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RESUME

Le but de cette thése était de développer un systeme automatique de mesure de
constante diélectrique en utilisant 1'analyseur de réseau de vecteur (VNA) a la bande de
fréquence d'ISM 5.8 GHz, qui a été basé sur la technique de perturbation de cavité. Le
mode TE3;s résonnant dans une cavité rectangulaire a été choisi afin d'avoir un plus
grand volume de cavité pour répondre a l'exigence de la théorie de perturbation et pour

faciliter l'introduction de 'échantillon a mesurer.

Sur la base de la théorie classique de perturbation de cavité, nous avons proposé une
nouvelle méthode de calibration de la mesure de constante diélectrique. Avec cette
méthode de calibration, il n'est pas nécessaire de mesurer le volume d'un petit
échantillon, qui élimine non seulement l'erreur de mesure du volume de 1'échantillon,
mais simplifie également le procédé de mesure. D'ailleurs, contrairement a la méthode
traditionnelle de calibration d'un-seul-facteur de remplissage, une nouvelle méthode de
calibration contenant deux facteurs remplissages a ¢té adoptée pour améliorer

l'exactitude de mesure du facteur de perte diélectrique.

Un procédé de conception d'optimisation de mode résonnant d'ordre élevé pour la
cavité rectangulaire a été présenté. La fréquence de résonance mesurée de la cavité vide
est 5.8066GHz. Par conséquent il y a seulement une déviation de la fréquence de

6.6MHz de la cible de conception de 5.8 GHz. Les données de mesure des modes
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résonnants autour de 5.8 GHz ont démontré l'efficacité de cette méthode d'optimisation.
La cavité présente un facteur de qualité élevée (>4000) sous la condition d'une cavité

vide et ce qui indique une mesure précise et fiable.

Ce systéme de mesure a été complétement commandé par le logiciel d'application de
Windows, PermiSys, utilis¢ dans un PC. Le PermiSys a été¢ développé en utilisant
Microsoft VC++ et la Classe de Base de Microsoft(MFC). Il a une interface utilisateur
graphique (GUI) populaire de Windows, qui a permis une opération de mesure treés
commode. L'interface de GPIB a été utilisée comme interface de communication entre le
PC et le VNA. Le programme de communication entre le PC et le VNA a été basé sur un
Logiciel d'Architechture d'Instrument Virtuel (VISA) afin d'obtenir 1'indépendance de

dispositif.

La méthode de curseur a été appliquée dans le PermiSys pour obtenir instantanément
la constante diélectrique complexe de I'échantillon mesuré. En outre, la méthode de
RCA et la méthode d'approximation Lorentziane ont été utilisées dans les données post-

traitées pour réaliser des résultats de mesure plus précis.

Le systtme de mesure a été appliqué pour mesurer la constante diélectrique
complexe de certains échantillons liquides tels que le lait, le jus d'orange, le jus de
pomme, l'eau distillée, 1'alcool, le méthanol et I'huile de table. Les résultats de mesure

ont démontré 'efficacité et le rendement élevé de ce systéme de mesure automatique.
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ABSTRACT

The goal of this thesis was to develop an automatic permittivity measurement
system using the Vector Network Analyzer (VNA) at the frequency band of ISM 5.8
GHz, which was based on the cavity perturbation technique. The TE3;s resonant mode in
a rectangular cavity was selected so as to have a larger cavity volume to satisfy the
requirement of the perturbation theory and to make it easier to introduce the

measurement sample.

On the basis of the classical cavity perturbation theory, we proposed a new
calibration method of the permittivity measurement. With this calibration method, it is
not necessary to measure the volume of the small sample, which not only eliminates the
measurement error of the sample volume, but also simplifies the measurement
procedure. Moreover, unlike the traditional one-filling-factor calibration method, a new
calibration method containing two filling factors was adopted to improve the

measurement accuracy of the dielectric loss factor.

