏÍÂÉÎÅ ÃÏÎÔÒÉÂÕÔÉÏÎÓ ÏÆ $.!ȟ 0ÒÏÔÅÉÎÓȟ ÁÎÄ ÁÍÉÎÏ ÁÃÉÄÓȢ 

&ÕÒÔÈÅÒÍÏÒÅȟ ÔÈÅ ÈÉÇÈÅÒ ÐÅÒÃÅÎÔÁÇÅ ÏÆ ÎÕÃÌÅÉÃ ÁÃÉÄ ÐÈÅÎÙÌÁÌÁÎÉÎÅ ÁÎÄ ÔÒÙÐÔÏÐÈÁÎ ÁÎÄ Á ÌÏ×ÅÒ 

ÐÅÒÃÅÎÔÁÇÅ ÏÆ ÐÈÏÓÐÈÏÌÉÐÉÄÓ ÐÌÁÙ ÁÎ ÅÓÓÅÎÔÉÁÌ ÒÏÌÅ ÔÏ ÄÉÆÆÅÒÅÎÔÉÁÔÅ ÂÅÔ×ÅÅÎ ÃÏÎÔÒÏÌ ÁÎÄ ÔÕÍÏÕÒ 

ÔÉÓÓÕÅÓ ɏίήɐȢ )Î άΪΫίȟ ÒÅÓÅÁÒÃÈÅÒÓ ÕÓÅÄ ÔÈÅ 23 ÔÅÃÈÎÉÑÕÅ ÉÎ ÄÉÓÔÉÎÇÕÉÓÈÉÎÇ ÐÒÅÍÁÌÉÇÎÁÎÔ ÁÎÄ 

ÍÁÌÉÇÎÁÎÔ ÏÒÁÌ ÌÅÓÉÏÎÓ ÆÒÏÍ ÎÏÒÍÁÌ ÍÕÃÏÓÁ ÁÎÄ ÂÅÎÉÇÎ ÌÅÓÉÏÎÓ ÉÎ ÖÉÖÏ ÓÐÅÃÔÒÁ ÔÁËÅÎ ÆÒÏÍ Ϋβ 

ÈÉÓÔÏÌÏÇÉÃÁÌÌÙ ÄÉÁÇÎÏÓÅÄ ÏÒÁÌ ÄÉÓÅÁÓÅ ÃÁÓÅÓȢ 4ÈÅ ÆÉÎÄÉÎÇÓ ÈÁÖÅ ÂÅÅÎ ÁÃÈÉÅÖÅÄ ×ÉÔÈ ΫΪΪГ ÓÅÎÓÉÔÉÖÉÔÙ 
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ÁÎÄ ααГ ÓÐÅÃÉÆÉÃÉÔÙ ɏίίɐȢ /ÔÈÅÒ ÁÕÔÈÏÒÓ ÈÁÖÅ ÒÅÐÏÒÔÅÄ ÔÈÁÔ ÔÈÅ 2ÁÍÁÎ ÔÅÃÈÎÉÑÕÅ ÃÏÕÌÄ 

ÄÉÆÆÅÒÅÎÔÉÁÔÅ ɉ×ÉÔÈ ÓÅÎÓÉÔÉÖÉÔÙȟ ÓÐÅÃÉÆÉÃÉÔÙɊ ÂÅÔ×ÅÅÎ ÎÏÒÍÁÌ ÔÉÓÓÕÅ ɉβγГȟ βΰГɊȟ ÃÁÒÃÉÎÏÍÁ ɉΰγГȟ 

γήГɊ ÁÎÄ ÐÁÐÉÌÌÏÍÁ ɉββГȟ γήГɊ ÉÎ ÔÈÅ ,ÁÒÙÎØ ɏίΰɐȢ 

 Elastic Light Scattering Spectroscopy 

(ELSS)  

%,33 ÉÓ ÁÎ ÏÐÔÉÃÁÌ ÔÅÃÈÎÉÑÕÅ ×ÉÔÈ ÔÈÅ ÐÏÔÅÎÔÉÁÌ ÔÏ ÐÅÒÆÏÒÍ Á ÍÉÎÉÍÁÌÌÙ ÉÎÖÁÓÉÖÅ ÂÉÏÐÓÙȢ %,33 

ÅÍÐÌÏÙÓ ÏÐÔÉÃÁÌ ÆÉÂÒÅÓ ×ÉÔÈ ÓÐÅÃÉÆÉÃ ÄÉÁÍÅÔÅÒÓ ÁÎÄ ÇÅÏÍÅÔÒÉÅÓ ÔÏ ÄÅÔÅÃÔ ÈÕÍÁÎ ÔÉÓÓÕÅ ÒÅÆÌÅÃÔÁÎÃÅ 

ÁÎÄ ÌÉÇÈÔ ÓÃÁÔÔÅÒÉÎÇȢ )Î %,33ȟ ÌÉÇÈÔ ÅÎÔÅÒÓ ÔÈÅ ÔÉÓÓÕÅ ÁÎÄ ÉÓ ÂÁÃËÓÃÁÔÔÅÒÅÄ ×ÉÔÈÏÕÔ ÃÈÁÎÇÉÎÇ ÔÈÅ 

×ÁÖÅÌÅÎÇÔÈȢ 6ÁÒÉÁÔÉÏÎÓ ÉÎ ÔÈÅ ÓÐÅÃÔÒÕÍ ÏÆ ÂÁÃËÓÃÁÔÔÅÒÉÎÇ ÉÎÔÅÎÓÉÔÙ ÁÒÅ ÄÕÅ ÔÏ ÔÈÅ ÄÉÆÆÅÒÅÎÃÅ ÉÎ 

ÔÈÅ ÍÏÒÐÈÏÌÏÇÉÃÁÌ ÓÔÒÕÃÔÕÒÅȢ &ÏÒ ÉÎÓÔÁÎÃÅȟ ÉÆ ÔÈÅÒÅ ÉÓ ÁÎ ÉÎÃÒÅÁÓÅ ÉÎ ÔÈÅ ÎÕÍÂÅÒ ÏÆ ÍÉÔÏÃÈÏÎÄÒÉÁ 

ÏÒ ÔÈÅ ÎÕÃÌÅÕÓ ÓÉÚÅȟ ÁÎ ÁÌÔÅÒÁÔÉÏÎ ÉÎ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÐÒÏÐÅÒÔÉÅÓ ×ÉÌÌ ÏÃÃÕÒȢ !ÄÄÉÔÉÏÎÁÌÌÙȟ ÔÈÅ 

ÁÂÓÏÒÐÔÉÏÎ ÆÅÁÔÕÒÅÓ ɉÔÈÅ ÔÉÓÓÕÅΈÓ ÂÉÏÃÈÅÍÉÃÁÌ ÆÕÎÃÔÉÏÎɊ ÁÒÅ ÅÁÓÉÌÙ ÓÅÅÎ ÉÎ ÔÈÅ %,33 ÓÉÇÎÁÌ ɏίαɐȢ 

4ÈÅ ÓÃÁÔÔÅÒÉÎÇ ÐÒÏÃÅÓÓ ÏÃÃÕÒÓ ÄÕÅ ÔÏ ÔÈÅ ÄÉÆÆÅÒÅÎÃÅÓ ÉÎ ÄÅÎÓÉÔÙ ÁÔ ÔÈÅ ÃÅÌÌÕÌÁÒ ÁÎÄ ÓÕÂÃÅÌÌÕÌÁÒ 

ÌÅÖÅÌÓ ɏίβɐȢ  

4ÈÅ ÓÃÁÔÔÅÒÉÎÇ ÅÖÅÎÔ ÅÎÃÏÄÅÓ ÔÈÅ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÏÆ ÔÈÅ ÃÅÌÌÕÌÁÒ ÃÏÍÐÏÎÅÎÔÓȟ ×ÈÉÃÈ ÁÒÅ ÃÁÌÌÅÄ 

ȰÓÃÁÔÔÅÒÉÎÇ ÃÅÎÔÒÅÓȱȢ 0ÁÔÈÏÌÏÇÉÃÁÌ ÓÃÁÔÔÅÒÉÎÇ ÄÅÔÅÒÍÉÎÅÓ ÄÉÓÏÒÇÁÎÉÚÁÔÉÏÎ ÉÎ ÔÈÅ ÍÏÒÐÈÏÌÏÇÙ ÏÆ 

ÅÐÉÔÈÅÌÉÁÌ ÓÕÒÆÁÃÅ ÔÅØÔÕÒÅȟ ÔÈÉÃËÎÅÓÓȟ ÁÎÄ ÁÒÃÈÉÔÅÃÔÕÒÅȟ ÃÈÁÎÇÅÓ ÏÆ ÅÐÉÔÈÅÌÉÁÌ ÃÅÌÌ ÏÒÉÅÎÔÁÔÉÏÎÓȟ 

ÃÒÏ×ÄÉÎÇ ÉÎ ÔÈÅ ÃÅÌÌȟ ÉÎÃÒÅÁÓÅÄ ÄÉÓÔÁÎÃÅ ÆÒÏÍ ÓÕÂÅÐÉÔÈÅÌÉÁÌ ÃÏÌÌÁÇÅÎ ÌÁÙÅÒȟ ÅØÐÁÎÓÉÏÎ ÁÎÄ 

ÈÙÐÅÒÃÈÒÏÍÉÃÉÔÙ ÏÆ ÔÈÅ ÃÅÌÌ ÎÕÃÌÅÕÓȟ Á ÒÉÓÅ ÉÎ ÔÈÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ ÔÈÅ ÍÅÔÁÂÏÌÉÃ ÏÒÇÁÎÅÌÌÅÓ ÁÎÄ 

ÉÒÒÅÇÕÌÁÒ ÐÒÏÔÅÉÎ ÐÁÒÔÉÃÌÅÓ ÏÒ ÐÁÃËÁÇÅÓ ÉÎ ÅØÉÓÔÅÎÃÅ ɏίγɐȢ 

%,33 ÓÙÓÔÅÍ ÃÏÎÓÉÓÔÓ ÏÆ ÄÉÆÆÅÒÅÎÔ ÄÅÓÉÇÎÓ ÏÆ ÔÈÅ ÐÒÏÂÅȢ ! ÓÉÎÇÌÅ ÆÉÂÒÅ ÏÐÔÉÃÁÌ ÐÒÏÂÅȟ ×ÈÉÃÈ ÉÓ ÕÓÅÄ 

ÆÏÒ ÂÏÔÈ ÄÅÌÉÖÅÒÙ ÁÎÄ ÄÅÔÅÃÔÉÏÎ ÏÆ ÌÉÇÈÔ ÓÃÁÔÔÅÒÅÄ ÏÎ ÉÎÔÅÒÒÏÇÁÔÅÄ ÔÉÓÓÕÅ ɏΰΪȤΰάɐ ÏÒ Á ÐÒÏÂÅ 

ÃÏÎÓÉÓÔÉÎÇ ÏÆ Ô×Ï ÆÉÂÒÅ ÏÐÔÉÃÓȟ ÏÎÅ ÏÆ ÔÈÅÍ ÉÓ ÕÓÅÄ ÆÏÒ ÅÍÉÔÔÉÎÇ ÌÉÇÈÔ ÆÒÏÍ ÔÈÅ ÌÉÇÈÔ ÓÏÕÒÃÅ ÔÏ ÔÈÅ 

ÔÉÓÓÕÅ ÁÎÄ ÔÈÅ ÓÅÃÏÎÄ ÆÉÂÒÅ ÆÏÒ ÄÅÔÅÃÔÉÎÇ ÔÈÅ ÌÉÇÈÔ ÂÙ ÔÈÅ ÓÐÅÃÔÒÏÍÅÔÅÒ ɏάβȟ ΰέȟ ΰήɐȢ ! ÂÒÏÁÄ 

×ÁÖÅÌÅÎÇÔÈ ÒÁÎÇÅ ɉέΪΪ ÔÏ γΪΪ ÎÍɊ ÉÓ ÕÓÅÄ ÔÏ ÍÅÁÓÕÒÅ ÔÈÅ ÓÕÂÃÅÌÌÕÌÁÒ ÍÉÃÒÏÂÉÏÌÏÇÙ ÁÎÄ ÃÅÌÌÕÌÁÒ 

ÃÏÍÐÏÓÉÔÉÏÎ ÏÆ ÔÉÓÓÕÅ ÂÙ ÕÓÉÎÇ Á ÐÕÌÓÅÄ ØÅÎÏÎ ÁÒÃ ÌÁÍÐ ÁÓ Á ÓÏÕÒÃÅ ÏÆ ÌÉÇÈÔȟ Á ÓÐÅÃÔÒÏÍÅÔÅÒ ÉÓ 

ÅÍÐÌÏÙÅÄ ÔÏ ÒÅÓÏÌÖÅ ÔÈÅ ÄÁÔÁȟ ÁÎÄ Á ÃÏÍÐÕÔÅÒ ÁÎÁÌÙÓÅÓ ÁÎÄ ÒÅÃÏÒÄÓ ÔÈÅ ÄÁÔÁ ɉ&ÉÇÕÒÅ άȤήɊȢ 
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Figure 2-4: ELSS Setup [20]. 

 

4ÈÅ ÓÙÓÔÅÍ ÁÕÔÏÍÁÔÉÃÁÌÌÙ ÔÁËÅÓ Á ÂÁÃËÇÒÏÕÎÄ ÍÅÁÓÕÒÅÍÅÎÔ ×ÉÔÈÏÕÔ ÆÉÒÉÎÇ ÔÈÅ ÌÁÍÐȟ ÁÎÄ ÔÈÅÎ 

ÔÈÅ ÍÅÁÓÕÒÅÓ ÏÆ %,33 ÁÒÅ ÔÁËÅÎ ×ÉÔÈÉÎ ΫΪΪ ÍÓ ÏÆ ÔÈÅ ÐÕÌÓÅÄ ÌÁÍÐ ÂÅÉÎÇ ÔÒÉÇÇÅÒÅÄȢ 4ÈÅ 

ÂÁÃËÇÒÏÕÎÄ ÓÐÅÃÔÒÕÍ ÉÓ ÓÕÂÔÒÁÃÔÅÄ ÆÒÏÍ ÔÈÅ %,33 ÓÐÅÃÔÒÕÍ ÉÎ ÔÈÅ ÎÅØÔ ÓÔÅÐȢ &ÏÒ ÅÁÃÈ ÓÉÔÅ 

ÍÅÁÓÕÒÅÍÅÎÔȟ ÔÈÅ ÁÃÑÕÉÓÉÔÉÏÎ ÏÆ ÓÐÅÃÉÆÉÃ ÄÁÔÁ ÁÎÄ ÄÉÓÐÌÁÙ ÔÉÍÅ ÉÓ ÌÅÓÓ ÔÈÁÎ Ϋ ÓÅÃÏÎÄ ɏίγɐȢ 4Ï 

ÓÕÍÍÁÒÉÓÅȟ %,33 ÉÓ ÁÎ ÁÃÃÕÒÁÔÅ ÍÅÁÓÕÒÅÍÅÎÔ ÏÆ ÔÈÅ ÓÐÅÃÉÁÌÉÚÅÄ ÏÐÔÉÃÁÌ ÇÅÏÍÅÔÒÉÅÓ ÓÅÎÓÉÔÉÖÅ ÔÏ 

ÔÈÅ ÓÕÂȤÃÅÌÌÕÌÁÒ ÁÒÃÈÉÔÅÃÔÕÒÁÌ ÃÈÁÎÇÅÓȟ ÓÕÃÈ ÁÓ ÎÕÃÌÅÁÒ ÇÒÁÄÅȟ ÎÕÃÌÅÁÒ ÔÏ ÃÙÔÏÐÌÁÓÍ ÒÁÔÉÏȟ 

ÍÉÔÏÃÈÏÎÄÒÉÁÌ ÓÉÚÅȟ ÁÎÄ ÔÈÅ ÁÂÓÏÒÐÔÉÏÎ ÓÐÅÃÔÒÁ ÏÆ ÍÁÊÏÒ ÃÈÒÏÍÏÐÈÏÒÅÓ ɉ/ØÙȾÄÅÏØÙÈÅÍÏÇÌÏÂÉÎɊ 

ɏάΫȟ ΰίȤΰαɐȢ 

!ÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ 7ÏÒÌÄ #ÁÎÃÅÒ 2ÅÓÅÁÒÃÈ &ÕÎÄ )ÎÔÅÒÎÁÔÉÏÎÁÌȟ ÐÒÏÓÔÁÔÅ ÃÁÎÃÅÒ ÉÓ ÔÈÅ ÓÅÃÏÎÄ ÍÏÓÔ 

ÃÏÍÍÏÎ ÃÁÎÃÅÒ ÉÎ ÍÅÎ ×ÏÒÌÄ×ÉÄÅȠ Ô×ÏȤÔÈÉÒÄÓ ÏÆ ÐÒÏÓÔÁÔÅ ÃÁÎÃÅÒ ÃÁÓÅÓ ÁÒÅ ÄÉÁÇÎÏÓÅÄ ÉÎ ÍÏÒÅ 

ÄÅÖÅÌÏÐÅÄ ×ÏÒÌÄ ÒÅÇÉÏÎÓȢ 4ÈÅÒÅÆÏÒÅȟ ÍÁÎÙ ÒÅÓÅÁÒÃÈÅÒÓ ÈÁÖÅ ÔÒÉÅÄ ÔÏ ÄÅÖÅÌÏÐ ÁÃÃÕÒÁÔÅ ÔÅÃÈÎÉÑÕÅÓ 

ÔÏ ÄÉÁÇÎÏÓÅ ÐÒÏÓÔÁÔÅ ÃÁÎÃÅÒȢ $ÅÎËÃÅËÅÎ ÅÔ ÁÌȢ ÃÏÎÆÉÒÍÅÄ ÔÈÁÔ %,33 ÉÓ Á ÐÒÏÐÅÒ ÔÅÃÈÎÉÑÕÅ ÔÏ 

ÄÉÓÔÉÎÇÕÉÓÈ ÒÅÁÃÔÉÖÅ ÁÎÄ ÍÅÔÁÓÔÁÔÉÃ ÌÙÍÐÈ ÎÏÄÅÓ ÏÆ ÐÒÏÓÔÁÔÅ ÃÁÎÃÅÒ ×ÉÔÈ 0ÏÓÉÔÉÖÅ 0ÒÅÄÉÃÔÉÖÅ 6ÁÌÕÅ 

ɉ006Ɋ ÁÎÄ .ÅÇÁÔÉÖÅ 0ÒÅÄÉÃÔÉÖÅ 6ÁÌÕÅ ɉ.06Ɋ ÕÓÅÄ ÔÏ ÄÅÔÅÃÔ ÍÅÔÁÓÔÁÔÉÃ ÔÉÓÓÕÅÓ ÄÕÒÉÎÇ ÏÐÅÒÁÔÉÏÎȢ 

4ÈÅÓÅ ÆÉÎÄÉÎÇÓ ×ÅÒÅ ÁÃÈÉÅÖÅÄ ÂÙ ÃÏÍÐÁÒÉÎÇ %,33 ÓÐÅÃÔÒÁ ×ÉÔÈ ÈÉÓÔÏÌÏÇÉÃÁÌ ÒÅÓÕÌÔÓ ÆÒÏÍ Á ÔÏÔÁÌ ÏÆ 

βέ ÒÅÁÃÔÉÖÅ ÌÙÍÐÈ ÎÏÄÅÓ ÁÎÄ Ϋά ÍÅÔÁÓÔÁÔÉÃ ÌÙÍÐÈ ÎÏÄÅÓ ÓÁÍÐÌÅÄ ÆÒÏÍ ΫΪ ÐÒÏÓÔÁÔÉÃ ÃÁÎÃÅÒ 

ÐÁÔÉÅÎÔÓȢ 4ÈÅÙ ÒÅÐÏÒÔÅÄ ÔÈÅ ÄÉÓÔÉÎÇÕÉÓÈÉÎÇ ÓÃÏÒÅ ÂÙ ÐÒÏÖÉÄÉÎÇ Á ÓÅÎÓÉÔÉÖÉÔÙ ÏÆ ΫΪΪГ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ 

ÏÆ γΰȢήГ ÉÎ ÄÉÓÃÒÉÍÉÎÁÔÉÎÇ ÎÏÎȤÍÅÔÁÓÔÁÔÉÃ ɉÒÅÁÃÔÉÖÅɊ ÆÒÏÍ ÍÅÔÁÓÔÁÔÉÃ ÐÅÌÖÉÃ ÌÙÍÐÈ ÎÏÄÅÓ ×ÉÔÈ Á 

006 ÁÎÄ .0. ÏÆ ΪȢβ ÁÎÄ ΪȢγγȟ ÒÅÓÐÅÃÔÉÖÅÌÙ ɏΰΫɐȢ "ÁÙËÁÒÁ ÅÔ ÁÌȢ ÁÌÓÏ ÃÏÎÆÉÒÍÅÄ ÔÈÉÓ ÔÅÃÈÎÉÑÕÅΈÓ 

ÁÃÃÕÒÁÃÙ ÔÏ ÄÉÓÃÒÉÍÉÎÁÔÅ ÂÅÔ×ÅÅÎ ÂÅÎÉÇÎ ÁÎÄ ÍÁÌÉÇÎÁÎÔ ÓÕÒÇÉÃÁÌ ÍÁÒÇÉÎÓ ÏÆ ÐÒÏÓÔÁÔÅ ÔÉÓÓÕÅÓ ×ÉÔÈ 

ÈÉÇÈ 006 ÁÎÄ .06Ȣ 4ÈÅ ÒÅÓÕÌÔÓ ÃÏÍÐÁÒÅ ÔÈÅ ÈÉÓÔÏÐÁÔÈÏÌÏÇÉÃÁÌ ÆÉÎÄÉÎÇÓ ×ÉÔÈ ÔÈÅ %,33 ÓÐÅÃÔÒÁ 

ÄÁÔÁȟ ÃÏÌÌÅÃÔÅÄ ÆÒÏÍ έΫ ÂÅÎÉÇÎ ÔÉÓÓÕÅ ÓÁÍÐÌÅÓ ÁÎÄ Ϋή ÍÁÌÉÇÎÁÎÔ ÔÉÓÓÕÅ ÓÁÍÐÌÅÓ ÆÒÏÍ Ϋβ ÐÁÔÉÅÎÔÓȢ 

$ÉÓÔÉÎÇÕÉÓÈÉÎÇ ÂÅÎÉÇÎ ÆÒÏÍ ÍÁÌÉÇÎÁÎÔ ÓÕÒÇÉÃÁÌ ÍÁÒÇÉÎÓ ÏÆ ÐÒÏÓÔÁÔÅ ÔÉÓÓÕÅÓ ÉÓ ÐÒÏÖÉÄÅÄ ÁÔ Á 

ÓÅÎÓÉÔÉÖÉÔÙ ÏÆ βΰГ ÁÎÄ Á ÓÐÅÃÉÆÉÃÉÔÙ ÏÆ γαГȟ ×ÉÔÈ Á 006 ÏÆ γάГȟ Á .06 ÏÆ γήГ ÁÎÄ ÔÈÅ ÁÒÅÁ ÕÎÄÅÒ 

ÔÈÅ ÒÅÃÅÉÖÅÒ ÏÐÅÒÁÔÉÎÇ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃ ÃÕÒÖÅ ÏÆ βαГ ɏάΪɐȢ 
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!ÄÄÉÔÉÏÎÁÌÌÙȟ ÔÏ ÒÅÄÕÃÅ ÔÈÅ ÆÁÌÓÅȤÎÅÇÁÔÉÖÅ ÒÁÔÅ ÁÎÄ ÉÍÐÒÏÖÅ ÔÈÅ ÓÅÎÓÉÔÉÖÉÔÙȟ ÕÌÔÒÁÓÏÕÎÄȤÇÕÉÄÅÄ 

ÓÅØÔÁÎÔ ÐÒÏÓÔÁÔÅ ÂÉÏÐÓÙ ×ÁÓ ÕÓÅÄȢ !ÍÁÒ ÅÔ ÁÌȢ ÁÃÈÉÅÖÅÄ Á ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ ÏÆ βέГ ÁÎÄ 

βαГȟ ÒÅÓÐÅÃÔÉÖÅÌÙȟ ÄÉÆÆÅÒÅÎÔÉÁÔÉÎÇ ÄÙÓÐÌÁÓÔÉÃ ÐÒÏÓÔÁÔÉÃ ÔÉÓÓÕÅ ÆÒÏÍ ÂÅÎÉÇÎ ÐÒÏÓÔÁÔÉÃ ÔÉÓÓÕÅȢ 4ÈÅÓÅ 

ÆÉÎÄÉÎÇÓ ÍÁËÅ Á ÃÏÍÐÁÒÉÓÏÎ ÂÅÔ×ÅÅÎ %,33 ÁÎÄ ÈÉÓÔÏÌÏÇÙ ÁÓÓÅÓÓÍÅÎÔ ÉÎ ήά ÅØȤÖÉÖÏ ÐÒÏÓÔÁÔÅ 

ÇÌÁÎÄÓ ÕÓÉÎÇ ÇÕÉÄÅÄ ÂÉÏÐÓÙ ÁÎÄ Á ÎÅ× ÆÉÂÒÅȤÏÐÔÉÃ ÐÒÏÂÅ ×ÉÔÈ ÁÎ ÉÎÔÅÇÒÁÔÅÄ ÃÕÔÔÉÎÇ ÔÏÏÌȟ 

ÐÅÒÆÏÒÍÅÄ ÉÎ ÁÎ %,33 ÐÏÒÔÁÂÌÅ ÓÙÓÔÅÍ ɏΰβɐȢ 

"ÒÅÁÓÔ ÃÁÎÃÅÒ ÉÓ ÔÈÅ ÍÏÓÔ ÆÒÅÑÕÅÎÔ ÃÁÎÃÅÒ ÁÍÏÎÇ ×ÏÍÅÎȢ άȢΫ ÍÉÌÌÉÏÎ 7ÏÍÅÎ ÈÁÖÅ ÂÅÅÎ ÉÍÐÁÃÔÅÄ 

ÅÁÃÈ ÙÅÁÒȟ ÁÎÄ ÂÒÅÁÓÔ ÃÁÎÃÅÒ ÁÌÓÏ ÃÁÕÓÅÓ ÔÈÅ ÍÏÓÔ ÓÉÇÎÉÆÉÃÁÎÔ ÎÕÍÂÅÒ ÏÆ ÃÁÎÃÅÒȤÒÅÌÁÔÅÄ ÄÅÁÔÈÓ 

ÁÍÏÎÇ ×ÏÍÅÎȢ !ÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ×ÏÒÌÄ ÈÅÁÌÔÈ ÏÒÇÁÎÉÓÁÔÉÏÎȟ ΰάαȟΪΪΪ ×ÏÍÅÎ ÄÉÅÄ ÆÒÏÍ ÂÒÅÁÓÔ 

ÃÁÎÃÅÒȟ ÁÐÐÒÏØÉÍÁÔÅÌÙ ΫίГ ÏÆ ÁÌÌ ÃÁÎÃÅÒ ÄÅÁÔÈÓ ÁÍÏÎÇ ×ÏÍÅÎ ÉÎ άΪΫβȢ (ÅÎÃÅȟ ÔÏ ÉÍÐÒÏÖÅ ÂÒÅÁÓÔ 

ÃÁÎÃÅÒ ÏÕÔÃÏÍÅÓ ÁÎÄ ÓÕÒÖÉÖÁÌȟ ÅÁÒÌÙ ÄÅÔÅÃÔÉÏÎ ÉÓ ÃÒÉÔÉÃÁÌȢ 

7ÈÉÌÅ ÂÒÅÁÓÔ ÃÁÎÃÅÒ ÒÁÔÅÓ ÁÒÅ ÈÉÇÈÅÒ ÁÍÏÎÇ ×ÏÍÅÎ ÉÎ ÍÏÒÅ ÄÅÖÅÌÏÐÅÄ ÒÅÇÉÏÎÓȟ ÒÁÔÅÓ ÁÒÅ 

ÉÎÃÒÅÁÓÉÎÇ ÉÎ ÎÅÁÒÌÙ ÅÖÅÒÙ ÒÅÇÉÏÎ ÇÌÏÂÁÌÌÙȢ )Î άΪΫβȟ :ÈÕ ÅÔ ÁÌȢ ÈÁÖÅ ÃÏÎÆÉÒÍÅÄ ÔÈÁÔ ÁÎ ÁÕÔÏÍÁÔÅÄ 

%ÌÁÓÔÉÃ 3ÃÁÔÔÅÒÉÎÇ 3ÐÅÃÔÒÏÓÃÏÐÙ ÓÃÁÎ ÃÁÎ ÂÅ ÕÓÅÄ ÔÏ ÒÅÃÏÇÎÉÚÅ ÎÏÎȤÎÏÄÁÌ ÁÒÅÁÓ ×ÈÉÌÓÔ 

ÓÉÍÕÌÔÁÎÅÏÕÓÌÙ ÄÉÁÇÎÏÓÉÎÇ ÓÅÎÔÉÎÅÌ ÎÏÄÅ ÍÅÔÁÓÔÁÓÅÓ ×ÉÔÈ ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ ÏÆ βίГ ÁÎÄ 

γήГȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 4Ï ÅØÁÍÉÎÅ ÉÆ ÂÒÅÁÓÔ ÃÁÎÃÅÒ ÈÁÓ ÓÐÒÅÁÄ ÔÏ ÔÈÅ ÁÒÍÐÉÔΈÓ ÌÙÍÐÈ ÇÌÁÎÄÓ ɉÔÈÅ 

ÁØÉÌÌÁÒÙ ÎÏÄÅÓɊȟ Á ÂÉÏÐÓÙ ÏÆ ÔÈÅ 3ÅÎÔÉÎÅÌ ÌÙÍÐÈ ÎÏÄÅ ÉÓ Á ÔÙÐÉÃÁÌ ÔÅÃÈÎÉÑÕÅ ÆÏÒ ÄÅÔÅÃÔÉÏÎ ÉÎ ÔÈÅ 

ÅÁÒÌÙ ÓÔÁÇÅȢ 4ÈÅÒÅÆÏÒÅȟ ÔÈÅ ÓÕÒÇÅÏÎÓ ÁÓÓÕÒÅÄ ÔÈÅ %,33 ÉÍÁÇÅÓ ÃÏÕÌÄ ÂÅ ÕÓÅÄ ÁÓ Á ÔÏÏÌ ÆÏÒ 

ÄÅÐÅÎÄÁÂÌÅ ÁÎÄ ÐÒÏÍÐÔ ÉÎÔÒÁÏÐÅÒÁÔÉÖÅ ÍÅÁÓÕÒÅÓ ÔÏ ÒÅÓÏÌÖÅ ÍÅÔÁÓÔÁÓÅÓ ÏÆ ÓÅÎÔÉÎÅÌ ÍÏÄÅÌ ÉÎ 

ÂÒÅÁÓÔ ÃÁÎÃÅÒ ɏάβɐȢ  

3ËÉÎ ÃÁÎÃÅÒ ÉÓ ÔÈÅ ÍÏÓÔ ÃÏÍÍÏÎ ÃÁÎÃÅÒ ÉÎ ÔÈÅ ×ÏÒÌÄ ɏίβɐȢ %ÁÃÈ ÙÅÁÒȟ ÔÈÅÒÅ ÁÒÅ ÍÏÒÅ ÎÅ× ÓËÉÎ 

ÃÁÎÃÅÒ ÃÁÓÅÓ ÔÈÁÎ ÔÈÅ ÃÏÍÂÉÎÅÄ ÉÎÃÉÄÅÎÃÅ ÏÆ ÂÒÅÁÓÔȟ ÐÒÏÓÔÁÔÅȟ ÌÕÎÇ ÁÎÄ ÃÏÌÏÎ ÃÁÎÃÅÒÓ ɏΰγȟ αΪɐȢ 

4ÈÅÒÅÆÏÒÅȟ ÓÃÉÅÎÔÉÓÔÓ ÆÒÏÍ ÄÉÆÆÅÒÅÎÔ ÕÎÉÖÅÒÓÉÔÉÅÓ ÈÁÖÅ ÁÐÐÌÉÅÄ ÔÈÅ %,33 ÍÅÔÈÏÄ ÔÏ ÔÈÅ ÁÃÃÕÒÁÔÅ 

ÄÅÔÅÃÔÉÏÎ ÏÆ ÓËÉÎ ÃÁÎÃÅÒȢ 2ÅÓÅÁÒÃÈÅÒÓ ÉÎ ÔÈÅ -ÅÄÉÃÁÌ ,ÁÓÅÒ 2ÅÓÅÁÒÃÈ #ÅÎÔÅÒ ÁÎÄ 4ÅÈÒÁÎ 5ÎÉÖÅÒÓÉÔÙ 

ÏÆ -ÅÄÉÃÁÌ 3ÃÉÅÎÃÅ ÃÏÎÆÉÒÍÅÄ ÔÈÁÔ %,33 ÃÏÕÌÄ ÃÌÁÓÓÉÆÙ ÍÅÌÁÎÏÍÁ ÁÎÄ ÎÏÒÍÁÌ ÓÐÅÃÔÒÁ ×ÉÔÈ 

ÁÃÃÕÒÁÃÙ ÁÎÄ ÓÅÎÓÉÔÉÖÉÔÙ ÏÆ βαȢίГ ÁÎÄ βΪГȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 4ÈÅ ÄÁÔÁ ÆÒÏÍ ÆÏÒÔÙ ÎÏÒÍÁÌ ÁÎÄ 

ÍÅÌÁÎÏÍÁ ÓÉÇÎÁÌÓ ɉάΪ ÎÏÒÍÁÌ ÁÎÄ άΪ ÍÅÌÁÎÏÍÁ ÓÐÅÃÔÒÁɊ ÈÁÖÅ ÂÅÅÎ ÉÍÐÏÒÔÅÄ ÔÈÒÏÕÇÈ 

ÃÏÌÌÁÂÏÒÁÔÉÏÎ ×ÉÔÈ ÔÈÅ "ÉÏÍÅÄÉÃÁÌ %ÎÇÉÎÅÅÒÉÎÇ $ÅÐÁÒÔÍÅÎÔ ÏÆ "ÏÓÔÏÎ 5ÎÉÖÅÒÓÉÔÙȢ ! -!4,!" 

ÁÌÇÏÒÉÔÈÍ ÈÁÓ ÂÅÅÎ ÕÓÅÄ ÆÏÒ ÄÉÆÆÅÒÅÎÔÉÁÔÉÏÎ ɏαΫɐȢ  

2ÅÓÅÁÒÃÈÅÒÓ ÁÔ !ËÄÅÎÉÚ 5ÎÉÖÅÒÓÉÔÙ ÐÒÏÖÅÄ ÔÈÁÔ ÔÈÉÓ ÔÅÃÈÎÉÑÕÅ ÈÁÓ ÔÈÅ ÐÏÔÅÎÔÉÁÌ ÔÏ ÂÅ ÕÓÅÄ ÁÓ Á 

ÃÏÍÐÌÅÍÅÎÔÁÒÙ ÔÏÏÌ ÔÏ ÄÅÃÒÅÁÓÅ ÔÈÅ ÎÕÍÂÅÒ ÏÆ ÎÅÇÁÔÉÖÅ ÂÉÏÐÓÉÅÓ ÁÎÄ ÄÉÁÇÎÏÓÅ ÔÈÅ ÐÏÓÉÔÉÖÅ ÓËÉÎ 

ÍÁÒÇÉÎÓ ÉÎ ÒÅÁÌȤÔÉÍÅȢ !Î %,33 ÓÐÅÃÔÒÕÍ ×ÁÓ ÏÂÔÁÉÎÅÄ ÉÎ ÖÉÖÏ ÆÒÏÍ άβ ÌÅÓÉÏÎÓ ɉÎÉÎÅ ÂÁÓÁÌ ÃÅÌÌ 

ÃÁÒÃÉÎÏÍÁȟ ÔÕÍÏÕÒ ÍÅÌÁÎÏÍÁȟ Ô×Ï ÓÑÕÁÍÏÕÓ ÃÅÌÌ ÃÁÒÃÉÎÏÍÁɊ ÁÎÄ Ϋέ ÂÅÎÉÇÎ ÌÅÓÉÏÎÓȢ -ÏÒÅÏÖÅÒȟ 

ÔÈÅ ÅÓÔÉÍÁÔÉÏÎ ÏÆ ÉÎÔÒÁÏÐÅÒÁÔÉÖÅ ÍÁÒÇÉÎ ×ÁÓ ÁÃÃÏÍÐÌÉÓÈÅÄ ÏÎ ÔÈÅ άβ ÂÉÏÐÓÉÅÓȢ 4ÈÅ ÓÐÅÃÔÒÁÌ ÓÌÏÐÅÓ 

ÈÁÖÅ ÂÅÅÎ ÕÓÅÄ ÁÓ Á ÓÉÇÎ ÔÏ ÄÉÓÔÉÎÇÕÉÓÈ ÂÅÔ×ÅÅÎ ÍÁÌÉÇÎÁÎÔ ÁÎÄ ÂÅÎÉÇÎ ÌÅÓÉÏÎÓ ɉÐÏÓÉÔÉÖÅ ÆÏÒ ÂÅÎÉÇÎ 

ÁÎÄ ÎÅÇÁÔÉÖÅ ÆÏÒ ÍÁÌÉÇÎÁÎÔ ÔÉÓÓÕÅÓɊ ×ÉÔÈ Á ÓÅÎÓÉÔÉÖÉÔÙ ÏÆ βαГ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ ÏÆ βίГȢ &ÕÒÔÈÅÒÍÏÒÅȟ 
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ÐÏÓÉÔÉÖÅ ÓÕÒÇÉÃÁÌ ÍÁÒÇÉÎÓ ×ÅÒÅ ÄÅÔÅÃÔÅÄ ÏÎ ΫήȤÅØÃÉÓÅ ÂÉÏÐÓÙ ÓÁÍÐÌÅÓ ×ÉÔÈ ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÄ 

ÓÐÅÃÉÆÉÃÉÔÙ ÏÆ βΪГ ÁÎÄ γΪГȟ ÒÅÓÐÅÃÔÉÖÅÌÙ ɏαάɐȢ )Î άΪΫάȟ Á ÔÅÁÍ ÏÆ ÒÅÓÅÁÒÃÈÅÒÓ ÆÏÕÎÄ ÔÈÁÔ ÔÈÅ ÁÂÉÌÉÔÙ 

ÏÆ %,33 ÔÏ ÄÉÆÆÅÒÅÎÔÉÁÔÅ ÂÅÔ×ÅÅÎ ÎÏÒÍÁÌȟ ÂÅÎÉÇÎȟ ÁÎÄ ÍÁÌÉÇÎÁÎÔ ÓËÉÎ ÃÏÎÄÉÔÉÏÎÓȢ 4ÈÅÓÅ ÆÉÎÄÉÎÇÓ 

×ÅÒÅ ÏÂÔÁÉÎÅÄ ÂÙ ÃÏÍÐÁÒÉÎÇ %,33 ÓÐÅÃÔÒÕÍÓ ×ÉÔÈ ÇÏÌÄ ÓÔÁÎÄÁÒÄÓ ÈÉÓÔÏÐÁÔÈÏÌÏÇÙ ÉÎ ÓÅÖÅÎÔÙȤ

ÔÈÒÅÅ ÐÁÔÉÅÎÔÓ ×ÉÔÈ ÃÌÉÎÉÃÁÌÌÙ ÓÕÓÐÉÃÉÏÕÓ ÆÁÃÉÁÌ ÓËÉÎ ÌÅÓÉÏÎÓ ɏίβɐȢ  

4ÈÅ %,33 ÓÙÓÔÅÍ ÈÁÓ ÁÌÓÏ ÂÅÅÎ ÕÓÅÄ ÉÎ ÔÈÅ ÄÅÔÅÃÔÉÏÎ ÏÆ ÏÒÁÌ ÃÁÎÃÅÒȢ 'ÒÉÌÌÏÎÅ ÅÔ ÁÌȢ ɉάΪΫαɊ 

ÃÏÎÆÉÒÍÅÄ ÔÈÁÔ %,33 ÈÁÓ ÔÈÅ ÃÁÐÁÂÉÌÉÔÙ ÔÏ ÄÉÆÆÅÒÅÎÔÉÁÔÅ ÎÏÒÍÁÌ ÆÒÏÍ ÁÂÎÏÒÍÁÌ ÔÉÓÓÕÅ ÉÎ ÐÁÔÉÅÎÔÓ 

ÕÎÄÅÒÇÏÉÎÇ ÓÕÒÇÉÃÁÌ ÒÅÓÅÃÔÉÏÎ ÆÏÒ ÓÑÕÁÍÏÕÓ ÃÅÌÌ ÃÁÎÃÅÒ ÏÆ ÔÈÅ ÏÒÁÌ ÃÁÖÉÔÙȢ "ÅÔ×ÅÅÎ βήГ ÁÎÄ ΫΪΪГ 

ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÄ αГ ÁÎÄ βγГ ÓÐÅÃÉÆÉÃÉÔÙ ÈÁÖÅ ÂÅÅÎ ÁÃÈÉÅÖÅÄ ÆÒÏÍ ÔÈÅÉÒ ÆÉÎÄÉÎÇÓȢ 4ÈÅÓÅ ÖÁÌÕÅÓ ÈÁÖÅ 

ÂÅÅÎ ÏÂÔÁÉÎÅÄ ÄÅÐÅÎÄÉÎÇ ÏÎ ÈÏ× ÔÈÅ ÃÕÔÏÆÆ ÂÅÔ×ÅÅÎ ÎÏÒÍÁÌ ÁÎÄ ÁÂÎÏÒÍÁÌ ÔÉÓÓÕÅ ×ÁÓ ÄÅÆÉÎÅÄȢ 

! ÃÏÎÓÉÄÅÒÁÂÌÅ ÄÉÆÆÅÒÅÎÃÅ ×ÁÓ ÒÅÐÏÒÔÅÄ ÉÎ ÔÈÅ ÍÁÌÉÇÎÁÎÃÙ ÓÃÏÒÅ ÂÅÔ×ÅÅÎ ÔÈÅ ÈÉÓÔÏÌÏÇÉÃÁÌÌÙ 

ÎÏÒÍÁÌ ÔÉÓÓÕÅ ÁÎÄ ÉÎÖÁÓÉÖÅ ÃÁÎÃÅÒ ÒÅÓÕÌÔÓ ÁÎÄ ÔÈÅ ÄÉÆÆÅÒÅÎÔÉÁÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÎÏÎȤÉÎÆÌÁÍÅÄ ÁÎÄ 

ÉÎÆÌÁÍÅÄ ÔÉÓÓÕÅȢ 4ÈÉÒÔÙȤÆÏÕÒ ÓÕÂÊÅÃÔÓ ÐÁÒÔÉÃÉÐÁÔÅÄ ÉÎ ÔÈÉÓ ÓÔÕÄÙȢ 4Ï ÃÏÎÃÌÕÄÅȟ ÔÈÅ %,33 ÔÅÃÈÎÉÑÕÅ 

ÉÓ ÔÈÅ ÆÉÒÓÔ ÐÒÁÃÔÉÃÁÌ ÓÙÓÔÅÍ ÕÓÅÄ ÔÏ ÇÕÉÄÅ ÍÕÃÏÓÁÌ ÍÁÒÇÉÎÓ ÉÎ ÏÒÁÌ ÃÁÖÉÔÙ ÃÁÎÃÅÒȢ %,33 ÐÒÏÖÉÄÅÓ 

ÒÁÐÉÄȟ ÒÅÁÌȤÔÉÍÅ ÁÓÓÅÓÓÍÅÎÔ ÏÆ ÔÉÓÓÕÅ ×ÉÔÈÏÕÔ ÔÈÅ ÎÅÅÄ ÆÏÒ ÐÁÔÈÏÌÏÇÉÃÁÌ ÅØÐÅÒÔÉÓÅ ɏαέɐȢ  

*ÅÒÊÅÓ ÅÔ ÁÌȢ ÈÁÖÅ ÃÏÎÆÉÒÍÅÄ ÔÈÁÔ ÔÈÅ %,33 ÔÅÃÈÎÉÑÕÅ ÃÁÎ ÄÅÔÅÃÔ ÃÅÒÖÉÃÁÌ ÉÎÔÒÁÎÏÄÁÌ ÍÅÔÁÓÔÁÓÉÓ ÉÎ 

ÏÒÁÌ ÃÁÎÃÅÒ ÂÙ Á ÓÅÎÓÉÔÉÖÉÔÙ ÏÆ γβГ ÁÎÄ Á ÓÐÅÃÉÆÉÃÉÔÙ ÏÆ ΰβГȢ 4ÈÅ ÆÉÎÄÉÎÇÓ ÃÏÎÆÉÒÍÅÄ ÔÈÁÔ ÔÈÅ %,33 

ÔÅÃÈÎÉÑÕÅ ÃÏÕÌÄ ÂÅ ÕÓÅÄ ÔÏ ÄÅÆÉÎÅ ÎÏÄÁÌ ÉÎÖÏÌÖÅÍÅÎÔ ÁÓ ÁÎ ÁÌÔÅÒÎÁÔÉÖÅ ÔÏ ÈÉÓÔÏÌÏÇÉÃÁÌ ÔÅÃÈÎÉÑÕÅÓȢ 

/ÎÅ ÈÕÎÄÒÅÄ ÁÎÄ ÔÈÉÒÔÙ ÌÙÍÐÈ ÎÏÄÅÓ ×ÅÒÅ ÅØÁÍÉÎÅÄ ÆÒÏÍ Ϋέ ÐÁÔÉÅÎÔÓ ×ÈÏ ÕÎÄÅÒ×ÅÎÔ ÎÅÃË 

ÄÉÓÓÅÃÔÉÏÎȠ ÔÈÅ ÓÐÅÃÔÒÕÍΈÓ ÉÎÔÅÎÓÉÔÙ ×ÁÓ ÏÂÓÅÒÖÅÄ ÁÔ έΰΪȟ ήίΪȟ ΰέΪ ÁÎÄ ΰγΪ ÎÍ ÂÙ ÕÓÉÎÇ Á ÐÕÌÓÅÄ 

ØÅÎÏÎ ÌÁÍÐ ɏίɐȢ  

4Ï ÉÎÃÒÅÁÓÅ ÔÈÅ ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ ÏÆ ÔÕÍÏÕÒ ÄÅÔÅÃÔÉÏÎȢ -ÕÌÌÅÒ ÅÔ ÁÌȢ ÉÎÔÅÇÒÁÔÅÄ ÔÈÒÅÅ 

ÏÐÔÉÃÁÌ ÔÅÃÈÎÉÑÕÅÓ ɉ&3ȟ $23ȟ ÁÎÄ %,33Ɋ ÔÏ ÁÓÓÅÓÓ γΫ ÔÉÓÓÕÅ ÓÉÔÅÓ ÆÒÏÍ Ϋί ÏÒÁÌ ÃÁÒÃÉÎÏÍÁ ÐÁÔÉÅÎÔÓ 

×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÄÅÇÒÅÅÓ ÏÆ ÍÁÌÉÇÎÁÎÃÙ ɉÎÏÒÍÁÌȟ ÄÙÓÐÌÁÓÔÉÃȟ ÁÎÄ ÃÁÎÃÅÒÏÕÓ ÁÒÅÁÓɊ ÁÎÄ ÅÉÇÈÔ ÈÅÁÌÔÈÙ 

ÖÏÌÕÎÔÁÒÉÅÓȢ )Î ÔÈÅ ÉÎÔÒÉÎÓÉÃ ÆÌÕÏÒÅÓÃÅÎÃÅ ÓÐÅÃÔÒÏÓÃÏÐÙȟ ÔÈÅ ÂÉÏÃÈÅÍÉÃÁÌ ÅØÁÍÉÎÁÔÉÏÎ ÄÅÔÁÉÌÓ 

ÒÅÇÁÒÄÉÎÇ ÏÒÁÌ ÔÉÓÓÕÅ ÎÁÔÉÖÅ ÆÌÕÏÒÏÐÈÏÒÅÓ ×ÅÒÅ ÏÂÔÁÉÎÅÄȢ 4ÈÅÓÅ ÆÉÎÄÉÎÇÓ ×ÅÒÅ ÁÃÑÕÉÒÅÄ ÂÙ ÆÉÔÔÉÎÇ 

Á ÌÉÎÅÁÒ ÃÏÍÂÉÎÁÔÉÏÎ ÏÆ ÃÏÌÌÁÇÅÎ ÁÎÄ ÎÉÃÏÔÉÎÁÍÉÄÅ ÁÄÅÎÉÎÅ ÄÉÎÕÃÌÅÏÔÉÄÅ ɉ.!$(Ɋ ÆÌÕÏÒÅÓÃÅÎÃÅ 

ÓÐÅÃÔÒÁ ÔÏ ÉÎÔÒÉÎÓÉÃ ÔÉÓÓÕÅ ÆÌÕÏÒÅÓÃÅÎÃÅ ÓÐÅÃÔÒÁ ÅØÃÉÔÅÄ ×ÉÔÈ έέα ÎÁÎÏÍÅÔÅÒÓ ɉÎÍɊ ÁÎÄ έίβ ÎÍ 

ÌÁÓÅÒ ÌÉÇÈÔȢ !ÂÓÏÒÐÔÉÏÎ ÁÎÄ ÓÃÁÔÔÅÒÉÎÇ ÃÏÅÆÆÉÃÉÅÎÔÓ ÏÆ ×ÁÖÅÌÅÎÇÔÈ ×ÅÒÅ ÍÅÁÓÕÒÅÄ ÕÓÉÎÇ Á ÄÉÆÆÕÓÅ 

ÒÅÆÌÅÃÔÁÎÃÅ ÓÐÅÃÔÒÏÓÃÏÐÙ ÔÅÃÈÎÉÑÕÅ ÐÒÏÖÉÄÉÎÇ ÉÎÆÏÒÍÁÔÉÏÎ ÒÅÇÁÒÄÉÎÇ ÔÈÅ ÁÂÓÏÒÐÔÉÏÎ ÏÆ ÔÉÓÓÕÅ ÁÎÄ 

ÓÔÒÕÃÔÕÒÅ ÓÕÃÈ ÁÓ ÈÁÅÍÏÇÌÏÂÉÎ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÁÎÄ ÓÔÒÏÍÁ ÄÅÎÓÉÔÙȢ &ÒÏÍ ÔÈÅ ÓÉÎÇÌÅ ÓÃÁÔÔÅÒÉÎÇ ÏÆ 

ÅÐÉÔÈÅÌÉÁÌ ÃÅÌÌ ÎÕÃÌÅÉȟ ÔÈÅ ÄÁÔÁ ÏÆ ÌÉÇÈÔ ÓÃÁÔÔÅÒÉÎÇ ÓÐÅÃÔÒÏÓÃÏÐÅÓ ×ÅÒÅ ÏÂÔÁÉÎÅÄ ÂÙ ÓÕÂÔÒÁÃÔÉÎÇ ÔÈÅ 

ÄÉÆÆÕÓÅÌÙ ÒÅÆÌÅÃÔÅÄ ÃÏÍÐÏÎÅÎÔ ÆÒÏÍ ÔÈÅ ÍÅÁÓÕÒÅÄ ÒÅÆÌÅÃÔÁÎÃÅȢ %,33 ÐÒÏÖÉÄÅÓ ÔÈÅ ÓÐÅÃÉÆÉÃ ÄÅÔÁÉÌÓ 

ÏÆ ÎÕÃÌÅÉ ÓÉÚÅȢ 4ÈÅÙ ÁÃÈÉÅÖÅÄ Á ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ ÏÆ ÔÒÉȤÍÏÄÅÌ ÓÐÅÃÔÒÏÓÃÏÐÙ γΰГ ÉÎ 

ÄÉÓÃÒÉÍÉÎÁÔÉÎÇ ÎÏÒÍÁÌ ÆÒÏÍ ÁÂÎÏÒÍÁÌ ÔÉÓÓÕÅȢ !ÌÓÏȟ ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ ÉÎ ÄÉÓÔÉÎÇÕÉÓÈÉÎÇ 

ÃÁÎÃÅÒÏÕÓ ÆÒÏÍ ÄÙÓÐÌÁÓÔÉÃ ÔÉÓÓÕÅ ×ÅÒÅ ΰήГ ÁÎÄ γΪГȟ ÒÅÓÐÅÃÔÉÖÅÌÙ ɏάΫɐȢ 
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/ÔÈÅÒ ÁÕÔÈÏÒÓ ÉÎ άΪΪΰ ÈÁÖÅ ÕÓÅÄ ÔÈÅ %,33 ÔÅÃÈÎÉÑÕÅ ÔÏ ÁÓÓÅÓÓ ÏÒÁÌ ÐÒÅÍÁÌÉÇÎÁÎÃÙȢ 4ÈÅÙ ÁÃÈÉÅÖÅÄ 

Á ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ ÏÆ αάГ ÁÎÄ αίГȟ ÒÅÓÐÅÃÔÉÖÅÌÙȟ ÔÏ ÄÉÓÔÉÎÇÕÉÓÈ ÏÒÁÌ ÄÙÓÐÌÁÓÉÁ ÔÉÓÓÕÅÓ 

ÕÓÉÎÇ ÌÉÎÅÁÒ ÄÉÓÃÒÉÍÉÎÁÎÔ ÁÎÁÌÙÓÉÓȢ 4ÈÅÓÅ ÆÉÎÄÉÎÇÓ ×ÅÒÅ ÃÏÍÐÁÒÅÄ ×ÉÔÈ Á ÈÉÓÔÏÐÁÔÈÏÌÏÇÙ ÔÅÓÔȢ ! 

ÐÕÌÓÅÄ ØÅÎÏÎȤÁÒÃ ÌÁÍÐ ÉÓ ÕÓÅÄ ÏÎ Ô×ÅÎÔÙȤÆÉÖÅ ÏÒÁÌ ÓÉÔÅÓ ÆÒÏÍ άί ÐÁÔÉÅÎÔÓ ×ÈÏ ÓÕÆÆÅÒ ÆÒÏÍ 

ÌÅÕËÏÐÌÁËÉÁɏαήɐȢ )Î άΪΪΰȟ ,ÏÖÁÔ ÅÔ ÁÌȢ ÓÔÕÄÉÅÄ ÔÈÅ ÐÏÔÅÎÔÉÁÌ ÏÆ %,33 ÔÏ ÉÄÅÎÔÉÆÙ ÈÉÇÈȤÇÒÁÄÅ 

ÄÙÓÐÌÁÓÉÁ ÏÒ ÃÁÎÃÅÒ ×ÉÔÈÉÎ "ÁÒÒÅÔÔÅȭÓ /ÅÓÏÐÈÁÇÕÓȢ 4ÈÅ %,33 ÍÅÁÓÕÒÅÍÅÎÔÓ ×ÅÒÅ ÁÃÈÉÅÖÅÄ ÉÎȤÖÉÖÏ 

ÆÒÏÍ Á ΫβΫȤÍÁÔÃÈ ÂÉÏÐÓÙ ×ÉÔÈ Á ÈÉÓÔÏÐÁÔÈÏÌÏÇÉÃÁÌ ÔÅÓÔ ÆÒÏÍ βΫ ÐÁÔÉÅÎÔÓȠ ÔÈÅ ÄÉÓÃÒÉÍÉÎÁÔÉÏÎ ÏÆ 

ÈÉÇÈȤÇÒÁÄÅ ÄÙÓÐÌÁÓÉÁ ÁÎÄ ÃÁÎÃÅÒ ÁÇÒÅÅÓ ×ÉÔÈ ÔÈÅ ÐÁÔÈÏÌÏÇÉÓÔȢ 4ÈÅ ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ ÉÎ 

ÉÄÅÎÔÉÆÙÉÎÇ ÈÉÇÈȤÒÉÓË ÓÉÔÅÓ ×ÅÒÅ γάГ ÁÎÄ ΰΪГȟ ÒÅÓÐÅÃÔÉÖÅÌÙ ÁÓ ×ÅÌÌ ÁÓ ÔÈÅ ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ 

ÉÎ ÉÄÅÎÔÉÆÙÉÎÇ ÔÈÅ ÈÉÇÈȤÒÉÓË ÁÒÅÁ ÆÒÏÍ ÉÎÆÌÁÍÍÁÔÉÏÎ ×ÉÔÈ Á ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ ÏÆ αγГ ɏΰαɐȢ  

/ÔÈÅÒ ÒÅÓÅÁÒÃÈÅÒÓ ÓÔÕÄÉÅÄ ÔÈÅ %,33 ÍÅÔÈÏÄ ÔÏ ÄÉÆÆÅÒÅÎÔÉÁÔÅ ÂÅÎÉÇÎ ÆÒÏÍ ÍÁÌÉÇÎÁÎÔ ÄÉÓÅÁÓÅ ÉÎ 

ÔÈÙÒÏÉÄ ÎÏÄÕÌÅÓȢ 3ÕÈ ÅÔ ÁÌȢ ÃÏÌÌÅÃÔÅÄ %,33 ÄÁÔÁ ÆÒÏÍ έΰ ÓÕÒÇÉÃÁÌ ÐÁÔÉÅÎÔÓ ɉÎКάΫ ÂÅÎÉÇÎ ÔÈÙÒÏÉÄ 

ÎÏÄÕÌÅÓȟ ÎКΫί ÍÁÌÉÇÎÁÎÔ ÔÕÍÏÕÒÓɊ ÆÒÏÍ ÔÈÅÉÒ ÆÒÅÓÈ ÅØ ÖÉÖÏ ÔÈÙÒÏÉÄÅÃÔÏÍÙ ÓÐÅÃÉÍÅÎÓȢ 4ÈÅ 

ÆÉÎÄÉÎÇÓ ÉÎÄÉÃÁÔÅÄ ÔÈÁÔ %,33 ÈÁÓ ÁÎ ÁÃÃÕÒÁÔÅ ÁÂÉÌÉÔÙ ÔÏ ÉÄÅÎÔÉÆÙ ÂÅÎÉÇÎ ÖÅÒÓÕÓ ÍÁÌÉÇÎÁÎÔ ÔÈÙÒÏÉÄ 

ÌÅÓÉÏÎÓ ×ÉÔÈ Á ÓÅÎÓÉÔÉÖÉÔÙ ÏÆ αίГ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ ÏÆ γίГȟ ÁÎÄ ÈÉÇÈ 006 ÁÎÄ .06 ÏÆ γάГ ÁÎÄ βέГȟ 

ÒÅÓÐÅÃÔÉÖÅÌÙ ɏαίɐȢ )Î άΪΫήȟ ÏÔÈÅÒ ÔÅÁÍÓ ÕÓÅÄ %,33 ÔÏ ÍÅÁÓÕÒÅ ÔÈÅ ÓÐÅÃÔÒÁÌ ÔÏ ÄÉÓÃÒÉÍÉÎÁÔÅ ÂÅÔ×ÅÅÎ 

ÂÅÎÉÇÎ ÁÎÄ ÍÁÌÉÇÎÁÎÔ ÔÈÙÒÏÉÄ ÎÏÄÕÌÅÓȟ ÓÕÐÐÌÅÍÅÎÔÉÎÇ Á ÆÉÎÅ ÎÅÅÄÌÅ ÁÓÐÉÒÁÔÉÏÎ ÂÉÏÐÓÙ ɉ&.!"ɊȢ 

&.!" ÅÖÁÌÕÁÔÅÄ ÁÐÐÒÏØÉÍÁÔÅÌÙ ΫίȤέΪГ ÏÆ ÉÎÃÏÎÓÐÉÃÕÏÕÓ ÆÉÎÄÉÎÇÓȟ ÂÅÎÉÇÎ ÏÒ ÍÁÌÉÇÎÁÎÔȢ 4ÈÕÓȟ 

ÔÈÅ ÔÅÁÍ ÈÁÖÅ ÕÓÅÄ %,33 ÁÎÄ ÁÃÈÉÅÖÅÄ Á ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ ÏÆ αήГ ÁÎÄ γΪГȟ ÒÅÓÐÅÃÔÉÖÅÌÙȟ 

×ÉÔÈ γαГ ÏÆ .06 ÔÏ ÄÉÓÔÉÎÇÕÉÓÈ ÔÈÅ ÂÅÎÉÇÎ ÆÒÏÍ ÍÁÌÉÇÎÁÎÔ ɏΰήɐȢ 3ÏÍÅ ÁÕÔÈÏÒÓ ÆÏÃÕÓÅÄ ÏÎ ÕÓÉÎÇ 

%,33 ÉÎ ÄÅÔÅÃÔÉÎÇ ÂÒÅÁÓÔ ÃÁÎÃÅÒȢ *ÏÈÎÓÏÎ ÅÔ ÁÌȢ ÓÔÕÄÉÅÄ ÔÈÅ %,33 ÆÏÒ ÉÎÔÒÁÏÐÅÒÁÔÉÖÅ ÄÅÔÅÒÍÉÎÁÔÉÏÎ 

ÏÆ ÓÅÎÔÉÎÅÌ ÌÙÍÐÈ ÎÏÄÅ ÓÔÁÔÕÓ ÉÎ ÔÈÅ ÂÒÅÁÓÔȢ 4ÈÅ ÓÐÅÃÔÒÁ ÏÆ %,33 ÉÄÅÎÔÉÆÉÅÄ ÆÒÏÍ ÃÁÎÃÅÒÏÕÓ ÎÏÄÅÓ 

×ÉÔÈ βήГ ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÄ γΫГ ÓÐÅÃÉÆÉÃÉÔÙ ɉÐÅÒ ÓÐÅÃÔÒÕÍ ÁÎÁÌÙÓÉÓɊ ÁÎÄ ÐÅÒȤÎÏÄÅ ÁÎÁÌÙÓÉÓȟ 

ÓÅÎÓÉÔÉÖÉÔÙȟ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ ×ÅÒÅ αίГ ÁÎÄ βγГȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 3ÐÅÃÔÒÁ ×ÅÒÅ ÏÂÔÁÉÎÅÄ ÆÒÏÍ Ϋέγ 

ÅØÃÉÓÅÄ ÎÏÄÅÓ ɉίέ ÃÏÎÔÁÉÎÉÎÇ ÃÁÎÃÅÒɊ ÉÎ ΰβ ÐÁÔÉÅÎÔÓ ɏαΰɐȢ  

,ÁÒÙÎÇÅÁÌ ÃÁÎÃÅÒ ÉÓ ÏÎÅ ÏÆ ÔÈÅ ÍÏÓÔ ÃÏÍÍÏÎ ÔÙÐÅÓ ÏÆ ÈÅÁÄ ÁÎÄ ÎÅÃË ÃÁÎÃÅÒȢ )Î άΪΫβȟ ÁÎ ÅÓÔÉÍÁÔÅÄ 

Ϋα ÍÉÌÌÉÏÎ ÎÅ× ÃÁÓÅÓ ÁÎÄ γȢΰ ÍÉÌÌÉÏÎ ÄÅÁÔÈÓ ÆÒÏÍ ÃÁÎÃÅÒ ÒÅÇÁÒÄÉÎÇ ÔÈÅ .ÁÔÉÏÎÁÌ #ÁÎÃÅÒ )ÎÓÔÉÔÕÔÅ 

ɏααɐȢ 4ÕÒÈÁÎ ÅÔ ÁÌȢ ÃÏÎÆÉÒÍÅÄ ÔÈÁÔ ÅÌÁÓÔÉÃ ÌÉÇÈÔ ÓÉÎÇÌÅȤÓÃÁÔÔÅÒÉÎÇ ÓÐÅÃÔÒÏÓÃÏÐÙ ɉ%,333Ɋ ÃÏÕÌÄ 

ÄÉÓÃÒÉÍÉÎÁÔÅ ÂÅÔ×ÅÅÎ ÂÅÎÉÇÎ ÁÎÄ ÃÁÎÃÅÒÏÕÓ ,ÁÒÙÎØ ÔÉÓÓÕÅ ɉÍÏÄÅÒÁÔÅȟ ÓÅÖÅÒÅÌÙ ÄÙÓÐÌÁÓÔÉÃȟ ÁÎÄ 

ÍÁÌÉÇÎÁÎÔɊ ÌÅÓÉÏÎÓ ×ÉÔÈ ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ ÏÆ γήГ ÁÎÄ ΫΪΪГȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 4ÈÉÓ ÔÅÃÈÎÉÑÕÅ 

ÐÒÏÖÅÄ ÁÎ ÁÂÉÌÉÔÙ ÔÏ ÃÌÁÓÓÉÆÙ ÂÅÎÉÇÎ ÔÉÓÓÕÅ ÃÏÒÒÅÃÔÌÙȢ -ÏÄÅÒÁÔÅȟ ÓÅÖÅÒÅ ÄÙÓÐÌÁÓÔÉÃȟ ÁÎÄ ÍÁÌÉÇÎÁÎÔ 

ÔÉÓÓÕÅÓ ×ÅÒÅ ÃÏÒÒÅÃÔÌÙ ÃÌÁÓÓÉÆÉÅÄ ÁÓ ÃÁÎÃÅÒÏÕÓȢ (Ï×ÅÖÅÒȟ ÔÈÉÓ ÓÙÓÔÅÍ ÈÁÓ Á ÌÉÍÉÔÁÔÉÏÎȟ ÁÎÄ ÍÉÌÄ 

ÄÙÓÐÌÁÓÔÉÃ ÔÉÓÓÕÅ ÄÉÄ ÎÏÔ ÃÌÁÓÓÉÆÙ ÂÅÎÉÇÎ ÏÒ ÃÁÎÃÅÒÏÕÓȢ 4ÈÅÒÅÆÏÒÅȟ ÎÅÁÒÌÙ ÈÁÌÆ ÏÆ ÔÈÅÍ ×ÅÒÅ 

ÃÌÁÓÓÉÆÉÅÄ ÁÓ ÂÅÎÉÇÎ ÁÎÄ ÔÈÅ ÏÔÈÅÒ ÈÁÌÆ ÁÓ ÍÁÌÉÇÎÁÎÔȢ 4ÈÅ %,333 ÓÙÓÔÅÍ ÃÏÒÒÅÃÔÌÙ ÄÅÆÉÎÅÄ έβ ÏÕÔ 

ÏÆ ήΫ ÍÁÌÉÇÎÁÎÔ ÔÉÓÓÕÅÓ ÁÓ ÃÁÎÃÅÒÏÕÓȠ ÔÈÒÅÅ ×ÅÒÅ ÍÉÓÃÌÁÓÓÉÆÉÅÄ ÁÓ ÂÅÎÉÇÎȢ 4ÈÅ ÐÏÓÉÔÉÖÅ ÓÌÏÐÅÓ ×ÅÒÅ 

ÕÓÅÄ ÁÓ Á ÓÉÇÎ ÆÏÒ ÂÅÎÉÇÎ ÁÎÄ ÎÅÇÁÔÉÖÅ ÆÏÒ ÃÁÎÃÅÒÏÕÓ ÌÁÒÙÎØ ÔÉÓÓÕÅÓȢ (ÉÓÔÏÐÁÔÈÏÌÏÇÙ ÒÅÓÕÌÔÓ ×ÅÒÅ 

ÕÓÅÄ ÁÓ Á ÇÏÌÄ ÓÔÁÎÄÁÒÄ ÔÏ ÄÅÆÉÎÅ ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÄ ÓÐÅÃÉÆÉÃÉÔÙ ɏαβɐȢ 4ÁÂÌÅ άȤΫ ÓÈÏ×Ó ÔÈÅ ÏÖÅÒÖÉÅ× ÏÆ 
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ÔÈÅ ÏÐÔÉÃÁÌ ÄÅÔÅÃÔÉÎÇ ÔÅÃÈÎÉÑÕÅÓ ×ÉÔÈ ÖÁÒÉÏÕÓ ÔÉÓÓÕÅ ÔÙÐÅÓ 

Table 2-1: Overview of the optical detecting techniques with different tissue types 

Authors  
 

Detecti
on 

method  

l Probe geometry  Sensitivity  Specificity  Conclusions  

.ÁÃÈÁÂÅȭ 
et 
al.2011[33] 

DRS 360 to 2500 
nm  
TG 

1.3 mm diameter 
probe. It consists 
of one fibre for 
emitting and two 
fibres for 
detecting with a 
core diameter of 
200 ʏm. 

  Differentiation 
between healthy 
tissue 
&metastatic 
tumour from ex - 
vivo human liver. 
In  this study , bile, 
water &lipid are 
included in 
addition to 
oxygenated 
&haemoglobin 
for 
differentiation  

Ever et al . 
2013 [30] 

DRS 360 to 2500 
nm  
TG 

1.3 mm diameter 
probe. It consists 
of one fibre for 
emitting and two 
fibres for 
detecting with a 
core diameter of 
200 ʏm. 

94% 94% It has the 
capability for 
high accuracy in 
discriminating 
normal liver 
tissue for 
colorectal liver 
metastases.  

Evers et 
al. 2012 
[31] 

DRS 360 to 2500 
nm  
TG 

1.3 mm diameter 
probe. It consists 
of one fibre for 
emitting and two 
fibres for 
detecting. Fibre is 
located at a 
distance of 2.48 
mm from the 
side-by-side 
optical fibres  
used to collect 
the diffused light.  

89% 79% Has the 
capability to 
discriminate 
between  tumours 
from lung tissue.  

Spliethoff 
et al. 2016 
[34] 

DRS 360 to 2500 
nm  
TG 

5 g needle 
contained 3 fibres 
with a 200 ʏm 
core diameter. 
One for emitting 
and 2 fibres for 
detecting. The 
centre -to -centre  
distance between 
the emitting & 
collecting fibres 
was 1.7 mm. 

  Water content 
&scattering 
amplitude are the 
primary 
discriminators 
for the transition 
from healthy 
lung &tumour 
tissue.  

Zones et 
al. 1999 
[35] 

DRS 360-685 nm 
Xenon is a 
flash lamp  

It consists of 
central optical 
fibre for delivery 
and six fibres for 
light collection 
arranged in a 
circle around the 
central fibre. All 
fibres with 200 
ʏm core diameter 
with no gap 
between them. 
The probe tip was 
fi tted with a 
quartz shield 

  It quantif ies 
information 
about Hb content 
& information 
related to the 
tissue scatters in -
vivo & real -time 
of human 
adenomatous 
colon polyps.  
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approximately 1.5 
mm. in length 
and diameter.  

Spliethoff 
et al. 2014 
[36] 

DSR 
&FS 

360 to 2500 
nm  
TG 

22 G adjustable 
stylet containing 
four identical 
fibres with a core 
diameter of 100 
ʏm. Two fibres 
for the emitting 
light source 
(broadband  light 
source& laser), 
whereas other 
fibres were 
connected to 
spectrometers , 
two different 
separate s were 
used ( 1.5 & 0.15) 
mm.  

  Dual modality 
DRS &AFS 
provides 
quantitative 
functional 
information that 
corresponds well 
with the degree of 
pathologic 
treatment 
(monitoring &  
predic tion of 
cancer therapy) 
for 36 mice.  

Langhout 
et al. 2015 
[37] 

DSR 
&FS 

360 to 2500 
nm  
TG 

13 G (1.5 mm) 
optical probe 
consists of four 
identical fibre 
optics with a 200 
ʏm core 
diameter. Two 
fibres for 
emitting & two 
collecting two 
different source -
distance 1.8&0.32 
m. 1.8 mm was 
used for DRS, and 
0.32 mm was used 
to correct  
absorption and 
scattering in FS 
spectra.  

95% 88% Dual modality 
can identify 
colorectal cancer 
from 
surrounding 
health y tissue.  

Spliethoff 
etal. 2013 
[2] 

DSR 
&FS 

360 to 2500 
nm  
TG 

The same above. 
The separation 
was 1.9 & 0.32mm. 

98% 
100% 

(eliminatin
g inter -
patient 

variation)  

86% 
100% 

(eliminatin
g inter -
patient 

variation)  

DRS provides an 
accurate 
diagnosis of 
malignant lung 
lesions how FS 
enables 
identifications of 
necrotic tissue. 
When both 
technique s are 
combined within 
a biopsy 
determination,  
this could 
significantly 
enhance  the 
diagnostic 
performance and 
the quality of 
trans thoracic 
biopsies.  

Proabitha 
et al. 2016 
[38] 

DRS 360 to 2500 
nm  
TG 

The fibre optics 
consists of an 
illumination 
centre , and six 
surrounding 
fibres (each has 
400 ʏm core 
diameter) for 
controlling to 

72% 87% DRS could be 
used along with 
Multivariate 
analytical 
techniques as a 
non -invasive 
technique to 
monitor cervical 
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centre between 
illumination and 
collection 
distance was 500 
ʏm).  

disease status in 
real -time.  

Volynska
ya et al. 
2008 [39] 

DSR 
&FS 

3.08 to 480 
nm & 300 to 

800 nm  

The distal tip 
consists of single 
delivery fibre 
surround ed by 
six collection 
fibres  with a 
diameter of 200 
ʏm. 

  The combination 
of DRS & FS yields 
promising results 
for the 
discrimination of 
breast lesion s 
and warrants a 
prospective 
clinical study.  

Evers etal. 
2013 [29] 

DRS 360 to 2500 
nm  
TG 

The optical probe 
consists of three 
fibre optics, one 
fibre for emitting 
and 2 for 
detecting.  

90% 88% The analysis of 
the optical 
characteristics of 
different tissue 
classes within the 
breast of a single 
patient is 
superior to 
analysis using 
cohort data 
analysis. The 
integration wit h a 
biopsy device, 
DRS, may 
potentially  
improve the 
diagnostic work 
flow in breast 
cancer.  

Boer et  al. 
2015 [42] 

DRS 360 to 2500 
nm  
TG  

The probe tip 
incorporating the 
optical fibres was 
1.75 mm in 
diameter with a 
distance between 
the emitting fibre 
and collecting 
fibre of 1.5 mm.  

  The fat/ water 
provided 
excellent 
discrimination 
between site s 
clearly inside or 
outside the 
tumour and is 
one test case. By 
this work, DRS 
showed the 
potential to guide 
the surgeon 
during breast -
conserving 
surgery.  

.ÁÃÈÁÂÅȭ 
et al. 2010 
[40] 

DRS 360 to 2500 
nm  
TG 

1.3 mm diameter 
optical probe. 
The probe 
consists of two 
fibres with an 
axis of symmetry 
parallel to the 
axis of symmetry 
of the probe 2.48 
mm separation at 
the distal end.  

