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Chapter 1

INTRODUCTION AND THESIS OVERVIEW

1.1 Background of Clinical Problem

Cancer isone 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 diagnosisdaneatment planning

of different types of cancer have been achieved using biopsies. Various medical imaging
modalities have been used to guide needle biopsies for tumour diagnosit extract cells from a
suspicious area, such as breast lumps and enlarged lymph nodedlltrasound (US) and
Computed Tomography (CT) are used in imageguided procedures. Ultrasound is commonly
used for counselling due to its flexibility, relatively low cost and capacity to provide reattime
visualization with high image quality. However, this technique's image contrast may limit safe
needle insertion accuracy, mainly when dealing with complex 3D anatomy{]]. Despite the use
of CT imaging as guidance in the positioning of the biopsy, thereis 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 undersampled. In some caseslthough a biopsy needle
is correctly localized in the lesion target, there is a prabability for incorrect diagnostic because
only necrotic tissue is sampled[2], it is estimated that between 4.3 and 17.9 %f cancer
diagnoses ardk EOOAA AR CADEIORS AEI POEAO AAObdEiddgindEA Al 1 ¢
techniques in cancer detection. Furthermore, needle biopsies are repeated in 4% through 32%
of cases due to the unspecified pathological analysif3]. Between75% and 80% of patients who
undergo biopsy suffer from unnecessary anxiety and potential morbidity because of low
specificity, representinga significant financial burden upon the healthcare system[4]. It is clear
that the biopsy procedures ae an invasive, complicated and timeconsuming procedure;thus,
there is an urgent need to develop a more efficient and effectiveninimally invasive method for
an accurate predictive technique for diagnosigo 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 biopsjp]
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1.2 Optical and Micro wave non -destructive

technique s

yT OEEO OOOAUh Oxi OAAET ENDADI GEAOR iABMAG UOORTAA AET O

-EAOT ¥AOERA AT OAT OEAD BDIUOABE IER O EAOAAOET T 8

| POEAAT OBAGEROT AED ®@ OO0 AEHIOAMEDHA T 0 1 ETBDEAIAU ETC
A OOEDKI AR CIOBOHARII E

OPAAQOCEA CGEGA G EAHTEAADT AOETT AU [ AKIOOIOEGAGA ARDRDD OET

OAAOOAOET ¢ OECI A1 08 -1 OPET I T CEARAAEARA QAGFOAAED L NE

AOOAOO OEA ADPADDEAOCBAAODAOBEQOOA

OAAET ENOAS HIAGIOD T 6 A BOGUG AH wOERA A BA@ID© OAA A

ET AAOAAOEAA] AMAAE WEMRATAT i PAOET ¢ OAPRAEARDIOADEOT BT 4¢€
AEAT AAOOE A A PAOOCERBE AT EDDI AAOA 1 O0NOARAD DB AGO8 )
DOl bl OOE| IOEIAA MAAOQUET O OEOAA AAOQACI OEAO | OAAEI A/
OEA 1T EAOI xAOA OAKBAOKEAS H AOBDERADOIAGHAT OAQA CAET A
i AAOOOET ¢ OEA AEAIAMAOCOERODBAI DADOEABT EABAOI xAOA i
OOAAEET ¢ OPAAEALZEA DPOI PAOOGEAO 1 £ OEAR) DEWOEMIAAOH AE A
OEA AAOEA PEUOEI |11 CEAAI AEABR@WAIGR AO ARG AMA AGT O 1111 «
7AOA0OABT AWOOAT OEAT OiF T A ET AAOGAAOGEI ¢ |1 @GEAI xAOAOIT A
AT T OAT O AT A OAQARDAOXxENRN] EEQEWH®BI i A @ AGRITOE A
APPOI GEIi AOA PRDOE DAL GEGUOEA O EECE x AGIKk® OKMI GART O (
OEHITER AOGNAAIT DT Al T OEA T GEAOAEAIOEAAOAAT A ET AOAAOA

AT T O0AT O AT A Ol TAGAT AORDI OOCBEA DO DOEARDQBODI ADOOE .
AT 1 O0OAT O EO OEA OAOET AAOxAAT OEA DPAQHGRAGTEOOEOU 1 A

1.3 Aim and objectives

A OAT ADEAI
AAO AAOAAOEI

AEEARETI £ ORDOAEOAKAIOAT T AT IAABATRAT DPOEAAI
i EAOT x AOA OAT 008 @3 CRDBIEIAGOEA T ET AAI

The key objectives of the project include

+r 3A1T AAO OEA 1 b @ AMOIOEGAA EICEMMOAS AAOOMOAT LA GHIAIABD O
Al AOGEAT ACEAAT 11T AMAG@ROEGAOERODE AARCEAMAGET T 1

AopAOEI AT OAT x1 OE OOETI ¢ AT AOOEAEAEAI OEOOOAN
AE ££AAOATGE UDp EHBAGIOE AT A
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2- SORBEA DAOGT 1 AT O | XOEARA AKTBDRART Aq &£ O AAOAAOET
OAT CA T £ AOANOAT AU j18Y O ¢£iql EBU xAOQOEORA /A OE
AEI BOET 1 O8

3 50EI EUA OEA OAQNAOCHGOW IOMAGEGq EANGDAA OAEAOAD AA &I O
ATA T1T 01 Al OADEBT REXBOET ODABDE

4- $AOAT T B OEA OAOT TjATTO KBRO GBEGRO OAA AT A AAPAAEOE.
OAAET ENOAQR OEI 01 AGETI T AU OOEIC ! AOMIAA $AOE
AEOOET COEOEET ¢ AEKEEDAOATI OOABEAAI AOAOBRBT O

5 $A0ECT A QUWAAEAMA x ADKOAB OAOAOODOA AT A AAPAAEOE
OAAET ENIOBRBEOEAAT OAEDHIG OOEA |1 ECEO OAAOOAOET «

1.4 Hypothesis

4EA EUDPI OGEAOCGEO AOOAAI EOEAO Oxi OAOEAAI AORh 1/ POE.
3IPDAAOOT OAT PU AT A -EAOI xAOA AABOODAGOOAU AR A O ALAIDA
Ai 6pi ET ¢ OAAET ENOA8s ' Aii AETAA -EAOI xAOM D/ DOEAA
Appi EAAGET T ET AAT AAO AAOAAOGEIT T8 011 UOOUOAT A OPEA
OEA OOGAEAAO T &# Al 6 OAAET ENOAOG O AT 1 £ZEOI OEA AAE

1.5 Tumour Biology

1.5.1 Normal Tissues

! OEOOOA AT T OEOCOO TKAG GOMNDAEGBA YEAIAEGEAARDGRE OHIOL AT
OUPAO T £# OEOOOAO AAT AA &I O1 A8 4EAOA AOA &I 60 A

i OOADI AOh AT A 1TAOOI 6O OEOOBAS

%DODEOEAI EAI OEOOOA & O0i O OEA 1 ETEITGEA AATIAIUO GO Ol AAA

SAAOAOGET T h DOl OAAOEI T h AT A AEI OOAOEIT AOA OEA 1A
AEAEZAOAT O OEADPAOC T A& AAI 1O jOEET j OOOAOEAEAAQh £
i AT 1 OispeddcErq 11 OO AAOT AAT O AT A OEA 1100 xEAAI U AE
OEOOOAO8 4EAOA OEOOOAO DAOEDODT POAARABADOT EGARADEET B
Ai1T1T AAOEOGA OEOOOAR #&£AO OEOOOAh AAT OA AEEAOT 606 OE
AT T OEAAOAA AT 11T AAOCEOALBEDORN A0 GEAOEGHO AMOATIAE OE
Oi 11T O0E AT A AAOAEAAQ8 3EAI AOAI 1 OO0AT A EO OOAAEDI E
OUDPA8 (T xAOAOhEOI AT OET ®i0I0@INT BAOU OUDPA A& OT A ET OE/
ATTTA OAOOAI 68 &ET AT 1 UhRh OEA AAOAEAA [ OOAI A EO ODI
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OEi1T T &£/ 1TAOOA AAI1 O EO Oi OAAAEOAI DOEI Ol ¢

I AURARBEAGDOERADOAADE DERRI ADAAOOOET ¢

4EA £EOT A
DAOOO 1T £ OEA

1.5.2 Benign and Malignant Tumo ur
I AAICBCTEXD MO0 T £ AAT T O OEAO AATTT O ET OAAA T AECEA
I OEAO PAOOO 1T £# OEA AT Au OEA OEA Al 11T AOOOAAI 10O OE
AU OOOCEAAI [ AOGET AO O£ ADEDEADI IAO ORODI IO EA AA BOOAR
OAOCAI AT A OEAEHWOEOOOA 1T £ 1 OECEI
/T EOGO ixIh A AATECT OO0ii1 60 EO 110 AAT CAOI 608 (1 x
A OEOABDOOAIRAET CEITT A EO A AATECIh OITxIU ¢COI xE'
i ATET CAO Al OAOET ¢ OEA AOAET 8 %OA1T O6O0AIT 1 UR EO AAT b
OEA OO0O0O1T O1 AET ¢ EAAI OEU AOAET OEOOORAIAITIAI €8 T10R OMEAX
OEA 11060 ATiii1T1T OUPAO T &£ AATECT 00iT1000q
E ' AATTT AO j ADEOEAI EAI OEOOOA OEAO AT OAOO OEA 1 0OCC
Z -ATETCEIiI AO j AOCAET AT A OPET Al AT OAQ
E &EAOT I AO TO EEAOI EAO j AQITITOOAGE DA TOBQOGHA O1 A& A
E OADEI | DEEDh AOAAOOR AAOOE@h AT A |1 OAI 060 o)
E ,EPITAO | £ZAO AAI 1 O0Q
E . AOGE jiT1AOQ
E -UIiTAO ji OOAIT A OEOOOA(Q
E (AT ATCETTAO jAITT A OAOGOGAI O AT A OEET Q
Z . AOOT T A0 j1AOOAOQ
E /| OOAT AETTAOI T AO j AT1TAOQ
-ATECT AT O OO0i 1000 j OOOATT U AAIIAEOEARIAAEIGIR OxiT (
COT ODPO 1 £ O1 1 BAE BEOFERD OCOAA OAON 4 AGEQ givds»AA AT TAT A OAD A ADAT |
AAOEOAA mEOI I APEOEAI EAI AAI 108 4EEO COI Ob EIT Al OA}
AAT AROO AAOGATTPETI ¢ ET OEA AOAAOOh DOl OgvadAn 1 OI
7EAOAAO OAOAT I AO AOA AAT AAOO mOI i AT T1TAAOEOA OEC
AAOGAT T PO &£O01TT AAIT 1 O T OECET ACET ¢ ET wiA OAT AEUI AT AA
AEA DPAOETITCEA AgAi ET AOEIT EO OOAA O POAAEAO OEA
O0i 1 6OOh OEA T AEAAEAUAT |1 ARDRGCROIGERERMPEIT AU [ EAOI
AgAl ET AGETT 1T &£ OEA 00iv AA®BO®I EE O &AIOTI ©ORAA DOAA GE 11 100 8
AAT AROIOGRBMOABREDABAOCOEIT 1T £ PBDI OABDRGAcEEREEIA EAIO

i T1T AAOICROAGRBILD O00I 1 60 $. ! Al AWeR.! AEAOAAOAOEOOEAO
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y1 1 AAOI
I £OAT AT AA

i £ ATT1T1TAAOEOA OEOOOAS8 EAOA EO A@bAl OEOA COl xOE E
EAAI OEU OEOOOAR xEEAE Olwigd dCIAA O GROGEIIOHEIUO AG G\ TAER® |
AADPOOI AO AT A AOA 116 AO Al AAOI U OAPAOAOGAA AEOT I EA
/Y
/
BENIGN 3 MALIGNANT
\ﬁﬁﬁ Nocrosis ?72?

o~ — -
/ B
K //. Meotastasis -
/ - : / T \\
Expansie / HOMOQOeNeOUSs Nonhomogeneous Vesse!
growth Capsule cut surface cut surface Hemorrhage invasson

Figurel-1: Comparison of a benign and a malignaurhour of the thyroid[14].

OEOOOA THAU OBKIEN SEBCE AACOBROOE Ab A BWEEA ARADE
SEC@EIA x AOAOh OEA | AIlTEG@O GAA @A ABRGITIIOETARITI O AT APi AOEA j
AAAOOOAOR E A 110 widgEAOAT OABR OBRECOBCHI ADI
AA O1 AE EBRO &

/I'T EEOOITTTGCEA AgGAi ET ACENIEC] - BAODTT GOIOP BA ©AEADE ® D QA
)

Figure 12: Follicular adenomalhe histologic appearance of the thyroid gland's benign tumot
cells shows tumour cells that are monomorphic in shape and c§idlir
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Figure 13: Microscopic appearance of a papillary adenocarcinoma of the thyroid. The frond
tissue have thin fibrovascular corgs/].

¢
A ATI DT OAA T £ M KOOABEODOA]
DT 00 AAI I Oj

:og

Figurel-4: Microscopic appearance in a sample of bmbnail variant of papillary thyroid carcinomtamour
cells have nuclei located toward the middle or apical portion of the cell, producing a surface bulge img
thesoOF £ t SR aK20yFAf & | LIISENFyOS 6 NNE slamna. Not©thel
ample, eosinophilic, and slightly granular cytoplasm, which is reminiscent of oncocytic cells (H&E s
original magnification 36()L9].
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Tablel-1: Comparison oBenign andvalignantTumour Produced from[14].