An optimization design procedure of high-order resonant mode for the rectangular
cavity was presented. The resonant frequency measured of the empty cavity is
5.8066GHz. Hence there is only 6.6MHz frequency deviation from the design target of
5.8 GHz. The measurement data of the resonant modes around 5.8 GHz demonstrated

the effectiveness of this optimization method. The cavity exhibited a high Q-factor
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(>4000) under empty cavity condition and thereby indicated an accurate and reliable

measurement.

This measurement system was completely controlled by the Windows application
software, PermiSys, used in a PC. The PermiSys was developed using Microsoft VC++
and Microsoft Foundation Class (MFC). It has a popular Windows Graphical User
Interface (GUI), which enabled a very convenient measurement operation. The GPIB
interface was used as the communication interface between PC and VNA. The
communication program between PC and VNA was based on the Virtual Instrument

Software Architecture (VISA) so as to obtain device independence.

The Cursor method was implemented in the PermiSys to obtain instantaneously the
complex permittivity of the sample measured. In addition, the RCA method and the
Lorentzian fitting method were utilized in post-data processing to achieve more accurate

measurement results.

The measurement system was applied to measure the complex permittivity of some
liquid samples such as milk, orange juice, apple juice, distilled water, alcohol, methanol
and edible oil. The measurement results demonstrated the effectiveness and high

efficiency of this automatic measurement system.



CONDENSE EN FRANCAIS

LES SYSTEMES DE MESURE AUTOMATIQUE DE PERMITTIVITE AVEC DES

TECHNIQUES DE PERTURBATION DE LA CAVITE A 5.8 GHZ

0.1 Introduction

Les permittivités de différents matériaux diélectriques jouent un rdle important dans
plusieurs domaines industriels. La permittivité est un paramétre critique pour le substrat
utilisé dans la conception des circuits a hautes fréquences. Ces circuits ont des
applications dans les domaines de 1’électronique et dans les systémes de communication.
Dans le domaine de 1’ingénierie de 1’agriculture, Le teneur en humidité des produits est
mesuré moyennant leurs permittivités. En addition, les permittivités de ces produits
permet aux biologistes en agriculture de comprendre d’avantage les caractéristiques de
ces produits. Dans le domaine médical, la permittivité du sang humain change avec la
variation de la santé de patient. Par conséquent, les mesures de la permittivité¢ du patient
sont utilisées par le médecin et ceci afin de juger 1’état de santé du patient. En plus, la
technique de mesure de la permittivité a été utilisée avec succés dans l’industrie

pétroli¢re afin de mesurer le contenu en eau du pétrole.

Malgré D’existence de plusieurs importantes applications de la propriété de
permittivité, comment faire les mesures des permittivités des différents matériaux

diélectriques d’une facon efficace et précise a été un probleéme qui a attitre I’attention de
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plusieurs chercheurs a travers le monde. Parmi les méthodes existantes, la méthode de
perturbation de la cavité résonnante est 1a méthode la plus recommandée pour mesurer la
permittivité des matériaux et ceci grace a ses caractéristiques avantageuses. Dans ce
projet, nous allons étudier cette technique de mesure en utilisant un systéme de mesure

de la permittivité employant une cavité rectangulaire.

Cette méthode nécessite la mesure de la fréquence de résonance et la mesure du
facteur de qualité de la cavité vide ainsi que de la cavité contenant 1’échantillon.
Cependant cette méthode présente 1’inconvénient de ne pas étre directe ainsi qu’elle peut
engendrer des erreurs de précision sur les mesures obtenues. Par conséquent, il est
nécessaire de développer un systtme de mesure automatique de la permittivité qui
dispose d’une interface logicielle interactive et ceci afin de faciliter le procédé de mesure

et le rendre automatique.

Il existe plusieurs travaux de recherche sur les mesures des permittivités avec la
méthode de cavité résonnante aux fréquences centrales 915 MHZ et 2.45 GHz (ISM). 1l
existe peu de travaux dan la littérature qui reportent des mesures de la permittivité a la
fréquence centrale 5.8 GHz. Les systtmes commerciaux de communication ou
d’électronique (comme les systemes de facturation des frais de circulation dans les rues)
sont de plus en plus implantés a la fréquence 5.8 GHz. Par conséquent, il est trés utile
d’étudier les caractéristiques diélectriques des matériaux dans cette fréquence. L’objectif

principal de cette étude est de développer un systtme de mesure automatique de la
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permittivité a 5.8 GHz en utilisant un analyseur des réseaux vectoriel (VNA) et ceci en

se basant sur la technique de perturbation de la cavité.