  It could provide 
real -time clinical 
feedback to 
physicians on the 
amount of lipid 
and water in 
tissue to classify 
normal, 
malignant, and 
benign samples 
in the tissue 
phantom.  

.ÁÃÈÁÂÅȭ 
et al. 2010 
[41] 

DRS 360 to 2500 
nm  
TG 

The same probe 
in the above with 
the end polish by 
20°. 

  The confidence 
levels of the 
water and lipid -
related 
parameters 
increases by a 
factor for the 
estimation of 
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biological 
chromophores.  

Gillenwat
er A etal 
1998 [47] 

FS 350 to 700 
nm  

The optical probe 
consists of a 
central fibre 
surro unded by 
six  fibres  

88% 100% Consistent 
differences exist 
between the 
fluorescence 
spectra of the 
abnormal and 
normal oral 
mucosa  

Werahera 
etal 2015 
[45] 

FS 290 and 340 
nm (LED) 

The optical probe 
consists of 8*100 
ʏm source fibres 
in a circle and a 
ÓÉÎÇÌÅ άΪΪ ʏÍȢ 

72% 
( in vivo)  

75% 
(ex vivo)  

66% 
( ex vivo)  

80% 
(ex vivo)  

It has the 
potential clinical 
application of an 
optical biopsy 
needle based on 
fs for prostate 
cancer diagnosis.  

Brandao 
et al 2015 
[48]  

FS 200 and 900 
nm  

The optical probe 
consists of six 
fibre bundle s of 
the probe that 
collected the 
fluorescence.  

  FS could become 
a tool for the 
surgeon to 
discriminate 
between normal 
and pathological 
thyroid tissues.  

Singh et 
al. 2012 
[52] 

RS  The d iode 
laser of 875 

nm  

The optical probe 
consists of 105 ʏm 
for emitting and 
άΪΪ ʏÍ ÆÏÒ 
collection.  

  Identification of 
premalignant 
lesion in oral , 
buccal mucosa 
with both normal 
and cancerous 
sites by in vivo 
RS.  

Sahu et al.  
2013 [53] 

RS  Laser  
532 nm  

The sample 
exited by 50x 
Nikon objective 
(numerical 
aperture O.55).  

  Find the 
possibility of 
distinguishing 
between normal 
and oral cancers. 
These findings 
combine 
contributions of 
DNA, Proteins 
and amino acids.  

Krishnak
umar et 
al. 2013 
[54]  

RS  Laser  
1064 nm 

The laser size 
ÓÐÏÔ ×ÁÓ άΪΪ ʏÍ 
in diameter.   

  It can investigate  
the 
chemopreventive 
response of 
naringenin and 
its nanoparticles 
in DMBA -
induced oral 
carcinogenesis.  

Guze et al. 
2015 [55]  

RS 0 to 1800 
cm-1 

The probe 
consists of a 
single fibre with a 
diameter of 200 
ʏm for emitting , 
surrounded by 31 
collection fibres.  

100% 77% RS offers the 
potential to 
provide a point of 
care diagnosis of 
oral disease using 
non -invasive, 
convenient, and 
relatively 
inexpensive 
technology.  

Lau et al. 
2003 [79] 

RS  950 to 1650 
cm-1  

   It has the ability a  
spectral 
differences 
between normal 
and cancerous 
nasopharyngeal.  
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Denkceke
n et al. 
2015 [61] 

ELSSS 200 to 1100 
nm (TG)  

 A single fibre 
optical probe 
×ÉÔÈ ΫΪΪ ʏÍ ÆÏÒ 
both delivery and 
detection.  

100% 96.4% ELSSS system can 
accurately 
distinguish 
reactive and 
metastatic pelvic 
lymph nodes of 
prostate cancer 
with high PPV 
and NPV. It can 
detect the 
metastatic 
tissues during the 
operation.  

!ȭ!ÍÁÒ ÅÔ 
al. 2013 
[68] 

ELSS 330 to 760 
nm  

Optical probe 
with two adjacent 
fibres, one for 
illumination (400 
ʏÍ-core 
diameter s) and 
the other for 
collection (200 
ʏÍ-core 
diameter with 
separation 350 
ʏÍȢ  

83%  
(for  

classificatio
n)  
 
 

80%  
(for  

distinguishi
ng)  

 
 

87% 
(for  

classificatio
n)  
 
 

87%  
(for  

distinguishi
ng)  

 

ESS can 
distinguish 
dysplastic 
prostatic tissue 
from benign 
prostatic tissue.  
 
 

Baykara 
et al. 2014 
[20] 

ELSSS 400 to 850 
nm (TG)  

A single fibre 
optical probe 
×ÉÔÈ ΫΪΪ ʏÍ ÆÏÒ 
both delivery and 
detection.  

86% 97% ELSSS can 
accurately 
distinguish 
between benign 
and malignant 
margins of 
prostate tissues 
with a high PPV 
and NPV.  

Canpolat 
et al. 2012 
[72] 

ELSSS 350 to 800 
nm  

 (TG) 

A single fibre 
optical probe 
×ÉÔÈ ΫΪΪ ʏÍ ÆÏÒ 
both delivery and 
detection.  

87%  
(Discrimina

tion)  
 
 

80% 
(detecting  
margins)  

85%  
(Discrimina

tion)  
 
 

90% 
(detecting  
margins)  

Discrimination  
between 
malignant and 
benign lesions 
and detecting 
positive surgical 
margins of skin  

Upile  et 
al. 2011 
[58]  

ELSS 330 to 900 
nm  

( Pulsed x -
non -arc)  

Fibre optics 
consists of two 
fibre optics (400 
ʏÍ ÆÏÒ ÅÍÉÔÔÉÎÇ 
ÁÎÄ άΪΪ ʏÍ ÆÏÒ 
detecting), centre 
to centre is 300 
ʏÍȢ  

77.8% 80.3% Discrimination 
between benign 
and malignant 
skin pathologies.  

Muller et 
al. 2003 
[21] 

FS, DRS 
and LSS 

Xenon flash  
lamp (350 
to 700) nm  

Fibre optics 
consists of single 
light surrounding 
by six  collection 
fibres with a core 
diameter of 200 
ʏÍȢ 

96% 96% Trimodal 
spectroscopy is a 
highly sensitive 
and specific 
technique to 
diagnosis oral 
tissue 
abnormalities.  

Jerjes 
etal. 2004 
[5] 

ELSS  330 to 900 
nm  

( Pulsed x -
non -arc)  

Fibre optics 
consists of two 
fibre optics with 
άΪΪ ʏÍȟ ÃÅÎÔÒÅ ÔÏ 
centre separation 
is έίΪ ʏÍȢ 

98% 68% Detection of 
cervical 
intranodal 
metastasis in oral 
cancer.  

Sharwani 
et al. 2006 
[74] 

ELSS 300 to 900 
nm  

( Pulsed x -
non -arc)  

The optical probe 
consists of fibre 
optics with 400 
ʏÍ ÆÏÒ ÅÍÉÔÔÉÎÇ 

72% 75% Discrimination 
malignant 
lesions from 
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ÁÎÄ άΪΪ ʏÍ ÆÏÒ 
collecting. Centre 
to centre 
separation is 300 
ʏÍȢ 

normal tissues in 
the oral cavity.  

Grillone 
et al. 2017 
[73] 

ELSS  Fibre optics 
consists of two 
fibre optics with 
άΪΪ ʏÍȟ ÃÅÎÔÒÅ ÔÏ 
centre separation 
ÉÓ άίΪ ʏÍȢ 

84% to 100% 71% to 89% It is the first 
study to evaluate 
the effectiveness 
of ESS in guiding 
mucosal 
resection 
margins in oral 
cavity cancer.  
ESS provides fast, 
real -time 
assessment of 
tissue without 
the need for 
pathology 
expertise.  

Lovat et 
al. 2006 
[67]    

ELSS 320 to 920 
nm  

( Pulsed x -
non -arc)  

The optical probe 
consists of fibre 
optics with 400 
ʏÍ ÆÏÒ ÅÍÉÔÔÉÎÇ 
ÁÎÄ άΪΪ ʏÍ ÆÏÒ 
collecting. Centre 
to centre 
separation is 300 
ʏÍȢ 

92% 60% Accurately detect 
high -grade 
dysplasia and 
cancer in 
"ÁÒÒÅÔÔȭÓ 
Oesophagus.  

Suh et al. 
2011 [75] 

ELSS  320 to 920 
nm  

( Pulsed x -
non -arc)  

The optical probe 
consists of two 
fibre optics with 
άΪΪ ʏÍ ×ÉÔÈ a 
fixed separation 
distance of 250 
ʏÍȢ 

75% 95% The ELSS 
accurately 
distinguish 
benign vs 
malignant 
thyroid  lesions 
with high PPV 
and NPV.  

Rosen et 
al. 2014 
[64] 

ELSS  320 to 920 
nm  

( Pulsed x -
non -arc)  

The optical probe 
consists of two 
fibre optics with 
άΪΪ ʏÍ ×ÉÔÈ a 
fixed separation 
distance of 250 
ʏÍȢ 

74% 90% ELSS has the 
potential for use 
in the real -time 
diagnosis of 
thyroid nodules 
as an adjacent to 
fine -needle 
aspiration biopsy 
cytology.  

Johnson 
et al. 2004 
[76] 

ELSS  320 to 920 
nm  

( Pulsed x -
non -arc)  

The optical probe 
consists of fibre 
optics with 400 
ʏÍ ÆÏÒ ÅÍÉÔÔÉÎÇ 
ÁÎÄ άΪΪ ʏÍ ÆÏÒ 
collecting. Centre 
to centre 
separation is 350 
ʏÍȢ 

84%  
( per 

spectrum 
analysis)  

 
75% 
( per 

spectrum 
analysis)  

 
 

91% ( per 
spectrum 
analysis)  

 
89% 
( per 

spectrum 
analysis)  

 

ELSS is a 
promising 
technique for the 
rapid, accurate, 
and straighter 
ward detection of 
metastases in 
excised sentinel 
lymph nodes.  

Canpolat 
et al.  
2009 [80]  

ELSSS  350 to 800 
nm  

( TG) 

The single fibre 
probe was 1*2 
fibre optical 
coupler with a 
splitting ratio of 
50%. The 
diameter of the 
distal end of the 
ÐÒÏÂÅȭÓ ÆÉÂÒÅ ×ÁÓ 
ΫΪΪ ʏÍȢ 

93% 100% It has the ability 
for disseminating 
brain tumours 
from 
surrounding 
normal white 
matter brain 
tissue  
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Zhu et al.  
 2018 [28] 

ELSS  320 to 919 
nm  
( xenon arc 
lamp)  

Static ESS fibre 
optic  

85%  
 

94%  
 

It can help 
surgeons for 
providing a 
reliable  and 
repaid 
intraoperative 
determination of 
sentinel nodal 
metastases 

 

%,33 ÈÁÓ ÂÅÅÎ ÓÅÌÅÃÔÅÄ ÉÎ ÏÕÒ ÒÅÓÅÁÒÃÈ ÆÏÒ ÍÁÎÙ ÒÅÁÓÏÎÓȢ &ÉÒÓÔÌÙȟ %,33 ÓÉÇÎÁÌÓ ÁÒÅ ÍÏÒÅ ÉÎÔÅÎÓÅ 

ÔÈÁÎ &3 ÁÎÄ 23ȟ ÇÉÖÉÎÇ ÔÈÉÓ ÍÅÔÈÏÄ ÍÏÒÅ ÅÆÆÉÃÉÅÎÃÙ ÁÎÄ ÓÅÎÓÉÔÉÖÉÔÙȢ 3ÅÃÏÎÄÌÙȟ ÔÈÅ ÓÉÇÎÉÆÉÃÁÎÔ 

ÏÐÔÉÃÁÌ ÓÉÇÎÁÌ ÇÉÖÅÓ ÅÌÁÓÔÉÃ ÓÃÁÔÔÅÒÉÎÇ ÔÈÅ ÐÏÔÅÎÔÉÁÌ ÔÏ ÂÅ ÔÈÅ ÆÁÓÔÅÓÔ ÁÎÄ ÍÏÓÔ ÃÏÓÔȤÅÆÆÅÃÔÉÖÅ ÏÆ ÁÌÌȤ

ÏÐÔÉÃÁÌ ÄÅÔÅÃÔÉÏÎ ÍÅÔÈÏÄÓ ɏίɐ  

 Tissue phantom in the ELSS Detecting  

4ÉÓÓÕÅ ÐÈÁÎÔÏÍ ÐÌÁÙÓ Á ÖÉÔÁÌ ÒÏÌÅ ÉÎ ÔÅÓÔÉÎÇ ÔÈÅ ÓÅÎÓÉÔÉÖÉÔÙ ÏÆ ÔÈÅ ÏÐÔÉÃÁÌ ÐÒÏÂÅ ÔÅÃÈÎÉÑÕÅ ÔÏ 

ÓÃÁÔÔÅÒÉÎÇ ÔÈÅ ÌÉÇÈÔ ÆÒÏÍ ÓÕÐÅÒÆÉÃÉÁÌ ÔÉÓÓÕÅÓȢ !ÒÔÉÆÉÃÉÁÌ ÔÉÓÓÕÅÓ ÐÒÅÓÅÎÔ ÐÒÅÌÉÍÉÎÁÒÙ ÒÅÓÕÌÔÓ ÆÒÏÍ 

ÁÃÔÕÁÌ ÂÉÏÌÏÇÉÃÁÌ ÓÁÍÐÌÅÓȢ 4ÈÅ ÐÈÁÎÔÏÍ ÒÅÃÉÐÅ ÏÆ ÔÈÅ %,33 ÔÅÃÈÎÉÑÕÅ ÈÁÓ ÄÉÆÆÅÒÅÎÔ ÍÁÔÅÒÉÁÌÓ ÔÈÁÎ 

ÏÔÈÅÒ ÏÐÔÉÃÁÌ ÔÅÃÈÎÉÑÕÅÓ ɉ$23ȟ &3 ÁÎÄ 23ɊȢ !Î ÁÑÕÅÏÕÓ ÓÕÓÐÅÎÓÉÏÎ ÏÆ ÍÏÎÏÄÉÓÐÅÒÓÅ ÐÏÌÙÓÔÙÒÅÎÅ 

×ÉÔÈ ÖÁÒÙÉÎÇ ÄÉÁÍÅÔÅÒÓ ÏÆ ÍÉÃÒÏÓÐÈÅÒÅ ÉÓ ÕÓÅÄ ÁÓ ÔÈÅ ÍÁÉÎ ÍÁÔÅÒÉÁÌ ÏÆ ÏÐÔÉÃÁÌ ÐÈÁÎÔÏÍɏάΪȟ ΰΪȟ 

ΰΫȟ αάȟ βΪȤβέɐȢ 6ÁÒÉÁÔÉÏÎÓ ÏÆ ÍÉÃÒÏÓÐÈÅÒÅ ÄÉÁÍÅÔÅÒÓ ÍÁÙ ÈÅÌÐ ÔÏ ÐÒÅÄÉÃÁÔÅ ÔÈÅ ÒÅÓÕÌÔÓ ÏÆ ÁÃÔÕÁÌ 

ÃÁÎÃÅÒÏÕÓ ÔÉÓÓÕÅÓ ÃÈÁÒÁÃÔÅÒÉÚÅÄ ÂÙ Á ÎÕÃÌÅÕÓ ÓÉÚÅ ÏÆ ÃÅÌÌÓ ÁÎÄ ÁÎ ÅÎÌÁÒÇÅÍÅÎÔ ÏÆ ÔÈÅ ÎÕÃÌÅÉȢ 4ÁÂÌÅ 

άȤά ÓÈÏ×Ó ÔÈÅ ÏÖÅÒÖÉÅ× ÏÆ ÔÈÅ ÔÉÓÓÕÅ ÐÈÁÎÔÏÍ ÉÎ ÔÈÅ %,33 ÄÅÔÅÃÔÉÎÇȢ 

 

Table 2-2: Overview of the tissue phantom in the ELSS detecting  

Authors  Suspension 

polystyrene 

microspheres  

Size 

Concent

ration  

l(nm)  Probe design  Advantages  

Canpolat,  

and Mourant , 2001 

[81] 

0.194, 0.329, 

0.426, 

0.451, 0.505, 

0.672 

, 0.852, 0.890, 

0.990, 

1.530 and 

2.202 ʏÍȢ 

2% by 

the 

manufac

turer  

350-2500 

(TG) 

4×Ï ΫΪΪ ʏÍ 

f ib res were 

butted up 

against the 

άΪΪ ʏÍ ÆÉÂÒÅ 

optics.  

The maximum 

and minimum of 

the oscillations 

can determine 

scatterer size for 

monodisperse 

distributions of 

spheres.  

Additionally, the 

effect of the 
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absorption, 

broad 

distribution of 

scatterers and 

depth probed.  

Amelink et al. , 2003 

[82] 

 

 

 

One or two 

layers of 

suspensions  

of 

monodispers

e 

4.5 ° ΪȢά ʏÍ 

and  

9.4 °ΪȢΰ ʏÍȢ  

One or 

two 

layers of 

4.5 and 

9.4 ʏÍ 

and  a 

bulk 

layer of 

intralipi

d- 20% 

and a 

top layer 

of 4.5% 

ʏÍ 

polystyr

ene 

spheres.  

350-2500 

(TG) 

Single fibre 

optics for 

collecting 

and delivery 

with core 

diameter 400 

ʏÍȢ 

Tested the 

sensitivity to 

light scattering 

from superficial 

layers of tissue, 

which can  detect 

superficial 

precancerous 

epithelial 

lesions.  

Canpolat et al. 2009, 

2011 and Denkceken 

et al, 2013 [60, 72, 80] 

ά З ΪȢί ʏÍ 10% 350-2500 

(TG) 

The single 

fibre optical 

probe was 1³2 

fibre optical 

coupler with 

a splitting 

ratio of 50% 

with 100 ʏÍ 

of the optical 

fibre at the 

distal end.  

Tested the 

performance of 

the single fibre 

optical probe.  

Baykara et al. 2014 

and  Denkceken et 

al. 2015 [20, 61] 

ΫȢί З ΪȢΪά ʏÍ 10% 350-2500 

(TG) 

Same [ above  Same the above 
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Kucuksayan et al. 

2015 [83]  

ί  ʏÍ 1.25% 350-2500 
(TG) 

Same above Same the above  

)Î ÏÕÒ ÒÅÓÅÁÒÃÈȟ ÔÈÒÅÅ ÐÁÒÔÉÃÌÅ ÓÉÚÅÓ ÈÁÖÅ ÂÅÅÎ ÃÈÏÓÅÎ ΪȢήΫέȟ ΪȢβ ÁÎÄ ά ʏÍ ×ÉÔÈ ÖÁÒÉÏÕÓ 

ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÔÈÁÔ ×ÉÌÌ ÅØÐÌÁÉÎ ÔÈÉÓ ÉÎ ÓÅÃÔÉÏÎ ήȢάȢΫȢ 4ÈÅ ÓÅÌÅÃÔÉÏÎ ÆÏÒ ÔÈÅÓÅ ÔÈÒÅÅ ÐÁÒÔÉÃÌÅ ÓÉÚÅÓ ÉÓ 

ÄÕÅ ÔÏ ÔÈÅ ÏÕÔÃÏÍÅ *ÁÃÑÕÅÓ ɏβήɐȢ (ÉÓ ×ÏÒË ÐÒÏÖÅÄ ÔÈÁÔ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÏÆ ÓÍÁÌÌÅÒ ÓÉÚÅ ÓÐÈÅÒÅÓ ÉÓ 

ÓÔÒÏÎÇÌÙ ÄÅÐÅÎÄÅÎÔ ÏÎ ÔÈÅ ×ÁÖÅÌÅÎÇÔÈ ɉÉÔ ÂÅÃÏÍÅÓ ÉÎÃÒÅÁÓÉÎÇÌÙ ×ÁÖÅÌÅÎÇÔÈȤÉÎÄÅÐÅÎÄÅÎÔɊ 

ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÅ ÌÁÒÇÅ ÓÉÚÅ ÓÐÈÅÒÅÓȢ -ÏÒÅÏÖÅÒȟ *ÁÃÑÕÅÓ ÃÏÎÆÉÒÍÅÄ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÏÆ ÔÈÅ ÓÍÁÌÌÅÒ 

ÓÉÚÅ ×ÏÕÌÄ ÂÅÃÏÍÅ ÌÅÓÓ ÁÔ ÌÏÎÇÅÒ ×ÁÖÅÌÅÎÇÔÈÓȟ ×ÈÉÌÓÔ ÔÈÅ ÓÉÚÅ ÏÆ ÔÈÅ ÌÁÒÇÅ ÓÐÈÅÒÅ ÓÃÁÔÔÅÒÓ ÌÅÓÓ ÁÔ 

ÁÌÌ ×ÁÖÅÌÅÎÇÔÈÓȢ  

 

  Microwave Techniques  

4Ï ÕÎÄÅÒÓÔÁÎÄ ÔÈÅ ÍÁÔÅÒÉÁÌ ÂÅÈÁÖÉÏÕÒ ɉÅÌÅÃÔÒÉÃÁÌ ÏÒ ÍÁÇÎÅÔÉÃ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÏÆ ÔÈÅ ÍÁÔÅÒÉÁÌÓɊȟ 

ÍÅÁÓÕÒÅÍÅÎÔÓ ÏÆ ÄÉÅÌÅÃÔÒÉÃ ÐÒÏÐÅÒÔÉÅÓ ÐÌÁÙ ÁÎ ÅÓÓÅÎÔÉÁÌ ÒÏÌÅ ÉÎ ÃÈÁÒÁÃÔÅÒÉÓÉÎÇ ÔÈÅ ÐÈÙÓÉÃÁÌ ÁÎÄ 

ÃÈÅÍÉÃÁÌ ÐÒÏÐÅÒÔÉÅÓ ÒÅÌÁÔÅÄ ÔÏ ÓÔÏÒÁÇÅ ÁÎÄ ÅÎÅÒÇÙ ÌÏÓÓ ÉÎ ÍÕÌÔÉÐÌÅ ËÉÎÄÓ ÏÆ ÍÁÔÅÒÉÁÌÓ ɏβίɐȢ 4ÈÅ 

ÐÅÒÍÉÔÔÉÖÉÔÙ ÖÁÌÕÅÓ ÓÈÏ× ÁÎ ÅØÔÅÒÎÁÌ ÆÉÅÌÄΈÓ ÉÎÔÅÒÁÃÔÉÏÎ ×ÉÔÈ ÔÈÅ ÅÌÅÃÔÒÉÃ ÄÉÐÏÌÅ ÍÏÍÅÎÔ ÏÆ ÔÈÅ 

ÍÁÔÅÒÉÁÌ ɏβΰɐȢ )Ô ÃÁÎ ÂÅ ÕÓÅÄ ÆÏÒ ÎÏÎȤÄÅÓÔÒÕÃÔÉÖÅ ÍÏÎÉÔÏÒÉÎÇ ÏÆ ÓÐÅÃÉÆÉÃ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÍÁÔÅÒÉÁÌÓ 

ÕÎÄÅÒÇÏÉÎÇ ÐÈÙÓÉÃÁÌ ÏÒ ÃÈÅÍÉÃÁÌ ÃÈÁÎÇÅÓȢ  

4Ï ÕÎÄÅÒÓÔÁÎÄ ÔÈÅ ÍÅÃÈÁÎÉÓÍ ÏÆ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÂÉÏÌÏÇÉÃÁÌ ÔÉÓÓÕÅÓȢ *ÏÉÎÅÓ ÅÔ ÁÌ 

ɏβαɐȢÃÌÁÒÉÆÉÅÄ ÔÈÁÔ ÔÈÅ ÆÒÅÑÕÅÎÃÙ ÄÅÐÅÎÄÅÎÃÅ ÏÆ ÄÉÅÌÅÃÔÒÉÃ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÂÉÏÌÏÇÉÃÁÌ ÔÉÓÓÕÅÓ ÉÓ 

ÒÅÌÁÔÅÄ ÔÏ ÔÈÅ ÐÏÌÁÒÉÚÁÔÉÏÎ ÏÆ ÍÏÌÅÃÕÌÅÓ ÁÎÄ ÓÔÒÕÃÔÕÒÁÌ ÉÎÔÅÒÆÁÃÅÓ ÉÎ ÒÅÓÐÏÎÓÅ ÔÏ ÔÈÅ ÁÐÐÌÉÅÄ 

ÅÌÅÃÔÒÉÃ ÆÉÅÌÄȢ !ÌÓÏȟ ÔÈÅ ÒÅÌÁØÁÔÉÏÎ ÔÉÍÅ ÉÎ ÍÁÌÉÇÎÁÎÔ ÔÉÓÓÕÅÓ ÉÓ ÍÏÒÅ ÅØÔÅÎÓÉÖÅ ÔÈÁÎ ÔÈÁÔ ÉÎ ÎÏÒÍÁÌ 

ÔÉÓÓÕÅȟ ×ÈÉÃÈ ÉÎÄÉÃÁÔÅÓ Á ÃÏÎÓÉÄÅÒÁÂÌÅ ÒÉÓÅ ÉÎ ÔÈÅ ÍÏÔÉÏÎÁÌ ÆÒÅÅÄÏÍ ÏÆ ×ÁÔÅÒȢ  

2ÅÇÁÒÄÉÎÇ ÔÈÅ ÓÏÄÉÕÍ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÁÎÄ ×ÁÔÅÒ ÃÏÎÔÅÎÔ ÉÎ ÔÈÅ ÍÁÌÉÇÎÁÎÔ ÁÎÄ ÎÏÒÍÁÌ ÔÉÓÓÕÅȟ ÔÈÅ 

ÐÅÒ ÃÅÎÔ ÏÆ ÓÏÄÉÕÍ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÉÓ ÈÉÇÈÅÒ ÉÎ ÔÈÅ ÍÁÌÉÇÎÁÎÔ ÃÅÌÌÓ ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÅ ÎÏÒÍÁÌ ÃÅÌÌÓ 

ɏββɐȢ 4ÈÅ ÉÎÃÒÅÁÓÅ ÉÎ ÓÏÄÉÕÍ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÁÆÆÅÃÔÓ ÔÈÅ ÃÅÌÌ ÍÅÍÂÒÁÎÅ ÐÏÔÅÎÔÉÁÌÓ ɏβαȟ βγȟ γΪɐ ÁÎÄ 

ÃÁÕÓÅÓ ÔÈÅ ÍÁÌÉÇÎÁÎÔ ÔÉÓÓÕÅ ÔÏ ÒÅÔÁÉÎ ÍÏÒÅ ÆÌÕÉÄȢ !Ó Á ÒÅÓÕÌÔȟ ÔÈÅ ÉÎÃÒÅÁÓÅ ÉÎ ÔÈÅ ÓÏÄÉÕÍ 

ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÁÌÏÎÅ ×ÏÕÌÄ ÉÎÃÒÅÁÓÅ ÔÈÅ ÃÏÎÄÕÃÔÉÖÉÔÙ ÁÎÄ ÐÅÒÍÉÔÔÉÖÉÔÙ ÖÁÌÕÅÓ ÉÎ ÔÈÅ ÍÁÌÉÇÎÁÎÔ 

ÔÉÓÓÕÅ ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÅ ÎÏÒÍÁÌ ÔÉÓÓÕÅȢ !ÄÄÉÔÉÏÎÁÌÌÙȟ ÔÈÅ ÆÌÕÉÄ ÒÅÔÁÉÎÓ ÉÎ ÂÏÕÎÄ ×ÁÔÅÒ ×ÉÔÈ ÌÁÒÇÅÒ 

ÃÏÎÄÕÃÔÉÖÉÔÙ ÁÎÄ ÐÅÒÍÉÔÔÉÖÉÔÙ ÖÁÌÕÅÓ ÔÈÁÎ ÆÒÅÅ ×ÁÔÅÒ ɏββȟ βγȟ γΫɐ ÃÏÎÆÉÒÍÅÄ Á ÓÉÇÎÉÆÉÃÁÎÔ ÉÎÃÒÅÁÓÅ 

ÉÎ ÔÈÅ ×ÁÔÅÒ ÃÏÎÔÅÎÔ ÉÎ ÔÈÅ ÍÁÌÉÇÎÁÎÔ ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÅ ÎÏÒÍÁÌ ÔÉÓÓÕÅȢ !ÌÓÏȟ ÔÈÅ ÒÅÌÁÔÉÏÎÓÈÉÐ 

ÂÅÔ×ÅÅÎ ÒÅÌÁÔÉÖÅ ÐÅÒÍÉÔÔÉÖÉÔÙ ÁÎÄ ×ÁÔÅÒ ÃÏÎÔÅÎÔ ÉÓ ÓÔÒÉËÉÎÇÌÙ ÓÉÍÉÌÁÒ ÔÏ ÔÈÅ ÒÅÌÁÔÉÏÎÓÈÉÐ ÂÅÔ×ÅÅÎ 

ÃÏÎÄÕÃÔÉÖÉÔÙ ÁÎÄ ×ÁÔÅÒ ÃÏÎÔÅÎÔȢ 4ÈÁÔ ÒÅÓÕÌÔ ÃÁÎ ÓÕÍÍÁÒÉÓÅ ÔÈÁÔ ÔÈÅ ÓÁÍÅ ÍÅÃÈÁÎÉÓÍ ÉÓ 

ÒÅÓÐÏÎÓÉÂÌÅ ÆÏÒ ÔÈÅ ÃÈÁÎÇÅ ÉÎ ÂÏÔÈ ÄÉÅÌÅÃÔÒÉÃ ÐÒÏÐÅÒÔÉÅÓȢ 4ÈÅÒÅÆÏÒÅȟ ÔÏ ÍÅÁÓÕÒÅ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ 

ÐÒÏÐÅÒÔÉÅÓ ɉÐÅÒÍÉÔÔÉÖÉÔÙɊȟ Ô×Ï ÔÅÃÈÎÉÑÕÅÓ ÁÒÅ ÕÓÅÄ ÒÅÓÏÎÁÎÔ ÁÎÄ ÎÏÎȤÒÅÓÏÎÁÎÔ ÍÅÔÈÏÄÓȢ 
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 Resonant Techniques  

The resonance technique is widely used for measurements of microwave dielectric properties 

ɏγάɐȢ 7ÉÔÈ ÔÈÉÓ ÍÅÔÈÏÄȟ ÔÈÅ ÁÂÉÌÉÔÙ ÔÏ ÁÃÃÕÒÁÔÅÌÙ ÍÅÁÓÕÒÅ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ ÒÅÓÏÎÁÎÃÅ ÉÓ ÔÈÅ ÍÁÉÎ 

ÁÄÖÁÎÔÁÇÅȢ (Ï×ÅÖÅÒȟ ÔÈÅÒÅ ÁÒÅ ÓÅÖÅÒÁÌ ÄÉÓÁÄÖÁÎÔÁÇÅÓȢ 5ÓÕÁÌÌÙȟ ÆÏÒ ÅÁÃÈ ÓÁÍÐÌÅȟ ÏÎÌÙ Á ÓÉÎÇÌÅ 

ÆÒÅÑÕÅÎÃÙ ÐÏÉÎÔ ÃÁÎ ÂÅ ÍÅÁÓÕÒÅÄȟ ÁÎÄ ÔÈÅ ÃÁÌÃÕÌÁÔÉÏÎ ÏÆ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ ÐÒÏÐÅÒÔÉÅÓ ÉÓ ÇÅÎÅÒÁÌÌÙ ÖÅÒÙ 

ÃÏÍÐÌÉÃÁÔÅÄȢ 4ÈÅ ÔÈÉÒÄ ÄÉÓÁÄÖÁÎÔÁÇÅ ÉÓ ÔÈÅ ÒÅÑÕÉÒÅÍÅÎÔ ÆÏÒ Á ÓÐÅÃÉÆÉÃ ÓÁÍÐÌÅ ÄÉÍÅÎÓÉÏÎȠ ÈÉÇÈ 

ÓÅÎÓÉÔÉÖÉÔÙ ÍÅÁÓÕÒÅÍÅÎÔÓ ÁÒÅ ÏÎÌÙ ÁÃÈÉÅÖÅÄ ×ÉÔÈ ÓÍÁÌÌ ÓÁÍÐÌÅ ÖÏÌÕÍÅÓȢ 

  Cavity  Perturbation Technique  

/ÎÅ ÔÅÃÈÎÉÑÕÅ ÆÏÒ ÍÅÁÓÕÒÉÎÇ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÖÁÒÉÏÕÓ ÍÁÔÅÒÉÁÌÓ ÉÓ ÔÈÅ ÃÁÖÉÔÙ 

ÐÅÒÔÕÒÂÁÔÉÏÎ ÔÅÃÈÎÉÑÕÅȢ 4ÈÉÓ ÔÅÃÈÎÉÑÕÅΈÓ ÅÓÓÅÎÔÉÁÌ ÐÒÉÎÃÉÐÌÅ ÉÓ ÂÁÓÅÄ ÏÎ Á ÓÈÉÆÔ ÉÎ ÒÅÓÏÎÁÎÔ 

ÆÒÅÑÕÅÎÃÙ ÁÎÄ Á ÄÅÃÒÅÁÓÅ ÉÎ ÔÈÅ ÃÁÖÉÔÙΈÓ ÑÕÁÌÉÔÙ ÆÁÃÔÏÒȟ ×ÈÉÃÈ ÉÓ ÁÔÔÒÉÂÕÔÁÂÌÅ ÔÏ ÔÈÅ ÐÒÅÓÅÎÃÅ ÏÆ Á 

ÄÉÅÌÅÃÔÒÉÃ ÓÁÍÐÌÅ ÉÎ ÔÈÅ ÒÅÓÏÎÁÎÔ ÃÁÖÉÔÙ ÔÅÃÈÎÉÑÕÅ ɏγέɐȢ 4ÈÅ ÃÈÁÎÇÅ ÉÎ ÔÈÅ ÒÅÓÏÎÁÎÔ ÆÒÅÑÕÅÎÃÙ 

ÍÅÁÓÕÒÅÓ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ ÃÏÎÓÔÁÎÔȟ ÁÎÄ ÔÈÅ ÄÉÆÆÅÒÅÎÃÅ ÉÎ ÔÈÅ ÑÕÁÌÉÔÙ ÆÁÃÔÏÒ ÅÓÔÉÍÁÔÅÓ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ 

ÌÏÓÓ ɏβΰɐȢ 4ÈÅ 6ÅÃÔÏÒ .ÅÔ×ÏÒË !ÎÁÌÙÚÅÒ ɉ6.!Ɋ ÁÕÔÏÍÁÔÉÃÁÌÌÙ ÄÉÓÐÌÁÙÓ ÃÈÁÎÇÅÓ ÉÎ ÔÈÅ ÆÒÅÑÕÅÎÃÙ 

ÁÎÄ ÂÁÎÄ×ÉÄÔÈ ÆÏÒ ÅÁÓÅ ÏÆ ÍÅÁÓÕÒÅÍÅÎÔȢ 3ÏÍÅ ÆÁÃÔÏÒÓ ÁÆÆÅÃÔ ÔÈÅ ÅÆÆÉÃÉÅÎÃÙ ÏÆ ÔÈÅ ÍÅÁÓÕÒÅÓȟ ÓÕÃÈ 

ÁÓ ÔÈÅ ÇÅÏÍÅÔÒÙ ÁÎÄ ÔÈÅ ÓÁÍÐÌÅ ÐÏÓÉÔÉÏÎȢ 4Ï ÏÂÔÁÉÎ ÁÃÃÕÒÁÔÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ×ÉÔÈ ÔÈÉÓ ÔÅÃÈÎÉÑÕÅȟ 

ÔÈÅÒÅ ÁÒÅ ÓÏÍÅ ÒÅÑÕÉÒÅÍÅÎÔÓ ÆÏÒ ÔÈÅ ÓÁÍÐÌÅȢ &ÉÒÓÔÌÙȟ ÔÈÅ ÓÁÍÐÌÅ ÓÈÏÕÌÄ ÏÃÃÕÐÙ ÔÈÅ ÒÅÓÏÎÁÔÏÒΈÓ 

ÅÎÔÉÒÅ ÃÅÎÔÒÁÌ ÖÏÌÕÍÅ ɏγήɐȢ &ÉÇÕÒÅ άȤί ÄÅÍÏÎÓÔÒÁÔÅÓ ÔÈÅ ÍÁØÉÍÁÌ ÁØÉÁÌ ÆÉÅÌÄ ÉÎ ÔÈÅ ÃÅÎÔÒÅ ÏÆ ÔÈÅ 

4-ΪΫΪ ÃÁÖÉÔÙȢ 3ÅÃÏÎÄÌÙȟ ËÅÅÐÉÎÇ ÔÈÅ ÓÁÍÅ ÏÒÉÅÎÔÁÔÉÏÎ ÅÁÃÈ ÔÉÍÅ ÉÓ ÒÅÑÕÉÒÅÄ ÆÏÒ ÁÃÃÕÒÁÔÅ 

ÍÅÁÓÕÒÅÍÅÎÔÓȢ !ÌÓÏȟ Á ÓÍÁÌÌ ÖÏÌÕÍÅ ÓÁÍÐÌÅ ÉÓ ÒÅÑÕÉÒÅÄ ÔÏ ÅÎÓÕÒÅ ÓÍÁÌÌ ÐÅÒÔÕÒÂÁÔÉÏÎ ÏÃÃÕÒÓ ÁÔ 

ÔÈÅ ÍÁØÉÍÕÍ ÉÎÔÅÎÓÉÔÙ ÏÆ ÔÈÅ ÃÁÖÉÔÙ ÍÏÄÅȟ ÁÃÈÉÅÖÉÎÇ Á ÍÁØÉÍÕÍ ÃÈÁÎÇÅ ÉÎ ÒÅÓÏÎÁÎÔ ÆÒÅÑÕÅÎÃÙ 

ɏγίɐȢ !ÄÄÉÔÉÏÎÁÌÌÙȟ ÔÈÅ ÓÁÍÐÌÅ ÔÕÂÅΈÓ ÓÈÁÐÅ ɉÓÕÃÈ ÁÓ Á ÌÏÎÇ ÔÈÉÎ ÔÕÂÅɊȟ ÉÎÃÒÅÁÓÅÓ ÔÈÅ ÁÃÃÕÒÁÃÙ ÏÆ 

ÔÈÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ÁÓ ÔÈÅÒÅ ÉÓ Á ÃÏÒÒÅÌÁÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÓÁÍÐÌÅ ÓÈÁÐÅ ÁÎÄ ÔÈÅ ÄÅÐÏÌÁÒÉÚÁÔÉÏÎȢ  

 

Figure 2-5: TM010 Cavity is commonly used for perturbation measurements of up to 10 GHz [96]. 

$ÅÓÐÉÔÅ ÔÈÅ ÁÄÖÁÎÔÁÇÅÓ ÏÆ ÔÈÅ ÃÁÖÉÔÙ ÐÅÒÔÕÒÂÁÔÉÏÎ ÔÅÃÈÎÉÑÕÅȟ ÔÈÅÒÅ ÁÒÅ ÓÏÍÅ ÌÉÍÉÔÁÔÉÏÎÓȢ 4ÈÅ 
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ÒÅÓÏÎÁÎÔ ÃÁÖÉÔÙ ÓÙÓÔÅÍÓ ÒÅÓÔÒÉÃÔ ÔÈÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ÔÏ ÓÉÎÇÌÅȤÆÒÅÑÕÅÎÃÙ ɏγήɐȢ )Ô ÐÒÏÖÉÄÅÓ ÄÉÅÌÅÃÔÒÉÃ 

ÄÁÔÁ ÁÔ Á ÓÉÎÇÌÅ ÆÒÅÑÕÅÎÃÙȢ 4ÈÉÓ ÔÅÃÈÎÉÑÕÅ ÐÒÅÓÅÎÔÓ Á ÂÉÇ ÃÈÁÌÌÅÎÇÅ ÆÏÒ ÂÉÏÌÏÇÉÃÁÌ ÔÉÓÓÕÅ 

ÍÅÁÓÕÒÅÍÅÎÔÓ ÄÕÅ ÔÏ ÃÏÍÐÌÉÃÁÔÅÄ ÓÁÍÐÌÅ ÐÒÅÐÁÒÁÔÉÏÎ ɏγίɐȢ )Î ÁÄÄÉÔÉÏÎȟ ÔÈÅÒÅ ÁÒÅ ÏÔÈÅÒ ÒÅÁÓÏÎÓ 

×ÈÉÃÈ ÃÁÎ ÁÆÆÅÃÔ ÔÈÅ ÍÅÁÓÕÒÅÄ ÐÒÏÐÅÒÔÉÅÓȟ ÓÕÃÈ ÁÓ ÌÏÓÓ ÏÆ ÆÌÕÉÄ ÆÒÏÍ ÔÈÅ ÔÉÓÓÕÅ ÁÎÄ ÁÎ ÉÎÃÒÅÁÓÅ ÉÎ 

ÄÅÎÓÉÔÙ ÆÒÏÍ ÐÕÓÈÉÎÇ ÔÈÅ ÔÉÓÓÕÅ ÉÎÔÏ ÔÈÅ ÃÁÖÉÔÙ ÁÎÄ ÔÈÅ ÐÒÅÓÅÎÃÅ ÏÆ ÁÉÒ ÐÏÃËÅÔÓ ×ÉÔÈÉÎ ÔÈÅ ÓÁÍÐÌÅȢ 

&ÉÎÁÌÌÙȟ ÓÅÔÔÌÉÎÇ ÐÁÒÔÉÃÌÅÓ ÉÎ ÔÈÅ ÃÁÓÅ ÏÆ Á ÐÁÒÔÉÃÌÅ ÓÕÓÐÅÎÓÉÏÎ ÈÁÓ ÂÅÅÎ ÆÏÕÎÄ ÔÏ ÉÍÐÁÃÔ 

ÍÅÁÓÕÒÅÍÅÎÔÓȢ 

 Non -Resonant Methods  

)Î ÔÈÅÓÅ ÔÅÃÈÎÉÑÕÅÓȟ ÔÈÅ ÍÁÔÅÒÉÁÌ ÐÒÏÐÅÒÔÉÅÓ ÁÒÅ ÆÕÎÄÁÍÅÎÔÁÌÌÙ ÄÅÄÕÃÅÄ ÆÒÏÍ ÔÈÅÉÒ ÉÍÐÅÄÁÎÃÅ 

ÁÎÄ ×ÁÖÅ ÖÅÌÏÃÉÔÉÅÓ ÔÈÅÒÅÉÎȢ 4ÈÅÒÅ ÉÓ Á ÃÈÁÎÇÅ ÉÎ ÔÈÅÓÅ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ×ÈÅÎ ÁÎ ÅÌÅÃÔÒÏÍÁÇÎÅÔÉÃ 

×ÁÖÅ ÐÒÏÐÁÇÁÔÅÓ ÆÒÏÍ ÏÎÅ ÅÌÅÍÅÎÔ ÔÏ ÁÎÏÔÈÅÒȢ ! ÐÁÒÔÉÁÌ ÒÅÆÌÅÃÔÉÏÎ ÏÆ ÔÈÅ ×ÁÖÅ ÉÓ Á ÒÅÓÕÌÔ ÏÆ ÔÈÅ 

ÉÎÔÅÒÆÁÃÅ ÂÅÔ×ÅÅÎ Ô×Ï ÍÁÔÅÒÉÁÌÓȢ 0ÅÒÍÉÔÔÉÖÉÔÙ ÁÎÄ ÐÅÒÍÅÁÂÉÌÉÔÙ ÃÁÎ ÂÅ ÐÒÏÖÉÄÅÄ ÆÒÏÍ ÔÈÅ 

ÒÅÆÌÅÃÔÉÏÎ ÆÒÏÍ ÓÕÃÈ ÁÎ ÉÎÔÅÒÆÁÃÅ ÁÎÄ ÔÈÅ ÔÒÁÎÓÍÉÓÓÉÏÎ ÔÈÒÏÕÇÈ ÉÔȢ 2ÅÆÌÅÃÔÉÏÎ ÁÎÄ ÒÅÆÌÅÃÔÉÏÎȾ 

ÔÒÁÎÓÍÉÓÓÉÏÎ ÍÅÔÈÏÄÓ ÍÁÉÎÌÙ ÏÃÃÕÒ ÉÎ ÎÏÎȤÒÅÓÏÎÁÎÔ ÍÅÔÈÏÄÓȢ 4ÈÕÓȟ ÎÏÎȤÒÅÓÏÎÁÎÔ ÍÅÔÈÏÄÓ 

ÒÅÑÕÉÒÅ Á ÍÅÁÎÓ ÏÆ ÄÉÒÅÃÔÉÎÇ ÔÈÅ ÅÌÅÃÔÒÏÍÁÇÎÅÔÉÃ ÅÎÅÒÇÙ ÔÏ×ÁÒÄ ÔÈÅ ÍÁÔÅÒÉÁÌ ÁÎÄ ÔÈÅÎ ÃÏÌÌÅÃÔÉÎÇ 

ÔÈÅ ÒÅÆÌÅÃÔÅÄ ÁÎÄ ÔÒÁÎÓÍÉÔÔÅÄ ÓÉÇÎÁÌÓ ɏγαɐȢ 

 Open -Ended Transmission L ine Techniques  

)Ô ÉÓ Á ÃÏÎÖÅÎÉÅÎÔȟ ÎÏÎȤÉÎÖÁÓÉÖÅȟ ÆÁÓÔ ÂÒÏÁÄÂÁÎÄ ÒÅÓÐÏÎÓÅ ÁÎÄ ÒÅÑÕÉÒÅÓ ÎÏ ÓÁÍÐÌÅ ÐÒÅÐÁÒÁÔÉÏÎ ÆÏÒ 

ÍÅÁÓÕÒÉÎÇ ÌÏÓÓÙ ÍÁÔÅÒÉÁÌÓΈ ÃÏÍÐÌÅØ ÐÅÒÍÉÔÔÉÖÉÔÙ ÁÔ 2& ÁÎÄ ÍÉÃÒÏ×ÁÖÅ ÆÒÅÑÕÅÎÃÉÅÓȢ )Ô ÒÅÑÕÉÒÅÓ Á 

ÓÍÁÌÌ ÓÁÍÐÌÅ ÓÕÉÔÁÂÌÅ ÆÏÒ ÃÈÁÒÁÃÔÅÒÉÚÉÎÇ ÔÈÅ ÂÉÏÌÏÇÉÃÁÌ ÓÁÍÐÌÅÓ ÆÒÏÍ ÓÕÒÇÅÒÙ ɏγβɐȢ 4ÈÅ ÏÐÅÎȤ

ÅÎÄÅÄ ÐÒÏÂÅ ÂÁÓÉÃÁÌÌÙ ÍÏÄÉÆÉÅÓ ÔÈÅ ÔÒÁÎÓÍÉÓÓÉÏÎ ÌÉÎÅ ÍÅÔÈÏÄȟ ×ÈÉÃÈ ÆÏÒÍÓ Á ÆÌÁÔ ÐÌÁÎÅ ÂÏÕÎÄÁÒÙ 

×ÉÔÈ ÔÈÅ ÓÁÍÐÌÅȢ 4ÈÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ÁÒÅ ÍÁÄÅ ÂÙ ÉÍÍÅÒÓÉÎÇ ÔÈÅ ÐÒÏÂÅ ÉÎÔÏ Á ÌÉÑÕÉÄ ÏÒ ÔÏÕÃÈÉÎÇ 

ÉÔ ÔÏ Á ÓÏÌÉÄ ɉÏÒ ÐÏ×ÄÅÒɊ ÍÁÔÅÒÉÁÌΈÓ ÆÌÁÔ ÆÁÃÅȢ 4ÈÉÓ ÓÔÒÕÃÔÕÒÅ ÃÒÅÁÔÅÓ ÃÁÐÁÃÉÔÉÖÅ ÆÉÅÌÄÓ ÔÈÁÔ ÆÒÉÎÇÅ ÉÎÔÏ 

ÔÈÅ ÍÁÔÅÒÉÁÌ ÂÅÙÏÎÄ ÔÈÅ ÃÏÎÄÕÃÔÏÒÓȢ 4ÈÅ ÄÉÅÌÅÃÔÒÉÃ ÐÒÏÐÅÒÔÉÅÓ ÃÁÎ ÂÅ ÃÁÌÃÕÌÁÔÅÄ ÆÒÏÍ ÔÈÅ ÐÈÁÓÅ 

ÁÎÄ ÔÈÅ ÁÍÐÌÉÔÕÄÅ ÏÆ ÔÈÅ ÒÅÆÌÅÃÔÉÏÎ ÓÉÇÎÁÌ ÁÔ ÔÈÅ ÅÎÄ ÏÆ ÁÎ ÏÐÅÎȤÅÎÄÅÄ ÃÏÁØÉÁÌ ÌÉÎÅ ×ÈÉÃÈ ÁÒÅ 

ÏÂÔÁÉÎÅÄ ÂÙ ÉÎÓÅÒÔÉÏÎ ÏÆ ÔÈÅ ÐÒÏÂÅ ÉÎÔÏ ÔÈÅ ÓÁÍÐÌÅȢ 3ΫΫ ɉÔÈÅ ÒÅÆÌÅÃÔÅÄ ÓÉÇÎÁÌɊ ÃÁÎ ÂÅ ÍÅÁÓÕÒÅÄ ÁÎÄ 

ÒÅÌÁÔÅÄ ÔÏ ÓÁÍÐÌÅ ÐÅÒÍÉÔÔÉÖÉÔÙ ɏγγɐȢ 4ÈÅ ÓÁÍÐÌÅΈÓ ÒÅÆÌÅÃÔÉÏÎ ÃÏÅÆÆÉÃÉÅÎÔ ÉÓ ÃÁÌÃÕÌÁÔÅÄ ÂÙ Á 6.! ÁÎÄ 

Á ÃÏÍÐÕÔÅÒ ÓÏÆÔ×ÁÒÅ ÁÌÇÏÒÉÔÈÍ ɉÓÕÃÈ ÁÓ ,ÁÂ6)%7Ɋȟ ÃÏÎÖÅÒÔÉÎÇ ÔÈÅ ÍÅÁÓÕÒÅÄ ÄÁÔÁ ÔÏ ÄÉÅÌÅÃÔÒÉÃ 

ÃÏÎÓÔÁÎÔ ÖÅÒÓÕÓ ÆÒÅÑÕÅÎÃÉÅÓ ɉ&ÉÇÕÒÅ άȤΰ ÁɊȢ 4ÈÉÓ ÔÅÃÈÎÉÑÕÅ ÉÓ ÉÄÅÁÌ ÆÏÒ ÐÅÒÍÉÔÔÉÖÉÔÙ ÍÅÁÓÕÒÅÍÅÎÔÓ 

ÏÆ ÌÉÑÕÉÄ ÁÎÄ ÓÅÍÉÓÏÌÉÄ ÍÁÔÅÒÉÁÌÓ ÏÆ ÒÅÌÁÔÉÖÅÌÙ ÈÉÇÈ ÌÏÓÓȟ ÉÎÃÌÕÄÉÎÇ ÂÉÏÌÏÇÉÃÁÌ ÍÁÔÅÒÉÁÌÓȢ )Ô ÏÐÅÒÁÔÅÓ 

×ÉÔÈ Á ÒÁÎÇÅ ÏÆ ÆÒÅÑÕÅÎÃÉÅÓ άΪΪ -(Ú ÔÏ ίΪ '(ÚȢ )Î ÌÉÑÕÉÄÓȟ ÔÈÅ ÁÉÒ ÂÕÂÂÌÅÓ ÎÅÅÄ ÔÏ ÂÅ ÅÌÉÍÉÎÁÔÅÄ 

ÆÒÏÍ ÔÈÅ ÃÏÁØÉÁÌ ÐÒÏÂÅΈÓ ÆÁÃÅ ÁÎÄ ÔÈÅ ÓÁÍÐÌÅȢ !Î ÁÉÒ ÇÁÐ ÂÅÔ×ÅÅÎ ÔÈÅ ÐÒÏÂÅ ÁÎÄ ÓÁÍÐÌÅ ÃÁÎ ÂÅ Á 

ÓÉÇÎÉÆÉÃÁÎÔ ÓÏÕÒÃÅ ÏÆ ÅÒÒÏÒ ÕÎÌÅÓÓ ÔÈÅ ÓÁÍÐÌÅ ÆÁÃÅ ÉÓ ÍÁÃÈÉÎÅÄ ÔÏ ÂÅ ÁÔ ÌÅÁÓÔ ÁÓ ÆÌÁÔ ÁÓ ÔÈÅ ÐÒÏÂÅ 

ÆÁÃÅȢ )Ô ÉÓ ÔÈÅ ÓÏÕÒÃÅ ÆÏÒ ÓÈÉÆÔÉÎÇ ÉÎ ÔÈÅ ÍÅÁÓÕÒÅÍÅÎÔÓȢ 4Ï ËÅÅÐ ÔÈÅ ÐÒÏÐÅÒ ÃÁÌÉÂÒÁÔÉÏÎ ÁÎÄ 

ÇÕÁÒÁÎÔÅÅ ÃÏÎÔÒÏÌ ÁÎÄ ÒÅÐÅÁÔÁÂÉÌÉÔÙȟ ÁÌÌ ÐÁÒÔÓ ÏÆ ÔÈÅ ÉÎÓÔÒÕÍÅÎÔÓ ɉÉÎÃÌÕÄÉÎÇ ÔÈÅ ÐÒÏÂÅɊ ÓÈÏÕÌÄ ÂÅ 

ÆÉØÅÄ ÍÅÃÈÁÎÉÃÁÌÌÙ ÔÏ ÁÖÏÉÄ ÃÈÁÎÇÅÓ ÉÎ ÉÎÓÔÒÕÍÅÎÔÓȭ ÃÏÎÆÉÇÕÒÁÔÉÏÎ ÏÒ ÃÁÂÌÅ ÓÈÁÐÅȢ #ÁÌÉÂÒÁÔÉÏÎ ÁÔ 
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ÔÈÅ ÔÉÐ ÏÆ ÔÈÅ ÐÒÏÂÅ ÎÅÅÄÓ ÔÏ ÂÅ ÐÅÒÆÏÒÍÅÄ ÂÅÆÏÒÅ ÍÅÁÓÕÒÉÎÇȢ ! ÃÏÁØÉÁÌ ÃÁÂÌÅΈÓ ÓÔÁÎÄÁÒÄ 

ÃÁÌÉÂÒÁÔÉÏÎ ÉÓ ÁÃÈÉÅÖÅÄ ÕÓÉÎÇ ÁÎ ÏÐÅÎȤÅÎÄȟ Á ÓÈÏÒÔ ÃÉÒÃÕÉÔ ÁÎÄ ÍÁÔÃÈÅÄ ÌÏÁÄ ɉίΪ ɷ ÒÅÓÉÓÔÁÎÃÅ ÆÏÒ 

ÓÔÁÎÄÁÒÄ ÃÁÌÉÂÒÁÔÉÏÎɊȢ $ÅÓÐÉÔÅ ÔÈÅ ÍÁÎÙ ÁÄÖÁÎÔÁÇÅÓ ÏÆ ÔÈÉÓ ÔÅÃÈÎÉÑÕÅȟ ÓÏÍÅ ÌÉÍÉÔÁÔÉÏÎÓȟ ÓÕÃÈ ÁÓ 

ÔÈÅ ÔÈÉÃËÎÅÓÓ ÏÆ ÔÈÅ ÓÁÍÐÌÅȢ 4ÈÅ ÉÄÅÁÌ ÔÈÉÃËÎÅÓÓ ÎÅÅÄÓ ÔÏ ÁÐÐÅÁÒ ȰÉÎÆÉÎÉÔÅȱ ÔÏ ÔÈÅ ÐÒÏÂÅȟ ÉȢÅȢ ÔÈÅ 

ÅÖÁÎÅÓÃÅÎÔ ÆÉÅÌÄÓ ÁÔ ÔÈÅ ÏÐÅÎ ÅÎÄ ÏÆ ÔÈÅ ÃÏÁØÉÁÌ ÃÁÂÌÅ ÓÈÏÕÌÄ ÄÅÃÁÙ ÁÌÍÏÓÔ ÃÏÍÐÌÅÔÅÌÙ ×ÉÔÈÉÎ ÔÈÅ 

ÓÁÍÐÌÅȢ )Ô ÏÃÃÕÒÓ ×ÉÔÈÉÎ Á ÄÉÓÔÁÎÃÅ ÏÆ ÔÈÅ ÏÒÄÅÒ ÏÆ Á ÆÅ× ÔÉÍÅÓ ÔÈÅ ÉÎÎÅÒ ÄÉÁÍÅÔÅÒ ÏÆ ÔÈÅ ÐÒÏÂÅ 

ɏΫΪΪɐȢ &ÉÇÕÒÅ άȤΰ Â ÐÒÅÓÅÎÔÓ ÔÈÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ÏÎ ÌÉÑÕÉÄÓȟ ÇÅÌÓȟ ÁÎÄ ÓÏÌÉÄ ÍÁÔÅÒÉÁÌÓ ÔÏ ÁÌÌÏ× ÐÅÒÆÅÃÔ 

ÃÏÎÔÁÃÔ ×ÉÔÈ ÔÈÅ ÓÅÎÓÏÒΈÓ ÆÁÃÅ ×ÉÔÈÏÕÔ ÁÎÙ ÁÉÒ ÇÁÐÓȢ  

 
Figure 2-6: (a) the reflection scheme of the signal; (b) Illustration of the apparatus used for 

microwave probe liquid measurements [101]. 

 W aveguide and Coaxial Transmission L ine 

Techniques  

4ÈÅ Ô×ÏȤÐÏÒÔ ÔÒÁÎÓÍÉÓÓÉÏÎ ÌÉÎÅ ÔÅÃÈÎÉÑÕÅ ÉÓ Á ÕÓÅÆÕÌ ÔÅÃÈÎÉÑÕÅ ÆÏÒ Á ÍÁÔÅÒÉÁÌ ÔÈÁÔ ÃÁÎ ÂÅ ÐÒÅÃÉÓÅÌÙ 

ÍÁÃÈÉÎÅÄȢ )Ô ÉÓ ÐÅÒÈÁÐÓ ÌÅÓÓ ×ÉÄÅÌÙ ÕÓÅÄ ÆÏÒ ÌÉÑÕÉÄȟ ÐÏ×ÄÅÒȟ ÁÎÄ ÇÁÓÅÓȠ ÈÏ×ÅÖÅÒȟ Á ÓÐÅÃÉÁÌÌÙ 

ÄÅÖÅÌÏÐÅÄ ÃÕÖÅÔÔÅ ÍÕÓÔ ÂÅ ÕÓÅÄ ÔÏ ÃÏÎÔÁÉÎ ÔÈÅ ÓÕÂÓÔÁÎÃÅȢ 4ÈÅÒÅ ÉÓ Á ÃÈÁÎÇÅ ÉÎ ÉÍÐÅÄÁÎÃÅ ÁÎÄ 

ÐÒÏÐÁÇÁÔÉÏÎ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÉÎ ÔÈÅ ÌÏÁÄÅÄ ÓÅÃÔÉÏÎ ÏÆ ÔÈÅ ÌÉÎÅ ×ÈÅÎ ÔÈÅ ÓÁÍÐÌÅ ÉÓ ÐÌÁÃÅÄ ÉÎ ÔÈÅ 

ÔÒÁÎÓÍÉÓÓÉÏÎ ÌÉÎÅ ÓÅÇÍÅÎÔ ɏΫΪΪɐȢ 4ÈÉÓ ÔÒÁÎÓÍÉÓÓÉÏÎ ÌÉÎÅ ÍÅÔÈÏÄ ÃÏÖÅÒÓ Á ÂÒÏÁÄ ÒÁÎÇÅ ÏÆ 

ÆÒÅÑÕÅÎÃÉÅÓȟ ÂÕÔ ÔÈÅÒÅ ÉÓ ÄÉÆÆÉÃÕÌÔÙ ÍÁÎÕÆÁÃÔÕÒÉÎÇ Á ÔÏÒÏÉÄÁÌȤÓÈÁÐÅÄ ÓÁÍÐÌÅȢ &ÕÒÔÈÅÒÍÏÒÅȟ 

ÄÅÓÐÉÔÅ ÔÈÉÓ ÔÅÃÈÎÉÑÕÅΈÓ ÁÃÃÕÒÁÃÙȟ ÔÈÅÒÅ ÉÓ Á ÌÉÍÉÔÁÔÉÏÎ ÉÎ ÒÅÓÏÌÕÔÉÏÎ ÆÒÏÍ ÌÏ× ÌÏÓÓ ÍÁÔÅÒÉÁÌÓȟ 

ÄÅÐÅÎÄÉÎÇ ÏÎ ÓÁÍÐÌÅ ÌÅÎÇÔÈȢ &ÏÒ Á ÌÉÑÕÉÄ ÁÎÄ ÁÎÙ ÏÔÈÅÒ ÍÁÔÅÒÉÁÌȟ ÔÈÅ ÒÅÑÕÉÒÅÄ ÌÅÎÇÔÈ ÄÅÐÅÎÄÓ 

ÏÎ ÔÈÅ ÌÏÓÓ ÔÁÎÇÅÎÔ ɏΫΪΪɐȢ 4ÈÅ ÁÐÐÒÏØÉÍÁÔÅ ÔÈÉÃËÎÅÓÓ ÏÆ ÔÈÅ ÓÁÍÐÌÅ ÉÓ ÏÎÅȤÑÕÁÒÔÅÒ ÏÆ ÔÈÅ 

×ÁÖÅÌÅÎÇÔÈ ÏÆ ÔÈÅ ÅÎÅÒÇÙ ÔÈÁÔ ÈÁÓ ÐÅÎÅÔÒÁÔÅÄ ÔÈÅ ÓÁÍÐÌÅȢ !Ó ÔÈÅ ÓÈÉÆÔ ÉÎ ÔÈÅ ×ÁÖÅÌÅÎÇÔÈ ÉÓ ÒÅÌÁÔÅÄ 

ÔÏ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ ÃÏÎÓÔÁÎÔȟ Á ÇÕÅÓÓ ÍÕÓÔ ÂÅ ÍÁÄÅ ÁÓ ÔÏ ÔÈÅ ÍÁÇÎÉÔÕÄÅ ÏÆ ÔÈÅ ÃÏÎÓÔÁÎÔȢ &ÏÒ ÉÎÓÔÁÎÃÅȟ 

ÁÔ άήίΪ -(Ú ÒÁÎÇÅÓȟ ÔÈÅ ÔÙÐÉÃÁÌ ÉÓ ί ÍÍ ÆÏÒ ×ÏÏÄÓ ÔÏ Ϋγ ÍÍ ÆÏÒ ÆÁÔÓ ÁÎÄ ÏÉÌÓ ɏΫΪάɐ ɉ&ÉÇÕÒÅ άȤαɊȢ  
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Figure 2-7: (a) Transmission line method; waveguide and coaxial line case; (b) A practical example 

of the transmission line ( waveguide) setup for microwave measurements under temperature 
control [103, 104]. 

 

 Free Space Transmission Techniques  

4ÈÅ ÆÒÅÅȤÓÐÁÃÅ ÍÅÔÈÏÄ ÉÓ Á ÃÏÎÔÁÃÔÌÅÓÓ ÁÎÄ ÎÏÎȤÄÅÓÔÒÕÃÔÉÖÅ ÍÅÁÓÕÒÉÎÇ ÔÅÃÈÎÉÑÕÅȢ )Ô ÃÏÎÓÉÓÔÓ ÏÆ 

Á 6.!Ƞ Ô×Ï ÁÎÔÅÎÎÁÓ ÆÁÃÉÎÇ ÅÁÃÈ ÏÔÈÅÒ ×ÉÔÈ Á ÓÁÍÐÌÅ ÈÏÌÄÅÒ ÂÅÔ×ÅÅÎ ÔÈÅÍȢ 4ÈÅ ÓÁÍÐÌÅ ÉÓ ÐÌÁÃÅÄ 

ÂÅÔ×ÅÅÎ Ô×Ï ÔÒÁÎÓÍÉÔÔÉÎÇ ÁÎÄ ÒÅÃÅÉÖÉÎÇ ÁÎÔÅÎÎÁÅȟ ÁÔÔÁÃÈÅÄ ÔÏ ÓÏÆÔ×ÁÒÅ ÁÎÄ ÈÁÒÄ×ÁÒÅ ÔÏ ÔÒÁÎÓÌÁÔÅ 

ÔÈÅ ÄÁÔÁ ɉ&ÉÇÕÒÅ άȤβɊȢ 

4ÈÅ ÁÎÔÅÎÎÁÅ ÐÌÁÙÓ Á ÖÉÔÁÌ ÒÏÌÅ ÉÎ ÆÏÃÕÓÉÎÇ ÔÈÅ ÍÉÃÒÏ×ÁÖÅ ÅÎÅÒÇÙ ÁÔ ÏÒ ÔÈÒÏÕÇÈ Á ÓÌÁÂ ÏÆ ÍÁÔÅÒÉÁÌ 

×ÉÔÈÏÕÔ ÔÈÅ ÎÅÅÄ ÆÏÒ Á ÔÅÓÔ ÆÉØÔÕÒÅȢ )Î ÔÈÉÓ ÔÅÃÈÎÉÑÕÅȟ ÔÈÅÙ ÄÏ ÎÏÔ ÒÅÑÕÉÒÅ ÓÐÅÃÉÁÌ ÓÁÍÐÌÅ 

ÐÒÅÐÁÒÁÔÉÏÎ ÁÎÄ ÏÎÅ ÉÓ ÐÒÁÃÔÉÃÁÌÌÙ ÓÕÉÔÁÂÌÅ ÆÏÒ ÍÅÁÓÕÒÉÎÇ ÍÁÔÅÒÉÁÌÓ ÁÔ ÈÉÇÈ ÔÅÍÐÅÒÁÔÕÒÅ ÁÎÄ ÆÏÒ 

ÈÏÍÏÇÅÎÏÕÓ ÄÉÅÌÅÃÔÒÉÃÓȢ 4ÈÅ ÁÔÔÅÎÕÁÔÉÏÎ ÐÈÁÓÅ ÓÈÉÆÔÓ ÁÒÅ ÍÅÁÓÕÒÅÄȢ 4ÈÅ ÍÅÁÓÕÒÅÍÅÎÔ ÉÎ ÔÈÉÓ 

ÔÅÃÈÎÉÑÕÅ ÃÁÎ ÂÅ ÁÃÈÉÅÖÅÄ ÏÖÅÒ Á ×ÉÄÅ ÒÁÎÇÅ ÏÆ ÆÒÅÑÕÅÎÃÉÅÓȢ !ÌÓÏȟ ÉÔ ÉÓ ÅÍÐÌÏÙÅÄ ÁÔ ÈÉÇÈÅÒ 

ÆÒÅÑÕÅÎÃÉÅÓ ɉÁÂÏÖÅ ΫΪ '(ÚɊȢ 3ÐÅÃÉÁÌ ÁÔÔÅÎÔÉÏÎ ÍÕÓÔ ÂÅ ÐÁÉÄ ÔÏ ÔÈÅ ÃÈÏÉÃÅ ÏÆ ÔÈÅ ÒÁÄÉÁÔÉÎÇ 

ÅÌÅÍÅÎÔÓȟ ÈÏÌÄÅÒ ÓÁÍÐÌÅ ÄÅÓÉÇÎȟ ÇÅÏÍÅÔÒÙ ÓÁÍÐÌÅ ÁÎÄ ÔÈÅ ÌÏÃÁÔÉÏÎ ÂÅÔ×ÅÅÎ ÒÁÄÉÁÔÉÎÇ ÓÁÍÐÌÅÓ 

ɏγαɐȢ  
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Figure 2-8: Free space setup [105] 

 Surv ey the M icrowave Techniques for 

Cancer Diagnostics.  

Owing to the capabilities of using the electromagnetic energy in the microwave frequency range 

to find the balance in competing requirements for resolution and penetration depth, 

researchers have begun to investigate the possibility of microwave techniques for cancer 

diagnosis. In 1988, Surowiec et al. utilised the radio frequency range of 20 kHz to 100 MHz to 

detect breast carcinoma and the surrounding tissues. The diagnostic was done at 37 C° by using 

a VNA and an end-of-line capacitive sensor at this frequency range. The Cole-Cole dielectric 

parameters were determined by curve fitting. In this study, three main categories have been 

detected (the central part, surrounding and peripheral tissue). Seven patients participated in 

this study. The large spread of the dielectric data for different specimens suggests the structure 

and cellular inhomogeneities of the tumour tissue vary within each category. The results 

illustrated  that this study shows a remarkable difference in dielectric properties between 

samples taken from different locations.[106]. 

A researcher group from Duke University presented an initial review to discriminate the 

dielectric properties of normal and malignant breast tissues in the range of 10 kHz to 20 GHz. 

Moreover, this study showed that the range of 100 MHz to 3 GHz is useful as a diagnostic for 

breast tissue dielectric properties [107]. 

Confocal microwave imaging has been used to illuminate a small sample of 6 mm breast 

tumours with an ultra -wideband pulse from many antenna locations. The sample detection 

occurred in 3D with a numerical model of two system configurations involving synthetic 

cylindrical and planar antenna arrays. Image reconstruction algorithms showed that both 

systems are rapid and straightforward to interrogate the breast for the tumour in 3D [108]. 

In vitro studies of female human breast tissue found a rectangular resonant cavity perturbation 

technique to distinguish between benign and malignant breast tumour by characterising the 

variation of the dielectric properties and bound water content between benign and malignant 
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breast tissue concerning the dielectric parameters of the normal tissue. This study was done 

with six ÐÁÔÉÅÎÔÓȭ samples collected from the surgery department at Lourde Hospital [109]. 

A non-invasive method for detecting the bladder tumour at 465 MHz has been utilised for 

bladder cancer detection. Cystoscopy is the gold standard for this research. At this frequency 

(465 MHz TRIM probeTM), the amplitude reduction of 80-90% is observed in a space region 

ÅÎÃÌÏÓÅÄ ÉÎ Á ÃÏÒÅ ÏÆ ÁÎÇÌÅ ʊÃ ÁÒÏÕÎÄ ÔÈÅ straight-line joining transmitting point of the TRIM 

probeTM and the patient's bladder. This study showed an overall accuracy of 89.5%, a PPV of 

83.3% and a NPV of 93.1%. One hundred and fourteen patients participated, and cystoscopy was 

used as a gold standard [110].  