" Ol xOE 311 x &AOO
-AOAOOAOAO j OEA |. 1 9AO
i T O0A mEOT T T1A BAMA(

I £ GEA Al AuqQ
01 OO0 ' DBPAAOAT AA

%dOAOT A1 OOOAEAAA|3IT1T OE )y OOACcOI Ao

#ADPOOI A 9AO i

. AAOT OEO T 9AO

(MTT OOEACA 0 9A0

-EAOI OAT PEA | PPAAOAT AA

| OAEEOGAAOOOA 2A0AT AT A $1T AOT 806 OAOAI Al A OBFH
I OECET

#A110 7AANE £EAOA[ 0T T Ol U AEAEAAOAT OEA(

. OA1 AE .1 O MEUA |01 ATi 1T OPEEA
OEADA

-EOI OEO | A OUPA |&Ax -ATU EOOACOI AO

OAOOI 6O ET OHAAA
EAOET ¢ OEA OAIT A 1
AEOI T T 011 AO AO Ol
OUPEAAI 1T &£ 1 OAET

1.6 Thesis Scope

$AOPEOA COAAO OAEAT OEZEA AAOGAIT T Pi AT Oh AAT AAO OAI
AEACT T CEAOARRKROODI ATTET C ET AEZEEAOAT O AAT AAOO EAO!
AAOAOI ET AGETT 1 &£ AEIi DPOEAOR A1l ET OAOGEOA 1 AOGEI A
#11 OET O1 60 AAOGAT T PI AT O T &£ A 110A AAAOOAOA AT A 1}
4BOAMIOAGEEO OEAMOEDAOEIA AOAAHET ENOAO j 1 POEAAT AT A
Al ETEOEAI 111 1T0O0 TETEIiAITTU ET OAOGEOA AT I AET AA OA
OAT 0T O OUOOAIh EAOGA AAAT OOEI EUAASxBEAD ORIOAADA
O00i 1 AOEUAA AO ZHHOA@EﬁEEEAmBONh AAOGA T £ EAAOEAAOQE
OABEI A 1T AAOOOAI Al

4EA T DOEAAI OAT OI O OOAA ET OEEO OAORABDAEOAAGITT ABROA
Al AGEAT AAADEOCAT DAOGERARO AAT AAOCAARGKEOEEA AHMAEMAIATC
AEI OOEiI 1 08 4EA Aiil AETAA OAT OI O / POEAAI TO0EAROI x AOA
OEi O OAT AiDBi AT AAAAABAI PDAOOGB OO OEI xAA OEA POI AAAI
Al ETADBRABEAOT POEAAT DPOIT AA OET x AR EGEAO AA DA EGA AOBDIA
AEEEAOAT OEAOROCGMOEH TGO EAT 1 GRAI ADEG A All HDAOO GEDAN ARd A
AEI OQHIT 1T@0 GAROAAGAERE AO OAT CA E&E A8 AdGiti YOSImAV)vsES A IOE-1 A
, AA 0OADAOAA 3iAll A AATSIEGO GHAEIT A/ ®AATDA ALEDOA®A OBOEG 8 i
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1.7 Thesis Overview

4EEO OEAOEO EO OPIEO EIOI OEA A 111 xETC AEADPOAOO(
#EADBAGACT 1 OOEA A HBHEOBDA AAOCEADPODE

i EAOT OADRT BNAADIOEAO OAAEREQADAOEIE & AAI
HEADPD®RO33 / DPOEAAAADADERBBACE A EBORAAOEI C %, 33 OECI
AT T OEAAOO O1 1 RO AM OFEIA TAADERI AN QE ARBEGAN OB AAMDAAET C
AAAT DOAOAT OAA O1 ET AEAAOA CAT AOAI OOAT A0S

#EADPDNARBAOEAAOETT AT A AgbPAOEI AT OA1 ABARAOGICEBAE O O
AAAOERRA TAORBOBOAOU O1T OAAI EOA OxIACEIO® BA AD @ADDIT DO /&

OEAOA DPOI AAOS

# E A bDWi€rowave theory, theoretical calculation and simulation work AET O O Al AOE/
OEA AAOCEA DPORAREBRDEDI | A AOABRMIA AXEA 1A AAOABEAIT O A£E,
AT A OEA AEEAAOEOA DPAGE EOGAGMES @M G F AAEWDOBRIGEE® T AAO
I £ OEA AT AgGEAI AAAIT A j OEcCT Al OOAT OI EOOET T AT A EI(
£l O OEA AT AGEAI DPOT AA ORBEARDED DAL WEEBN A A ABNE
OUOOAT O £EOxAOAS8
#EADDABAODAAOEDBNET ENDAA AROE®OOOOAAOGETT OEAT OU8 o0C
xAO AGGHEN ¢ OAOEI 60 OAI BPI AO xEOBIT IAECEEAORNT O @b E Ad.
OOOPAT ORIITOIjA03 AT ET A xEOE OAOUET C OUDASH d A DOADAC
A OAEAOAT AAsS

#EADBAROI T AT O Al AZEIAITT GGOMABDOOBEARTAAGEDTT AT O Al AQ
DOi AA OOET C OAOQOET OO0 OAIERNEA AME A ARG AGNCOROGPEAT O Otk AETAVE E A
£l O OOAAEI EUAOGEIT AT A Ai OOAAOQEI T 08
#EADPDPAOAOAT AEIACT AT CAO AT A A A ©OBHADI OATAMAIGEOI@AE T C

i EAOT x AOA Al A 8o BGA BELHAAEA RO AT EAT AAT ATl DOA A GA AOBA
OUOOAI 60 OATORAOE OBQU AAIADET ¢ 1T IEECCBPERAADRADI AT OAG
OEA Al OO OERAOBDUEA £ET Al O00AOR OAIl @ BRERN BRRERNEYO A O
AT 1 AEITBABOT x AOA AT A TADOE £AIAGHE GNAOE BEICAAOET 1

1.7.1 Original Contributions
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T 4eA AAOGATTPIiATO 1T A&# OEA OAI DPAOAOOOA Ai OOAAOE

f

DAOOBOAAOGET I HOAIAMERAOET H£Ax OOADPO8 4EA EE
AOANOAT AU AEEAAOR xEEAE Al EIi ET AGAOODEAOKINT |
AAOxAAT OEA OAEAOAT AA AT A OAT OEI ¢ AOANOAT AUS
Agpi i1 Al OEAT & Oi 61 A Oi AA1I AOI AGAT OEDAOARPDEEO
OAOEAT AR AAOxAAT OEA OAI PI A AT A OAOI 1T AOI O OAI
AEOAAD 1 AAOOOATI AT O mi O OEA OAiI PI A OAI PAOAOOOA
ET 1 0EAO ApmHARDABGEABO OAI PAOAOOHOA

I T T 4aAODOOAODOOA AT A AADPAAEOEOA A1 OPi ET ¢ EAOA
i AAOOOAI A1 BOE OA1T OEOGEOEOU AT A AT AAT A 1T AAOBOAO
4EA AROGAI T PI AT O T &£ A 1TAx ADPDPOTI AAERDIOOADIODAOAC
AT A AABMADOERGEC | EAOT xAOA 1 AAOGOOAT A1 6O AU EOIT I
OAOBI 6O &AOI I AAAE OAO AT A OEAT A OOAOBEOOEAAI
OEA OAIi DPAOAOOOA AT A OEA AAT OOAI MAEOANBAIT AU 1 EA

4EA AEODO TO£IAEICAT DAERBRM®W xAOA 7 1 DOEAAI OUOOA

1.8 Presentations

00AOAT OAGETT AO %.'). $A 6ELAE IMExIAMmBAGG Vild T OAO
00OAOCAT AAOEI T O7AT A0 - MRERBEAAD E G EYOA ADED Qa1 Ya 8
x ABUAAOOUI AO 1 AADBT A@PpAODOAEORD EiI1 OEA | AAEAA
OEAOAA OEAEO AoPpAOEAT AR xEOE8OEA O0E$ OAOAAOAE
0 0OAOAT OAOEI, BignAOand Ihagind Sy@posiumi T °H oE * O1 AEEOD Ya 8
OUi T OEOI xAO 1T OCAh ERRAT AUOOEKRA3IATI ACHIC 2A0AA
#AOAEEALA 3AETTIT 1T&£ % CET ARAOET ¢ AU AOOAT AET ¢ A¢
j + ETCOlége London, Clifton Medtech Consulting, Bristol, Bristol University and

Cardiff University).

0f 60AO0 AT A 0OAOCAT OAOEIT O AO OPAAEEI ¢ T £ OAEAI
4EEO EO Al AT TAAIOEAS TOBIOOMATAR®B OI0 OEAOA OEA %10
ET #AOAE&EZR " OEOOI 95n! 9hA GBE 6AV hA )% AGBREBIADA EGH A UA
OAOOEIT O GCEOA AD AEADCEADOAEAGOEGAUE ORBRET ENOA
ET AAT AA® AAOAAOQEITI
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Chapter 2

DIAGNOSTIC TECHNIQUES

2.1 Optical Diagnostic Technologies

4EA AOCOAMNCEGEAAAEI O AEAOAAOAOEUET ¢ PEUOEAAT AT A AE/
OEA T POEAAIT KOBIADOEOADANET ENOA ET O1T1 6AO6 OEA OO6A 1
OAT CA OTORAKAG B EIFOHEBDOOET ENOAh A DPAOOEAOI AO OAAOOD
01 AEOOET COEOE AAT AAOI OO &O1T i 11 0i Al OEOOOA AU i
AEATYBBOEOE OEEO OAAET ENOAR OEAOA EO A bl OAT OEAI &
OOACAO AAEI OA EO AAAT T AO AAOAAOA WS ADEGT OBA ¥ AEICKT

EAOA AAAT OAAT 11 OHAAIOCOMD A0 GiodAdcOU OAAET ENOA
4EEO OAAETENOA AEI O 110 Oi AEOOET COEOE AAOxAAT
I AGAOOAOGETT 1 AOEI AO ORI OEADRA®KH EAGO AiI EAEAER At

AUODPI AGEA AT A EAOBER A | 1AD &E A OIE OGDIAK OB OIAE BAO | BOOET
AOAAO OOAE AO EUDAOEAOAOI OEOh ET &£ Al i AOETTh AUOD

AT 666 AU AT EIETAOET C EEOOT I T U AT Ax RO GEAMON TA A ¢

Eiil AAEAOA AANOEOEOEIT 1T &£ AEACI 1 OOEA EIT &£ Oi AGET 1T A
AAOOAA ADOOEI ¢ OEA xAEO &I O OEA OAOOI 68 3AOAO0AI i
AT i1 OhCEOONE AO $EAEAAOOCA 2AZEI AAOGAT AA 3PAAOCOLBAT PU | $

2AT AT 3PAAQAIAHAA OOHE B O O ARDAEA @O Tj GA 1888l

2.1.1 Diffuse Reflectance Spectroscopy (DRS)
$23 EO Al T POEAA] OARAABODERAAOHDABOI EAEDOOEDOBEAI E
OAAOOAOET ¢ ET OEOOOA AAEOAD ABELEARNEA OEOCOOGE O KEAA
OA&EI AROAA OPAAOGOOGI O1 AROCTI AG [ Al U OABAOBOET AOMAT &

AAOT OPOET T b OA®AIODEADLGREA BHODGEDOET | 01 ET AOET ¢ OEA O
OAl AAOAA AOTI AAAATA 1T ECEO OPAAOOOI h OEA AEAOAAOAOE
I AOGAET Al 1 POEAAI ~EEIRABDALET GET A OEABEI0OE OODHBBA @ ETAC
I £ I1TOPEITTCEAAT AT A AET AEAT EAAT ET & Oi AGET T £OI

IT T AOGAATTEA OAOAn OAOAOI AOEOUh ET OOAOAOAOI AO | @
¥ ®AEA OPAAOOA xAOA Al i Pl OAA 1T &£ AEEAEAAOAT O OAI PI AO

A OO1 COOAT TEAI T CAT OARAAAAAI AODEREEGOI | AOAOO j OEA O»
OEA T ECEO ET OEA OEOEAI A xAOAI ATAG BE AOETRGEOADRAGX A A

10
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x AOAT AT COE OAT CA hEADDABIE (d8 ARADE BED I GAEAOAA T DPOEAAI
/ITA BN AEAOA EO Ai11TAAOGAA Oi OEA 1T EGCEO O O0OAANR
OPAAOOT i AGAOO O AT 11 AAO AEAADOEHEA OAAOOAOAA 1 ECE

Light source Optical probe with three fibers

Laptop Visible spectrometer
Infrared spectrometer

Figure2-1: Diffuse reflectance spectroscopy set[3d].