0.2 Mesure de la permittivité complexe par perturbation de la cavité

Aprés lintroduction de 1’échantillon dans une cavité, la puissance créte qui
correspond a la fréquence de résonance diminue. En addition, la courbe de résonance
devient plus large que la courbe originale de la cavité vide. En d’autre terme, le facteur
de qualité de la cavité résonnante diminue aprés l’insertion de 1’échantillon. Ces
changements peuvent é&tre utilisés pour calculer la permittivit¢é complexe de

I’échantillon.

Le changement de la fréquence angulaire complexe d’une cavité résonnante di a

I’introduction d’un échantillon est donné par la relation suivante:

- gJ'E—O-EdV

-, _ _[
o U e
Vo

(0.1)

Avec

w, et @ sont les fréquences angulaires complexes avant et apres
I’introduction de 1’échantillon.

&, est la permittivité complexe relative (g, =g/ {;‘0) de I’échantillon.
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E, et E sont les champ électriques micro-ondes dans la cavité avant et

apres I’introduction de 1I’échantillon;

V, est le volume dans la cavité;

V. est le volume de I’échantillon;

“ e e,z y e ? . W 3
Supposons que la permittivité complexe des matériaux este, =¢, — jg, , alors a

partir de 1’équation (0.1), on peut déduire :

ro1a 2oL
g, _1+C( f;}J (0.2)
., 1(1 1

S L 0.3
K C(Q Qo] O3

Avec
([jE-Eav
v,

- (i o

O, et O sont les facteurs de qualit¢ de la cavité avant et aprés

0.4)

I’introduction de I’échantillon.
Dans I’équation (0.4), le champ E de I’échantillon dépend de la permittivité, de la

forme et de la taille de I’échantillon sous mesure. Par conséquent le paramétre C est un
paramétre variable. Ainsi, afin d’exprimer clairement cette relation, deux paramétres F

et F; remplacent C sont introduits comme suit :
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g’ =1+F]'K°-[ ——f—j (0.5)
A

6 =F 5{l—i) ©.6)
o\ 2 &

D’une fagon similaire au paramétre C, les paramétres F, et F, sont relies a: la

configuration et le mode d’opération de la cavité, la permittivité et la forme de

I’échantillon et la position de I’échantillon dans la cavité.

Puisqu’il est difficile de calculer analytiquement les paramétres F, (F;')eth (}72')

pour des modes de résonance tres élevés. Ces parametres sont souvent obtenus par
calibration en utilisant un échantillon standard avec une permittivité connue a I’avance.
Il est 4 mentionner que 1’échantillon standard utilisé dans la calibration doit avoir une

configuration similaire a celle des échantillons a mesurer.

Dans certains cas spéciaux, la forme et le volume des échantillons mesurés sont les

mémes, comme 1’exemple des échantillons de liquides versées dans des tubes minces en

quartz. Ainsi dans les équations (0.5) et (0.6), on peut exprimer F, =F,

Vo nel . .
F}=F, -*. Ainsi, on obtient :

S

g, =1+F;"( —LJ 0.7)
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w11
=F| --— 0.8
=5 (2-2] ©9

Dans ce cas, on peut éviter de mesurer le volume de I’échantillon et le volume de la
cavité. Ceci simplifie non seulement le procédé de mesure, mais aussi améliore la
précision des mesures. En effet, il est souvent difficile de mesurer avec précision le

volume du liquide échantillon dans un tube mince en quartz.