!Î ÏÐÅÎȤÅÎÄÅÄ ÃÏÁØÉÁÌ ÐÒÏÂÅ ÂÅÔ×ÅÅÎ ΪȢί ÔÏ άΪ '(Ú ×ÁÓ ÕÔÉÌÉÓÅÄ ÔÏ ÄÉÓÃÒÉÍÉÎÁÔÅ ÂÅÔ×ÅÅÎ ÎÏÒÍÁÌ 

ɉÁÄÉÐÏÓÅȟ ÇÌÁÎÄÕÌÁÒ ÁÎÄ ÆÉÂÒÏ ÃÏÎÎÅÃÔÉÖÅɊȟ ÍÁÌÉÇÎÁÎÔ ɉÉÎÖÁÓÉÖÅ ÁÎÄ ÎÏÎȤÉÎÖÁÓÉÖÅ ÄÕÃÔÁÌ ÁÎÄ 

ÌÏÂÕÌÁÒ ÃÁÒÃÉÎÏÍÁÓɊ ÁÎÄ ÂÅÎÉÇÎ ɉÆÉÂÒÏÁÄÅÎÏÍÁÓ ÁÎÄ ÃÙÓÔÓɊ ÔÉÓÓÕÅÓȢ έΫγ ÍÅÁÓÕÒÅÍÅÎÔÓ ×ÅÒÅ 

ÔÁËÅÎ ÏÎ ÆÒÅÓÈÌÙ ÅØÃÉÓÅÄ ÂÒÅÁÓÔ ÔÉÓÓÕÅ ÓÐÅÃÉÍÅÎÓ ÆÒÏÍ Ϋΰγ ÐÁÔÉÅÎÔÓ ÕÎÄÅÒÇÏÉÎÇ ÌÕÍÐÅÃÔÏÍÉÅÓȟ 

ÍÁÓÔÅÃÔÏÍÉÅÓȟ ÁÎÄ ÂÉÏÐÓÉÅÓ ÁÔ ÔÈÅ 5ÎÉÖÅÒÓÉÔÙ ÏÆ 7ÉÓÃÏÎÓÉÎ ÁÎÄ 5ÎÉÖÅÒÓÉÔÙ ÏÆ #ÁÌÇÁÒÙ ÈÏÓÐÉÔÁÌÓȢ 

4ÈÉÓ ÓÔÕÄÙ ÆÉÔÓ ÏÎÅ ÐÏÌÅȤ#ÏÌÅȤ#ÏÌÅ ÍÏÄÅÌ ÔÏ ÔÈÅ ÃÏÍÐÌÅØ ÐÅÒÍÉÔÔÉÖÉÔÙ ÄÁÔÁ ÓÅÔ ÏÆ ÅÁÃÈ 

ÃÈÁÒÁÃÔÅÒÉÓÅÄ ÓÁÍÐÌÅȢ 4ÈÉÓ ÓÔÕÄÙ ÃÏÎÃÌÕÄÅÄ ÔÈÁÔ ÔÈÅÒÅ ÉÓ Á ÐÏÓÓÉÂÉÌÉÔÙ ÁÓ ÌÁÒÇÅ ÁÓ ΫΪȡΫ ÏÆ 

ÄÉÓÔÉÎÇÕÉÓÈÉÎÇ ÂÅÔ×ÅÅÎ ÍÁÌÉÇÎÁÎÔ ÁÎÄ ÎÏÒÍÁÌ ÁÄÉÐÏÓÅɀÔÈÅ ÄÏÍÉÎÁÎÔ ÔÉÓÓÕÅ ÉÎ ÔÈÅ ÂÒÅÁÓÔȟ ×ÈÉÌÅ 

ÔÈÅ ÃÏÎÔÒÁÓÔ ÉÎ ÔÈÅ ÍÉÃÒÏ×ÁÖÅɀÆÒÅÑÕÅÎÃÙ ÄÉÅÌÅÃÔÒÉÃ ÐÒÏÐÅÒÔÉÅÓ ÂÅÔ×ÅÅÎ ÍÁÌÉÇÎÁÎÔ ÁÎÄ ÎÏÒÍÁÌ 

ÇÌÁÎÄÕÌÁÒȾ ÆÉÂÒÏÃÏÎÎÅÃÔÉÖÅ ÔÉÓÓÕÅÓ ÉÎ ÔÈÅ ÂÒÅÁÓÔ ÉÓ ÎÏ ÍÏÒÅ ÔÈÁÎ ÁÂÏÕÔ ΫΪГ ɏΫΫΫɐȢ )Î άΪΫΪȟ +ÕÈÎ ÅÔ 

ÁÌȢɏΫΫάɐ ÕÓÅÄ ÏÐÅÎȤÅÎÄÅÄ ÃÏÁØÉÁÌ ÐÒÏÂÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ÆÏÒ ÂÒÅÁÓÔ ÃÁÎÃÅÒ ÄÅÔÅÃÔÉÏÎȢ &ÏÒ ÍÏÒÅ 

ÒÏÂÕÓÔ ÍÅÁÓÕÒÅÓȟ ÆÏÕÒ ÍÁÔÅÒÉÁÌ ÃÁÌÉÂÒÁÔÉÏÎ ÍÅÔÈÏÄÓ ×ÅÒÅ ÕÓÅÄ ÁÃÒÏÓÓ ÔÈÅ ÆÒÅÑÕÅÎÃÙ ÒÁÎÇÅ ÏÆ έ ÔÏ 

Ϋα '(ÚȢ )Î ÔÈÉÓ ÒÅÓÅÁÒÃÈȟ Á ÃÏÁØÉÁÌ ÐÒÏÂÅ ÔÅÃÈÎÉÑÕÅ ÄÉÓÔÉÎÇÕÉÓÈÅÄ ÂÅÔ×ÅÅÎ ÔÈÅ ÎÏÒÍÁÌ ɉÈÅÁÌÔÈÙɊ 

ÁÎÄ ÃÁÎÃÅÒÏÕÓ ÂÒÅÁÓÔ ÔÉÓÓÕÅȢ ! ÓÏÆÔ×ÁÒÅ (ÉÇÈɀ&ÒÅÑÕÅÎÃÙ 3ÔÒÕÃÔÕÒÅ 3ÉÍÕÌÁÔÏÒ ɉ(&33Ɋ ×ÁÓ ÕÓÅÄ 

ÆÏÒ ÓÉÍÕÌÁÔÉÏÎ ÔÏ ÓÈÏ× ÔÈÅ ÐÏÔÅÎÔÉÁÌ ÏÆ ÔÈÅ ÍÉÃÒÏ×ÁÖÅ ÄÉÁÇÎÏÓÉÓ ÏÆ ÂÒÅÁÓÔ ÃÁÎÃÅÒȢ 2ÅÇÁÒÄÉÎÇ ÔÈÅ 

ÅØÐÅÒÉÍÅÎÔÁÌ ×ÏÒËȟ ÈÕÍÁÎ ÁÎÄ ÓÎÁËÅ ÔÉÓÓÕÅÓ ÈÁÖÅ ÂÅÅÎ ÕÓÅÄ ÁÓ Á ÓÁÍÐÌÅ ÔÏ ÈÉÇÈÌÉÇÈÔ ÔÈÅ ÎÁÔÕÒÅ 

ÏÆ ÂÉÏÌÏÇÉÃÁÌ ÔÉÓÓÕÅÓ ÁÎÄ ÔÈÅ ÄÅÐÅÎÄÅÎÃÅ ÏÆ ÃÏÍÐÌÅØ ÐÅÒÍÉÔÔÉÖÉÔÙ ÏÎ ÔÉÓÓÕÅ ÔÅÍÐÅÒÁÔÕÒÅȢ ! ÎÅÕÒÁÌ 

ÎÅÔ×ÏÒË ÈÁÓ ÂÅÅÎ ÕÓÅÄ ÔÏ ÄÉÆÆÅÒÅÎÔÉÁÔÅ ÂÅÔ×ÅÅÎ ÔÈÅ ÎÏÒÍÁÌ ÁÎÄ ÃÁÎÃÅÒÏÕÓ ÂÒÅÁÓÔ ÔÉÓÓÕÅ ÉÎ ÔÈÅ 

ÆÒÅÑÕÅÎÃÙ ÒÁÎÇÅȢ 

Researchers in UAE have utilised an open-ended coaxial cable (200 MHz to 13.6 GHz) to 

characterise normal, and breast cancer cell lines cultured in-vitro . This technique showed the 

ability to distinguish between healthy non-tumorigenic, MCF-10A and breast cancer, MDA-MB-

231, Hs578T, T47D and MCF-7 cell lines by determining the dielectric constant, dielectric loss 

and conductivity. They found a variation between the dielectric properties of breast and colon 

cancer cells, they suggest that each cancer type has a unique microwave signature [113].  

In our research, open-ended at frequency range 0.1 to 3 GHz and circular cavity as a reference 

have been selected for a non-resonant and resonant technique, respectively. 
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 Other Technique for Cancer D iagnosis  

8ȤÒÁÙȟ #ÏÍÐÕÔÅÄ ÔÏÍÏÇÒÁÐÈÙȟ 5ÌÔÒÁÓÏÕÎÄȟ ÁÎÄ %ÎÄÏÓÃÏÐÙ ÁÒÅ ÄÉÆÆÅÒÅÎÔ ÔÅÃÈÎÉÑÕÅÓ ÕÓÅÄ ÆÏÒ 

ÃÁÎÃÅÒ ÉÎÖÅÓÔÉÇÁÔÉÏÎȢ #ÕÒÒÅÎÔÌÙȟ ÈÉÓÔÏÐÁÔÈÏÌÏÇÙ ÉÓ ÔÈÅ ÇÏÌÄ ÓÔÁÎÄÁÒÄ ÔÅÃÈÎÉÑÕÅ ÆÏÒ ÁÓÓÅÓÓÉÎÇ 

ÐÁÔÈÏÌÏÇÉÃÁÌ ÃÈÁÎÇÅÓ ÉÎ ÔÉÓÓÕÅȢ (ÉÓÔÏÐÁÔÈÏÌÏÇÙ ÉÓ Á ÄÉÁÇÎÏÓÉÓ ÍÅÔÈÏÄ ÆÏÒ ÄÉÓÅÁÓÅÄ ÔÉÓÓÕÅȢ )Ô 

ÉÎÓÐÅÃÔÓ ÔÉÓÓÕÅ ÏÒ ÃÅÌÌÓ ÕÎÄÅÒ ÔÈÅ ÍÉÃÒÏÓÃÏÐÅ ɏΫΫήɐȢ )Î ÔÈÉÓ ÔÅÃÈÎÉÑÕÅȟ ÄÅÓÐÉÔÅ ÔÈÅ ÁÂÉÌÉÔÙ ÔÏ ÏÂÔÁÉÎ 

Á ÌÁÒÇÅ ÑÕÁÌÉÔÁÔÉÖÅ ÒÅÓÕÌÔ ÉÎ ÎÁÔÕÒÅȟ ÔÈÅÒÅ ÁÒÅ ÍÁÎÙ ÄÒÁ×ÂÁÃËÓȢ &ÉÒÓÔÌÙȟ ÉÔ ÉÓ Á ÐÁÉÎÆÕÌ ÁÎÄ ÉÎÖÁÓÉÖÅ 

ÍÅÔÈÏÄ ɏΫΫίɐȢ 

!ÄÄÉÔÉÏÎÁÌÌÙȟ ÉÔ ÉÓ ÁÌÓÏ ÔÉÍÅȤÃÏÎÓÕÍÉÎÇ ÁÎÄ ÅØÐÅÎÓÉÖÅ ÄÕÅ ÔÏ ÔÉÓÓÕÅ ÓÁÍÐÌÅ ÐÒÅÐÁÒÁÔÉÏÎ ɉÔÉÓÓÕÅ 

ÆÉØÁÔÉÏÎȟ ÓÅÃÔÉÏÎÉÎÇȟ ÁÎÄ ÓÔÁÉÎÉÎÇ ɏέίɐȢ "ÉÏÐÓÙ ÓÉÔÅ ÓÅÌÅÃÔÉÏÎ ÉÓ ÃÒÉÔÉÃÁÌ ÔÏ ÅÎÓÕÒÅ ÔÈÁÔ Á ÌÅÓÉÏÎΈÓ 

ÎÁÔÕÒÅ ÉÓ ÃÁÐÔÕÒÅÄ ɏίίȟ αέɐȢ &ÉÎÁÌÌÙȟ ÁÎ ÅØÐÅÒÔ ÐÁÔÈÏÌÏÇÉÓÔ ÎÅÅÄÓ ÔÏ ÉÎÔÅÒÐÒÅÔ ÔÈÅ ÒÅÓÕÌÔÓ ɏίίɐȢ  

 Chapter Summary   

4ÈÅ ÓÕÒÖÅÙ ÏÆ ÔÈÅ ÅÁÒÌÉÅÒ ÐÕÂÌÉÃÁÔÉÏÎÓ ÓÈÏ×ÅÄ ÔÈÅ ÃÁÐÁÂÉÌÉÔÙ ÏÆ ÓÅÖÅÒÁÌ ÏÐÔÉÃÁÌ ÔÅÃÈÎÉÑÕÅÓ ɉ $23ȟ 

&3ȟ 23ȟ ÁÎÄ %,33Ɋ ÆÏÒ ÄÅÔÅÃÔÉÎÇ ÖÁÒÉÏÕÓ ÏÒÇÁÎÓ ÉÎ ÔÈÅ ÂÏÄÙȢ 4ÈÅÎȟ ÔÈÅ ÒÅÓÕÌÔ ÏÆ ÔÈÉÓ ÓÕÒÖÅÙ ÉÓ ÁÎ 

ÏÐÔÉÃÁÌ %,33 ÍÅÔÈÏÄ ÓÅÌÅÃÔÉÎÇ ÉÎ ÏÕÒ ÓÙÓÔÅÍ ÁÓ ÔÈÅ ÆÉÒÓÔ ÓÔÅÐȟ ÁÎÄ ÔÈÅ ÒÅÓÕÌÔÓ ×ÉÌÌ ÂÅ ÆÏÕÎÄ ÉÎ 

ÓÅÃÔÉÏÎ ήȢΰȢ 4ÈÅÎȟ ÃÈÏÏÓÉÎÇ ÔÈÅ ÓÕÓÐÅÎÓÉÏÎ ÐÏÌÙÓÔÙÒÅÎÅ ÓÉÚÅÓ ×ÁÓ ÁÎ ÏÕÔÐÕÔ ÏÆ ÔÈÅ ÓÕÒÖÅÙȟ ×ÈÉÃÈ 

×ÅÒÅ ÔÈÅ ÓÁÍÐÌÅÓ ÕÓÅÄ ÁÓ ÁÒÔÉÆÉÃÉÁÌ ÔÉÓÓÕÅ ÉÎ ÏÕÒ ÓÙÓÔÅÍ ÆÏÒ ÄÅÔÅÃÔÉÎÇȢ &ÉÎÁÌÌÙȟ ÔÈÅ ÓÕÒÖÅÙ ÆÏÒ ÖÁÒÉÏÕÓ 

ÍÉÃÒÏ×ÁÖÅ ÔÅÃÈÎÉÑÕÅÓ ÓÈÏ×ÅÄ ÔÈÅ ÁÂÉÌÉÔÙ ÆÏÒ ÄÅÔÅÃÔÉÏÎ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÏÒÇÁÎÓȢ 4ÈÅÒÅÆÏÒÅȟ ÔÈÅ 

ÍÉÃÒÏ×ÁÖÅ ÔÅÃÈÎÉÑÕÅÓ ÈÁÖÅ ÂÅÅÎ ÓÅÌÅÃÔÅÄ ÔÏ ÕÓÅ ÉÎ ÔÈÅ ÄÅÔÅÃÔÉÏÎ ÉÎ ÏÕÒ ÓÙÓÔÅÍȟ .ÏÎȤÒÅÓÏÎÁÎÃÅ 

ÁÓ ÔÈÅ ÆÉÒÓÔ ÉÎÓÔÁÎÃÅ ÆÏÒ ÄÅÔÅÃÔÉÎÇ ÉÎ ÓÅÃÔÉÏÎ ίȢΰȟ ÃÁÖÉÔÙ ÁÓ Á ÒÅÆÅÒÅÎÃÅ ÉÎ ÃÈ ΰ ÁÎÄ 4Ȥ 3ÔÒÕÃÔÕÒÅ ÁÎÄ 

ÃÁÐÁÃÉÔÉÖÅ ÃÏÕÐÌÉÎÇ ÁÓ Á ÎÏÖÅÌ ÏÆ ÏÕÒ ÓÔÕÄÙ ×ÈÉÃÈ ÔÈÅ ÒÅÓÕÌÔÓ ×ÉÌÌ ÆÉÎÄ ÉÎ ÃÈÁÐÔÅÒ αȢ 
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Chapter 3  

3 ELSS OPTICAL DETECTION  

  Transportation of L ight in Tissue  

7ÈÅÎ ÌÉÇÈÔ ÒÁÙÓ ÉÎÔÅÒÁÃÔ ×ÉÔÈ ÔÉÓÓÕÅȟ ÐÁÒÔ ÏÆ ÔÈÅÓÅ ÉÓ ÒÅÆÌÅÃÔÅÄȟ ÔÒÁÎÓÍÉÔÔÅÄȟ ÁÂÓÏÒÂÅÄȟ ÒÅÆÒÁÃÔÅÄ 

ÏÒ ÓÃÁÔÔÅÒÅÄȟ ÄÅÐÅÎÄÉÎÇ ÏÎ ÔÈÅ ÏÐÔÉÃÁÌ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÔÈÁÔ ÍÁÔÅÒÉÁÌȢ 2ÅÆÒÁÃÔÉÏÎ ÏÃÃÕÒÓ ÉÆ ÔÈÅÒÅ ÉÓ Á 

ÖÁÒÉÁÎÃÅ ÉÎ ÔÈÅ ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØ ÁÔ Á ÂÏÕÎÄÁÒÙȢ /ÐÔÉÃÁÌ ÔÉÓÓÕÅ ÉÓ Á ÄÉÅÌÅÃÔÒÉÃ ÍÅÄÉÕÍ ÉÎ ×ÈÉÃÈ ÔÈÅ 

ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØ ÉÓ ÈÉÇÈÅÒ ɉΫȢέί ÔÏ ΫȢίίɊ ɏΫΫΰɐ ÔÈÁÎ ÔÈÁÔ ÏÆ ÁÉÒ ɉΫȢΪΪΪέɊȢ 4ÈÕÓȟ Á ÃÈÁÎÇÅ ÉÎ ÔÈÅ ÄÉÒÅÃÔÉÏÎ 

ÏÆ Á ÌÉÇÈÔ ÒÁÙ ÏÃÃÕÒÓȟ ×ÈÉÃÈ ÄÅÆÉÎÅÓ ÒÅÆÌÅÃÔÉÏÎȟ ×ÈÉÌÅ ÔÈÅ ÒÅÓÔ ÐÅÎÅÔÒÁÔÅÓ ÔÈÅ ÔÉÓÓÕÅ ɉÔÒÁÎÓÍÉÓÓÉÏÎɊȢ 

4ÈÅ ÁÂÓÏÒÐÔÉÏÎ ÃÁÎ ÂÅ ÄÅÆÉÎÅÄ ÁÓ ÔÈÅ ÔÒÁÎÓÆÅÒÅÎÃÅ ÏÆ ÌÉÇÈÔ ÅÎÅÒÇÙȟ ÕÓÕÁÌÌÙ ÔÏ ÔÈÅ ÉÎÔÅÒÎÁÌ ÅÎÅÒÇÙ 

ÏÆ ÔÈÅ ÁÂÓÏÒÂÅÒȢ !ÄÄÉÔÉÏÎÁÌÌÙȟ ÔÉÓÓÕÅÓ ÁÒÅ ÎÏÔ ÏÎÌÙ ÁÂÓÏÒÂÉÎÇ ÂÕÔ ÁÌÓÏ ÃÁÎ ÓÃÁÔÔÅÒȢ 4ÈÅ ÂÉÏÌÏÇÉÃÁÌ 

ÔÉÓÓÕÅÓ ÁÒÅ ÏÐÔÉÃÁÌÌÙ ÉÎÈÏÍÏÇÅÎÅÏÕÓ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÌÅÖÅÌÓ ÏÆ ÏÒÇÁÎÉÚÁÔÉÏÎ ×ÈÉÃÈ ÉÎÃÌÕÄÅÓ ÃÅÌÌ 

ÏÒÇÁÎÅÌÌÅÓȟ ÃÅÌÌÓȟ ÉÎÃÌÕÓÉÏÎÓȟ ÁÎÄ ÖÁÒÉÏÕÓ ÆÉÂÒÅ ÁÎÄ ÔÕÂÕÌÁÒ ÓÔÒÕÃÔÕÒÅÓȢ 3ÃÁÔÔÅÒÉÎÇ ÏÃÃÕÒÓ ÄÕÅ ÔÏ 

ÔÈÅ ÇÒÁÄÉÅÎÔ ÉÎ ÔÈÅ ÏÐÔÉÃÁÌ ÉÎÄÅØ ÏÆ ÒÅÆÒÁÃÔÉÏÎ ÂÅÃÁÕÓÅ ÏÆ ÔÈÅ ÄÉÆÆÅÒÅÎÔ ÉÎÔÅÎÓÉÔÉÅÓ ÔÈÁÔ ÍÁÙ ÏÃÃÕÒ 

ÁÔ Á ÃÅÌÌÕÌÁÒ ÁÎÄ ÓÕÂÃÅÌÌÕÌÁÒ ÌÅÖÅÌ ɉ&ÉÇÕÒÅ έȤΫɊȢ  

 

 
Figure 3-1: Interaction of light incident with the tissue. 

 Optical Properties  of Biological Tissues  

4ÈÅ ÄÅÔÅÒÍÉÎÁÔÉÏÎ ÏÆ ÄÉÖÅÒÓÅ ÂÉÏÌÏÇÉÃÁÌ ÔÉÓÓÕÅΈÓ ÏÐÔÉÃÁÌ ÐÒÏÐÅÒÔÉÅÓ ÐÌÁÙÓ Á ÖÉÔÁÌ ÒÏÌÅ ÉÎ ÉÍÐÒÏÖÉÎÇ 

ÏÐÔÉÃÁÌ ÔÅÃÈÎÉÑÕÅÓ ÉÎ Á ÄÉÆÆÅÒÅÎÔ ÅÒÁ ÉÎ ÍÏÄÅÒÎ ÍÅÄÉÃÉÎÅ ɏΫΫαɐȢ 4ÈÅ ÅÓÃÁÐÅ ÏÆ ÌÉÇÈÔ ÃÁÎ ÁÓÓÅÓÓ ÔÈÅ 

ÄÉÁÇÎÏÓÔÉÃ ÁÐÐÌÉÃÁÔÉÏÎ ÁÆÔÅÒ ÐÅÎÅÔÒÁÔÉÎÇ ÁÎÄ ÉÎÔÅÒÒÏÇÁÔÉÎÇ ÔÈÅ ÔÉÓÓÕÅ ÃÏÍÐÏÎÅÎÔÓ ɏΫΫβȟ ΫΫγɐȢ 

(Ï×ÅÖÅÒȟ ÔÈÅ ÔÈÅÒÁÐÅÕÔÉÃ ÁÐÐÌÉÃÁÔÉÏÎÓ ÄÅÔÅÒÍÉÎÅ ÔÈÅ ÁÂÉÌÉÔÙ ÔÏ ÐÅÎÅÔÒÁÔÅ ÁÎÄ ÄÅÐÏÓÉÔ ÅÎÅÒÇÙ ÖÉÁ 

ÔÈÅ ÔÉÓÓÕÅ ɏΫάΪȟ ΫάΫɐȢ 4ÈÅ ÏÐÔÉÃÁÌ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÔÉÓÓÕÅ ÁÒÅ ÄÅÓÃÒÉÂÅÄ ÉÎ ÔÅÒÍÓ ÏÆ ÔÈÅ ÁÂÓÏÒÐÔÉÏÎ 

ÃÏÅÆÆÉÃÉÅÎÔ ɉ ‘Ɋȟ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÃÏÅÆÆÉÃÉÅÎÔ ɉ‘Ɋȟ ÒÅÄÕÃÅÄ ÓÃÁÔÔÅÒÉÎÇ ÃÏÅÆÆÉÃÉÅÎÔ ɉ‘ᴂɊȟ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ 

ÆÕÎÃÔÉÏÎ 0 ɉqȟjɊ ɉÓÒȤΫɊ ÁÎÄ ÔÈÅ ÒÅÁÌ ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØ ÏÆ ÔÈÅ ÔÉÓÓÕÅ ÎȭȢ 
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7ÈÅÎ ÍÏÌÅÃÕÌÅÓ ÁÎÄ ÁÔÏÍÓ ÁÂÓÏÒÂ ÁÎ ÉÎÃÉÄÅÎÔ ÐÈÏÔÏÎȟ ÔÈÅ ÁÂÓÏÒÂÅÄ ÌÉÇÈÔ ÃÁÎ ÂÅ ÃÏÎÖÅÒÔÅÄ ÔÏ 

ÈÅÁÔȟ ÒÁÄÉÁÔÉÏÎ ÉÎ ÔÈÅ ÆÏÒÍ ÏÆ ÆÌÕÏÒÅÓÃÅÎÃÅ ÏÒ ÔÈÅ ÃÏÎÓÕÍÐÔÉÏÎ ÉÎ ÐÈÏÔÏÃÈÅÍÉÃÁÌ ÒÅÁÃÔÉÏÎÓȢ 4ÈÅ 

ÁÂÓÏÒÐÔÉÏÎ ÃÏÅÆÆÉÃÉÅÎÔ ÇÉÖÅÓ ÉÎÆÏÒÍÁÔÉÏÎ ÁÂÏÕÔ ÔÈÅ ÐÒÏÂÁÂÉÌÉÔÙ ÔÈÁÔ ÔÈÅ ÍÅÄÉÕÍ ÐÅÒ ÕÎÉÔ ÌÅÎÇÔÈ 

×ÉÌÌ ÁÂÓÏÒÂ Á ÐÈÏÔÏÎȢ 4ÈÅ "ÅÅÒȤ,ÁÍÂÅÒÔ ,Á× ÄÅÓÃÒÉÂÅÓ ÔÈÅ ÌÏÓÓ ÉÎ ÉÎÔÅÎÓÉÔÙ ÄÕÅ ÔÏ ÁÂÓÏÒÐÔÉÏÎ ÁÓ 

ÔÈÅ ÌÉÇÈÔ ÍÏÖÅÓ ÔÈÒÏÕÇÈ ÔÈÅ ÍÅÄÉÕÍȡ 

 Ὅ ὍὩ  ɉέȤΫɊ 

7ÈÅÒÅ Ὅ ÉÓ ÔÈÅ ÉÎÔÅÎÓÉÔÙ ÏÆ ÔÈÅ ÉÎÃÉÄÅÎÔ ÌÉÇÈÔȟ ‘ ÉÓ ÔÈÅ ÁÂÓÏÒÐÔÉÏÎ ÃÏÅÆÆÉÃÉÅÎÔȟ ὼ ÉÓ ÔÈÅ ÔÈÉÃËÎÅÓÓ 

ÏÆ ÔÉÓÓÕÅȢ 4ÈÅ ÓÃÁÔÔÅÒÉÎÇ ÃÏÅÆÆÉÃÉÅÎÔ ‘  l ɉÃÍ
ȤΫɊ ÉÓ Á ÄÅÓÃÒÉÐÔÉÏÎ ÆÏÒ Á ÍÅÄÉÕÍ ×ÉÔÈ ÍÁÎÙ 

ÓÃÁÔÔÅÒÉÎÇ ÐÁÒÔÉÃÌÅÓ ÁÎÄ ÄÉÆÆÅÒÅÎÔ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÄÅÓÃÒÉÂÅÄ ÁÓ Á ÖÏÌÕÍÅ ÄÅÎÓÉÔÙ ɉ” Ɋ ÃÍέȢ 4ÈÅ ÓÉÚÅ 

ÏÆ ÔÈÅ ÐÁÒÔÉÃÌÅ ɉÃÒÏÓÓȤÓÅÃÔÉÏÎÁÌ ÁÒÅÁɊ ÐÌÁÙÓ Á ÒÏÌÅ ÉÎ ÔÈÅ ÅÆÆÉÃÉÅÎÃÙ ÏÆ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇȢ 4ÈÅ ÓÃÁÔÔÅÒÉÎÇ 

ÃÏÅÆÆÉÃÉÅÎÔ ÉÓ ÄÅÆÉÎÅÄ ÂÙȡ 

 ‘ ”Ȣ„ ɉέȤάɊ 

(ÅÒÅȟ ” ÉÓ ÔÈÅ ÄÅÎÓÉÔÙ ÏÆ ÓÃÁÔÔÅÒÉÎÇ ÐÁÒÔÉÃÌÅÓ ÐÅÒ ÕÎÉÔ ÖÏÌÕÍÅ ɉÃÍȤέɊ ÁÎÄ „ ÉÓ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÃÒÏÓÓȤ

ÓÅÃÔÉÏÎȢ 4ÈÅ ÄÅÎÓÉÔÙ ÏÆ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÓÉÔÅÓ ÉÓ ÇÉÖÅÎ ÂÙȡ 

 
”

Ὢ

ὠ
 

ɉέȤέɊ 

7ÈÅÒÅȟ Ὢ ÉÓ ÔÈÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎȟ ÁÎÄ ὠ ÉÓ ÔÈÅ ÖÏÌÕÍÅ ÏÆ ÔÈÅ ÐÁÒÔÉÃÌÅȢ 4ÈÅ ÓÃÁÔÔÅÒÉÎÇ ÃÒÏÓÓȤÓÅÃÔÉÏÎ 

ɉ „Ɋ %ÑÕÁÔÉÏÎ ÉÓȡ 

  „ ὗȢὃ ɉέȤήɊ 

(ÅÒÅȟ ὃ ÉÓ ÔÈÅ ÁÃÔÕÁÌ ÃÒÏÓÓȤÓÅÃÔÉÏÎ ÏÆ ÔÈÅ ÐÁÒÔÉÃÌÅ ÁÎÄ ὗ ÉÓ ÔÈÅ ÆÒÁÃÔÉÏÎÁÌ ÓÃÁÔÔÅÒÉÎÇ ÅÆÆÉÃÉÅÎÃÙȢ 

4ÈÅ ÒÅÄÕÃÅÄ ÓÃÁÔÔÅÒÉÎÇ ÃÏÅÆÆÉÃÉÅÎÔ ɉ‘ᴂɊ ×ÈÉÃÈ ÉÓ ÕÓÅÄ ÔÏ ÄÅÓÃÒÉÂÅ ÔÈÅ ÄÉÆÆÕÓÉÏÎ ÏÆ ÐÈÏÔÏÎÓ ÉÎ Á 

ÒÁÎÄÏÍ ×ÁÌË ÏÆ ÓÔÅÐ ÓÉÚÅ ÏÆ ΫȾ‘ᴂ ÇÉÖÅÓ ÒÉÓÅ ÔÏ ÔÈÅ ÒÅÄÕÃÅÄ ÓÃÁÔÔÅÒÉÎÇ ÃÏÅÆÆÉÃÉÅÎÔȡ 

 ‘ᴂ ‘ ρ Ὣ ɉέȤίɊ 

7ÈÅÒÅ Ç ÉÓ ÔÈÅ ÁÎÉÓÏÔÒÏÐÙ ÁÎÄ ÃÁÎ ÂÅ ÍÅÁÓÕÒÅÄ ÆÒÏÍ ÔÈÅ ÃÏÓÉÎÅ ÔÈÅÔÁ ÏÆ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÁÎÇÌÅȢ )Î 

ÔÅÒÍÓ ÏÆ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÐÈÁÓÅ ÆÕÎÃÔÉÏÎȟ ÉÔ ÉÓ ÄÅÆÉÎÅÄ ÁÓ ÔÈÅ ÐÒÏÂÁÂÉÌÉÔÙ ÏÆ ÓÃÁÔÔÅÒÉÎÇ Ç ×ÉÔÈ 

ÄÉÆÆÅÒÅÎÔ ÁÎÇÌÅÓ q ÁÎÄ y ×ÈÉÃÈ ÁÒÅ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÁÎÇÌÅÓ ÉÎ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÐÌÁÎÅÓ ÁÎÄ ÉÎȤÐÌÁÎÅ 

ÐÅÒÐÅÎÄÉÃÕÌÁÒ ÔÏ ÓÃÁÔÔÅÒÉÎÇ ÐÌÁÎÅȟ ÒÅÓÐÅÃÔÉÖÅÌÙ ɏΫάάɐɉ&ÉÇÕÒÅ έȤάɊȢ 4ÈÅ ÓÃÁÔÔÅÒÉÎÇ ÁÎÉÓÏÔÒÏÐÙ ÆÁÃÔÏÒ 

Ç ÉÓ ÃÏÎÓÉÄÅÒÅÄ Á ÄÅÐÅÎÄÁÂÌÅ ÐÁÒÁÍÅÔÅÒ ÆÏÒ ÍÅÁÓÕÒÉÎÇ 0 ɉqɊȢ )Ô ÉÓ ÄÅÆÉÎÅÄ ÁÓ ÔÈÅ ÐÁÒÁÍÅÔÅÒ ÆÏÒ 

ÍÅÁÓÕÒÉÎÇ ÔÈÅ ÁÍÏÕÎÔ ÏÆ ÆÏÒ×ÁÒÄÉÎÇ ÐÒÏÐÁÇÁÔÉÏÎ ÒÅÔÁÉÎÅÄ ÁÆÔÅÒ Á ÓÉÎÇÌÅ ÓÃÁÔÔÅÒÉÎÇ ÅÖÅÎÔȢ 
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Figure 3-2: Anisotropy in scattering. 

)Î ÏÕÒ ÒÅÓÅÁÒÃÈȟ ÔÈÒÅÅ ÁÑÕÅÏÕÓ ÓÕÓÐÅÎÓÉÏÎÓ ÏÆ ÍÏÎÏÄÉÓÐÅÒÓÅ ÐÏÌÙÓÔÙÒÅÎÅ ×ÅÒÅ ÕÓÅÄ ÉÎ ÏÕÒ 

ÅØÐÅÒÉÍÅÎÔÓȟ ÁÓ ÍÅÎÔÉÏÎÅÄ ÉÎ ÓÅÃÔÉÏÎ άȢΫȢήȢΫȢ &ÉÇÕÒÅ έȤέ ÉÌÌÕÓÔÒÁÔÅÄ ÔÈÅ ÏÐÔÉÃÁÌ ÐÒÏÐÅÒÔÉÅÓ ɉ‘ȟ Ὣ 

ÁÎÄ ‘ᴂɊ ÏÆ ÔÈÒÅÅ ÓÉÚÅÓ ÏÆ ÐÏÌÙÓÔÙÒÅÎÅ ÓÕÓÐÅÎÓÉÏÎȢ )Î ÔÈÉÓ ÆÉÇÕÒÅȟ ÔÈÅÒÅ ÉÓ Á ÃÏÎÓÉÄÅÒÁÂÌÅ ÖÁÒÉÁÎÃÅ 

ÏÆ  ‘ ÖÁÌÕÅÓ ÂÅÔ×ÅÅÎ ÔÈÒÅÅ ÐÁÒÔÉÃÌÅ ÓÉÚÅÓ ÉÎ ÂÅÔ×ÅÅÎ ΪȢέ ÔÏ ΪȢίί ʏÍȢ !Î ÏÖÅÒÌÁÐ ÓÈÏ×Î ÉÎ ÂÅÔ×ÅÅÎ 

ΪȢίί ÔÏ ΪȢΰί ʏÍȢ !Ô ΪȢα ÔÏ Ϋ ʏÍȟ Á ÓÌÉÇÈÔ ÄÉÆÆÅÒÅÎÃÅ ÃÁÎ ÂÅ ÓÈÏ×Î ÆÏÒ ÔÈÅ ÔÈÒÅÅ ÐÁÒÔÉÃÌÅ ÓÉÚÅÓȢ 

2ÅÇÁÒÄÉÎÇ Ὣ ÖÁÌÕÅȟ ÁÎ ÏÖÅÒÌÁÐ ×ÁÓ ÓÈÏ×Î ÆÏÒ ÔÈÅ ÌÏ× ×ÁÖÅÌÅÎÇÔÈ ΪȢέ ÔÏ ΪȢί ʏÍȢ /Î ÔÈÅ ÏÔÈÅÒ 

ÈÁÎÄȟ Á ÓÉÇÎÉÆÉÃÁÎÔ ÄÉÆÆÅÒÅÎÃÅ ÂÅÔ×ÅÅÎ ΪȢί ÁÎÄ Ϋ ʏÍȢ )Î ÔÅÒÍÓ ÏÆ ‘ᴂȟ Á ÎÏÔÉÃÅÁÂÌÅ ÖÁÒÉÁÎÃÅ ÈÁÓ 

ÂÅÅÎ ÆÏÕÎÄ ÉÎ ÂÅÔ×ÅÅÎ ΪȢέ ÔÏ ΪȢαί ʏÍȢ )Î ÃÏÎÔÒÁÓÔ ÔÏ ÔÈÅ ÏÖÅÒÌÁÐÐÉÎÇ ÓÈÏ×Î ÉÎ ÂÅÔ×ÅÅÎ ΪȢαί ÔÏ Ϋ 

ʏÍ ÆÏÒ ΪȢή ÁÎÄ ΪȢβ ʏÍȢ 3ÔÒÁÉÇÈÔ ÐÁÔÔÅÒÎ ÁÔ ά ʏÍȢ  

 

 
Figure 3-3: Optical properties (‘, Ὣ and ‘ᴂ) of three ǇŀǊǘƛŎƭŜ ǎƛȊŜǎ ƻŦ t{Σ нΣ лΦу ŀƴŘ лΦп ˃ƳΦ 
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 Scattering  

3ÃÁÔÔÅÒÉÎÇ ÉÓ Á ÐÈÙÓÉÃÁÌ ÐÒÏÃÅÓÓ ×ÈÅÎ ÅÎÅÒÇÙ ×ÁÖÅÓ ÏÆ ÓÏÍÅ ÉÎÃÉÄÅÎÔ ÒÁÄÉÁÔÉÏÎ ÁÒÅ ÃÁÕÓÅÄ ÔÏ 

ÄÉÖÅÒÇÅ ÆÒÏÍ Á ÓÔÒÁÉÇÈÔ ÔÒÁÊÅÃÔÏÒÙ ÄÕÅ ÔÏ ÎÏÎȤÕÎÉÆÏÒÍÉÔÉÅÓ ÉÎ ÔÈÅ ÍÅÄÉÕÍȢ 

)Î ÂÉÏÌÏÇÉÃÁÌ ÔÉÓÓÕÅȟ ÔÈÅ ÄÉÆÆÅÒÅÎÃÅ ÉÎ ÔÈÅ ÉÎÄÅØ ÏÆ ÒÅÆÒÁÃÔÉÏÎ ÂÅÔ×ÅÅÎ ÓÕÂÃÅÌÌÕÌÁÒ ÏÒ ÏÒÇÁÎÅÌÌÅÓ 

ÁÎÄ ÔÈÅ ÓÕÒÒÏÕÎÄÉÎÇ ÃÙÔÏÐÌÁÓÍ ÉÓ ÔÈÅ ÓÏÕÒÃÅ ÏÆ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇȢ 4ÈÕÓȟ ÓÏÍÅ ÉÎÃÉÄÅÎÔ ÌÉÇÈÔ ÉÓ 

ÓÃÁÔÔÅÒÅÄ ×ÉÔÈ Á ÒÁÎÇÅ ÏÆ ÁÎÇÌÅÓ ÒÅÌÁÔÉÖÅ ÔÏ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÐÁÒÔÉÃÌÅÓ ɏΫάάɐȢ 

3ÃÁÔÔÅÒÉÎÇ ÐÒÏÃÅÓÓÅÓ ÐÌÁÙ Á ÖÉÔÁÌ ÒÏÌÅ ÉÎ ÄÉÁÇÎÏÓÉÓ ÁÓ ×ÅÌÌ ÁÓ ÉÎ ÔÈÅÒÁÐÅÕÔÉÃ ÁÐÐÌÉÃÁÔÉÏÎÓȢ )Î 

ÄÉÁÇÎÏÓÉÓȟ ÔÈÅ ÄÉÖÅÒÓÉÔÙ ÉÎ ÄÉÓÅÁÓÅÄ ÔÉÓÓÕÅ ÃÏÍÐÏÎÅÎÔÓ ÓÕÃÈ ÁÓ ÌÉÐÉÄ ÍÅÍÂÒÁÎÅÓȟ ÎÕÃÌÅÉȟ ÁÎÄ 

ÃÏÌÌÁÇÅÎ ÆÉÂÒÅÓ ÃÁÕÓÅ ÁÎ ÅÆÆÅÃÔ ÏÎ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÓÉÇÎÁÌÓȢ !ÄÄÉÔÉÏÎÁÌÌÙȟ ÔÈÅÓÅ ÖÁÒÉÁÔÉÏÎÓ ÃÁÎ ÂÅ ÕÓÅÄ 

ÔÏ ÄÅÔÅÒÍÉÎÅ ÏÐÔÉÃÁÌ ÌÉÇÈÔ ÄÏÓÉÍÅÔÒÙ ÁÎÄ ÐÒÏÖÉÄÅ ÕÓÅÆÕÌ ÆÅÅÄÂÁÃË ÄÕÒÉÎÇ ÔÈÅÒÁÐÙȢ -ÁÎÙ 

ÐÁÒÁÍÅÔÅÒÓ ÐÌÁÙ ÁÎ ÅÓÓÅÎÔÉÁÌ ÒÏÌÅ ÉÎ ÐÒÏÐÁÇÁÔÉÎÇ ÌÉÇÈÔ ÉÎ ÔÉÓÓÕÅÓȟ ÓÕÃÈ ÁÓ ÔÈÅ ÓÈÁÐÅȟ ÓÉÚÅȟ ÁÎÄ 

ÄÅÎÓÉÔÙ ÏÆ ÔÈÅÓÅ ÓÔÒÕÃÔÕÒÅÓȟ ÔÈÅÉÒ ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØ ÒÅÌÁÔÉÖÅ ÔÏ ÔÈÅ ÔÉÓÓÕÅ ÇÒÏÕÎÄ ÓÕÂÓÔÁÎÃÅȟ ÁÎÄ ÔÈÅ 

ÐÏÌÁÒÉÚÁÔÉÏÎ ÓÔÁÔÅÓ ÏÆ ÔÈÅ ÉÎÃÉÄÅÎÔ ÌÉÇÈÔ ÉÎ ÔÉÓÓÕÅÓȢ 

)Î ΫγΪβ ɏΫάέɐȟ -ÉÅ ÁÐÐÌÉÅÄ ÒÉÇÏÒÏÕÓ ÓÏÌÕÔÉÏÎÓ ÔÏ ÁÄÄÒÅÓÓ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÌÉÇÈÔ ÆÒÏÍ ÁÎ ÉÓÏÔÒÏÐÉÃ 

ÓÐÈÅÒÉÃÁÌ ÐÁÒÔÉÃÌÅȢ -ÉÅ ÔÈÅÏÒÙ ÉÓ ÔÈÕÓ ÁÎ ÅØÁÃÔ ÍÁÔÈÅÍÁÔÉÃÁÌ ÓÏÌÕÔÉÏÎ ÔÏ ÁÎÙ ÖÁÌÕÅ ÏÆ ÄÉÁÍÅÔÅÒ 

ÐÁÒÔÉÃÌÅ ÓÉÚÅȟ ÁÎÙ ÓÃÁÔÔÅÒ ɉ×ÅÁË ÏÒ ÖÅÒÙ ÅÆÆÉÃÉÅÎÔ ÓÃÁÔÔÅÒ ×ÈÉÃÈ ÄÅÐÅÎÄÓ ÏÎ ÔÈÅ ×ÁÖÅÌÅÎÇÔÈɊȟ ÏÒ ÔÈÅ 

ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØ ɉÔÈÅ ÓÐÈÅÒÅΈÓ ÄÉÅÌÅÃÔÒÉÃ ÐÒÏÐÅÒÔÉÅÓ ÁÎÄ ÔÈÅ ÓÕÒÒÏÕÎÄÉÎÇ ÍÅÄÉÕÍɊȢ 

! ÃÏÍÐÁÒÉÓÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÐÁÒÔÉÃÌÅ ÓÉÚÅ ÁÎÄ ×ÁÖÅÌÅÎÇÔÈ ÏÆ ÌÉÇÈÔ ÂÅÉÎÇ ÓÃÁÔÔÅÒÅÄ ÉÓ ÁÎ ÅÓÓÅÎÔÉÁÌ 

ÆÅÁÔÕÒÅ ÏÆ ÓÃÁÔÔÅÒÉÎÇȢ !ÃÃÏÒÄÉÎÇÌÙȟ ×ÈÅÎ ÔÈÅ ÐÁÒÔÉÃÌÅ ÓÉÚÅ ÉÓ ÌÅÓÓ ÔÈÁÎ ÏÎÅȤÔÅÎÔÈ ÏÆ ÔÈÅ ÐÈÏÔÏÎΈÓ 

×ÁÖÅÌÅÎÇÔÈȟ 2ÁÙÌÅÉÇÈ ÓÃÁÔÔÅÒÉÎÇ ÏÃÃÕÒÓȢ )Î ÔÈÉÓ ÔÙÐÅ ÏÆ ÓÃÁÔÔÅÒÉÎÇȟ ÔÈÅ ÎÕÍÂÅÒ ÏÆ ÂÁÃËÓÃÁÔÔÅÒÓ 

ÆÒÏÍ ÔÈÅ ÉÎÃÉÄÅÎÔ ÌÉÇÈÔ ɉÔÈÅ ÁÍÏÕÎÔ ÏÆ ÅØÔÉÎÇÕÉÓÈÉÎÇ ÄÕÅ ÔÏ ÔÈÅ ÁÂÓÏÒÐÔÉÏÎ ÉÓ ÁÐÐÒÏØÉÍÁÔÅÌÙ ÔÈÅ 

ÓÁÍÅ ÁÓ ÔÈÅ ÁÍÏÕÎÔ ÏÆ ÔÈÅ ÌÉÇÈÔ ÃÏÎÔÉÎÕÉÎÇ ÆÏÒ×ÁÒÄɊȢ !Ó ÔÈÅ ÐÁÒÔÉÃÌÅ ÂÅÃÏÍÅÓ ÍÏÒÅ ÔÈÁÎ ÏÎÅȤ

ÔÅÎÔÈ ÏÆ ÔÈÅ ×ÁÖÅÌÅÎÇÔÈ ÁÎÄ ÌÅÓÓ ÔÈÁÎ ÔÈÅ ÐÈÏÔÏÎΈÓ ×ÁÖÅÌÅÎÇÔÈȟ -ÉÅ ÓÃÁÔÔÅÒÉÎÇ ÏÃÃÕÒÓȢ 7ÉÔÈ ÔÈÉÓ 

ÔÙÐÅ ÏÆ ÓÃÁÔÔÅÒÉÎÇȟ ÍÏÒÅ ÓÃÁÔÔÅÒÉÎÇ ÉÓ ÆÏÒ×ÁÒÄ ÇÏÉÎÇ ÔÈÁÎ ÂÁÃËÓÃÁÔÔÅÒÉÎÇȢ &ÉÎÁÌÌÙȟ ×ÈÅÎ ÔÈÅ 

ÐÁÒÔÉÃÌÅ ÓÉÚÅ ÒÅÁÃÈÅÓ ÔÈÅ ×ÁÖÅÌÅÎÇÔÈ ÏÒ ÍÏÒÅȟ -ÉÅ ÓÃÁÔÔÅÒÉÎÇ ÏÃÃÕÒÓ ÁÓ ÁÎ ÏÐÔÉÃÁÌ ÓÃÁÔÔÅÒÉÎÇȟ ×ÈÉÃÈ 

ÍÅÁÎÓ ÕÎÉÆÏÒÍ ÓÃÁÔÔÅÒÉÎÇ ÆÏÒ×ÁÒÄ ×ÉÔÈ ÔÈÅ ÓÁÍÅ ÄÉÒÅÃÔÉÏÎ ÁÓ ÂÁÃËÓÃÁÔÔÅÒÉÎÇ ɉ&ÉÇÕÒÅ έȤήɊȢ 
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Figure 3-4: Effect of the particle size on the scattering types. 

 

/ÕÒ ÓÔÕÄÙ ÕÓÅÄ ÔÈÒÅÅ ÄÉÆÆÅÒÅÎÔ ÓÉÚÅÓ ÏÆ ÐÁÒÔÉÃÌÅ ήΫέ ÎÍȟ βΪΪ ÎÍȟ ÁÎÄ άΪΪΪ ÎÍ ÄÕÅ ÔÏ ÔÈÅ ÒÅÁÓÏÎ 

ÍÅÎÔÉÏÎÅÄ ÉÎ ÓÅÃÔÉÏÎ άȢΫȢήȢΫ ×ÉÔÈ ÔÈÅ ÉÎÃÉÄÅÎÔ ÌÉÇÈÔ ÉÎ ÔÈÅ ÒÁÎÇÅ ήίΪ ÔÏ ΫΪΪΪ ÎÍȢ 4ÈÅ ÁÂÏÖÅ 

ÉÎÆÏÒÍÁÔÉÏÎ ÃÌÁÒÉÆÉÅÓ ÔÈÁÔ ÏÕÒ ÓÔÕÄÙΈÓ ÓÃÁÔÔÅÒÉÎÇ ÏÃÃÕÒÓ ÁÔ ÔÈÅ -ÉÅ ÓÃÁÔÔÅÒÉÎÇ ÓÅÃÔÉÏÎȢ 4Ï 

ÃÈÁÒÁÃÔÅÒÉÚÅ ÔÈÅ ÓÙÓÔÅÍȟ Á ÓÉÚÅ ÐÁÒÁÍÅÔÅÒ ὢ ÁÎÄ ÔÈÅ ÒÁÔÉÏ ÏÆ ÒÅÆÒÁÃÔÉÏÎ ÉÎÄÅØ ɉάɊ ÁÒÅ ÍÁÉÎÌÙ ÕÓÅÄȢ 

4ÈÅ ÒÁÔÉÏ ÂÅÔ×ÅÅÎ ÔÈÅ ÒÁÄÉÕÓ ÏÆ ÔÈÅ ÐÁÒÔÉÃÌÅ ÓÐÈÅÒÅ ÁÎÄ ÔÈÅ ×ÁÖÅÌÅÎÇÔÈ ɉÓÉÚÅ ÏÆ ÔÈÅ ÐÈÏÔÏÎɊ l

loȾὲ ÒÅÐÒÅÓÅÎÔÓ ÔÈÅ ÓÉÚÅ ÐÁÒÁÍÅÔÅÒ ×ÈÉÃÈ ÃÁÎ ÂÅ ÅØÐÒÅÓÓÅÄ ÁÓȡ 

 
ὢ
ς“ὥὲ

l
 

(3-6) 

7ÈÅÒÅ ὥ ÉÓ ÔÈÅ ÒÁÄÉÕÓ ÏÆ ÔÈÅ ÐÁÒÔÉÃÌÅȟ l ÉÓ ÔÈÅ ×ÁÖÅÌÅÎÇÔÈ ɉΰέάȢβ ÎÍɊ ÁÎÄ ὲ ÉÓ ÔÈÅ ÒÅÆÒÁÃÔÉÖÅ 

ÉÎÄÅØ ÏÆ ÔÈÅ ÍÅÄÉÕÍȢ 4ÈÅ ÒÁÔÉÏ ÏÆ ÔÈÅ ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØ ÏÆ ÔÈÅ ÓÐÈÅÒÅ ɉ ὲ Ɋ ÁÎÄ ÔÈÅ ÓÕÒÒÏÕÎÄÉÎÇ 

ÍÅÄÉÕÍ ɉὲ  ÄÅÆÉÎÅÄ ÁÓ άȡ 

 ά
ὲ

ὲ
 (3-7) 

/ÕÒ ÓÔÕÄÙ ÕÓÅÄ ΫȢίβ ÁÓ ÔÈÅ ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØ ÆÏÒ ÔÈÅ ÐÏÌÙÓÔÙÒÅÎÅ ÓÕÓÐÅÎÓÉÏÎ ɏβέɐ ÁÎÄ ΫȢέέέ ÆÏÒ ×ÁÔÅÒȢ 

&ÏÒ Á ÒÁÎÄÏÍÌÙ ÐÏÌÁÒÉÚÅÄ ÌÉÇÈÔ ÓÏÕÒÃÅȟ ÔÈÅ ÔÏÔÁÌ ÉÎÔÅÎÓÉÔÙ ÏÆ ÓÃÁÔÔÅÒÉÎÇ ÌÉÇÈÔ ɉὛ Ɋ ÃÏÒÒÅÓÐÏÎÄÓ ÔÏ 

ÓÃÁÔÔÅÒÉÎÇ ÐÈÁÓÅ ÆÕÎÃÔÉÏÎ ὖ ὧέί qȟ ×ÈÉÃÈ ÉÓ ÓÈÏ×Î ÉÎ %ÑÕÁÔÉÏÎ έȤβ ɏΫάήɐȢ 

 
ὴὧέίq Ὓ q

æὛ qæ æὛ qæ

ς
 

(3-8) 

 

7ÈÅÒÅ ὖ ὧέίq ÉÓ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÐÈÁÓÅ ÆÕÎÃÔÉÏÎȟ Ὓ q ÁÎÄ Ὓ q ÔÈÅ ÁÎÇÕÌÁÒ ÓÃÁÔÔÅÒÉÎÇ 

ÆÕÎÃÔÉÏÎȢ 

4ÈÅÒÅÆÏÒÅȟ ÔÏ ÃÁÌÃÕÌÁÔÅ Ὓ  ×ÈÉÃÈ ÅÑÕÁÌÓ ὴ ὧέίq ÔÈÅ ÁÎÇÕÌÁÒ ÆÕÎÃÔÉÏÎȟ Ὓ ÁÎÄ Ὓ ÁÒÅ ÒÅÑÕÉÒÅÄȢ 
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#ÏÎÓÅÑÕÅÎÔÌÙȟ ÔÈÅ ÓÃÁÔÔÅÒÅÄ ÃÏÍÐÏÎÅÎÔÓ ÏÆ Á ÐÌÁÎÅ ×ÁÖÅ ÁÔ ÁÎ ÁÎÇÌÅ q ÁÒÅ ÆÏÕÎÄ ÂÙ -ÉÅ ɏΫάίɐȢ 

4ÈÉÓ ÁÍÐÌÉÔÕÄÅ ÉÓ ×ÒÉÔÔÅÎ ÉÎ ÔÅÒÍÓ ÏÆ ÓÐÈÅÒÉÃÁÌ ÆÕÎÃÔÉÏÎÓȢ 

 
Ὓ q

ςὲ ρ

ὲὲ ρ

¤

ὥp ὧέίq

ὦt ÃÏÓq  

 

 (3-9) 

 

p ÁÎÄ t  ÁÒÅ ÒÅÐÒÅÓÅÎÔ ÂÙ ,ÅÇÅÎÄÒÅ 0ÏÌÙÎÏÍÉÁÌÓ ὖ 

 

 
p ÃÏÓq

ρ

ίὭὲq
ὖ ÃÏÓq  

               

(3-11) 

 
t ÃÏÓq

Ὠ

Ὠq
ὖ ÃÏÓq   

(3-12) 

 

ὥὲ ÁÎÄ ὦὲ ÁÒÅ ÔÈÅ -ÉÅ ÃÏÅÆÆÉÃÉÅÎÔÓ ×ÈÉÃÈ ÁÒÅ ÔÈÅ ËÅÙ ÐÁÒÁÍÅÔÅÒÓ ÆÏÒ -ÉÅ ÃÁÌÃÕÌÁÔÉÏÎȢ ὥὲ  ÁÎÄ ὦὲ 

ÁÒÅ ÃÏÍÐÕÔÅÄ ÔÈÅ ÁÍÐÌÉÔÕÄÅÓ ÏÆ ÔÈÅ ÓÃÁÔÔÅÒÅÄ ÆÉÅÌÄȢ  
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(3-13) 

 

 
ὦ

άY¡ώY ὼ Y  ώY¡ὼ
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(3-14) 

7ÈÅÒÅ Y  ÁÎÄ x ÁÒÅ ÔÈÅ 2ÉÃÃÁÔÉ ɀ"ÅÓÓÅÌ ÆÕÎÃÔÉÏÎÓȢ 

 

 Elastic L ight Scattering Spectroscopy (ELSS) 

Principle  

6ÁÒÉÏÕÓ ÏÐÔÉÃÁÌ ÓÐÅÃÔÒÏÓÃÏÐÙ ÔÅÃÈÎÉÑÕÅÓ ÈÁÖÅ ÂÅÅÎ ÕÓÅÄȟ ÁÓ ÍÅÎÔÉÏÎÅÄ ÉÎ ÔÈÅ ÒÅÖÉÅ× ÃÈÁÐÔÅÒȡ 

 
Ὓ q

ςὲ ρ

ὲὲ ρ

¤

ὥt ÃÏÓq ὦp ÃÏÓq  
(3-10) 
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$ÉÆÆÕÓÅ ÒÅÆÌÅÃÔÁÎÃÅ ÓÐÅÃÔÒÏÓÃÏÐÙ ɉ$23Ɋȟ &ÌÕÏÒÅÓÃÅÎÃÅ ÓÐÅÃÔÒÏÓÃÏÐÙ ɉ&3Ɋȟ 2ÁÍÁÎ 3ÐÅÃÔÒÏÓÃÏÐÙ 

ɉ23Ɋȟ ÁÎÄ %ÌÁÓÔÉÃ ,ÉÇÈÔ 3ÃÁÔÔÅÒÉÎÇ 3ÐÅÃÔÒÏÓÃÏÐÙ ɉ%,33ɊȢ %,33 ÈÁÓ ÂÅÅÎ ÓÅÌÅÃÔÅÄ ÆÒÏÍ ÔÈÅ ÏÐÔÉÃÁÌ 

ÔÅÃÈÎÉÑÕÅÓ ÆÏÒ ÔÈÅ ÒÅÁÓÏÎÓ ÍÅÎÔÉÏÎÅÄ ÉÎ ÓÅÃÔÉÏÎ άȢΫȢήȢ %,33 ÉÓ ÁÎ ÏÐÔÉÃÁÌ ÔÅÃÈÎÉÑÕÅ ×ÉÔÈ ÔÈÅ 

ÐÏÔÅÎÔÉÁÌ ÔÏ ÐÅÒÆÏÒÍ Á ÍÉÎÉÍÁÌÌÙ ÉÎÖÁÓÉÖÅ ÂÉÏÐÓÙȢ %,33 ÅÍÐÌÏÙÓ ÏÐÔÉÃÁÌ ÆÉÂÒÅÓ ×ÉÔÈ ÓÐÅÃÉÆÉÃ 

ÄÉÁÍÅÔÅÒÓ ÁÎÄ ÇÅÏÍÅÔÒÉÅÓ ÔÏ ÄÅÔÅÃÔ ÈÕÍÁÎ ÔÉÓÓÕÅ ÒÅÆÌÅÃÔÁÎÃÅ ÁÎÄ ÌÉÇÈÔ ÓÃÁÔÔÅÒÉÎÇȢ )Î %,33ȟ ÌÉÇÈÔ 

ÅÎÔÅÒÓ ÔÈÅ ÔÉÓÓÕÅ ÁÎÄ ÉÓ ÂÁÃËÓÃÁÔÔÅÒÅÄ ×ÉÔÈÏÕÔ ÃÈÁÎÇÉÎÇ ÔÈÅ ×ÁÖÅÌÅÎÇÔÈȢ 6ÁÒÉÁÔÉÏÎÓ ÉÎ ÔÈÅ 

ÓÐÅÃÔÒÕÍ ÏÆ ÂÁÃËÓÃÁÔÔÅÒÉÎÇ ÁÒÅ ÄÕÅ ÔÏ ÔÈÅ ÄÉÆÆÅÒÅÎÃÅ ÉÎ ÔÈÅ ÍÏÒÐÈÏÌÏÇÉÃÁÌ ÓÔÒÕÃÔÕÒÅ ÏÆ ÃÅÌÌÓȢ &ÏÒ 

ÉÎÓÔÁÎÃÅȟ ÁÎ ÁÌÔÅÒÁÔÉÏÎ ÉÎ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÐÒÏÐÅÒÔÉÅÓ ×ÉÌÌ ÏÃÃÕÒ ÉÆ ÔÈÅÒÅ ÉÓ ÁÎ ÉÎÃÒÅÁÓÅ ÉÎ ÔÈÅ ÎÕÍÂÅÒ 

ÏÆ ÍÉÔÏÃÈÏÎÄÒÉÁ ÏÒ ÔÈÅ ÎÕÃÌÅÕÓ ÓÉÚÅ ɉ&ÉÇÕÒÅ έȤίɊȢ 

!ÄÄÉÔÉÏÎÁÌÌÙȟ ÔÈÅ ÁÂÓÏÒÐÔÉÏÎ ÆÅÁÔÕÒÅÓ ɉÔÈÅ ÔÉÓÓÕÅΈÓ ÂÉÏÃÈÅÍÉÃÁÌ ÆÕÎÃÔÉÏÎɊ ÁÒÅ ÅÁÓÉÌÙ ÓÅÅÎ ÉÎ ÔÈÅ 

%,33 ÓÉÇÎÁÌ ɏίαɐȢ 4ÈÅ ÓÃÁÔÔÅÒÉÎÇ ÐÒÏÃÅÓÓ ÏÃÃÕÒÓ ÄÕÅ ÔÏ ÔÈÅ ÄÉÆÆÅÒÅÎÃÅÓ ÉÎ ÄÅÎÓÉÔÙ ÁÔ ÔÈÅ ÃÅÌÌÕÌÁÒ 

ÁÎÄ ÓÕÂÃÅÌÌÕÌÁÒ ÌÅÖÅÌ ɏίβɐȢ 4ÈÅ ÓÃÁÔÔÅÒÉÎÇ ÅÖÅÎÔ ÅÎÃÏÄÅÓ ÔÈÅ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÏÆ ÔÈÅ ÃÅÌÌÕÌÁÒ 

ÃÏÍÐÏÎÅÎÔÓȟ ×ÈÉÃÈ ÁÒÅ ÃÁÌÌÅÄ ȰÓÃÁÔÔÅÒÉÎÇ ÃÅÎÔÒÅÓȱȢ 0ÁÔÈÏÌÏÇÉÃÁÌ ÓÃÁÔÔÅÒÉÎÇ ÄÅÔÅÒÍÉÎÅÓ 

ÄÉÓÏÒÇÁÎÉÚÁÔÉÏÎ ÉÎ ÔÈÅ ÍÏÒÐÈÏÌÏÇÙ ÏÆ ÅÐÉÔÈÅÌÉÁÌ ÓÕÒÆÁÃÅ ÔÅØÔÕÒÅȟ ÔÈÉÃËÎÅÓÓȟ ÁÎÄ ÁÒÃÈÉÔÅÃÔÕÒÅȟ 

ÃÈÁÎÇÅÓ ÏÆ ÅÐÉÔÈÅÌÉÁÌ ÃÅÌÌ ÏÒÉÅÎÔÁÔÉÏÎÓȟ ÃÒÏ×ÄÉÎÇ ÉÎ ÔÈÅ ÃÅÌÌȟ ÒÁÉÓÅÄ ÄÉÓÔÁÎÃÅ ÆÒÏÍ ÓÕÂÅÐÉÔÈÅÌÉÁÌ 

ÃÏÌÌÁÇÅÎ ÌÁÙÅÒȟ ÅÎÌÁÒÇÅÍÅÎÔȟ ÁÎÄ ÈÙÐÅÒȤÃÈÒÏÍÉÃÉÔÙ ÏÆ ÔÈÅ ÃÅÌÌ ÎÕÃÌÅÕÓȟ ÉÎÃÒÅÁÓÅÄ ÃÏÎÃÅÎÔÒÁÔÉÏÎ 

ÏÆ ÍÅÔÁÂÏÌÉÃ ÏÒÇÁÎÅÌÌÅÓ ÁÎÄ ÐÒÅÓÅÎÃÅ ÏÆ ÁÂÎÏÒÍÁÌ ÐÒÏÔÅÉÎ ÐÁÒÔÉÃÌÅÓ ÏÒ ÐÁÃËÁÇÅÓ ɏίγɐȢ 

 
Figure 3-5: Schematic set up of the ELSS 

 

  Mathematical Model  

 Definition and  Objective  

! ÓÉÍÐÌÅ ÍÁÔÈÅÍÁÔÉÃÁÌ ÍÏÄÅÌ ÈÁÓ ÂÅÅÎ ÂÕÉÌÔ ÔÏ ÒÅÐÒÅÓÅÎÔ ÔÈÅ ÐÒÏÂÅ ÕÔÉÌÉÓÉÎÇ Ô×Ï ÉÄÅÎÔÉÃÁÌ ÆÉÂÒÅ 

ÏÐÔÉÃ ÃÁÂÌÅÓȢ 4ÈÅ ÆÉÂÒÅ ÄÉÁÍÅÔÅÒȟ ÔÈÅ ÓÅÐÁÒÁÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅÍ ÁÎÄ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÁÎÇÌÅ ÄÅÒÉÖÅ ÔÈÅ 

ÓÃÁÔÔÅÒÅÄ ÉÎÔÅÎÓÉÔÙ ÁÓ ÌÉÇÈÔ ÆÒÏÍ ÏÎÅ ÆÉÂÒÅ ÉÓ ÃÏÌÌÅÃÔÅÄ ÂÙ ÔÈÅ ÁÄÊÁÃÅÎÔ ÆÉÂÒÅȢ 
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 Equations of the  Mathematical Model  

4ÈÅ ÂÁÓÉÃ %ÑÕÁÔÉÏÎÓ ÕÓÅÄ ÔÏ ÄÅÓÃÒÉÂÅ ÏÕÒ ÉÎÉÔÉÁÌ ÍÁÔÈÅÍÁÔÉÃÁÌ ÍÏÄÅÌ ÁÒÅ ÔÈÅ "ÅÅÒȤ,ÁÍÂÅÒÔ ÌÁ× 

ÁÎÄ ÔÈÅ ÓÔÁÎÄÁÒÄ 'ÁÕÓÓÉÁÎ ÄÉÓÔÒÉÂÕÔÉÏÎ ÆÕÎÃÔÉÏÎȢ 

)Î /ÐÔÉÃÓȟ ,ÁÓÅÒ ɉÌÉÇÈÔɊ ÂÅÁÍÓ ÏÆÔÅÎ ÏÃÃÕÒ ÉÎ ÔÈÅ ÆÏÒÍ ÏÆ 'ÁÕÓÓÉÁÎ ÂÅÁÍÓȢ (ÅÒÅ ×Å ÕÓÅ ÔÈÅ 

'ÁÕÓÓÉÁÎ ÆÕÎÃÔÉÏÎ ÁÓ ÔÈÅ ÉÎÔÅÎÓÉÔÙ ÐÒÏÆÉÌÅ ÏÆ ÌÉÇÈÔ ÅÍÅÒÇÉÎÇ ÆÒÏÍ ÔÈÅ ÆÉÂÒÅ ÁÎÄ ÔÈÅ ÃÏÌÌÅÃÔÉÏÎ ÏÆ 

ÌÉÇÈÔ ÉÎ ÔÈÅ ÒÅÃÅÉÖÉÎÇ ÆÉÂÒÅȢ 

4ÈÅ ÆÕÌÌ ×ÉÄÔÈ ÁÔ ÈÁÌÆ ÍÁØÉÍÕÍ ɉ&7(-Ɋ ÏÆ ÔÈÅ ÉÎÔÅÎÓÉÔÙ ÃÏÒÒÅÌÁÔÅÓ ×ÉÔÈ ÔÈÅ ÄÉÁÍÅÔÅÒ ÏÆ ÔÈÅ 

'ÁÕÓÓÉÁÎ ÂÅÁÍȢ 

 
Ὢὢȟ„ȟ‘

ρ

ς“„
Ὡ   

(3-15) 

 

7ÈÅÒÅ s ÉÓ ÔÈÅ &7(-ȟ m ÉÓ ÔÈÅ ÐÏÓÉÔÉÏÎ ÏÆ ÔÈÅ ÃÅÎÔÒÅ ÏÆ ÔÈÅ ÆÉÂÒÅȟ ÁÎÄ Ø ÉÓ ÔÈÅ ÐÏÓÉÔÉÏÎ ÖÁÒÉÁÂÌÅȢ 

)Î ÏÕÒ ÒÅÓÅÁÒÃÈȟ ÏÔÈÅÒ %ÑÕÁÔÉÏÎÓ ÁÒÅ ÕÓÅÄ ÔÈÁÔ ÁÒÅ ÓÐÅÃÉÆÉÃ ÔÏ ÔÈÅ ÄÅÓÉÇÎȢ %ÑÕÁÔÉÏÎ έȤΫΰ ÉÓ ÕÓÅÄ ÔÏ 

ÍÏÄÅÌ ÔÈÅ &7(- ÏÆ ÔÈÅ ÅÍÅÒÇÉÎÇ ÂÅÁÍ ÁÓ ÉÔ ÐÒÏÐÁÇÁÔÅÓ ÉÎÔÏ ÔÈÅ ÍÅÄÉÕÍ ɉÔÈÅ ÚȤÁØÉÓȟ ×ÈÉÃÈ ÉÓ 

ÐÅÒÐÅÎÄÉÃÕÌÁÒ ÔÏ ÔÈÅ ÆÁÃÅ ÏÆ ÔÈÅ ÆÉÂÒÅ ÁÐÅÒÔÕÒÅɊȢ 4ÈÅ ÆÕÒÔÈÅÒ ÔÈÅ ÂÅÁÍ ÐÒÏÐÁÇÁÔÅÓȟ ÔÈÅ ×ÉÄÅÒ ÔÈÅ 

&7(-Ȣ )Æ ÔÈÉÓ ÉÓ ÁÌÓÏ ÁÐÐÌÉÅÄ ÔÏ ÔÈÅ ÒÅÃÅÉÖÉÎÇ ÆÉÂÒÅȟ ÔÈÅÎ ÔÈÅ Ô×Ï ÂÅÁÍÓ ×ÉÌÌ ÂÅÇÉÎ ÔÏ ÏÖÅÒÌÁÐ ÁÔ 

Á ÃÅÒÔÁÉÎ ÄÉÓÔÁÎÃÅ ÆÒÏÍ ÔÈÅ ÆÉÂÒÅ ÆÁÃÅȢ 4ÈÉÓ ÏÖÅÒÌÁÐÐÉÎÇ ÒÅÇÉÏÎ ÉÓ ÔÈÅ ÓÅÎÓÉÎÇ ÏÒ ÉÎÔÅÒÁÃÔÉÏÎ 

ÖÏÌÕÍÅȟ ÁÎÄ ÁÓ ÓÕÃÈȟ ÉÆ ÔÈÅ ÌÉÇÈÔ ÉÓ ÂÁÃËÓÃÁÔÔÅÒÅÄ ÉÎ ÔÈÉÓ ÒÅÇÉÏÎȟ ÉÔ ÈÁÓ ÔÈÅ ÐÏÔÅÎÔÉÁÌ ÔÏ ÂÅ ÃÁÐÔÕÒÅÄ 

ÂÙ ÔÈÅ ÒÅÃÅÉÖÉÎÇ ÆÉÂÒÅȟ ÓÅÅ &ÉÇÕÒÅ έȤΰȢ 

 
Figure 3-6: Schematic diagram illustrating the overlap between the emission cones of both fibres giving rise to 

the sensing volume and the fibre separation Ds. 

 

!Ó ÔÈÅ ÓÏÕÒÃÅ ÏÆ ÔÈÅ ÃÁÎÃÅÒ ÉÓ ÉÎ ÔÈÅ ÅÐÉÔÈÅÌÉÕÍ ɉÔÈÅ ÔÏÐ ÌÁÙÅÒɊȟ ÔÈÅ ÔÙÐÉÃÁÌ ÔÈÉÃËÎÅÓÓ ÉÓ ΫΪΪ ÔÏ έΪΪ 

Í˃Ȣ !ÌÓÏȟ ÔÈÅ ÓÅÐÁÒÁÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÓÏÕÒÃÅ ÆÉÂÒÅ ÁÎÄ ÔÈÅ ÄÅÔÅÃÔÏÒ ÆÉÂÒÅ ÐÌÁÙÓ ÁÎ ÅÓÓÅÎÔÉÁÌ ÒÏÌÅ ÉÎ 
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ÄÅÔÅÃÔÉÎÇ ÔÈÅ ÔÏÐ ÌÁÙÅÒȢ 4ÈÕÓȟ ÉÆ ÔÈÅ ÁÒÅÁ ÂÅÔ×ÅÅÎ ÔÈÅ Ô×Ï ÆÉÂÒÅÓ ÉÓ ÏÖÅÒÌÁÐÐÉÎÇȟ ÔÈÅ ÓÅÎÓÉÔÉÖÉÔÙ ×ÉÌÌ 

ÂÅ ÆÕÒÔÈÅÒ ÒÅÓÔÒÉÃÔÅÄ ÔÏ ÔÈÅ ÅÐÉÔÈÅÌÉÕÍ ɏΫάάɐȢ 

! ÔÈÒÅÅȤÄÉÍÅÎÓÉÏÎÁÌ ÓÐÁÔÉÁÌ ÉÎÔÅÎÓÉÔÙ ÄÉÓÔÒÉÂÕÔÉÏÎ ÍÏÄÅÌ ×ÁÓ ÃÏÄÅÄ ÉÎÔÏ -!4,!" ɉ!ÐÐÅÎÄÉØ !Ȥ

ΫɊ ÔÈÁÔ ÔÏÏË ÔÈÅ ÓÕÍ ÏÆ ÔÈÅ ÐÒÏÄÕÃÔ ÏÆ ÔÈÅ 'ÁÕÓÓÉÁÎ ÉÎÔÅÎÓÉÔÙ ÄÉÓÔÒÉÂÕÔÉÏÎ ÆÏÒ ÅÁÃÈ ÆÉÂÒÅ ÁÔ ÄÉÓÃÒÅÔÅ 

ÌÏÃÁÔÉÏÎÓ ÆÏÒ×ÁÒÄ ÏÆ ÔÈÅ ÆÉÂÒÅ ÆÁÃÅÓȢ 4ÈÉÓ ÐÒÏÖÉÄÅÄ Á ÓÉÍÐÌÅ ÍÅÁÓÕÒÅ ÏÆ ÔÈÅ ÃÏÕÐÌÉÎÇ ÉÎÔÅÎÓÉÔÙ 

ɉÅÆÆÉÃÉÅÎÃÙɊ ÆÏÒ ÄÉÆÆÅÒÅÎÔ ÆÉÂÒÅ ÄÉÁÍÅÔÅÒÓȟ ÓÅÐÁÒÁÔÉÏÎÓȟ ÁÎÄ ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØ ÏÆ ÔÈÅ ÍÅÄÉÕÍ ÉÎ ÆÒÏÎÔ 

ÏÆ ÔÈÅ ÆÉÂÒÅÓ ÆÏÒ ÆÉÂÒÅ ÃÏÒÅ ÄÉÁÍÅÔÅÒÓ ÄÅÆÉÎÅÄ ÂÙ $ÃÏÒÅȢ 4ÈÅ &7(-ȟ ÏÒ sȟ ÉÓ ÃÁÌÃÕÌÁÔÅÄ ÁÔ ÅÁÃÈ Ú 

ÐÏÓÉÔÉÏÎ Á×ÁÙ ÆÒÏÍ ÔÈÅ ÆÉÂÒÅ ÆÁÃÅÓȢ 3ÅÅ &ÉÇÕÒÅ ÂÅÌÏ× ÁÎÄ %ÑÕÁÔÉÏÎ ɉέȤΫΰɊȢ 

 

 
Figure 3-7: Schematic diagram illustrating the position-dependent FWHM,s as a function of distance from the 

fibre face. 

 

 
s

Ὀ ςz ὣ ÔzÁÎ—
ὲͅs 

(3-16) 

4ÈÅ ÁÃÃÅÐÔÁÂÌÅ ÔÁÎÇÅÎÔ ÁÎÇÌÅȟ ×ÈÉÃÈ ÄÅÐÅÎÄÓ ÏÎ ÔÈÅ ÎÕÍÅÒÉÃÁÌ ÁÐÅÒÔÕÒÅ ɉ.!Ɋ ÁÎÄ ÔÈÅ ÍÅÄÉÕÍΈÓ 

ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØȟ ÉÓ ÉÌÌÕÓÔÒÁÔÅÄ ÉÎ &ÉÇÕÒÅ έȤβȢ 

 
Figure 3-8: The effect of core diameter and the acceptance angle q ŀƴŘ ʻ ƛǎ ǘƘŜ ŎǊƛǘƛŎŀƭ ŀƴƎƭŜ ŦƻǊ ǘƘŜ ǘƻǘŀƭ 

internal reflection. 