$23 AAT COEAA OOOCAIT T O AOOETI ¢ AAT AAO OOOGCAOUB 4EA
ET AAT AAO AAOAAOEI T8 / OAO OEA 1 AOO OxAl OUEUAAOON
ETAEAAT AA AT A i1 O0ATEOU T &£ DPOEI AOU AT At @AM T AAOU
OAOAAOAEAOO ET OEA . AOEAOI ATAO #A1 AAO )1 OOEOOOA
Al D1 EOOAA AT A O11 01 A AEOAACET TEA A EOGERO AMEATARZAG GERAO

OEOI EOI AT 1 EOAO OAOGAAOETT 08 14 ERIOBE OCOUDRE AALT OBG
'T17T OEAO DOAWAIU OEA OAI A OAAI EAO AiTT £ZEOI AA OEA AA
i AOAOOAOGEA &OT i 11T Oi Al 1EOGAO OEOOOA xEOE EEGCE AAA

ITA T £ OEA AOAxAAAEO 1 £ OEAGBEGOOAEROE AKD GHEAK 16
OAAET ENOAEO Ai Ei EAAI ADPDPi EAAOEIT 08

I OAAAT O E1T OEAGGAAOGOA Ub AEGEIOCADE cO1T AAOCT ET ¢ 1 01 ¢
AEACT T OCEAPOORBARABADOU) O £ 01T A OEAO OEA $23 OAAE
AETI DPOU COEAAT AA AEOGAO EIT GAwOGREED 1A ED EON A @ EFAA G\EA (AOAL
OEAO AU OOCET C¢c OEA AT T AETAOQGEITT T &£ $23 xEOE Al 1 OA
Ei DOi OAT AT O ET AEACTI T OEO AAAOOAAUh xEOE¢® 1 EIEI.
&OOOEAOQI T OAR AGEAOBMBDAKE £EO0OCA CAIEDIAGDHAA AAA O DBABRODOD ¢
i $ 233 qQhA MO OOAA £ O AEOAOEI ET AOET ¢ ik GBxadsR13 EAAT OF
AT A &3EO Aii AETAOGEI1T EI AEI POU AAOEAAO BOA OECT
4EA AAOAT OACAO 1 £ OEA ARDAED ABEDDI OHH G 2GE AT BAA A3
AAT AAOT 00 AIEADHEAIOIADyRHTTEOCATISQ BRBATOERO ET OEA OAEI AAO
OO0AT OEAOBAOCE AGEEROOA ET OAOAAOGEI T8 )1 OEEO xAUh OAO
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AOMET C1 T AET 1T QUGCAT ACAEGWI DAAAKIBAHDAO 1 EAREAOR Al
NOAT OEAZEAA AT A AEOOETI COEOEAAB8 &OOOEAOI T OAh OEA

OO0O0OAOGIMRDORBAA AUy ASE AA OO AAAOEO ADEA SAFOEARAADA BATAEGS E C
AAOAAOEDET OFA EAIOOT O PET OAGOEBAE O BATVANAOBEREIA EOEO OO/
AOA DOl OAET O OOOOAOOOA AT A AOOIT REACGA OEEQE E DL O
AET OA1 AT OEAA | RASAQEBAAART QOEAT OBEA | ADAQT IEE GIEA]
AAIOAAG @) 1T OEAO OOOAU EAO &I OT A OEAO OEA NOAT OEOQ
AGAT 11 BB PH2AVO A OEOAI OT0ASHEINTT AARDAADENR IAAIOLET ¢
I AGAOOA ADBAPAAEAEADBAT AU T &£ AAT ARO OEAOADPU AAAT OAL
OAAET ENOA EAO EEGCE AAZAZEAEAT AU ET ¥id BAEOET ¢ AAT Ah
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2.1.2 Fluorescence Spectroscopy (FS)
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Spectrometer

Figure2-2: Fluorescene spectroscopy setup4s).
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OPAAEZEA AAOI OBPOEIT 1T xAOAI AT COEO jé¢é¢ah £0i AT A AQVYI

13



MAY ESTEPHAN CHAPTER 2

me 2AAAT O DOAI EAAOGERR3O GRAIAEITEWN O A AGGA AROBAA OAT OEAOA
i ATECT AT O OEOOOAOG8 7AOAEAOABGOBBC 8 &I AD BEDO OAEIAMA @
ayii AT A ¢nl 11 O OOAAH AOCOUBQIhD BB ELE AME D AISBEMT hx A C

AANOEOAA EOT I ¢1 DPAOGEAT OBEXE ORA ED ®OEBROO A OOAN A @A A
DOi OOAOAAOT I U OOOCAOUR OEA Agbi OABENT 1 AEOCKEDI ©00C
AGAEOGEI T | M EER MoHI0 A B AOTEABONMDGNA AAT A 4 Al ECT Al
OEOI OPAAOOA AO GEA®A OGRA OHABEBDPREOGEDD ODAAOOA xAO
Oi 11 O0A AAAECAT@IA ARiMOAE ADAT ci i AET |6 GCEAAOMOA OONE GAAA |
AOAOGOI Oh EO AEEAAOCEI ¢ OEA AMBOAAVEIOEI EAT OB6T " ORC
AO A1 8 OOOAEAA OEA 1 POEAAI DPOI PAOOEAQGAIN AJOAUOT EA
i ATECT AT OERRAOHE DO& A OE il E AEAA A GADABRGRIABAUGET C
OAOEAT AA | 40EAU OAOO xEOE Al ET AEOEAOGAI Ai 1l EEAAT A
y B8
2.1.3 Raman Spectroscopy (RS)
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Figure2-3: Raman Spectroscopy set up
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2.1.4 Elastic Light Scattering Spectroscopy
(ELSS)
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Figure2-4: ELSSetup[20].
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, AOUT CAAT AAT AA® EiG iilMiA OuDDEA £TOAAA AT A 1T AAE AAI
Yo TEITEIT TAx AAOAO AT A y80 1 EITEIT AAAOEO EOI I

w4 OOEAT AO Al 8 All A£AEOI YA AOODAOERACA GOBADNEQEODBE
AEOAOEI ET AOA AAOxAAT AATECT AT A AAIT AROI 6O , AdOUT @
i AT ECTATOQq 1 ACGETI 10 xEOE OAT OEOEOEOU AT A OPAAEEEAE
DOi OAA Al AAEI EOU O A8 AOOEIKOABGAR EGAODEH ODRO AT HOC
OEOOOAO xAOA A1 OOAAOGI U Ai AOOEEZEAA AO AAT AAOI 008

AUOPI AOOEA OEOOOA AEA 110 Ai AGOGEAU AATECT 10 AA
Al ACOEZEARA ADE RAITGEEAO AEAEA HO3BAI BODARD8 AT OOAADI U
i £ Y TATECTAT O OEOOOAOG AO AAT AAOI 66N OEOAA xAOA

OOAA AO A OECT & O AATECT AT A TACAOCEOAOE OOCAARDAC
OOAA AO A Ci1T A OOAT AAOA Oiyw BAMENYSE IOAE DEOEBEOUI AT A

20



MAY ESTEPHAN

CHAPTER 2

OEA T POEAAI AACAKDGECEO@AGA T EWEDR® xEOE
Table2-1: Ovewiew of the optical detecting techniques with different tissypes
Authors Detecti | Probe geometry Sensitivity Specificity Conclusions
on
method
AAEAA DRS 360t0 2500 | 1.3 mm diameter Differentiation
et nm probe. It consists between healthy
al.201133 TG of one fibre for tissue
emitting and two &metastatic
fibres for tumour from ex -
detecting with a vivo human liver.
core diameter of In this study , bile,
200 ym. water &lipid are
included in
addition to
oxygenated
&haemoglobin
for
differentiation
Ever et al. DRS 360to 2500 | 1.3 mm diameter 94% 94% It has the
2013(30] nm probe. It consists capability for
TG of one fibre for high accuracy in
emitting and two discriminating
fibres for normal liver
detecting with a tissue for
core diameter of colorectal liver
200 ym. metastases.
Evers et DRS 360 to 2500 | 1.3 mm diameter 89% 79% Has the
al. 2012 nm probe. It consists capability to
[3] TG of one fibre for discriminate
emitting and two between tumours
fibres for from lung tissue.
detecting. Fibre is
located  at a
distance of 2.48
mm from the
side-by-side
optical fibres
used to collect
the diffused light.
Spliethoff DRS 360 to 2500 | 5 g needle Water  content
et al. 2016 nm contained 3 fibres &scattering
[34 TG with a 200 ym amplitude are the
core  diameter. primary
One for emitting discriminators
and 2 fibres for for the transition
detecting. The from healthy
centre -to-centre lung &tumour
distance between tissue.
the emitting &
collecting fibres
was 1.7 mm.
Zones et DRS 360-685nm | It consists of It quantif ies
al. 1999 Xenon isa | central  optical information
[39 flash lamp fibre for delivery about Hb content

and six fibres for
light  collection
arranged in  a
circle around the
central fibre. All
fibores with 200
ym core diameter
with no gap
between  them.
The probe tip was
fitted with a
quartz shield

& 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 DSR 360t0 2500 | 22 G adjustable Dual modality
et al. 2014 &FS nm stylet containing DRS &AFS
[36] TG four identical provides
fibres with a core quantitative
diameter of 100 functional
ym. Two fibres information that
for the emitting corresponds well
light source with the degree of
(broadband light pathologic
source& laser), treatment
whereas other (monitoring &
fibres were predic tion of
connected to cancer therapy)
spectrometers , for 36 mice.
two different
separates  were
used ( 1.5 & 0.15)
mm.
Langhout DSR 360t02500 | 13 G (1.5 mm) 95% 88% Dual modality
et al. 2015 &FS nm optical probe can identify
[37 TG consists of four colorectal cancer
identical fibre from
optics with a 200 surrounding
ym core health y tissue.
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.
Spliethoff DSR 360 to 2500 | The same above. 98% 86% DRS provides an
etal. 2013 &FS nm The separation 100% 100% accurate
[2] TG was 1.9 & 0.32mm. | (eliminatin (eliminatin diagnosis of
g inter - g inter - malignant  lung
patient patient lesions how FS
variation) variation) 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 DRS 360 to 2500 | The fibre optics 72% 87% DRS could be
et al. 2016 nm consists of an used along with
[38 TG illumination Multivariate
centre, and six analytical

surrounding

fibres (each has
400 ym core
diameter) for
controlling to

techniqgues as a
non -invasive

technique to
monitor cervical
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centre  between
illumination and

disease status in
real -time.

collection
distance was 500
ym).
Volynska DSR 3.08t0480 | The distal tip The combination
ya et al &FS nm & 300to | consists of single of DRS & FSyields
2008[39] 800 nm delivery fibre promising results
surround ed by for the
SiX collection discrimination of
fibres  with a breast lesion s
diameter of 200 and warrants a
ym. prospective
clinical study.
Evers etal. DRS 360 to 2500 | The optical probe 90% 88% The analysis of
201329] nm consists of three the optical
TG fibre optics, one characteristics of
fibre for emitting different  tissue
and 2 for classes within the
detecting. breast of a single
patient is
superior to
analysis using
cohort data
analysis. The
integrationwit ha
biopsy device,
DRS, may
potentially
improve the
diagnostic  work
flow in breast
cancer.
Boer et al. DRS 360to 2500 | The probe tip The fat/ water
201542 nm incorporating the provided
TG optical fibres was excellent
1.75 mm in discrimination
diameter with a between site s
distance between clearly inside or
the emitting fibre outside the
and collecting tumour and is
fibre of 1.5 mm. one test case. By
this work, DRS
showed the
potential to guide
the surgeon
during breast -
conserving
surgery.
. AAEAA DRS 360 to 2500 | 1.3 mm diameter It could provide
et al. 2010 nm optical probe. real-time clinical
[40] TG The probe feedback to
consists of two physicians on the
fibres with an amount of lipid
axis of symmetry and water in
parallel to the tissue to classify
axis of symmetry normal,
of the probe 2.48 malignant, and
mm separation at benign samples
the distal end. in the tissue
phantom.
. AAEAA DRS 360 to 2500 | The same probe The confidence
et al. 2010 nm in the above with levels of the
[4] TG the end polish by water and lipid -

20°.

related

parameters
increases by a
factor for the
estimation of
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chromophores.