0.3 Conception d’une cavité rectangulaire résonante

La cavité résonnante est une partie clé dans le systéme automatique de mesure de la
permittivité. Dans le cas de la méthode de perturbation, les cavités circulaires et
rectangulaires sont les deux types de structures qui sont souvent adoptées par les
chercheurs. Dans ce projet, la cavité rectangulaire est celle qui est choisie. En
considérant que la fréquence centrale de résonance est 5.8 GHz. ceci correspond a une
longueur d’onde de 5.17 cm. Si on utilise le mode dominant TE;o, la dimension
transversale de la cavité doit &tre de faible valeur et ceci pour satisfaire la condition de la
théorie de perturbation. Par conséquence, il est important de choisir un mode de
résonance de haut ordre et ceci afin d’améliorer la précision des mesures. En se basant

sur ’analyse du champ électromagnétique, le mode TE3;s est choisi dans ce projet.

La procédure de conception de la cavité résonnante rectangulaire consiste en la

détermination de la largeur a et du hauteur 4 du guide d’onde, le calcule du longueur ¢
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de la cavité, et la sélection du matériau de la cavité. Puisque le mode TE3;5 est un mode
de haut ordre, la procédure de détermination des dimensions de la cavité est plus
compliquée que dans le cas d’utilisation du mode dominant. Selon I’analyse de la
longueur d’onde de coupure du guide d’onde, huit modes de haut ordre, TEp;, TEx,
TE11, TM11, TEz1, TM3; et TE3o, existent lorsque a est égale a 2b avec TE3; est le mode
d’opération. Ainsi, il peut y avoir plusieurs modes autour de la fréquence de 5.8 GHz qui
apparaissent lorsque la cavité est excitée. Ceci n’est pas ce qu’on attend. Ainsi, nous
devrons examiner la fréquence de résonance pour tous les modes possibles et ceci afin
de garantir qu’il n y a un gap suffisant entre la fréquence d’opération et les fréquences

de résonances des autres modes de hauts ordres.

Afin d’éviter d’exciter d’autres modes résonnants au méme fréquence attendue, la
largeur a et la longueur b du guide d’onde doivent étre judicieusement choisis. Ce
processus de choix implique une procédure d’essai a erreur afin que les fréquences
résonnantes de tous les autres modes soient différentes de la fréquence de résonance
d’opération. Afin d’atteindre cette finalité, un programme d’optimisation a été élaboré
en utilisant le logiciel Matlab. En utilisant ce programme, les dimensions de la cavité
rectangulaire correspondant a la fréquence de résonance d’opération 5.8 GHz sont
choisies comme suit :

a=127.203mm=5.008in; $#=43.688mm=1.720in; c=245.339mm=9.659%n.
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En utilisant une cavité ayant les dimensions déja mentionnées, il existe neuf autres
modes TE;o, TEz, TEo1, TE3p, TE/TM;1, TE/TMy; et TE4, qui peuvent exister mise a
part le mode d’opération TE/TMj3;. Les résultats de I’analyse du mode de la cavité
résonnante ont démontré que les différences de fréquence pour toutes les autres modes
de résonances sont plus grandes que 170 MHz. En plus, il existe seulement 17 modes de
résonance possibles dans une bande de fréquence de 500 MHz et ceci au lieu de 27

modes de résonances possibles dans le cas ou a est égale a 2b.

En se basant sur des résultats de calcule du facteur de qualité pour quelques types de
matériaux, I’aluminium est choisi comme le matériau de la cavité utilisée dans ce projet.
Selon de I’analyse du champ électromagnétique dans cavité, la position de 1’échantillon,
les composants de couplage a I’entrée et a la sortie sont choisis en référence aux
positions des maximums du champ. Des sondes sont sélectionnées comme des
composants d’entrées et de sorties de couplage. Cette configuration est utile pour
supprimer d’autres modes de hauts ou de bas ordres inattendus dans la cavité résonnante,

et spécialement supprimer le mode TM3;s.