 

%ÑÕÁÔÉÏÎ ɉέȤΫαɊ ÉÓ ÕÓÅÄ ÔÏ ÍÅÁÓÕÒÅ ÔÈÅ ÔÈÒÅÅȤÄÉÍÅÎÓÉÏÎÁÌ ÓÃÁÔÔÅÒÉÎÇ ÉÎÔÅÎÓÉÔÙȢ 
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ᶻὩ  zὩ  Ὡ  

(3-17) 

 

4ÈÅ ÖÁÒÉÁÂÌÅÓ ÉÎ ÔÈÅ ÁÂÏÖÅ Ô×Ï %ÑÕÁÔÉÏÎÓ ÁÒÅ ÁÓ ÆÏÌÌÏ×ÓȢ Ὀ  ÉÓ ÔÈÅ ÄÉÁÍÅÔÅÒ ÏÆ ÔÈÅ ÏÐÔÉÃÁÌ ÆÉÂÒÅ 

ÃÏÒÅȢ — ÉÓ ÔÈÅ ÁÃÃÅÐÔÁÎÃÅ ÁÎÇÌÅȢ ὲͅs  ÉÓ Á ÔÒÕÎÃÁÔÉÏÎ ÐÁÒÁÍÅÔÅÒ ÔÈÁÔ ÇÏÖÅÒÎÓ ÔÈÅ &7(-Ȣ m ÉÓ ÁÎ 

ÁÒÂÉÔÒÁÒÙ ÌÏÃÁÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÃÅÎÔÒÅ ÏÆ ÅÁÃÈ ÆÉÂÒÅ ÃÏÒÅ ÉÎ ÓÐÁÃÅ ɉØȟÙɊȢ Ὀ ÉÓ ÔÈÅ ÆÉÂÒÅ ÓÅÐÁÒÁÔÉÏÎȢ 

&ÉÎÁÌÌÙȟȟ g ÉÓ ÔÈÅ ÁÔÔÅÎÕÁÔÉÏÎ ÃÏÅÆÆÉÃÉÅÎÔ ÆÒÏÍ ÔÈÅ "ÅÅÒȤ,ÁÍÂÅÒÔ ÌÁ× ÁÎÄ ÒÅÐÒÅÓÅÎÔÓ ÓÃÁÔÔÅÒÉÎÇȢ 

 Ef fect of Some Parameters on the 

Mathematical Model  

4ÈÅ ÆÉÎÉÔÅ ×ÉÄÔÈ ÏÆ ÏÐÔÉÃÁÌ ÆÉÂÒÅ ÉÍÐÌÉÅÓ ÔÈÁÔ ÔÈÅ ÅØÔÅÎÔ ÏÆ ÔÈÅ 'ÁÕÓÓÉÁÎ ÉÎÔÅÎÓÉÔÙ ÆÕÎÃÔÉÏÎ ÍÕÓÔ 

ÂÅ ÔÒÕÎÃÁÔÅÄȢ Î·s ÉÓ ÕÓÅÄ ÓÉÍÐÌÙ ÔÏ ÖÁÒÙ ÔÈÉÓ ÔÒÕÎÃÁÔÉÏÎȟ ÁÓ ÉÌÌÕÓÔÒÁÔÅÄ ÉÎ &ÉÇÕÒÅ έȤγ ÂÅÌÏ×Ȣ )Î ÔÈÉÓ 

ÆÉÇÕÒÅȟ ÁÔ ÎȤsКά ÓÈÏ×ÅÄ ÔÈÁÔ ÔÈÅ ÌÉÇÈÔ ÄÏÅÓ ÎÏÔ ÇÏ ÔÏ ÚÅÒÏȟ ÏÆ ÉÓ ÃÕÔ ÏÆÆ ÁÂÒÕÐÔÌÙȢ (Ï×ÅÖÅÒȟ ÁÔ ÎȤ

sКΰ ÉÌÌÕÓÔÒÁÔÅÄ ÔÈÁÔ ÔÈÅ ÌÉÇÈÔ ÄÉÍÉÎÉÓÈÉÎÇ ÁÌÍÏÓÔ ÔÏ ÚÅÒÏ ÁÔ ÔÈÅ ÐÅÒÉÐÈÅÒÙȢ 4ÈÅÒÅÆÏÒÅȟ ÔÈÉÓ 

ÐÁÒÁÍÅÔÅÒ ÉÓ ÕÓÅÄ ÔÏ ÄÅÔÅÒÍÉÎÅ ÔÈÅ &7(- ÏÆ ÔÈÅ ÅÍÅÒÇÉÎÇ ÂÅÁÍ ÁÎÄ ÔÏ ÐÒÏÖÉÄÅ ÖÁÒÉÁÎÃÅ 

ÒÅÌÅÖÁÎÔ ÔÏ ÔÈÅ ÒÅÁÌ ÆÉÂÒÅÓȢ 

 

 
Figure 3-9: The intensity profile for the different number of sigma (n-s). 

 

4ÈÅ ÁÃÃÅÐÔÁÎÃÅ ÁÎÇÌÅ ɉqɊ ÐÌÁÙÓ ÁÎ ÅÓÓÅÎÔÉÁÌ ÒÏÌÅ ÉÎ ÃÏÌÌÅÃÔÉÎÇ ÉÎÃÉÄÅÎÔ ÌÉÇÈÔ ÉÎ ÏÐÔÉÃÁÌ ÆÉÂÒÅÓȢ )Ô ÉÓ 

ÄÅÆÉÎÅÄ ÁÓ ÔÈÅ ÍÁØÉÍÕÍ ÁÎÇÌÅ ÏÆ Á ÌÉÇÈÔ ÒÁÙ ÔÈÁÔ ÃÁÎ ÅÎÔÅÒ ÔÈÅ ÆÉÂÒÅȢ )Æ ÔÈÅ ÉÎÃÉÄÅÎÔ ÁÎÇÌÅ ÉÓ ÁÔ ÏÒ 

ÂÅÌÏ× ʊΫȟ ÔÈÅ ÂÅÁÍ ×ÉÌÌ ÂÅ ÐÒÏÐÁÇÁÔÅÄ ÁÓ ÓÈÏ×Î ÉÎ &ÉÇÕÒÅ έȤΫΪȢ 
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Figure 3-10: The acceptance angle and the incident ray 

 

7ÈÅÎ ÔÈÅ ÖÁÌÕÅ ÏÆ ʊΫ ÄÅÃÒÅÁÓÅÓȟ ÔÈÉÓ ÍÅÁÎÓ ÔÈÅ ÅÎÔÉÒÅ ÒÁÙ ÍÕÓÔ ÂÅ ÆÏÕÎÄ ×ÉÔÈÉÎ ÔÈÅ ÁÃÃÅÐÔÁÎÃÅ 

ÃÏÎÅ ÔÏ ÅÎÓÕÒÅ ÔÏÔÁÌ ÉÎÔÅÒÎÁÌ ÒÅÆÌÅÃÔÉÏÎ ÏÃÃÕÒÓ ÉÎÓÉÄÅ ÔÈÅ ÆÉÂÒÅȢ 4ÈÅ ÁÃÃÅÐÔÁÎÃÅ ÁÎÇÌÅ ÉÓ ÔÙÐÉÃÁÌÌÙ 

ÒÅÐÏÒÔÅÄ ÉÎ ÔÅÒÍÓ ÏÆ ÎÕÍÅÒÉÃÁÌ ÁÐÅÒÔÕÒÅ ɉὔὃɊȢ 

 ὔὃ ὲ ίὭὲq  (3-18) 

7ÈÅÒÅ ὲ  ÉÓ ÔÈÅ ÁÍÂÉÅÎÔ ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØ ÁÎÄ q ÉÓ ÔÈÅ ÁÃÃÅÐÔÁÎÃÅ ÁÎÇÌÅȢ 

&ÒÏÍ ÔÈÅ %ÑÕÁÔÉÏÎȟ ὔὃ ÉÓ ÅØÐÒÅÓÓÅÄ Á ÃÏÒÒÅÌÁÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÁÍÂÉÅÎÔ ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØ ÁÎÄ ÔÈÅ 

ÁÃÃÅÐÔÁÎÃÅ ÁÎÇÌÅȢ ὔὃ ÐÌÁÙÓ ÁÎ ÅÓÓÅÎÔÉÁÌ ÒÏÌÅ ÉÎ ÄÅÆÉÎÉÎÇ ÈÏ× ÌÉÇÈÔ ÉÓ ÃÏÌÌÅÃÔÅÄ ÆÒÏÍ ÔÈÅ ÓÏÕÒÃÅ 

ÁÎÄ ÒÅÔÁÉÎÅÄ ÌÉÇÈÔ ÉÎÓÉÄÅ ÔÈÅ ÆÉÂÒÅ ɏΫάΰɐȢ )Î ÏÕÒ ÒÅÓÅÁÒÃÈȟ ὲ  ×ÈÉÃÈ ÉÓ ÔÈÅ ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØ ÏÆ ×ÁÔÅÒ 

ÅÑÕÁÌÓ ΫȢέέέȢ 4ÈÅ ὔὃ ÏÆ ÏÕÒ ÏÐÔÉÃÁÌ ÆÉÂÒÅ ÉÓ ΪȢάά ÔÈÅÒÅÆÏÒÅ q ÉÓ γȢίȢ̄ 

 

 Results  of Parameters Affecting the 

Mathematical Model  

&ÉÇÕÒÅ έȤΫΫ ÉÌÌÕÓÔÒÁÔÅÓ ÔÈÅ ÅÆÆÅÃÔ ÏÆ ÔÈÅ ÁÃÃÅÐÔÁÎÃÅ ÁÎÇÌÅ ɉq ×ÁÔÅÒ ÉÓ γȢί ̄ÁÎÄ q ÁÉÒ ÉÓ ΫάȢαɊ̄ ÏÎ ÔÈÅ 

ÓÃÁÔÔÅÒÉÎÇ ÉÎÔÅÎÓÉÔÙ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÓÅÐÁÒÁÔÉÏÎȢ /ÖÅÒÁÌÌȟ ÔÈÅ ÁÃÃÅÐÔÁÎÃÅ ÁÎÇÌÅ ÏÆ ×ÁÔÅÒ ÓÈÏ×ÅÄ Á 

ÓÉÇÎÉÆÉÃÁÎÔ ÉÎÃÒÅÁÓÅ ÉÎ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÉÎÔÅÎÓÉÔÙ ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÅ ÁÃÃÅÐÔÁÎÃÅ ÁÎÇÌÅ ÏÆ ÁÉÒȢ 4ÈÅ 

ÇÅÎÅÒÁÌ ÏÕÔÃÏÍÅ ÉÓ ÔÈÁÔ ÔÈÅ ÌÏ×ÅÒ ÔÈÅ ÄÉÆÆÅÒÅÎÃÅÓ ÉÎ ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØȟ ÔÈÅ ÍÏÒÅ ÌÉÇÈÔ ÉÓ ÃÏÕÐÌÅÄ 

ÆÒÏÍ ÓÏÕÒÃÅ ÆÉÂÒÅ ÔÏ ÓÅÎÓÅ ÆÉÂÒÅȢ 

/Ò ÔÈÅ ÈÉÇÈÅÒ ÔÈÅ ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØȟ ÔÈÅ ÓÌÏ×ÅÒ ÔÈÅ ÌÉÇÈÔ ÔÒÁÖÅÌÓȟ ×ÈÉÃÈ ÃÁÕÓÅÓ Á ÃÏÒÒÅÓÐÏÎÄÉÎÇ 

ÉÎÃÒÅÁÓÅÄ ÃÈÁÎÇÅ ÉÎ ÔÈÅ ÄÉÒÅÃÔÉÏÎ ÏÆ ÔÈÅ ÌÉÇÈÔ ×ÉÔÈÉÎ ÔÈÅ ÍÁÔÅÒÉÁÌȢ 
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Figure 3-11: The effect of acceptance angle on the scattering intensity 

)Î ÏÕÒ ÒÅÓÅÁÒÃÈȟ ÔÈÅ ÓÐÈÅÒÅ ÁÎÄ ÍÅÄÉÕÍΈÓ ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØ ÁÎÄ ÐÁÒÔÉÃÌÅ ÓÉÚÅ ÁÒÅ ÉÎÄÅÐÅÎÄÅÎÔ 

ÖÁÒÉÁÂÌÅÓ ÔÈÁÔ ÃÈÁÎÇÅ ×ÉÔÈ ÔÈÅ ÄÅÐÅÎÄÅÎÔ ÖÁÒÉÁÂÌÅ g ɉÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÃÏÅÆÆÉÃÉÅÎÔɊȢ )Î ÔÈÅÏÒÙȟ ÔÈÅ 

ÓÃÁÔÔÅÒÉÎÇ ÃÏÅÆÆÉÃÉÅÎÔ ÄÅÐÅÎÄÓ ÏÎ ÔÈÅ ÄÅÎÓÉÔÙ ÏÆ ÓÃÁÔÔÅÒÉÎÇ ÐÁÒÔÉÃÌÅÓ ÐÅÒ ÖÏÌÕÍÅ ÁÎÄ ÃÒÏÓÓȤÓÅÃÔÉÏÎ 

ÏÆ ÔÈÅ ÐÁÒÔÉÃÌÅȢ 4ÈÅÒÅÆÏÒÅȟ ×Å ÓÔÕÄÉÅÄ ÔÈÅ ÅÆÆÅÃÔ ÏÆ ÓÃÁÔÔÅÒÉÎÇ ÏÎ ÏÕÒ ÇÅÏÍÅÔÒÉÃÁÌ ÍÏÄÅÌȢ 

&ÉÇÕÒÅ έȤΫά ÄÅÍÏÎÓÔÒÁÔÅÓ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ɉÓÃÁÔÔÅÒÉÎÇ ÃÏÅÆÆÉÃÉÅÎÔɊ ÅÆÆÉÃÉÅÎÃÙ ÏÆ ÓÃÁÔÔÅÒÉÎÇ ÉÎÔÅÎÓÉÔÙ 

ÏÖÅÒ ÔÈÅ ÓÅÐÁÒÁÔÉÏÎ ÒÁÎÇÅ άΰέ ÔÏ ίΪΪ ÎÍȢ /ÖÅÒÁÌÌȟ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÉÎÔÅÎÓÉÔÙ ÉÎÃÒÅÁÓÅÓ ×ÈÅÎ ÔÈÅ 

ÓÃÁÔÔÅÒÉÎÇ ÃÏÅÆÆÉÃÉÅÎÔ ÄÅÃÒÅÁÓÅÓ ÏÖÅÒ ÔÈÅ ×ÈÏÌÅ ÒÁÎÇÅ ÏÆ ÔÈÅ ÓÅÐÁÒÁÔÉÏÎȢ &ÉÇÕÒÅ έȤΫά ÄÅÍÏÎÓÔÒÁÔÅÄ 

ÔÈÁÔ ÔÈÅÒÅ ÉÓ Á ÃÏÎÓÉÄÅÒÁÂÌÅ ÉÎÃÒÅÁÓÅ ÉÎ ÒÅÄÕÃÉÎÇ ÔÈÅ ÎÕÍÂÅÒ ÏÆ ÓÃÁÔÔÅÒÉÎÇ ÅÖÅÎÔÓȟ ×ÈÉÃÈ ÃÁÎ ÂÅ 

ÅØÐÌÁÉÎÅÄ ÁÓ ÉÔ ÉÓ ÔÈÅ ÉÎÔÅÒÁÃÔÉÏÎ ÏÆ Á ÐÈÏÔÏÎ ×ÉÔÈ Á ÐÁÒÔÉÃÌÅ ÔÈÁÔ ÒÅÓÕÌÔÓ ÆÒÏÍ ÉÎ ÅÌÁÓÔÉÃ ÓÃÁÔÔÅÒÉÎÇȢ  

 
Figure 3-12: The effect of the scatter on the scattering intensity 

 

4ÈÅ ÓÅÐÁÒÁÔÉÏÎ ÏÆ ÔÈÅ ÆÉÂÒÅ ÃÅÎÔÒÅÓ ÐÌÁÙÓ Á ÖÉÔÁÌ ÒÏÌÅ ÉÎ ÔÕÍÏÕÒ ÄÅÔÅÃÔÉÏÎ ÆÏÒ ÍÁÎÙ ÒÅÁÓÏÎÓȢ 4ÈÅ 
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ÓÅÐÁÒÁÔÉÏÎ ÏÆ ÔÈÅ ÓÏÕÒÃÅ ÁÎÄ ÄÅÔÅÃÔÏÒ ÉÓ ÏÎÅ ÃÏÎÔÒÏÌÌÉÎÇ ÆÁÃÔÏÒ ÆÏÒ ÓÁÍÐÌÉÎÇ ÔÈÅ ÔÏÐ ÌÁÙÅÒ 

ɉÅÐÉÔÈÅÌÉÕÍɊ ×ÈÅÒÅ ÍÏÓÔ ÃÁÎÃÅÒ ÁÒÉÓÅÓȢ !Ó ÔÈÅ ÓÏÕÒÃÅ ÁÎÄ ÄÅÔÅÃÔÏÒ ÁÒÅ ÍÏÖÅÄ ÃÌÏÓÅÒ ÔÏÇÅÔÈÅÒȟ Á 

ÍÏÒÅ ÓÕÐÅÒÆÉÃÉÁÌ ÒÅÇÉÏÎ ÉÓ ÐÒÏÂÅÄȢ -ÏÒÅÏÖÅÒȟ ÔÈÅ ÓÅÎÓÉÔÉÖÉÔÙ ×ÉÌÌ ÂÅ ÆÕÒÔÈÅÒ ÒÅÓÔÒÉÃÔÅÄ ÔÏ ÔÈÅ 

ÅÐÉÔÈÅÌÉÕÍ ÉÆ ÔÈÅ ÉÎÃÉÄÅÎÔ ÁÎÄ ÄÅÔÅÃÔÉÏÎ ÆÉÂÒÅÓ ÁÒÅ ÏÖÅÒÌÁÐÐÅÄȢ 4ÈÅ ÍÏÓÔ ÐÒÏÍÉÎÅÎÔ ÉÓÓÕÅ ÆÏÒ ÏÕÒ 

ÐÒÏÂÅ ÄÅÓÉÇÎ ÉÓ ÔÈÁÔ ÔÈÅ ÆÉÂÒÅÓ ÁÒÅ ÎÏÔ ÃÏȤÌÏÃÁÔÅÄ ÁÎÄ ÈÁÖÅ ÔÏ ÂÅ ÐÈÙÓÉÃÁÌÌÙ ÓÅÐÁÒÁÔÅÄȢ 4ÈÅ ÓÍÁÌÌÅÓÔ 

ÓÅÐÁÒÁÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÉÌÌÕÍÉÎÁÔÉÏÎ ÁÎÄ ÌÉÇÈÔ ÃÏÌÌÅÃÔÉÏÎ ÏÆ ÔÈÅ ÇÅÏÍÅÔÒÉÃÁÌ ÐÒÏÂÅ ÉÎÃÒÅÁÓÅÓ ÔÈÅ 

ÌÉËÅÌÉÈÏÏÄ ÏÆ ÄÅÔÅÃÔÉÎÇ ÈÉÇÈ ÓÃÁÔÔÅÒ ÁÎÇÌÅ ÅÖÅÎÔÓȢ 4Ï ÃÌÁÒÉÆÙ ÔÈÉÓȟ ÉÆ Á ÐÈÏÔÏÎ ÔÒÁÖÅÌÓ ÆÏÒ×ÁÒÄ ÁÎÄ 

ÄÏÅÓ ÎÏÔ ÓÃÁÔÔÅÒȟ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÁÎÇÌÅ ÉÓ ÚÅÒÏȢ )Æ ÉÔ ÉÓ ÓÃÁÔÔÅÒÅÄ ÄÉÒÅÃÔÌÙ ÂÁÃË×ÁÒÄÓȟ ÔÈÅ ÁÎÇÌÅ ÉÓ ÈÉÇÈ 

ɉΫβΪ ÄÅÇÒÅÅÓɊȢ 3ÉÎÃÅ ÏÕÒ ÄÅÔÅÃÔÉÏÎ ÆÉÂÒÅ ÉÓ ÁÄÊÁÃÅÎÔ ÔÏ ÔÈÅ ÓÏÕÒÃÅȟ ÔÏ ÂÅ ÄÅÔÅÃÔÅÄȟ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ 

ÁÎÇÌÅ ÍÕÓÔ ÂÅ ÈÉÇÈȟ ÁÒÏÕÎÄ ΫβΪ ÄÅÇÒÅÅÓȢ !Ó Á ÒÅÓÕÌÔȟ ÃÈÁÎÇÉÎÇ ÔÈÅ ÓÏÕÒÃÅȤÄÅÔÅÃÔÏÒ ÓÅÐÁÒÁÔÉÏÎ ×ÉÌÌ 

ÃÈÁÎÇÅ ÔÈÅ ÅÌÁÓÔÉÃ ÓÃÁÔÔÅÒ ÓÉÇÎÁÌȢ (ÅÎÃÅȟ ×Å ÈÁÖÅ ÓÔÕÄÉÅÄ ÔÈÅ ÅÆÆÅÃÔ ÏÆ ÃÅÎÔÒÅ ÓÅÐÁÒÁÔÉÏÎ ÔÏ ÁÓÓÅÓÓ 

ÐÏÔÅÎÔÉÁÌ ÃÁÎÃÅÒ ÄÅÔÅÃÔÉÏÎ ÓÅÎÓÉÔÉÖÉÔÙȢ 
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ÓÅÐÁÒÁÔÉÏÎ ɉήΪΪɊ ɉ&ÉÇÕÒÅ έȤΫέɊȢ 

 
Figure 3-13: The effect of the separation on the scattering intensity 
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Figure 3-14: The effect of the diameter on the scattering intensity 
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Figure 3-15: 3-D intensity profiles for different distances from the fibre faces. (Lambertian emitter model.), Z  

Is a position away from the tip of the fibre aperture (it is the assumption number without the unit in the 
figure).  

 

!Ó ÃÁÎ ÂÅ ÓÅÅÎ ÈÅÒÅȟ ÔÈÅ Ô×Ï ÃÏÍÐÅÔÉÎÇ ÅÆÆÅÃÔÓ ÏÆ ÉÎÃÒÅÁÓÉÎÇ ÏÖÅÒÌÁÐ ÖÓ ÉÎÃÒÅÁÓÉÎÇ ÁÔÔÅÎÕÁÔÉÏÎ 

ÁÒÅ ÁÔ ÐÌÁÙȢ 4ÈÅÒÅ ÉÓ ÃÌÅÁÒÌÙ ÁÎ ÏÐÔÉÍÕÍ ÃÏÕÐÌÉÎÇ ÅÆÆÉÃÉÅÎÃÙ ÁÔ Á ÓÐÅÃÉÆÉÃ ÄÉÓÔÁÎÃÅ ÆÒÏÍ ÔÈÅ ÆÉÂÒÅ 

ÆÁÃÅÓ ÒÅÐÒÅÓÅÎÔÉÎÇ ÔÈÅ ȬÓÅÎÓÉÎÇ ÖÏÌÕÍÅȭȢ 

&ÉÇÕÒÅ έȤΫΰ ÓÈÏ×Ó ÈÏ× ÔÈÅ ÃÏÕÐÌÉÎÇ ÉÎÔÅÎÓÉÔÙ ÇÅÎÅÒÁÌÌÙ ÖÁÒÉÅÓ ÁÓ Á ÆÕÎÃÔÉÏÎ ÏÆ ÔÈÅ ÄÉÓÔÁÎÃÅ 

ÂÅÔ×ÅÅÎ ÔÈÅ ÆÉÂÒÅÓ ÆÏÒ Ô×Ï ÄÉÆÆÅÒÅÎÔ ÁÃÃÅÐÔÁÎÃÅ ÁÎÇÌÅÓ ɉΫί ÁÎÄ άί ÄÅÇÒÅÅÓɊȢ #ÌÅÁÒÌÙȟ ÔÈÅ ×ÉÄÅÒ 

ÁÃÃÅÐÔÁÎÃÅ ÁÎÇÌÅ ÈÁÓ Á ÇÒÅÁÔÅÒ ÃÏÕÐÌÉÎÇ ÅÆÆÉÃÉÅÎÃÙȟ ÁÓ ÅØÐÅÃÔÅÄȢ 4ÈÅ ÉÎÔÅÎÓÉÔÙ ÈÅÒÅ ×ÁÓ ÏÂÔÁÉÎÅÄ 

ÆÒÏÍ ÔÁËÉÎÇ ÔÈÅ ÖÏÌÕÍÅ ÕÎÄÅÒ ÔÈÅ ÓÕÒÆÁÃÅ ÆÒÏÍ ÔÈÅ ÁÂÏÖÅ ÇÒÁÐÈÓȢ 
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Figure 3-16: Coupling intensity as a function of the distance between the fibres for two different acceptance 

angles (15 and 25 degrees). (Lambertian emitter model.). 

 

4ÈÅ ÁÂÏÖÅ ÁÎÁÌÙÓÉÓ ÓÅÒÖÅÓ ÏÎÌÙ ÁÓ Á ÍÅÁÎÓ ÏÆ ÁÓÓÅÓÓÉÎÇ ÔÈÅ ÇÅÎÅÒÁÌ ÔÒÅÎÄÓȢ 3ÉÎÃÅ ÔÈÅ ÇÅÏÍÅÔÒÙ ÏÆ 

ÔÈÅ ÆÉÂÒÅ ÐÒÏÂÅ ÉÓ ÌÁÒÇÅÌÙ ÒÅÓÔÒÉÃÔÅÄ ÄÕÅ ÔÏ ÐÒÁÃÔÉÃÁÌ ÃÏÎÓÉÄÅÒÁÔÉÏÎÓȟ ÆÕÒÔÈÅÒ ÁÎÁÌÙÓÉÓ ÏÆ ÔÈÉÓ ÔÙÐÅ 

×ÏÕÌÄ ÂÅ ÂÅÓÔ ÓÕÉÔÅÄ ÔÏ ÍÏÒÅ ÁÄÖÁÎÃÅÄ ÃÏÍÍÅÒÃÉÁÌ ÏÐÔÉÃÁÌ ÄÅÓÉÇÎ ÓÏÆÔ×ÁÒÅȢ 

 Chapter Summary  

4ÈÅ ÂÁÓÉÃ ÐÒÉÎÃÉÐÌÅ ÆÏÒ ÔÈÅ ÔÒÁÎÓÍÉÓÓÉÏÎ ÏÆ ÌÉÇÈÔ ÉÎ ÔÉÓÓÕÅȟ ÔÈÅ ÏÐÔÉÃÁÌ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÂÉÏÌÏÇÉÃÁÌ 

ÔÉÓÓÕÅ ÁÎÄ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÐÈÅÎÏÍÅÎÁ ÁÓ ÔÈÅ ÂÁÓÉÃ ÐÒÉÎÃÉÐÌÅ ÆÏÒ ÔÈÅ ÓÅÌÅÃÔÅÄ ÍÅÔÈÏÄ ÉÎ ÏÕÒ ÓÙÓÔÅÍ 

ɉ%,33Ɋ ÈÁÖÅ ÂÅÅÎ ÃÌÁÒÉÆÉÅÄȢ ! ÍÁÔÈÅÍÁÔÉÃÁÌ ÍÏÄÅÌ ÈÁÓ ÂÅÅÎ ÄÅÓÉÇÎÅÄ ÕÓÉÎÇ ÔÈÅ "ÅÅÒȤ,ÁÍÂÅÒÔ 

ÌÁ× ÁÎÄ ÔÈÅ ÓÔÁÎÄÁÒÄ 'ÁÕÓÓÉÁÎ ÄÉÓÔÒÉÂÕÔÉÏÎ ÆÕÎÃÔÉÏÎ ÔÏ ÃÈÁÒÁÃÔÅÒÉÚÅ ÔÈÅ ÓÐÅÃÉÆÉÃ ÐÁÒÁÍÅÔÅÒÓ ÏÎ 

ÔÈÅ ÇÅÏÍÅÔÒÉÃÁÌ ÄÅÓÉÇÎȢ 4ÈÅÎȟ ÔÈÅ ÅÆÆÅÃÔ ÏÆ ÓÏÍÅ ÐÁÒÁÍÅÔÅÒÓ ÏÎ ÔÈÅ ÇÅÏÍÅÔÒÉÃÁÌ ÄÅÓÉÇÎ ÈÁÓ ÂÅÅÎ 

ÓÔÕÄÉÅÄȟ ÓÕÃÈ ÁÓ ÎȤÓÉÇÍÁȟ ÁÃÃÅÐÔÁÎÃÅ ÁÎÇÌÅȟ ÓÃÁÔÔÅÒÉÎÇȟ ÃÅÎÔÒÅ ÔÏ ÃÅÎÔÒÅ ÓÅÐÁÒÁÔÉÏÎ ÁÎÄ ÄÉÁÍÅÔÅÒ 

ÏÆ ÔÈÅ ÏÐÔÉÃÁÌ ÐÒÏÂÅȢ 4ÈÅ ÏÕÔÃÏÍÅ ÏÆ ÔÈÅ ÍÁÔÈÅÍÁÔÉÃÁÌ ÍÏÄÅÌ ÓÈÏ×ÅÄȟ ÓÉØ ÉÓ ÔÈÅ ÉÄÅÁÌ ÎÕÍÂÅÒ ÏÆ 

ÓÉÇÍÁÓ ÔÏ ÏÂÔÁÉÎ Á ÔÙÐÉÃÁÌ 'ÁÕÓÓÉÁÎ ÉÎÔÅÎÓÉÔÙ ÆÕÎÃÔÉÏÎȢ 4ÈÅ ÇÅÎÅÒÁÌ ÏÕÔÃÏÍÅ ÏÆ ÔÈÅ ÁÃÃÅÐÔÁÎÃÅ 

ÁÎÇÌÅ ÅÆÆÅÃÔ ÉÓ ÔÈÁÔ ÔÈÅ ÌÏ×ÅÒ ÔÈÅ ÄÉÆÆÅÒÅÎÃÅ ÉÎ ÔÈÅ ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØȟ ÔÈÅ ÍÏÒÅ ÌÉÇÈÔ ÉÓ ÃÏÕÐÌÅÄ ÆÒÏÍ 

ÓÏÕÒÃÅ ÆÉÂÒÅ ÔÏ ÓÅÎÓÅ ÆÉÂÒÅȢ ! ÃÏÎÓÉÄÅÒÁÂÌÅ ÉÎÃÒÅÁÓÅ ÉÎ ÔÈÅ ÉÎÔÅÎÓÉÔÙ ÉÎ ÒÅÄÕÃÉÎÇ ÔÈÅ ÎÕÍÂÅÒ ÏÆ 

ÓÃÁÔÔÅÒÉÎÇ ÅÖÅÎÔÓȢ 2ÅÇÁÒÄÉÎÇ ÔÈÅ ÓÅÐÁÒÁÔÉÏÎ ÃÅÎÔÒÅ ÔÏ ÃÅÎÔÒÅ ÁÎÄ ÔÈÅ ÃÏÒÅ ÄÉÁÍÅÔÅÒ ÅÆÆÅÃÔȢ 4ÈÅ 

ÄÅÓÉÇÎ ×ÉÔÈ Á ÓÍÁÌÌ ÓÅÐÁÒÁÔÉÏÎ ÏÆ άΰέ ˃Í ÉÓ ÍÏÒÅ ÅÆÆÉÃÉÅÎÔ ÉÎ ÓÃÁÔÔÅÒÉÎÇ ÉÎÔÅÎÓÉÔÙ ÔÈÁÎ ÔÈÅ 

ÓÅÐÁÒÁÔÉÏÎ ÏÆ ήΪΪ ˃ÍȢ ! ÐÒÏÂÅ ×ÉÔÈ ΫΪΪ ЪÍ ÓÈÏ×Î Á ÓÕÂÓÔÁÎÔÉÁÌ ÉÎÃÒÅÁÓÅ ÉÎ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ 

ÉÎÔÅÎÓÉÔÙ ÉÎ ÃÏÍÐÁÒÉÓÏÎ ÔÏ άΪΪ ЪÍȟ ×ÈÉÃÈ ÁÒÅ ÔÈÅ ÁÃÔÕÁÌ ÃÏÒÅ ÄÉÁÍÅÔÅÒÓ ÏÆ ÔÈÅ ÅØÐÅÒÉÍÅÎÔ ×ÏÒË 
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ÅÍÉÔÔÅÒȢ 4ÈÉÓ ÍÏÄÅÌ ÓÈÏ×ÅÄ ÔÈÁÔ ÂÙ ÉÎÃÒÅÁÓÅ ÔÈÅ ÚȤÁØÉÓȟ ×ÈÉÃÈ ÉÓ ÐÅÒÐÅÎÄÉÃÕÌÁÒ ÔÏ ÔÈÅ ÆÁÃÅ ÏÆ ÔÈÅ 

ÆÉÂÒÅ ÁÐÅÒÔÕÒÅȢ 4ÈÅ ÆÕÒÔÈÅÒ ÔÈÅ ÂÅÁÍ ÐÒÏÐÁÇÁÔÅÓȟ ÔÈÅ ×ÉÄÅÒ ÔÈÅ &7(-Ȣ !ÌÓÏȟ ÔÈÅ ×ÉÄÅÒ 

ÁÃÃÅÐÔÁÎÃÅ ÁÎÇÌÅ ɉÂÙ ÒÅÄÕÃÉÎÇ ÔÈÅ ÃÅÎÔÒÅȤÔÏȤÃÅÎÔÒÅ ÓÅÐÁÒÁÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÅÍÉÔÔÉÎÇ ÁÎÄ 

ÒÅÃÅÉÖÉÎÇ ÆÉÂÒÅÓɊ ÈÁÓ Á ÇÒÅÁÔÅÒ ÃÏÕÐÌÉÎÇ ÅÆÆÉÃÉÅÎÃÙ ÏÆ ÔÈÅ ÉÎÔÅÎÓÉÔÙȢ  
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Chapter 4  

4 FABRICATION AND EXPERIMENTAL 

RESULTS FOR THE OPTICAL PROBE  

  Geometrical Design and Fabrication  

4ÈÅ ÆÁÂÒÉÃÁÔÉÏÎ ÓÔÅÐÓ ÈÁÖÅ ÂÅÅÎ ÄÏÎÅ ÂÙ ÆÏÌÌÏ×ÉÎÇ ÔÈÅ ÂÅÌÏ× ÓÔÅÐÓȢ &ÉÒÓÔÌÙȟ ÓÅÌÅÃÔÉÎÇ ÔÈÅ ÓÕÉÔÁÂÌÅ 

ÆÉÂÒÅ ÏÐÔÉÃÓȟ ÆÁÂÒÉÃÁÔÉÏÎ ÓÔÅÐÓ ÉÎ ÔÈÅ ,ÁÂȢȟ ÐÒÅÐÁÒÁÔÉÏÎ ÔÉÓÓÕÅ ÐÈÁÎÔÏÍ ÓÁÍÐÌÅÓ ÐÏÌÙÓÔÙÒÅÎÅ 

ÓÐÈÅÒÅÓ ÉÎ ÓÕÓÐÅÎÓÉÏÎ ɉ03Ɋ ÁÎÄ ÆÉÎÁÌÌÙȟ ÅØÐÅÒÉÍÅÎÔÁÌ ÒÅÓÕÌÔÓ ÕÓÉÎÇ ÏÕÒ ÏÐÔÉÃÁÌ ÐÒÏÂÅ ÆÁÂÒÉÃÁÔÅÄ 

ÂÙ ÕÓÉÎÇ ÄÉÆÆÅÒÅÎÔ 03 ÄÉÌÕÔÉÏÎÓ άȢίГȟ ΫȢάίГ ÁÎÄ ΪȢΰάίГ ÆÏÒ ÔÈÒÅÅ ÐÁÒÔÉÃÌÅ ÓÉÚÅÓ άȟ ΪȢβ ÁÎÄ ΪȢήΫέ ʏÍȢ 

 Selecting  the Optical F ibre  

4ÈÅÒÅ ÁÒÅ Ô×Ï ÃÁÔÅÇÏÒÉÅÓ ÉÎ ÆÉÂÒÅ ÏÐÔÉÃÓȟ ÎÁÍÅÌÙ ÓÉÎÇÌÅȤÍÏÄÅ ÁÎÄ ÍÕÌÔÉȤÍÏÄÅȢ 4ÈÅ ÓÉÎÇÌÅȤÍÏÄÅ 

ÄÅÓÃÒÉÂÅÓ Á ÆÉÂÒÅ ÔÈÁÔ ÓÕÐÐÏÒÔÓ ÏÎÅ ÔÒÁÎÓÍÉÓÓÉÏÎ ÍÏÄÅȟ Á ÓÍÁÌÌ ÃÏÒÅ ÄÉÁÍÅÔÅÒ ɉНΫΪ ʏÍɊ ÁÎÄ Á ÌÏ× 

ÎÕÍÅÒÉÃÁÌ ÁÐÅÒÔÕÒÅȢ 4ÈÅ ÍÕÌÔÉȤÍÏÄÅ ÄÅÓÃÒÉÂÅÓ Á ÆÉÂÒÅ ÔÈÁÔ ÃÁÎ ÈÅÌÐ ÍÏÒÅ ÔÈÁÎ ÏÎÅ ÔÒÁÎÓÍÉÓÓÉÏÎ 

ÍÏÄÅȟ ÈÁÖÅ ÂÉÇÇÅÒ ÃÏÒÅ ÄÉÁÍÅÔÅÒÓ ɉО ίΪ ʏÍɊ ÁÎÄ Á ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÌÁÒÇÅÒ ÎÕÍÅÒÉÃÁÌ ÁÐÅÒÔÕÒÅ ɉΪȢά 

ÔÏ ΪȢήɊ ÆÏÒ ÓÉÌÉÃÁ ÃÏÒÅ ÆÉÂÒÅÓȢ -ÕÌÔÉȤÍÏÄÅ ÆÉÂÒÅÓ ÁÒÅ ÃÏÍÍÏÎÌÙ ÅÍÐÌÏÙÅÄ ÉÎ ÂÉÏÍÅÄÉÃÁÌ 

ÁÐÐÌÉÃÁÔÉÏÎÓ ÁÎÄ ÈÁÖÅ Ô×Ï ÂÁÓÉÃ ÃÏÎÆÉÇÕÒÁÔÉÏÎÓȡ ÓÔÅÐȤÉÎÄÅØ ÁÎÄ ÇÒÁÄÉÅÎÔ ÉÎÄÅØȢ 3ÔÅÐ Ȥ ÍÕÌÔÉÍÏÄÅ 

ÉÎÄÅØ ÆÉÂÒÅÓ ÈÁÖÅ Á ÃÏÒÅ ÄÉÁÍÅÔÅÒ ÏÆ ОΫΪΪ ʏÍȢ 4ÈÅ ÎÁÍÅ ÒÅÆÅÒÓ ÔÏ ÔÈÅ ÓÈÁÒÐ ÃÈÁÎÇÅ ÉÎ ÒÅÆÒÁÃÔÉÖÅ 

ÉÎÄÅØ ÉÎ ÔÈÅ ÆÉÂÒÅ ÍÁÔÅÒÉÁÌ ÁÔ ÔÈÅ ÃÏÒÅȤÃÌÁÄÄÉÎÇ ÂÏÕÎÄÁÒÙȢ "Ù ÃÏÎÔÒÁÓÔȟ ÇÒÁÄÉÅÎÔ ÉÎÄÅØ ÆÉÂÒÅÓ ×ÉÔÈ 

ÓÍÁÌÌÅÒ ÃÏÒÅ ÄÉÁÍÅÔÅÒÓ ɉίΪ ÔÏ γΪɊ ʏÍ ÈÁÖÅ Á ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØ ÔÈÁÔ ÒÅÄÕÃÅÓ ÇÒÁÄÕÁÌÌÙ ÆÒÏÍ ÔÈÅ 

ÃÅÎÔÒÅ ÏÆ ÔÈÅ ÃÏÒÅ ÔÏ ÔÈÅ ÃÌÁÄÄÉÎÇȢ 4ÈÅ ÎÕÍÅÒÉÃÁÌ ÁÐÅÒÔÕÒÅ ɉ.!Ɋ ÃÏÌÌÅÃÔÓ ÔÈÅ ÌÉÇÈÔ ÆÒÏÍ Á ÓÏÕÒÃÅ 

ÁÎÄ ÐÒÅÓÅÒÖÅÓ ÔÈÅ ÆÉÂÒÅΈÓ ÌÉÇÈÔȢ &ÉÂÒÅÓ ×ÉÔÈ Á ÈÉÇÈ .! ÁÌÌÏ× ÁÎ ÅØÔÅÎÓÉÖÅ ÒÁÎÇÅ ÏÆ ÉÎÃÉÄÅÎÔ ɉÏÐÔÉÃɊ 

ÁØÉÓ ÏÆ ÔÈÅ ÆÉÂÒÅȟ ×ÈÉÃÈ ÃÁÕÓÅÓ ÔÈÅ ÒÁÙÓ ÔÏ ÔÒÁÖÅÌ ÉÎ ÌÏÎÇÅÒ ÐÁÔÈ ÌÅÎÇÔÈÓ ɉÈÉÇÈ ÏÒÄÅÒ ÍÏÄÅÓɊȢ &ÉÂÒÅÓ 

×ÉÔÈ ÌÏ× .! ÁÌÌÏ× ÔÈÅ ÉÎÃÏÍÉÎÇ ÒÁÄÉÁÔÉÏÎ ÔÏ ÅÎÔÅÒ ÁÔ ÓÍÁÌÌÅÒ ÁÎÇÌÅÓȟ ÁÎÄ ÁÓ Á ÒÅÓÕÌÔȟ ÒÁÙÓ ÐÁÓÓ 

ÔÈÒÏÕÇÈ ÉÎ ÓÈÏÒÔÅÒ ÐÁÔÈ ÌÅÎÇÔÈÓ ɉÌÏ× ÏÒÄÅÒ ÍÏÄÅÓɊȢ 4ÈÅ ×ÁÖÅÌÅÎÇÔÈ ÒÁÎÇÅ ÃÈÏÉÃÅ ÐÌÁÙÓ ÁÎ 

ÅÓÓÅÎÔÉÁÌ ÒÏÌÅ ÉÎ ÓÅÌÅÃÔÉÎÇ ÁÐÐÒÏÐÒÉÁÔÅ ÃÏÒÅ ÁÎÄ ÃÌÁÄÄÉÎÇ ÍÁÔÅÒÉÁÌÓ ÔÈÁÔ ÁÌÌÏ× ÆÏÒ ÓÕÉÔÁÂÌÅ ÌÉÇÈÔ 

ÔÒÁÎÓÍÉÓÓÉÏÎȢ #ÏÎÖÅÎÔÉÏÎÁÌ ÇÌÁÓÓ ÁÎÄ ÐÌÁÓÔÉÃ ÃÏÒÅ ÆÉÂÒÅÓ ÁÒÅ ÈÉÇÈÌÙ ÔÒÁÎÓÐÁÒÅÎÔ ÔÏ ×ÁÖÅÌÅÎÇÔÈÓ ÉÎ 

ÔÈÅ ÖÉÓÉÂÌÅ ÓÐÅÃÔÒÕÍ ÁÎÄ ÌÏÓÅ П ΪȢΫ ÁÂÓÏÒÐÔÉÏÎ ÐÅÒ ÍÅÔÒÅȢ (ÉÇÈȤÇÒÁÄÅ ÆÕÓÅÄ ÓÉÌÉÃÁ ÃÏÒÅÓ ÁÒÅ ÍÏÒÅ 

ÓÕÉÔÁÂÌÅ ÆÏÒ ÏÐÔÉÃÁÌ ÔÒÁÎÓÍÉÓÓÉÏÎ ÉÎ ÔÈÅ ÕÌÔÒÁÖÉÏÌÅÔ ɉ56Ɋ ÏÒ ÉÎÆÒÁÒÅÄ ɉ)2Ɋ ×ÁÖÅÌÅÎÇÔÈ ÒÁÎÇÅÓȢ )Î 

ÔÈÅÓÅ ×ÁÖÅÌÅÎÇÔÈ ÒÁÎÇÅÓȟ ÈÙÄÒÏØÙÌ ɉ/(Ɋ ÒÁÄÉÃÁÌÓ ÉÎ ÔÈÅ ÓÉÌÉÃÁ ÃÏÒÅ ÈÁÖÅ ÔÈÅ ÍÏÓÔ ÒÏÂÕÓÔ 

ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓ ÏÆ ÔÒÁÎÓÍÉÓÓÉÏÎ ÁÎÄ ÁÂÓÏÒÐÔÉÏÎ ÏÆ ÔÈÅ ÆÉÂÒÅȢ -ÁÊÏÒ ÅØÔÒÉÎÓÉÃ ÌÏÓÓ ÍÅÃÈÁÎÉÓÍ ÉÓ 

ÃÁÕÓÅÄ ÂÙ ÁÂÓÏÒÐÔÉÏÎ ÄÕÅ ÔÏ ×ÁÔÅÒ ɉÁÓ ÔÈÅ ÈÙÄÒÏØÙÌ ÏÒ /(Ȥ ÉÏÎÓɊ ÉÎÔÒÏÄÕÃÅÄ ÉÎ ÔÈÅ ÇÌÁÓÓ ÆÉÂÒÅ 

ÄÕÒÉÎÇ ÆÉÂÒÅ ÐÕÌÌÉÎÇ ÂÙ ÍÅÁÎÓ ÏÆ ÏØÙÈÙÄÒÏÇÅÎ ÆÌÁÍÅȢ )Î ÔÈÅ 56 ÒÅÇÉÏÎ ɉάΪΪ ÎÍНʎНέΰΪ ÎÍɊȟ ÈÉÇÈ 

/( ÁÒÅ ÐÒÅÆÅÒÒÅÄȟ ÈÏ×ÅÖÅÒ ÉÎ ÔÈÅ ÎÅÁÒȤÉÎÆÒÁÒÅÄ ɉ.)2Ɋȟ ÁÎÄ ÕÐ ÔÏ άήΪΪ ÎÍȟ ÌÏ× /( ÃÏÎÃÅÎÔÒÁÔÉÏÎ 
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ÆÉÂÒÅÓ ÐÒÏÖÉÄÅ ÔÈÅ ÍÏÓÔ ÆÁÖÏÕÒÁÂÌÅ ÔÒÁÎÓÍÉÓÓÉÏÎ ɏΫάΰɐȢ 4ÈÕÓȟ ÉÎ ÏÕÒ ÏÐÔÉÃÁÌ ÆÉÂÒÅȟ ÔÈÅ ÍÕÌÔÉȤÍÏÄÅ 

ÉÓ ÓÅÌÅÃÔÅÄ ÂÅÃÁÕÓÅ ÉÔ ÃÁÎ ÂÅ ÁÐÐÌÉÅÄ ÆÏÒ ÔÕÍÏÕÒ ÄÅÔÅÃÔÉÏÎ ÉÎ ÃÁÓÅÓ ×ÉÔÈ Á ÃÏÒÅ ÄÉÁÍÅÔÅÒ ÏÆ άΪΪ 

ЪÍ ÁÎÄ ΫΪΪ ЪÍ ÁÓ ×ÅÌÌ ÁÓ ÉÎ ÃÁÓÅÓ ×ÉÔÈ ÓÔÅÐȤÉÎÄÅØ ÃÁÔÅÇÏÒÉÅÓ ÄÕÅ ÔÏ ÄÅÔÅÃÔ ÆÉÂÒÅ ÏÐÔÉÃÓ ×ÉÔÈ ÃÏÒÅ 

ÄÉÁÍÅÔÅÒ ОΫΪΪ ʏÍȢ )Î ÃÏÎÃÌÕÓÉÏÎȟ ÔÈÅ ÏÐÔÉÃÁÌ ÆÉÂÒÅÓ ÃÈÏÓÅÎ ÈÁÖÅ ÔÈÅ ÆÏÌÌÏ×ÉÎÇ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓȢ 

#ÏÒÅ ÄÉÁÍÅÔÅÒ άΪΪ З ή ЪÍȟ #ÌÁÄÄÉÎÇ ÄÉÁÍÅÔÅÒ άάΪ З ήȢή ЪÍȟ ÏÕÔÅÒ ÄÉÁÍÅÔÅÒ άήί З ί ЪÍȟ ΪȢάά .! 

ÆÏÒ 6)3Ⱦ.)2 ɉέΪΪ ÔÏ άήΪΪ ЪÍɊȟ &ÕÓÅÄ ÓÉÌÉÃÁ ɉ ÓÕÂÓÔÒÁÔÅɊ ɏΫάαɐȢ !ÎÄ #ÏÒÅ ÄÉÁÍÅÔÅÒ ΫΪΪ З ά ЪÍȟ 

#ÌÁÄÄÉÎÇ ÄÉÁÍÅÔÅÒ ΫΫΪ З άȢά ЪÍȟ /ÕÔÅÒ ÄÉÁÍÅÔÅÒ ΫέΪ З ί ЪÍ ÁÎÄ ΪȢάά .! ÆÏÒ 6)3Ⱦ.)2 ɉέΪΪ ÔÏ άήΪΪ 

ЪÍɊȟ &ÕÓÅÄ ÓÉÌÉÃÁ ɉÓÕÂÓÔÒÁÔÅɊ ɏΫάβɐȢ 

 Fabrication and Geometrical Design  

Two ELSS optical probes, probe 1 and probe 2, consist of two silica-silica identical adjacent 

fibres. One for the illumination, the other for detection with a numerical aperture of 0.22 in the 

air. Probe 1 uses fibres of 200 µm diameter, and for probe 2, 100 µm core diameter. The centre-

centre separation is 263 and 132 µm for probes 1 and 2, respectively. The distal end is housed in 

a rigid stainless steel needle casing for easy handling. The diameters of the whole assembly are 

0.8 and 0.5 mm, respectively. Figure 4-1 and 4-2 demonstrate the steps of our fabrication. Figure 

4-1 demonstrates the fabrication steps which started by adjacent two identical fibre optics in a 

rigid stainless steel needle using the specific glue for fibre optics (F120 - Epoxy for Fiber Optic 

Connectors, Fast Room Temperature Cure, Thorlabs Company, US). Then the drier has been 

used to fix all. Finally, the separation for two fibres has been done using a fabricated plastic part, 

one as a source and the second as a receiver fibre10. Figure 4-2 shows the polishing steps for the 

SMA905 fibre connectors which one was used as a source and the second one as a detector fibre 

optics. The steps started by hanging the connector in a safe spot after inserting fibre into 

epoxied connector. Then to make it ready for polishing, a Protrude fibre has been done. 

Ultimately, a polishing fibre has been done using specific fibre polishing film/ Lapping Film for 

use with stainless steel Ferrules ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÓÉÚÅÓ ί ʏÍȟ έ ʏÍȟ Ϋ ʏÍ ÁÎÄ ΪȢέ ʏÍ ÁÎÄ 

connectorised fibre polishing pucks to hold the fib re connector securely and to maintain the 

proper angle. Figure 4-3 and 4-4 illustrate  the design and physical embodiment of the optical 

probe. 
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Figure 4-1: Fabrication steps 1-Gluing two fibre optics after adjacent both of them.2- Glue and house the 

adjacent fibres in a rigid stainless steel needle.3- drying all gluing parts.4- Fix and separate two fibres, one as a 
source and the second as a receiver.  

 

 
Figure 4-2: Polishing steps for the SMA905 Fibre connectors.1-Hang the connector in a safe spot after inserting 
fibre into epoxied connector.2- Protrude fibre to make ready for polishing. 3- Fibre after polishing.  

  

 

 
Figure 4-3: The design of the Optical Probe 
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Figure 4-4: The physical optical probe 

 

 

 Tissue Phantom Preparation  

 Optical tissue phantom  

4ÈÒÅÅ ÁÑÕÅÏÕÓ ÓÕÓÐÅÎÓÉÏÎÓ ÏÆ ÍÏÎÏÄÉÓÐÅÒÓÅ ÐÏÌÙÓÔÙÒÅÎÅ ÍÉÃÒÏÓÐÈÅÒÅ ɉ#ÏÒÐÕÓÃÕÌÁÒ )ÎÃȟ -ÁÒÖÅÌ 

ÏÆ .ÁÎÏÓÃÉÅÎÃÅȟ ÁÎÄ ÔÈÅ 53!Ɋ ɏΫάγɐ ÁÒÅ ÕÓÅÄ ÉÎ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÓȢ $ÉÁÍÅÔÅÒÓ ÏÆ ÔÈÅ ÍÉÃÒÏÓÐÈÅÒÅ 

×ÅÒÅ ΪȢήΫέȟ ΪȢβ ÁÎÄ ά ЪÍȟ ÁÓ ÄÅÍÏÎÓÔÒÁÔÅÄ ÉÎ ÓÅÃÔÉÏÎ άȢΫȢήȢΫȢ 4ÈÅ ÓÁÍÐÌÅÓ ÃÏÎÓÉÓÔÅÄ ÏÆ άίΪ 

ÍÉÃÒÏÌÉÔÅÒÓ ɉЪÌɊ ÏÆ ÓÔÏÃË ɉάȢίГɊ ɉ4ÈÅ ÏÒÉÇÉÎÁÌ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÆÒÏÍ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒɊȟ άίΪ ЪÌ ÏÆ ÔÈÅ 

ÓÔÏÃË ÁÄÄÅÄ ÔÏ άίΪ ЪÌ ÏÆ ÄÅÉÏÎÉÚÅÄ ×ÁÔÅÒ ɉ$)Ȥ7Ɋȟ ÁÎÄ ÈÁÌÆ ÏÆ ÔÈÉÓ ÍÉØÔÕÒÅ ÉÓ ÕÓÅÄ ÁÓ ÔÈÅ ÆÉÒÓÔ 

ÃÏÎÃÅÎÔÒÁÔÉÏÎ ɉΫȢάίГɊȢ 4ÈÅ ÏÔÈÅÒ ÈÁÌÆ ÉÓ ÁÄÄÅÄ ÔÏ άίΪ ЪÌ ÏÆ $)Ȥ7ȟ ÁÎÄ ÈÁÌÆ ÏÆ ÔÈÉÓ ÍÉØÔÕÒÅ ÉÓ ÕÓÅÄ 

ÁÓ Á ÓÅÃÏÎÄ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ɉΪȢΰάίГɊ ɉ&ÉÇÕÒÅ ήȤίɊȢ 4ÈÅ ÌÁÓÔ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÒÁÎÇÅÓ ÆÒÏÍ ÒÅÄÕÃÅÄ 

ÓÃÁÔÔÅÒÉÎÇ ÃÏÅÆÆÉÃÉÅÎÔ ΫάȢγαάȤάαȢβγ ÃÍȤΫ ɉ×ÉÔÈÉÎ ÖÁÒÉÏÕÓ ÔÉÓÓÕÅ ÔÙÐÅÓɊȢ 4ÈÅ ÒÅÄÕÃÅÄ ÓÃÁÔÔÅÒÉÎÇ 

ÃÏÅÆÆÉÃÉÅÎÔ ÏÆ ÄÉÆÆÅÒÅÎÔ ÔÉÓÓÕÅ ÔÙÐÅÓ ÖÁÒÉÅÓ ÂÅÔ×ÅÅÎ ΫȢά ÔÏ ήΪ ÃÍȤΫ ɏβέɐȢ !ÌÌ ÐÁÒÔÉÃÌÅ ÓÉÚÅ 

ÍÅÁÓÕÒÅÍÅÎÔÓ ×ÅÒÅ ÐÅÒÆÏÒÍÅÄ ÏÎ ÓÕÓÐÅÎÓÉÏÎÓ ×ÉÔÈ ÒÅÄÕÃÅÄ ÓÃÁÔÔÅÒÉÎÇ ÃÏÅÆÆÉÃÉÅÎÔÓ ÉÎ ÔÈÅ ÒÁÎÇÅ 

ΰȢήβγ ÔÏ ΫΫΫȢίβή ÃÍȤΫȢ -ÉÅ ÔÈÅÏÒÙ ÈÁÓ ÂÅÅÎ ÕÓÅÄ ÔÏ ÃÁÌÃÕÌÁÔÅ ÔÈÅ ÒÅÄÕÃÅÄ ÓÃÁÔÔÅÒÉÎÇ ÃÏÅÆÆÉÃÉÅÎÔ 

ÕÓÉÎÇ Á ÖÁÌÕÅ ÏÆ ΫȢίβ ÁÎÄ ΫȢέέέ ÆÏÒ ÔÈÅ ÐÁÒÔÉÃÌÅ ÁÎÄ $)Ȥ7 ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØȟ ÒÅÓÐÅÃÔÉÖÅÌÙ ÁÔ ΰέάȢβ ÎÍȢ 

4ÈÅ 3ÃÏÔÔ 0ÒÁÈÌ ÃÁÌÃÕÌÁÔÏÒ ÉÓ ÕÓÅÄ ÔÏ ÃÁÌÃÕÌÁÔÅ ÔÈÅ -ÉÅ ÓÃÁÔÔÅÒÉÎÇ ɏΫέΪɐȢ 
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Figure 4-5: Polystyrene preparation  

 Analysing  Data  

4ÈÅ ÍÅÁÓÕÒÅÄ ÓÐÅÃÔÒÁ ×ÅÒÅ ÃÏÒÒÅÃÔÅÄ ÆÏÒ ÔÈÅ ×ÁÖÅÌÅÎÇÔÈ ÄÅÐÅÎÄÅÎÃÅ ÏÆ ÓÙÓÔÅÍ ÃÏÍÐÏÎÅÎÔÓ ÁÎÄ 

ÓÐÅÃÕÌÁÒ ÒÅÆÌÅÃÔÉÏÎȢ 4ÈÅ ÓÐÅÃÔÒÕÍ ÉÓ ÃÏÒÒÅÃÔÅÄ ÂÙ ÕÓÉÎÇ ÔÈÅ %ÑÕÁÔÉÏÎ ÂÅÌÏ× ɏβΪɐȢ 

 
2l

2l Ȥ2l

2l Ȥ2l
  

(4-1) 

7ÈÅÒÅȟ Ὑl  ÉÓ ÔÈÅ ÍÅÁÓÕÒÅÄ ÓÐÅÃÔÒÕÍ ÆÒÏÍ Á ÓÕÓÐÅÎÓÉÏÎ ÏÆ ÍÏÎÏÄÉÓÐÅÒÓÅ ÐÏÌÙÓÔÙÒÅÎÅ 

ÍÉÃÒÏÓÐÈÅÒÅÓ ÂÙ ÉÎÓÅÒÔÉÎÇ ÔÈÅ ÐÒÏÂÅ ÉÎÓÉÄÅ ÔÈÅ ÓÁÍÐÌÅ ÂÙ ί ÍÍȟ Ὑl  ÉÓ ÔÈÅ ÂÁÃËÇÒÏÕÎÄ 

ÓÐÅÃÔÒÕÍȟ ×ÈÉÃÈ ×ÁÓ ÍÅÁÓÕÒÅÄ ÆÒÏÍ ÐÕÒÅ ×ÁÔÅÒ ÂÙ ÉÎÓÅÒÔÉÎÇ ÔÈÅ ÔÉÐ ÏÆ ÔÈÅ ÏÐÔÉÃÁÌ ÐÒÏÂÅ ÉÎ ÔÈÅ 

ÂÌÁÃË ÃÏÎÔÁÉÎÅÒ ÏÆ ÔÈÅ $)Ȥ7 ÔÏ ÄÅÆÉÎÅ ÔÈÅ ÂÁÃË ÒÅÆÌÅÃÔÉÏÎ Ὑl  ÉÓ Á ÓÐÅÃÔÒÕÍ ÏÆ ÓÐÅÃÔÒÁÌÏÎ 

ɉ,ÁÂÓÐÈÅÒÅȟ )ÎÃȢȟ /ÃÅÁÎ /ÐÔÉÃÓɊȢ 4ÈÅ ÐÒÏÂÅ ×ÁÓ ÎÅÁÒÌÙ ÐÌÁÃÅÄ Ϋ ÍÍ ÁÂÏÖÅ ÔÈÅ ÓÐÅÃÔÒÁÌÏÎ ÔÏ 

ÃÁÌÉÂÒÁÔÅ ÔÈÅ ÓÐÅÃÔÒÁÌ ÒÅÓÐÏÎÓÅ ÏÆ ÔÈÅ ÓÙÓÔÅÍ ÂÙ ÒÅÃÏÒÄÉÎÇ Á ÒÅÆÅÒÅÎÃÅ ÓÐÅÃÔÒÕÍ ÆÒÏÍ Á ÓÐÅÃÔÒÁÌÌÙ 

ÆÌÁÔ ÄÉÆÆÕÓÅ ÒÅÆÌÅÃÔÏÒ ɉ3ÐÅÃÔÒÁÌÏÎɊȢ 

  Instruments  

4ÈÅ %,33 ÓÙÓÔÅÍ ÉÎÓÔÒÕÍÅÎÔÁÔÉÏÎ ÃÏÎÓÉÓÔÓ ÏÆ ÁÎ Ȭ/ÃÅÁÎ /ÐÔÉÃÓȭ -ÁÙÁ 0ÒÏ 53" 3ÐÅÃÔÒÏÍÅÔÅÒȟ 

Original Equipment Manufacturer ɉ/%-Ɋ ÏÃÅÁÎ ÖÉÅ× ÓÏÆÔ×ÁÒÅ ɉ-ÁÙÁάΪΪΪ 0ÒÏȟ /ÃÅÁÎ /ÐÔÉÃÓ 

#ÏÍÐÁÎÙȟ 53ɊȢ 4ÈÅ ÏÐÔÉÃÁÌ ÒÅÓÏÌÕÔÉÏÎ ÆÏÒ ÔÈÉÓ ÓÙÓÔÅÍ ÉÓ ΪȢήα ÎÍȟ ÁÎÄ Á ÓÔÁÂÉÌÉÚÅÄ ÔÕÎÇÓÔÅÎȤ

ÈÁÌÏÇÅÎ ,ÉÇÈÔ 3ÏÕÒÃÅ ÈÁÓ ÂÅÅÎ ÕÓÅÄ ɉ6)3Ȥ)2Ɋ ɉ4ÈÏÒÌÁÂÓ #ÏÍÐÁÎÙȟ 53ɊȢ 4ÈÅ ÃÏÍÐÕÔÅÒ ÉÓ ÕÓÅÄ ÔÏ 

ÃÏÎÔÒÏÌ ÔÈÅ ÖÁÒÉÏÕÓ ÃÏÍÐÏÎÅÎÔÓ ÁÎÄ ÒÅÃÏÒÄ ÔÈÅ ÓÐÅÃÔÒÁȢ  !Î ÁÕÔÏÍÁÔÉÃ ÍÏÔÏÒ ×ÁÓ ÕÓÅÄ ÔÏ ÆÉØ ÔÈÅ 

ÓÁÍÐÌÅȢ -ÏÂÉÌÅ ÓÃÁÎÎÉÎÇ ÓÔÁÇÅ ÉÎ 8Ȥ9 ÒÁÓÔÅÒ ÐÁÔÔÅÒÎ ×ÁÓ ÕÓÅÄ ÔÏ ÉÎÓÅÒÔ ÔÈÅ ÐÒÏÂÅ ÉÎÔÏ ÔÈÅ ÓÁÍÐÌÅ 

ÔÏ ÔÈÅ ÓÁÍÅ ÐÏÓÉÔÉÏÎ ÒÅÐÅÁÔÁÂÌÙȢ 4ÈÅ ÓÔÅÐ ÓÉÚÅ ÏÆ ÔÈÅ ÓÔÁÇÅ ÉÓ ÌÅÓÓ ÔÈÁÎ Ϋ Í˃ ɉ&ÉÇÕÒÅ ήȤΰɊȢ 
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Figure 4-6: Set up of the experiment 

 

 Configuration  Types   

! ÆÉÒÓÔ ÃÏÎÆÉÇÕÒÁÔÉÏÎ ×ÁÓ ÆÁÂÒÉÃÁÔÅÄ ÕÓÉÎÇ Ô×Ï ÉÄÅÎÔÉÃÁÌ ÏÐÔÉÃÁÌ ÆÉÂÒÅÓ ÇÌÕÅÄ ÔÏÇÅÔÈÅÒ ÉÎÔÏ Á έÄ 

ÐÒÉÎÔÅÄ ÐÌÁÓÔÉÃ ÈÏÕÓÉÎÇȢ 4ÈÅÓÅ Ô×Ï ÁÔÔÁÃÈÅÄ ÆÉÂÒÅÓ ÁÒÅ ÔÈÒÅÁÄÅÄ ÉÎÔÏ Á ÓÔÁÉÎÌÅÓÓȤÓÔÅÅÌ ÎÅÅÄÌÅ ÆÏÒ 

ÉÎÓÅÒÔÉÏÎ ÉÎÔÏ ÔÈÅ ÓÁÍÐÌÅȢ 4ÈÅ ÏÔÈÅÒ ÅÎÄÓ ÏÆ ÔÈÅ ÐÒÏÂÅȟ ÔÈÅ ÓÏÕÒÃÅ ÁÎÄ ÒÅÃÅÉÖÅ ÆÉÂÒÅ ×ÅÒÅ ÆÉÔÔÅÄ 

×ÉÔÈ 3-! ÃÏÎÎÅÃÔÏÒÓȢ 3ÅÅ &ÉÇÕÒÅ ήȤα ÂÅÌÏ×Ȣ )Î ÔÈÉÓ ÆÉÒÓÔ ÃÏÎÆÉÇÕÒÁÔÉÏÎȟ Ô×Ï ÐÒÏÂÅÓ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ 

ÄÉÁÍÅÔÅÒÓ ÈÁÖÅ ÂÅÅÎ ÆÁÂÒÉÃÁÔÅÄȟ ÁÓ ÍÅÎÔÉÏÎÅÄ ÉÎ ÓÅÃÔÉÏÎ ήȢΫȢάȢ 4ÈÅ ÃÏÍÐÁÒÉÓÏÎ ÏÆ ÔÈÅÓÅ Ô×Ï 

ÐÒÏÂÅÓ ×ÉÌÌ ÆÏÌÌÏ×Ȣ 

 

 
Figure 4-7: Schematic diagram of the first set-up. 

4ÈÅ ÇÏÁÌ ÈÅÒÅ ×ÁÓ ÔÏ ÅÆÆÉÃÉÅÎÔÌÙ ÄÅÔÅÃÔ ÓÉÎÇÌÅ ÂÁÃËÓÃÁÔÔÅÒ ÅÖÅÎÔÓȢ )Ô ×ÁÓ ÎÏÔ ÐÏÓÓÉÂÌÅ ÔÏ 

ÍÁÎÕÆÁÃÔÕÒÅ Á ÐÒÏÂÅ ×ÉÔÈ Á ÓÉÎÇÌÅ ÆÉÂÒÅ ÏÐÔÉÃÓ ÂÅÃÁÕÓÅ ÏÆ Á ÌÁÃË ÏÆ ÁÃÃÅÓÓ ÔÏ Á ÆÉÂÒÅ ÆÕÓÉÏÎ ÓÐÌÉÃÅÒȢ 
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4ÈÅÒÅÆÏÒÅȟ Á ÓÅÃÏÎÄ ÃÏÎÆÉÇÕÒÁÔÉÏÎ ×ÁÓ ÔÒÉÅÄ ÔÏ ÅÎÓÕÒÅ ÓÉÎÇÌÅ ÂÁÃËÓÃÁÔÔÅÒÉÎÇ ÃÏÕÌÄ ÂÅ ÄÅÔÅÃÔÅÄȢ ! 

ÐÒÏÂÅ ÃÏÎÓÉÓÔÉÎÇ ÏÆ Á ÓÉÎÇÌÅ ÆÉÂÒÅ ×ÉÔÈ Á ÃÏÒÅ ÄÉÁÍÅÔÅÒ ÏÆ ήΪΪ ЪÍ ÈÁÓ ÂÅÅÎ ÆÁÂÒÉÃÁÔÅÄ ÉÎ ÔÈÉÓ ÓÅÔÕÐȢ 

7ÉÔÈ ÔÈÉÓ ÐÒÏÂÅȟ ÔÈÅ Ô×Ï ÅÎÄÓ ×ÅÒÅ ÆÉÔÔÅÄ ÉÎÔÏ ÓÅÐÁÒÁÔÅ ÓÔÁÉÎÌÅÓÓȤÓÔÅÅÌ ÎÅÅÄÌÅÓȢ /ÎÅ ÅÎÄ ÆÏÒ 

ÓÅÎÓÉÎÇȟ ÔÈÅ ÏÔÈÅÒ ÔÏ ÂÅ ÂÕÔÔ ÃÏÎÎÅÃÔÅÄ ÔÏ Ô×Ï ÓÍÁÌÌÅÒ ÄÉÁÍÅÔÅÒ ÆÉÂÒÅÓ ɉÐÒÏÂÅ Ϋ ÉÎ ÓÅÃÔÉÏÎ ήȢΫȢά 

×ÈÉÃÈ ÃÏÎÓÉÓÔÓ ÏÆ Ô×Ï ÉÄÅÎÔÉÃÁÌ ÆÉÂÒÅÓ ×ÉÔÈ ÃÏÒÅ ÄÉÁÍÅÔÅÒÓ άΪΪ ʏÍɊȟ ÐÁÒÔÉÁÌÌÙ ÏÖÅÒÌÁÐÐÉÎÇ ÁÎÄ 

ÇÌÕÅÄ ÔÏÇÅÔÈÅÒ ×ÉÔÈ ÉÎÄÅØ ÍÁÔÃÈÉÎÇ ÇÅÌȢ )Î ÔÈÉÓ ÃÏÎÆÉÇÕÒÁÔÉÏÎȟ ÔÈÅ ÉÌÌÕÍÉÎÁÔÉÏÎ ÆÉÂÒÅ ÐÁÒÔÉÁÌÌÙ 

ÃÏÕÐÌÅÓ ÔÏ ÔÈÅ ÌÁÒÇÅÒ ÓÅÎÓÉÎÇ ÆÉÂÒÅȢ ,ÉÇÈÔ ÔÒÁÖÅÌÌÉÎÇ ÂÁÃË ÆÒÏÍ ÔÈÅ ÓÅÎÓÉÎÇ ÆÉÂÒÅ ÉÓ ÐÁÒÔÉÁÌÌÙ ÃÏÕÐÌÅÄ 

ÉÎÔÏ ÔÈÅ ÓÐÅÃÔÒÏÍÅÔÅÒ ÆÉÂÒÅȟ ÁÓ ÉÌÌÕÓÔÒÁÔÅÄ ÉÎ ɉ&ÉÇÕÒÅ ήȤβɊȢ 

 

 
Figure 4-8: The diagram of the second set-up  

 

  Experimental Results  

 Effect of the Particle Size (Tissue 

Phantom Polystyrene Spheres in DI -W)  

&ÉÇÕÒÅ ήȤγ ÓÈÏ×Ó ÔÈÅ ÓÐÅÃÔÒÁ ÆÏÒ ÔÈÒÅÅ ÔÉÓÓÕÅ ÐÈÁÎÔÏÍÓ ÏÆ ÐÏÌÙÓÔÙÒÅÎÅ ÓÕÓÐÅÎÓÉÏÎ ×ÉÔÈ ÐÁÒÔÉÃÌÅ 

ÄÉÁÍÅÔÅÒÓ άȟ ΪȢβ ÁÎÄ ΪȢήΫέ ЪÍ ÁÎÄ Á ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ ΪȢΰάίГȢ 4ÈÅ ÒÅÄÕÃÅÄ ÓÃÁÔÔÅÒÉÎÇ ÃÏÅÆÆÉÃÉÅÎÔ 

ÆÏÒ ÔÈÉÓ ÉÓ ÉÎ ÔÈÅ ÒÁÎÇÅ ÏÆ ΫάȢγαά ÔÏ άαȢβγ ÃÍȤΫ ×ÉÔÈÉÎ ÔÈÅ ÒÁÎÇÅ ÏÆ ÄÉÆÆÅÒÅÎÔ ÔÉÓÓÕÅ ÔÙÐÅÓȢ &ÉÇÕÒÅ ήȤΫΫ 

ÓÈÏ×Ó ÔÈÅ ÎÕÍÂÅÒ ÏÆ ÐÅÁËÓ ÉÎÃÒÅÁÓÅÓ ×ÉÔÈ ÉÎÃÒÅÁÓÉÎÇ ÐÁÒÔÉÃÌÅ ÓÉÚÅ ÏÖÅÒ ÔÈÅ ×ÈÏÌÅ ÒÁÎÇÅ ÏÆ 

×ÁÖÅÌÅÎÇÔÈÓ ɉήίΪ ÔÏ ΫΪΪΪɊ ÎÍȢ &ÉÇÕÒÅ ήȤΫΪ ÄÅÍÏÎÓÔÒÁÔÅÓ ÔÈÅ ÓÐÅÃÔÒÁΈÓ ÄÅÒÉÖÁÔÉÖÅ ɉÇÒÁÄÉÅÎÔɊȢ 4ÈÅ 

ÆÒÅÑÕÅÎÃÙ ÏÆ ÏÓÃÉÌÌÁÔÉÏÎÓ ÉÎ ÔÈÅ ÄÅÒÉÖÁÔÉÖÅ ÓÐÅÃÔÒÁ ÉÎÃÒÅÁÓÅÓ ×ÉÔÈ Á ÐÁÒÔÉÃÌÅ ÓÉÚÅ ÁÓ ÅØÐÅÃÔÅÄ ÂÕÔ 

×ÉÔÈÏÕÔ ÔÈÅ ÂÁÃËÇÒÏÕÎÄ ÏÆÆÓÅÔȢ 4ÈÅ ÓÐÅÃÔÒÕÍ ÉÎ &ÉÇÕÒÅÓ ήȤγ ÁÎÄ ήȤΫΪ ÒÅÐÒÅÓÅÎÔ ÔÈÅ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃ 

ÓÉÇÎÁÔÕÒÅ ÆÏÒ ÅÁÃÈ ÐÁÒÔÉÃÌÅ ÓÉÚÅȢ 

4ÈÅ ÎÕÍÂÅÒ ÏÆ ÔÈÅ ÍÁØÉÍÁ ÁÎÄ ÍÉÎÉÍÁ ÉÎ ÔÈÅ ÄÅÒÉÖÁÔÉÖÅ ÓÐÅÃÔÒÁ ÐÒÏÖÉÄÅÄ ÉÎÆÏÒÍÁÔÉÏÎ ÒÅÇÁÒÄÉÎÇ 

ÔÈÅ ÐÁÒÔÉÃÌÅÓΈ ÄÉÁÍÅÔÅÒ ɉ&ÉÇÕÒÅ ήȤΫΫɊȢ 7ÉÔÈ ÐÁÒÔÉÃÌÅ ÄÉÁÍÅÔÅÒÓ ÏÆ ΪȢήΫέȟ ΪȢβ ÁÎÄ ά ЪÍȟ ÔÈÅÒÅ ÉÓ ÁÎ 

ÁÐÐÒÏØÉÍÁÔÅÌÙ ÌÉÎÅÁÒ ÒÅÌÁÔÉÏÎÓÈÉÐ ÂÅÔ×ÅÅÎ ÔÈÅ ÔÏÔÁÌ ÎÕÍÂÅÒ ÏÆ ÍÁØÉÍÁ ɉÏÒ ÍÉÎÉÍÁɊ ÁÎÄ ÐÁÒÔÉÃÌÅ 

ÓÉÚÅȢ 4ÈÅ ÓÉÚÅ ÏÆ ÔÈÅ ÃÅÌÌÓ ÐÌÁÙÓ ÁÎ ÅÓÓÅÎÔÉÁÌ ÒÏÌÅ ÉÎ ÄÉÆÆÅÒÅÎÔÉÁÔÉÎÇ ÂÅÔ×ÅÅÎ ÎÏÒÍÁÌ ÁÎÄ ÃÁÎÃÅÒ 

ÃÅÌÌÓȢ #ÁÎÐÏÌÁÔ ÁÎÄ -ÏÕÒÁÎÔ ÃÏÎÆÉÒÍÅÄ ÔÈÉÓ ÁÓ ÔÈÅÙ ÕÓÅÄ ÔÈÅ ÎÕÍÂÅÒ ÏÆ ÔÈÅ ÍÁØÉÍÁ ÁÎÄ ÍÉÎÉÍÁ 
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ÏÆ ÔÈÅ ÄÅÒÉÖÁÔÉÖÅ ÓÐÅÃÔÒÁ ÔÏ ÄÅÔÅÒÍÉÎÅ ÔÈÅ ÓÃÁÔÔÅÒÅÒ ÓÉÚÅ ɏβΫɐȢ )Î ÔÈÉÓ ÃÁÓÅȟ ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ÍÅÄÉÕÍ 

ÃÏÎÓÉÓÔÓ ÏÆ Á ÍÏÎÏÄÉÓÐÅÒÓÅ ÄÉÓÔÒÉÂÕÔÉÏÎ ÏÆ ÓÐÈÅÒÅÓ ×ÉÔÈ ÔÈÅ ËÎÏ×Î ÒÅÆÒÁÃÔÉÖÅ ÉÎÄÅØ ɉΫȢίβɊ ÁÔ Á 

×ÁÖÅÌÅÎÇÔÈ ÒÁÎÇÅ ÏÆ ήίΪ ÔÏ βΪΪ ÎÍ ɏβΫɐȢ 4ÈÉÓ ÔÅÃÈÎÉÑÕÅ ÃÁÎ ÄÉÓÔÉÎÇÕÉÓÈ ÖÁÒÉÏÕÓ ÓÃÁÔÔÅÒÅÒ ÓÉÚÅÓ 

ɉΪȢΫ ÔÏ άɊ ʏÍ ɏβΫɐȢ 4ÈÅÒÅÆÏÒÅȟ ÏÕÒ ÐÒÏÊÅÃÔΈÓ ÐÒÏÂÅ ÃÁÎ ÉÄÅÎÔÉÆÙ ÔÈÅ ÄÉÆÆÅÒÅÎÔ ÓÉÚÅ ÏÆ ÐÁÒÔÉÃÌÅÓ ɉΪȢήΫέȟ 

ΪȢβ ÁÎÄ άɊ ʏÍ ÁÓ ÔÈÅÒÅ ÉÓ Á ÓÉÇÎÉÆÉÃÁÎÔ ÄÉÆÆÅÒÅÎÃÅ ÂÅÔ×ÅÅÎ ÔÈÅ ÐÁÒÔÉÃÌÅ ÓÉÚÅ ÁÎÄ ÔÈÅ ÎÕÍÂÅÒ ÏÆ ÔÈÅ 

ÍÁØÉÍÁ ÁÎÄ ÍÉÎÉÍÁ ɉ&ÉÇÕÒÅ ήȤΫΫɊȟ ×ÈÉÃÈ ÉÓ ÒÅÌÁÔÅÄ ÔÏ ÔÈÅ ÃÏÒÒÅÌÁÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÐÁÒÔÉÃÌÅ ÓÉÚÅ 

ÁÎÄ ÔÈÅ ×ÁÖÅÌÅÎÇÔÈ ÃÌÁÒÉÆÉÅÄ ÉÎ ÓÅÃÔÉÏÎ έȢάȢ  

 

 
 

Figure 4-9: Comparison between three particle sizes at 0.625 % PS concentration by using an optical probe with 100 
µm, each particle size with a different signature.  