Gillenwat FS 350 to 700 | The optical probe 88% 100% Consistent
er A etal nm consists of a differences exist
1998[47] central fibre between the
surrounded by fluorescence
six fibres spectra of the
abnormal and
normal oral
mucosa
Werahera FS 290 and 340 | The optical probe 72% 66% It has the
etal 2015 nm (LED) consists of 8*100 (in vivo) ( ex vivo) potential clinical
[45 ym source fibres 75% 80% application of an
in a circle and a (ex vivo) (ex vivo) optical biopsy
OET CI A «qai needle based on
fs for prostate
cancer diagnosis.
Brandao FS 200 and 900 | The optical probe FS could become
et al 2015 nm consists of six a tool for the
[48] fibre bundle s of surgeon to
the probe that discriminate
collected the between normal
fluorescence. and pathological
thyroid tissues.
Singh et RS The diode The optical probe Identification of
al. 2012 laser of 875 | consists of 105 ym premalignant
[52 nm for emitting and lesion in oral ,
at i vi buccal  mucosa
collection. with both normal
and cancerous
sites by in vivo
RS.
Sahu et al. RS Laser The sample Find the
2013[53 532 nm exited by 50x possibility of
Nikon objective distinguishing
(numerical between normal
aperture 0O.55). and oral cancers.
These findings
combine
contributions  of
DNA, Proteins
and amino acids.
Krishnak RS Laser The laser size It can investigate
umar et 1064 nm OPp1T 6 xAO the
al. 2013 in diameter. chemopreventive
[54 response of
naringenin  and
its nanoparticles
in DMBA -
induced oral
carcinogenesis.
Guzeetal. RS 0 to 1800 The probe 100% 7% RS offers the
201555 cm-1 consists of a potential to
single fibre with a provide a point of
diameter of 200 care diagnosis of
ym for emitting oral disease using
surrounded by 31 non -invasive,
collection fibres. convenient, and
relatively
inexpensive
technology.
Lau et al. RS 950 to 1650 It has the ability a
2003[79] cm-1 spectral
differences
between normal
and cancerous
nasopharyngeal.
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Denkceke ELSSS 200t01100 | A single fibre 100% 96.4% ELSSS system can
n et al nm (TG) optical probe accurately
2015[61] xEOE YI1 distinguish
both delivery and reactive and
detection. metastatic pelvic
lymph nodes of
prostate  cancer
with  high PPV
and NPV. It can
detect the
metastatic
tissues during the
operation.
18! 1 Ad ELSS | 330 to 760 | Optical probe 83% 87% ESS can
al. 2013 nm with two adjacent (for (for distinguish
[68] fibres, one for classificatio classificatio dysplastic
illumination (400 n) n) prostatic  tissue
v [ -core from benign
diameter s) and prostatic tissue.
the  other for 80% 87%
collection (200 (for (for
v [ -core distinguishi distinguishi
diameter with ng) ng)
separation 350
vi 8
Baykara ELSSS 400t0850 | A single fibre 86% 97% ELSSS can
et al. 2014 nm (TG) optical probe accurately
[20] xEOQOE YIIi distinguish
both delivery and between benign
detection. and  malignant
margins of
prostate tissues
with a high PPV
and NPV.
Canpolat ELSSS 350t0800 | A single fibre 87% 85% Discrimination
et al. 2012 nm optical probe (Discrimina (Discrimina between
[72 (TG) xEOQOE YIIi tion) tion) malignant  and
both delivery and benign  lesions
detection. and detecting
80% 90% positive surgical
(detecting (detecting margins of skin
margins) margins)
Upile et ELSS 330 to 900 Fibre optics 77.8% 80.3% Discrimination
al. 2011 nm consists of two between benign
[58] (Pulsed x- | fibre optics (400 and  malignant
non -arc) vi £l O A skin pathologies.
AT A all
detecting), centre
to centre is 300
vi 38
Muller et FS, DRS | Xenon flash Fibre optics 96% 96% Trimodal
al. 2003 | and LSS lamp (350 consists of single spectroscopy is a
[27 to 700) nm light surrounding highly  sensitive
by six collection and specific
fibres with a core technique to
diameter of 200 diagnosis oral
vi 8 tissue
abnormalities.
Jerjes ELSS 330 to 900 Fibre optics 98% 68% Detection of
etal. 2004 nm consists of two cervical
[5] (Pulsed x- | fibre optics with intranodal
non -arc) ai i vih A metastasis in oral
centre separation cancer.
iseil vis8
Sharwani ELSS 300 to 900 The optical probe 72% 75% Discrimination
et al. 2006 nm consists of fibre malignant
[74 (Pulsed x- | optics with 400 lesions from
non -arc) vi EI O A
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AT A all normal tissues in
collecting. Centre the oral cavity.
to centre
separation is 300
vi 8
Grillone ELSS Fibre optics | 84%1t0100% | 71%t089% | It is the first
et al. 2017 consists of two study to evaluate
[73 fibre optics with the effectiveness
ai i vih A of ESS in guiding
centre separation mucosal
EO ail vi resection
margins in oral
cavity cancer.
ESS provides fast,
real -time
assessment of
tissue without
the need for
pathology
expertise.
Lovat et ELSS 320t0 920 | The optical probe 92% 60% Accurately detect
al. 2006 nm consists of fibre high -grade
[67] (Pulsed x- | optics with 400 dysplasia and
non -arc) vi £ O A cancer in
AT A all "AOOAOODOB O
collecting. Centre Oesophagus.
to centre
separation is 300
vi 8
Suh et al. ELSS 320t0 920 | The optical probe 75% 95% The ELSS
2011758 nm consists of two accurately
(Pulsed x- | fibre optics with distinguish
non -arc) at i vioo o benign Vs
fixed separation malignant
distance of 250 thyroid lesions
vi 8 with high PPV
and NPV.
Rosen et ELSS 320t0 920 | The optical probe 74% 90% ELSS has the
al. 2014 nm consists of two potential for use
[64] (Pulsed x- | fibre optics with in the real-time
non -arc) ail i vio o diagnosis of
fixed separation thyroid nodules
distance of 250 as an adjacent to
vi 8 fine -needle
aspiration biopsy
cytology.
Johnson ELSS 320 to 920 The optical probe 84% 91% ( per ELSS is a
et al. 2004 nm consists of fibre ( per spectrum promising
[7€6] (Pulsed x- | optics with 400 spectrum analysis) technique for the
non -arc) vi Al O Al analysis) rapid, accurate,
AT A ail 89% and  straighter
collecting. Centre 75% ( per ward detection of
to centre (per spectrum metastases in
separation is 350 spectrum analysis) excised sentinel
vi 8 analysis) lymph nodes.
Canpolat ELSSS 350t0 800 | The single fibre 93% 100% It has the ability
etal. nm probe was 1*2 for disseminating
2009 [80] (TG) fibre optical brain  tumours
coupler with a from
splitting ratio of surrounding
50%. The normal white
diameter of the matter brain
distal end of the tissue
DOi AABO A
Yil vis
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Zhu et al. ELSS 320 to 919| Static ESS fibre 85% 94% It can help
2018[28] nm optic surgeons for
( xenon arc providing a
lamp) reliable and
repaid
intraoperative
determination of
sentinel nodal
metastases
%, 33 EAO AAAT OAI AAOGAA ET 1 00 OAOAAOAE A O 1 AT U
OEAT &3 AT A 23h CEOEI C OEEO [ AOGET A 11 OKAAEEGEAEAI
I DPOEAAI OECI Al CEOAO Al AOGOEA OAAOCORARAEEAAOCEAADT EAR
I POEAAT AAOABOETT 1 AOETAO
2.1.4.1 Tissue phantom in the ELSS Detecting
AEOQODAT A I Pl AUEIOA GFEAA OCEAQBAD OEDLEIOEDOT A OAAET
OAAOOAOET ¢ OEA 1 EGCEO A&£01Ti OOPAOELEAEAI OEOOOAOS8 !
AARID AET 11T cRAAE AHOQT b1 XeMEBA OAAET ENOA EAO AEAEAZAOA
IOEAO 1T POEAAT OAAET ENOAO j$23nh &3 AT A 23908 !'!'1 ANO.

x EOR OWEAJ] AOGAOO 1T &£ | EAOI OPEAOA EO OGAA@MOhOEA | AE
N BB BeB6 AOEAOCET T O 1T £ | EAOI ObER®ARA AAEMG AR ORBIOIOD AWO 1EG
AAT AAOT 06 OEOOOAO AEAOAAOAOEUAA AU A T OAAADA OEUA
OEIREDAIOOEAXx 1T £ OEA BEOOGCA SBMAOAGIOETET OE

Table2-2: Overview of the tissue phantom in the ELSS detecting

Authors Suspension Concent I (hm) Probe design | Advantages
polystyrene ration
microspheres
Size
Canpolat, 0.194,0.329, 2% by 3502500 |4 x1 YT T | The maximum
0.426, the fibres were and minimum of
and Mourant , 2001 (TG) _
manufac butted up the oscillations
(87 0.451, 0.505, . .
turer against the can determine
0.672 . . )
al | Al scatterer size for
0.852.0.890 optics. monodisperse
0.990, distributions of
spheres.
1.530 and Additionally, the
2202y 1 8 effect of the
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absorption,
broad
distribution of
scatterers and

depth probed.

Amelink et al., 2003 | One or two One or 350-2500 Single fibre | Tested the
[82] layers of two optics for | sensitivity to
suspensions layers of (T6) collecting light scattering
of 4.5 and and delivery | from superficial
monodispers 9.4v i with core | layers of tissue,
e and a diameter 400 | which can detect
) bulk vyi 8 superficial
astlhsa layer of precancerous
and intralipi epithelial
04°1 80 v d- 20% lesions.
and a
top layer
of 4.5%
v
polystyr
ene
spheres.
Canpolat et al. 2009, a 3 1 8i 10% 3502500 | The  single | Tested the
2011 andDenkceken fibre optical performance  of
et al, 2013[60, 72, 80] (T6) probe was 132 | the single fibre
fibre optical optical probe.
coupler with
a splitting
ratio of 50%
with 100 v i
of the optical
fibre at the
distal end.
Baykara et al. 2014 | Y8i 3 1 10% 3502500 | Same[ above | Same the above
and Denkceken et
(TG)

al. 2015[20, 61
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Kucuksayan et al. i v i 1.25% 3502500 | Same above Same the above
2015[83 (TG)
Yy 100 OAOCAAOAERO GEAOOMA MMAJOEAEIAO ARE Uk&EDEE hOAIOER OB

AT 1T AAT OOAOET 1T OOPBEA OE ik B&BAEEDN ZDXii DEAOA OE@HOA DPAOOI
AOA O1 OERAADROEAE POOBOAA OEAO OEA OAAOOAOEIC 1T &
000T T ¢l U AADPAT AAT O} EO ADEART IxBADAERAQEAEGRADPATUAAK AQAT
Al T 2@ OEA 1 AOCAT OEUAAODEADAARBASG AT 1T A£EOI AA OEA ¢
OEUACIAR AT | AA AGG CAO xAOAIGHAOEHOA O&HEAE DIAAMEOE &GP H A |
ATl xA@\l AT ¢cOE

2.2 Microwave  Techniques

47 O1 AROOOAT A OEA 1 AOGAOEAI AAEAOEI OO0 j Al AAOOEAAI

i AAOOOAI AT 00 1T £ AEAARADOGCAT OOAPAGDEA OEBI ABEAOARBA
AEAT EAAT DPOT DAOOEAO OAI AGAA O1 OOT OACAH &iEARA AT AOC!
DAOI EOOEOEOU OAI OAO OEiI x Al Ag@OAOT Al &EEAI AEO EIT O
i ACAPEBAIO AAT AA DABABOEAOEOATITTEOIOETIC 1T £ OPAAEE
Ol AAOCT ET ¢ PEUOEAAI 10 AEAi EAAI AEAT GCAOS

4701 AAROOOAT A OEA 1 ARKEAOEDOA HE& BOIEROEARRA | ABGAET 11 CE,
BeB8Al AOEAEAA OEAO OEA AOANOAT AU AADPAT AAT DA 1T £ AE
OA1 AGAA Oi OEA DI 1 AOEUAOEIT T&E | OABBIOT D Al AOBAC
Al AAOOEIAOTEE ADAR OAl AGAOET TEMEDA AAOHAAAEEAT AT00 AOEOO
OEOWDBERBREAEAANIOI OEAAOAAT A OEOA ET OEA 171 OETT Al AOAA

2ACAOREA cOT AEOI AT T AAT OOAEGETGEAATIAATXxEAQOAMD AATAIBARTIG Oi
DAOAT O T &£ O1 AEOI AT 1T AAT OOAQET AT IERAGEAADERO THETOI @B A Al/

WBes BET AOAAOGA ET  O1 AEAAERBRA OAMITIODIAOEAYDEIAKN BAT A

AAOGOAO OEA 1 Al ECHIAT IO @8 @EOBE@E OhOAAA ET AOAAOCA E
AT T AAT OOAOCETT Al T TA TxAGAGE GHOAWOMAIGA BN EOOEOEOU C
OEOOOA KXNili DEBRAA T OI Al OEOOOAE OA BN BRI 1xAAAUY xEEOE A
AT T ACBOEOEOPAOI EOBDEDE GOR PR BRIDOAEDT AEACT EAEAAT O ET /
ET OEA xAOAO AT 1 OAT O EGT OFERA (TATGICATAT @E GO O DA ORIAOT
AAOxAAT OAI AGEOA PAOI EOOEOEOU AT A xAOAO Ai10O0AT O E
AT T ABGOOQWET A xAOAO AT 1 OAT 08X 46BEAHO OADBAI OABRAT | ABEI
OAODPI T OEAT A &A1 O OEA AEAT GCA ET Ai OE AEAI AAOOEA bDC

DOl PAOOEAO j PAOI EOOEOGEOUQh Ox i OAIAEAIEMN OIAKDO AIOROD O A
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2.2.1 Resonant Techniques
The resonance technique is widely used for measurements of microwave dielectric properties
w7 EOE OEEO 1 AOET Ah OEA AAEIT EOU O AAAOOAOGAT U 1A
AAOAT OAcCA8 (1 xAOAoOh OEAOA AOA OAOAOAT AEOCAAOAT OA

AOANOCATOA R AHT ATA | AAOGOOAAR AT A OEA AAI AOI AGETT 1T & ¢
AT i bl EAAOAA8 4EA OEEOA AEOAAOAT OACA EO OEA OANOE
OAT OEOEOEOU I AAOOGOAI AT OO AOA 111U AAEEAOGAA xEOE C

2.2.1.1 Cavity Perturbation Technique

/T A OAAETENOGA A0 [ AAOGOOEI C OEA AEAI AAGOEA DOIE
DAOOOOAAOGEIT OAAETENOA8 4EEO OAAETI ENOAEO AOOAT OE
AOANOGAT AU AT A AAARAOEBORDEEEABEAEO AOOOEAOOAAI A Ol
AEAT AAOGOEA OAI BPI A ET OwAssGROIAIEMAN @ AA ADE GE A ABRENT & fA
i ARAOOOAO OEA AEAI AAOOEAETATG RO AN GO EAG LA ADAERAO | ACE AAAERGEER
1T PEBIEA 6AAOT O . AOxT OE ' T AT UUAO 6.1 q AOGOI I AGEAA]
AT A AAT AxEAORAGODAA RO Aiil A AAAOI 00 AmGOHAGE OEA A
AOG OEAR CAl iGioRi AI8N GFEREADAET AAAOOAOA 1 AAOGOOAIT AT ¢
OEAOA AOA Oi i A OANOGEOAI A1 OO Ai 0O OEA OAI PI A8 &EO0O
AT OEOA AATyBAE C@ORAGITA OOGIADABI Al AQEAT EAEEAT A ET O
4-7Yi AAOGEOU8 3AATTAIUR EAADETIC OEA OAIA 1 OEATO

OEA 1 A@EI O ET OAT OEOU 1T £ OEA AAOGEOU 11T AAnh AAEEAOE
wB AAEOEIT T AT T UR OEA OAI PI A OOAREG EB AR AJGADGA B EAO
OEA T AAOOOAI AT OO AO OEAOA EO A AT OOAI AGET T AAOxAA
Electric
field
| Thin dielectric |
| Todsample 1
I

-
Resonant frequency
determined by diameter

Figure2-5: TM010 Cavitys commonly used for perturbation measurementsupfto 10 GH{96).