 

 
Figure 4-10: Derivatives of the spectra in figure 4.9 
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Figure 4-11: Particle diameter as a function of the total number of maxima and minima of the elastic scatter 
spectrum derivatives between 450 and 800 nm. 

 Effect of the Dimension of the Core 

Diameter and the Separation between F ibre 

Optics on the Measurements of no - 

A bsorbing Tissue Phantoms. Polystyrene in 

DI - W  

&ÉÇÕÒÅ ήȤΫά ÓÈÏ×Ó ÔÈÅ ÓÐÅÃÔÒÁ ÆÏÒ ÔÈÅ ÔÈÒÅÅ ÔÉÓÓÕÅ ÐÈÁÎÔÏÍÓ ×ÉÔÈ ÐÁÒÔÉÃÌÅ ÄÉÁÍÅÔÅÒÓ άȟ ΪȢβ ÁÎÄ 

ΪȢήΫέ ЪÍ ×ÉÔÈ Á ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ άȢίГ ɉÔÈÅ ÏÒÉÇÉÎÁÌ ÃÏÎÃÅÎÔÒÁÔÉÏÎɊȢ &ÏÒ ÅÁÃÈ ÐÁÒÔÉÃÌÅÓ ÓÉÚÅ ÉÎ ÔÈÉÓ 

&ÉÇÕÒÅȟ ÉÔ ÉÓ ÅÖÉÄÅÎÔ ÔÈÁÔ ÔÈÅ ÓÉÇÎÁÌ ÓÔÒÅÎÇÔÈ ÉÓ ÓÕÐÅÒÉÏÒ ÆÏÒ ÔÈÅ ΫΪΪ ЪÍ ÃÏÒÅ ÄÉÁÍÅÔÅÒ ÁÓ ÏÐÐÏÓÅÄ 

ÔÏ ÔÈÅ ÆÉÂÒÅ ÏÆ άΪΪ ЪÍȢ (ÅÒÅȟ ÔÈÅ ÆÉÂÒÅ ÓÅÐÁÒÁÔÉÏÎÓ ÁÒÅ Ϋέά ЪÍ ÃÅÎÔÒÅ ÁÎÄ άΰέ ЪÍȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 

4ÈÉÓ ÃÏÒÒÅÓÐÏÎÄÓ ×ÉÔÈ ÔÈÅ ÍÏÄÅÌÌÉÎÇ ÉÎ ÃÈÁÐÔÅÒ έȢ 4ÈÅ ÓÐÅÃÔÒÁ ÉÎ &ÉÇÕÒÅ ήȤΫέ ×ÅÒÅ ÁÃÑÕÉÒÅÄ ÆÒÏÍ 

ÁÌÌ ÐÁÒÔÉÃÌÅÓ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ɉÄÉÆÆÅÒÅÎÔ ÒÅÄÕÃÅÄ ÓÃÁÔÔÅÒÉÎÇ ÃÏÅÆÆÉÃÉÅÎÔɊ ÕÓÉÎÇ Á ÆÉÂÒÅ 

ÃÏÒÅ ÄÉÁÍÅÔÅÒ ÏÆ ΫΪΪ ЪÍȢ )Î ÔÈÉÓ &ÉÇÕÒÅȟ ÁÌÌ ÐÁÒÔÉÃÌÅÓΈ ÓÐÅÃÔÒÁ ÁÒÅ ÃÌÅÁÒ ÆÏÒ ÁÌÌ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÁÎÄȟ 

ÉÎ ÐÁÒÔÉÃÕÌÁÒȟ ÁÔ ΪȢΰάίГ ɉ&ÉÇÕÒÅ ήȤΫέ #Ɋȟ ×ÈÉÃÈ ÔÈÉÓ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ×ÉÔÈÉÎ ÔÈÅ ÓÁÍÅ ÒÁÎÇÅ ÏÆ 

ÒÅÄÕÃÅÄ ÓÃÁÔÔÅÒÉÎÇ ÃÏÅÆÆÉÃÉÅÎÔ ÆÏÒ ÖÁÒÉÏÕÓ ÔÉÓÓÕÅ ÔÙÐÅÓ ÁÓ ÍÅÎÔÉÏÎÅÄ ÉÎ ÓÅÃÔÉÏÎ ήȢάȢΫȢ )Î ÁÄÄÉÔÉÏÎȟ 

ÔÈÅ ÃÏÒÒÅÃÔÅÄ ÂÁÃËÓÃÁÔÔÅÒÉÎÇ ÓÈÏ×ÅÄ Á ÄÅÃÒÅÁÓÅ ×ÉÔÈ ÒÅÄÕÃÅÄ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÁÔ ά ЪÍȢ (Ï×ÅÖÅÒȟ 

ÁÔ ΪȢβ ÁÎÄ ΪȢήΫέ ЪÍ ÐÁÒÔÉÃÌÅ ÓÉÚÅȟ ÉÔ ÄÉÄ ÎÏÔ ÓÈÏ× ÔÈÉÓȟ ×ÈÉÃÈ ÍÁÙ ÂÅ ÁÔÔÒÉÂÕÔÅÄ ÔÏ ÓÅÔÔÉÎÇ ÐÁÒÔÉÃÌÅÓȢ 

4ÈÅ ÏÕÔÐÕÔ ÏÆ ÔÈÅÓÅ ÒÅÓÕÌÔÓ ÓÈÏ×ÅÄ Á ÓÉÍÉÌÁÒ ÓÉÇÎÁÔÕÒÅ ÆÏÒ ÐÁÒÔÉÃÌÅÓ άȟ ΪȢβ ÁÎÄ ΪȢήΫέ ʏÍ ×ÉÔÈ 

ÒÅÓÕÌÔÓ ÏÆ #ÁÎÐÏÌÁÔ ÁÎÄ -ÏÕÒÁÎÔ ɏβΫɐ ÁÓ ÔÈÅÙ ÕÓÅÄ ÔÈÅ ÐÏÌÙÓÔÙÒÅÎÅ ÐÁÒÔÉÃÌÅÓ ÄÉÁÍÅÔÅÒ ×ÅÒÅ ΪȢέάγȟ 

ΪȢήίΫȟ ΪȢβγΪ ÁÎÄ άȢΪάΪ ʏÍȢ  

4ÈÅÒÅÆÏÒÅȟ Ô×Ï ÆÁÃÔÏÒÓ ÏÆ ÔÈÅ ÄÅÓÉÇÎ ×ÉÌÌ ÁÆÆÅÃÔ ÔÈÅ ÑÕÁÌÉÔÙ ÏÆ ÓÃÁÔÔÅÒÉÎÇ ÄÅÔÅÃÔÉÏÎȢ 4ÈÅ ÆÉÒÓÔ ÆÁÃÔÏÒ 
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ÉÓ ÔÈÅ ÃÅÎÔÒÅȤÔÏȤÃÅÎÔÒÅ ÓÅÐÁÒÁÔÉÏÎȢ 4ÈÅ ÓÍÁÌÌ ÓÏÕÒÃÅȤÄÅÔÅÃÔÏÒ ÓÅÐÁÒÁÔÉÏÎ ÃÁÎ ÐÒÏÖÉÄÅ ÔÈÅ ÍÏÓÔ 

ÓÉÇÎÉÆÉÃÁÎÔ ÅÎÈÁÎÃÅÍÅÎÔ ÁÎÄ ÉÓ Á ÃÏÎÔÒÏÌÌÉÎÇ ÆÁÃÔÏÒ ÆÏÒ ÓÁÍÐÌÉÎÇ ÔÈÅ ÔÏÐ ÌÁÙÅÒȢ 4ÈÉÓ ÓÅÎÓÉÔÉÖÉÔÙ 

×ÉÌÌ ÂÅ ÒÅÓÔÒÉÃÔÅÄ ÔÏ ÔÈÅ ÅÐÉÔÈÅÌÉÕÍȟ ×ÈÅÒÅ ÍÏÓÔ ÁÄÕÌÔ ÃÁÎÃÅÒ ÁÒÉÓÅÓȠ ÔÈÉÓ ÓËÉÎ ÌÁÙÅÒ ÉÓ ÔÙÐÉÃÁÌÌÙ ΫΪΪ 

ÔÏ έΪΪ ʏÍ ÔÈÉÃË ɏΫάάɐȢ !ÌÓÏȟ ÔÈÅ ÓÍÁÌÌ ÓÅÐÁÒÁÔÉÏÎ ÏÆ ÉÌÌÕÍÉÎÁÔÉÏÎ ÁÎÄ ÃÏÌÌÅÃÔÉÏÎ ÆÉÂÒÅ ÅÎÁÂÌÅÓ ÔÈÅ 

ÃÏÌÌÅÃÔÅÄ ÌÉÇÈÔ ÔÏ ÕÎÄÅÒÇÏ ÏÎÌÙ Á ÓÍÁÌÌ ÎÕÍÂÅÒ ÏÆ ÓÃÁÔÔÅÒÉÎÇ ÅÖÅÎÔÓȢ 4ÈÅ ÌÏ×ÅÒ ÎÕÍÂÅÒ ÏÆ 

ÓÃÁÔÔÅÒÉÎÇ ÅÖÅÎÔÓȟ ÔÈÅ ÍÏÒÅ ÓÉÇÎÉÆÉÃÁÎÔ ÔÈÅ ÉÎÆÌÕÅÎÃÅ ÏÆ ÄÅÔÁÉÌÓ ÓÕÃÈ ÁÓ ÓÉÚÅȟ ÓÈÁÐÅȟ ÏÒ ÒÅÆÒÁÃÔÉÖÅ 

ÉÎÄÅØ ÏÆ ÔÈÅ ÔÉÓÓÕÅΈÓ ÓÃÁÔÔÅÒÉÎÇ ÃÅÎÔÒÅÓ ɏίαɐȢ 4ÈÅ ÓÅÃÏÎÄ ÆÁÃÔÏÒ ×ÈÉÃÈ ÁÆÆÅÃÔÓ ÔÈÅ ÑÕÁÌÉÔÙ ÏÆ 

ÓÃÁÔÔÅÒÉÎÇ ÉÓ ÔÈÅ ÄÉÁÍÅÔÅÒ ÏÆ ÔÈÅ ÏÐÔÉÃÁÌ ÆÉÂÒÅȢ /ÐÔÉÃÁÌ ÆÉÂÒÅÓ ×ÉÔÈ ÓÍÁÌÌÅÒ ÄÉÁÍÅÔÅÒÓ ÃÁÎ ÂÅ ÕÓÅÄ 

ÔÏ ÄÅÔÅÃÔ ÓÉÎÇÌÅ ÓÃÁÔÔÅÒ ÅÖÅÎÔÓȢ 4ÈÅÓÅ ÐÈÏÔÏÎÓ ÐÒÏÖÉÄÅ ÉÎÆÏÒÍÁÔÉÏÎ ÒÅÇÁÒÄÉÎÇ ÔÈÅ ÄÉÍÅÎÓÉÏÎÓ ÏÆ 

ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ ɏάΪɐȢ !ÄÄÉÔÉÏÎÁÌÌÙȟ ÐÒÏÂÉÎÇ Á ÓÍÁÌÌ ÖÏÌÕÍÅ ÁÌÌÏ×Ó ÆÏÒ ÍÏÒÅ ÌÏÃÁÌÉÓÅÄ ÐÁÒÔÉÃÌÅ ÓÉÚÅ 

ÍÅÁÓÕÒÅÍÅÎÔ ɏβΫɐȢ 

-ÏÒÅÏÖÅÒȟ ÒÅÇÁÒÄÉÎÇ ÔÈÅ ÆÉÒÓÔ ÄÅÓÉÇÎȟ ÓÏÍÅ ÌÉÍÉÔÁÔÉÏÎÓ ÁÒÅ ÄÕÅ ÔÏ ÔÈÅ ÁÂÓÏÒÂÁÎÃÅ ÔÈÁÔ ÍÁÙ ÏÃÃÕÒ 

ÄÕÅ ÔÏ ÔÈÅ ÓÅÐÁÒÁÔÉÏÎ ÆÏÒÍÅÄ ÆÒÏÍ ÔÈÅ ÇÌÕÅ ÂÅÔ×ÅÅÎ Ô×Ï ÆÉÂÒÅ ÏÐÔÉÃÓȢ 4ÈÉÓ ÉÓÓÕÅ ÍÁÙ ÁÆÆÅÃÔ ÔÈÅ 

ÓÃÁÔÔÅÒÉÎÇ ÅÆÆÉÃÉÅÎÃÙȢ 4ÈÅ %,33 ÓÉÇÎÁÌÓ ÄÅÃÒÅÁÓÅ ÄÕÅ ÔÏ ÔÈÅ ÁÂÓÏÒÐÔÉÏÎ ÉÎ ÔÈÅ ÍÅÄÉÕÍȟ ×ÈÉÃÈ 

ÄÅÐÅÎÄÓ ÏÎ ÔÈÅ ÃÏÌÌÅÃÔÅÄ ÐÈÏÔÏÎÓΈ ÐÁÔÈ ÌÅÎÇÔÈȢ 4ÈÅ ÌÏÎÇÅÒ ÔÈÅ ÐÁÔÈ ÌÅÎÇÔÈȟ ÔÈÅ ÍÏÒÅ ÌÉÇÈÔ ÉÓ 

ÁÂÓÏÒÂÅÄȟ ÁÇÁÉÎȟ ÁÓ ÄÅÍÏÎÓÔÒÁÔÅÄ ÉÎ ÔÈÅ ÓÉÍÐÌÅ ÍÏÄÅÌÓ ÏÆ ÃÈÁÐÔÅÒ έȢ (Ï×ÅÖÅÒȟ Á ÓÈÏÒÔÅÒ ÐÁÔÈ 

ÌÅÎÇÔÈ ÉÓ ÁÔÔÁÉÎÁÂÌÅ ×ÈÅÎ Á ÓÉÎÇÌÅ ÆÉÂÒÅ ÇÅÏÍÅÔÒÙ ÉÓ ÕÓÅÄȢ 4ÈÅ &ÉÇÕÒÅÓ ÂÅÌÏ× ÓÈÏ× ÔÈÅ ÓÃÁÔÔÅÒÉÎÇ 

ÄÁÔÁ ÆÒÏÍ ÔÈÅ ÔÙÐÅ ÏÎÅ ÆÉÂÒÅ ÐÒÏÂÅÓ ÃÏÎÔÁÉÎÉÎÇ Ô×Ï ÁÄÊÁÃÅÎÔ ÆÉÂÒÅÓ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÆÉÂÒÅ ÃÏÒÅ 

ÄÉÁÍÅÔÅÒÓȢ 

 

 
 

Figure 4-12: Comparing the core diameter 100 and 200 µm for three particles 2, 0.8 and 0.413(a, b and c) micron 
with concentration (2.5%) stock PS concentration. 
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Figure 4-13: The spectrum for three particles 2, 0.8 and 0.413 µm (a, b and c) with various concentrations 2.5%, 
1.25% and 0.625% PS concentration, respectively, by using the probe of 100 µm core diameter 
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ÁÐÐÒÏØÉÍÁÔÅÌÙ ÃÌÏÓÅ ÔÏ ÔÈÁÔ ÏÆ ÔÈÅ ,%$ ×ÉÔÈ ÐÁÒÔÉÃÌÅ ÓÉÚÅ ά ЪÍ ÉÎ ÔÈÅ ÓÁÍÅ ÒÁÎÇÅ ÏÆ ÔÈÅ ×ÁÖÅÌÅÎÇÔÈ 

ɉ&ÉÇÕÒÅ ήȤΫή !ɊȢ 2ÅÇÁÒÄÉÎÇ ÔÈÅ ÄÉÆÆÅÒÅÎÃÅ ÂÅÔ×ÅÅÎ ÔÈÅ ÃÏÒÒÅÃÔÉÎÇ ÂÁÃËÓÃÁÔÔÅÒÉÎÇ ÆÏÒ ÔÈÅ ÓÁÍÅ 

ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÉÎ 4' ÁÎÄ ,%$ ÁÒÅ ÊÕÓÔ ÔÈÅ ÒÅÓÉÄÕÁÌ ÂÁÃËÇÒÏÕÎÄ ÒÅÆÌÅÃÔÉÏÎ ÁÎÄ ÁÍÂÉÅÎÔ ÌÉÇÈÔ 

ÌÅÖÅÌÓȢ (ÅÎÃÅȟ ÔÈÉÓ ÉÓ ÔÈÅ ÒÅÁÓÏÎ ÔÏ ÕÓÅ Á ÂÌÁÃË ÃÏÎÔÁÉÎÅÒ ÁÓ ÍÅÎÔÉÏÎÅÄ ÉÎ ÓÅÃÔÉÏÎ ήȢέȢ 4ÈÉÓ ÓÕÇÇÅÓÔÓ 

ÔÈÁÔ ÁÎ ,%$ ÌÉÇÈÔ ÓÏÕÒÃÅ ÉÓ ÖÉÁÂÌÅȠ ÈÏ×ÅÖÅÒȟ ÔÈÅ 4' ÌÉÇÈÔ ÓÏÕÒÃÅ ×ÉÌÌ ÂÅ ÕÓÅÄ ÉÎ ÁÌÌ ÓÕÂÓÅÑÕÅÎÔ 

ÅØÐÅÒÉÍÅÎÔÓ ÄÕÅ ÔÏ ÃÏÎÖÅÎÉÅÎÃÅȢ 

 

 
 

Figure 4-14: Comparing TG and LED three ǇŀǊǘƛŎƭŜǎΩ sizes 2, 0.8 and 0.413 µm (a, b and c) at 2.5 % PS concentration 
with 200 µm core diameter. 
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ÌÁÒÇÅÌÙ ÄÕÅ ÔÏ ÐÏÏÒ ÃÏÕÐÌÉÎÇ ÁÔ ÔÈÅ ÓÐÌÉÃÅ ÉÎÔÅÒÆÁÃÅȢ 4ÈÅ ÏÖÅÒÌÁÐ ÏÆ ÔÈÅ ÆÉÂÒÅÓ ÉÓ ÎÏÔ ÐÅÒÆÅÃÔȟ ÁÎÄ 

ÔÈÅÒÅ ÉÓ Á ÇÒÅÁÔ ÏÐÐÏÒÔÕÎÉÔÙ ÆÏÒ ÄÉÒÅÃÔ ÒÅÆÌÅÃÔÉÏÎ ÏÆ ÔÈÅ ÓÏÕÒÃÅ ÌÉÇÈÔ ÂÁÃË ÔÏ ÔÈÅ ÓÐÅÃÔÒÏÍÅÔÅÒ ÁÔ 

ÔÈÅ ÊÕÎÃÔÉÏÎȢ 

 

 
Figure 4-15: Comparison between the first (Probe 1 with 200 for the two identical core diameter) and a second 

configuration set up for three particles sizes 2, 0.8 and 0.413 µm (a, b and c) at 2.5 % PS concentration. 

 
Figure 4-16: Comparison between the first (Probe 1 with 200 for the two identical core diameter) and a second 

configuration set up for three particles sizes 2, 0.8 and 0.413 µm (a, b and c) at 1.25 % PS concentration. 
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Figure 4-17: Comparison between the first (Probe 1 with 200 for the two identical core diameter) and a second 

configuration set up for three particles sizes 2, 0.8 and 0.413 µm (a, b and c) at 0.625 % PS concentration. 
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Figure 4-18: A number of maxima and minima among three different designs. 
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 Conclusion for Spliced Fibre 

Configuration  

)Î ÓÕÍÍÁÒÙȢȟ ÔÈÅ ÓÅÃÏÎÄ ÔÙÐÅ ÏÆ ÃÏÎÆÉÇÕÒÁÔÉÏÎ ×ÁÓ ÁÎ ÁÔÔÅÍÐÔ ÔÏ ÏÂÔÁÉÎ ÓÉÎÇÌÅ ÓÃÁÔÔÅÒÉÎÇ ÅÖÅÎÔÓ 

ÂÕÔ ×ÁÓ ÌÉÍÉÔÅÄ ÂÙ ÒÅÆÌÅÃÔÉÏÎ ÁÔ ÔÈÅ ÆÉÂÒÅ ÊÕÎÃÔÉÏÎ ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÅ Ô×Ï ÉÄÅÎÔÉÃÁÌ ÁÄÊÁÃÅÎÔ ÏÐÔÉÃÁÌ 

ÐÒÏÂÅÓȢ  

4ÈÅ ÓÉÎÇÌÅ ÆÉÂÒÅ ÃÏÎÆÉÇÕÒÁÔÉÏÎ ×ÁÓ ÕÓÅÄ ÉÎ ÔÈÅ ÐÁÐÅÒ ɏβΫɐȢ 7ÈÉÌÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ×ÉÔÈ Á ÓÉÎÇÌÅ ÆÉÂÒÅ 

ÁÒÅ ÍÏÒÅ ÓÅÎÓÉÔÉÖÅ ÔÏ ÂÁÃËÓÃÁÔÔÅÒÉÎÇȟ ÔÈÉÓ ÔÈÅÓÉÓ ÁÉÍÓ ÔÏ ÄÅÓÉÇÎ ÁÎ ÉÎÔÅÇÒÁÔÅÄ ÏÐÔÉÃÁÌ ÍÉÃÒÏ×ÁÖÅ 

ÐÒÏÂÅ ÓÔÒÕÃÔÕÒÅȢ 4ÈÅÒÅÆÏÒÅȟ ÔÈÅ Ô×ÉÎ ÆÉÂÒÅ ÃÏÎÆÉÇÕÒÁÔÉÏÎ ×ÁÓ ÃÈÏÓÅÎ ÆÏÒ ÔÈÅ ÉÎÔÅÇÒÁÔÅÄ ÄÅÓÉÇÎ ÁÓ 

ÉÔ ×ÁÓ ÍÏÒÅ ÒÏÂÕÓÔ ÁÎÄ ÐÒÏÄÕÃÅÄ ÓÔÒÏÎÇÅÒ ÍÁØÉÍÁ ÁÎÄ ÍÉÎÉÍÁȢ 

 

 Chapter Summary  

4×Ï ÏÐÔÉÃÁÌ ÐÒÏÂÅÓ ÈÁÖÅ ÂÅÅÎ ÆÁÂÒÉÃÁÔÅÄ ÉÎ ÏÕÒ ,ÁÂȢ ×ÉÔÈ ÖÁÒÉÏÕÓ ÃÏÒÅ ÄÉÁÍÅÔÅÒÓ ÁÎÄ ÓÅÐÁÒÁÔÉÏÎ 

ÃÅÎÔÒÅ ÔÏ ÃÅÎÔÒÅȢ 0ÒÏÂÅ Ϋ ÕÓÅÓ ÆÉÂÒÅÓ ÏÆ άΪΪ ЪÍ ÁÎÄ ÐÒÏÂÅ άȟ ΫΪΪ ЪÍ ÃÏÒÅ ÄÉÁÍÅÔÅÒ ÆÏÒ ÔÈÅ ÅÍÉÔÔÉÎÇ 

ÁÎÄ ÒÅÃÅÉÖÉÎÇ ÆÉÂÒÅȢ 4ÈÅ ÃÅÎÔÒÅȤÃÅÎÔÒÅ ÓÅÐÁÒÁÔÉÏÎ ÉÓ άΰέ ÁÎÄ Ϋέά ЪÍ ÆÏÒ ÐÒÏÂÅÓ Ϋ ÁÎÄ άȟ 

ÒÅÓÐÅÃÔÉÖÅÌÙȢ 4ÈÅ ÄÉÁÍÅÔÅÒÓ ÏÆ ÔÈÅ ×ÈÏÌÅ ÁÓÓÅÍÂÌÙ ÐÒÏÂÅ Ϋ ÁÎÄ ά ÁÒÅ ΪȢβ ÁÎÄ ΪȢί ÍÍȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 

4ÈÒÅÅ ÐÁÒÔÉÃÌÅÓȭ ÓÉÚÅÓ ÏÆ ÓÕÓÐÅÎÓÉÏÎ ÐÏÌÙÓÔÙÒÅÎÅ άȟ ΪȢβ ÁÎÄΪȢήΫέ ʏÍ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÄÉÌÕÔÉÏÎÓ ɉάȢίГ 

ÔÏ ΪȢΰάίГ ɉ3 ÔÏ #άɊɊ ÈÁÖÅ ÂÅÅÎ ÕÔÉÌÉÚÅÄ ÁÓ ÁÎ ÁÒÔÉÆÉÃÉÁÌ ÔÉÓÓÕÅ ÐÈÁÎÔÏÍ ÆÏÒ ÓÁÍÐÌÅ ÄÅÔÅÃÔÉÏÎ ÉÎ ÔÈÅ 

ÒÁÎÇÅ ÏÆ ×ÁÖÅÌÅÎÇÔÈ ήΪΪ ÔÏ ΫΪΪΪ ÎÍȢ ! ÆÁÂÒÉÃÁÔÅÄ ÏÐÔÉÃÁÌ ÐÒÏÂÅ ×ÉÔÈ ΫΪΪ ʏÍ ÓÈÏ×ÅÄ ÔÈÅ ÅÆÆÉÃÉÅÎÔ 

ÄÉÓÔÉÎÃÔÉÏÎ ÁÍÏÎÇ ÔÈÒÅÅ ÄÉÆÆÅÒÅÎÔ 03 ÐÁÒÔÉÃÌÅÓȢ )Ô ×ÁÓ ÃÏÎÆÉÒÍÅÄ ÂÙ ÆÉÎÄÉÎÇ ÔÈÁÔ ÔÈÅ ÎÕÍÂÅÒ ÏÆ 

ÔÈÅ ÍÁØÉÍÁ ÁÎÄ ÍÉÎÉÍÁ ÏÆ ÔÈÅ ÓÐÅÃÔÒÁΈ ÄÅÒÉÖÁÔÉÖÅÓ ÉÎÃÒÅÁÓÅÄ ×ÉÔÈ ÉÎÃÒÅÁÓÉÎÇ ÔÈÅ ÐÁÒÔÉÃÌÅ ÓÉÚÅȢ 

2ÅÇÁÒÄÉÎÇ ÔÈÅ ÇÅÏÍÅÔÒÉÃÁÌ ÅÆÆÅÃÔȟ 0ÒÏÂÅ Ϋ ×ÉÔÈ Á ÃÏÒÅ ÄÉÁÍÅÔÅÒ ÏÆ ΫΪΪ ʏÍ ÓÈÏ×ÅÄ ÉÓ ÍÏÒÅ ÅÆÆÉÃÉÅÎÔ 

ÔÈÁÎ άΪΪ ʏÍ ÆÏÒ ÔÈÒÅÅ ÐÁÒÔÉÃÌÅ ÓÉÚÅÓ ɉάȟ ΪȢβ ÁÎÄ ΪȢήΫέ ʏÍɊȢ 4ÈÅ ÅÆÆÉÃÉÅÎÔ ÏÐÔÉÃÁÌ ÐÒÏÂÅ ɉΫΪΪ ʏÍȟ 

ÃÏÒÅ ÄÉÁÍÅÔÅÒÓɊ ÓÈÏ×ÅÄ ÍÏÒÅ ÐÒÅÃÉÓÅ ÒÅÓÕÌÔÓ ÁÔ ΪȢΰάίГȟ ×ÈÉÃÈ ÔÈÅ ÒÅÄÕÃÅÄ ÓÃÁÔÔÅÒÉÎÇ ÅÆÆÉÃÉÅÎÃÙ 

ÏÆ ÔÈÉÓ ÄÉÌÕÔÉÏÎ ×ÉÔÈÉÎ ÔÈÅ ÒÁÎÇÅ ÏÆ ÔÈÅ ÈÕÍÁÎ ÔÉÓÓÕÅȢ !ÌÓÏȟ ÔÈÅ ÌÏ×ȤÃÏÓÔ ,%$ ÌÉÇÈÔ ÓÏÕÒÃÅ ÒÅÖÅÁÌÅÄ 

ÇÏÏÄ ÄÅÔÅÃÔÉÎÇ ÁÔ ΪȢβ ÁÎÄ ΪȢήΫέ ʏÍȢ ! ÓÅÃÏÎÄ ÃÏÎÆÉÇÕÒÁÔÉÏÎ ÈÁÓ ÂÅÅÎ ÔÒÉÅÄ ÁÓ ÁÎ ÁÔÔÅÍÐÔ ÔÏ ÏÂÔÁÉÎ 

Á ÍÏÒÅ ÅÆÆÉÃÉÅÎÔ ÓÃÁÔÔÅÒÉÎÇ ɉÓÉÎÇÌÅ ÓÃÁÔÔÅÒÉÎÇɊ ÄÅÔÅÃÔÉÏÎȟ ×ÈÉÃÈ ÆÏÒÍÅÄ ÂÙ ÁÔÔÁÃÈÉÎÇ ÐÒÏÂÅ Ϋ ×ÉÔÈ 

ÁÎÏÔÈÅÒ ÐÒÏÂÅ ÃÏÎÓÉÓÔÉÎÇ ÏÆ ÄÏÕÂÌÅ ÃÏÒÅ ÄÉÁÍÅÔÅÒȢ 5ÎÏÐÔÉÍÉÓÔÉÃ ÒÅÓÕÌÔÓ ÓÈÏ×ÅÄ ÁÓ ÔÈÅ ÍÁØÉÍÁ 

ÁÎÄ ÍÉÎÉÍÁ ÁÒÅ ÎÏÔ ÔÈÁÔ ÐÒÏÍÉÎÅÎÔ ÉÎ ÔÈÅ ÓÅÃÏÎÄ ÓÅÔÕÐ ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÁÔ ÏÆ ÔÈÅ ÆÉÒÓÔȢ 
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Chapter 5  

5 Microwave Theory, Theoretical 

Calculation and  Simulation Work   

 Introduction  

4ÈÅÒÅ ÁÒÅ ÍÁÎÙ ÅØÁÍÐÌÅÓ ÏÆ ÍÉÃÒÏ×ÁÖÅ ÔÅÃÈÎÉÑÕÅÓ ÅÍÐÌÏÙÅÄ ÉÎ ÃÁÎÃÅÒ ÒÅÓÅÁÒÃÈ ÁÎÄ ÏÔÈÅÒ 

ÁÐÐÌÉÃÁÔÉÏÎÓȟ ×ÉÔÈ ÎÕÍÅÒÏÕÓ ÅØÁÍÐÌÅÓ ÈÅÒÅ ÁÔ #ÁÒÄÉÆÆȢ )Î άΪΫαȟ %ÈÔÁÉÂÁ ÆÏÕÎÄ Á ÎÏÖÅÌ ÁÐÐÌÉÃÁÔÉÏÎ 

ÏÆ ÍÉÃÒÏ×ÁÖÅ ÏÐÅÎȤÅÎÄÅÄ ÃÏÁØÉÁÌ ÐÒÏÂÅÓ ÆÏÒ ÃÈÁÒÁÃÔÅÒÉÓÉÎÇ ÔÈÅ ÅÌÅÃÔÒÉÃÁÌ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÎÏÒÍÁÌ 

ÁÎÄ ÃÁÎÃÅÒ ÔÉÓÓÕÅÓ ÆÏÒ ÃÁÎÃÅÒ ÔÈÅÒÁÐÙ ÁÐÐÌÉÃÁÔÉÏÎÓ ɏΫέΫɐȢ !ÌÓÏȟ ÍÉÃÒÏ×ÁÖÅÓ ÁÒÅ ÕÓÅÄ ÉÎ Á ÂÒÏÁÄ 

ÒÁÎÇÅ ÏÆ ÍÁÔÅÒÉÁÌÓ ÁÎÁÌÙÓÉÓȟ ÅÔÃȢ 0ÁÒÔÒÉÄÇÅ ÉÎÖÅÓÔÉÇÁÔÅÄ ÔÈÅ ÒÅÁÌȤÔÉÍÅ ÁÎÄ ÌÏÎÇ ÔÅÒÍ ÅÌÅÃÔÒÉÃÁÌ 

ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÓÅÍÉÃÏÎÄÕÃÔÉÖÉÔÙ ÐÉÇÍÅÎÔÓ ×ÈÅÎ ÅØÐÏÓÅÄ ÔÏ ÌÉÇÈÔ ÁÎÄ ÏÔÈÅÒ ÅÎÖÉÒÏÎÍÅÎÔÁÌ ÓÔÉÍÕÌÉ 

ɏΫέάɐȢ (ÅÆÆÏÒÄ ÄÅÖÅÌÏÐÅÄ ÔÈÅ ÍÉÃÒÏ×ÁÖÅ ÈÅÁÔÉÎÇ ÁÎÄ ÓÉÎÔÅÒÉÎÇ ÏÆ ÐÏ×ÄÅÒ ÃÏÍÐÁÃÔÓ ÕÓÉÎÇ Á ÃÁÖÉÔÙ 

ÒÅÓÏÎÁÔÏÒȢ 4ÈÅ ×ÏÒË ÃÏÎÓÉÄÅÒÅÄ ÍÉÃÒÏ×ÁÖÅ ÓÉÎÔÅÒÉÎÇ ÔÏ ÒÅÄÕÃÅ ÔÈÅ ÍÉÃÒÏ×ÁÖÅ ÁÂÓÏÒÐÔÉÏÎ ÏÆ 

ÍÅÔÁÌ ÐÏ×ÄÅÒ ÃÏÍÐÁÃÔÓ ÁÎÄ ÓÔÕÄÉÅÄ Á ÔÅÃÈÎÉÑÕÅ ÆÏÒ ÍÅÁÓÕÒÉÎÇ ÔÈÅ ÓÕÒÆÁÃÅ ÒÅÓÉÓÔÁÎÃÅ ɏΫέέɐȢ 4×Ï 

ÔÅÃÈÎÉÑÕÅÓ ÓÔÁÎÄ ÏÕÔȟ ÎÁÍÅÌÙ ÏÐÅÎȤÅÎÄÅÄ ÃÏÁØÉÁÌ ÐÒÏÂÅ ÁÎÄ ÍÉÃÒÏ×ÁÖÅ ÃÁÖÉÔÙ ÔÅÃÈÎÉÑÕÅÓȢ "ÏÔÈ 

ÈÁÖÅ ÒÅÃÅÉÖÅÄ ÅØÔÅÎÓÉÖÅ ÒÅÓÅÁÒÃÈ ÁÔÔÅÎÔÉÏÎ ÁÔ #ÁÒÄÉÆÆ ×ÉÔÈ Á ÂÒÏÁÄ ÒÁÎÇÅ ÏÆ ÔÏÏÌÓ ÁÎÄ ÅØÐÅÒÔÉÓÅ ÉÎ 

ÈÏÕÓÅȢ 

)Î ÔÈÅ ÃÏÎÔÅØÔ ÏÆ ÔÈÅ ÐÒÅÖÉÏÕÓ ÃÈÁÐÔÅÒ ÏÎ ÏÐÔÉÃÁÌ ÔÅÃÈÎÉÑÕÅÓȟ ÔÈÅ ÇÅÎÅÒÁÌ ÆÏÒÍ ÁÎÄ ÁÒÒÁÎÇÅÍÅÎÔ 

ÏÆ ÔÈÅ ÓÅÎÓÉÎÇ ÓÙÓÔÅÍ ÁÒÅ ÍÏÒÅ ÁÌÉÇÎÅÄ ×ÉÔÈ ÔÈÅ ÍÅÔÈÏÄ ÏÆ ÏÐÅÎȤÅÎÄÅÄ ÃÏÁØ ÐÒÏÂÉÎÇ ÏÆ ÓÁÍÐÌÅÓ 

ÓÉÎÃÅ ÉÔÓ ÇÅÏÍÅÔÒÙ ÉÓ ÃÏÍÐÁÒÁÂÌÅ ×ÉÔÈ ÔÈÁÔ ÏÆ ÔÈÅ ÏÐÔÉÃÁÌ ÐÒÏÂÅȢ 4ÈÅÒÅÆÏÒÅȟ ÏÐÅÎȤÅÎÄÅÄ ÃÏÁØÉÁÌ 

ÍÉÃÒÏ×ÁÖÅ ÐÒÏÂÅÓ ×ÉÌÌ ÂÅ ÔÈÅ ÍÁÉÎ ÆÏÃÕÓ ÏÆ ÓÔÕÄÙ ÉÎ ÔÈÅÓÅ ÓÕÂÓÅÑÕÅÎÔ ÃÈÁÐÔÅÒÓȢ &ÏÒ ÔÈÅ ÓÕÉÔÁÂÉÌÉÔÙ 

ÏÆ ÃÏÁØÉÁÌ ÐÒÏÂÅÓ ÔÏ ÂÅ ÄÅÔÅÒÍÉÎÅÄȟ ÔÈÅ ÕÓÅ ÏÆ ÍÉÃÒÏ×ÁÖÅ ÃÁÖÉÔÙ ÒÅÓÏÎÁÔÏÒÓ ×ÉÌÌ ÂÅ ÈÉÇÈÌÉÇÈÔÅÄ 

ÌÁÔÅÒ ÉÎ ÔÈÅ ÎÅØÔ ÃÈÁÐÔÅÒ ÔÏ ÓÅÒÖÅ ÁÓ Á ÒÅÆÅÒÅÎÃÅȟ ÁÓ ÉÔ ÉÓ Á ×ÅÌÌȤÅÓÔÁÂÌÉÓÈÅÄ ÔÅÃÈÎÉÑÕÅ ÆÏÒ ÍÅÁÓÕÒÉÎÇ 

ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÍÁÔÅÒÉÁÌÓȢ 4Ï ÌÁÙ ÄÏ×Î ÔÈÅ ÆÏÕÎÄÁÔÉÏÎÓ ÏÆ ÔÈÅÓÅ ÍÉÃÒÏ×ÁÖÅ 

ÔÅÃÈÎÉÑÕÅÓȟ ÔÈÅ ÆÉÒÓÔ ÓÅÃÔÉÏÎÓ ÏÆ ÔÈÅ ÆÉÒÓÔ ÐÁÒÔ ÏÆ ÔÈÅ ÃÈÁÐÔÅÒ ÉÓ ÄÅÄÉÃÁÔÅÄ ÔÏ ÄÅÆÉÎÉÎÇ ÓÏÍÅ ÏÆ ÔÈÅ 

ËÅÙ ÃÏÎÃÅÐÔÓ ÒÅÑÕÉÒÅÄ ÆÏÒ ÂÕÉÌÄÉÎÇ ÁÎ ÕÎÄÅÒÓÔÁÎÄÉÎÇ ÏÆ ÔÈÅÓÅ ÔÅÃÈÎÉÑÕÅÓ ɉ)ÎÔÅÒÁÃÔÉÏÎ ÂÅÔ×ÅÅÎ 

ÄÉÆÆÅÒÅÎÔ ÍÁÔÅÒÉÁÌÓ ÁÎÄ ÁÎ ÁÌÔÅÒÎÁÔÉÎÇ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄȟ ÔÈÅ $ÅÂÙÅ -ÏÄÅÌ ÆÏÒ ×ÁÔÅÒ ÁÎÄ ÅÆÆÅÃÔÉÖÅ 

ÐÅÒÍÉÔÔÉÖÉÔÙɊ ÔÈÅ ÓÅÃÏÎÄ ÐÁÒÔ ÉÓ ÔÈÅ ÔÈÅÏÒÅÔÉÃÁÌ ÍÅÁÓÕÒÅÍÅÎÔÓ ÏÆ ÔÈÅ ÅÆÆÅÃÔÉÖÅ ÐÅÒÍÉÔÔÉÖÉÔÙȢ 4ÈÅÎȟ 

ÔÈÅ ÅØÐÅÒÉÍÅÎÔ ×ÏÒËÓ ÆÏÒ ÔÈÅ ÎÏÎȤÒÅÓÏÎÁÎÔ ÍÅÔÈÏÄȢ 4ÈÅ ÆÉÎÁÌ ÐÁÒÔ ÉÓ ÔÈÅ ÒÅÓÏÎÁÎÔ ÃÏÁØÉÁÌ ÐÒÏÂÅ 

×ÈÉÃÈ ÃÏÎÓÉÓÔÓ ÏÆ ÔÈÅ ÔÈÅÏÒÙ ÏÆ ÃÏÁØÉÁÌ ÃÁÂÌÅȟ ÅÌÅÃÔÒÏÍÁÇÎÅÔÉÃ ÒÅÓÏÎÁÔÏÒÓ ÁÎÄ ÓÉÍÕÌÁÔÉÏÎ ÏÆ ÔÈÅ 

ÃÏÁØÉÁÌ ÐÒÏÂÅ ÒÅÓÏÎÁÔÏÒ ÁÎÄ .ÏÖÅÌ ȬÔÅÅȭ ÃÏÕÐÌÉÎÇȢ 
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 Interaction between  Different Materials and 

an A lternating Electric F ield  

-ÉÃÒÏ×ÁÖÅÓ ÂÅÈÁÖÅ ÉÎ Á ÓÉÍÉÌÁÒ ÍÁÎÎÅÒ ÔÏ ÔÈÁÔ ÏÆ ÌÉÇÈÔ ×ÈÅÎ ÅÎÅÒÇÙ ÉÓ ÄÉÒÅÃÔÅÄ ÔÏ×ÁÒÄ Á ÍÁÔÅÒÉÁÌ 

ÉÎÔÅÒÆÁÃÅȢ 0ÁÒÔ ÏÆ ÔÈÁÔ ÅÎÅÒÇÙ ÉÓ ÒÅÆÌÅÃÔÅÄȟ ÐÁÒÔ ÉÓ ÔÒÁÎÓÍÉÔÔÅÄ ÔÈÒÏÕÇÈ ÔÈÅ ÍÁÔÅÒÉÁÌȟ ÁÎÄ Á ÐÁÒÔ ÉÓ 

ÁÂÓÏÒÂÅÄ ÂÙ ÔÈÅ ÍÁÔÅÒÉÁÌ ÉÔÓÅÌÆȢ 

4ÈÅ ÄÉÅÌÅÃÔÒÉÃ ÐÒÏÐÅÒÔÉÅÓ ÄÅÆÉÎÅ ÔÈÅ ÐÒÏÐÏÒÔÉÏÎÓ ÏÆ ÔÈÅÓÅ ÔÈÒÅÅ ÃÁÔÅÇÏÒÉÅÓ ÁÎÄ ÁÒÅ ÃÈÁÒÁÃÔÅÒÉÓÅÄ 

ÂÙ ÔÈÅ ÃÏÍÐÌÅØ ÐÅÒÍÉÔÔÉÖÉÔÙ ‐Ȣ 4ÈÉÓ ÉÓ ÔÈÅ ÆÕÎÄÁÍÅÎÔÁÌ ÍÁÔÅÒÉÁÌ ÐÒÏÐÅÒÔÙ ÉÎ Á ÄÉÅÌÅÃÔÒÉÃ ÍÁÔÅÒÉÁÌ 

ɏΫέήɐȢ &ÏÒ ÔÈÅ ÐÕÒÐÏÓÅÓ ÏÆ ÔÈÉÓ ÔÈÅÓÉÓȟ ÔÈÅ ÍÁÇÎÅÔÉÃ ÆÉÅÌÄ ÉÎÔÅÒÁÃÔÉÏÎÓ ÁÒÅ ÉÇÎÏÒÅÄ ÓÉÎÃÅ ÎÏÎÅ ÏÆ 

ÔÈÅ ÍÁÔÅÒÉÁÌÓ ÓÔÕÄÉÅÄ ÈÁÓ ÍÁÇÎÅÔÉÃ ÐÅÒÍÅÁÂÉÌÉÔÙȟ ÉȢÅȢȟ ‘ πȢ )Î ÏÒÄÅÒ ÔÏ ÆÁÃÉÌÉÔÁÔÅ ÔÈÅ 

ÕÎÄÅÒÓÔÁÎÄÉÎÇ ÏÆ ÐÅÒÍÉÔÔÉÖÉÔÙȟ &ÉÇÕÒÅ ίȤΫ ÄÅÍÏÎÓÔÒÁÔÅÓ Ô×Ï ÃÈÁÒÇÅÄ ÐÌÁÔÅÓ ÔÈÁÔ ÁÒÅ ÓÅÐÁÒÁÔÅÄ ×ÉÔÈ 

ÅÑÕÁÌ ÁÎÄ ÏÐÐÏÓÉÔÅ ÃÈÁÒÇÅÓ ÏÎ ÂÏÔÈ ÓÉÄÅÓ ÁÎÄ ÁÎ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄ ÉÓ ÄÉÒÅÃÔÅÄ ÆÒÏÍ ÔÈÅ ÐÏÓÉÔÉÖÅ ÔÏ 

ÎÅÇÁÔÉÖÅ ÃÈÁÒÇÅÓȢ )Æ Á ÄÉÅÌÅÃÔÒÉÃ ÍÁÔÅÒÉÁÌ ÉÓ ÐÌÁÃÅÄ ÉÎ ÂÅÔ×ÅÅÎ ÔÈÅ Ô×Ï ÐÌÁÔÅÓȟ ÓÕÃÈ ÁÓ ×ÁÔÅÒȟ ÔÈÅ 

ÍÏÌÅÃÕÌÁÒ ÄÉÐÏÌÅ ÏÆ ÔÈÅ ×ÁÔÅÒ ÍÏÌÅÃÕÌÅ ×ÉÌÌ ÁÌÉÇÎ ÉÎ ÔÈÅ ÏÐÐÏÓÉÔÅ ÄÉÒÅÃÔÉÏÎ ÔÏ ÔÈÅ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄȢ )Î 

ÔÈÅ ÁÂÓÅÎÃÅ ÏÆ ÁÎ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄȟ ÔÈÅ ÍÏÌÅÃÕÌÅÓ ÈÁÖÅ Á ÒÁÎÄÏÍ ÏÒÉÅÎÔÁÔÉÏÎ ɉ&ÉÇÕÒÅ ίȤάɊȢ (Ï×ÅÖÅÒȟ 

×ÉÔÈ ÔÈÅ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄΈÓ ÐÒÅÓÅÎÃÅȟ ÔÈÅ ÍÏÌÅÃÕÌÅÓ ÁÒÅ ÁÌÉÇÎÅÄ ɉÐÏÌÁÒÉÓÅÄɊ ÂÙ ÔÈÅÉÒ ÄÉÐÏÌÅ ÍÏÍÅÎÔ 

ÏÐÐÏÓÉÎÇ ÔÈÅ ÄÉÒÅÃÔÉÏÎ ÏÆ ÔÈÅ ÅØÔÅÒÎÁÌ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄȢ /ÖÅÒÁÌÌȟ ÔÈÅÓÅ ÒÅÓÕÌÔÓ ÉÎ Á ÒÅÄÕÃÔÉÏÎ ÏÆ ÔÈÅ 

ÅÌÅÃÔÒÉÃ ÆÉÅÌÄ ÄÕÅ ÔÏ ÔÈÅ ÐÒÅÓÅÎÃÅ ÏÆ ÔÈÉÓ ÍÁÔÅÒÉÁÌ ɉ&ÉÇÕÒÅ ίȤέɊȢ 

 
 

 

 

 

 

Figure 5-1: Electric field between oppositely charged plates. 

Figure 5-2: Water molecule dipoles randomly orientated in the absence of an applied electric field. 
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4ÈÅ ÐÏÌÁÒÉÓÁÔÉÏÎ ÁÕÇÍÅÎÔÓ ÔÈÅ ÔÏÔÁÌ ÄÉÓÐÌÁÃÅÍÅÎÔ ÏÆ ÃÈÁÒÇÅ ÉÎ ÔÈÅ ÓÙÓÔÅÍ ÁÎÄ ÇÉÖÅÓ ÒÉÓÅ ÔÏ Á 

ÄÉÓÐÌÁÃÅÍÅÎÔ ÃÕÒÒÅÎÔ ÏÒ ÆÌÕØ Ὀ ÄÕÅ ÔÏ ÔÈÅ ÅÌÅÃÔÒÉÃ ÄÉÐÏÌÅ ÍÏÍÅÎÔȟ ×ÈÉÃÈ ÃÁÎ ÂÅ ÅØÐÒÅÓÓÅÄ ÁÓȡ 

 Ὀ ЈὉ ὖ 

  

(5-1) 

7ÈÅÒÅ Ј ÉÓ ÔÈÅ ÐÅÒÍÉÔÔÉÖÉÔÙ ÏÆ ÆÒÅÅ ÓÐÁÃÅ ÁÎÄ Ὁ ÉÓ ÔÈÅ ÁÐÐÌÉÅÄ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄ ÁÎÄ ὖ ÉÓ ÔÈÅ ÁÄÄÉÔÉÏÎÁÌ 

ÐÏÌÁÒÉÓÁÔÉÏÎ ÖÅÃÔÏÒȢ 4ÈÅÒÅ ÉÓ Á ÌÉÎÅÁÒ ÒÅÌÁÔÉÏÎÓÈÉÐ ÂÅÔ×ÅÅÎ ÔÈÅ ÅÌÅÃÔÒÉÃ ÐÏÌÁÒÉÓÁÔÉÏÎ ÁÎÄ ÔÈÅ 

ÁÐÐÌÉÅÄ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄ ÉÎ Á ÌÉÎÅÁÒÌÙ ÐÏÌÁÒÉÓÁÂÌÅ ÍÅÄÉÕÍȟ ×ÈÉÃÈ ÃÁÎ ÂÅ ÅØÐÒÅÓÓÅÄ ÁÓȡ 

 ὖ Ј…Ὁ 

 

(5-2) 

(ÅÒÅ … ÉÓ ÁÎ ÅÌÅÃÔÒÉÃ ÓÕÓÃÅÐÔÉÂÉÌÉÔÙȟ ×ÈÉÃÈ ÉÓ Á ÄÉÍÅÎÓÉÏÎÌÅÓÓ ÃÏÎÓÔÁÎÔ ÔÈÁÔ ÄÅÔÅÒÍÉÎÅÓ ÔÈÅ 

ÍÁÇÎÉÔÕÄÅ ÏÆ ÔÈÅ ÐÏÌÁÒÉÓÁÔÉÏÎ ÐÒÏÄÕÃÅÄ ÂÙ Á ÍÁÔÅÒÉÁÌ ÉÎ ÔÈÅ ÐÒÅÓÅÎÃÅ ÏÆ ÁÎ ÁÐÐÌÉÅÄ ÆÉÅÌÄȢ 4ÈÅ 

ÄÉÓÐÌÁÃÅÍÅÎÔ ÆÌÕØ ÃÁÎ ÂÅ ÄÅÆÉÎÅÄ ÁÓȡ 

 Ὀ Ј ρ … Ὁ Ὁ (5-3) 

"ÅÔ×ÅÅÎ ÔÈÅ ÐÏÌÁÒÉÓÁÔÉÏÎ ÁÎÄ ÔÈÅ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄ ×ÉÔÈÉÎ ÔÈÅ ÍÁÔÅÒÉÁÌȟ ÔÈÅÒÅ ÉÓ Á ÐÈÁÓÅ ÌÁÇ ÁÔ ÈÉÇÈ 

ÆÒÅÑÕÅÎÃÉÅÓȢ 4ÈÉÓ ÉÓ ÂÅÃÁÕÓÅ ÔÈÅ ×ÁÔÅÒ molecules have inertia and will take a short time to 

ÒÅÓÐÏÎÄ ÔÏ ÔÈÅ ÅØÔÅÒÎÁÌ ÉÎÆÌÕÅÎÃÅȢ 4ÈÅ ȬÉÎ ÐÈÁÓÅȭ ÐÁÒÔ ÏÆ ÔÈÉÓ ÑÕÁntifies the stored electric field 

ÅÎÅÒÇÙ ÃÁÌÌÅÄ ÐÏÌÁÒÉÓÁÔÉÏÎȟ ×ÈÅÒÅÁÓ ÔÈÅ ȬÏÕÔ ÏÆ ÐÈÁÓÅȭ ÐÁÒÔ ÄÅÔÅÒÍÉÎÅÓ ÔÈÅ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄ-driven 

energy dissipated due to damping of the dipole moments. Because of this, relative permittivity 

can be considered a complex quantity, which is expressed below. 

 ł Ὦ  (5-4) 

7ÈÅÒÅȟ  ÉÓ ÔÈÅ ÒÅÁÌ ÐÁÒÔ ÃÏÍÍÏÎÌÙ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ ÐÅÒÍÉÔÔÉÖÉÔÙ ÉÎ ÓÔÁÔÉÃ ÆÉÅÌÄ ÓÃÅÎÁÒÉÏÓȟ ÁÎÄ ×ÈÉÃÈ 

ÇÉÖÅÓ Á ÍÅÁÓÕÒÅ ÏÆ ÈÏ× ÍÕÃÈ ÅØÔÅÒÎÁÌ ÅÌÅÃÔÒÉÃÁÌ ÆÉÅÌÄ ÅÎÅÒÇÙ ÉÓ ÓÔÏÒÅÄ ÉÎ ÔÈÅ ÍÁÔÅÒÉÁÌȢ  ÉÓ ÔÈÅ 

ÉÍÁÇÉÎÁÒÙ ÐÁÒÔ ÏÆ ÔÈÅ ÐÅÒÍÉÔÔÉÖÉÔÙȟ ×ÈÉÃÈ ÐÒÏÖÉÄÅÓ Á ÍÅÁÓÕÒÅ ÏÆ ÔÈÅ ÁÍÏÕÎÔ ÏÆ ÅÎÅÒÇÙ ÌÏÓÓ 

ÏÃÃÕÒÒÉÎÇ ÉÎ ÔÈÅ ÍÁÔÅÒÉÁÌ ÉÎ ÔÈÅ ÐÒÅÓÅÎÃÅ ÏÆ ÁÎ ÁÌÔÅÒÎÁÔÉÎÇ ÅØÔÅÒÎÁÌ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄȢ !ÎÄ Ὦ  Ѝ ρȟ 

ÔÈÉÓ ÖÁÌÕÅ ÍÕÓÔ ÂÅ ÎÅÇÁÔÉÖÅ ÓÉÎÃÅ ÅÎÅÒÇÙ ÃÁÎ ÏÎÌÙ ÂÅ ÄÉÓÓÉÐÁÔÅÄ ÉÎ Á ÄÉÅÌÅÃÔÒÉÃ ÁÎÄ ÎÏÔ ÇÅÎÅÒÁÔÅÄ 

ɏΫέίɐȢ /ÆÔÅÎȟ ÄÉÅÌÅÃÔÒÉÃ ÍÁÔÅÒÉÁÌÓ ÈÁÖÅ ÅÌÅÃÔÒÉÃÁÌ ÃÏÎÄÕÃÔÉÖÉÔÙ ÄÅÎÏÔÅÄ ÂÙ ÔÈÅ ÐÁÒÁÍÅÔÅÒȟ 

Figure 5-3: Polarised (aligned) water dipoles opposing the applied electric field. 
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ʎ ÏÈÍέὶ ίὭὩάὩὲίȢ #ÏÎÄÕÃÔÉÖÉÔÙ ×ÉÌÌ ÇÉÖÅ ÒÉÓÅ ÔÏ Á ÃÏÎÄÕÃÔÉÏÎ ÃÕÒÒÅÎÔ ÄÅÎÓÉÔÙ ÉÎ ÔÈÅ 

ÐÒÅÓÅÎÃÅ ÏÆ ÁÎ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄ ÁÎÄ ÉÓ ÄÅÆÉÎÅÄ ÁÓȡ 

 Ӷ ʎὉ (5-5) 

"Ù ÃÏÎÓÉÄÅÒÉÎÇ -ÁØ×ÅÌÌȭÓ %ÑÕÁÔÉÏÎ ÆÏÒ !ÍÐÅÒÅȭÓ ÌÁ×ȟ ×ÈÅÒÅ ÔÈÅ ÃÕÒÌ ÏÆ Ὄ ÉÓ ÄÅÆÉÎÅÄ ÉÎ ÔÅÒÍÓ ÏÆ 

ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ ÄÉÓÐÌÁÃÅÍÅÎÔ ÃÕÒÒÅÎÔ ÁÎÄ ÔÈÅ ÃÏÎÄÕÃÔÉÏÎ ÃÕÒÒÅÎÔ ÄÅÎÓÉÔÙȡ 

 ᶯ ( ‫Ὀ Ӷ                                     (5-6) 

 Ὁ‐‫ „Ὁ                    (5-7) 

 
‐‫

ʎ

‫
Ὁ              (5-8) 

 
   ł‐‫ ‐

„

‫
Ὁ (5-9) 

7Å ÁÒÒÉÖÅ ÁÔ %ÑÕÁÔÉÏÎ ίȤγȟ ×ÈÉÃÈ ÓÈÏ×Ó ÔÈÅ ÐÒÅÓÅÎÃÅ ÏÆ ÔÈÒÅÅ ÄÉÓÔÉÎÃÔ ÔÅÒÍÓ ÇÏÖÅÒÎÉÎÇ ÔÈÅ 

ÐÒÏÐÅÒÔÉÅÓ ÏÆ Á ÃÏÎÄÕÃÔÉÖÅ ÄÉÅÌÅÃÔÒÉÃȢ 4ÈÅ ÓÔÏÒÅÄ ÅÎÅÒÇÙ ÒÅÍÁÉÎÓ ÔÈÅ ÓÁÍÅȠ ÈÏ×ÅÖÅÒȟ ÔÈÅ ÌÏÓÓ 

ÍÅÃÈÁÎÉÓÍ ÉÓ ÎÏ× ÓÐÌÉÔ ÉÎÔÏ Ô×Ï ÃÏÍÐÏÎÅÎÔÓȢ /ÂÓÅÒÖÉÎÇ ÔÈÅ ÌÏÓÓ ÉÎ ÁÎ ÅØÐÅÒÉÍÅÎÔÁÌ ÃÏÎÔÅØÔ 

ÐÒÅÓÅÎÔÓ ÁÎ ÉÓÓÕÅ ÉÎ ÄÉÆÆÅÒÅÎÔÉÁÔÉÎÇ ÂÅÔ×ÅÅÎ ÔÈÅ Ô×Ï ÍÅÃÈÁÎÉÓÍÓ ÆÏÒ ÌÏÓÓȟ ÉȢÅȢ ÉÆ ÉÔ ÉÓ ÄÕÅ ÔÏ 

ÃÏÎÄÕÃÔÉÖÉÔÙ ÏÒ ÄÉÅÌÅÃÔÒÉÃ ÄÁÍÐÉÎÇȢ ! ÍÏÄÉÆÉÅÄ ÆÏÒÍ ÏÆ ÔÈÅ %ÑÕÁÔÉÏÎ ÆÏÒ ÒÅÌÁÔÉÖÅ ÐÅÒÍÉÔÔÉÖÉÔÙ ÉÓ 

ÁÒÒÉÖÅÄ ÁÔ ×ÈÅÎ Á ÃÏÎÄÕÃÔÉÖÅ ÄÉÅÌÅÃÔÒÉÃ ÉÓ ÃÏÎÓÉÄÅÒÅÄȡ 

 
ʀ
ρ

‐Ј
‐ł ‐

„

‫
 

(5-10) 

0ÏÌÁÒÉÓÁÔÉÏÎ ÉÎ Á ÄÉÅÌÅÃÔÒÉÃ ÍÁÔÅÒÉÁÌ ÃÁÎ ÂÅ ÁÔÔÒÉÂÕÔÅÄ ÔÏ ÔÈÒÅÅ ÄÉÆÆÅÒÅÎÔ ÁÓÐÅÃÔÓ ɏΫέΰɐȢ %ÌÅÃÔÒÏÎÉÃ 

ÐÏÌÁÒÉÓÁÔÉÏÎ ÃÁÎ ÂÅ ÄÅÆÉÎÅÄ ÁÓ ÔÈÅ ÍÏÖÅÍÅÎÔ ÏÆ ÔÈÅ ÂÏÕÎÄ ÅÌÅÃÔÒÏÎ ÃÌÏÕÄÓ ÁÒÏÕÎÄ ÔÈÅ ÉÏÎÓ ÉÎ ÔÈÅ 

ÍÁÔÅÒÉÁÌȢ 3ÅÃÏÎÄÌÙȟ ÍÏÌÅÃÕÌÁÒ ÐÏÌÁÒÉÓÁÔÉÏÎ ÉÓ ÃÁÕÓÅÄ ÄÕÅ ÔÏ Á ÓÔÒÅÔÃÈÉÎÇ ÐÒÏÃÅÓÓ ÏÆ ÔÈÅ ÂÏÎÄÓ 

ÂÅÔ×ÅÅÎ ÔÈÅ ÁÔÏÍÓ ÏÆ Á ÍÏÌÅÃÕÌÅȢ 4ÈÉÓ ÓÔÒÅÔÃÈÉÎÇ ÒÅÓÕÌÔÓ ÆÒÏÍ ÔÒÁÎÓÆÅÒÒÉÎÇ ÏÒ ÓÈÁÒÉÎÇ ÅÌÅÃÔÒÏÎÓ 

ÂÅÔ×ÅÅÎ ÄÉÆÆÅÒÅÎÔ ÐÁÒÔÓ ÏÆ ÔÈÅ ÍÏÌÅÃÕÌÅ ÄÕÅ ÔÏ ÔÈÅ ÂÏÎÄÉÎÇ ÐÒÏÃÅÓÓÅÓȟ ×ÈÉÃÈ ÒÅÓÕÌÔÓ ÉÎ ÃÈÁÎÇÅÓ 

ÉÎ ÔÈÅ ÐÏÓÉÔÉÖÅ ÏÒ ÎÅÇÁÔÉÖÅ ÃÈÁÒÇÅ ÄÅÎÓÉÔÉÅÓȢ &ÉÎÁÌÌÙȟ ÏÒÉÅÎÔÁÔÉÏÎÁÌ ÐÏÌÁÒÉÓÁÔÉÏÎȟ ×ÈÉÃÈ ÉÓ ÔÈÅ 

ÒÏÔÁÔÉÏÎ ÏÆ ×ÈÏÌÅ ÍÏÌÅÃÕÌÅÓ ÔÈÁÔ ÈÁÖÅ Á ÐÅÒÍÁÎÅÎÔ ÏÒ ÉÎÄÕÃÅÄ ÄÉÐÏÌÅ ÍÏÍÅÎÔȢ )Î ÃÏÎÄÕÃÔÉÖÅ ÏÒ 

ÓÅÍÉÃÏÎÄÕÃÔÏÒ ÍÁÔÅÒÉÁÌÓȟ ÔÈÅÒÅ ÉÓ Á ÐÏÓÓÉÂÉÌÉÔÙ ÆÏÒ ÔÈÅ ÅÌÅÃÔÒÏÎ ÔÏ ÍÏÖÅ ÂÅÙÏÎÄ ÔÈÅ ÂÏÕÎÄÓ ÏÆ ÔÈÅ 

ÁÔÏÍȢ (Ï×ÅÖÅÒȟ ÔÈÅÒÅ ÉÓ ÁÌÓÏ Á ÒÅÓÔÒÉÃÔÉÏÎ ÏÎ ÏÖÅÒÁÌÌ ÂÏÕÎÄÁÒÉÅÓ ÉÎ Á ÍÁÔÅÒÉÁÌ ÄÕÅ ÔÏ ÓÍÁÌÌ ÐÁÒÔÉÃÌÅÓ 

ÏÒ ÓÏÌÉÄ ÄÏÍÁÉÎ ÂÏÕÎÄÁÒÉÅÓȢ $ÉÅÌÅÃÔÒÉÃ ÒÅÌÁØÁÔÉÏÎ ÉÓ ÔÈÅ ÍÏÍÅÎÔÁÒÙ ÄÅÌÁÙ ÉÎ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ 

ÃÏÎÓÔÁÎÔ ÏÆ Á ÍÁÔÅÒÉÁÌȢ 4ÈÉÓ ÉÓ ÕÓÕÁÌÌÙ ÃÁÕÓÅÄ ÂÙ ÔÈÅ ÄÅÌÁÙ ÉÎ ÍÏÌÅÃÕÌÁÒ ÐÏÌÁÒÉÓÁÔÉÏÎ ÃÏÎÃÅÒÎÉÎÇ Á 

ÃÈÁÎÇÉÎÇ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄ ÉÎ Á ÄÉÅÌÅÃÔÒÉÃ ÍÅÄÉÕÍȢ 4ÈÅ $ÅÂÙÅ ÒÅÌÁØÁÔÉÏÎ %ÑÕÁÔÉÏÎ ÉÓ ÕÓÅÄ ÔÏ ÄÅÓÃÒÉÂÅ 

ÔÈÅ ÍÅÃÈÁÎÉÓÍ ÏÆ ÃÏÎÄÕÃÔÉÖÉÔÙ ÁÎÄ ÐÏÌÁÒÉÓÁÔÉÏÎ ɏΫέαɐȢ 

 
‐‫ ‐Ŝ

‐π ‐Ŝ

ρ Ὥ†‫
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(ÅÒÅȟ ‐π ÉÓ ÔÈÅ ÌÏ×ȤÆÒÅÑÕÅÎÃÙ ÐÅÒÍÉÔÔÉÖÉÔÙȟ ‐Њ ÉÓ ÔÈÅ ÅØÔÒÁÐÏÌÁÔÅÄ ÈÉÇÈȤÆÒÅÑÕÅÎÃÙ 

ÐÅÒÍÉÔÔÉÖÉÔÙȟ ÉÓ ÔÈÅ ÆÒÅÑÕÅÎÃÙ ÁÔ ×ÈÉÃÈ ÔÈÅ ÐÅÒÍÉÔÔÉÖÉÔÙ ÔÒÁÎÓÉÔÉÏÎÓ ÂÅÔ×ÅÅÎ ÔÈÅÓÅ ÅØÔÒÅÍÅÓ ÁÎÄ ‫ 

† ÉÓ ÔÈÅ ÒÅÌÁØÁÔÉÏÎ ÔÉÍÅȢ 

4ÈÅ Ȭ#ÏÌÅ Ȥ #ÏÌÅȭ ÍÏÄÅÌ ÉÓ ÔÈÅ ÏÔÈÅÒ ÉÍÐÒÏÖÅÍÅÎÔ ÔÏ ÔÈÅ $ÅÂÙÅ ÍÏÄÅÌȟ ×ÈÉÃÈ ÄÅÓÃÒÉÂÅÓ ÄÉÅÌÅÃÔÒÉÃ 

ÒÅÌÁØÁÔÉÏÎ ÉÎ ÐÏÌÙÍÅÒÓ ÁÎÄ ÔÈÅ Ȭ#ÏÌÅ Ȥ $ÁÖÉÄÓÏÎȭ ÆÏÒÍÕÌÁÅ ÔÈÁÔ ÒÁÉÓÅÓ ÄÉÆÆÅÒÅÎÔ ÄÅÎÏÍÉÎÁÔÏÒ ÐÁÒÔÓ 

ÔÏ ÐÏ×ÅÒȢ )Î ÔÈÅ ÃÁÓÅ ÔÈÁÔ ÔÈÅ ÍÅÃÈÁÎÉÓÍ ÈÁÓ Á ÒÅÓÔÏÒÉÎÇ ÆÏÒÃÅȟ ÁÌÔÅÒÎÁÔÉÖÅÌÙ Á ,ÏÒÅÎÔÚ ÒÅÓÏÎÁÔÏÒ 

ÍÏÄÅÌ ÃÁÎ ÂÅ ÕÓÅÄ ɏΫέβɐȢ 

 
‐ȟ ᴂЊ‐  ‫ ‐ᴂπ 

‫

‫ ‫ ‎‫‫
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 The Debye Model for W ater  

)Î ÏÕÒ ÒÅÓÅÁÒÃÈȟ ÐÕÒÅ $ÅÉÏÎÉÓÅÄ ×ÁÔÅÒ ɉ$)Ȥ7Ɋ ÈÁÓ ÂÅÅÎ ÕÓÅÄ ÁÓ Á ÒÅÆÅÒÅÎÃÅ ÌÉÑÕÉÄ ÆÏÒ ÍÁÎÙ 

ÒÅÁÓÏÎÓȡ ÔÈÅ ÍÏÓÔ ÏÂÖÉÏÕÓȟ ÏÆ ÃÏÕÒÓÅȟ ÉÓ ÔÈÁÔ ÁÌÌ ÂÉÏÌÏÇÉÃÁÌ ÔÉÓÓÕÅ ÉÓ ×ÁÔÅÒȤÂÁÓÅÄȟ ÁÎÄ ÓÏ $)Ȥ7 ÉÓ 

ÔÈÅ ÍÏÓÔ ÓÕÉÔÅÄ ÒÅÆÅÒÅÎÃÅ ÌÉÑÕÉÄ ÉÎ ÔÅÒÍÓ ÏÆ ÃÁÌÉÂÒÁÔÉÏÎ ÁÎÄ ÔÅÓÔ ÍÅÁÓÕÒÅÍÅÎÔÓȢ &ÕÒÔÈÅÒÍÏÒÅȟ ÉÔÓ 

ÁÂÕÎÄÁÎÃÅ ÉÎ ÅÃÏÌÏÇÉÃÁÌȟ ÉÎÄÕÓÔÒÉÁÌȟ ÁÎÄ ÍÅÄÉÃÁÌ ÓÃÅÎÁÒÉÏÓ ÍÅÁÎÓ ÉÔ ÉÓ ÌÉËÅÌÙ ÔÈÅ ÍÏÓÔ ÓÔÕÄÉÅÄ 

ÍÁÔÅÒÉÁÌ ÉÎ ÅØÉÓÔÅÎÃÅȢ /Æ ÍÏÓÔ ÒÅÌÅÖÁÎÃÅ ÉÓ ÔÈÅ ×ÏÒË ÏÆ +ÁÁÔÚÅ ɏΫέαɐȢ 

! ÓÉÍÐÌÅ $ÅÂÙÅ ÍÏÄÅÌ ÏÆ $)Ȥ7 ÈÁÓ ÂÅÅÎ ÐÕÔ ÔÏÇÅÔÈÅÒ ÔÏ ÃÁÌÃÕÌÁÔÅ ÉÔÓ ÒÅÁÌ ÁÎÄ ÉÍÁÇÉÎÁÒÙ 

ÐÅÒÍÉÔÔÉÖÉÔÙ ÔÈÁÔ ÉÓ ÐÅÒÔÉÎÅÎÔ ÆÏÒ ÔÈÉÓ ÓÔÕÄÙȢ 4ÈÅ ÌÏ×ȤÆÒÅÑÕÅÎÃÙ ÐÅÒÍÉÔÔÉÖÉÔÙ ‐πȟ ÅØÔÒÁÐÏÌÁÔÅÄ 

ÈÉÇÈȤÆÒÅÑÕÅÎÃÙ ‐Њ ÁÎÄ Á ÒÅÌÁØÁÔÉÏÎ ÔÉÍÅ t ×ÅÒÅ ÕÓÅÄ ÉÎ ÔÈÅ ÃÁÌÃÕÌÁÔÉÏÎ ÁÎÄ ÍÏÄÅÌÌÅÄ ÆÒÏÍ 

ÔÈÅ ÐÕÂÌÉÓÈÅÄ ÄÁÔÁ ÁÖÁÉÌÁÂÌÅȢ ! ÓÉÍÐÌÅ ÍÅÔÈÏÄ ÈÁÓ ÂÅÅÎ ÕÓÅÄ ÆÏÒ ÃÁÌÃÕÌÁÔÉÎÇ ÔÈÅÓÅ ÐÁÒÁÍÅÔÅÒÓ ÉÎ 

ÓÔÅÐÓȢ &ÉÒÓÔÌÙȟ Á ÌÉÎÅÁÒ ÁÎÄ ÐÏÌÙÎÏÍÉÁÌ ÆÉÔÔÉÎÇ ÐÒÏÃÅÄÕÒÅ ÈÁÖÅ ÂÅÅÎ ÁÐÐÌÉÅÄ ÔÏ ÔÈÅ ÄÉÓÃÒÅÔÅ ÄÁÔÁ 

ÏÖÅÒ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ÒÁÎÇÅ ɉΫί ÔÏ έίɊ #Т ÆÏÒ $)Ȥ7Ȣ 4ÈÅ ×ÅÌÌȤËÎÏ×Î ÐÁÐÅÒ ÂÙ +ÁÁÔÚÅ ɏΫέαɐ ÈÁÓ ÂÅÅÎ 

ÕÓÅÄ ÆÏÒ ÏÂÔÁÉÎÉÎÇ ÄÁÔÁ ÏÆ ÔÈÅ ÐÁÒÁÍÅÔÅÒÓ ÏÆ ÐÕÒÅ ×ÁÔÅÒ ÉÎ ÔÈÉÓ ÒÁÎÇÅ ÏÆ ÔÅÍÐÅÒÁÔÕÒÅÓȢ 3ÅÃÏÎÄÌÙȟ 

ÔÈÅ ÆÉÔÔÉÎÇ ÖÁÌÕÅÓ ɉÉÎÔÅÒÃÅÐÔ ÁÎÄ ÓÌÏÐÅ ÖÁÌÕÅÓɊ ÈÁÖÅ ÂÅÅÎ ÕÓÅÄ ÆÏÒ ÃÁÌÃÕÌÁÔÉÎÇ ÔÈÅÓÅ ÐÁÒÁÍÅÔÅÒÓ ÁÔ 

ÄÉÆÆÅÒÅÎÔ ÔÅÍÐÅÒÁÔÕÒÅÓ ɉ&ÉÇÕÒÅ ίȤή ÔÏ ίȤΰɊȢ 4ÈÉÒÄÌÙȟ ÔÈÅ ÒÅÁÌ ÁÎÄ ÉÍÁÇÉÎÁÒÙ ÐÅÒÍÉÔÔÉÖÉÔÙ ÃÁÌÃÕÌÁÔÅÄ 

ÕÓÉÎÇ ÔÈÅ $ÅÂÙÅ ÅÑÕÁÔÉÏÎ ÉÓ ÒÅÌÁÔÉÖÅ ÔÏ ÔÈÅ ÐÁÒÁÍÅÔÅÒÓ ÍÅÎÔÉÏÎÅÄ ÁÔ ÄÉÆÆÅÒÅÎÔ ÆÒÅÑÕÅÎÃÉÅÓ ÁÎÄ 

ÔÅÍÐÅÒÁÔÕÒÅÓ ɉ&ÉÇÕÒÅ ίȤαɊȢ &ÉÇÕÒÅ ίȤα ÄÅÍÏÎÓÔÒÁÔÅÓ ÔÈÅ $ÅÂÙÅ ÍÏÄÅÌ ÁÔ ÄÉÆÆÅÒÅÎÔ ÆÒÅÑÕÅÎÃÉÅÓ ÁÎÄ 

ÔÅÍÐÅÒÁÔÕÒÅÓȢ )Î ÔÈÉÓ &ÉÇÕÒÅȟ ÔÈÅ ÒÅÄ ÁÒÒÏ× ÓÈÏ×Ó ÔÈÁÔ ÔÈÅ ÐÅÒÍÉÔÔÉÖÉÔÙ ɉÒÅÁÌ ÁÎÄ ÉÍÁÇÉÎÁÒÙɊ 

ÄÅÃÒÅÁÓÅÓ ×ÉÔÈ ÉÎÃÒÅÁÓÉÎÇ ÔÅÍÐÅÒÁÔÕÒÅ ÏÖÅÒ ÔÈÅ ÒÁÎÇÅ ɉΫί ÔÏ έίɊὅЈȢ !Î ÏÂÖÉÏÕÓ ÄÅÃÒÅÁÓÅ ÉÎ ÔÈÅ ÒÅÁÌ 

ÐÅÒÍÉÔÔÉÖÉÔÙ ÉÓ ÏÂÓÅÒÖÅÄ ÂÅÔ×ÅÅÎ ΫΪΪ -(Ú ÔÏ ÁÐÐÒÏØÉÍÁÔÅÌÙ β '(Ú ×ÉÔÈ ÉÎÃÒÅÁÓÉÎÇ ÔÅÍÐÅÒÁÔÕÒÅȢ 

4ÈÉÓ ÔÒÅÎÄ ÉÎÖÅÒÔÓ ÆÏÒ ÔÈÅ ÍÉÄȤÆÒÅÑÕÅÎÃÙ ÒÁÎÇÅ ÂÅÔ×ÅÅÎ β '(Ú ÔÏ ΫΪΪ '(ÚȢ )Î ÔÅÒÍÓ ÏÆ ÔÈÅ 

ÉÍÁÇÉÎÁÒÙ ÐÅÒÍÉÔÔÉÖÉÔÙȟ Á ÄÅÃÒÅÁÓÅ ÉÓ ÏÂÓÅÒÖÅÄ ×ÉÔÈ ÉÎÃÒÅÁÓÉÎÇ ÔÅÍÐÅÒÁÔÕÒÅ ÁÓ ÉÌÌÕÓÔÒÁÔÅÄ ÂÅÔ×ÅÅÎ 

Ϋ '(Ú ÁÎÄ άΪ '(Ú ÉÎ ÃÏÎÔÒÁÓÔ ÔÏ ÔÈÅ ÒÁÎÇÅ άΪ '(Ú ÔÏ άΪΪ '(ÚȢ 

!Î %ØÃÅÌȤÂÁÓÅÄ ÃÁÌÃÕÌÁÔÏÒ ÈÁÓ ÂÅÅÎ ÄÅÖÅÌÏÐÅÄ ÆÏÒ ÐÒÏÖÉÄÉÎÇ ÔÈÅ ÒÅÁÌ ÁÎÄ ÉÍÁÇÉÎÁÒÙ ÐÅÒÍÉÔÔÉÖÉÔÙ 
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ÁÓ Á ÆÕÎÃÔÉÏÎ ÏÆ ÆÒÅÑÕÅÎÃÙ ÁÎÄ ÔÅÍÐÅÒÁÔÕÒÅ ÁÎÄ ÕÔÉÌÉÓÅÓ ÔÈÅ ÐÁÒÁÍÅÔÅÒÓ ɉ‐πȟ ‐Њ  ÁÎÄt Ɋ 

ɉ&ÉÇÕÒÅ ίȤβɊȢ 
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Figure 5-4: Corrected Low frequency permittivity e(0) with the range of the temperature (15 to 35) C°. 

Figure 5-5: Corrected extrapolated high-frequency permittivity e(¤) with the range of the temperature (15 to 
35) C°. 
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Figure 5-6: Corrected relaxation time t with the range of the temperature (15 to 35) C°.  

Figure 5-7: Mathematical Debye model from our work, permittivity real and imaginary with the range of 
frequency (1E8-1E12) Hz at range temperature (15 to 35) C°.  

Figure 5-8: Our calculator laboratory for measuring the real and imaginary permittivity for specific frequency 
and temperature.  
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4ÈÅ ÍÏÓÔ ÃÏÍÍÏÎ ÍÅÔÈÏÄ ÕÓÅÄ ÆÏÒ ÃÁÌÃÕÌÁÔÉÎÇ ÔÈÅ ÂÕÌË ÄÉÅÌÅÃÔÒÉÃ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÉÎÈÏÍÏÇÅÎÅÏÕÓ 

ÍÁÔÅÒÉÁÌÓ ÉÓ ÔÈÅ -ÁØ×ÅÌÌȤ'ÁÒÎÅÔÔ ÏÒ -' ÁÐÐÒÏØÉÍÁÔÉÏÎȟ ÁÌÓÏ ËÎÏ×Î ÁÓ ÔÈÅ #ÌÁÕÓÉÕÓȤ-ÏÓÓÏÔÔÉ 

ÅÓÔÉÍÁÔÅȢ 4ÈÉÓ ÍÅÔÈÏÄ ÉÓ ÕÓÅÆÕÌ ×ÈÅÎ ÏÎÅ ÏÆ ÔÈÅ ÃÏÍÐÏÎÅÎÔÓ ÃÁÎ ÂÅ ÃÏÎÓÉÄÅÒÅÄ ÁÓ Á ÈÏÓÔ ÉÎ ×ÈÉÃÈ 

ÉÎÃÌÕÓÉÏÎÓ ÏÆ ÔÈÅ ÏÔÈÅÒ ÅÌÅÍÅÎÔÓ ÁÒÅ ÅÍÂÅÄÄÅÄȢ 4ÈÉÓ ÍÅÔÈÏÄ ÉÎÖÏÌÖÅÓ ÁÎ ÅØÁÃÔ ÃÁÌÃÕÌÁÔÉÏÎ ÏÆ ÔÈÅ 

ÆÉÅÌÄ ÉÎÄÕÃÅÄ ÉÎ ÔÈÅ ÕÎÉÆÏÒÍ ÈÏÓÔ ÂÙ Á ÓÉÎÇÌÅ ÓÐÈÅÒÉÃÁÌ ÏÒ ÅÌÌÉÐÓÏÉÄÁÌ ÉÎÃÌÕÓÉÏÎ ÁÎÄ Á ÔÒÅÁÔÍÅÎÔ ÏÆ 

ÉÔÓ ÄÉÓÔÏÒÔÉÏÎ ÂÙ ÔÈÅ ÅÌÅÃÔÒÏÓÔÁÔÉÃ ÉÎÔÅÒÁÃÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÄÉÆÆÅÒÅÎÔ ÃÏÍÐÏÓÉÔÉÏÎÓȢ 4ÈÅ ÃÈÁÒÇÅÄ 

ÄÉÐÏÌÅÓ ÃÁÕÓÅ ÔÈÉÓ ÄÉÓÔÏÒÔÉÏÎȟ ÁÎÄ ÈÉÇÈÅÒ ÍÕÌÔÉÐÏÌÅÓ ÍÁÙ ÂÅ ÉÎÄÕÃÅÄ ÉÎ ÔÈÅ ÏÔÈÅÒ ÉÎÃÌÕÓÉÏÎÓȢ 4ÈÅ 

ÉÎÄÕÃÅÄ ÄÉÐÏÌÅ ÍÏÍÅÎÔÓ ÃÁÕÓÅ ÔÈÅ ÌÏÎÇÅÓÔȤÒÁÎÇÅ ÄÉÓÔÏÒÔÉÏÎÓȟ ÁÎÄ ÔÈÅÉÒ ÁÖÅÒÁÇÅ ÅÆÆÅÃÔ ÉÓ ÉÎÃÌÕÄÅÄ 

ÉÎ ÔÈÅ -' ÁÐÐÒÏØÉÍÁÔÉÏÎȟ ×ÈÉÃÈ ÒÅÓÕÌÔÓ ÉÎ Á ÕÎÉÆÏÒÍ ÆÉÅÌÄ ÉÎÓÉÄÅ ÁÌÌ ÏÆ ÔÈÅ ÉÎÃÌÕÓÉÏÎÓ ɏΫέγɐȢ 4Ï 

ÄÅÒÉÖÅ ÔÈÅ -ÁØ×ÅÌÌȤ'ÁÒÎÅÔÔ ÍÉØÉÎÇ ÆÏÒÍÕÌÁȟ ÔÈÅ ,ÏÒÅÎÔÚ ÌÏÃÁÌ ÆÉÅÌÄ ÃÏÎÃÅÐÔ ×ÉÔÈ ÁÎ ÁÒÒÁÙ ÏÆ 

ÐÏÌÁÒÉÓÁÂÌÅ ÐÁÒÔÉÃÌÅÓ ÉÓ ÕÓÅÄ ÔÏ ÏÂÔÁÉÎ ÔÈÅ #ÌÁÕÓÉÕÓȤ-ÏÓÓÏÔÔÉ ÒÅÌÁÔÉÏÎ ɉ4ÈÅ #ÌÁÕÓÉÕÓɀ-ÏÓÓÏÔÔÉ 

ÒÅÌÁÔÉÏÎ ÅØÐÒÅÓÓÅÓ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ ÃÏÎÓÔÁÎÔ ɉÒÅÌÁÔÉÖÅ ÐÅÒÍÉÔÔÉÖÉÔÙȟ‐Ɋ ÏÆ Á ÍÁÔÅÒÉÁÌȢ 4ÈÉÓ ÉÓ ÇÉÖÅÎ ÉÎ 

ÔÅÒÍÓ ÏÆ ÔÈÅ ÁÔÏÍÉÃ ÐÏÌÁÒÉÚÁÂÉÌÉÔÙȟ‌ȟ ÏÆ ÔÈÅ ÍÁÔÅÒÉÁÌΈÓ ÃÏÎÓÔÉÔÕÅÎÔ ÁÔÏÍÓ ÁÎÄȾÏÒ ÍÏÌÅÃÕÌÅÓȟ ÏÒ Á 

ÈÏÍÏÇÅÎÅÏÕÓ ÍÉØÔÕÒÅ ÔÈÅÒÅÏÆȢ )Ô ÉÓ ÎÁÍÅÄ ÁÆÔÅÒ /ÔÔÁÖÉÁÎÏȤ&ÁÂÒÉÚÉÏ -ÏÓÓÏÔÔÉ ÁÎÄ 2ÕÄÏÌÆ 

#ÌÁÕÓÉÕÓȢ )Ô ÉÓ ÅÑÕÉÖÁÌÅÎÔ ÔÏ ÔÈÅ ,ÏÒÅÎÔÚɀ,ÏÒÅÎÚ ÅÑÕÁÔÉÏÎȢ )Ô ÍÁÙ ÂÅ ÅØÐÒÅÓÓÅÄ ÁÓ ɏΫήΪɐȡ 
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(5-13) 

(ÅÒÅ ὔ ÉÓ ÔÈÅ ÎÕÍÂÅÒ ÏÆ ÐÁÒÔÉÃÌÅÓ ÐÅÒ ÕÎÉÔ ÖÏÌÕÍÅȢ ‌ ÉÓ ÔÈÅ ÐÏÌÁÒÉÚÁÂÉÌÉÔÙȡ 
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(5-14) 

7ÈÅÒÅ ‐  ÉÓ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ ÃÏÎÓÔÁÎÔ ÁÎÄ ὥ ÉÓ ÔÈÅ ÒÁÄÉÕÓ ÏÆ ÔÈÅ ÐÁÒÔÉÃÌÅȢ 4ÈÅ ÅÆÆÅÃÔÉÖÅ ÐÅÒÍÉÔÔÉÖÉÔÙ 

ÉÓ ÏÂÔÁÉÎÅÄ ÂÙ ÃÏÍÂÉÎÉÎÇ %ÑÕÁÔÉÏÎ ɉίȤΫέɊ ÁÎÄ ɉίȤΫήɊȡ 
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(ÅÒÅ ‐  ÉÓ ÔÈÅ ÅÆÆÅÃÔÉÖÅ ÄÉÅÌÅÃÔÒÉÃ ÃÏÎÓÔÁÎÔ ÏÆ ÔÈÅ ÍÅÄÉÕÍȟ ‐ ÉÓ ÏÎÅ ÏÆ ÔÈÅ ÉÎÃÌÕÓÉÏÎÓȟ ÁÎÄ Ὢ ÉÓ 

ÅÑȢ !Ó ×ÉÔÈ ÔÈÅ ÍÏÄÅÌ ÏÆ -ÁØ×ÅÌÌ 'ÁÒÎÅÔÔȟ ÉÔ ÉÓ Á ÃÏÍÐÏÓÉÔÉÏÎ ÏÆ Á ÍÁÔÒÉØ ÍÅÄÉÕÍ ×ÉÔÈ ÉÎÃÌÕÓÉÏÎÓȟ 

ÁÎÄ ×Å ÅÎÈÁÎÃÅ ÔÈÅ %ÑÕÁÔÉÏÎȡ 

 
Ὢ

τ“ὥ ὔ

σ
 

 

(5-16) 

7ÈÅÒÅ ὔ is the number of particles per unit volume  

#ÏÎÓÅÑÕÅÎÔÌÙȟ ÔÈÅ ÍÉÃÒÏÐÏÒÏÕÓ ÍÏÒÐÈÏÌÏÇÙ ÍÏÄÉÆÉÅÓ ÔÈÅ ÅÆÆÅÃÔÉÖÅ ÐÅÒÍÉÔÔÉÖÉÔÙȢ 
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Permittivity of Polystyrene Spheres in a Water 

Host  

)Î ÏÕÒ ÒÅÓÅÁÒÃÈȟ ÔÈÅ ÅÆÆÅÃÔÉÖÅ ÐÅÒÍÉÔÔÉÖÉÔÙ ÏÆ ÐÏÌÙÓÔÙÒÅÎÅ ÓÐÈÅÒÅÓ ÉÎ Á ×ÁÔÅÒ ÈÏÓÔ ÈÁÓ ÂÅÅÎ 

ÃÁÌÃÕÌÁÔÅÄ ÉÎ ÓÔÅÐÓȢ 4ÈÅ ÆÉÒÓÔ ÓÔÅÐ ÉÓ ÃÁÌÃÕÌÁÔÉÎÇ ÔÈÅ ÒÅÁÌ ÁÎÄ ÉÍÁÇÉÎÁÒÙ ÐÅÒÍÉÔÔÉÖÉÔÙ ÆÏÒ ÔÈÅ ×ÁÔÅÒ 

ÁÎÄ ÔÈÅ ÐÏÌÙÓÔÙÒÅÎÅȢ )Î ÔÅÒÍÓ ÏÆ ×ÁÔÅÒȟ ÔÈÅ ÒÅÁÌ ÁÎÄ ÉÍÁÇÉÎÁÒÙ ÐÅÒÍÉÔÔÉÖÉÔÙȭÓ ÈÁÖÅ ÂÅÅÎ ÃÁÌÃÕÌÁÔÅÄ 

ÕÓÉÎÇ ÏÕÒ ÃÁÌÃÕÌÁÔÏÒ ÍÅÎÔÉÏÎÅÄ ÁÂÏÖÅ ɉ&ÉÇÕÒÅ ίȤβɊ ÁÔ 4 К άί ὅЈ ÁÓ ×ÉÔÈÉÎ Á ÒÁÎÇÅ ÏÆ ÒÏÏÍ 

ÔÅÍÐÅÒÁÔÕÒÅ ÁÎÄ ÔÈÅ ×ÈÏÌÅ ÒÁÎÇÅ ÆÏÒ ÔÈÅ ÆÒÅÑÕÅÎÃÙ ΪȢΫ ÔÏ έ '(Ú ÉÎ ÔÈÅ ÆÉÒÓÔ ÉÎÓÔÁÎÃÅȢ 4ÈÅ ÒÅÁÌ ÁÎÄ 

ÉÍÁÇÉÎÁÒÙ ÖÁÌÕÅÓ ÏÆ ÐÅÒÍÉÔÔÉÖÉÔÙ ÆÏÒ ÐÏÌÙÓÔÙÒÅÎÅ ×ÅÒÅ ÏÂÔÁÉÎÅÄ ÆÒÏÍ !ÈÍÁÄ ɏΫήΫɐ ÆÏÒ ÔÈÅ ÓÁÍÅ 

ÒÁÎÇÅ ÏÆ ÆÒÅÑÕÅÎÃÉÅÓȢ -ÏÒÅÏÖÅÒȟ ÔÈÅ ÖÏÌÕÍÅ ÆÒÁÃÔÉÏÎ ÏÆ ÔÈÅ ÏÒÉÇÉÎÁÌ ÖÏÌÕÍÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÆÒÏÍ 

ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒ ÁÎÄ ÔÈÅ ÆÒÁÃÔÉÏÎÁÌ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÕÓÅÄ ÉÎ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÁÌ ×ÏÒË ÈÁÖÅ ÂÅÅÎ 

ÁÐÐÌÉÅÄ ÁÓ άȢίГȟ άȢάίГȟ άГȟ ΫȢαίГȟ ΫȢίГȟ ÁÎÄ ΫȢάίГ ×ÉÔÈ Á ÔÏÔÁÌ ÖÏÌÕÍÅ ÏÆ άίΪ ʏÌ ɉÒÅÐÒÅÓÅÎÔÉÎÇ 

ÄÉÌÕÔÉÏÎÓ ÂÙ ÒÅÄÕÃÉÎÇ άί ʏÌ ÏÆ ÐÁÒÔÉÃÌÅÓ ÁÎÄ ÁÎ ÉÎÃÒÅÁÓÅ ÏÆ $)Ȥ7 ×ÉÔÈ ÖÏÌÕÍÅ ÔÏ ÏÂÔÁÉÎ άίΪ ʏÌ ÆÏÒ 

ÅÁÃÈ ÃÏÎÃÅÎÔÒÁÔÉÏÎȢ &ÉÎÁÌÌÙȟ ÔÈÅ ÍÁÇÎÉÔÕÄÅ ÏÆ ÔÈÅ ÃÏÍÐÌÅØ ÐÅÒÍÉÔÔÉÖÉÔÙ ÈÁÓ ÂÅÅÎ ÆÏÕÎÄ ÂÙ 

ÃÁÌÃÕÌÁÔÉÎÇ ÔÈÅ ÒÏÏÔ ÍÅÁÎ ÓÑÕÁÒÅ ÆÏÒ ÔÈÅ ÒÅÁÌ ÁÎÄ ÉÍÁÇÉÎÁÒÙ ÐÅÒÍÉÔÔÉÖÉÔÙȟ ÓÈÏ×Î ÉÎ &ÉÇÕÒÅÓ ίȤγ 

ÁÎÄ ίȤΫΪȢ )Î ÔÈÅÓÅ Ô×Ï &ÉÇÕÒÅÓȟ ÔÈÅ ÒÅÓÕÌÔÓ ÐÒÅÓÅÎÔ ÔÈÅ ÖÁÒÉÁÔÉÏÎ ÉÎ ÔÈÅ ÍÁÇÎÉÔÕÄÅ ÏÆ ÃÏÍÐÌÅØ 

ÐÅÒÍÉÔÔÉÖÉÔÙ ÁÎÄ ÌÏÓÓ ÔÁÎÇÅÎÔ ɉÔÁÎdɊ ×ÉÔÈ ÆÒÅÑÕÅÎÃÙ ÁÔ ÄÉÆÆÅÒÅÎÔ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÂÅÔ×ÅÅÎ ÐÕÒÅ 

×ÁÔÅÒȟ ÓÔÏÃË ÐÏÌÙÓÔÙÒÅÎÅ ÓÕÓÐÅÎÓÉÏÎ ÁÔ άȢίГ ÁÎÄ ί ÓÕÂÓÅÑÕÅÎÔ ÈÁÌÆ ÄÉÌÕÔÉÏÎÓ ÄÏ×Î ÔÏ ΫȢάίГȢ 4ÁÎ d 

ÉÓ ÕÓÅÄ ÔÏ ÅØÐÒÅÓÓ ÔÈÅ ÌÏÓÓÅÓ ÉÎ Á ÄÉÅÌÅÃÔÒÉÃ ÍÁÔÅÒÉÁÌȢ )Ô ÉÓ ÅØÐÒÅÓÓÅÄ ÁÓ ÔÈÅ ÒÁÔÉÏ ÂÅÔ×ÅÅÎ ÔÈÅ 

ÉÍÁÇÉÎÁÒÙ ÁÎÄ ÔÈÅ ÒÅÁÌ ÐÁÒÔ ÏÆ ÔÈÅ ÐÅÒÍÉÔÔÉÖÉÔÙȢ 4ÈÉÓ ÐÁÒÁÍÅÔÅÒ ÒÅÆÅÒÓ ÔÏ Á ÐÈÁÓÏÒ ÉÎ ÔÈÅ ÃÏÍÐÌÅØ 

ÐÌÁÎÅ ×ÈÏÓÅ ÒÅÁÌ ÁÎÄ ÉÍÁÇÉÎÁÒÙ ÐÁÒÔÓ ÁÒÅ ÔÈÅ ÒÅÓÉÓÔÉÖÅ ɉÌÏÓÓÙɊ ÃÏÍÐÏÎÅÎÔÓ ÏÆ ÁÎ ÅÌÅÃÔÒÏÍÁÇÎÅÔÉÃ 

ÆÉÅÌÄȟ ÁÎÄ ÉÔȭÓ Á ÒÅÁÃÔÉÖÅ ɉÌÏÓÓÌÅÓÓɊ ÃÏÕÎÔÅÒÐÁÒÔȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 

&ÉÇÕÒÅ ίȤγ ÓÈÏ×Ó Á ÃÏÎÓÉÄÅÒÁÂÌÅ ÄÉÆÆÅÒÅÎÃÅ ÂÅÔ×ÅÅÎ ÔÈÅ ÍÁÇÎÉÔÕÄÅ ÏÆ ÔÈÅ ÃÏÍÐÌÅØ ÐÅÒÍÉÔÔÉÖÉÔÙ 

ÆÏÒ ×ÁÔÅÒ ÁÎÄ ÔÈÅ ÒÅÓÔ ÏÆ ÔÈÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÆÏÒ ÔÈÅ ×ÈÏÌÅ ÒÁÎÇÅ ÏÆ ÆÒÅÑÕÅÎÃÉÅÓȢ !ÄÄÉÔÉÏÎÁÌÌÙȟ ÔÈÅ 

ÃÏÍÐÌÅØ ÐÅÒÍÉÔÔÉÖÉÔÙ ÉÎÃÒÅÁÓÅÓ ÃÏÎÓÉÓÔÅÎÔÌÙ ×ÉÔÈ ÄÅÃÒÅÁÓÉÎÇ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÆÏÒ ÔÈÅ ÅÎÔÉÒÅ ÒÁÎÇÅ 

ÏÆ ÆÒÅÑÕÅÎÃÉÅÓ ÆÏÒ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ άȢίГ ÔÏ ΫȢάίГȟ ×ÈÉÃÈ ÓÅÒÖÅÓ ÁÓ Á ÇÏÏÄ ÉÎÄÉÃÁÔÏÒ ÆÏÒ ÔÈÉÓ 

ÔÅÃÈÎÉÑÕÅΈÓ ÖÉÁÂÉÌÉÔÙ ÉÎ ÄÅÔÅÃÔÉÎÇ ÃÁÎÃÅÒȢ (Ï×ÅÖÅÒȟ &ÉÇÕÒÅ ίȤΫΪȟ ÓÈÏ×ÅÄ ÔÈÁÔ ÔÈÅ ÌÏÓÓ ÔÁÎÇÅÎÔ 

ÂÅÔ×ÅÅÎ ×ÁÔÅÒ ÁÎÄ ÁÌÌ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÉÓ ÎÏÔ ÓÉÇÎÉÆÉÃÁÎÔÌÙ ÄÉÆÆÅÒÅÎÔ ÁÃÒÏÓÓ ÔÈÅ ×ÈÏÌÅ ÆÒÅÑÕÅÎÃÙ 

ÒÁÎÇÅȢ 
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&ÉÇÕÒÅÓ ίȤΫΫ ÁÎÄ ίȤΫά ÓÈÏ× ÔÈÅ ÒÅÁÌ ÁÎÄ ÉÍÁÇÉÎÁÒÙ ÅÆÆÅÃÔÉÖÅ ÐÅÒÍÉÔÔÉÖÉÔÙ ÖÅÒÓÕÓ ÔÈÅ ÓÁÍÅ ÒÁÎÇÅ ÏÆ 

ÆÒÅÑÕÅÎÃÙ ÍÅÎÔÉÏÎÅÄ ÁÂÏÖÅ ÁÎÄ ÔÈÅ ÓÁÍÅ ÒÁÎÇÅ ÏÆ ÔÈÅ ÖÏÌÕÍÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓȢ 

)Î &ÉÇÕÒÅ ίȤΫΫȟ ÔÈÅ ÒÅÓÕÌÔÓ ÈÁÖÅ ÁÇÁÉÎ ÓÈÏ×Î Á ÓÉÇÎÉÆÉÃÁÎÔ ÄÉÆÆÅÒÅÎÃÅ ÂÅÔ×ÅÅÎ ×ÁÔÅÒ ÁÎÄ ÔÈÅ ÒÅÓÔ ÏÆ 

ÔÈÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓȢ !ÄÄÉÔÉÏÎÁÌÌÙȟ ÔÈÅÒÅ ÉÓ Á ÃÏÎÓÉÓÔÅÎÔ ÒÅÄÕÃÔÉÏÎ ÉÎ ÔÈÅ ÒÅÁÌ ÃÏÍÐÌÅØ ÖÁÌÕÅ ×ÉÔÈ 

ÉÎÃÒÅÁÓÉÎÇ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÏÆ ÔÈÅ ÓÁÍÐÌÅȢ )Î ÃÏÎÔÒÁÓÔȟ ÔÈÅÒÅ ÉÓ ÎÏ ÃÏÎÓÉÄÅÒÁÂÌÅ ÖÁÒÉÁÎÃÅ ÉÎ ÌÏÓÓ 

ÔÁÎÇÅÎÔ ÏÒ ÅÆÆÅÃÔÉÖÅ ÉÍÁÇÉÎÁÒÙ ÐÅÒÍÉÔÔÉÖÉÔÙ ÂÅÔ×ÅÅÎ ×ÁÔÅÒ ÁÎÄ ÔÈÅ ÒÅÓÔ ÏÆ ÔÈÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ άȢίГ 
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Figure 5-9: Magnitude complex effective permittivity for DI-W and different concentration of suspension 
polystyrene (2.5%, 2.25%, 2%, 1.75%, 1.5% and 1.25%) at frequency range (0.1 to 3) GHz.   

Figure 5-10: Tangent d for DI-W and different concentration of suspension polystyrene (2.5%, 2.25%, 2%, 
1.75%, 1.5% and 1.25%) at frequency range (0.1 to 3) GHz.   
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 Experimental W orks for N on - Resonant Method  

! ÎÏÎȤÒÅÓÏÎÁÎÔ ÍÅÔÈÏÄ ÕÔÉÌÉÓÉÎÇ ÁÎ ÏÐÅÎȤÅÎÄÅÄ ÃÏÁØ ÐÒÏÂÅ ÕÔÉÌÉÓÉÎÇ Á ίΪ Wȟ ÓÍÁÌÌ ÄÉÁÍÅÔÅÒ 

ÓÅÍÉȤÒÉÇÉÄ ÃÏÁØÉÁÌ ÃÁÂÌÅ ×ÁÓ ÕÓÅÄ ÆÏÒ ÄÅÔÅÃÔÉÎÇ ÔÈÅ ÒÅÆÌÅÃÔÉÏÎ ɉ3ΫΫɊ ÁÔ Á ÆÒÅÑÕÅÎÃÙ ÒÁÎÇÅ ÂÅÔ×ÅÅÎ 

ΪȢΫ ÔÏ έ '(Ú ×ÉÔÈ ÒÅÓÐÅÃÔ ÔÏ ÔÈÅ ÔÈÒÅÅ ÄÉÆÆÅÒÅÎÔ ÐÁÒÔÉÃÌÅ ÓÉÚÅÓ ΪȢήΫέȟ ΪȢβȟ ÁÎÄ ά ʏÍ ÆÏÒ ÄÉÆÆÅÒÅÎÔ 

ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ɉ$)Ȥ7 ÁÎÄ άȢίГȤΫȢάίГɊ ÁÓ ÍÅÎÔÉÏÎÅÄ ÉÎ ÓÅÃÔÉÏÎ ίȢίȢ  
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Figure 5-11: Effective real permittivity for DI-W and different concentration of suspension polystyrene (2.5%, 
2.25%, 2%, 1.75%, 1.5% and 1.25%) at frequency range (0.1 to 3) GHz.  

Figure 5-12: Effective imaginary permittivity for DI-W and different concentration of suspension polystyrene 
(2.5%, 2.25%, 2%, 1.75%, 1.5% and 1.25%) at frequency range (0.1 to 3) GHz.   
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&ÉÇÕÒÅ ίȤΫέ ÐÒÅÓÅÎÔÓ ÔÈÅ ÒÅÆÌÅÃÔÉÏÎ 3ΫΫ ÁÓ Á ÆÕÎÃÔÉÏÎ ÏÆ ÆÒÅÑÕÅÎÃÙ ÏÖÅÒ ÔÈÅ ÒÁÎÇÅ ÏÆ ΪȢΫ ÔÏ έ '(Ú ÆÏÒ 

ÔÈÅ ΪȢήΫέ ʏÍ ÐÁÒÔÉÃÌÅÓȢ )Î ÔÈÉÓ &ÉÇÕÒÅȟ ÇÅÎÅÒÁÌÌÙȟ ÔÈÅÒÅ ÉÓ ÎÏ ÓÉÇÎÉÆÉÃÁÎÔ ÄÉÆÆÅÒÅÎÃÅ ÉÎ ÔÈÅ ÒÅÆÌÅÃÔÉÏÎ 

3ΫΫ ÆÏÒ ÔÈÅ ×ÈÏÌÅ ÒÁÎÇÅ ÏÆ ÆÒÅÑÕÅÎÃÉÅÓ ÂÅÔ×ÅÅÎ ×ÁÔÅÒ ÁÎÄ ÔÈÅ ÄÉÆÆÅÒÅÎÔ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ɉ$)Ȥ7 ÁÎÄ 

άȢίГ ÔÏ ΫȢάίГɊȢ /Î ÅØÐÁÎÄÉÎÇ ÔÈÅ ÆÒÅÑÕÅÎÃÙ ÁØÉÓȟ ÃÏÍÐÁÒÉÎÇ ÔÈÅ ÒÅÆÌÅÃÔÉÏÎ 3ΫΫ ÉÎ ÔÈÒÅÅ ÐÁÒÔÓ ÏÆ 

ÔÈÅ ÆÒÅÑÕÅÎÃÙ ÒÁÎÇÅ ɉÉȢÅȢȟ ΪȢΫ ÔÏ Ϋȟ Ϋ ÔÏ ά ÁÎÄ ά ÔÏ έɊ '(Úȟ ÔÈÅ ÒÅÓÕÌÔÓ ÓÈÏ×ÅÄ ÔÈÁÔ ÔÈÅÒÅ ÉÓ Á ÓÌÉÇÈÔ 

ÄÉÆÆÅÒÅÎÃÅ ÂÅÔ×ÅÅÎ ΪȢΫ ÔÏ Ϋ '(ÚȠ ÁÌÓÏ ÔÈÅ 3ΫΫ ÉÎÃÒÅÁÓÅÄ ÇÒÁÄÕÁÌÌÙ ×ÉÔÈ ÄÅÃÒÅÁÓÉÎÇ ÔÈÅ 

ÃÏÎÃÅÎÔÒÁÔÉÏÎÓȢ #ÏÎÖÅÒÓÅÌÙȟ ÁÔ ÔÈÅ ÒÁÎÇÅ ÂÅÔ×ÅÅÎ Ϋ ÁÎÄ ά '(Úȟ ÔÈÅÒÅ ÉÓ ÎÏ ÄÉÆÆÅÒÅÎÃÅ ÂÅÔ×ÅÅÎ 

ÄÉÆÆÅÒÅÎÔ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓȢ !Ô ά ÔÏ έ '(Úȟ ÔÈÅ ÒÅÓÕÌÔÓ ÄÅÍÏÎÓÔÒÁÔÅÄ Á ÓÌÉÇÈÔ ÖÁÒÉÁÔÉÏÎ ×ÉÔÈÉÎ ÁÎ 

ÉÒÒÅÇÕÌÁÒ ÄÅÃÒÅÁÓÅ ÏÆ ÔÈÅ ÒÅÆÌÅÃÔÉÏÎ 3ΫΫ ×ÉÔÈ ÄÅÃÒÅÁÓÉÎÇ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓȢ 4ÈÉÓ ÉÓÓÕÅ ÃÏÕÌÄ ÂÅ ÃÁÕÓÅÄ 

ÂÙ Á ÌÁÃË ÏÆ ÐÒÅÃÉÓÉÏÎ ÉÎ ÔÈÅ ÃÁÌÉÂÒÁÔÉÏÎȟ ÍÅÁÓÕÒÅÍÅÎÔ ÅÒÒÏÒÓȟ ÏÒ ÐÒÏÂÅ ÔÉÐ ÃÏÒÒÏÓÉÏÎȢ ɉ4ÈÉÓ ÉÓÓÕÅ 

×ÉÌÌ ÂÅ ÅØÔÅÎÓÉÖÅÌÙ ÃÏÖÅÒÅÄ ÉÎ ÌÁÔÅÒ ÓÅÃÔÉÏÎÓ ÁÓ ÉÔ ×ÁÓ ÎÏÔ ÄÉÓÃÏÖÅÒÅÄ ÕÎÔÉÌ ÍÕÃÈ ÌÁÔÅÒ ÉÎ ÔÈÅ 

ÐÒÏÊÅÃÔȢɊ /Ò ÔÈÅÙ ×ÅÒÅ ÒÅÌÁÔÅÄ ÔÏ ÓÁÍÐÌÉÎÇ ÅÒÒÏÒÓ ÓÕÃÈ ÁÓ ÔÈÅ ÓÅÔÔÌÉÎÇ ÏÆ ÔÈÅ ÓÕÓÐÅÎÓÉÏÎ 

ÐÏÌÙÓÔÙÒÅÎÅ ÐÁÒÔÉÃÌÅÓ ÏÒ ÂÕÂÂÌÅÓ ÂÅÔ×ÅÅÎ ÔÈÅ ÔÉÐ ÏÆ ÔÈÅ ÐÒÏÂÅ ÁÎÄ ÓÁÍÐÌÅȢ !ÄÄÉÔÉÏÎÁÌÌÙȟ ÅÒÒÏÒÓ 

ÒÅÌÁÔÅÄ ÔÏ ÔÈÅ ÔÉÓÓÕÅ ÓÁÍÐÌÅȟ ÉȢÅȢ ÐÒÏÂÅ ÓÁÍÐÌÅ ÃÏÎÔÁÃÔ ÁÎÄ ÐÒÅÓÓÕÒÅȟ ÔÅÍÐÅÒÁÔÕÒÅȟ ÔÈÅ ÐÒÏÃÅÄÕÒÅ 

ÏÆ ÓÁÍÐÌÅ ÈÁÎÄÌÉÎÇȟ ÔÉÓÓÕÅ ÐÒÏÐÅÒÔÉÅÓ ÁÎÄ ÈÅÔÅÒÏÇÅÎÅÉÔÙ ɏγίɐȢ 4ÈÅ ÓÁÍÅ ÔÒÅÎÄ ÈÁÓ ÂÅÅÎ ÆÏÕÎÄ ÆÏÒ 

ÔÈÅ ÐÁÒÔÉÃÌÅ ÓÉÚÅ ÏÆ ΪȢβ ʏÍ ÁÎÄ ά ʏÍȢ 

"Ù ÆÏÃÕÓÉÎÇ ÏÎ ÔÈÅ ÆÒÅÑÕÅÎÃÙ ÒÁÎÇÅ ÂÅÔ×ÅÅÎ ΪȢΫ ÔÏ ΪȢά '(Úȟ Á ÓÕÂÓÔÁÎÔÉÁÌ ÖÁÒÉÁÎÃÅ ÉÓ ÓÈÏ×Î ÆÏÒ 

ÔÈÅ ÔÈÒÅÅ ÐÁÒÔÉÃÌÅ ÓÉÚÅÓ ɉΪȢήΫέȟ ΪȢβ ÁÎÄ άɊ ʏÍ ÁÔ &ÉÇÕÒÅ ίȤΫή ÔÏ ίȤΫΰȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 4ÈÅ ÒÅÆÌÅÃÔÉÏÎ 3ΫΫ 

ÄÅÃÒÅÁÓÅÄ ÓÙÓÔÅÍÁÔÉÃÁÌÌÙ ×ÉÔÈ ÉÎÃÒÅÁÓÉÎÇ ÓÁÍÐÌÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓȢ 
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Figure 5-13: The reflection S11 as a function to the range of the frequency (0.1 to 3) GHz for the DI-W 
(calibration curve) and the concŜƴǘǊŀǘƛƻƴǎ ǊŀƴƎŜ όнΦр҈ ǘƻ мΦнр҈ύ ŀǘ лΦпмо ˃Ƴ ǇŀǊǘƛŎƭŜ ǎƛȊŜΦ 
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Figure 5-14: The reflection S11 as a function to the range of the frequency (100 to 200) MHz for the DI-W 
όŎŀƭƛōǊŀǘƛƻƴ ŎǳǊǾŜύ ŀƴŘ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ǊŀƴƎŜ όнΦр҈ ǘƻ мΦнр҈ύ ŀǘ лΦпмо ˃Ƴ ǇŀǊǘƛŎƭŜ ǎƛȊŜΦ 

Figure 5-15: The reflection S11 as a function to the range of the frequency (100 to 200) MHz for the DI-W 
όŎŀƭƛōǊŀǘƛƻƴ ŎǳǊǾŜύ ŀƴŘ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ǊŀƴƎŜ όнΦр҈ ǘƻ мΦнр҈ύ ŀǘ лΦу ˃Ƴ ǇŀǊǘƛŎƭŜ ǎƛȊŜΦ 

Figure 5-16: The reflection S11 as a function to the range of the frequency (100 to 200) MHz for the DI-W 
όŎŀƭƛōǊŀǘƛƻƴ ŎǳǊǾŜύ ŀƴŘ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ǊŀƴƎŜ όнΦр҈ ǘƻ мΦнр҈ύ ŀǘ н ˃Ƴ ǇŀǊǘƛŎƭŜ ǎƛȊŜΦ 
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 Comparison between Theoretical  and 

Experimental Work  

&ÉÇÕÒÅ ίȤΫα ÃÏÍÐÁÒÅÓ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÁÌ ÒÅÓÕÌÔÓ ÆÏÒ ÔÈÅ ÎÏÎȤÒÅÓÏÎÁÎÔ ÔÅÃÈÎÉÑÕÅ ÁÎÄ ÔÈÅ ÔÈÅÏÒÅÔÉÃÁÌ 

ÃÁÌÃÕÌÁÔÉÏÎÓ ÏÖÅÒ Á ÆÒÅÑÕÅÎÃÙ ÒÁÎÇÅ ÏÆ ΫΪΪ ÔÏ άΪΪ -(Ú ÆÏÒ ÄÉÆÆÅÒÅÎÔ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÏÆ 03Ȣ /Æ ÐÁÒÔÉÃÕÌÁÒ 

ÎÏÔÅ ÉÓ ÔÈÅ ÆÒÅÑÕÅÎÃÙ ÄÅÐÅÎÄÅÎÃÅ ÏÆ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÁÌ ÄÁÔÁ ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÅ ÃÏÎÓÔÁÎÔ ÔÈÅÏÒÅÔÉÃÁÌ 

ÒÅÓÕÌÔÓȢ 4ÈÅ ÒÅÌÁÔÉÖÅ ÖÁÒÉÁÔÉÏÎ ÉÎ ÖÁÌÕÅÓ ÆÏÒ ÄÉÆÆÅÒÅÎÔ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÁÒÅȟ ÈÏ×ÅÖÅÒȟ ÃÏÍÐÁÒÁÂÌÅȢ 

 

   

 

 

 
 

 Method Selection in Our Measurements  

!ÍÏÎÇÓÔ ÁÌÌ ÔÈÅ ÍÉÃÒÏ×ÁÖÅ ÔÅÃÈÎÉÑÕÅÓ ÔÈÁÔ ÈÁÖÅ ÂÅÅÎ ÄÅÓÃÒÉÂÅÄ ÉÎ #ÈÁÐÔÅÒ άȟ Ô×Ï ÍÅÔÈÏÄÓ ÈÁÖÅ 

ÂÅÅÎ ÓÅÌÅÃÔÅÄ ÆÏÒ ÏÕÒ ÍÅÁÓÕÒÅÍÅÎÔÓȢ 4ÈÅ ÆÉÒÓÔ ÍÅÔÈÏÄ ÉÓ ÔÈÅ ÒÅÓÏÎÁÎÔ ÃÁÖÉÔÙ ×ÈÉÃÈ ×ÁÓ ÕÓÅÄ ÔÏ 

ÏÂÔÁÉÎ ÂÁÓÅÌÉÎÅ ÄÁÔÁ ×ÈÉÃÈ ×ÉÌÌ ÂÅ ÃÌÁÒÉÆÉÅÄ ÉÎ ÃÈÁÐÔÅÒ ΰȟ ÁÎÄ ÔÈÅ ÓÅÃÏÎÄ ÍÅÔÈÏÄ ÉÓ ÔÈÅ ÏÐÅÎȤ

ÅÎÄÅÄ ÃÏÁØÉÁÌ ÐÒÏÂÅȢ %ØÐÌÏÒÁÔÏÒÙ ÎÏÎȤÒÅÓÏÎÁÎÔ ÍÅÁÓÕÒÅÍÅÎÔÓ ÈÁÖÅ ÂÅÅÎ ÍÅÎÔÉÏÎÅÄ ÁÂÏÖÅ ÉÎ 

ÔÈÉÓ ÃÈÁÐÔÅÒȟ ÁÎÄ Á ÍÏÒÅ ÒÏÂÕÓÔ ÁÎÄ ÎÏÖÅÌ ÒÅÓÏÎÁÎÔ ÍÅÔÈÏÄ ×ÉÌÌ ÂÅ ÐÒÅÓÅÎÔÅÄ ÌÁÔÅÒ ÉÎ ÃÈÁÐÔÅÒ αȢ 

2ÅÇÁÒÄÉÎÇ ÔÈÅ ÏÐÅÎȤÅÎÄÅÄ ÃÏÁØÉÁÌ ÐÒÏÂÅȟ ÉÔ ÉÓ ÎÏÎȤÄÅÓÔÒÕÃÔÉÖÅȟ ÓÉÍÐÌÅȟ ÌÏ× ÃÏÓÔȟ ÁÎÄ ÅÁÓÙ ÔÏ ÕÓÅȢ 

)Ô ÈÁÓ ÔÈÅ ÃÁÐÁÂÉÌÉÔÙ ÔÏ ÍÅÁÓÕÒÅ ÔÈÅ ÖÏÌÔÁÇÅ ÒÅÆÌÅÃÔÉÏÎ ÃÏÅÆÆÉÃÉÅÎÔ 3ΫΫ ÆÏÒ Á ÂÒÏÁÄÂÁÎÄ 

ÍÅÁÓÕÒÅÍÅÎÔ ÆÏÒ ÉÎȤÖÉÖÏ ÁÎÄ ÅØȤÖÉÖÏȢ 4ÈÉÓ ÒÅÆÌÅÃÔÉÏÎ ÉÓ ÔÈÅ ÒÅÓÕÌÔ ÏÆ ÁÎ ÉÍÐÅÄÁÎÃÅ ÍÉÓÍÁÔÃÈ 

ÂÅÔ×ÅÅÎ ÔÈÅ ÃÏÁØÉÁÌ ÃÁÂÌÅ ÁÎÄ ÔÈÅ ÓÁÍÐÌÅ ÕÎÄÅÒ ÔÅÓÔȢ (Ï×ÅÖÅÒȟ ÔÈÅÒÅ ÁÒÅ ÍÁÎÙ ÃÈÁÌÌÅÎÇÅÓ 

ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÏÕÒ ÅØÐÅÒÉÍÅÎÔÓ ÔÈÁÔ ÍÁÙ ÁÒÉÓÅȢ &ÏÒ ÅØÁÍÐÌÅȟ ÔÈÅ ÐÒÅÓÅÎÃÅ ÏÆ ÁÉÒ ÂÕÂÂÌÅÓȟ ÓÅÔÔÌÉÎÇ 

ÏÆ ÔÈÅ ÐÁÒÔÉÃÌÅÓ ÄÕÒÉÎÇ ÔÈÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ÁÎÄ ÔÈÅ ÏÖÅÒÁÌÌ ÃÁÐÁÂÉÌÉÔÙ ÏÆ ÔÈÅ ÍÅÁÓÕÒÅÍÅÎÔ ÄÅÖÉÃÅȟ 
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Figure 5-17: The comparison between the theoretical calculation and the experimental results for non- 
resonant method at frequency range 100 to 200 MHz for the DI-W and the concentrations range 2.5% to 

1.25%. 
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ÉÎ ÔÈÉÓ ÃÁÓÅȟ Á (Å×ÌÅÔÔ 0ÁÃËÁÒÄ 6.!Ȣ 4ÈÅ ÓÔÁÂÉÌÉÔÙ ÏÆ ÔÈÅ ÐÒÏÂÅ ÁÎÄ ÔÈÅ ÈÏÌÄÅÒ ÏÆ ÔÈÅ ÓÁÍÐÌÅ ÁÒÅ 

ÁÌÓÏ ÁÒÅÁÓ ÏÆ ÃÏÎÃÅÒÎȢ 4ÈÅÒÅÆÏÒÅȟ ÉÎ ÏÕÒ ÅØÐÅÒÉÍÅÎÔÓȟ ÔÈÅ ÒÅÓÏÎÁÎÔ ÃÏÁØÉÁÌ ÐÒÏÂÅ ÈÁÓ ÂÅÅÎ ÃÈÏÓÅÎ 

ÆÏÒ ÍÁÎÙ ÒÅÁÓÏÎÓȡ &ÉÒÓÔÌÙȟ ÔÈÅ ÒÅÓÏÎÁÎÔ ÔÅÃÈÎÉÑÕÅ ÏÆÆÅÒÓ ÉÍÐÒÏÖÅÄ ÁÃÃÕÒÁÃÙ ÁÎÄ ÕÎÃÅÒÔÁÉÎÔÙ 

ÃÏÍÐÁÒÅÄ ÔÏ ÔÈÅ ÂÒÏÁÄÂÁÎÄ ÍÅÔÈÏÄ ɏΫήάɐȢ 3ÅÃÏÎÄÌÙȟ ÉÔÓ ÏÖÅÒÁÌÌ ÇÅÏÍÅÔÒÙ ÌÅÎÄÓ ÉÔÓÅÌÆ ÔÏ ÔÈÅ 

ÁÐÐÌÉÃÁÔÉÏÎ ÂÅÉÎÇ ÄÉÓÃÕÓÓÅÄ ÁÎÄ ÉÓ ÃÏÍÐÁÔÉÂÌÅ ×ÉÔÈ ÔÈÅ ÏÐÔÉÃÁÌ ÐÒÏÂÅȢ &ÉÎÁÌÌÙȟ ÉÔ ÃÁÎ ÏÐÅÒÁÔÅ ÁÔ 

ÍÕÌÔÉÐÌÅ ÆÒÅÑÕÅÎÃÉÅÓ ɏΫήέɐȢ 4Ï ÉÎÃÒÅÁÓÅ ÔÈÅ ÍÅÁÓÕÒÅÍÅÎÔÓΈ ÓÅÎÓÉÔÉÖÉÔÙȟ Á ÎÏÖÅÌ 4Ȥ3ÔÒÕÃÔÕÒÅ ÁÎÄ 

ÃÁÐÁÃÉÔÉÖÅ ÃÏÕÐÌÉÎÇ ÈÁÖÅ ÂÅÅÎ ÄÅÓÉÇÎÅÄ ÔÏ ÅÎÁÂÌÅ ÍÅÁÓÕÒÅÓ ÁÔ Á ×ÉÄÅ ÒÁÎÇÅ ÏÆ ÄÉÓÃÒÅÔÅ 

ÆÒÅÑÕÅÎÃÉÅÓȢ 4ÈÅÒÅÆÏÒÅȟ ÔÈÅ ÂÁÓÉÃ ÐÒÉÎÃÉÐÌÅ ÏÆ ÔÈÅ ÃÏÁØÉÁÌ ÃÁÂÌÅ ÔÈÅÏÒÙ ÁÎÄ ÔÈÅ ÓÉÍÕÌÁÔÉÏÎ ÔÏ 

ÅÍÕÌÁÔÅ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÁÌ ×ÏÒË ×ÉÌÌ ÅØÐÌÁÉÎ ÉÎ ÔÈÅ ÓÅÃÔÉÏÎÓ ÂÅÌÏ×ȟ ÁÎÄ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÁÌ ×ÏÒË ×ÉÌÌ 

ÂÅ ÅØÐÌÁÉÎÅÄ ÉÎ ÃÈÁÐÔÅÒ αȢ 

 Resonant Coaxial Probe  

 Introducti on  

! ÒÅÓÏÎÁÎÔ ÃÏÁØÉÁÌ ÃÁÂÌÅ ÈÁÓ ÂÅÅÎ ÓÅÌÅÃÔÅÄ ÆÏÒ ÍÁÎÙ ÒÅÁÓÏÎÓ ÍÅÎÔÉÏÎÅÄ ÉÎ ÓÅÃÔÉÏÎ ίȢβȢ 

!ÄÄÉÔÉÏÎÁÌÌÙȟ Á ÎÏÖÅÌ T-Structure and ÃÁÐÁÃÉÔÉÖÅ ÃÏÕÐÌÉÎÇ ÈÁÖÅ ÂÅÅÎ ÄÅÓÉÇÎÅÄ ÔÏ ÅÎÁÂÌÅ 

ÍÅÁÓÕÒÅÍÅÎÔÓ ÁÔ Á ×ÉÄÅ ÒÁÎÇÅ ÏÆ ÄÉÓÃÒÅÔÅ ÆÒÅÑÕÅÎÃÉÅÓȟ ÁÓ ÍÅÎÔÉÏÎÅÄ ÁÂÏÖÅȢ 4ÈÅÒÅÆÏÒÅȟ ÔÈÅ 

ÓÅÃÔÉÏÎÓ ÂÅÌÏ× ×ÉÌÌ ÄÅÍÏÎÓÔÒÁÔÅ ÔÈÅ ÂÁÓÉÃ ÐÒÉÎÃÉÐÌÅ ÏÆ ÔÈÅ ÃÏÁØÉÁÌ ÃÁÂÌÅ ÔÈÅÏÒÙ ÉÎ ÄÅÔÁÉÌ ÁÎÄ ÔÈÅ 

ÓÉÍÕÌÁÔÉÏÎ ×ÏÒË ÏÆ ÔÈÉÓ ÓÔÒÕÃÔÕÒÅȢ 

 Theor y of  Coaxial Cable  

 Signal Propagation Characteristics 

along with the Transmission 

Electromagnetic Wave ( TEM ) Transmission 

Line Structure  

4ÈÅÒÅ ÁÒÅ ÍÁÎÙ ÄÉÆÆÅÒÅÎÔ ÔÏÐÏÌÏÇÉÅÓ ÔÈÁÔ ÃÁÎ ÂÅ ÕÓÅÄ ÆÏÒ Á 4ÒÁÎÓÍÉÓÓÉÏÎ %ÌÅÃÔÒÏÍÁÇÎÅÔÉÃ 7ÁÖÅ 

ɉ4%-Ɋ ÔÒÁÎÓÍÉÓÓÉÏÎ ÌÉÎÅ ÄÅÓÉÇÎ ÏÆ ÓÐÅÃÉÆÉÃ ÉÍÐÅÄÁÎÃÅȟ ÓÕÃÈ ÁÓ #ÏÁØÉÁÌ ÃÁÂÌÅȟ -ÉÃÒÏÓÔÒÉÐȟ 

3ÔÒÉÐÌÉÎÅ ÁÎÄ #ÏÐÌÁÎÁÒȢ &ÒÏÍ ÁÌÌ ÏÆ ÔÈÅÍȟ ÃÏÁØÉÁÌ ÃÁÂÌÅ ÈÁÓ ÂÅÅÎ ÓÅÌÅÃÔÅÄ ÉÎ ÏÕÒ ÒÅÓÅÁÒÃÈ ÁÓ ÉÔ ÉÓ 

ÔÈÅ ÂÅÓÔ ÏÐÔÉÏÎ ÔÏ ÓÕÐÐÏÒÔ ÐÕÒÅ 4%- ×ÁÖÅÓȢ 4ÈÅÒÅ ÁÒÅ ÓÏÍÅ ÆÁÃÔÏÒÓ ÔÈÁÔ ×ÉÌÌ ÃÁÕÓÅ ÌÏÓÓ ÏÒ 

ÁÔÔÅÎÕÁÔÉÏÎ ÏÆ ÔÈÅ ÓÉÇÎÁÌȟ ÉÎ ÓÐÉÔÅ ÏÆ ÔÈÅ ÑÕÁÌÉÔÙ ÏÆ ÔÈÅ ÃÏÁØÉÁÌ ÃÁÂÌÅ ÆÏÒ ÔÒÁÎÓÍÉÓÓÉÏÎȢ 4ÈÉÓ ÉÓ ÏÆ 

ÓÉÇÎÉÆÉÃÁÎÃÅ ×ÈÅÎ ÃÏÎÓÉÄÅÒÉÎÇ Á ÒÅÓÏÎÁÔÉÎÇ ÓÔÒÕÃÔÕÒÅ ÁÓ ÉÔ ×ÉÌÌ ÁÆÆÅÃÔ ÔÈÅ 1ÕÁÌÉÔÙ ÆÁÃÔÏÒ ɉ1 ÆÁÃÔÏÒɊȢ 
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Figure 5-18: Line transmission model. 

Figure 5-19: Loss transmission model. 
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Figure 5-20: Losing features. 
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Figure 5-21: Series RLC resonator circuit. 
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Figure 5-22: Input impedance versus frequency of the serious resonant. 
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For a section of cable to be resonant, the length of the cable must be an integer number of half 

wavelengths, satisfied by the condition: 

Figure 5-23: Parallel RLC resonator circuit. 

Figure 5-24: Input impedance versus frequency of the parallel resonant. 
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 Ὑ  ḳ  ÐÅÒ ÕÎÉÔ ÌÅÎÇÔÈКΫ 

   

(5-44) 

4ÈÅÒÅÆÏÒÅȟ ÔÈÅ ÁÔÔÅÎÕÁÔÉÏÎ ÄÕÅ ÔÏ ÔÈÅ ÃÏÎÄÕÃÔÏÒÓ ÏÆ Á ÃÏÁØÉÁÌ ÃÁÂÌÅ ÉÓ ÇÉÖÅÎ ÂÙȡ 

 
‌

Ὑ

ςὤЈ

ὙЍ‐

ςh
Ј 
ÌÎ ὦὥ

ρ

ὥ

ρ

ὦ
 

   

(5-45) 

4ÈÉÓ %ÑÕÁÔÉÏÎ ÐÒÏÖÅÓ ÔÈÁÔ ÔÈÅ ÌÏÓÓ ÏÆ ÔÈÅ ÃÏÎÄÕÃÔÏÒÓ ÉÓ ÄÅÐÅÎÄÅÎÔ ÏÎ ÔÈÅ ÇÅÏÍÅÔÒÙȟ ÔÈÅ ÐÒÏÐÅÒÔÉÅÓ 

ÏÆ ÔÈÅ ÍÁÔÅÒÉÁÌ ÁÎÄ ÔÈÅ ÓÑÕÁÒÅ ÒÏÏÔ ÏÆ ÔÈÅ ÆÒÅÑÕÅÎÃÙȢ 

7ÉÔÈ ÒÅÇÁÒÄ ÔÏ ‌ȟ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ Á ÌÏÓÓÙ ÃÁÐÁÃÉÔÏÒȟ ÔÈÅÒÅ ÁÒÅ Ô×Ï ÐÁÒÁÌÌÅÌ ÐÌÁÔÅÓ ×ÉÔÈ ÁÎ ÁÒÅÁ ÁÎÄ 

Figure 5-25: Regions for carrying current. 
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 Electromagnetic Resonators  
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 Unloaded Q factor ╠  of a TL resonator  
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(ÅÒÅȟ ὗ ÉÓ ÔÈÅ ÕÎÌÏÁÄÅÄ 1 ÆÁÃÔÏÒȟ ὗ ÉÓ ÔÈÅ ÃÏÎÄÕÃÔÏÒ 1 ÆÁÃÔÏÒ ÁÎÄ ὗ ÉÓ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ 1 ÆÁÃÔÏÒȟ 

Figure 5-26: Losing features. 



MAY ESTEPHAN   CHAPTER 5  

 
96 

 

×ÈÉÃÈ ÃÁÎ ÂÅ ÅØÐÒÅÓÓ ÁÓȡ 

 ὗ ḳὲ“ς‌ὰϳ  θ ὲὙϳ ,  

          ὗ ḳὲ“ςθ ὰϳ  ὸὥὲ ‏  

(5-67) 

 Unloaded ╠ and Loaded Q Factor ╠╛  
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ÔÈÅ ÆÕÌÌ ÂÁÎÄ×ÉÄÔÈ ÁÔ ÈÁÌÆ ÐÏ×ÅÒ ÏÆ ÉÔÓ ÐÏ×ÅÒ ÓÐÅÃÔÒÕÍȢ )Î ÔÅÒÍÓ ÏÆ ÔÈÅ ÕÎÌÏÁÄÅÄ 1 ÆÁÃÔÏÒ ὗ  

Figure 5-27: Calculation of the Q factor. 
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  Simulation of Novel  óteeô Structure and 

Capacitive Coupling . 
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ÓÁÍÅ ÅØÐÅÒÉÍÅÎÔÁÌ ÓÅÔÕÐ ÉÓ ÓÈÏ×Î ÉÎ &ÉÇÕÒÅ ίȤάγȢ 
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4ÈÅ ÃÉÒÃÕÉÔ ÃÏÎÓÉÓÔÓ ÏÆ Á ÃÅÎÔÒÁÌ ÓÔÅÍ ÔÈÁÔ ÒÅÐÒÅÓÅÎÔÓ ÔÈÅ ÃÏÁØÉÁÌ ÒÅÓÏÎÁÔÏÒ ÓÔÒÕÃÔÕÒÅȢ 4ÈÅ 3-! 2& 

4ÅÅ ÃÏÎÎÅÃÔÏÒ ÁÔ ÔÈÅ ÔÏÐ ÅÎÁÂÌÅÓ ÃÏÕÐÌÉÎÇ ÔÏ ÔÈÅ ÒÅÓÏÎÁÔÏÒȠ 4,έȟ ÔÈÅ ÃÏÁØ ÓÅÃÔÉÏÎ ÉÓ ÔÈÅ ÒÅÓÏÎÁÔÏÒ 

ÂÏÄÙȠ ÔÈÅ ÌÅÎÇÔÈ ÏÆ ÔÈÉÓ ×ÉÌÌ ÄÅÔÅÒÍÉÎÅ ÔÈÅ ÒÅÓÏÎÁÎÔ ÆÒÅÑÕÅÎÃÙȢ #ÏÕÐÌÉÎÇ ÃÁÐÁÃÉÔÏÒÓ #·Ϋ ÁÎÄ #·ά 

ÁÒÅ ÆÏÒÍÅÄ ÕÓÉÎÇ ÔÈÅ ÆÅÍÁÌÅȤÆÅÍÁÌÅ 3-! ÃÏÎÖÅÒÔÅÒÓ ×ÈÉÃÈ ÐÒÏÖÉÄÅ Á ÃÏÎÖÅÎÉÅÎÔ ÖÁÒÉÁÂÌÅ 

ÃÁÐÁÃÉÔÉÖÅ ÃÏÕÐÌÉÎÇ ÍÅÃÈÁÎÉÓÍȢ 4ÈÅÓÅ ÁÒÅ ÓÕÂÓÅÑÕÅÎÔÌÙ ÃÏÎÎÅÃÔÅÄ ÔÏ ÔÈÅ 6.! ÌÁÕÎÃÈ ÃÁÂÌÅÓ 

ɉ2'ȤήΪίɊ ÔÏ ÐÏÒÔÓ Ϋ ÁÎÄ ά ÒÅÓÐÅÃÔÉÖÅÌÙȢ 

4ÈÅ ÒÅÓÏÎÁÔÏÒ ÓÅÃÔÉÏÎ ÕÔÉÌÉÓÅÓ Á ίΪ ɷ 3ÅÍÉȤÒÉÇÉÄ #ÏÁØÉÁÌ #ÁÂÌÅ ɉȢΪέή!'Ȥ7Ȥ0ȤίΪɊ ɉ*ÙÅÂÁÏ 

Figure 5-28: The schematic of the coaxial probe simulation. 

Figure 5-29: Experimental physical set-up. 
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#ÏÍÐÁÎÙɊ ɏΫήήɐȢ 4ÈÉÓ ÃÁÂÌÅ ÃÏÎÓÉÓÔÓ ÏÆ ÔÈÅ ÃÅÎÔÒÁÌ ÃÏÎÄÕÃÔÏÒ ÄÉÁÍÅÔÅÒ ɉΪȢάΪ З ΪȢΪΫάαɊ ÍÍȟ 

ÄÉÅÌÅÃÔÒÉÃ ÄÉÁÍÅÔÅÒ ɉΪȢΰΰ З ΪȢΪάίήɊ ÍÍȟ ÏÕÔÅÒ ÃÏÎÄÕÃÔÏÒ ÄÉÁÍÅÔÅÒ ɉΪȢβΰ З ΪȢΪίΪβɊ ÍÍȢ 

2ÅÇÁÒÄÉÎÇ ÍÁÔÅÒÉÁÌ ÓÐÅÃÉÆÉÃÁÔÉÏÎÓȟ ÔÈÅ ÏÕÔÅÒ ÃÏÎÄÕÃÔÏÒ ÉÓ 3ÉÌÖÅÒ 0ÌÁÔÅÄ #ÏÐÐÅÒȟ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ ÉÓ 

ÐÏÌÙÔÅÔÒÁÆÌÕÏÒÏÅÔÈÙÌÅÎÅ ɉ04&%Ɋȟ ÁÎÄ ÔÈÅ ÃÅÎÔÒÅ ÃÏÎÄÕÃÔÏÒ ÉÓ ÒÅÐÏÒÔÅÄ ÔÏ ÂÅ Á ÓÉÌÖÅÒȤÐÌÁÔÅÄ ÃÏÐÐÅÒ 

×ÉÒÅ ɉ30#7Ɋ ÆÒÏÍ ÔÈÅ ÄÁÔÁÓÈÅÅÔȟ ÈÏ×ÅÖÅÒȟ ÆÏÌÌÏ×ÉÎÇ ÔÈÅ ÕÓÅ ÏÆ ÔÈÅ ÃÁÂÌÅȟ ÉÔ ×ÁÓ ÄÅÔÅÒÍÉÎÅÄ ÔÈÁÔ 

ÔÈÅ ÃÏÒÅ ÏÆ ÔÈÅ ÃÅÎÔÒÁÌ ÃÏÎÄÕÃÔÏÒ ×ÁÓ ÉÎ ÆÁÃÔ ÓÔÅÅÌȢ )Ô ÉÓ ÓÉÌÖÅÒȤÐÌÁÔÅÄ ÃÏÐÐÅÒȤÃÌÁÄ ÓÔÅÅÌ ÁÆÔÅÒ 

ÃÈÅÃËÉÎÇ ×ÉÔÈ ÔÈÅ ÓÕÐÐÌÉÅÒȢ )Î ÔÈÅ ÓÉÍÕÌÁÔÉÏÎȟ , ÒÅÆÅÒÓ ÔÏ ÔÈÅ ÌÅÎÇÔÈ ÏÆ ÔÈÅ ÃÁÂÌÅȢ $ÉÆÆÅÒÅÎÔ ÃÁÂÌÅ 

ÌÅÎÇÔÈÓ ÈÁÖÅ ÂÅÅÎ ÓÔÕÄÉÅÄ ÔÏ ÅÓÔÁÂÌÉÓÈ ÔÈÅ ÅÆÆÅÃÔ ÏÎ ÔÈÅ 1 ÆÁÃÔÏÒ ÁÎÄ ÔÈÅ ÉÎÓÅÒÔÉÏÎ ÌÏÓÓȢ ! ÃÁÂÌÅ 

ÏÆ ÁÎÙ ÌÅÎÇÔÈ ÃÁÎ ÉÎ ÐÒÉÎÃÉÐÌÅ ÃÁÒÒÙ ÁÎÙ ÎÕÍÂÅÒ ÏÆ ÍÏÄÅÓ ÕÐ ÔÏ ÔÈÅ ÃÕÔ ÏÆÆ ÆÒÅÑÕÅÎÃÙ ÏÆ ÔÈÅ ÃÁÂÌÅȢ 

7ÈÁÔ ×Å ÁÒÅ ÉÎÔÅÒÅÓÔÅÄ ÉÎ ÔÈÏÕÇÈ ÉÓ ÔÈÅ ÎÕÍÂÅÒ ÏÆ ÍÏÄÅÓ ×ÉÔÈÉÎ ÔÈÅ ÆÒÅÑÕÅÎÃÙ ÒÁÎÇÅ ÏÆ ÔÈÅ 6.! 