$AOPEOA OEA AAOAT OAcAET 1 AONERT AROLEDOUOPAODOAAA Ol
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OAOGI T AT O AAOEOU OUOCOATI O OAZEBOAEBNEBAGD POAOGAAIGAKEA
AAOA AO A OETCI A ~&AOANOAT Aus 4EEO OAAET ENOA DOAC
i AAOOOAIT AT 06 AOGA Oi AT I pyEAAGA AAADE GETA hb OADAAGEA OFED
xEEAE AAT AZEEAAOOOEAOhAAOADBAAODPDI 6A 1T £ A1 OEA £OI |
AAT OEOU &OT i DOOEETI ¢ OEA OEOOOA ET Oi OEA AAOGEOU A
&ET Al 1 Uh OAOOIET ¢ DAOOEAI AO ET OEA AAGA T A A b,
i AGOOAT AT 008

2.2.2 Non Resonant Methods

)y OEAOA OAAET ENOAOh OEA 1 AOAOEAI bPOT DAOOEAO AOA
AT A xAOGA OAI T AEOEAO OEAOAET 8 4EAOA EO A AEAT GCA EI
x AOA POT PACAOAO AQIITOHAGS Al AHAIGEAGT OA &I AAOGEIT 1 A
ET OAOZEAAA AAOxAAT Oxi |1 AOAOEAI 08 O0AOIi EOOEOEOU A]
OAxElI AAGETT mOI I OOAE AT ET OAOAAAA AT A OEA OOAT Oi
OOAT OI EAOCET RO 1 AET 1 DAIGAAGG OET AIOETRRGE 1 AE @OH AIOEN A
OANOEOA A T AAT O 1T &# AEOAAOET ¢ OEA Al AAOOT i AcT AGEA
OEA OA&EI AAOCAA AT )y e®OAT Oi EOOAA OECT A1 O

2.2.2.1 Open Ended Transmission Line Techniques

)y O G OATMMBEEITGAOEOAR Z£ZAOO AOT AAAAT A OAODPI T OA AT A O
i AAOOOEODQU | AOGAOEAI OE Al i pil Ao PDAOI EOOEOGEOU AO 2&
Oi A1 OAI PI A OOEOGAAI A &£ O AEAOAAOAWBSIEIAC ZORA AEI]
AT ARA DIOOGERAT T U OOAMBEMEEAODO ESEABEEAEA ATAGES Ah £1 AO BI A
xEOE OEA OAipIi A8 4EA 1 AAOGOOAI AT OO AOA T AAA AU Eii
EO O A OITEA j10 PIixAAOQ | AGAOEAI EO &I AOT EAAA8 4
OEA 1 AOGAOEAT AAUITA OEA AT 1 AOAOI 008 4EA AEATI AAOOE
Al AEARTI b1 EOOAA 1T £ OEA OAEI AAOHEAT A KK CATAABRARIE DERAT AT
I AOGAET AA AU ET OAOOEIT T IviEOGRRAOBAHA AGE EIl Oll q OEAT OAA PIl.
OAT AGAA O1 OA Bk Ab DAEDO GACGEH WA OET 1T AT AEEEAEAT O E
A AT T BDOOAO O ZEOxAOA Al ci OEOEI j OOAE AO , AAe6) %7 Qh
AT 1 O0AT O OAOPRE CHADHETEN ORAMET ENOA EO EAAAT &A1 O DA[

i £ 1 ENOBEA AT A OAI EOI T EA | AGAOEAT O T £ OA1 ABGEOAT U E

x EQEBAT CA T A BDANOAOIA il 'TEWDHEAOh T ARA OFEOAROAAEAGI
AOT T OEA AT AgEAIT DOI!IAIA EOE CEAGAD AA RO -OEAT OGH DI18AGI AA

OECT EAEAAT O OI OOAA 1T &£ AOOI O 011 A606 OEA OAI PI A EA)
AAAA8 )OO EO OEA O HORAA EMIA I GEARBOEGEMRO EIAOAOCET T Al

COAOAT OAA AADDODAMRAITBA®AOOSO T £ OEA ET 00001 AT 00 | EI
AEQAA 1 AAEAT EAAT 1 B OO0 MMOAEADO@ER TAIG EITO AAAT A OEA
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OEdeED 1T &# OEA bDOT AA TAAAOG Oi AA DPAOA Oi AA AAAEN OA
AAT EAOAOGET T EO AZHBAA A COOERAEQAGE G BMGAOEAOAEAA K
OOAT AAOA AAI EAOAOET T g8 $AOPEOA OEREI BDNOBADAR OAQA
OEA OEEAET AO& EAE EGRAATOAEEEAET AOO T AAAO O APDPAAO

AOAT AGAAT O AEAT AO AO OEA 1 PAT AT A 1T &£ OEA Al AGEAI

OAI PI A8 )OO T AACOOBAE GEEAA A TAE VOAEMA O AO OEA EITI
wiek ECEDMA POAOCAT 00 OEA 1 AAQRGIODM AGTACEA 11 A EADEAIOCD Of
Ai1 OAAO xEOE OEA OAT Ol OEO ZAAA xEOET OO0 AT U AEO GCA

Network Analyser

Coaxial Cable

Coaxial probe

Reflection - Sample
(Sq1)
\. Laboratory jack
N
<4— Stand

(a) (b)

Figure2-6: (a) the reflectiorscheme of the signal; (b) lllustration of the apparatus used for
microwave probe liquid measuremerits01].

2.2.2.2 Waveguide and Coaxial Transmission Line
Techniques
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Figure2-7: (a) Transmission line method; waveguide and coaxial line case;pftactical example
of the transmission line ( waveguide) setup foicrowave measurements under temperature
control [103, 104.

2.2.2.3 Free Space Transmission Techniques
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Figure2-8: Free space setufl05

2.2.2.4 Surv ey the Microwave Techniques for
Cancer Diagnostics.
Owing to the capabilities of using the electromagnetic energy in the microwave frequency ange
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. utilisedhe radio frequency range of 20 kHz to 100 MHzo
detect breast carcinoma and the surrounding tissuesThe diagnostic was done at 37 C° by using
a VNA and an endof-line capacitive sensor at this frequency range The Cok-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 dataor 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 differentlocations.[109.

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 kHzo 20 GHz.
Moreover, this study showed that the rangeof 100 MHzto 3 GHz is useful asa 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 ae rapid and straightforward to interrogate the breast for the tumour in 3D [10§.

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 B A O E #aini@ed Gollected from the surgery department at Lourde Hospita[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 fotthis research. At this frequency

(465 MHz TRIM probe™), the amplitude reduction of 80-90% is observed in a space region

AT AT T OAA ET A AT OA straight-lké jGining tramshittiAgQpbird bf fre TREVA

probe™ and the patient's bladder. This study showed an overall accuracy of 89.5%, PPV of

83.3% anda NPV of 93.%. Onehundred and fourteen patients participated, and cystoscopywas

used as a gold standard11D.
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Researchers in UAE have utilised aropen-ended coaxial cable (200 MHz to 13.6 GHz) to

characterise normal and breast cancer cell lines culturedin-vitro. This technique showed the

ability to distinguish between healthy non -tumorigenic, MCF-10A and east cancer, MDAMB-

231, Hs578T, T47D and MGCF 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 cancegpe has a unique microwave signaturg11B

In our research, openrrended at frequency range 0.1 t@ GHz and circular cavity as a reference

have been selected for a nosresonant and resonant technique,respectively.
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2.3 Other Technique for Cancer Diagnosis
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2.4 Chapter Summary
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Chapter 3

ELSS OPTICAL DETECTION
3.1 Transportation of Lightin Tissue
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Figure3-1: Interaction of light incident with the tissue.

3.1.1 Optical Properties of Biological Tissues
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Figure3-2: Anisotropy in scattering
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3.2 Scattering
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Rayleigh Scattering Mie Scattering Mie Scattering (larger particles)
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Figure3-4: Effect of the particle size on the scatteritypes
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3.3 Elastic Light Scattering Spectroscopy (ELSS)

Principle
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Figure3-5: Schematicset up of the ELSS

3.4 Mathematical M odel

3.4.1 Definition and Objective
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3.4.2 Equations of the Mathematical M odel
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Figure3-6: Schematidiagram illustrating the overlap between the emission cones of both fibres giving ris
the sensing volume and the fibre separation Ds.
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Figure3-7: Schematic diagrantiustrating the positiordependent FWHM as a function of distance from the
fibre face.
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3.4.3 Effectof Some Parameters on the
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Figure3-9: The intensity profile fothe different number of sigmar(-s).
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Figure3-10: The acceptance angle and the incident ray
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Figure3-11: The effecof acceptancengle on the scattering intensity
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Figure3-12: The effect of the scatter on the scattering intensity
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Figure3-13: The effect of the separation on thecattering intensity
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Figure3-14: The effect of the diameter on the scattering intensity
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Figure3-15: 3-D intensity profiles for different distances from the fibre faces. (Lambertian emitter ijpde

Isaposition away fronthe tip of the fibre aperture (it ishe assumption number withouthe unit in the
figure).
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Figure3-16: Coupling intensity as a function thie distance between the fibres for two different acceptance
angles (15 and 25 degrees). (Lambertian emitter model.).
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3.5 Chapter Summary
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Chapter 4

FABRICATION AND EXPERIMENTAL
RESULTS FOR THE OPTICAL PROBE

4.1 Geometrical Design and Fabrication

4EA EAAOORDLOEEADRAAART £/ 11T xET ¢ OEA AAI T x OOADPOS
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AU OOET ¢ AEAZAOAT O 03 AEI OOEITO as8irh Ysdisr AT A |

4.1.1 Selecting the Optical Fibre
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AOQOETOROEEAT ¢ AU 1 AAT O BAHAUEUADNEHRIH: EIARAEECE
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4.1.2 Fabrication and Geometrical Design
Two ELSS optical probes, probel 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 um diameteand for probe 2, 100 um core diameterThe centre-
centre separation is 263 and 132 um for prokd and 2, respeitvely. 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 4-1and 4-2 demonstrate the stepsof our fabrication. Figure
4-1demonstrates the fabrication steps which started by adjacent two identical fibre optics in a
rigid stainless steel needleusing the specific glue fa fibre optics (F120- Epoxy for Fiber Optic
Connectors, Fast Room Temperature CureThorlabs Company, US. Then the drier has been
used to fix all. Finally, the separation for two fibreshas been doneusing a fabricated plastic part,
one as a source and the second as a receividlore 1Q Figure 4-2 shows the polishing steps for the
SMA9O05fibre connectors which one wasused asa source and the second one as a detector fibre
optics. The stepsstarted by hanging the connector in a safe spot afte 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 specifidibre polishing film/ Lapping Film for
use with stainless steel Ferrules x EOE AEEZEAOAT O OEUAO i «~yih ¢ «vih
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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1 2
Figure4-1: Fabrication step&-Gluing two fibre optics after adfent both of them.2Glue and houg the

adjacent fibres in a rigid stainless steel needléi§ing allgluingparts.4 Fix and separate two fibres, one as
source and the second as a receive

3

Figure4-2: Polishing steps for the SNAB5Fibreconnectorsl-Hang the connector ia safe spot after inserting
fibre into epoxied connector-2rotrude fibre to make ready for polishing Fibre after polishing.