ΫΪΪ -(Ú ÔÏ ΰ '(ÚȢ ! ÌÏÎÇÅÒ ÃÁÂÌÅ ÃÁÎ ÓÕÐÐÏÒÔ ÍÏÒÅ ÍÏÄÅÓ ÉÎ ÔÈÉÓ ÆÒÅÑÕÅÎÃÙ ÒÁÎÇÅ ÔÈÁÎ Á ÓÈÏÒÔ 

ÃÁÂÌÅȢ eÒ ÉÓ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ ÃÏÎÓÔÁÎÔ ÏÆ ÄÉÅÌÅÃÔÒÉÃ ÂÅÔ×ÅÅÎ ÔÈÅ ÉÎÎÅÒ ÁÎÄ ÏÕÔÅÒ ÃÏÎÄÕÃÔÏÒ ɉeКάȢΪά ÆÏÒ 

ÔÈÅ 04&ɊȢ 4ÁÎ d ÉÓ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ ÌÏÓÓ ÔÁÎÇÅÎÔ ×ÈÉÃÈ ÅÑÕÁÌÓ ΪȢΪΪΪάά ÆÏÒ 04&% ɏΫήίɐȢ 2ÈÏ ÉÓ ÄÅÆÉÎÅÄ 

ÁÓ ÔÈÅ ÃÏÎÄÕÃÔÏÒ ÒÅÓÉÓÔÉÖÉÔÙ ÁÓ Á ÒÁÔÉÏ ÏÆ ÔÈÅ ÖÁÌÕÅ ÏÆ ÃÏÐÐÅÒȢ &ÏÒ ÓÉÌÖÅÒȟ Á ÖÁÌÕÅ ÏÆ ΪȢβίήβ ÈÁÓ ÂÅÅÎ 

ÕÓÅÄȢ ! ÃÁÐÁÃÉÔÏÒ ɉ#·έɊ ÁÎÄ ÒÅÓÉÓÔÁÎÃÅ ɉ2ΫɊ ÁÒÅ ÃÏÎÎÅÃÔÅÄ ÁÔ ÔÈÅ ÔÉÐ ÏÆ ÔÈÅ ÃÏÁØÉÁÌ ÃÁÂÌÅ ÔÏ ÅÍÕÌÁÔÅ 

ÔÈÅ ÂÅÈÁÖÉÏÕÒ ÏÆ ÔÈÅ ÓÁÍÐÌÅ ÍÁÔÅÒÉÁÌ ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÃÏÎÄÕÃÔÏÒ ÖÁÌÕÅÓȢ &ÉÎÁÌÌÙȟ 3Ȥ0ÁÒÁÍÅÔÅÒÓ 

ɉÓÍÁÌÌȤÓÉÇÎÁÌ !#ȤÓÉÍÕÌÁÔÉÏÎɊ ÁÒÅ ÕÓÅÄ ÔÏ ÄÅÆÉÎÅ ÔÈÅ ÓÉÇÎÁÌ ×ÁÖÅ ÒÅÓÐÏÎÓÅ ÏÆ ÁÎ Î ÐÏÒÔ ÅÌÅÃÔÒÉÃÁÌ 

ÅÌÅÍÅÎÔ ÁÔ Á ÇÉÖÅÎ ÆÒÅÑÕÅÎÃÙȢ )Ô ÃÏÎÔÒÏÌÓ ÔÈÅ ÓÔÁÒÔȟ ÓÔÏÐ ÁÎÄ ÓÔÅÐ ÏÆ ÆÒÅÑÕÅÎÃÙȢ 3ȤÐÁÒÁÍÅÔÅÒÓ 

ÄÅÓÃÒÉÂÅ ÔÈÅ ÉÎÐÕÔȤÏÕÔÐÕÔ ÒÅÌÁÔÉÏÎÓÈÉÐ ÂÅÔ×ÅÅÎ ÐÏÒÔÓ ɉÏÒ ÔÅÒÍÉÎÁÌÓɊ ÉÎ ÁÎ ÅÌÅÃÔÒÉÃÁÌ ÓÙÓÔÅÍȢ )Î 

ÏÕÒ ÓÅÔȤÕÐȟ 3άΫ ÒÅÐÒÅÓÅÎÔÓ ÔÈÅ ÐÏ×ÅÒ ÔÒÁÎÓÆÅÒÒÅÄ ÆÒÏÍ 0ÏÒÔ Ϋ ÔÏ 0ÏÒÔ άȢ 3άΫ ÉÓ Á ÍÕÃÈ ÂÉÇÇÅÒ ÓÉÇÎÁÌ 

ÁÎÄ ÈÉÇÈ ÓÉÇÎÁÌ ÔÏ ÎÏÉÓÅ ÒÁÔÉÏ ÃÏÍÐÁÒÅÄ ÔÏ 3ΫΫȢ 4ÈÅÒÅÆÏÒÅȟ 3άΫ ÈÁÓ ÂÅÅÎ ÕÓÅÄ ÔÏ ÒÅÐÒÅÓÅÎÔ ÔÈÅ 

ÐÏ×ÅÒ ÔÒÁÎÓÍÉÓÓÉÏÎ ÉÎ ÔÈÅ ÓÉÍÕÌÁÔÉÏÎ ÁÎÄ ÔÈÅ ÅØÐÅÒÉÍÅÎÔ ×ÏÒËȢ  

 Design Setup  

4Ï ÅÍÕÌÁÔÅ ÔÈÅ ÓÁÍÅ ÅØÐÅÒÉÍÅÎÔÁÌ ÂÅÈÁÖÉÏÕÒÓȟ ÁÎ !$3 ÓÉÍÕÌÁÔÉÏÎ ÈÁÓ ÂÅÅÎ ÅÓÔÁÂÌÉÓÈÅÄ ×ÉÔÈ ÔÈÅ 

ÓÁÍÅ ÅØÐÅÒÉÍÅÎÔÁÌ ÐÁÒÁÍÅÔÅÒÓ ÁÓ ÆÏÌÌÏ×ÓȠ ÆÉÒÓÔÌÙȟ ÂÙ ÆÉØÉÎÇ 2Ϋ ÁÔ ΫΪΪΪ ÏÈÍ ɉÔÈÅ ÒÅÓÏÎÁÎÃÅ ÃÁÓÅɊȟ 

#·έ ÈÁÓ ÂÅÅÎ ÓÅÔ ÔÏ ÏÂÔÁÉÎ ÔÈÅ ÓÁÍÅ ÒÅÓÏÎÁÎÔ ÆÒÅÑÕÅÎÃÉÅÓ ÏÆ ÁÉÒ ÏÂÔÁÉÎÅÄ ÆÒÏÍ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÁÌ 

×ÏÒË ɉΪȢίΰ Ð&ɊȢ &ÕÒÔÈÅÒÍÏÒÅȟ 2Ϋ ÉÓ ÓÅÔ ÔÏ ÁÃÈÉÅÖÅ ÔÈÅ ÓÁÍÅ ÅØÐÅÒÉÍÅÎÔÁÌ ÂÁÎÄ×ÉÄÔÈ ÏÆ ÔÈÅ ÆÉÒÓÔ 

ÍÏÄÅ ɉγȢΪάί +WɊȢ &ÉÎÁÌÌÙȟ ÔÈÅ ÃÏÕÐÌÉÎÇ ÃÁÐÁÃÉÔÏÒÓȟ #·Ϋ ÁÎÄ #·ά ÁÒÅ ÓÅÔ ÔÏ ÏÂÔÁÉÎ ÔÈÅ ÓÁÍÅ 3άΫ 

ÖÁÌÕÅ ÆÏÒ ÔÈÅ ÆÉÒÓÔ ÍÏÄÅ ÏÆ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÁÌ ×ÏÒË ÏÎ ÁÉÒ ɉΪȢΪΪαί Ð&ɊȢ 

 

 The Effect of Circuit Parameters  on the 

Bandwidth ( BW), Q Factor  and S 21  



MAY ESTEPHAN   CHAPTER 5  

 
100 

 

 Effect of Symmetry in the Coupling 

Capacitances.  

4ÈÅ ÅÆÆÅÃÔ ÏÆ ÖÁÒÙÉÎÇ ÔÈÅ ÃÏÕÐÌÉÎÇ ÃÁÐÁÃÉÔÏÒ ÖÁÌÕÅÓ ɉΪȢΪΪαίȟ ΪȢΪΫȟ ΪȢΪίȟ ΪȢΪαί ÁÎÄ ΪȢΫɊ Ð& ÏÎ "7ȟὅὊȟ 

1 ÆÁÃÔÏÒ ÁÎÄ 3άΫ ×ÅÒÅ ÓÔÕÄÉÅÄ ÁÔ ÔÈÅ ÎÕÍÂÅÒ ÏÆ ÍÏÄÅÓ ×ÉÔÈÉÎ ÔÈÅ ÆÒÅÑÕÅÎÃÙ ÒÁÎÇÅ ÏÆ ÔÈÅ 6.! ΫΪΪ 

-(Ú ÔÏ ΰ '(Ú ÁÔ Á ÒÅÓÏÎÁÔÏÒ ÌÅÎÇÔÈ ÏÆ άίί ÍÍ ɉ&ÉÇÕÒÅ ίȤέΪ ÔÏ ίȤέέɊȢ 

)Î &ÉÇÕÒÅ ίȤέΪȟ ÔÈÅÒÅ ÉÓ Á ÃÏÎÓÉÓÔÅÎÔ "7 ÉÎÃÒÅÁÓÅ ×ÉÔÈ ÉÎÃÒÅÁÓÉÎÇ ÍÏÄÅ ÎÕÍÂÅÒ ÁÎÄ ÈÅÎÃÅ ὅὊ ÆÏÒ 

ÁÌÌ ÃÏÕÐÌÉÎÇ ÃÁÐÁÃÉÔÏÒÓ ÖÁÌÕÅÓȢ !ÄÄÉÔÉÏÎÁÌÌÙȟ ÔÈÅÒÅ ÉÓ ÎÏ ÓÉÇÎÉÆÉÃÁÎÔ "7 ÄÉÆÆÅÒÅÎÃÅ ÁÔ ÌÏ× ÆÒÅÑÕÅÎÃÙ 

ÉÎ ÂÅÔ×ÅÅÎ ɉΪȢέαγ ÔÏ ΫȢγΪήɊ '(Ú ×ÉÔÈ ÄÉÆÆÅÒÅÎÔ ÖÁÌÕÅÓ ÏÆ ÔÈÅ ÃÁÐÁÃÉÔÏÒÓȢ (Ï×ÅÖÅÒȟ ÔÈÅ ÄÉÆÆÅÒÅÎÃÅ 

ÓÔÁÒÔÅÄ ÔÏ ÂÅÃÏÍÅ ÓÉÇÎÉÆÉÃÁÎÔ ÁÔ ÈÉÇÈÅÒ ÆÒÅÑÕÅÎÃÉÅÓ ɉάȢέ ÔÏ ίȢήɊ '(Ú ÆÏÒ ÁÌÌ ÃÁÐÁÃÉÔÏÒ ÖÁÌÕÅÓȢ 7ÈÉÌÓÔ 

ÉÔ ÁÐÐÅÁÒÓ ÔÈÁÔ ÔÈÅ "7 ÉÎÃÒÅÁÓÅÓ ×ÉÔÈ ÉÎÃÒÅÁÓÉÎÇ ÃÏÕÐÌÉÎÇ ÃÁÐÁÃÉÔÏÒȠ ÇÉÖÅÎ ÔÈÁÔ ÔÈÅÒÅ ÉÓ ÎÏ ÒÅÁÌ 

ÁÄÄÉÔÉÏÎÁÌ ÍÅÃÈÁÎÉÓÍ ÆÏÒ Á ÌÏÓÓ ÈÅÒÅȟ ÔÈÅ ÁÐÐÁÒÅÎÔ ÉÎÃÒÅÁÓÅ ÉÎ "7 ÉÓ ÌÉËÅÌÙ ÄÏ×Î ÔÏ ÔÈÅ ÉÎÃÒÅÁÓÉÎÇ 

ÓËÅ× ÏÆ ÔÈÅ ÒÅÓÏÎÁÎÃÅ ÐÅÁËÓ ÁÎÄ ÔÈÅ ÉÎÈÅÒÅÎÔ ÄÉÆÆÉÃÕÌÔÙ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÏÂÔÁÉÎÉÎÇ ÔÈÅ ȤέÄ" 

ÂÁÎÄ×ÉÄÔÈȢ 

 

 

 
!Ó ÅØÐÅÃÔÅÄȟ ÔÈÅ ÃÅÎÔÒÁÌ ÆÒÅÑÕÅÎÃÙ ÏÆ ÅÁÃÈ ÒÅÓÏÎÁÎÃÅ ÓÈÏ×ÅÄ ÎÏ ÄÅÐÅÎÄÅÎÃÅ ÏÎ ÔÈÅ ÃÏÕÐÌÉÎÇ 

ÃÁÐÁÃÉÔÏÒȟ ×ÉÔÈ ÉÎÃÒÅÁÓÉÎÇ ÔÈÅ ÎÕÍÂÅÒ ÏÆ ÍÏÄÅÓȟ ÓÅÅ &ÉÇÕÒÅ ɉίȤέΫɊȢ 
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Figure 5-30: The measured BW for all modes in the range of the frequency (0.1 to 6) GHz with symmetric 
values of the capacitors (0.0075, 0.01, 0.05, 0.075 and 0.1) GHz. 
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)Î &ÉÇÕÒÅ ίȤέάȟ ÔÈÅÒÅ ÁÐÐÅÁÒÓ ÔÏ ÂÅ Á ÒÅÇÕÌÁÒ ÉÎÃÒÅÁÓÅ ÉÎ ÔÈÅ 1 ÆÁÃÔÏÒ ÆÏÒ ÁÌÌ ÍÏÄÅÓ ×ÉÔÈÉÎ ÔÈÅ ÒÁÎÇÅ 

ÏÆ ÆÒÅÑÕÅÎÃÉÅÓ ÁÎÄ ÆÏÒ ÁÌÌ ÃÏÕÐÌÉÎÇ ÃÁÐÁÃÉÔÏÒÓ ÖÁÌÕÅÓȢ &ÏÒ ÔÈÅ ÈÉÇÈÅÒ ÖÁÌÕÅÓ ÏÆ ÔÈÅ ÃÏÕÐÌÉÎÇ 

ÃÁÐÁÃÉÔÏÒȟ ÔÈÅ 1 ÆÁÃÔÏÒ ÉÓ ÓÅÅÎ ÔÏ ÒÅÄÕÃÅ ÆÒÏÍ ÁÎ ÏÖÅÒÁÌÌ ÐÅÁË ÁÔ Á ÈÉÇÈÅÒ ÆÒÅÑÕÅÎÃÙȢ !ÇÁÉÎȟ ÓÉÎÃÅ 

ÔÈÅÒÅ ÉÓ ÎÏ ÒÅÁÌ ÍÅÃÈÁÎÉÓÍ ÆÏÒ ÁÄÄÉÔÉÏÎÁÌ ÌÏÓÓ ÒÅÌÁÔÉÎÇ ÔÏ ÔÈÅ ÃÏÕÐÌÉÎÇ ÃÁÐÁÃÉÔÏÒÓȟ ÔÈÅ ÁÐÐÁÒÅÎÔ 

ÄÅÃÒÅÁÓÅ ÉÎ ÔÈÅ 1 ÆÁÃÔÏÒ ÉÓ ÌÉËÅÌÙ ÁÔÔÒÉÂÕÔÅÄ ÔÏ ÔÈÅ ÅÍÅÒÇÉÎÇ ÓËÅ× ÏÆ ÔÈÅ ÈÉÇÈÅÒȤÏÒÄÅÒ ÒÅÓÏÎÁÎÃÅÓȢ 

  

 

&ÕÒÔÈÅÒ ÅÖÉÄÅÎÃÅ ÆÏÒ ÔÈÅ ÒÏÌÅ ÏÆ ÔÈÅ ÓËÅ× ÉÎ ÄÉÓÔÏÒÔÉÎÇ ÔÈÅ ÏÂÔÁÉÎÅÄ ÖÁÌÕÅÓ ÏÆ "7 ÁÎÄ 1 ÆÁÃÔÏÒ 

ÍÁÙ ÂÅ ÓÅÅÎ ÉÎ &ÉÇÕÒÅ ίȤέέ ÂÅÌÏ×Ȣ 4ÈÅ ÇÅÎÅÒÁÌ ÓÈÁÐÅ ÏÆ ÔÈÅ ÉÎÓÅÒÔÉÏÎ ÌÏÓÓ ÃÕÒÖÅ ÁÓ Á ÆÕÎÃÔÉÏÎ ÏÆ 

ÍÏÄÅ ÎÕÍÂÅÒ ɉÏÒ ÆÒÅÑÕÅÎÃÙɊ ÉÓ ÉÄÅÎÔÉÃÁÌ ÆÏÒ ÅÁÃÈ ÖÁÌÕÅ ÏÆ ÔÈÅ ÃÏÕÐÌÉÎÇ ÃÁÐÁÃÉÔÏÒȢ 4ÈÅ ÖÁÒÉÁÔÉÏÎ 

ÉÎ ÉÎÓÅÒÔÉÏÎ ÌÏÓÓ ÇÅÎÅÒÁÌÌÙ ÉÎÃÒÅÁÓÅÓ ÁÓ ÆÒÅÑÕÅÎÃÙ ÉÎÃÒÅÁÓÅÓ ÓÉÎÃÅ ÔÈÅ ÓÔÒÕÃÔÕÒÅΈÓ ÁÓÓÏÃÉÁÔÅÄ ÌÏÓÓÅÓ 
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Figure 5-32: The measured Q factor for the range of the frequency (0.1 to 6) GHz with symmetric values of the 
capacitors (0.0075, 0.01, 0.05, 0.075 and 0.1) pF. 

Figure 5-31: Central frequency measurements for the range of the frequency (0.1 to 6) GHz with symmetric 
values of the capacitors (0.0075, 0.01, 0.05, 0.075 and 0.1) pF. 
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ÁÒÅ ÆÒÅÑÕÅÎÃÙ ÄÅÐÅÎÄÅÎÔȢ 4ÈÅ $# ÓÈÉÆÔ ÕÐ×ÁÒÄÓ ÉÓ ÓÉÍÐÌÙ Á ÒÅÓÕÌÔ ÏÆ ÉÎÃÒÅÁÓÅÄ ÃÏÕÐÌÉÎÇ ÄÕÅ ÔÏ 

ÉÎÃÒÅÁÓÅÄ ÃÏÕÐÌÉÎÇ ÃÁÐÁÃÉÔÁÎÃÅȢ 4ÈÅ ÂÉÇÇÅÒ ÔÈÅ ÃÁÐÁÃÉÔÁÎÃÅ ÁÔ ÔÈÅ ÔÏÐ ÏÆ ÔÈÅ ÔÅÅ ÍÅÁÎÓ ÍÏÒÅ 

ÅÎÅÒÇÙ ÉÓ ÄÉÒÅÃÔÌÙ ÃÏÕÐÌÅÄ ÆÒÏÍ ÐÏÒÔ Ϋ ÔÏ ÐÏÒÔ άȢ ÉȢÅ ÔÈÅ 3άΫ ÓÉÇÎÁÌ ÉÓ ÂÉÇÇÅÒ ÁÓ ÔÈÅ ÃÁÐÁÃÉÔÁÎÃÅ 

ÉÎÃÒÅÁÓÅÓȢ -ÏÒÅ ÃÁÐÁÃÉÔÁÎÃÅ ÍÅÁÎÓ ÍÏÒÅ ÐÏ×ÅÒ ÐÁÓÓÉÎÇ ÔÈÒÏÕÇÈ ÔÈÅ ÔÅÅ ÍÅÁÎÓ ÍÏÒÅ ÐÏ×ÅÒ 

ÁÖÁÉÌÁÂÌÅ ÔÏ ÔÈÅ ÒÅÓÏÎÁÔÏÒ ÍÅÁÎÓ ÍÏÒÅ ÓÉÇÎÁÌȢ 

  

 

 

 Effect of Asymmetry in the Coupling 

Capacitances  

4ÈÅ ÅÆÆÅÃÔ ÏÆ ÁÓÙÍÍÅÔÒÉÃÁÌ ÃÏÕÐÌÉÎÇ ÃÁÐÁÃÉÔÏÒ ÖÁÌÕÅÓ ɉ#·Ϋ ΪȢΫ ÁÎÄ #·ά ΪȢΪί ÁÎÄ ÖÉÃÅ ÖÅÒÓÁɊ ÏÎ "7ȟ 

#&ȟ 1 ÆÁÃÔÏÒ ÁÎÄ 3άΫ ×ÅÒÅ ÓÔÕÄÉÅÄ ÆÏÒ Á ÃÏÁØÉÁÌ ÐÒÏÂÅ ÌÅÎÇÔÈ ÏÆ άίί ÍÍȢ 

&ÉÇÕÒÅ ίȤέή ÓÈÏ×Ó ÁÎ ÁÌÍÏÓÔ ÉÄÅÎÔÉÃÁÌ ÔÒÅÎÄ ÆÏÒ "7 ÁÓ ÆÏÒ ÔÈÅ ÓÙÍÍÅÔÒÉÃÁÌ ÃÁÓÅ ɉΪȢΪίȟ ΪȢΫ ÁÎÄ 

ΪȢΪαίɊ Ð& ÁÎÄ ÁÓÙÍÍÅÔÒÉÃÁÌ ÃÁÐÁÃÉÔÏÒ ÓÅÔ ÕÐ #·Ϋ ɉΪȢΪίɊ Ð& ÁÎÄ #·ά ɉΪȢΫɊ Ð& ÁÎÄ ÖÉÃÅ ÖÅÒÓÁ ÆÏÒ ÔÈÅ 

ÒÁÎÇÅ ÏÆ ÆÒÅÑÕÅÎÃÙ ɉΪȢέα ÔÏ ίȢήɊ '(ÚȢ 4ÈÅ ÔÒÅÎÄ ÆÏÒ ÔÈÅ ÖÁÌÕÅÓ ÏÆ ÔÈÅ ÁÓÙÍÍÅÔÒÉÃÁÌ ÃÁÐÁÃÉÔÏÒÓ ÆÏÒ 

ΪȢΪί ÁÎÄ ΪȢΫ Ð& ÁÎÄ ÖÉÃÅ ÖÅÒÓÁ ɉΪȢΫ ÁÎÄ ΪȢΪίɊ Ð& ÁÐÐÅÁÒÓ ÔÏ ÂÅ ÐÏÓÉÔÉÏÎÅÄ ÂÅÔ×ÅÅÎ ÔÈÏÓÅ ÆÏÒ ÔÈÅ 

ÓÙÍÍÅÔÒÉÃÁÌ ÃÁÓÅȢ 4ÈÅ ÁÖÅÒÁÇÅ ÖÁÌÕÅ ÏÆ ÔÈÅ Ô×Ï ÁÓÙÍÍÅÔÒÉÃ ÃÁÐÁÃÉÔÁÎÃÅÓ ÉÓ ΪȢΪαί Ð&Ȣ )Ô ÁÐÐÅÁÒÓ 

ÔÈÁÔ ÔÈÅ ÁÓÙÍÍÅÔÒÉÃÁÌ ÒÅÓÕÌÔ ÉÓ ÁÐÐÒÏØÉÍÁÔÅÌÙ ÉÄÅÎÔÉÃÁÌ ÔÏ ÔÈÅ ÃÁÓÅ ×ÈÅÒÅ ÂÏÔÈ ÃÁÐÁÃÉÔÏÒÓ ÁÒÅ 

ΪȢΪαί Ð&Ȣ 

0 1 2 3 4 5 6

-90

-80

-70

-60

-50

-40

-30

-20

-10

L
o

s
s
 i
n

s
e
rt

io
n

, 
S

2
1
 (

d
B

)

Central frequency,CF (GHz)

 S21  at 0.0075 pF (Experimental values (air) symmetry )

 S21  at 0.01 pF (symmetry)

 S21  at 0.05 pF (symmetry)

 S21  at  0.075 pF (symmetry)

 S21 at 0.1 (symmetry)

Figure 5-33: S21 measurements for the range of the frequency (0.1 to 6) GHz with symmetric values of the 
capacitors (0.0075, 0.01, 0.05, 0.075 and 0.1) pF. 
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Figure 5-34: Comparison between BW measured of asymmetric capacitors (0.1 and 0.05) pF and the opposite, 
symmetric capacitors (0.05, 0.1 and 0.075 (the ave. value of the asymmetrical capacitors) pF for the range of 

the frequency (0.1 to 6) GHz. 

Figure 5-35: Comparison between CF measured of asymmetric capacitors (0.1 and 0.05) pF and the opposite, 
symmetric capacitors (0.05, 0.1 and 0.075 (the ave. value of the asymmetrical capacitors) pF for the range of 

the frequency (0.1 to 6) GHz. 
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Figure 5-36: Comparison between Q factor measured of asymmetric capacitors (0.1 and 0.05) pF and the 
opposite, symmetric capacitors (0.05, 0.1 and 0.075 (the ave. value of the asymmetrical capacitors) pF for the 

range of the frequency (0.1 to 6) GHz. 

Figure 5-37: Comparison between S21 measured of asymmetric capacitors (0.1 and 0.05) pF and the opposite, 
symmetric capacitors (0.05, 0.1 and 0.075 (the ave. value of the asymmetrical capacitors) pF for the range of 

the frequency (0.1 to 6) GHz. 
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Figure 5-38: Comparison between different asymmetrical (0.05 & 0.1 pF, 0.06 & 0.09 pF, 0.07 & 0.08, and vice 
versa) pF and the symmetrical 0.075 pF case for the actual first mode (lower frequency). 

Figure 5-39: Comparison between S21 measured of asymmetric capacitors (0.1 and 0.05) pF and the opposite, 
symmetric capacitors (0.05, 0.1 and 0.075 (the ave. value of the asymmetrical capacitors) pF for the range of 

the frequency (0.1 to 6) GHz. 
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 Effect of Coaxial Cable Length on the 

Bandwidth , Central Frequency , Qu al ity  

Factor,  and Insertion loss  
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ÔÏ ίȤήέ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 
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Figure 5-40: Comparison between BW measurements at symmetric capacitors 0.0075 pF with different coaxial 
lengths (255, 180 and 105) mm.  
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Figure 5-41: Comparison between resonant frequency measurements at symmetric capacitors 0.0075 pF with 
different coaxial lengths (255, 180 and 105) mm. 

Figure 5-42: Comparison between Q factor measurements at symmetric capacitors 0.0075 pF with different 
coaxial lengths (255, 180 and 105) mm. 
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 Sample Effect  

4Ï ÅÍÕÌÁÔÅ ÅØÐÅÒÉÍÅÎÔ ÓÁÍÐÌÅÓȟ ÁÉÒȟ ×ÁÔÅÒ ÁÎÄ ÖÁÒÉÏÕÓ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÓÔÏÃË ɉ3КΪȢΫίή -Ɋȟ ÆÉÒÓÔ 

ÃÏÎÃÅÎÔÒÁÔÉÏÎ ɉ#ΫКΪȢΪαα -Ɋ ÁÎÄ ÓÅÃÏÎÄ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ɉ#άКΪȢΪέγ -ɊȢÈÁÖÅ ÂÅÅÎ ÍÅÁÓÕÒÅÄȢ  

 Effect of Air and Water  Samples  

 Design Setup for Air and Water 

Samples  

4ÈÅ !$3 ÓÉÍÕÌÁÔÉÏÎ ×ÁÓ ÒÕÎ ×ÉÔÈ ÔÈÅ ÓÁÍÅ ÅØÐÅÒÉÍÅÎÔÁÌ ÐÁÒÁÍÅÔÅÒÓ ÉÎ ÓÏÍÅ ÏÆ ÔÈÅ ÅØÁÍÐÌÅÓ 

ÁÂÏÖÅ ÔÏ ÅÍÕÌÁÔÅ ÔÈÅ ÓÁÍÅ ÅØÐÅÒÉÍÅÎÔÁÌ ÂÅÈÁÖÉÏÕÒÓ ÏÆ ÁÉÒ ÁÎÄ ×ÁÔÅÒȢ &ÉÒÓÔÌÙȟ ÂÙ ÆÉØÉÎÇ 2Ϋ ÁÔ ΫΪΪΪ 
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Figure 5-43: Comparison between S21 measurements at symmetric capacitors 0.0075 pF with different coaxial 
lengths (255, 180 and 105) mm. 
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Figure 5-45: Comparison between S21 measured for different sample (air and DI-W) at symmetric capacitors 
(0.0075) pF and (0.0073) pF for air and water respectively at the first mode at resonant frequency 0.382 GHz. 

Figure 5-44: Comparison between S21 measured for different samples (air and DI-W) at step size 0.1GHz, 
symmetric capacitors (0.0075) pF and (0.0073) pF for air and water, respectively for the whole range of 

frequency (0.1 to 6) GHz. 
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Figure 5-46: Comparison between S21 measured for different sample (air and DI-W) at symmetric capacitors 
(0.0075) pF and (0.0073) pF for air and water respectively at the last mode at resonant frequency 5.433 GHz. 
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Figure 5-47: Comparison between S21 measured for different of normal saline sample concentrations (stock= 
0.154 M, first concentrations (C1=0.077M) and second concentrations (C2=0.039 M)) at the first resonant 

frequency (0.76 GHz).  
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Figure 5-48: Skew examples owing to inductive, capacitive cross-coupling and nearby modes  

Figure 5-49: Resistive capacitive and inductive elements that represent a lossy resonant circuit. 
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Figure 5-50: The equivalent circuit of a two-port, loop- coupled resonator. The resonator is modelled as a 
series LRC circuit of impedance Z. 
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ÔÏ ÔÈÅ ÌÏÁÄÉÎÇ ÅÆÆÅÃÔÓ ÏÆ ÔÈÅ ÃÏÕÐÌÉÎÇ  

!Ô ÓÙÍÍÅÔÒÉÃ ÃÏÕÐÌÉÎÇ ɉὫ Ὣ ȟ ÉÄÅÎÔÉÃÁÌ ÃÏÕÐÌÉÎÇɊȟ ÔÈÅ ÓÔÁÎÄÁÒÄ ,ÏÒÅÎÔÚÉÁÎ ÆÕÎÃÔÉÏÎ  ×ÉÔÈ 

ÁÐÐÒÏÐÒÉÁÔÅ ÔÒÁÎÓÌÁÔÉÏÎ ÁÎÄ ÓÃÁÌÉÎÇȢ 4ÈÅ |Ὓ | ÔÈÅ ÍÅÁÓÕÒÅÍÅÎÔ ÆÒÏÍ ÔÈÅ ÎÅÔ×ÏÒË ÁÎÁÌÙÓÅÒ ÃÁÎ 
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ÎÏÉÓÅȟ ÐÒÁÃÔÉÃÁÌÌÙ ÁÔ ÌÏ× ÐÏ×ÅÒ ÌÅÖÅÌÓȢ 
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 Resonance Skew and Correction  
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ÁÎ ÁÒÂÉÔÒÁÒÙ ÎÕÍÂÅÒ ÏÆ ÍÏÄÅÓ ÁÎÄ ÃÒÏÓÓȤÃÏÕÐÌÉÎÇÓ ÉÎ ÔÈÅ ÒÅÓÏÎÁÔÏÒ ÍÏÄÅÌȢ 

 

 

 

 

!Ô . ÔÅÒÍÓȟ 3άΫ ÒÅÓÐÏÎÓÅ ÃÁÎ ÂÅ ÄÅÒÉÖÅÄ ÁÓ 

 

Figure 5-51: Microwave resonator model with an arbitrary number for resonance or crosstalk terms.  



MAY ESTEPHAN   CHAPTER 5  

 
116 

 

                                

Ὓ ȟ

ςВ
Ὣ
Ὃ ‫

ρ ςВ
Ὣ
Ὃ ‫

 

 

(5-84) 

(ÅÒÅ Ὃ  Ȣ )Î ÒÅÓÏÎÁÎÔ ÃÁÓÅȟ ὤ ÅÑÕÁÌÓ ÔÏ %ÑÕÁÔÉÏÎ ίȤαέ 

 
 ὤ‫ Ὑ Ὦ‫ὒ

ρ

Ὦ‫ὅ
 Ὑρ Ὦςὗ

‫ ‫

‫
 

 

(5-85) 

4ÈÅÎ ÔÈÅ ÒÅÓÕÌÔ ÏÆ ÔÈÅ 

               Ὃ ρ Ὦςὗ  
‫ ‫

‫
                                  (5-86) 

 
   Ὃ

Ὦ‫ὒ  

Ὑ
                                               

(5-87) 

$ÅÐÅÎÄÉÎÇ ÏÎ ÔÈÅ ÎÁÔÕÒÅ ÏÆ ÔÈÅ ÃÏÕÐÌÉÎÇ ɉÃÁÐÁÃÉÔÉÖÅ ÉÎ ÏÕÒ ÃÁÓÅɊȟ ÔÈÅ ÐÏ×ÅÒ ÔÒÁÎÓÍÉÓÓÉÏÎ 

ÒÅÓÐÏÎÓÅ ÃÁÎ ÂÅ ÄÅÆÉÎÅÄ ÁÓ ÆÏÌÌÏ×ÓȢ 

Ȣ 

 

|Ὓ |  
ςὫρ

Ὃ ‫
Ὃ ‫

Ὃ ‫ ςὫρ
Ὃ ‫
Ὃ ‫

 

 

(5-88) 

 

4Ï ÍÉÎÉÍÉÓÅ ÃÒÏÓÓȤÃÏÕÐÌÉÎÇȟ ÉÄÅÁÌÌÙȟ ÔÈÅ ÓËÅ× ÉÍÐÅÄÁÎÃÅ ÓÈÏÕÌÄ ÂÅ Á ÌÏÔ ÌÁÒÇÅÒ ÔÈÁÎ ÔÈÅ ÒÅÓÏÎÁÔÏÒ 

ÉÍÐÅÄÁÎÃÅ ÔÏ ÅÌÉÍÉÎÁÔÅ ÔÈÅ ÓËÅ× ÔÅÒÍ ÉÎ ÔÈÅ ÄÏÍÉÎÁÔÏÒȢ ! ÃÏÒÒÅÃÔÉÏÎ ÓÍÁÌÌ ÁÍÏÕÎÔ ÓËÅ× 

%ÑÕÁÔÉÏÎ ÈÁÓ ÂÅÅÎ ÏÂÔÁÉÎÅÄ ÂÙ ÒÅÏÒÇÁÎÉÓÉÎÇ ÁÎÄ ÓÕÂÓÔÉÔÕÔÉÏÎÓ ɏΫέάɐ  

 

 

|3 |
ὖ ςὖ

Ὃ
Ὃ ὖ

Ὃ
Ὃ

ρ τὗ
‫ ‫
‫

 

(5-89) 

5ÓÉÎÇ ÔÈÅ ÁÂÏÖÅ %ÑÕÁÔÉÏÎȟ Á ÒÅÐÒÅÓÅÎÔÁÔÉÖÅ ÃÏÍÐÁÒÉÓÏÎ ÂÅÔ×ÅÅÎ ÒÅÓÏÎÁÔÏÒ ÁÎÄ ÓËÅ× ÃÁÐÁÃÉÔÁÎÃÅ 
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!Ó ÃÁÎ ÂÅ ÓÅÅÎ ÆÒÏÍ ÔÈÉÓȟ ÔÈÅ ÁÐÐÁÒÅÎÔ "7 ÉÓ ÉÎÃÒÅÁÓÉÎÇ ÁÓ ÔÈÅ ÓËÅ× ÃÁÐÁÃÉÔÁÎÃÅ ÉÎÃÒÅÁÓÅÓȢ 4ÈÅ 

"7 ÃÈÁÎÇÅÓ ÁÒÅ ÈÉÇÈÌÉÇÈÔÅÄ ÂÅÌÏ× ÉÎ &ÉÇÕÒÅ ίȤίέȢ 

 

 

 

 
  Experiment of De -Skew  
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Figure 5-52: |S21|  shown the no skew case (S21ςline) and for increasing skew ratio. 

Figure 5-53: |S21| shown the no skew case (S21ςblue) and for increasing skew ratio.  
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Figure 5-55: The polar plot of the resonance above, the position of the peak is highlighted with the red dot 
and the centre of the circle is denoted with the cross. 

Figure 5-54: Example of a typical skewed resonance curve. 
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Figure 5-56: De-skewed resonance (red) and original skewed resonance (blue). 

Figure 5-57: De-skewed resonance (red) and original skewed resonance (blue). 
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ÕÓÅ ÉÎ ÔÈÅ ÔÈÅÏÒÅÔÉÃÁÌ ÃÁÌÃÕÌÁÔÉÏÎ ÆÏÒ ÔÈÒÅÅ ÐÁÒÔÉÃÌÅ ÓÉÚÅÓ άȟ ΪȢβ ÁÎÄ ΪȢήΫέ ʏÍ ÉÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÓÔÏÃË 

ÆÒÏÍ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅ ɉάȢίГɊ ÁÎÄ ÖÁÒÉÏÕÓ ÄÉÌÕÔÉÏÎÓ ɉάȢάίГ ÔÏ ΫȢάίГɊ ÆÏÒ ÔÈÅ ÆÒÅÑÕÅÎÃÙ ÒÁÎÇÅ ΫΪΪ 

-(Ú ÔÏ έ'(Ú ÁÓ ÔÈÅ ÆÉÒÓÔ ÉÎÓÔÁÎÃÅȢ 4ÈÅ ÅØÐÅÒÉÍÅÎÔÁÌ ÍÅÔÈÏÄ ÆÏÒ ÔÈÅ ÎÏÎȤÒÅÓÏÎÁÎÔ ÍÅÔÈÏÄ ÈÁÓ 

ÂÅÅÎ ÄÏÎÅ ÆÏÒ ÔÈÅ ÓÁÍÅ ÐÁÒÔÉÃÌÅÓȟ ÄÉÌÁÔÉÏÎÓȟ ÁÎÄ ÔÈÅ ÓÁÍÅ ÒÁÎÇÅ ÏÆ ÆÒÅÑÕÅÎÃÙȢ ! ÓÉÇÎÉÆÉÃÁÎÔ 

ÓÅÐÁÒÁÔÉÏÎ ÈÁÓ ÂÅÅÎ ÆÏÕÎÄ ÆÏÒ ÔÈÅ ×ÈÏÌÅ ÒÁÎÇÅ ÁÔ ÍÁÇÎÉÔÕÄÅ ÃÏÍÐÌÅØ ÐÅÒÍÉÔÔÉÖÉÔÙ ÁÎÄ ÔÈÅ ÒÅÁÌ 

ÅÆÆÅÃÔÉÖÅ ÐÅÒÍÉÔÔÉÖÉÔÙ ×ÈÅÎ ÃÏÍÐÁÒÉÎÇ ×ÁÔÅÒȟ ÓÔÏÃËȟ ÁÎÄ ÖÁÒÉÏÕÓ ÄÉÌÕÔÉÏÎÓȢ 4ÈÅ ÒÅÆÌÅÃÔÉÏÎ 3ΫΫ 

ÓÈÏ×ÅÄ ÇÏÏÄ ÓÅÐÁÒÁÔÉÏÎ ÂÅÔ×ÅÅÎ ×ÁÔÅÒ ÁÎÄ ÄÉÌÕÔÉÏÎÓ ÂÅÔ×ÅÅÎ ΫΪΪ ÔÏ άΪΪ -(Ú ÁÔ ÁÌÌ ÐÁÒÔÉÃÌÅÓ ÉÎ 

ÅØÐÅÒÉÍÅÎÔ ×ÏÒË ɉÏÐÅÎȤÅÎÄÅÄ ÔÅÃÈÎÉÑÕÅɊȢ  

4ÈÅ ÆÉÎÁÌ ÐÁÒÔ ÐÒÅÓÅÎÔÅÄ ÔÈÅ ÔÈÅÏÒÙ ÏÆ ÔÈÅ ÒÅÓÏÎÁÎÔ ÃÏÁØÉÁÌ ÐÒÏÂÅȢ 4ÈÉÓ ÐÁÒÔ ÉÎÃÌÕÄÅÓ ÈÏ× ÔÈÅ 

ÃÈÁÒÁÃÔÅÒÉÓÔÉÃ ÏÆ ÔÈÅ ÓÉÇÎÁÌ ÐÒÏÐÁÇÁÔÅÓ ÁÎÄ ÌÏÓÓ ÁÌÏÎÇ ×ÉÔÈ ÔÒÁÎÓÍÉÓÓÉÏÎȢ )Ô ÉÎÔÒÏÄÕÃÅÓ ÔÈÅ 

ÒÅÓÏÎÁÔÏÒ ÐÒÉÎÃÉÐÌÅÓ ÁÎÄ ÔÈÅ ÉÎÔÅÒÁÃÔÉÏÎ ÏÎ ÔÈÅ ÔÉÐ ÏÆ ÔÈÅ ÃÏÁØÉÁÌ ÃÁÂÌÅȢ 4ÈÅ !$3 ÓÉÍÕÌÁÔÉÏÎ ÏÆ ÉÔÓ 

ÎÏÖÅÌ 4Ȥ 3ÔÒÕÃÔÕÒÅ ÁÎÄ ÃÁÐÁÃÉÔÉÖÅ ÃÏÕÐÌÉÎÇ ÁÒÒÁÎÇÅÍÅÎÔ ÈÁÓ ÂÅÅÎ ÄÏÎÅ ÁÔ Á ÆÒÅÑÕÅÎÃÙ ÒÁÎÇÅ ÏÆ 

ΪȢΫ ÔÏ ΰ '(Ú ÔÏ ÅÍÕÌÁÔÅ ÔÈÅ ÓÁÍÅ ÅØÐÅÒÉÍÅÎÔÁÌ ÂÅÈÁÖÉÏÕÒÓȢ 4ÈÉÓ ÓÉÍÕÌÁÔÉÏÎ ÃÏÍÐÁÒÅÓ ÊÕÓÔ 

ÓÙÍÍÅÔÒÙ ÁÎÄ ÓÙÍÍÅÔÒÙȟ ÁÎÄ ÁÓÙÍÍÅÔÒÙ ÃÏÕÐÌÉÎÇ ÃÁÐÁÃÉÔÏÒ ÈÁÓ ÄÏÎÅ ÆÏÒ "7ȟ #&ȟ 1 ÆÁÃÔÏÒ ÁÎÄ 

3άΫ ÆÏÒ ÄÉÆÆÅÒÅÎÔ ÃÏÕÐÌÉÎÇ ÃÁÐÁÃÉÔÏÒ ÖÁÌÕÅÓȢ /Î ÃÏÍÐÁÒÉÎÇ ÔÈÅ ÓÙÍÍÅÔÒÙ ÃÏÕÐÌÉÎÇ ÃÁÐÁÃÉÔÏÒȟ ÔÈÅ 

ÄÉÆÆÅÒÅÎÃÅÓ ÉÎ ÔÈÅ "7 ÓÔÁÒÔÅÄ ÔÏ ÂÅÃÏÍÅ ÓÉÇÎÉÆÉÃÁÎÔ ÁÔ ÈÉÇÈÅÒ ÆÒÅÑÕÅÎÃÉÅÓ άȢέ ÔÏ ίȢή '(Ú ÆÏÒ ÁÌÌ 

ÃÁÐÁÃÉÔÏÒ ÖÁÌÕÅÓȢ (Ï×ÅÖÅÒȟ ÔÈÅ 1 ÆÁÃÔÏÒ ÒÅÄÕÃÅÓ ÁÔ Á ÈÉÇÈÅÒ ÆÒÅÑÕÅÎÃÙȢ 4ÈÅ ÁÐÐÁÒÅÎÔ ÉÎÃÒÅÁÓÅ ÉÎ 

ÔÈÅ "7 ÁÎÄ ÄÅÃÒÅÁÓÅ ÉÎ ÔÈÅ 1 ÆÁÃÔÏÒ ÉÓ ÌÉËÅÌÙ ÒÅÌÁÔÅÄ ÔÏ ÔÈÅ ÓËÅ× ÏÆ Á ÈÉÇÈ ÏÒÄÅÒȢ 4ÈÅ ÖÁÒÉÁÔÉÏÎ ÉÎ 

ÉÎÓÅÒÔÉÏÎ ÌÏÓÓ 3άΫ ÇÅÎÅÒÁÌÌÙ ÉÎÃÒÅÁÓÅÓ ÁÓ ÆÒÅÑÕÅÎÃÙ ÉÎÃÒÅÁÓÅÓ ÁÓ ÔÈÅ ÁÓÓÏÃÉÁÔÅÄ ÌÏÓÓÅÓ ÉÎ ÔÈÅ 

ÓÔÒÕÃÔÕÒÅ ÁÒÅ ÆÒÅÑÕÅÎÃÙ ÄÅÐÅÎÄÅÎÔȢ 
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2ÅÇÁÒÄÉÎÇ ÔÈÅ ÃÏÍÐÁÒÉÓÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÓÙÍÍÅÔÒÙ ÁÎÄ ÁÓÙÍÍÅÔÒÙ ÃÏÕÐÌÉÎÇ ÖÁÌÕÅÓȟ ÁÓÙÍÍÅÔÒÉÃÁÌ 

ÖÁÌÕÅÓ ÁÐÐÅÁÒ ÔÏ ÂÅ ÐÏÓÉÔÉÏÎÅÄ ÉÎ ÂÅÔ×ÅÅÎ ÔÈÁÔ ÏÆ ÔÈÅ ÓÙÍÍÅÔÒÙ ÃÁÓÅ ÆÏÒ "7ȟ 1 ÆÁÃÔÏÒ ÁÎÄ 3άΫȢ 

4ÈÅ ÅÆÆÅÃÔ ÏÆ ÔÈÅ ÃÏÁØÉÁÌ ÃÁÂÌÅ ÌÅÎÇÔÈ ×ÁÓ ÓÔÕÄÉÅÄȢ )ÍÐÏÒÔÕÎÁÔÅÌÙ ÈÅÒÅȟ ÔÈÅ ÎÕÍÂÅÒ ÏÆ ÒÅÓÏÎÁÎÔ 

ÆÒÅÑÕÅÎÃÉÅÓ ÓÈÏ×ÅÄ ÁÎ ÉÎÃÒÅÁÓÅ ×ÉÔÈ ÉÎÃÒÅÁÓÉÎÇ ÔÈÅ ÌÅÎÇÔÈ ÏÆ ÔÈÅ ÃÏÁØÉÁÌ ÃÁÂÌÅȢ &ÕÒÔÈÅÒÍÏÒÅȟ Á 

ÓÕÂÓÔÁÎÔÉÁÌ ÒÅÄÕÃÔÉÏÎ ÉÎ ÔÈÅ ÌÏÓÓ ÈÁÓ ÉÎÃÒÅÁÓÅÄ ÔÈÅ ÃÏÁØÉÁÌ ÌÅÎÇÔÈ ÆÏÒ ÔÈÅ ×ÈÏÌÅ ÆÒÅÑÕÅÎÃÙ ÒÁÎÇÅȢ  

! ÓÌÉÇÈÔ ÓÈÉÆÔ ÈÁÓ ÂÅÅÎ ÓÅÅÎ ×ÈÅÎ ÃÏÍÐÁÒÉÎÇ ÔÈÅ ÅØÐÅÒÉÍÅÎÔÁÌ ÄÁÔÁ ÓÅÔ ÕÐ ÏÆ ÁÉÒ ÁÎÄ ×ÁÔÅÒ 

ÓÁÍÐÌÅÓ ÆÏÒ ÔÈÅ ×ÈÏÌÅ ÒÁÎÇÅ ÏÆ ÆÒÅÑÕÅÎÃÙ ΪȢΫ ÔÏ ΰ '(Ú ÔÏ ÅÍÕÌÁÔÅ ÔÈÅ ÅØÐÅÒÉÍÅÎÔ ×ÏÒË 

ÂÅÈÁÖÉÏÕÒÓȢ -ÏÒÅÏÖÅÒȟ Á ÒÅÍÁÒËÁÂÌÅ ÄÉÆÆÅÒÅÎÃÅ ÓÈÏ×ÅÄ ÆÏÒ ÔÈÅ ÆÉÒÓÔ ÁÎÄ ÔÈÅ ÌÁÓÔ ÍÏÄÅ ɉΪȢέβ ÁÎÄ 

ίȢήέ '(ÚɊȟ ÒÅÓÐÅÃÔÉÖÅÌÙ ÁÎÄ Á ÓÉÇÎÉÆÉÃÁÎÔ ÄÉÆÆÅÒÅÎÃÅ ÏÎ ÃÏÍÐÁÒÉÎÇ ÔÈÅ ÓÔÏÃË ɉΪȢΫίή -Ɋ ÁÎÄ Ô×Ï 

ÄÉÌÕÔÉÏÎÓ ɉ#ΫКΪȢΪαα - ÁÎÄ #άКΪȢΪέγ -ɊȢ ! ÃÏÍÂÉÎÁÔÉÏÎ ÏÆ %ØÃÅÌ ÁÎÄ -!4,!" ÈÁÓ ÂÅÅÎ ÕÔÉÌÉÓÅÄ 

ÆÏÒ ÔÈÅ ÄÅȤÓËÅ×ÉÎÇ ÐÒÏÃÅÓÓ ÏÆ ÔÈÅ ÒÅÓÏÎÁÎÃÅ ÃÕÒÖÅÓȢ 
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Chapter 6  

6 MICROWAVE CAVITY TECHNIQUE  

 Introduction  

As Á ÍÅÁÎÓ ÏÆ ÒÅÆÅÒÅÎÃÅȟ ÔÈÅ ÃÏÍÐÌÅØ ÐÅÒÍÉÔÔÉÖÉÔÙ ÏÆ ÔÅÓÔ ÓÏÌÕÔÉÏÎÓ ÏÆ .Á#Ì ÁÎÄ 0ÏÌÙÓÔÙÒÅÎÅ 

ÓÕÓÐÅÎÓÉÏÎÓ ÁÒÅ ÍÅÁÓÕÒÅÄ ÕÓÉÎÇ ÔÈÅ ÃÁÖÉÔÙ ÐÅÒÔÕÒÂÁÔÉÏÎ ÔÅÃÈÎÉÑÕÅ ÕÔÉÌÉÓÉÎÇ ÔÈÅ ÃÙÌÉÎÄÒÉÃÁÌ ÃÁÖÉÔÙ 

ÒÅÓÏÎÁÔÏÒÓ ɉ##2ÓɊ ÕÓÅÄ ÂÙ ÒÅÓÅÁÒÃÈÅÒÓ ÁÔ ÔÈÅ #ÅÎÔÒÅ ÆÏÒ (ÉÇÈȤ&ÒÅÑÕÅÎÃÙ %ÎÇÉÎÅÅÒÉÎÇ ÁÔ #ÁÒÄÉÆÆ 

ɉ#(&%ɊȢ 4Ï ÒÅȤÃÁÐȟ ÔÈÅ ÉÎÓÅÒÔÉÏÎ ÌÏÓÓȟ ÒÅÓÏÎÁÎÔ ÆÒÅÑÕÅÎÃÙȟ ÁÎÄ ÒÅÓÏÎÁÎÃÅ ÂÁÎÄ×ÉÄÔÈ ÁÒÅ ÕÓÅÄ ÔÏ 

ÏÂÔÁÉÎ ÔÈÅ ÃÏÍÐÌÅØ ÐÅÒÍÉÔÔÉÖÉÔÙ ÏÆ ÔÈÅ ÍÁÔÅÒÉÁÌ ÕÎÄÅÒ ÔÅÓÔ ɉ-54ɊȢ 4ÏÇÅÔÈÅÒ ×ÉÔÈ ÒÅÌÁÔÉÖÅ 

ÍÅÁÓÕÒÅÍÅÎÔÓȟ ÔÈÉÓ ÃÁÎ ÐÒÏÖÉÄÅ Á ÍÅÁÓÕÒÅ ÏÆ ÔÈÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ .Á#Ì ÉÎ ÓÏÌÕÔÉÏÎ ÁÎÄ 

ÐÏÌÙÓÔÙÒÅÎÅ ÓÐÈÅÒÅÓ ÉÎ ÓÕÓÐÅÎÓÉÏÎ ɉ03ɊȢ 4ÈÅ .Á#Ì ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÁÎÄ ×ÁÔÅÒ ÃÏÎÔÅÎÔ ÏÆ ÃÅÌÌÓ ÃÁÎ 

ÄÉÆÆÅÒÅÎÔÉÁÔÅ ÂÅÔ×ÅÅÎ ÎÏÒÍÁÌ ÁÎÄ ÃÁÎÃÅÒÏÕÓ ÃÅÌÌÓ ɏΫΪαɐȢ 4ÈÅ ÒÏÌÅ ÏÆ 03 ÁÓ Á ÃÁÎÃÅÒ ÐÈÁÎÔÏÍ ÈÁÓ 

ÂÅÅÎ ÅØÐÌÁÉÎÅÄ ÉÎ ÓÅÃÔÉÏÎ άȢΫȢήȢΫȢ 4ÈÉÓ ÃÈÁÐÔÅÒ ×ÉÌÌ ÃÏÖÅÒ ÔÈÅ ÔÈÅÏÒÅÔÉÃÁÌ ÐÁÒÔ ɉÂÁÓÉÃ ÐÒÉÎÃÉÐÌÅ ÏÆ 

ÔÈÅ ÃÁÖÉÔÙȟ ÃÁÖÉÔÙ ÐÅÒÔÕÒÂÁÔÉÏÎ ÔÈÅÏÒÙɊȟ ÐÒÁÃÔÉÃÁÌ ÐÁÒÔ ɉÅØÐÅÒÉÍÅÎÔÁÌ ÍÅÁÓÕÒÅÍÅÎÔÓ ÕÓÉÎÇ ÃÁÖÉÔÙ 

ÁÎÄ %ÐÐÅÎÄÏÒÆ ÔÕÂÅ ÆÏÒ Ô×Ï ÓÁÍÐÌÅ ÐÒÅÐÁÒÁÔÉÏÎÓ ÃÏÍÍÅÒÃÉÁÌÌÙ ÏÂÔÁÉÎÅÄ ÓÁÌÉÎÅ ÁÎÄ ,ÁÂ ÐÒÅÐÁÒÅÄ 

ÓÁÌÉÎÅ ÁÎÄ ÐÏÌÙÓÔÙÒÅÎÅ ÓÐÈÅÒÅÓ ÉÎ ÓÕÓÐÅÎÓÉÏÎ ɉ03Ɋ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÁÎÄ ÏÔÈÅÒ ÅØÐÅÒÉÍÅÎÔÓ ÂÙ ÕÓÉÎÇ 

%ÐÐÅÎÄÏÒÆ ÌÏÎÇ ÔÈÉÎ ÔÕÂÅ ÆÏÒ ,ÁÂ ÐÒÅÐÁÒÅÄ ÓÁÌÉÎÅ ÁÎÄ 03 ÄÉÌÕÔÉÏÎÓɊ ÁÎÄ ÃÏÎÖÅÒÔÉÎÇ ÍÉÃÒÏ×ÁÖÅ 

ÍÅÁÓÕÒÅÍÅÎÔÓ ÔÏ ÐÅÒÍÉÔÔÉÖÉÔÙ ÁÎÄ ÆÉÎÁÌÌÙ ÅÎÈÁÎÃÅÄ ÅØÐÏÎÅÎÔÉÁÌ ÃÏÒÒÅÃÔÉÏÎ ÃÁÌÃÕÌÁÔÉÏÎȢ  

 Basic Principle of the  Cavity Resonator  

4Ï ÄÅÔÅÒÍÉÎÅ ÔÈÅ ÃÏÍÐÌÅØ ÐÅÒÍÉÔÔÉÖÉÔÙ ÏÆ Á -54 ÕÓÉÎÇ ÎÏÎȤÄÅÓÔÒÕÃÔÉÖÅ ÍÅÔÈÏÄÓȟ ÔÈÅ ÁÐÐÌÉÃÁÔÉÏÎ 

ÏÆ ÐÅÒÔÕÒÂÁÔÉÏÎ ÔÈÅÏÒÙ ÆÏÒ Á ÍÉÃÒÏ×ÁÖÅ ÃÁÖÉÔÙ ÃÁÎ ÂÅ ÕÓÅÄȢ 

4ÈÅ ÂÁÓÉÃ ÐÒÉÎÃÉÐÌÅ ÏÆ ÔÈÉÓ ÍÅÔÈÏÄ ÉÓ ÔÏ ÍÅÁÓÕÒÅ ÔÈÅ ÒÅÓÏÎÁÎÔ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃ ÏÆ Á ÈÏÌÌÏ× ÍÅÔÁÌ 

ÓÐÁÃÅ ×ÉÔÈ ÁÎÄ ×ÉÔÈÏÕÔ ÔÈÅ ÓÁÍÐÌÅ ÉÎÓÉÄÅȟ ÁÓ ÓÈÏ×Î ÉÎ &ÉÇÕÒÅ ΰȤΫȢ4ÈÉÓ ÈÏÌÌÏ× ÇÅÏÍÅÔÒÙ ÃÁÎ ÂÅ 

ÒÅÃÔÁÎÇÕÌÁÒȟ ÃÙÌÉÎÄÒÉÃÁÌ ÏÒ ÓÐÈÅÒÉÃÁÌȟ ÁÎÄ ÔÈÅ ÒÅÓÏÎÁÎÔ ÆÒÅÑÕÅÎÃÙ ÏÆ ÔÈÅ ÃÁÖÉÔÙ ÉÓ ÄÅÔÅÒÍÉÎÅÄ ÂÙ 

ÔÈÅ ÇÅÏÍÅÔÒÙȢ )Î ÔÈÉÓ ÈÏÌÌÏ× ÒÅÇÉÏÎȟ ÔÈÅ ÓÁÍÐÌÅ ɉ-54Ɋ ÃÁÎ ÐÅÒÔÕÒÂ ÔÈÅ ÅÌÅÃÔÒÏÍÁÇÎÅÔÉÃ ÓÔÁÎÄÉÎÇ 

×ÁÖÅÓ ×ÉÔÈÉÎ ÔÈÅ ÂÏÕÎÄÁÒÉÅÓ ÏÆ ÔÈÉÓ ÓÐÁÃÅȟ ÃÏÎÔÁÉÎÉÎÇ ÂÏÔÈ ÎÏÄÅÓ ÁÎÄ ÁÎÔÉȤÎÏÄÅÓ ÉÎ ÔÈÅ % ÁÎÄ (Ȥ 

ÆÉÅÌÄ ÄÅÐÅÎÄÉÎÇ ÕÐÏÎ ÔÈÅ ×ÁÖÅÌÅÎÇÔÈȢ &ÏÒ Á ÒÅÃÔÁÎÇÕÌÁÒ ÓÐÁÃÅȟ ÔÈÅ ÓÔÁÎÄÉÎÇ ×ÁÖÅÓ ÁÒÅ ÄÅÐÅÎÄÅÎÔ 

ÕÐÏÎ ÓÉÎÕÓÏÉÄÓȟ ×ÈÅÒÅÁÓ ÃÕÒÖÅÄ ÓÐÁÃÅÓ ÁÒÅ ÄÅÐÅÎÄÅÎÔ ÕÐÏÎ "ÅÓÓÅÌ ÆÕÎÃÔÉÏÎÓ ɏΫέίɐȢ 

!Ó Á ÒÅÓÕÌÔȟ ÃÈÁÎÇÅÓ ÉÎ ÔÈÅ ÒÅÓÏÎÁÎÔ ÆÒÅÑÕÅÎÃÙȟ ÂÁÎÄ×ÉÄÔÈȟ ÁÎÄ ÉÎÓÅÒÔÉÏÎ ÌÏÓÓ ÏÃÃÕÒ ÁÎÄ ÁÒÅ 

ÒÅÌÁÔÅÄ ÔÏ ÔÈÅ ÍÁÔÅÒÉÁÌΈÓ ÅÌÅÃÔÒÉÃ ÏÒ ÍÁÇÎÅÔÉÃ ÐÒÏÐÅÒÔÉÅÓȢ 4ÈÅÓÅ ÐÒÏÐÅÒÔÉÅÓ ÃÁÎ ÂÅ ÍÅÁÓÕÒÅÄ 

ÉÎÄÅÐÅÎÄÅÎÔÌÙ ÄÅÐÅÎÄÉÎÇ ÏÎ ×ÈÅÔÈÅÒ ÔÈÅ ÐÅÒÔÕÒÂÁÔÉÏÎ ÏÃÃÕÒÓ ÉÎ Á ÒÅÇÉÏÎ ÏÆ Á ÈÉÇÈ ÅÌÅÃÔÒÉÃ ÏÒ 

ÈÉÇÈ ÍÁÇÎÅÔÉÃ ÆÉÅÌÄȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 
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3ÏȤÃÁÌÌÅÄ ÔÒÁÎÓÖÅÒÓÅ ÍÏÄÅÓ ÏÃÃÕÒ ÂÅÃÁÕÓÅ ÏÆ ÂÏÕÎÄÁÒÙ ÃÏÎÄÉÔÉÏÎÓ ÉÍÐÏÓÅÄ ÏÎ ÔÈÅ ×ÁÖÅ ÂÙ ÔÈÅ 

×ÁÖÅÇÕÉÄÅ ɉÃÁÖÉÔÙɊȢ &ÏÒ ÉÎÓÔÁÎÃÅȟ ÉÎ Á ÈÏÌÌÏ× ÍÅÔÁÌ ×ÁÖÅÇÕÉÄÅȟ ÔÈÅ ×ÁÖÅ ÍÕÓÔ ÈÁÖÅ ÚÅÒÏ 

ÔÁÎÇÅÎÔÉÁÌ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄ ÁÔ ×ÁÖÅÇÕÉÄÅ ×ÁÌÌÓȢ 4ÈÅ ÐÁÔÔÅÒÎ ÏÆ ÔÈÅ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄ ÉÓ ÔÈÅÎ ÒÅÓÔÒÉÃÔÅÄ ÔÏ 

ÔÈÁÔ ×ÈÉÃÈ ÃÁÎ ÆÉÔ ÂÅÔ×ÅÅÎ ÔÈÅ ×ÁÌÌÓ ɉÑÕÁÎÔÉÚÁÔÉÏÎɊȢ 4ÈÅ ×ÁÖÅÇÕÉÄÅ ÍÏÄÅÓ ÃÁÎ ÂÅ ÃÌÁÓÓÉÆÉÅÄ ÁÓ 

4ÒÁÎÓÖÅÒÓÅ ÅÌÅÃÔÒÏÍÁÇÎÅÔÉÃ ɉ4%-Ɋ ÍÏÄÅÓȠ ÈÅÒÅȟ ÔÈÅÒÅ ÉÓ ÎÅÉÔÈÅÒ ÁÎ ÅÌÅÃÔÒÉÃ ÎÏÒ ÍÁÇÎÅÔÉÃ ÆÉÅÌÄ 

ÃÏÍÐÏÎÅÎÔ ÉÎ ÔÈÅ ÄÉÒÅÃÔÉÏÎ ÏÆ ÐÒÏÐÁÇÁÔÉÏÎȢ 4ÒÁÎÓÖÅÒÓÅ ÅÌÅÃÔÒÉÃ ɉ4%Ɋ ÍÏÄÅÓȟ ×ÈÅÒÅ ÔÈÅÒÅ ÉÓ ÎÏ 

ÅÌÅÃÔÒÉÃ ÆÉÅÌÄ ÃÏÍÐÏÎÅÎÔ ÉÎ ÔÈÅ ÄÉÒÅÃÔÉÏÎ ÏÆ ÐÒÏÐÁÇÁÔÉÏÎȢ 4ÒÁÎÓÖÅÒÓÅ ÍÁÇÎÅÔÉÃ ɉ4-Ɋ ÍÏÄÅÓ ÈÁÖÅ 

ÎÏ ÍÁÇÎÅÔÉÃ ÆÉÅÌÄ ÃÏÍÐÏÎÅÎÔ ÉÎ ÔÈÅ ÄÉÒÅÃÔÉÏÎ ÏÆ ÐÒÏÐÁÇÁÔÉÏÎȢ &ÉÎÁÌÌÙȟ ÔÈÅÒÅ ÁÒÅ ÈÙÂÒÉÄ ÍÏÄÅÓȟ 

ÎÏÎȤÚÅÒÏ ÅÌÅÃÔÒÉÃ ÁÎÄ ÍÁÇÎÅÔÉÃ ÆÉÅÌÄÓ ÉÎ ÔÈÅ ÄÉÒÅÃÔÉÏÎ ÏÆ ÐÒÏÐÁÇÁÔÉÏÎȢ 

4ÈÅ ÃÁÖÉÔÙ ÍÅÁÓÕÒÅÍÅÎÔÓ ÃÁÎ ÂÅ ÈÉÇÈÌÙ ÓÅÎÓÉÔÉÖÅ Ï×ÉÎÇ ÔÏ ÔÈÅ ÐÏÔÅÎÔÉÁÌÌÙ ÈÉÇÈ 1 ÆÁÃÔÏÒÓȟ ×ÈÉÃÈ 

ÁÒÅ ÄÕÅ ÔÏ ÔÈÅ ÈÉÇÈ ÄÅÎÓÉÔÙ ÏÆ ÅÌÅÃÔÒÏÍÁÇÎÅÔÉÃ ÅÎÅÒÇÙ ÓÔÏÒÅÄ ÉÎ ÔÈÅ ÓÐÁÃÅ ÄÕÅ ÔÏ ÔÈÅ ÈÉÇÈ 

ÒÅÆÌÅÃÔÉÖÉÔÙ ÏÆ ÔÈÅ ÍÅÔÁÌ ×ÁÌÌÓ ÁÎÄ ÍÉÎÉÍÁÌ ÓÕÒÆÁÃÅ ÃÕÒÒÅÎÔ ÌÏÓÓÅÓ ɏΫήβȟ ΫήγɐȢ !ÌÓÏȟ ÔÈÅ ÈÉÇÈÅÓÔ 

ÓÅÎÓÉÔÉÖÉÔÙ ÏÃÃÕÒÓ ×ÈÅÎ ÔÈÅ ÓÁÍÐÌÅ ÉÓ ÐÌÁÃÅÄ ÐÁÒÁÌÌÅÌ ÔÏ ÔÈÅ ÆÉÅÌÄȢ 

 

 

 
 Cavity Perturbation Theory  

#ÁÖÉÔÙ ÐÅÒÔÕÒÂÁÔÉÏÎ ÃÁÎ ÂÅ ÄÅÓÃÒÉÂÅÄ ÁÓ Á ÔÅÃÈÎÉÑÕÅ ÆÏÒ ÍÅÁÓÕÒÉÎÇ ÔÈÅ ÖÁÒÉÁÔÉÏÎ ÉÎ ÔÈÅ ÅÌÅÃÔÒÉÃ 

ÁÎÄ ÍÁÇÎÅÔÉÃ ÆÉÅÌÄÓ ÃÁÕÓÅÄ ×ÈÅÎ ÉÎÓÅÒÔÉÎÇ Á ÓÁÍÐÌÅ ÉÎÔÏ ÔÈÅ ÒÅÓÏÎÁÔÏÒȢ )Î ÏÕÒ ÒÅÓÅÁÒÃÈȟ ÔÈÅ 

ÍÁÇÎÅÔÉÃ ÆÉÅÌÄ ÉÎÔÅÒÁÃÔÉÏÎÓ ÁÒÅ ÉÇÎÏÒÅÄ ÓÉÎÃÅ ÎÏÎÅ ÏÆ ÔÈÅ ÍÁÔÅÒÉÁÌÓ ÓÔÕÄÉÅÄ ÈÅÒÅ ÈÁÖÅ ÍÁÇÎÅÔÉÃ 

ÐÅÒÍÅÁÂÉÌÉÔÙȢ 4ÈÅÒÅÆÏÒÅȟ ÔÈÉÓ ÓÅÃÔÉÏÎ ×ÉÌÌ ÆÏÃÕÓ ÏÎ ÔÈÅ ÄÉÅÌÅÃÔÒÉÃ ÆÉÅÌÄ ÔÈÅÏÒÙȢ 4ÈÅ ÓÉÍÐÌÅÓÔ ×ÁÙ ÔÏ 

ÕÎÄÅÒÓÔÁÎÄ ÔÈÉÓ ÉÓ ÔÈÒÏÕÇÈ ÔÈÅ ÄÅÒÉÖÁÔÉÏÎ ÏÆ %ÑÕÁÔÉÏÎÓ ÆÏÒ ÏÂÔÁÉÎÉÎÇ ÔÈÅ ÃÏÍÐÌÅØ ÐÅÒÍÉÔÔÉÖÉÔÙȟ 

ÓÔÁÒÔÉÎÇ ×ÉÔÈȡ 

Figure 6-1: The physical cavity principle. 
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Ўό

ρ

ς
 ὴὉ  

 

(6-1) 

(ÅÒÅ Ўό ÉÓ Á ÃÈÁÎÇÅ ÉÎ ÔÈÅ ÅÎÅÒÇÙ ÏÆ ÔÈÅ ÒÅÓÏÎÁÔÏÒȟ ὴ ÉÓ ÔÈÅ ÐÏÌÁÒÉÚÁÔÉÏÎ ÏÆ ÔÈÅ ÍÁÔÅÒÉÁÌ ÉÎÓÉÄÅ ÔÈÅ 

ÒÅÓÏÎÁÔÏÒ ÁÎÄ Ὁ ÉÓ ÔÈÅ ÅØÔÅÒÎÁÌÌÙ ÁÐÐÌÉÅÄ ÅÎÅÒÇÙȢ 4ÈÅ ÃÈÁÎÇÅ ÉÓ ×ÉÔÈ ÒÅÓÐÅÃÔ ÔÏ Á ÒÅÓÏÎÁÔÏÒ ÃÁÖÉÔÙ 

×ÉÔÈ ÎÏ ÍÁÔÅÒÉÁÌ ÉÎÓÉÄÅȟ ÔÈÅ ÓÏȤÃÁÌÌÅÄ ÕÎȤÌÏÁÄÅÄ ÃÁÖÉÔÙȢ 

4ÈÅ ÒÅÁÌ ÐÁÒÔ ɉὙ ὴὉ  ÒÅÐÒÅÓÅÎÔÓ ÔÈÅ ÓÈÉÆÔ ÉÎ ÔÈÅ ÒÅÓÏÎÁÎÔ ÆÒÅÑÕÅÎÃÙ ɉ
Ў
Ɋ ÁÎÄ ×ÈÉÃÈ 

ÃÏÒÒÅÓÐÏÎÄÓ ÔÏ ÔÈÅ ÓÔÏÒÅÄ ÅÎÅÒÇÙ ÉÎ ÔÈÅ ÒÅÓÏÎÁÔÏÒȢ 4ÈÅ ÉÍÁÇÉÎÁÒÙ ÐÁÒÔ Ὅ  ὴὉ  ÒÅÐÒÅÓÅÎÔÓ ÔÈÅ 

ÐÈÁÓÅ ÌÁÇ ÏÆ ÔÈÅ ÍÁÔÅÒÉÁÌ ÁÓ ÉÔÓ ÐÏÌÁÒÉÚÁÔÉÏÎ ÔÒÉÅÓ ÔÏ ÍÁÉÎÔÁÉÎ ÁÌÉÇÎÍÅÎÔ ×ÉÔÈ ÔÈÅ ÅØÔÅÒÎÁÌÌÙ 

ÁÐÐÌÉÅÄ ÆÉÅÌÄȢ 4ÈÉÓ ÉÓ ÄÅÆÉÎÅÄ ÁÓ Á ÓÈÉÆÔ ÉÎ ÔÈÅ ÒÅÃÉÐÒÏÃÁÌ 1 ÆÁÃÔÏÒ ÏÆ ÔÈÅ ÒÅÓÏÎÁÔÏÒ Ў  ÁÎÄ 

ÃÏÒÒÅÓÐÏÎÄÓ ÔÏ ÔÈÅ ÐÏ×ÅÒ ÄÉÓÓÉÐÁÔÅÄȢ 

7ÈÅÎ ÁÎ ÅØÔÅÒÎÁÌÌÙ ÁÐÐÌÉÅÄ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄ Ὁȟ ÐÁÓÓÅÓ ÔÈÒÏÕÇÈ Á ÄÉÅÌÅÃÔÒÉÃ ÍÁÔÅÒÉÁÌȟ ÔÈÅ ÆÉÅÌÄ ÉÎÓÉÄÅ 

ÔÈÅ ÍÁÔÅÒÉÁÌ ÃÁÎ ÂÅ ÅØÐÒÅÓÓÅÄ ÁÓȡ 

 
Ὁ

Ὁ

ρ ὔ‐ ρ
 

 

(6-2) 

7ÈÅÒÅ . ÉÓ Á ÄÅÐÏÌÁÒÉÓÁÔÉÏÎ ÆÁÃÔÏÒ ÔÈÁÔ ÄÅÐÅÎÄÓ ÏÎ ÔÈÅ ÇÅÏÍÅÔÒÙ ÏÆ ÔÈÅ ÍÁÔÅÒÉÁÌ ÁÎÄ ‐ ÉÓ ÔÈÅ 

ÃÏÍÐÌÅØ ÐÅÒÍÉÔÔÉÖÉÔÙȢ )Î ÔÅÒÍÓ ÏÆ ÐÏÌÁÒÉÓÁÔÉÏÎȟ ÔÈÉÓ ÃÁÎ ÂÅ ÅØÐÒÅÓÓÅÄ ÁÓȡ 

 ὴ ‐ ‐ ρὉ ὠ (6-3) 

7ÈÅÒÅ ὠ ÁÎÄ ‐ ÁÒÅ ÔÈÅ ÖÏÌÕÍÅ ÓÁÍÐÌÅ ÁÎÄ ÐÅÒÍÉÔÔÉÖÉÔÙ ÏÆ ÆÒÅÅ ÓÐÁÃÅȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 

 

Substituting Equation 6-2 gives: 

 
ὴ

‐ ‐ ρ 

ρ ὔ‐ ρ
 Ὁὠ 

(6-4) 

7Å ÍÁÙ ÎÏ× ÕÔÉÌÉÓÅ ÔÈÉÓ ÔÏ ÄÅÆÉÎÅ ÔÈÅ ÓÔÏÒÅÄ ÅÎÅÒÇÙ ÐÁÒÁÍÅÔÅÒȡ 

 ЎὪ

Ὢ

ὙὩ ὴ Ὁ 

τ ό
                      

 

(6-5) 

7ÈÅÒÅȟ 
ό
ρ

ς
 ‐ ὉὨὠ                

 

(6-6) 
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4ÈÅÎȟ ЎὪ

Ὢ

ὙὩ ὴ Ὁ 

ς‐᷿ὉὨὠ
                     

 

(6-7) 

'ÉÖÉÎÇȟ 
                     

‐ ‐ ρ|Ὁ|

ς ‐ ρ ὔ‐ ρ   ᷿ ὉὨὠ
 

(6-8) 

(ÅÒÅ 
| |

᷿
 ÒÅÐÒÅÓÅÎÔÓ ÔÈÅ ÓÁÍÐÌÅ ÖÏÌÕÍÅὠȟ ÈÏ×ÅÖÅÒ 

᷿

| |
  ÒÅÐÒÅÓÅÎÔÓ ÅÆÆÅÃÔÉÖÅ ÖÏÌÕÍÅ ὠ  

 ЎὪ

Ὢ
ḙ Ὑ

‐ ρ

ρ ὔ‐ ρ

ὠ

ςὠ
 

 

(6-9) 

7ÈÅÒÅ ὠ ÉÓ ÔÈÅ ÓÁÍÐÌÅ ÖÏÌÕÍÅ ÁÎÄ ὠ  ÉÓ ÔÈÅ ÅÆÆÅÃÔÉÖÅ ÖÏÌÕÍÅȢ ‐ %ÑÕÁÌÓ ‐ ɀὮ‐ᴂ. 

&ÏÒ ÌÏÎÇ ÔÈÉÎ ÓÁÍÐÌÅÓȟ ×Å ÃÁÎ ÁÓÓÕÍÅ ÔÈÁÔ .КΪȢ 7ÉÔÈ ÔÈÉÓ ÓÉÍÐÌÉÆÉÃÁÔÉÏÎȟ ÅÎÅÒÇÙ ÓÔÏÒÁÇÅ 

ÍÅÃÈÁÎÉÓÍÓ ÁÒÅ ÍÅÁÓÕÒÅÄ ÔÈÒÏÕÇÈ ÔÈÅ ÒÅÁÌ ÐÁÒÔ ‐ ɉÆÒÅÑÕÅÎÃÙɊ ÁÎÄ ÁÎÙ ÅÎÅÒÇÙ ÌÏÓÓ ÍÅÃÈÁÎÉÓÍÓ 

ÁÒÅ ÍÅÁÓÕÒÅÄ ÔÈÒÏÕÇÈ ÔÈÅ ÉÍÁÇÉÎÁÒÙ ÐÁÒÔ ‐ᴂ ɉÑÕÁÌÉÔÙ ÆÁÃÔÏÒɊ ÁÓ ÅØÐÒÅÓÓÅÄ ÉÎ ÔÈÅ %ÑÕÁÔÉÏÎÓ ÂÅÌÏ×ȡ 

 ЎὪ

Ὢ
‐ᴂ ρ

ὠ

ςὠ
 

 

 

(6-10) 

 

 
        Ў

ρ

ὗ

ρ

ὗ

ρ

ὗ
‐ᴂᴂ
ὠ

ὠ
    

 

(6-11) 

Where ╠╛ is the loaded quality factor and ╠  is the unloaded quality factor.  

 

 Experimental Measurements Using Cylindrical 

Cavity Resonators  

 Introduction  

7ÈÉÌÓÔ ÔÈÅ ÕÓÅ ÏÆ ##2Ó ÉÓ ×ÅÌÌ ÅÓÔÁÂÌÉÓÈÅÄ ÉÎ ÄÉÓÔÉÎÇÕÉÓÈÉÎÇ ÖÁÒÉÏÕÓ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÏÆ ÔÈÅ ÎÏÒÍÁÌ 

ÓÁÌÉÎÅ ÁÎÄ ÔÈÅ ÓÕÓÐÅÎÓÉÏÎ ÐÏÌÙÓÔÙÒÅÎÅȟ ÔÈÅÙ ÁÒÅ ÏÆÔÅÎ ÅØÔÒÅÍÅÌÙ ÓÅÎÓÉÔÉÖÅ ÔÏ ÅØÔÅÒÎÁÌ ÆÁÃÔÏÒÓ ÓÕÃÈ 

ÁÓ ÔÅÍÐÅÒÁÔÕÒÅȟ ÍÏÖÅÍÅÎÔȟ ÁÎÄ ÓÁÍÐÌÅ ÃÈÁÎÇÅÓȢ 4ÈÅ ÄÅÓÃÒÉÐÔÉÏÎÓ ÔÈÁÔ ÆÏÌÌÏ× ×ÏÕÌÄ ÎÏÔ ÂÅ 
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ÃÏÍÐÌÅÔÅ ×ÉÔÈÏÕÔ Á ÓÅÃÔÉÏÎ ÈÉÇÈÌÉÇÈÔÉÎÇ ÔÈÅ ÉÎÈÅÒÅÎÔ ÄÉÆÆÉÃÕÌÔÉÅÓ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÐÅÒÆÏÒÍÉÎÇ 

ÔÈÅÓÅ ÅØÐÅÒÉÍÅÎÔÓȢ 

 Sample Preparation, Correction Solutions and 

Measurements  

4ÈÉÓ ÓÅÃÔÉÏÎ ×ÉÌÌ ÃÏÖÅÒ ÔÈÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ÏÎ ÃÏÍÍÅÒÃÉÁÌÌÙ ÏÂÔÁÉÎÅÄ ÓÁÌÉÎÅȟ ÄÅÔÅÃÔÉÏÎ ÌÉÍÉÔÓ ÁÎÄ 

ÓÁÍÐÌÅ ÃÌÁÓÓÉÆÉÃÁÔÉÏÎ ÁÎÄ ÍÅÁÓÕÒÅÍÅÎÔÓ ÏÆ ÌÁÂ ÐÒÅÐÁÒÅÄ ÓÁÌÉÎÅ ÄÉÌÕÔÉÏÎÓȢ 

 Measurements on Commercially Obtained 

Saline  

4ÈÅ ÎÏÒÍÁÌ ÓÁÌÉÎÅ ɉÓÏÄÉÕÍ ÃÏÎÃÅÎÔÒÁÔÉÏÎɊ ÐÌÁÙ ÁÎ ÅÓÓÅÎÔÉÁÌ ÒÏÌÅ ÉÎ ÄÅÔÅÃÔÉÎÇ ÃÁÎÃÅÒ ÁÓ $ÁÍÁÄÉÁÎ 

ÆÏÕÎÄ ÔÈÁÔ ÔÕÍÏÕÒ ÃÅÌÌÓ ÈÁÖÅ ÍÏÒÅ ÓÏÄÉÕÍ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÉÎ ÃÏÍÐÁÒÉÓÏÎ ÔÏ ÔÈÅ ÎÏÒÍÁÌ ÃÅÌÌÓ ɏββɐȢ 

4ÈÕÓȟ ÔÈÅ ÆÉÒÓÔ ÉÍÐÒÅÓÓÉÏÎ ÉÓ ÔÏ ÔÅÓÔ ÔÈÅ ÐÅÒÆÏÒÍÁÎÃÅ ÏÆ ÏÕÒ ÓÙÓÔÅÍ ÆÏÒ ÄÅÔÅÃÔÉÎÇ ×ÉÔÈ ÔÈÅ 

ÃÏÍÍÅÒÃÉÁÌ ÓÔÏÃË ÏÆ ÎÏÒÍÁÌ ÓÁÌÉÎÅȢ 4ÈÉÓ ÓÅÃÔÉÏÎ ×ÉÌÌ ÃÏÎÓÉÓÔ ÏÆ ÔÈÅ ÐÒÅÐÁÒÁÔÉÏÎ ÄÉÌÕÔÉÏÎ ÓÔÅÐÓȟ 

ÃÏÒÒÅÃÔÉÏÎ ÓÔÅÐÓ ÁÎÄ ÒÅÓÕÌÔÓ ÆÏÒ ÃÏÍÍÅÒÃÉÁÌ ÏÂÔÁÉÎÅÄ ÓÁÌÉÎÅȢ 

 Preparation  Dilution Steps  from 

Commercial Obtained Saline  

! ÒÁÎÇÅ ÏÆ ÓÁÌÉÎÅ ÄÉÌÕÔÉÏÎÓ ɉΪȢήί ÔÏ ίȢήγ%ȤΪίɊ Г ×ȾÖ ÏÒ ɉΪȢΪαα ÔÏ γȢήΪΪ%ȤΪΰɊ -ÏÌÁÒÉÔÙ ×ÅÒÅ 

ÐÒÅÐÁÒÅÄ ÆÒÏÍ ÔÈÅ ÏÒÉÇÉÎÁÌ ÓÔÏÃË ΪȢγГ ×ȾÖ ɉΪȢΫίή -Ɋ ÁÎÄ ÐÕÒÃÈÁÓÅÄ ÆÒÏÍ "ÏÏÔȭÓ 0ÈÁÒÍÁÃÙȢ 4ÈÅ 

ÈÁÌÆ ÄÉÌÕÔÉÏÎ ÔÅÃÈÎÉÑÕÅ ÈÁÓ ÂÅÅÎ ÁÐÐÌÉÅÄ ÆÏÒ ÔÈÅ ÐÒÅÐÁÒÁÔÉÏÎ ÏÆ ÁÌÍÏÓÔ ÁÌÌ ÓÁÍÐÌÅÓ ÍÅÎÔÉÏÎÅÄ ÉÎ 

ÔÈÉÓ ÔÈÅÓÉÓȢ &ÉÇÕÒÅ ΰȤά ÉÌÌÕÓÔÒÁÔÅÓ ÔÈÅ ÄÉÌÕÔÉÏÎ ÓÔÅÐÓȢ &ÏÒ ÐÒÅÃÉÓÅ ÐÒÅÐÁÒÁÔÉÏÎÓȟ ÁÎ ÅÌÅÃÔÒÏÎÉÃ ÂÁÌÁÎÃÅ 

×ÁÓ ÕÓÅÄ ÆÏÒ ÃÈÅÃËÉÎÇ ÔÈÅ ×ÅÉÇÈÔ ÁÔ ÅÁÃÈ ÓÔÅÐȢ 3ÍÁÌÌ ÓÁÌÉÎÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÈÁÖÅ ÂÅÅÎ ÐÒÅÐÁÒÅÄ ÉÎ 

ÁÎ ÁÔÔÅÍÐÔ ÔÏ ÐÒÏÖÉÄÅ Á ÍÅÁÎÓ ÆÏÒ ÉÄÅÎÔÉÆÙÉÎÇ ÄÅÔÅÃÔÉÏÎ ÌÉÍÉÔÓ ÁÎÄ ×ÉÌÌ ÌÅÁÄ ÔÏ ÄÅÖÅÌÏÐÉÎÇ Á ÓÅÎÓÏÒ 

ÔÏ ÐÏÔÅÎÔÉÁÌÌÙ ÄÅÔÅÃÔ ÃÁÎÃÅÒ ÉÎ ÖÉÖÏȢ 

 

 

 

Figure 6-2: The preparation dilution steps from Commercial obtained Saline. 
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 Correction Steps for Commercial 

Obtained Saline  

4ÈÅ ÍÅÁÓÕÒÅÍÅÎÔ ÏÆ ÔÈÅ ÍÉÃÒÏ×ÁÖÅ ÃÁÖÉÔÙ ÐÅÒÔÕÒÂÁÔÉÏÎ ÔÅÃÈÎÉÑÕÅ ÁÆÆÅÃÔÉÎÇ ÂÙ ÆÁÃÔÏÒÓ ÄÕÅ ÔÏ Á 

ÔÅÍÐÅÒÁÔÕÒÅ ÃÈÁÎÇÅ ÓÕÃÈ ÁÓ ÅÎÖÉÒÏÎÍÅÎÔÁÌ ÃÈÁÎÇÅÓ ÏÒ ÅØÏÔÈÅÒÍÉÃȾ ÅÎÄÏÔÈÅÒÍÉÃ ÃÈÅÍÉÃÁÌ 

ÒÅÁÃÔÉÏÎÓ ×ÉÔÈÉÎ ÔÈÅ ÓÁÍÐÌÅ ɏΫίΪȤΫίέɐȢ 4ÈÅ ÃÈÁÎÇÅ ÉÎ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ÁÆÆÅÃÔÉÎÇ ÔÈÅ ÃÁÖÉÔÙ 

ÇÅÏÍÅÔÒÙ ×ÈÉÃÈ ÉÓ ÔÈÅ ÆÕÎÃÔÉÏÎ ÏÆ ÍÅÁÓÕÒÉÎÇ ÔÈÅ ÒÅÓÏÎÁÎÔ ÆÒÅÑÕÅÎÃÙ ÁÎÄ ÔÈÅ ÂÁÎÄ×ÉÄÔÈ ÏÆ ÔÈÅ 

ÃÁÖÉÔÙȢ 4ÈÅÒÅÆÏÒÅȟ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ÏÆ ÔÈÅ ÃÁÖÉÔÙ ÁÎÄ ÔÈÅ ÅÎÖÉÒÏÎÍÅÎÔ ÁÒÅ ÒÏÕÔÉÎÅÌÙ ÒÅÃÏÒÄÅÄ 

ÄÕÒÉÎÇ ÁÌÌ ÔÈÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ÍÁÄÅ ÉÎ ÔÈÉÓ ÓÔÕÄÙȟ ÁÎÄ ×ÈÅÒÅ ÐÏÓÓÉÂÌÅȟ ÔÈÅ ÅÆÆÅÃÔ ÏÆ ÔÅÍÐÅÒÁÔÕÒÅ 

ÈÁÓ ÂÅÅÎ ÃÏÍÐÅÎÓÁÔÅÄ ÆÏÒȢ (Ï×ÅÖÅÒȟ ÔÈÅÒÅ ÁÒÅ Á ÎÕÍÂÅÒ ÏÆ ÓÉÔÕÁÔÉÏÎÓ ÔÈÁÔ ÍÁËÅ ÍÅÁÓÕÒÉÎÇ 

ÔÅÍÐÅÒÁÔÕÒÅ ÑÕÉÔÅ ÄÉÆÆÉÃÕÌÔȢ )Î ÔÈÅ ÆÉÒÓÔ ÉÎÓÔÁÎÃÅȟ ÔÈÅ ÓÁÍÐÌÅΈÓ ÔÅÍÐÅÒÁÔÕÒÅ ÃÁÎ ÏÆÔÅÎ ÂÅ ÄÉÆÆÅÒÅÎÔ 

ÆÒÏÍ ÔÈÁÔ ÏÆ ÔÈÅ ÒÅÓÏÎÁÔÏÒȢ 3ÉÍÐÌÙ ÂÅÃÁÕÓÅ ÔÈÅ ÓÁÍÐÌÅÓ ÎÅÅÄ ÔÏ ÂÅ ÈÁÎÄÌÅÄȟ ÍÅÁÎÓ ÔÈÁÔ ÔÈÅ 

ÓÁÍÐÌÅ ÔÅÍÐÅÒÁÔÕÒÅ ÉÓ ÏÆÔÅÎ ÅÌÅÖÁÔÅÄ ÂÅÆÏÒÅ ÔÈÅ ÓÁÍÐÌÅ ÉÓ ÐÌÁÃÅÄ ÉÎÔÏ ÔÈÅ ÃÁÖÉÔÙȢ 5ÎÆÏÒÔÕÎÁÔÅÌÙȟ 

ÄÉÒÅÃÔÌÙ ÍÅÁÓÕÒÉÎÇ ÔÈÉÓ ÁÃÃÕÒÁÔÅÌÙ ÉÓ ÎÏÔ ÐÏÓÓÉÂÌÅȢ (Ï×ÅÖÅÒȟ Á ×ÁÒÍ ÓÁÍÐÌÅ ÏÎÃÅ ÐÌÁÃÅÄ ÉÎÔÏ ÔÈÅ 

ÃÁÖÉÔÙ ÄÉÓÐÌÁÙÓ Á ÖÅÒÙ ÄÉÓÔÉÎÃÔÉÖÅ ÅØÐÏÎÅÎÔÉÁÌ ÃÏÏÌÉÎÇ ×ÈÉÃÈȟ ÏÆÔÅÎȟ ÃÁÎ ÅÁÓÉÌÙ ÂÅ ÃÏÍÐÅÎÓÁÔÅÄ ÆÏÒȢ 

$ÅÔÁÉÌÓ ÏÆ ÔÈÉÓ ÐÁÒÔÉÃÕÌÁÒ ÁÓÐÅÃÔ ÏÆ ÄÁÔÁ ÃÏÒÒÅÃÔÉÏÎ ×ÉÌÌ ÂÅ ÐÒÅÓÅÎÔÅÄ ÌÁÔÅÒ ÉÎ ÓÅÃÔÉÏÎ ΪȢ !ÎÏÔÈÅÒ 

ÁÓÐÅÃÔ ÏÆ ÄÁÔÁ ÃÏÒÒÅÃÔÉÏÎ ×ÁÓ ÄÉÓÃÏÖÅÒÅÄ ÆÏÌÌÏ×ÉÎÇ ÔÈÅ ÏÂÓÅÒÖÁÔÉÏÎ ÏÆ ÍÁÎÙ ÒÅÐÅÁÔÅÄ ÅØÐÅÒÉÍÅÎÔÓ 

ÁÎÄ ÉÓ ÈÉÇÈÌÉÇÈÔÅÄ ÂÅÌÏ×Ȣ &ÉÎÁÌÌÙȟ ÂÙ ÖÉÒÔÕÅ ÏÆ ÔÈÅ ÆÁÃÔ ÔÈÁÔ ÔÈÅ ##2 ÉÓ ÍÕÌÔÉȤÍÏÄÅȟ ÔÈÅÒÅ ÁÒÅ 

ÒÅÓÏÎÁÎÔ ÍÏÄÅÓ ÔÈÁÔ ÃÁÎ ÉÎÔÅÒÁÃÔ ×ÉÔÈ ÔÈÅ ÓÁÍÐÌÅ ÖÏÌÕÍÅ ɉÔÈÅ ÓÅÎÓÉÎÇ ÍÏÄÅÓɊ ÁÎÄ ÔÈÏÓÅ ÔÈÁÔ 

ÄÏÎȭÔ ÉÎÔÅÒÁÃÔ ×ÉÔÈ ÔÈÅ ÓÁÍÐÌÅ ÖÏÌÕÍÅ ɉÒÅÆÅÒÅÎÃÅ ÍÏÄÅÓɊȢ 4ÈÅÒÅ ÁÒÅ Ô×Ï ÄÉÓÔÉÎÃÔ ÍÏÄÅÓ ÔÈÁÔ ÔÈÉÓ 

ÐÁÒÔÉÃÕÌÁÒ ÃÁÖÉÔÙ ÒÅÓÏÎÁÔÅÓ ÁÔȢ /ÎÅ ÉÎÔÅÒÁÃÔÓ ÓÔÒÏÎÇÌÙ ×ÉÔÈ ÔÈÅ ÓÁÍÐÌÅȡ ÔÈÅ 4-ΪΫΪ %ȤÆÉÅÌÄ ÍÏÄÅ ÁÔ 

άȢήγά '(Ú ÁÎÄ ÁÎÏÔÈÅÒȟ ÔÈÅ ÒÅÆÅÒÅÎÃÅ ÍÏÄÅȡ ÔÈÅ 4-άΫΪ %ȤÆÉÅÌÄ ÍÏÄÅ ÁÔ ίȢέέ '(Úȟ ×ÈÉÃÈ ÄÏÅÓ 

ÎÏÔ ÉÎÔÅÒÁÃÔȢ &ÉÇÕÒÅ ΰȤέ ÓÈÏ×Ó ÔÈÅ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄ ÄÉÓÔÒÉÂÕÔÉÏÎ ÆÏÒ ÔÈÅÓÅ ÒÅÓÏÎÁÎÔ ÍÏÄÅÓ ÇÅÎÅÒÁÔÅÄ 

ÕÓÉÎÇ #/-3/, ÁÎÄ ÉÓ ÒÅÐÒÏÄÕÃÅÄ ÆÒÏÍ #ÌÁÒË ɏΫίήɐȢ 

 

 
A 

 
B 

 

 
 

 
4ÈÅ ÒÅÇÉÏÎÓ ÏÆ Á ÈÉÇÈ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄ ÁÒÅ ÉÎÄÉÃÁÔÅÄ ÂÙ ÔÈÅ ÒÅÄ ÒÅÇÉÏÎÓȟ ÁÎÄ ÉÔ ÃÁÎ ÂÅ ÃÌÅÁÒÌÙ ÓÅÅÎ ÔÈÁÔ 

Figure 6-3: COMSOL simulations of E-field distributions for two cavity modes. A: TM010 E-Field at 2.45 GHz, B: 
TM210 E-Field at 5.33 GHz  
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ÔÈÅ ÃÅÎÔÒÅ ÏÆ ÔÈÅ ÃÁÖÉÔÙȟ ×ÈÅÒÅ ÔÈÅ ÓÁÍÐÌÅ ÉÓ ÐÌÁÃÅÄȟ ÏÖÅÒÌÁÐÓ ×ÉÔÈ ÔÈÅ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄ ÓÔÒÏÎÇÌÙ ÆÏÒ ! 

ɉÔÈÅ ÓÅÎÓÉÎÇ ÍÏÄÅɊ ÁÎÄ ÖÅÒÙ ÌÉÔÔÌÅ ÆÏÒ " ɉÔÈÅ ÒÅÆÅÒÅÎÃÅ ÍÏÄÅɊȢ 

&ÉÇÕÒÅ ΰȤή ÓÈÏ×Ó Á ÔÙÐÉÃÁÌ 3άΫ ÓÐÅÃÔÒÕÍ ÏÂÔÁÉÎÅÄ ÆÒÏÍ ÔÈÅ 6.! ÏÖÅÒ ÔÈÅ ÒÁÎÇÅ άȢΫ '(Ú ÔÏ ΰ '(ÚȢ 

4ÈÅ ÓÅÎÓÉÎÇ ÁÎÄ ÒÅÆÅÒÅÎÃÅ ÍÏÄÅÓ ÁÒÅ ÈÉÇÈÌÉÇÈÔÅÄȢ 

 

 

There is a strong correlation between these two modes, and the change in their centre 

frequency, as a function of the temperature of the CCR, is fundamentally linked. Figure 6-5 

shows this correlation and provides a robust method for tracking the global changes that may 

affect the resonator, such as temperature and enabling a correction to the experimental data to 

be made. 
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Figure 6-4: |S21| for the CCR used with sensing and reference modes highlighted. 

Figure 6-5: Relationship between the signal mode (vertical axis) and the reference mode (horizontal axis) 
measured over a period of time where the temperature of the cavity was allowed to change. Correlation 

coefficient 0.999. 
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  Reference Mode Frequency Correction  

4Ï ÍÉÎÉÍÉÓÅ ÔÈÅ ÖÁÒÉÁÔÉÏÎ ÉÎ ÔÈÅ ÓÁÍÐÌÅÓȟ Á ÓÉÎÇÌÅ $)Ȥ7 %ÐÐÅÎÄÏÒÆ ×ÁÓ ÐÌÁÃÅÄ ÉÎÔÏ ÔÈÅ ##2ȟ ÁÎÄ 

ÉÔÓ 1 ÆÁÃÔÏÒ ×ÁÓ ÍÅÁÓÕÒÅÄ ÏÖÅÒ Á ÐÅÒÉÏÄ ÏÆ ÔÉÍÅ ɉÔÙÐÉÃÁÌÌÙ έΪ ÍÉÎÕÔÅÓ ÔÏ ÁÌÌÏ× ÆÏÒ ÓÏÍÅ 

ÅÎÖÉÒÏÎÍÅÎÔÁÌ ÔÅÍÐÅÒÁÔÕÒÅ ÃÈÁÎÇÅɊȢ 4ÈÉÓ ÐÁÒÔÉÃÕÌÁÒ ÅØÁÍÐÌÅ ÏÆ ÏÂÔÁÉÎÉÎÇ Á ÃÏÒÒÅÃÔÉÏÎ ÒÅÆÅÒÅÎÃÅ 

ÉÓ ÓÈÏ×Î ÂÅÌÏ× ÉÎ &ÉÇÕÒÅ ΰȤΰȢ 4ÈÅ 1 ÆÁÃÔÏÒ ɉ1 ɉ3%.3%ɊɊ ÉÓ ÍÅÁÓÕÒÅÄ ÁÌÏÎÇ ×ÉÔÈ ÔÈÅ ÃÅÎÔÒÁÌ ÆÒÅÑÕÅÎÃÙ 

ɉ#&Ɋ ÏÆ ÔÈÅ ÒÅÆÅÒÅÎÃÅ ÒÅÓÏÎÁÎÃÅȢ 3ÉÎÃÅ ÔÈÅ ÒÅÆÅÒÅÎÃÅ ÒÅÓÏÎÁÎÃÅ ÉÓ ÉÎÓÅÎÓÉÔÉÖÅ ÔÏ ÔÈÅ ÓÁÍÐÌÅȟ ÁÎÙ 

ÄÒÉÆÔ ÉÎ ÔÈÅ #& ÏÆ ÔÈÅ ÒÅÆÅÒÅÎÃÅ ɉ#& ɉ2%&ɊɊ ×ÉÌÌ ÅÑÕÁÌÌÙ ÁÆÆÅÃÔ ÔÈÅ #& ÏÆ ÔÈÅ ÓÅÎÓÉÎÇ ÒÅÓÏÎÁÎÃÅ #& 

ɉ3%.3%ɊȢ $ÅÓÐÉÔÅ ÔÈÅ ÍÅÁÓÕÒÅÍÅÎÔ ÏÆ 1 ɉ3%.3%Ɋ ÂÅÉÎÇ ÑÕÉÔÅ ÎÏÉÓÙȟ ÔÈÅÒÅ ÉÓ Á ÄÉÓÔÉÎÃÔ ÃÏÒÒÅÌÁÔÉÏÎ 

ÂÅÔ×ÅÅÎ 1 ɉ3%.3%Ɋ ÁÎÄ #& ɉ2%&ɊȢ ! ÌÉÎÅÁÒ ÆÉÔ ÔÏ ÔÈÉÓ ÄÁÔÁ ÉÓ ÏÂÔÁÉÎÅÄ ÁÎÄ ÃÁÎ ÂÅ ÕÓÅÄ ÔÏ ÃÏÒÒÅÃÔ ÔÈÅ 

ÍÅÁÓÕÒÅÍÅÎÔ ÏÆ ÓÁÌÉÎÅ ÓÁÍÐÌÅÓ ÓÕÂÓÅÑÕÅÎÔÌÙ  

  

 

Since the Q factor is derived from CF(SENSE), the correction may be applied directly to QSENSE or 

CF(SENSE), requiring the Q factor to be re-calculated from this and the BW data BW(SENSE). A 

simple illustration of the correction process is shown (Figure 6-7). 
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Figure 6-6: Fitting correlation between the QSENSE and CFREF for DI-W. 

Figure 6-7: Correction linear equation. 
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This method of tracking a reference mode provides a robust and reliable means of correcting 

for environmental changes that affect the CCR. 

With the data now corrected for CF (REF), essentially environmental temperature corrected, a 

further correlation has been observed between each of Q (SENSE), BW (SENSE), éS21 (SENSE) éand CF 

(SENSE). This correlation may not at first seem intuitive. However, it is based on extensive 

observations and is largely down to very subtle changes in sample orientation, meniscus and 

possibly bubbles. This was first observed when the same sample was repeatedly removed and 

re-inserted into the resonator. One would expect the parameters Q (SENSE), BW (SENSE),éS21 

(SENSE)éto remain the same. In fact, the orientation of the sample placement was different in each 

case and found to produce measurable shifts in these parameters and also correlated with 

changes in CF (SENSE). It appears that small changes in CF (SENSE) provide an insight into small  

changes in sample volume/mode volume overlap. Since the machining of the cavity is not 

perfect, the sample holder is likely not square with the cavity axis. This hypothesis is largely 

confirmed by observing the change in these parameters as a single sample is rotated in its 

holder. Fluctuations in the measured parameters as the sample was rotated in its holder at the 

top of the cavity were found to repeat following each complete revolution. Following this 

observation, a mechanical marker was placed on the cavity to ensure that the samples were 

inserted at the same orientation each time measurement was carried out. When multiple DI -W 

samples were used, noting that the orientation was identical in each case, again, subtle 

variations in Q, BW and |S21| were observed and were found to correlate with CF (SENSE). These 

variations were much smaller than that observed with sample orientation and are speculated to 

be indicative of differences in the way the meniscus is formed in each sample. It was not possible 

to characterise the meniscus, suffice to say, there were observable differences between some 

samples. These observations were further reinforced in later measurements when PS samples 

were used. Shaking these samples, in order to disperse the PS spheres, led to bubble formation 

and was always made evident by a curious shift in the measured parameters. Whilst the evidence 

for this is largely circumstantial, there is nevertheless a significant correlation between Q (SENSE), 

BW (SENSE), éS21 (SENSE) éand CF (SENSE), and subsequent correction for this does deliver 

improvement in the spread of measured values. One such example of a correlation between Q 

(SENSE) and CF (SENSE) is shown in Figure 6-8 below for the experiment done to study the effect of 

the frequency on the microwave measurements by using the DI-W.  
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 Temperature Correction  

7ÈÉÌÓÔ ÔÈÅ ÅÆÆÅÃÔÓ ÏÆ ÔÅÍÐÅÒÁÔÕÒÅ ÏÎ ÔÈÅ ##2 ÈÁÖÅ ÂÅÅÎ ÒÅÍÏÖÅÄȟ ÔÈÅÒÅ ÁÒÅ ÓÔÉÌÌ ÁÄÄÉÔÉÏÎÁÌ 

ÃÏÍÐÏÎÅÎÔÓ ÉÎ ÔÈÅ ÓÙÓÔÅÍ ÔÈÁÔ ÁÒÅ ÁÆÆÅÃÔÅÄ ÂÙ ÔÅÍÐÅÒÁÔÕÒÅȢ 4ÈÅÓÅ ÁÒÅ ÍÁÉÎÌÙ ÔÈÅ ÉÎÔÅÒÃÏÎÎÅÃÔÉÎÇ 

ÃÁÂÌÅÓ ÔÈÁÔ ÌÉÎË ÔÈÅ 6.! ÔÏ ÔÈÅ ##2Ȣ 4Ï ÃÌÁÒÉÆÙ ÔÈÉÓȟ ÔÈÅ ÃÁÂÌÅ ÅÆÆÅÃÔÓ ÁÒÅ ÁÌÌ ÐÁÒÔ ÏÆ ÔÈÅ ÎÏÉÓÅȢ )Î 

ÏÕÒ ÅØÐÅÒÉÍÅÎÔȟ ÄÅÓÐÉÔÅ ÔÈÅ ÂÉÇ ÁÎÄ ÈÉÇÈ 3.2 ÏÆ ÔÈÅ 3άΫ ÓÉÇÎÁÌȟ ÔÈÅ ÎÏÉÓÅ ÆÒÏÍ ÔÈÅ ÃÁÂÌÅ ÅÆÆÅÃÔ ÏÎ 

ÔÈÅ 3άΫ ÉÓ ÎÅÇÌÉÇÉÂÌÅ ÂÕÔ ÎÏÔ ÃÏÍÐÌÅÔÅÌÙ ÇÏÎÅȢ 4ÈÅÒÅÆÏÒÅȟ Á ÃÈÅÃË ÈÁÓ ÂÅÅÎ ÄÏÎÅ ÔÏ ÒÅÍÏÖÅ ÉÔ 

ÐÅÒÆÅÃÔÌÙȢ 3ÉÎÃÅ ÔÈÅ ÒÏÏÍ ÔÅÍÐÅÒÁÔÕÒÅ ÉÓ ÁÌÓÏ ÒÅÃÏÒÄÅÄ ×ÉÔÈ ÔÈÅ ÏÔÈÅÒ ÐÁÒÁÍÅÔÅÒÓȟ ÉÔ ÉÓ ÅÁÓÙ ÔÏ 

ÒÅÌÁÔÅ ÁÎÙ ÇÉÖÅÎ ÍÅÁÓÕÒÅÍÅÎÔ ÔÏ ÔÈÅ ÒÏÏÍ ÔÅÍÐÅÒÁÔÕÒÅ ÁÔ ÔÈÁÔ ÔÉÍÅȢ &ÏÌÌÏ×ÉÎÇ ÓÏÍÅ ÄÁÔÁ 

ÁÖÅÒÁÇÉÎÇȟ ÔÈÅ ÇÒÁÐÈ ÂÅÌÏ× ɉ&ÉÇÕÒÅ ΰȤγɊ ÈÉÇÈÌÉÇÈÔÓ ÔÈÅ ÓÔÒÅÎÇÔÈ ÏÆ ÔÈÅ ÃÏÒÒÅÌÁÔÉÏÎ ÂÅÔ×ÅÅÎ 

ÔÅÍÐÅÒÁÔÕÒÅ ÁÎÄ 1 ÆÁÃÔÏÒ ÆÏÒ ÅØÁÍÐÌÅȢ 
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Figure 6-8: Affection cavity frequency correction of Q factor. 
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  Exponential Correction  

!Ó ÍÅÎÔÉÏÎÅÄ ÅÁÒÌÉÅÒȟ ÅÁÃÈ ÔÉÍÅ Á ÓÁÍÐÌÅ ÉÓ ÉÎÓÅÒÔÅÄ ÉÎÔÏ ÔÈÅ ÒÅÓÏÎÁÔÏÒȟ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ÆÁÌÌÓ 

ÅØÐÏÎÅÎÔÉÁÌÌÙȢ 4ÈÉÓ ÉÓ ÂÅÃÁÕÓÅ ÏÆ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ÄÉÆÆÅÒÅÎÃÅ ÂÅÔ×ÅÅÎ ÔÈÅ ÁÍÂÉÅÎÔ ÁÎÄ ÔÈÅ ÃÁÖÉÔÙ 

ÒÅÓÏÎÁÔÏÒȢ )Î ÍÁÎÙ ÃÁÓÅÓȟ ÔÈÅ ÓÁÍÐÌÅ ×ÁÓ ÁÌÓÏ ×ÁÒÍÅÄ ÕÐ ÂÙ ÈÁÎÄ ÔÏ ÅØÁÇÇÅÒÁÔÅ ÔÈÉÓ ÅÆÆÅÃÔȢ /ÎÃÅ 

ÔÈÅ ÓÁÍÐÌÅ ÉÓ ÐÌÁÃÅÄ ÉÎÓÉÄÅ ÔÈÅ ÒÅÓÏÎÁÔÏÒȟ ÔÈÅ ÈÅÁÔ ÉÓ ÄÒÁ×Î ÆÒÏÍ ÔÈÅ ÓÁÍÐÌÅ ÂÙ ÔÈÅÒÍÁÌ 

ÃÏÎÄÕÃÔÉÏÎ ÉÎÔÏ ÔÈÅ ÍÅÔÁÌÌÉÃ ÒÅÓÏÎÁÔÏÒ ÂÏÄÙȢ )Ô ÉÓ ÐÏÓÓÉÂÌÅ ÔÏ ÃÈÁÒÁÃÔÅÒÉÓÅ ÔÈÉÓ ÈÅÁÔ ÌÏÓÓ ÁÓ Á ÍÅÁÎÓ 

ÔÏ ÐÒÅÄÉÃÔ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ÏÆ ÔÈÅ ÓÁÍÐÌÅ ÄÕÒÉÎÇ ÔÈÅ ÍÅÁÓÕÒÅÍÅÎÔ ×ÉÎÄÏ×Ȣ )Æ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ÁÔ 

ÁÎÙ ÇÉÖÅÎ ÔÉÍÅ ÃÁÎ ÂÅ ÃÁÌÃÕÌÁÔÅÄȟ ÔÈÅÎ ÔÈÅ ÓÁÍÐÌÅ ÔÅÍÐÅÒÁÔÕÒÅ ÄÅÐÅÎÄÅÎÃÅ ÏÆ ÔÈÅ ÍÅÁÓÕÒÅÄ 1 

ÆÁÃÔÏÒ ÏÆ ÔÈÅ ÒÅÓÏÎÁÎÃÅ |3άΫ|ȟ ÁÎÄ ÂÁÎÄ×ÉÄÔÈ ÃÁÎ ÂÅ ÃÏÒÒÅÃÔÅÄȢ 4ÈÅ ÂÁÓÉÃ %ÑÕÁÔÉÏÎ ÄÅÓÃÒÉÂÉÎÇ ÔÈÅ 

ÅØÐÏÎÅÎÔÉÁÌ ÃÈÁÎÇÅ ÉÎ ÔÅÍÐÅÒÁÔÕÒÅ ÏÆ Á ÂÏÄÙ ÉÓ ÇÉÖÅÎ ÂÙȡ 

 Ὕὸ Ὕ Ὕ ὝὩ  

 

(6-12) 

In this case, the parameter Tc is the temperature of the resonator and represents the asymptote. 

Assuming the heat is lost to the resonator body, this is a reasonable estimate. Since the 

measurement system makes multiple measurements at fixed intervals over a period of time, the 

following formula can be used to determine the asymptotic temperature of the sample. Thus, 

negating the need to measure the sample temperature directly. This is a novel idea that may 

have merit in other applications. 

 
Ὕ Ὕ

Ὕ Ὕ

Ὕ ςὝ Ὕ
 

(6-13) 

Ὕȟ Ὕ ÁÎÄ Ὕȟ ÔÈÅÙ ÁÒÅ ÔÈÒÅÅ ÔÅÍÐÅÒÁÔÕÒÅÓ ÆÒÏÍ ÔÈÅ ÅØÐÏÎÅÎÔÉÁÌ ÃÕÒÖÅ ÏÆ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ×ÉÔÈ 
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Figure 6-9: Effect of cavity temperature correction for Q factor after frequency correction (Q factor_F_ corr.). 
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ÔÈÅ ÓÁÍÅ ÔÉÍÅ ÉÎÔÅÒÖÁÌ ɉ&ÉÇÕÒÅ ΰȤΫΪɊȢ 4ÈÅÒÅÆÏÒÅȟ %ÑÕÁÔÉÏÎ ΰȤΫέ ÈÁÓ ÁÐÐÌÉÅÄ ÆÏÒ ÔÈÅ 1 ÆÁÃÔÏÒȟ |3άΫ| 

ÁÎÄ "7 ÄÁÔÁ ÍÅÁÓÕÒÅÍÅÎÔÓ ÁÆÔÅÒ ÆÒÅÑÕÅÎÃÙ ÁÎÄ ÔÅÍÐÅÒÁÔÕÒÅ ÃÏÒÒÅÃÔÉÏÎȢ 

 

 

 
 

The exponential correction technique is an extremely useful method of removing the effect of 

sample temperature. The above simplification,  however, is not robust enough, especially for 

data that is noisy. The above formula can be easily implemented in Excel. Later, a more robust 

pre-processing of the raw data will be introduced that utilises a more sophisticated MATLAB 

curve fitting algorithm to determine the asymptotic value of the relevant parameter as recorded 

by the system. Clearly this is an added overhead in the process of data preparation and 

correction. 

 Results for Commercial Obtained Saline  

4ÈÅ ÒÅÓÕÌÔÓ ÏÂÔÁÉÎÅÄ ÆÒÏÍ Á ÎÕÍÂÅÒ ÏÆ ÅØÐÅÒÉÍÅÎÔÓ ÁÒÅ ÃÏÌÌÁÔÅÄ ÁÎÄ ÃÏÒÒÅÃÔÅÄ ÉÎ ÔÈÅ ÓÅÃÔÉÏÎ 

ÂÅÌÏ×Ȣ 4ÈÅ ,ÁÂ6)%7 ÃÏÄÅ ×ÒÉÔÔÅÎ ÔÏ ÃÏÏÒÄÉÎÁÔÅ ÔÈÅ ÄÁÔÁ ÁÃÑÕÉÓÉÔÉÏÎ ÐÏÌÌÓ ÔÈÅ 6.! ÆÏÒ |3άΫ| ÄÁÔÁ 

ÁÔ Á ÐÒÅȤÄÅÆÉÎÅÄ ÃÅÎÔÒÅ ÆÒÅÑÕÅÎÃÙ ÁÎÄ ÓÐÁÎȢ 4×Ï ÄÉÆÆÅÒÅÎÔ ÒÅÑÕÅÓÔÓ ÔÏ ÔÈÅ 6.! ÁÒÅ ÍÁÄÅȟ 

ÒÅÐÒÅÓÅÎÔÉÎÇ ÔÈÅ ÓÉÇÎÁÌ ÍÏÄÅ ÁÎÄ ÒÅÆÅÒÅÎÃÅ ÍÏÄÅȢ 4ÈÅ "7ȟ #&ȟ |3άΫ| ÁÎÄ ÃÁÌÃÕÌÁÔÅÄ 1 ÆÁÃÔÏÒ ÁÒÅ 

ÏÕÔÐÕÔÔÅÄ ÔÏ Á ÄÁÔÁ ÆÉÌÅ ÁÌÏÎÇ ×ÉÔÈ ÖÁÒÉÏÕÓ ÔÅÍÐÅÒÁÔÕÒÅ ÍÅÁÓÕÒÅÍÅÎÔÓȢ %ÁÃÈ ÄÁÔÁ ÐÏÉÎÔ ÉÓ ÔÉÍÅ 

ÓÔÁÍÐÅÄ ×ÉÔÈ Á ÍÉÌÌÉÓÅÃÏÎÄ ÃÏÕÎÔȢ ! ÔÏÔÁÌ ÏÆ ΫίΪ ÒÅÃÏÒÄÓ ÏÆ ÔÈÅÓÅ ÖÁÒÉÁÂÌÅÓ ÁÒÅ ÍÁÄÅ ÆÏÒ ÅÁÃÈ 

ÓÁÍÐÌÅ ÉÎÓÅÒÔÅÄ ÉÎÔÏ ÔÈÅ ÒÅÓÏÎÁÔÏÒȢ 4ÈÉÓ ÒÅÐÒÅÓÅÎÔÓ Á ÐÅÒÉÏÄ ÏÆ ÕÐ ÔÏ ÁÂÏÕÔ ΫΪ ÍÉÎÕÔÅÓȢ #ÌÅÁÒÌÙȟ 

ÍÁÎÙ ÅÎÖÉÒÏÎÍÅÎÔÁÌ ÆÁÃÔÏÒÓ ÃÁÎ ÃÈÁÎÇÅ ÁÔ ÔÈÉÓ ÔÉÍÅȢ 4ÈÉÓ ÉÓ ×ÈÙ ÉÔ ÉÓ ÉÍÐÏÒÔÁÎÔ ÔÏ ÁÐÐÌÙ ÁÎ 

ÁÐÐÒÏÐÒÉÁÔÅ ÃÏÒÒÅÃÔÉÏÎ ÔÏ ÔÈÅ ÒÅÃÏÒÄÅÄ ÄÁÔÁȢ ! ÔÏÔÁÌ ÏÆ Ϋα ÄÉÆÆÅÒÅÎÔ ÓÁÍÐÌÅÓ ÁÒÅ ÐÌÁÃÅÄ ÉÎÔÏ ÔÈÅ 

ÒÅÓÏÎÁÔÏÒȟ ÅÑÕÁÔÉÎÇ ÔÏ ÍÁÎÙ ÈÏÕÒÓ ÏÆ ÅØÐÅÒÉÍÅÎÔÁÌ ÅÆÆÏÒÔȢ &ÏÒ ÔÈÅ ÇÒÁÐÈÓ ÓÈÏ×Î ÂÅÌÏ×ȟ Á 

ÓÅÑÕÅÎÃÅ ÏÆ Ϋή ÈÁÌÆ ÄÉÌÕÔÉÏÎÓ ×ÁÓ ÔÅÓÔÅÄȟ ÁÌÏÎÇ ×ÉÔÈ ÔÈÅ ÓÔÏÃË ÓÏÌÕÔÉÏÎ ÁÎÄ Ô×Ï $)Ȥ7 ÓÁÍÐÌÅÓ ÁÔ 

ÔÈÅ ÓÔÁÒÔ ÁÎÄ ÅÎÄ ÏÆ ÅÁÃÈ ÂÌÏÃËȢ $ÉÆÆÅÒÅÎÃÅÓ ÉÎ ÔÈÅ Ô×Ï $)Ȥ7 ÍÅÁÓÕÒÅÍÅÎÔÓ ÃÁÎ ÁÓÓÉÓÔ ×ÉÔÈ 

ÉÄÅÎÔÉÆÙÉÎÇ ÁÎÙ ÉÎÈÅÒÅÎÔ ÄÒÉÆÔ ÉÎ ÔÈÅ ÄÁÔÁ ÏÖÅÒ ÔÈÁÔ ÔÉÍÅÆÒÁÍÅȢ 4ÈÉÓ ÂÌÏÃË ×ÁÓ ÔÈÅÎ ÒÅÐÅÁÔÅÄ Ô×ÉÃÅ 

Figure 6-10: Exponential change of the temperature. 
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ÍÏÒÅ ÔÏ ÃÈÅÃË ÆÏÒ ÓÙÓÔÅÍ ÍÅÁÓÕÒÅÍÅÎÔ ÓÔÁÂÉÌÉÔÙȟ ÃÏÎÓÉÓÔÅÎÃÙȟ ÁÎÄ ÒÅÐÒÏÄÕÃÉÂÉÌÉÔÙȢ 

4ÈÅ ÆÉÒÓÔ Ô×Ï &ÉÇÕÒÅÓ ÓÅÒÖÅ ÔÏ ÈÉÇÈÌÉÇÈÔ ÔÈÅ ÖÏÌÕÍÅ ÏÆ ÄÁÔÁ ÏÂÔÁÉÎÅÄ ÆÒÏÍ ÅÁÃÈ ÅØÐÅÒÉÍÅÎÔ ÁÎÄ 

ÔÈÅ ÁÄÄÉÔÉÏÎÁÌ ÐÒÏÃÅÓÓÉÎÇ ÒÅÑÕÉÒÅÄ ÔÏ ÇÁÔÈÅÒ ÔÈÅ ÐÒÏÃÅÓÓÅÄ ÒÅÓÕÌÔÓȢ &ÉÇÕÒÅÓ ΰȤΫΫȟ ΰȤΫά ÁÎÄ ΰȤΫέ 

ÓÈÏ× ÔÈÅ 1 ÆÁÃÔÏÒȟ |3άΫ| ÁÎÄ "7 ÒÅÓÐÅÃÔÉÖÅÌÙȢ %ÁÃÈ ÇÒÁÐÈ ÓÈÏ×Ó ÔÈÅ ÒÁ× ÄÁÔÁ ɉÂÌÁÃËɊȟ ÔÈÅ #& ɉ2%&Ɋ 

ÃÏÒÒÅÃÔÉÏÎ ɉÙÅÌÌÏ×Ɋȟ ÓÕÂÓÅÑÕÅÎÔ ÔÅÍÐÅÒÁÔÕÒÅ ÃÏÒÒÅÃÔÉÏÎ ɉÇÒÅÅÎɊ ÁÎÄ ÅØÐÏÎÅÎÔÉÁÌ ÃÏÒÒÅÃÔÉÏÎ ÉÎ 

ÒÅÄȢ 7ÈÉÌÓÔ ÔÈÉÓ ÉÓ ÎÏÔ ÁÎ ÉÄÅÁÌ ×ÁÙ ÔÏ ÐÒÅÓÅÎÔ ÔÈÅ ÄÁÔÁȟ ÉÔ ÄÏÅÓ ÓÅÒÖÅ ÔÏ ÈÉÇÈÌÉÇÈÔ ÁÌÌ ÔÈÅ ÎÅÃÅÓÓÁÒÙ 

ÐÒÅÐÁÒÁÔÉÏÎ ÒÅÑÕÉÒÅÄ ÔÏ ÇÅÎÅÒÁÔÅ ÔÈÅ ÒÅÓÕÌÔÓ ÓÈÏ×Î ÉÎ ÓÕÂÓÅÑÕÅÎÔ ÓÅÃÔÉÏÎÓȢ )Ô ÉÓ ÏÂÖÉÏÕÓȠ ÈÏ×ÅÖÅÒȟ 

ÔÈÁÔ ÔÈÅ ÄÉÆÆÅÒÅÎÔ ÓÁÌÉÎÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÆÏÌÌÏ× Á ÄÉÓÔÉÎÃÔ ÔÒÅÎÄȢ /ÎÅ ÏÆ ÔÈÅÓÅ ×ÉÌÌ ÂÅ ÓÔÕÄÉÅÄ ÉÎ 

ÍÏÒÅ ÄÅÔÁÉÌȢ 4ÈÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ÌÁÂÅÌÓ ÒÅÐÒÅÓÅÎÔ ÔÈÅ ÆÏÌÌÏ×ÉÎÇ ÄÉÌÕÔÉÏÎÓȢ 

Table 6-1: Dilutions prepared from commercially obtained saline (BOOTΩǎ ǇƘŀǊƳŀŎȅ) 

Concentration  Abbreviation  
Weigh in % 

w/ v 
Molarity(M)  

Stock S 9.00E-01 1.54E-01 

Half stock C1 4.50E-01 7.70E-02 

Half 1st concentration C2 2.25E-01 3.85E-02 

Half 2nd concentration C3 1.13E-01 1.93E-02 

Half 3rd concentration C4 5.63E-02 9.63E-03 

Half 4th concentration C5 2.81E-02 4.81E-03 

Half 5th concentration C6 1.41E-02 2.41E-03 

Half 6th concentration C7 7.03E-03 1.20E-03 

Half 7th concentration C8 3.52E-03 6.02E-04 

Half 8th concentration C9 1.76E-03 3.01E-04 

Half 9th concentration C10 8.79E-04 1.50E-04 

Half 10th concentration C11 4.39E-04 7.52E-05 

Half 11th concentration C12 2.20E-04 3.76E-05 

Half 12th concentration C13 1.10E-04 1.88E-05 

Half 13th concentration C14 5.49E-05 9.40E-06 
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Figure 6-11: Raw data, Frequency, Temperature and Exponential corrections for Q factor measurements for 
different concentrations of the normal saline (0.154 to 9.400E-06) Molarity (Commercial obtained saline) of 

TM010 Cavity (Eppendorf sample tube). 

Figure 6-12: Raw data, Frequency, Temperature and Exponential corrections for |S21| measurements for 
different concentrations of the normal saline (0.154 to 9.400E-06) Molarity (Commercial obtained saline) of 

TM010 Cavity (Eppendorf sample tube). 
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&ÉÇÕÒÅÓ ΰȤΫήȟ ΰȤΫί ÁÎÄ ΰȤΫΰ ÓÈÏ× Á ÓÉÍÐÌÅÒ ÒÅÓÕÌÔ ×ÈÅÒÅ ÔÈÅ ÁÖÅÒÁÇÅ ÏÆ ÔÈÅ ÃÏÒÒÅÃÔÅÄ ÄÁÔÁ ÉÓ 

ÄÉÓÐÌÁÙÅÄ ÏÖÅÒ ÔÈÅ ÒÅÃÏÒÄÉÎÇ ÔÉÍÅ ÉÎÔÅÒÖÁÌȢ 4ÈÅ 1 ÆÁÃÔÏÒȟ |3άΫ| ÁÎÄ "7 ÁÒÅ ÓÈÏ×Îȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ ! 

ÃÌÅÁÒ ÔÒÅÎÄ ÉÓ ÏÂÓÅÒÖÅÄ ÁÓ ÔÈÅ ÄÉÌÕÔÉÏÎÓ ÉÎÃÒÅÁÓÅ ÁÎÄ ÔÅÎÄ ÔÏ×ÁÒÄÓ ÔÈÅ ÖÁÌÕÅ ÆÏÒ $)Ȥ7 ÁÓ ×ÏÕÌÄ ÂÅ 

ÅØÐÅÃÔÅÄȢ ! ËÅÙ ÑÕÅÓÔÉÏÎ ÈÅÒÅ ÉÓ ×ÈÁÔ ÉÓ ÔÈÅ ÄÅÔÅÃÔÉÏÎ ÌÉÍÉÔ ÏÆ ÔÈÅ ÓÙÓÔÅÍȩ 4ÈÉÓ ×ÉÌÌ ÂÅ ÁÄÄÒÅÓÓÅÄ 

ÉÎ ÓÅÃÔÉÏÎ ΰȢίȢάȢ 
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Figure 6-14: Ave. of Q factor over the three sets after applying all the corrections of the normal saline (0.154 to 
9.400E-06) Molarity. 

Figure 6-13: Raw data, Frequency, Temperature and Exponential corrections for BW measurements for 
different concentrations of the normal saline (0.154 to 9.400E-06) Molarity (Commercial obtained saline) of 

M010 Cavity (Eppendorf sample tube). 
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Figure 6-15: Averaging |S21| over the three sets after applying all the corrections of the normal saline (0.154 to 
9.400E-06) Molarity. 

 

Figure 6-16: Averaging BW over the three sets after applying all the corrections of the normal saline (0.154 to 
9.400E-06) Molarity. 
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)Î ÐÒÏÂÁÂÉÌÉÔÙ ÔÈÅÏÒÙȟ Á ÐÒÏÂÁÂÉÌÉÔÙ ÄÅÎÓÉÔÙ ÆÕÎÃÔÉÏÎ ɉ0$&Ɋȟ ÉÓ ÕÓÅÄ ÔÏ ÄÅÓÃÒÉÂÅ ÔÈÅ ÐÒÏÂÁÂÉÌÉÔÙ ÏÆ 

Á ÃÏÎÔÉÎÕÏÕÓ ÒÁÎÄÏÍ ȬÓÁÍÐÌÅȭ ÆÁÌÌÉÎÇ ×ÉÔÈÉÎ Á ÄÉÓÔÉÎÃÔ ÒÁÎÇÅ ÏÆ ÖÁÌÕÅÓȢ 4ÈÉÓ ÆÕÎÃÔÉÏÎ 

ÄÅÍÏÎÓÔÒÁÔÅÓ ÔÈÅ ÐÒÏÂÁÂÉÌÉÔÙ ÄÅÎÓÉÔÙ ÆÕÎÃÔÉÏÎ ÁÎÄ ÈÏ× ÔÈÅ ÍÅÁÎ ÁÎÄ ÔÈÅ ÄÅÖÉÁÔÉÏÎ ÐÌÁÙ ÁÎ 

ÅÓÓÅÎÔÉÁÌ ÒÏÌÅȢ )Ô ÃÁÎ ÂÅ ÕÓÅÄ ÔÏ ÉÎÆÅÒ ÔÈÅ ÄÉÆÆÅÒÅÎÃÅ ÂÅÔ×ÅÅÎ Ô×Ï ÓÁÍÐÌÅÓȢ 

4ÈÅ .ÏÒÍÁÌ ɉÏÒ 'ÁÕÓÓÉÁÎɊ ÄÉÓÔÒÉÂÕÔÉÏÎ ÉÓ ÔÈÅ ÍÏÓÔ ÃÏÍÍÏÎ ÐÒÏÂÁÂÉÌÉÔÙ ÄÅÎÓÉÔÙ ÆÕÎÃÔÉÏÎ ɉ0$&ɊȢ 

&ÉÇÕÒÅ ΰȤΫα ÃÌÁÒÉÆÉÅÓ ÔÈÁÔ ÔÈÅ ÎÕÍÂÅÒ ÏÆ ÏÂÓÅÒÖÁÔÉÏÎÓ ÆÁÌÌÓ ×ÉÔÈÉÎ ÔÈÅ ÃÏÒÒÅÌÁÔÉÏÎ ÒÁÎÇÅ ÏÆ ÔÈÅ 

ÍÅÁÎȟ ÁÎÄ ÔÈÉÓ ÎÕÍÂÅÒ ÒÉÓÅÓ ×ÉÔÈ ÉÎÃÒÅÁÓÉÎÇ ÓÔÁÎÄÁÒÄ ÄÅÖÉÁÔÉÏÎȢ 4ÈÅ &ÉÇÕÒÅ ÓÈÏ×Ó ÁÐÐÒÏØÉÍÁÔÅÌÙ 

ΰβГ ÏÆ ÏÂÓÅÒÖÁÔÉÏÎÓ ÓÈÏÕÌÄ ÆÁÌÌ ×ÉÔÈÉÎ ÏÎÅ ÓÔÁÎÄÁÒÄ ÄÅÖÉÁÔÉÏÎ ÏÆ ÔÈÅ ÍÅÁÎȟ ÁÎÄ ÁÂÏÕÔ γίГ ÏÆ 

ÏÂÓÅÒÖÁÔÉÏÎÓ ÓÈÏÕÌÄ ÆÁÌÌ ×ÉÔÈÉÎ Ô×Ï ÓÔÁÎÄÁÒÄ ÄÅÖÉÁÔÉÏÎÓ ÏÆ ÔÈÅ ÍÅÁÎȢ 

 

 

 

 
)Î ÏÕÒ ÒÅÓÅÁÒÃÈȟ ÔÈÉÓ ÃÏÎÃÅÐÔ ÉÓ ÁÐÐÌÉÅÄ ÔÏ ÉÎÄÉÃÁÔÅ ÔÈÅ ÄÅÔÅÃÔÉÏÎ ÌÉÍÉÔÓ ÂÅÔ×ÅÅÎ ÔÈÅ $)Ȥ7 ÁÎÄ 

ÏÔÈÅÒ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓȟ ÉÎ ÐÁÒÔÉÃÕÌÁÒȟ ÔÈÅ ÌÉÍÉÔÁÔÉÏÎÓ ÆÏÕÎÄ ÆÏÒ ÔÈÅ ÌÏ× ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ 

4ÈÅ &ÉÇÕÒÅÓ ÂÅÌÏ× ɉ&ÉÇÕÒÅ ΰȤΫβȟ ΰȤΫγ ÁÎÄ ΰȤάΪɊ ÓÈÏ× ÔÈÉÓ ÓÉÍÐÌÅ ÓÔÁÔÉÓÔÉÃÁÌ ÁÐÐÒÏÁÃÈ ÁÎÄ ÈÉÇÈÌÉÇÈÔ 

ÔÈÅ ÄÅÔÅÃÔÉÏÎ ÂÏÕÎÄÁÒÙ ÂÅÔ×ÅÅÎ $)Ȥ7 ÁÎÄ ÔÈÅ ÌÏ×ÅÒ ÓÁÌÉÎÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓȢ 4ÈÅÓÅ &ÉÇÕÒÅÓ ÓÈÏ× 

ÔÈÅ ÌÉÍÉÔ ÏÆ ÄÅÔÅÃÔÉÏÎ ÉÓ άȢήΫ%ȤΪέ - ɉ#ΰɊ ÆÏÒ ÃÏÒÒÅÃÔÅÄ 1 ÆÁÃÔÏÒȟ |3άΫ| ÁÎÄ "7ȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 

)Î ÔÈÅ ÆÏÌÌÏ×ÉÎÇ ÇÒÁÐÈÓȟ ÔÈÅ °άs ÁÎÄ °έs ÂÁÎÄÓ ÁÒÅ ÇÅÎÅÒÁÔÅÄ ÆÒÏÍ ÔÈÅ ÁÖÅÒÁÇÅ ÁÎÄ ÓÔÁÎÄÁÒÄ 

ÄÅÖÉÁÔÉÏÎ ÏÆ ÁÌÌ ÔÈÅ ÉÎÄÅÐÅÎÄÅÎÔ ×ÁÔÅÒ ÍÅÁÓÕÒÅÍÅÎÔÓ ÁÎÄ ÁÒÅ ÕÓÅÄ ÁÓ Á ÇÌÏÂÁÌ ÒÅÐÒÅÓÅÎÔÁÔÉÏÎ ÏÆ 

ÕÎÃÅÒÔÁÉÎÔÙ ÉÎ ÁÌÌ ÍÅÁÓÕÒÅÍÅÎÔÓȢ 

Figure 6-17: Ranges of STDEV in the Normal probability density function. 
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Figure 6-18: The correlation between the corrected Q factor data with different concentrations and statistical 

detection °(2s(red) and 3s(blue)). 

 

Figure 6-19: The correlation between the corrected |S21| data with different concentrations and statistical 

detection °(2s(red) and 3s(blue)). 
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&ÉÇÕÒÅ ΰȤάΫ ÔÏ ΰȤάή ÉÎÄÉÃÁÔÅÓ ÔÈÅ ÁÖÅÒÁÇÅÄ ÖÁÒÉÁÎÃÅ ÄÁÔÁ ÏÂÔÁÉÎÅÄ ÆÏÒ ÔÈÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ 

ÍÅÁÓÕÒÅÄ ÁÆÔÅÒ ÒÅÐÅÁÔÉÎÇ ÔÈÒÅÅ ÔÉÍÅÓȢ 4ÈÅ 1 ÆÁÃÔÏÒȟ |3άΫ|ȟ "7 ÁÎÄ #& ÁÒÅ ÐÌÏÔÔÅÄȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ 

7ÉÔÈ ÒÅÇÁÒÄÓ ÔÏ ÔÈÅ #& ɉ&ÉÇÕÒÅ ΰȤάήɊȟ ÔÈÅÒÅ ÉÓ Á ÆÌÕÃÔÕÁÔÉÏÎ ÉÎ ÔÈÉÓ ÐÁÒÁÍÅÔÅÒ ÔÈÁÔ ÄÏÅÓ ÎÏÔ ÓÅÅÍ 

ÔÏ ÃÏÒÒÅÌÁÔÅ ×ÉÔÈ ÃÏÎÃÅÎÔÒÁÔÉÏÎȢ )Ô ÉÓ ÌÉËÅÌÙ ÔÈÁÔ ÔÈÉÓ ÍÁÙ ÂÅ ÁÔÔÒÉÂÕÔÅÄ ÔÏ ÓÁÍÐÌÅ ÐÏÓÉÔÉÏÎȟ ÂÕÂÂÌÅÓ 

ÏÒ ÍÅÎÉÓÃÕÓȢ 4ÈÅ ÓÔÁÎÄÁÒÄ ÅÒÒÏÒ ÉÎ ÔÈÅ #& ÄÁÔÁ ÉÓ ÈÉÇÈ ÆÏÒ ÁÌÌ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓȢ  
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Figure 6-21: Averaging of Q factor corrections after repeating three times at a concentration between (0.154 
to 9.400E-06) Molarity. 

Figure 6-20: The correlation between the corrected BW data with different concentrations and statistical 

detection °(2s (red) and 3s (blue)). 
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Figure 6-22: Averaging of |S21| corrections after repeating three times at a concentration between (0.154 to 
9.400E-06) Molarity. 

Figure 6-23: Averaging of BW corrections after repeating three times at a concentration between (0.154 to 
9.400E-06) Molarity. 

Figure 6-24: Average resonant frequency CFSENSE after repeating three times at a concentration between 
(0.154 to 9.400E-06) Molarity. 
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 Conclusion for Commercial ly  Obtained 

Saline  

! ÒÁÎÇÅ ÏÆ ÃÏÍÍÅÒÃÉÁÌ ÏÂÔÁÉÎÅÄ ÓÁÌÉÎÅ ɉΪȢΫίή ÔÏ γȢήΪΪ%ȤγɊ - ×ÁÓ ÕÓÅÄ ÁÓ ÓÁÍÐÌÅÓ ÄÅÔÅÃÔÉÏÎ ÁÔ 

ÒÅÓÏÎÁÎÔ ÃÁÖÉÔÙ 4-ΪΫΪȢ !Ô ÔÈÅÓÅ ÍÅÁÓÕÒÅÍÅÎÔÓȟ ÔÈÅ ÃÏÒÒÅÃÔÉÏÎ ÓÔÅÐÓ ÈÁÖÅ ÂÅÅÎ ÄÏÎÅ ÆÏÒ ÔÈÅ 

ÆÒÅÑÕÅÎÃÙ ÂÙ ÕÓÉÎÇ ÔÈÅ ÒÅÆÅÒÅÎÃÅ ÁÎÄ ÓÅÎÓÅ ÆÒÅÑÕÅÎÃÙ ÁÓ ÉÔ ÆÏÕÎÄ Á ÓÔÒÏÎÇ ÃÏÒÒÅÌÁÔÉÏÎ ÂÅÔ×ÅÅÎ 

ÔÈÅÍȢ 4ÈÅÎ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ÃÏÒÒÅÃÔÉÏÎ ÈÁÓ ÂÅÅÎ ÄÏÎÅ ÁÓ Á ÓÅÃÏÎÄ ÓÔÅÐ ÔÏ ÒÅÍÏÖÅ ÔÈÅ ÅÆÆÅÃÔ ÏÆ 

ÉÎÔÅÒÃÏÎÎÅÃÔÉÎÇ ÃÁÂÌÅȢ &ÉÎÁÌÌÙȟ ÔÈÅ ÅØÐÏÎÅÎÔÉÁÌ ÃÏÒÒÅÃÔÉÏÎ ÈÁÓ ÂÅÅÎ ÕÔÉÌÉÚÅÄ ÔÏ ÒÅÍÏÖÅ ÔÈÅ ÅÆÆÅÃÔ 

ÏÆ ÔÅÍÐÅÒÁÔÕÒÅ ÆÁÌÌÉÎÇ ÅØÐÏÎÅÎÔÉÁÌÌÙ ÄÕÅ ÔÏ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ÖÁÒÉÁÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÁÍÂÉÅÎÔ ÁÎÄ 

ÔÈÅ ÃÁÖÉÔÙ ÒÅÓÏÎÁÔÏÒȢ 4ÈÅ ÏÕÔÃÏÍÅ ÏÆ ÔÈÅ ÃÏÒÒÅÃÔÉÏÎ ÓÔÅÐÓ ÓÈÏ×ÅÄ Á ÓÙÓÔÅÍÁÔÉÃ ÉÎÃÒÅÁÓÅ ÉÎ 1 ÁÎÄ 

|3άΫ| ÁÎÄ Á ÄÅÃÒÅÁÓÅ ÉÎ "7 ÂÙ ÒÅÄÕÃÉÎÇ ÔÈÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ×ÉÔÈ ÓÏÍÅ ÌÉÍÉÔÁÔÉÏÎÓ ÆÏÒ ÔÈÅ ÌÏ× 

ÃÏÎÃÅÎÔÒÁÔÉÏÎÓȢ 4ÈÅ ÐÒÏÂÁÂÉÌÉÔÙ ÄÅÎÓÉÔÙ ÆÕÎÃÔÉÏÎ ÉÓ ÕÓÅÄ ÔÏ ÁÄÄÒÅÓÓ ÔÈÉÓ ÉÓÓÕÅȢ 4ÈÅÒÅÆÏÒÅȟ άȢήΫ%Ȥ

Ϊέ - ɉ#ΰɊ ÈÁÓ ÂÅÅÎ ÓÈÏ×Î ÔÈÅ ÌÉÍÉÔ ÏÆ ÄÅÔÅÃÔÉÏÎ ÆÏÒ ÃÏÒÒÅÃÔÅÄ 1 ÆÁÃÔÏÒȟ |3άΫ| ÁÎÄ "7Ȣ 

 Measurements of Lab Prepared Saline 

Dilutions  

4ÈÉÓ ÓÅÃÔÉÏÎ ×ÉÌÌ ÃÏÖÅÒ ÔÈÅ ÐÒÅÐÁÒÁÔÉÏÎ ÄÉÌÕÔÉÏÎ ÓÔÅÐÓȟ ÃÏÒÒÅÃÔÉÏÎ ÓÔÅÐÓ ÁÎÄ ÒÅÓÕÌÔÓ ÆÏÒ ,ÁÂ 

0ÒÅÐÁÒÅÄ 3ÁÌÉÎÅ $ÉÌÕÔÉÏÎÓȢ 

 Preparations of  Lab Prepared Saline 

Dilutions  

&ÏÒ ÔÈÅ ÓÁÍÐÌÅÓ ÏÆ ÓÁÌÉÎÅ ÔÈÁÔ ×ÅÒÅ ÁÃÑÕÉÒÅÄ ÆÒÏÍ "ÏÏÔÓȟ ÔÈÅ ÄÉÌÕÔÉÏÎÓ ÔÈÁÔ ×ÅÒÅ ÍÁÄÅ ÆÏÒ ÔÈÅÓÅ 

ÅØÐÅÒÉÍÅÎÔÓ ÕÓÅÄ Á ÓÏÕÒÃÅ ÏÆ ×ÁÔÅÒ ÔÈÁÔ ×ÁÓ ÐÒÏÂÁÂÌÙ ÄÉÆÆÅÒÅÎÔ ÆÒÏÍ ÔÈÁÔ ÕÓÅÄ ÂÙ ÔÈÅ 

ÍÁÎÕÆÁÃÔÕÒÅÒȢ &ÏÒ ÍÏÒÅ ÃÏÎÔÒÏÌÌÅÄ ÓÁÍÐÌÅ ÐÒÅÐÁÒÁÔÉÏÎȟ ΫΪΪÍÌ $)Ȥ7 ÅØÔÒÁ ÐÕÒÅȟ ÄÅÉÏÎÉÚÅÄ 

ɉ/ÒÇÁÎÉÃɊ ÆÒÏÍ &ÉÓÈÅÒ ÓÃÉÅÎÔÉÆÉÃ ÃÏÍÐÁÎÙ ɏΫίίɐ ÍÉØ ×ÉÔÈ ΫΪΪ Ç ÏÆ 3ÏÄÉÕÍ ÃÈÌÏÒÉÄÅ ɉ.Á#ÌɊ ÆÒÏÍ 

ɉ3ÉÇÍÁȤ!ÌÄÒÉÃÈɊ ɏΫίΰɐ ÁÒÅ ÕÓÅÄ ÁÓ ÔÈÅ ÓÔÏÃË ÓÏÌÕÔÉÏÎÓȢ 4ÈÅ ÄÉÌÕÔÉÏÎÓ ÁÒÅ ÃÏÍÐÌÅÔÅÄ ÂÙ ÕÓÉÎÇ ÔÈÅ 

ÓÁÍÅ $)Ȥ7 ÔÏ ÐÒÅÐÁÒÅ ÔÈÅ ÓÔÏÃËȢ 4ÈÅ ÍÅÔÈÏÄ ÆÏÒ ÐÒÅÐÁÒÁÔÉÏÎ ÏÆ ÔÈÅ ÓÔÏÃË ÁÎÄ ÔÈÅ ÄÉÌÕÔÉÏÎÓ ÓÔÅÐÓ 

ÁÒÅ ÉÌÌÕÓÔÒÁÔÅÄ ÉÎ &ÉÇÕÒÅ ΰȤάίȢ 4ÁÂÌÅ ΰȤά  ÓÈÏ×Ó ÔÈÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÌÁÂÅÌÓ ÆÏÒ ÔÈÉÓ ÓÅÔ ÏÆ ÄÉÌÕÔÉÏÎÓȢ 

 
 

Figure 6-25: Preparation steps of Lab Prepared Saline Dilutions. 
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Table 6-2: Sample labels and respective concentrations. 

Concentration  Abbreviation  Weigh in % w/ v Molarity(M)  

Stock S 1.00E+01 1.71E+00 

Half stock C1 5.00E+00 8.56E-01 

Half 1st concentration C2 2.50E+00 4.28E-01 

Half 2nd concentration C3 1.25E+00 2.14E-01 

Half 3rd concentration C4 6.25E-01 1.07E-01 

Half 4th concentration C5 3.13E-01 5.35E-02 

Half 5th concentration C6 1.56E-01 2.67E-02 

Half 6th concentration C7 7.81E-02 1.34E-02 

Half 7th concentration C8 3.91E-02 6.68E-03 

Half 8th concentration C9 1.95E-02 3.34E-03 

Half 9th concentration C10 9.77E-03 1.67E-03 

Half 10th concentration C11 4.88E-03 8.36E-04 

Half 11th concentration C12 2.44E-03 4.18E-04 

Half 12th concentration C13 1.22E-03 2.09E-04 

Half 13th concentration C14 6.10E-04 1.04E-04 

Half 14th concentration C15 3.05E-04 5.22E-05 
  

 

 Correction Method of Lab Prepared 

Saline Dilutions  

!Ó ÄÅÓÃÒÉÂÅÄ ÁÂÏÖÅȟ Á ÓÉÍÉÌÁÒ ÐÒÏÃÅÓÓ ×ÁÓ ÃÁÒÒÉÅÄ ÏÕÔ ÔÏ ÏÂÔÁÉÎ ÃÏÒÒÅÌÁÔÉÏÎ ÁÎÄ ÁÐÐÌÙ Á ÃÏÒÒÅÃÔÉÏÎ 

ÔÏ ÔÈÅ ÒÁ× ÄÁÔÁ ÏÂÔÁÉÎÅÄ ÆÒÏÍ ÔÈÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ÏÎ ÔÈÉÓ ÎÅ× ÓÁÌÉÎÅ ÄÉÌÕÔÉÏÎȢ 4ÈÅ ÆÒÅÑÕÅÎÃÙ ÄÁÔÁ 

ÉÓ ÐÒÅ ÃÏÒÒÅÃÔÅÄ ÂÙ ÔÈÅ ,ÁÂ6)%7 ÄÁÔÁ ÁÃÑÕÉÓÉÔÉÏÎ ÐÒÏÇÒÁÍÍÅ ÂÁÓÅÄ ÏÎ ÓÉÍÕÌÔÁÎÅÏÕÓ 

ÍÅÁÓÕÒÅÍÅÎÔ ÏÆ #&3%.3% ÁÎÄ #&2%&Ȣ 4ÈÅ ÒÅÆÅÒÅÎÃÅ ÔÏ ÒÁ× ÄÁÔÁ ÂÅÌÏ× ÓÈÏÕÌÄ ÂÅ ÉÎÔÅÒÐÒÅÔÅÄ ÁÓ 

#&2%& ÃÏÒÒÅÃÔÅÄ ÒÁ× ÄÁÔÁȢ 

 Temperature and Exponential Correction  

&ÉÇÕÒÅÓ ΰȤάΰ ÔÏ ΰȤάβ ÓÈÏ× Á ÓÔÒÏÎÇ ÃÏÒÒÅÌÁÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÃÁÖÉÔÙ ÔÅÍÐÅÒÁÔÕÒÅÓ ɉ4ΫɊ ÁÎÄ ÔÈÅ 1 

ÆÁÃÔÏÒȟ |3άΫ|ÁÎÄ "7 ÍÅÁÓÕÒÅÍÅÎÔÓȢ 4ÈÅ ÇÒÁÄÉÅÎÔ ÆÁÃÔÏÒ ÃÁÎ ÂÅ ÆÏÕÎÄ ÆÒÏÍ ÔÈÅÓÅ ÃÈÁÒÔÓ ÁÎÄ ÕÓÅÄ 

ÔÏ ÁÐÐÌÙ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ ÃÏÒÒÅÃÔÉÏÎ ÆÁÃÔÏÒȢ 
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Figure 6-26: Fitting temperature correction for Q factor. 

 

Figure 6-27: Fitting temperature correction for |S21|. 

Figure 6-28: Fitting temperature correction for BW measurements. 
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 Results  for  Lab Prepared Saline Dilutions  

&ÉÇÕÒÅÓ ΰȤάγ ÔÏ ΰȤέΫ ÓÈÏ× ÔÈÅ 1 ÆÁÃÔÏÒȟ |3άΫ| ÁÎÄ "7 ÍÅÁÓÕÒÅÍÅÎÔÓ ÒÅÓÐÅÃÔÉÖÅÌÙ ÆÏÒ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ 

ÏÖÅÒ ÔÈÅ ÒÁÎÇÅ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ɉίȢάά%ȤΪί ÔÏ ΫȢαΫɊ -Ȣ &ÏÒ ÅÁÃÈ ÇÒÁÐÈȟ ÔÅÍÐÅÒÁÔÕÒÅ ÃÏÒÒÅÃÔÉÏÎ ÈÁÓ 

ÂÅÅÎ ÁÐÐÌÉÅÄ ÆÏÒ ÔÈÅ ÒÁ× ÄÁÔÁ ÁÎÄ ÓÕÂÓÅÑÕÅÎÔ ÅØÐÏÎÅÎÔÉÁÌ ÃÏÒÒÅÃÔÉÏÎ ÈÁÓ ÂÅÅÎ ÉÍÐÌÅÍÅÎÔÅÄȢ !Ó 

ÂÅÆÏÒÅȟ ÔÈÅ ÄÁÔÁ ÈÁÓ ÂÅÅÎ ÐÒÅÓÅÎÔÅÄ ÉÎ ÔÈÉÓ ×ÁÙ ÔÏ ÃÏÎÖÅÙ ÔÈÅ ÏÕÔÐÕÔ ÏÆ ÔÈÅ ×ÈÏÌÅ ÅØÐÅÒÉÍÅÎÔ ÁÎÄ 

ÔÈÅ ÃÏÒÒÅÃÔÉÏÎ ÐÒÏÃÅÓÓÅÓ ÔÈÁÔ ÈÁÖÅ ÂÅÅÎ ÁÐÐÌÉÅÄȢ 

  

 

 

 

 

  

 

 

 

Figure 6-29: Raw data black, temperature green and Exponential in red Corrections for Q factor 
measurements for variance concentrations (5.22E-05 to 1.71) M (Lab Prepared Saline Dilutions) of M010 

Cavity (Eppendorf sample tube). 

Figure 6-30: Raw data black, temperature green and Exponential in red Corrections for |S21| measurements for 
variance concentrations (5.22E-05 to 1.71) M (Lab Prepared Saline Dilutions) of M010 Cavity (Eppendorf 

sample tube). 




































































































































































































































































