1 Core Fibre Optics

2 Cladding Fibre Optics
3 Jacket Fibre Optics

4 Stainless steel Needle

Figure4-3: The design of the Optical Probe
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Figured-4: The physical optical probe

4.2 Tissue Phantom Preparation

4.2.1 Optical tissue phantom
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10 ml of sodium chleride 5 ml stock+5 ml DI 5ml C145 ml DI 5ml €2+ 5ml DI
solution 0.9%W/V from Water +mix- 5 ml Water+ mixing-5 ml Water+ mixing-5 ml
Boot Pharmacy after mixing(C1) after mixing(C2) after mixing(C3)

Figure4-5: Polystyrene preparation

4.3 Analysing Data
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i EAOT OBBDAEADAOOET ¢ OEA DOl AA nET OENDA OGRAA AGAIERIOA O,
OPDAAOOOI h xEEAE xAO |1 AAOOOAA &£O0T 1 bDOOA EARO AU ¢
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4.4 Instruments
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Automatic
motor to fix
the sample

A Fibre Detection Fibre

Probe Tip

To sample

— Mobile scanning stage in x-¥ raster pattern

Figure4-6: Set upof the experiment

4.5 Configuration Types
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PDOT AAO xEI 1l A 111x8

Plastic part just to fix
the fibre in position

Attached both fibres by
using specific glue

Source fibre

TG light source
—

—

Attached both fibres inside
T l stainless steel needle

Spectrometer Receive fibre

Figured-7: Schematic diagram of tHast setup.
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Plastic part just to fix
the fibre in position
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optics diameter
TG light source . Souree fibre
g —_— el
- { 1T ) Single fibre
Spectrometer / = P — . A optics with
Receive fibre double diameter
. inside stainless
Index matching gel steel needle

Figure4-8: The diagram ofhe secondset-up

4.6 Experimental Results

4.6.1 Effect of the Particle Size (Tissue
Phantom Polystyrene Spheres in DI W)
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Figure4-9: Comparison between three particle sizes &% %PS concentratioby using an optical probe with 10(
pum, each particle size withdifferent signature
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Figure4-10: Derivatives of the spectra in figuded
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Figure4-11: Particle diameter as a function of the total number of maxima and minima oétastic scatter
spectrum derivativegetween 450 and 800 nm.

4.6.2 Effect of the Dimension of the Core
Diameter and the Separation between Fibre
Opticsonthe  Measurements of no -
Absorbing Tissue Phantoms. Polystyrene in
DI-W
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Figure4-12: Comparing the core diameter 100 and 200 um for three particles 2, 0.8 and &.8H3(d c) micron
with concentration (2.5%) stodkS concentration
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Figure4-13: The spectrunfor three particles 2, 0.8 and 0.413n (a, b andc) with variousconcentratiors 2.5%,
1.25% and 0.625%RS concentratiorrespectively by using the probe of 100 um core diaraet

4.6.3 Conclusion for of the Particle Size
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W) of the first conf
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4.7 Light Source ,Light Emitting Diode (LED)
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Figure4-14: Comparing TG and LED thtele NJi $iz&< 25058@nd 0.418n (@, b and pat 2.5 %S concentration
with 200 um core diametr.

4.8 Spliced Fibre Configuration
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Figure4-15: Comparison between thirst (Probe 1 with200 for the two identical cordiameter)anda second
configurationset up for three particles sizes 2, 0.8 and 0.448(@, b and rat 2.5 %PS concentration
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Figure4-16: Comparison between thérst (Probe 1 with 200 for the two identical codéameter)anda second
configurationset up for three particles sizes 2, 0.8 and 0.4&8(@, b and rat1.25 % PS concentration

66



MAY ESTEPHAN CHAPTER 4

= First set up (probe 1)== Second set up 2.2 \— First set up (probe 1) === Second set up

Corrected back scattering (Arb.)

Corrected back scattering (Arb.

t T T T T T 4 T T T T T
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

c)
14

\— First set up (probe 1) === Second set up

1.2+

1.0

0.8

0.6

0.44

Corrected back scattering (Arb.)

0.2 T T T T T
400 500 600 700 800 900 1000
Wavelength (nm)

Figure4-17: Comparison between théirst (Probel with 200 for the two identical cordiameter)anda second
configurationset up for three particles sizes 2, 0.8 and 0.448(@, b and tat 0.625 %S concentration
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4.8.1 Conclusion for Spliced Fibre
Configuration
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4.9 Chapter Summary

4xi 1T DORARAD EBAOA AAAT ET OO0 Al OA AEAI AOAO
AAT OOA @ioT ART GO GAIO MEENOO AR TTami AT Okl DEAEAOADEOOE
AT A OAAAEQGENRC AZBPOARE OADAOAOETT EO abé¢ AT A Yéa
OAOPAAOEOAI U 4EA AEAI AOGAOO T &# OEA xEIT A AOOGAIAI U
4 EOBROOPENADOOODAT OETI T Hi 1 UDOKEGEA AEDDARGED A AIEd 1 Y
Ol T86ai CEAGA OAAAItQOOEI EUAA AO AT AOOEAZAEAEAI OEOO
OAT CA T &£ xAOGAI AT COEAADEARDAXEIGEOE@AIN x DOEGBAEAT O

AEOQGENITTT ¢ OEOAA AE ASEAREI O AED MEAGQGREE OB A0 AAO 1T A&
OEA T Agei A ATA TETEIA T &£ OEA OPAAOOAE AAOEOAOEOAC

2ACAOAET ¢ OEA QAQITIARRO OFE A/KIO EA AERA ORE IAEMA ARDAR d 1T GR VA A
OEAT viai &l O DEORAARI MHOH BBOYABA 4 EAN REAEAEAIYGITh DOEAAI

i £/ OEEO AEI OOEI 1T xEOEEI8 OB AIGIGESS |14 OEBS GIOOMAT AE
CiTA AAOAAOQET Ggi A0 OAAR 1A ATTeEECOOAOETI T EAO AAAT OC
A i1 O0OA AEEAEAEAT O OAAOOAOE I -Ce FOEARUE | AR COVAAEGED AQD BB O A AA
AT T OEAO DPOT AA Ai1 OEOCOBBC 51 IEDAEDEDAEAT OAODEADAOGET

ATA TETEIA AOA 110 OEAO POTIETATO ET OEA OAATTA ¢

68



MAY ESTEPHAN CHAPTER 5

Chapter 5

Microwave Theory, Theoretical
Calculation and Simulation Work

5.1 Introduction
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5.2 Interaction between Different M aterials and

an Alternating Electric Field
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Figure5-1: Electric field between oppositely charged plates.
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Figure5-2: Water molecule dipoles randomdyientated in the absence of an applied electric field.
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Figure5-3: Polarised (aligned) water dipoles opposing the applied electric field.
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energy dissipated due to damping of the dipole moments. Because of this, relative permittivity

can be considered a complex qgantity, which is expressed below.

} Ko) (5-9)
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5.3 The Debye Model for W ater
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Figure5-4: Corrected Low frequency permittivigg0) with the range of the temperature (15 to 35) C°.
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Figureb-6: Corrected relaxation timewith the range of the temperature (15 to 35) C°.
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Figureb-7: Mathematical Debye model from our work, permittivity real and imaginary with the range
frequency(1E81E12) Hz at range temperature (15 to 35) C°.

Permitivity Calculator
Enter Temp
24 C° T g(o0) £(0)
8.45668 5.32562 78.77

Enter Fre g’ £
2488012497_Hz 77.5086635 9.5426174

Figure5-8: Our calculator laboratory for measuring the real and imaginary permittivity for specific freqt
and temperature.
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5.4 Effective Permittivity (£ gl
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5.5 Theoretical Measurements of the Effective
Permittivity of Polystyrene Spheres in a Water

Host
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Figure5-9: Magnitude complex effective permittivity for BAV 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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Figure5-10: Tangend for DFW and different concentration of suspension polystyrene (2.5%, 2.25%, :
1.75%, 1.5% and 1.25%) at frequency range (0.1 to 3) GHz.
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Figure5-11: Effective real permittivity for MV and different concentration of suspension polystyrene (2.
2.25%, 2%, 1.75%, 1.5% and 1.25%) guiacy range (0.1 to 3) GHz.
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Figure5-12: Effective imaginary permittivity for B and different concentration of suspension polystyre
(2.5%, 2.25%, 2%, 1.75%, 1.5% and 1.25%@ctency range (0.1 to 3) GHz.

5.6 Experimental W orks for Non -Resonant Method
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is8y O ¢ ' (U xEOE OAODPAAO O OEA OdOMA OA AEMAEEAOAD
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Figure5-15: The reflection § as a function to the range of the frequency (100 to 200) MHz for th&/ DI
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5.7 Comparison between Theoretical and

Experimental Work
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Figure5-17: The comparison between the theoretical calculation and the experimental results fer nc
resonant method at frequency range 100 to 200 MHz for th&\dnd the concentrations range 2.5% tc
1.25%.

5.8 Method Selection in Our Measurements

T TT a@®EA | EAOT xAOA OAAET ENOAO OEAD GAIOAI ABGRAIN AA ADA
AAAT OAITTAGDAIAA A @OAT AT 668 4EA AEOOO 1 AOEI A EO OEA
I AOAET AAOAT ET A AAOA xEE®E AJE 10ERA ORIAA O EA&ZH AAO EH TA
AT ARAA AT AGEAT DPOIZBAGI 1%0Dd | IOADD OWATTATOO EAOA AAAI
OEEO AEADOAOR ATTAT @NIOT OAT O ABGOETAT AET 1 AA3 DOAOAT
2ACAOAET CAIOEAAT PRAACEAIZABOOAAAOEOAEBEOOET PI Ah 11 x Al
)0 EAO OEA AADPAAEI EOU O 1 AAOCOGAEN OEAA OAQTOMICARAT G
i AAOOOAI ADEOIEI MEDT Bo4EEO OA&AI AAGETT EO OEA OAOGOI
AAROxAAT OEA Al AgeAl AAAT A AT A OEA OAiIiDPIA O AAO
AOOT AEAOCAA xEODBEROO AoBAABI AT OOA @A iAeE QA hA OOAEAA ApGinA GdY

I £# OEA PAOOEAI AO AOOET ¢ OEA 1 AAOOOAI AT 66 AT A OEA
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5.9 Resonant Coaxial Probe

5.9.1 Introducti on

I OAOTTAT O AT AgeEAIl AAAT A EAO AAAT OAI ABA®BAA A O
I AAEOET T AlOIRBtucture and AADAAEOEOA OANAD®IT EAROECA AA O1T A
OAAOEI T O AAITx xEI1T AAITT1 OOOAOA OEA AAOEA DOET AEE

OEi O AOET 1

x]T OB 1 £ OEEO OOOOAOOO0A
5.9.2 Theor y of Coaxial Cable

5.9.2.1 Signal Propagation Characteristics
along with the Transmission
Electromagnetic Wave ( TEM ) Transmission
Line Structure

4EAOA AOA T AT U AEAAAOCAT O GIOAITIOI EEXOETOE 20 ABAOOT A A

ia %qOOAT Oi EOOETT 1TEIT A AAOGECI 1 &£ OPAAEAZAEA EIi PAAAIT
300EPI ETA AT A #1 bl AT AO8 &O1 i A1l T &£ OEAi h Al AGEAI
OEA AAOO 1T POEIT T -0O1x ADReEsi OO ABOROAA OB OT 1 A EAADT OO
AOOAT OAGETT 1 &# OEA OECi Aih ET OPEOA 1T £ OEA NOAI E
OECT EAEAAT AA xEAT Ai 1T OEAAOETI C A OAOTI T AGET @8 OO0OOAD
4EA OAAOGEI T O AAI T x xEI1l EECEIECEO OEEO EI OI i A AR

5.9.2.2 Analysis of the Lossless Transmission Line

(TL)
4EA AEOAORBCO&KXAI i1 OADPOAOGAT 6O A 1T AAT 1 4&# A AEO
xEAOA OEA DEUOEAAI 1 AT GCOE 1T &£ OEBELDAALEANTATAAIH xi A
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Figure5-18: Line transmission model.
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5.9.2.3 Propagation of Signal along a Loss TL
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Figure5-19: Loss transmission model.
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5.9.2.4 Attenuation of a Signal along with a Lossy
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Figure5-20: Losing features.
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5.9.2.4.1 Explanation of the Amplitude Attenuation

of the Conductor and the Dielectric Loss ( du

and ) mRespectively).
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Figureb-21: Series RLC resonator circuit.
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Figureb-23: Parallel RLC resonator circuit.
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Figure5-24: Input impedance versus frequency of the parallel resonant

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:

89



MAY ESTEPHAN CHAPTER 5

£ w -
a Eé| — (&3
q ¢Q
i Ol g
T %_j ce “Q (5-3 B
a )

AEA 1 AEAAOT O AO OAOGITATAA EO AGPOAOGOAA AU(

5 I 53y
CZl
(A0KO AAPAT AAT O 11 OEA CAT I ABOUAREADEAT BART ACEBE(
1 T80GAOAREIOER 11 OOAO AOA AAEET AA Adq
Y P 53
. PY P @ (5-3 8
Cw (¢
| | |
( AOA | & - AT A -"Qy
AEA 1 EAAOT O T &£ A OAOGITAOT O I AAA EOT i A TATCOE 14
5 1 (539
q
. £ “ -
5 1 (54D
q ¢ a

47 AEOTT U O AAOOGATARAAGE ATTA@EQ@ET AIAAT A EAO A O00DPDI OC
AT A T O0AO ATTAOCRDCOMAB ABGAOPDEEREEBDOEAIE BEGEDAI T AA
AARADOEEEAE AAPAT AO 11 OEA AEOANOAT Aus 4R EA Al
AOANOGAT AU j AGA 01 OEA OAOEOOEOEOU AO EECEAO AOAN:
OEA DPEUOEAAI OEEAET AOOQS

90



MAY ESTEPHAN CHAPTER 5

Figure5-25: Regions for carrying current.
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Figureb-26: Losing features.
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Figure5-27: Calculation of the Q factor.
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5.11.1 Effect of Symmetry in the Coupling
Capacitances.
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Figure5-30: The measured BW for all modes in the range of the frequency (0.1 to 6) GHz with symn
values of the capadiors (0.0075, 0.01, 0.05, 0.075 and 0.1) GHz.
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Figure5-31: Central frequency measurements for the range of the frequency (0.1 to 6) GHgywithetric
values of the capacitors (0.0075, 0.01, 0.05, 0.075 and 0.1) pF.
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Figureb-32: The measured Q faatdor the range of the frequency (0.1 to 6) GHz with symmetric values «
capacitors (0.0075, 0.01, 0.05, 0.075 and 0.1) pF.
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Figureb5-33: S1 measurements for the range of the frequency (0.1 to 6) GHz with synonetiues of the
capacitors (0.0075, 0.01, 0.05, 0.075 and 0.1) pF.
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Figure5-34: Comparison between BW measured of asymmetric capacitors (0.1 and 0.05) pF and the c
symmetric capacitors (0.05, 0.1 and 0.075 (the ave. value of the asymmetrical capacitors) pFang¢hef
the frequency (0.1 to 6) GHz.
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Figure5-36: Comparison between Q factor measured of asymmetric capacitors (0.1 and 0.05) pF an
opposite, symmetric capacitors (0.05, 0.1 and 0.075 (the ave. value abttmemetrical capacitors) pF for tl
range of the frequency (0.1 to 6) GHz.
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Figure5-37: Comparison between,8measured of asymmetric capacitors (0.1 and 0.05) pF and the opp
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the frequency (0.1 to 6) GHz.
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5.11.3 Effect of Coaxial Cable Length on the
Bandwidth , Central Frequency , Qual ity
Factor, and Insertion loss
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Figure5-40: Comparison between BWieasurements at symmetric capacitors 0.0075 pF with different cc
lengths (255, 180 and 105) mm.
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Figure5-41: Comparison between resonant frequency measurements at symmetric capa@id®a5 pF witk
different coaxial length (255, 180 and 105) mm.
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Figure5-42: Comparison between Q factor measurements at symmetric capacitors 0.0075 pF with dif
coaxial lengtk (255, 180 and 105) mm.
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Figure5-43: Comparison between,8measurements at symmetric capacitors 0.0075 pF with different co
lengths (255, 180 and 105) mm.

5.11.4 Sample Effect
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5.11.4.1 Effect of Air and Water Samples

5.11.4.1.1 Design Setup for Air and Water
Samples
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5.11.4.1.2 Results of ADS for Air and Water
Samples
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Figure5-44. Comparison betweerp,Smeasured for different sampégair and DAW) at step size 0.1GHz,
symmetric capacitors (0.0075) pF and (0.0073) pF for air and water, respectively for the whole ran:
frequency (0.1 to 6) GHz.
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Figure5-45: Comparison between,8measured for different sample (air and-D) at symmetric capacitors
(0.0075) pF and (0.0073) pF for air and water respectively at the first mode at resonant frequency 0.3
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Figure5-46. Compason between & measured for different sample (air and-M) at symmetric capacitors
(0.0075) pF and (0.0073) pF for air and water respectively at the last mode at resonant frequency 5.4

5.11.4.1.3 Conclusion of ADS for Air and Water
Samples
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5.11.4.2 Effect of Different Concentrations of
the Stock (s), First Concentration (C1l) and
Second Concentration (C2).

5.11.4.2.1 Design Setup for Obtaining Values
for Different Normal Saline
Concentrations (S,Cland C2)
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5.11.4.2.2 Results of ADS for Different
Concentrations
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Figure5-47: Comparison betweem,8measured for different of normal saline sample concentrations (stc
0.154 M, first concentrations (C1=0.077M) and second concentration® @38-M) atthe first resonan
frequency (0.76 GHz).

5.11.4.2.3 Conclusion of ADS for Different
Concentrations
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5.12Resonance Skew
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Figure5-48: Skew examples owing to inductive, capacitive camsgpling and nearbynodes
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Figure5-50: The equivalent circuit of a twport, loop- coupledresonator. The resonator is modelled as
series LRC circuit of impedance Z.
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Figure5-51: Microwave resonator model with an arbitrary number for resonance or crosstalk terms
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Figure5-52: |S1| shown the no skew case,(&ine) and for increasing skew ratio.
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Figure5-53: |S1] shown the no skew casex(&blue) and for increasing skew ratio.

5.13 Experiment of De -Skew

AEADERXxET ¢ DOl ARAOGO T &£# OEA OAOTT AT AA AOOOGAO 1T AOA
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Figureb5-54: Example of a typical skeweedsonance curve.
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Figure5-55: The polar plot of theesonance above, the position of the peak is highlighted with the red
and the centre of the circle is denoted with the cross.
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Figure5-56: Deskewed resonance (red) and original skewed resonance (blue).
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Figureb5-57: Deskewed resonance (red) amdiginal skewed resonance (blue).
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5.14Chapter Summary

4EEO AEADOAOA GAONI ADABOO T £# OEA OEAT OAOEAAI DAOO

O0AD HRABOART AT TABRSLOI ¥ MOA | ABDADAIEN OOHROAOAAOET T AA
AEEEZAOAT O 1 AGAOEATI 6 AT Ah Al OAOT ACEOGAT U A1l AAOOEA
O AAOOOAT A OEA DPAOIi EOOEOEOU AT A OEA OAAOGAOGEIT 1 A

i AGAOEAT | Pi 1 AORUAG@RA ' 5 OERO bOBASPAE AO A OAEAO/
i T AA wEERO AAAT AOEI O OOEI ¢ EOEA O3 A AAA ADA IADBA GEE A
Ei ACET AOU DPAOI EOOEOEOU DPAOOGET AADAOAAR AEEAODAOAROS EY
AAOAT i1 PAA £ O DpOiI GEAETI ¢ OEA OAAI AT A EIi ACET AOU ¢
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4EATh OEA AAOEA DPOETAEDPI A A O AAOEOETI ¢ OEA ANOAOE
OOA ET OEA OEAI OAOGEAAI AAI ADOiI AOHIT TET AIAG OGERAGRA A CEARO G
AOT 1T OEA 1 Al OZEAAGLOGDOAD ® aBE IMMDEG IAOQ | £i8@i OEA AEFOANOAT
-(WE' (U AO OGEA EEOOO EI OOAT AAs ZmEROTARE AOOHIAIOEG AN
AAAT AT T A &£ O OBEI AAEHM GWeEROEGFAIAMOROAT CA T £ A£OANODA
OADPAOAOGEI T EAO AAAT &I OTA £ O OEA xEii A OAI CA AO
AEEAAOGEOA DPAOI EOOEOEOOWI AEAT OADEDAOEIRE] ©¥ABADIO8 4E
OEi xAA CiTR ADAOADADEXAOAO AT A AEI OOEI T O ARBxAAT VY
AZPDAOEI AliCozkii AOA OASET ENOAQ

4EA EET Al ADOBDO OBAIOCAU OI £ OEA OAOIT AT O Al AGEAI DO
AEAOAAOAOEOOEA | £ OEA AOE GICAIx ERDEI DA GONCGE OKIEA 1 BT O
OAOI 1 AOI O POETI AEPI AO AT A OEA ET OAOAAOGEIT i1 OEA O
T17T kBOOOAOOOA AT A AROAAEQAKIOAT @1 BAODEARRAT AT TA A0 £
igy Oi 0 1 AOA OCODEARI OAI A AgbAOEI A1 OAI AAEAOEI 6008
Oui i AGou AT A Ouii AGOUR AT A AOUii AOGOU Ai OPiI ET C AAE
3aY A O AEAEAOAT O Al OPI EI C AADPAAEOTI O OAlI OAOG8s 11 1
AEEAOAT AAO ET OEA "7 OOAOOAA Oi AAAI I A OECi EAEAAI
AAPAAEOI O OAI GAOG8 (1 xAOAOR OEA 1 AAAOI O OAABAAOG A
OEA "7 AT A AAAOAAOA ET OEA 11 EAROCEBCE O OAEABS U4 ORI
ET OAOOEIT 1100 3aY CATAOAI T U ETAOAAGAOG AO EOANOG,
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Chapter 6

MICROWAVE CAVITY TECHNIQUE

6.1 Introduction

AsA 1 AREOCOAEAOAT AAh OEA AT i Pl Ao DPAOI EOOEOGEOU 1 £

OOOPAT OEI 1 O AOA 1 AAOGOOAA OOET ¢ OEA AAOEOU PAOOOOA
OAOT 1 AOT OO0 j##20Qq O0AA AU HOARMOAEAG OKAQE BBOA # A DK ¢
i #( &%qQBAADHh EA ET OAOEZBA N OAIN BOBGA OAIOAT RA OAAT AxEAOQE
i AOAET OEA AiipiAg DAOI EOOEOEOU i £ OEA | AGAOEAI
i AAOOOATI AT 6Oh OEEO AAT DOi OBABETA [1TABOOAAI 1 EH OGIA

DT 1 UOOUOAT A OPEAOAO ET OOODPATOEIT j03Q8 4EA . A#l
AEEAZAOAT OHAGA ANA OAARTA NITRMEDN O 1ARITTTA 03 AO A AAT A,
AAAT Aobl AETaBABEHIB ¥O AEGDIOAO xEI 1 Al OAO OEA OEAIT OA

OEA AAOGEOUR AAOGEOU PAOODARPABEITI ADBDAI OUAQK ODOAR AE AL
AT A %DDPAT AICG EADIOA AD O A BIAICADEAR DAER REAT A BO A A G\RAA

Al ATA DI 1 UOOUOAT A OPEAOAO ETATAO G BDEIAGEMNIY DJAOE]G AT |
%DDAT AT OE OEET OOAA A A A AR3 pQRIDA ORIAT @A GHTAC | EACQ
i AAGOOAT AT 60 Oi £AERAT ERDEDEORDAT RAT OEAT Al OOAAOET T
6.2 Basic Principle of the Cavity Resonator

417 AAOGAOI ET A OEA Al i pl Ao HAROGEGOOEOBOAO & AECAD BISEA HOI
A

I £ BOMOA@EIT OEAT OU &£ O A 1 EAOT xAOA AAOGEOU AAT A (
4EA AAOEA DPOET AEPI A T &£ OEEO 1 AOGET A EO O i AAOOOA
OPAAA xEOE AT A xEOETI 00 OBRECOBAEBIED EIOEAAR CADI ABIO:
OAAOAT ¢cO1 AOh AUI ET AOEAAT 10 OPEAOEAAI h AT A OEA 0/
OEA CAT i1 AOOU8 )1 OEEO Eilillx OACEKEOORI DERAOCEAPOAA]
x AOAO xEOEEIT OEA Al O1 AAOEAO 1 £ CEEBCAODAAABEART MOAE
AEAI A AAPAT AETl ¢ OPiI 1 OEA xAOGAI AT cOE8 &I O A OAAOAI
OPi 1 OEI 001 EAOh xEABAAODAADOORDAT ODWARDHOAAOKKEOA ACGEIT T ¢

1o A OAOGOI Oh AEAT GCAO ET OEA OAOGITAT O ADANADRAUN
OA1 AGAA 01 OEA | AGAOEAI EO AI AAOOEA 10O [ AcCT AOEA |

ET AADAT AAT Ol U AAPAT AET ¢ 11 xEAOEAO OEA DPAOOOOAAOD
EEGCE [ Aci AOEA AEAI Ah OAODPAAOEOAI US8
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SAAT T AA OOATIORORODOAAAAMA®A 1T £ AT 01 AAOU AT TAEQEITTO
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Figure6-1: The physical cavity principle.

6.3 Cavity Perturbation Theory

# AOEOU DPAOOOOAAOGEI T AAT AA AAOAOEAAA AO A OAAET EI
AT A 1T Aci AOGEA AEAI A0 AAOOAA xEAT ET OAOOET ¢ A OAIE
i Act1 AGEA EZEAIT A ET OAOAAOQETI 10 AORNOCEERROKEAOCBEEADAT I 1

DAOi AAAEI EOU8 4EAOAAEI OAh OEEO OAAOGETT xEIT &I AOO
O1T AAO@®EAIOA E OO O OA OTHNAGEOHEI O T ACAET ET ¢ OmBA Al i Pl
OOBDCEQE
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V6 gno (6-1)

(AGBEOC A AEAT GCA ET OEANEDAOEA DiEl AERUAABT T ADEODEA
OAOT 1T ADIEXD AGEBA A@OAOT Al T U APPI EAA AT AOguUus 4EA AEAI
xEOE 11 1 ACAOEMAI IEAIAOAKNAR BDEBEOUS

4EA OAAY NOADBDPAOAT 0O OEA OEEAD EIq OEHA OAXHAEAT
AT OOAODPT T AO O OEA O0i OAA AT AOGCO nbil OBBAAOADIOIOA OEE
DPEAOCA 1 Ac T &# OEA 1 AOGAOEAI AO EOO bpil AOEUAOEIT O
APl EAA AZEAI A8 4EEO DAAEAGERAR AOAAADEEMOMEEDERAE
AT OOAODPT T AO O OEA PIixAO AEOOEDAOAAS

7EAT Al AQOAOl AlABKNDIMODAGBAAOADRBIOOER A AEAI AAOOEA

OEA 1 AGAOEAI AAT AA APPOAOOAA Ad4

o O (6-2)

7TEAOAEO A AADTI 1 AOEOGAOGEIT AAAOT O OEAO AKDAEA 11
Al i pl Ag PAOI EOOEOBGES T)hi CHAEDG AAATA AN TAMIIROAOOAA AO
n - - poOw (6-3)

7TEAQAT AAOA OEA O1 1061 A OGAi DI A AT A PAOIi EOGOEOEOU 1T £

o — P06 (6-4)
p L -
7A T AU T1 x OOEI EOA OEEO 61 AAEEITI A OEA OO61 OAA A1 AO
yQ YQRO (6-5)
Q T0
7EAQOA _
6 2o onw (6-6)
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(AOAL_OADPOAOGAT 6O OEAR ORIl PAGIMIIOABIAA 00 A&AAAOEOA OF
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TEAQGKO OEA OAI PivA EQI 10GIAA AMdARHDEAR Q&I 1 Oi A8

&1 O 11 16AT BEROh xA OEAGSA@EDEA OEEO OEI Pl EAEAAOQET I
i AAEAT EOI O AOA 1 AAOGOOAA AOERDATCEUQEAT AAAT UPADAOCGU

AOA 1 AAOGOOAA OEOT O0Ck NORA EDIVA gAADD 0uH ADOEBAORODA A

yo o, . ® 619
"Q )

g PPl 61}
0 0 0 )

Where |- is the loaded quality factor and |- is the unloaded quality factor.

6.4 Experimental M easurements Using Cylindrical

Cavity Resonators

6.4.1 Introduction

7EEI OO OEA OOA 1 £ £##2ABEDOEX KIOECAGOLAICROEADO AT 1T AA

OA1 ETEAATAOODAT OEHOE A ROBOUEDAA A@OOAI Al U OAT OEOE
AO OAI PAOABOEKIBL OAI DI A AEAT CAO8 4EA AAOAOEDOETT ¢
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AT i bl AGA xEOEI 60 A OAAOEI1T EEGCEIECEOETI ¢ OEA ETEA
OEAOA AgbPAOEI ATl 008

6.5 Sample Preparation, Correction Solutions and
Measurements
JEEO OARBOE IOEIAOARAOGOOAI AT OO 11 AiiilAOAEAIT U 1T AGAET

OAi 1 A Al AGOEEAEAAOGETT AT A 1 AAOCGOOAI AT OO T A 1 AA PO

6.5.1 Measurements on Commercially Obtained
Saline

4EA 17 Of A10TOKICHAAT OBDADETATq AOCGARICBRNIET @i AAMIAEMAG AO
Al 0T A OEAO O60i 1T 00 AAT1 O EAOGA 11 0A O AW 1T AAT 60
h OEA AZAEOOOC DEBAAGOEI AT EO 10 10B®OOUOOAI Al O
i AOAEAT OO01T AE4EED 1004 GH T TORNEEBIADIMOA OEIGO AEI OOET
ADOAAOGETT OOADPO AT A OAOOI 6O A1 O ATii AOAEAT 1T AOAET

6.5.1.1 Preparation Dilution Steps from
Commercial Obtained Saline

! OATGCA T &£ OAITETA AHIQOOETA DO j1i @ njdT080[] a-di 8@AYO®ByOaU 11 A9
DOADPAOAA AOT i OEA TjOESGHE] AT AO @®iOXOA ETABDYARE #ED0 A A Ud |1 40€ /
EAIl £ AEI OOETT OAAET ENOA EAOC AAMICAIDDI AR Al Adi @E IOIERA
OEEO OEAXEOS COBXPEMMOETI T OOADPO8 &I O POAAEOA POADPAC
xAO OOAA £ O AEAAEET ¢ OEA xAECEO AO AAAE OOAPS8 3Ii
AT AOCOAI P&\ OTIAmI @ GAARA OEAUET ¢ AAOCAROCEARDAI EDEDO AT A
Oi Dl OAT OEAT 1T U AAOGAAO AAT AAO ET OEOI 8

10 ml of sodium 5 ml stock+5 ml DI 5ml C1+5 ml DI 5ml C2+ 5ml DI
chloride solution Water +mix- 5 ml Water+ mixing-5 ml Water+ mixing-5 ml
0.9%WN from Boot ixing(C1) after mixing(C2, after mixing(C3)

Pharmacy

Figure6-2: The preparation dilution steps from Commercial obtained Saline.
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6.5.1.2 Correction Steps for C ommercial
Obtained Saline

4EA T AAOODKIAERAOT Kk EOA AAOEOU DPAOOOOAAOQETI OAAET ENC
OAi PAOAOOOA AEAT GCA OOAE AO AT OGEOIT1 AT OAT AEAT CA«
OAAAQGET T O xEOWHAN «0EA OAADICAAIEHAOABMEAAOET ¢ OEA Al
CAT 1 AOOU OERE T BOHADODOET ¢ OEA OAOI T AT O AOANOAT AU 4/
AACEGBOAEAOKRI PAOAOOOA T £# OEA AAGEOU AT A OEA Al
AGOET ¢ All OEA 1 AAOGOOAI AT 6O 1 AAA ET OEEO OOOAUK
EAO AAAT Al i1 pAT OAGAA &I 08 (1 xAOAOh OEAOA AOA A 1
OAPAOAOOOA NOEOA AEAZEAOI 08 )1 OEA AEOOO ET OOAT AA
AO0T 1 OEAO T £ OEAAGAOPRAOAODI ADi DIABA O AA EAT AL/
OAi D1 A OAI PAOAOOOA EO 1T A£O0AT AIlTA GOERR AA AAYEAT UBA 50 Bl X

AAOBEOGU AEODPI AUO A OGAOU AEOOEI AGEOA Agpbil Al 6EAI Al

$AOCAEI O 1T £ OEAD® DAODEGADT AIOOBODBET T xEBI ! AROBADOAI
AOPAAO T £# AAOA AT OOAAOCETT xAO AEOAT AAOA&@DADEI BRx B0
AT A EO EEGEI ECEOAA AAT T x8 &ETAIIT Uhd AUAOEOBDOABA T 4O
OAOGTTAT O i1 AAO OEAO AAT ET OAOAAO xEOE OEA OAI Bl A

AT1860 ET OAOAAO xEOE OEA GGAI4EAOLOTACA AD %10 AMERNE 1 ARRO
DAOOGEADI AO AAOEOU OAOI 1 AGAOG AdG8 11 A ZEE DADARADDHA OHO
as8niy@Uu AT A AT T OEAOh OEA OAZBARAARART ARABAQxDBBAE4ABKC
T1T 0 EIORAQEKEE xO OEA Al AAOOEA AEAI A AEOOOEAOOEIT
OOCET C #/ -3/, Al A BO A@¥BOI AOAAA EOI I

Figure6-3: COMSOL simulations ofiEld distributions for two cavity modes. A: BMEField at 2.45 GHz, t
TM210 EField at 5.33 GHz
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Figure6-4: || for the CCR used with sensing and reference modes highlighted.

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.

2.49244
m CF
=== |_inear Fitting ; ; ; ; J
2.49243 +Slope 0.46496 + 1.98928E-4 | e Jis
Pearson's r 0.99995 : :
0.99985
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2.49240
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531794 531795 531796 5.31797 531798 531799 531800 531801 5.31802

Reference frequency, CF_2 (GHz)

Figure6-5: Relationship between the signal mode (vertical axis) and the reference mode (horizontal
measured over a period of time where the temperature of the cavity was allowed to change. Correlz
coefficient 0.999
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6.5.1.2.1 Reference Mode Frequency Correction

47 T ETEI EOA OEA OAOEAOCEZ 1 wEDPADEROEAKk AMYARRAAABREETD
EOO 1 EAAOI O xAO 1 AAOOOAA 1 O6AO A DPAOCEIT A T &£ OEI /
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EO OEI x| & BAHBA 4EA 11 ;s6AMHMAGOOOAA AiT1 ¢ xEOE OEA AA
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sw. & SAOPEOA OEA 1iAARBEAICAINDEICHA THEE GURABDEGRET AO Al
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Figure6-6: Fitting correlation between the §nsand Ckedfor DFW.

Since the Qfactor is derived from CRsensg, the correction may be applied directly to Qsenseor
CHRsensg, requiring the Q factor to be re-calculated from this and the BW data BWsensg A

simple illustration of the correction process is shown (Figure 6-7).

Y-axis

Figure6-7: 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 CFren, essentially environmental temperature corrected, a
further correlation has been observed between each ofQ (sensg, BW (sensg, €31 sensg éand CF
(sensg. 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 repeateagmoved and
re-inserted into the resonator. One would expect the parametersQ (sensg, BW (sensg €31
(sensgéto remain the same. In fact, the orientation of the sample placement was different in each
case and found to producemeasurable shifts in these parameters and also correlated with
changes inCF sensg. It appears that small changes inCF sensg 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 parametes as a single sample is rotated in its
holder. Fluctuations in the measured parameters as the sample was rotated in its holdeat 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 outWhen multiple DI -W
samples were used,noting that the orientation was identical in each case, again, subtle
variations in Q, BW and |S{ were observed and were found to correlate withCFsensg. These
variations were much smaller than that observed withsample 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 observabns 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 betweernQ (senssg,
BW (sensg, €31 sensg éand CF (sensg and subsequent correction for this does deliver
improvement in the spread of measured values. One such example of a correlation betwee
(sensg and CF(sensg is shown in Figure 6-8 below for the experiment done to study the effect of

the frequency on the microwave measuements by using the DI-W.
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Figure6-8: Affection cavity frequency correction of Q factor.

6.5.1.2.2 Temperature Correction
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Figure6-9: Effect of cavitfemperature correction for Q factor after frequency cocten (Q factor_F_ corr.
6.5.1.2.3 Exponential Correction
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In this case, the parameter Tc is the temperature of the resonator and represents the asymptote.
Assuming the heat is It 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 aovel idea that may

have merit in other applications.
YUY (61 B
Y <Y Y
“YA'YAT Ah OEAU AOAAOGOAA &AI PAOEA Agpbil Al OEAT AOOOA
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Figure6-10: Exponential change of the temperature.

The exponential correction technique is an extremely useful method of removing the effect of
sample temperature. The abovesimplification, however, is not robust enough, especially for
data that is noisy. The above formula can be easily implemented in ExcelLater, 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 overbad in the process of data preparation and

correction.

6.5.1.3 Results for Commercial Obtained Saline
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Table6-1: Dilutions prepared from commercially obtained saline (BQ@T LIK) NX I O&

Stock S 9.00E-01 1.54E-01
Half stock Cl 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 Cl1 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 Cl4 5.49E-05 9.40E-06
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Figure6-11: Raw data, Frequency, Temperature and Exponential corrections for Q factor measureme
different concentrations of th@ormal saline (0.154 to 9.40a¥6) Molarity(Commercial obtained saline) ¢
TMO010 Cavity (Eppendorf sample tube).
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Figure6-12: Raw data, Frequency, Temperature and Exponential correctioff$faneasurements for
different concentrations of the normal saline (0.154 to 9.4Q&} Molarity(Commercial obtained saline) c
TMO010 Cavity (Eppendorf sample tube).
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Figure6-13. Raw data, Frequency, Temperature and Exponential corrections for BW measurement:
different concentrations of the normal saline (0.154 to 9.4Q@®&E Molarity(Commercial obtained saline) ¢
M010 Cavity (Eppendorf sample tube).
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Figure6-14: Ave. of Q factor over the three sets after applying all the corrections of the normal saline (0.1
9.400E06) Molarity.
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Figure6-15: AveragindS:i| over the three sets after applying all the corrections of the normal saline (0.1
9.400E06) Molarity.
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Figure6-16: Averaging BW over the three sets after applying all the corrections of the normal saline (0
9.400E06) Molarity.

6.5.2 Detection Limits and Sample
Classification
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Figure6-17: Ranges of STDEV in the Normal probability density function.
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Figure6-18: The correlation between the corrected Q factor data with different concentrations and stati
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Figure6-20: The correlation between the corrected BW data with different concentrations and statis
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Figure6-21: Averaging of Q factarorrections after repeating three times atconcentration between (0.15«
to 9.400E06) Molarity.
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6.5.2.1 Conclusion for Commercial ly Obtained
Saline
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6.5.3 Measurements of Lab Prepared Saline

Dilutions
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6.5.3.1 Preparations of Lab Prepared Saline
Dilutions
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Figure6-25: Preparation steps of Lab Prepared Saline Dilutions.
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Table6-2: Sample labels and respective concentrations.

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 Cl1 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 Cil4 6.10E-04 1.04E-04
Half 14th concentration C15 3.05E-04 5.22E-05

6.5.3.2 Correction
Saline Dilutions

O0i OEA OAx
EO DOA

6.5.3.2.1 Temperature and
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Figure6-26: Fitting temperature correction for Q factor.
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Figure6-27: Fitting temperature correction fojS].
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Figure6-28: Fitting temperature correction for BW measurements.
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6.5.3.3 Results for Lab Prepared Saline Dilutions
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Figure6-29: Raw data black, temperature green and Exponential in red Corrections for Q factor
measurements for variance concentratios22=05 to1.71) M (Lab Prepared Saline Dilutions) of M01
Cavity (Eppendorf sample tube).

Figure6-30: Raw data black, tengpature green and Exponential red Corrections fojS:| measurements fo
variance concentration® (22505 to 1.71) M (Lab Prepared Saline Dilutions) of M010 Cavity (Eppenc
sample tube).
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