0.4 Développement du systéme de mesure automatique de la
permittivité —— PermiSys

PermiSys est logiciel pour contréler le systtme de mesure automatique qui a été

développé en utilisant les outils de programmation Visual C++ et Microsoft Foundation
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Class (MFC). La méthodologie de programmation oriente objet (OOP) a ¢été adoptée
pour attribuer au programme une architecture bien organisée et ceci afin que le logiciel
soit bien facile a comprendre. La programmation OOP améliore largement I’efficacité
du développement des programmes en utilisant la notion des classes des objets. En

addition, I’utilisation de I’utilitaire MFC facilite la conception de I’interface interactive.

La fenétre principale de PermiSys posseéde une interface usuelle, ainsi il est plus
convenable pour un utilisateur de la manipuler et ceci en comparaison avec I’interface
traditionnelle développée avec un systeme d’exploitation DOS. En addition, ’interface
développée simplifie le processus de mesure : la cavité vide nécessite d’étre mesurée en
premier lieu et ensuite on procéde directement a la mesure de la permittivité des
différents matériaux. La courbe de résonance est montrée dans la fenétre principale du

logiciel et peut étre sauvegardée dans un fichier *.txt dans 1’ordinateur.

0.5 Traitement des données mesurées

Comme décrit dans la section 0.2, la permittivité complexe est calculée selon la
fréquence de résonance f et le facteur de qualité O de la cavité résonnante sans et avec
I’échantillon. Ainsi la précision des mesures de la permittivité complexe est
complétement dépendante de la précision de la fréquence de résonance f et le facteur de
qualité 0. Pour un VNA comme HP8753D ou HP8510B qui sont disponibles dans notre

laboratoire, le maximum de points de mesure est 801 points. Ceci veut dire qu’il y a
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uniquement 801 échantillons de fréquences pour la mesure d’un signal. Ceci détermine
la résolution de mesure de la fréquence. Afin d’augmenter la résolution de la fréquence,
la rangé de balayage en fréquence doit étre aussi petite que possible. Par conséquent,
nous devrons trouver une solution pour obtenir une fréquence de résonance fy et un

facteur de qualité Q qui sont précis.

» La méthode de Lorentzian
Pour la méthode de Lorentzian, la variation de |521| versus la fréquence est

concordée a la courbe de Lorentzian en utilisant 1’algorithme des moindres carrés. La

fréquence de résonance fy, la largeur de bande af;

rent 2

la constante A;, la pente A,, le

facteur Aj;, et I’amplitude maximum ISml sont utilisées comme des paramétres de la

formule de Lorentzian :

|S e | + AT
2
o225
Afborem

Les parametres de I’équation (0.11) sont déterminés par concordance des données

IS,,(D)|=A, +A,f+ (0.9)

mesurées. Ensuite I’équation (0.11) peut étre utilisée pour calculer un nouveau ensemble

de|821(f )|. La fréquence de résonance est donnée par la valeur moyenne des deux de

fréquences correspondantes a la moitié de puissance. Puisque le terme[SZI(f )| est utilisé

a la place de puissance, le point de moitié de puissance correspond a
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J2/2|8 (DO ~0.707S,,(f)| . Le facteur de qualité Q est calculé en utilisant la
21 max 21 max

formule suivante:

fl’
Q £, (0.10)

> La méthode RCA

Les méthodes de mesure mentionnées ci haut présentent une difficulté majeure au
niveau de la détermination de la largeur de bande qui calculée a partir des fréquences de
moitié de puissance. Une méthode pratique couramment utilisée consiste a mesurer
directement la largeur de bande voulue. Cependant cette méthode est entachée par des
erreurs sur la détermination du facteur de qualité. Afin d’améliorer la précision sur
I’évaluation du facteur de qualité¢ Q la méthode RCA (I’air de la courbe de résonance) a
été proposée comme alternative. Cette méthode est basée sur le principe suivant : le
facteur de perte d'un circuit de résonance est équivalent a l'intégrale en domaine
fréquentiel de sa courbe de puissance de résonance. Cette méthode peut utiliser toutes les
données des mesures et aussi minimiser les effets du bruit. Le facteur de qualité est

déterminé par I’équation suivante :

Q=f, Botant |To
S, P(x,)

-1 (0.11)

Avec

fy est la frequency de resonance,
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Py est 1a puissance créte du circuit de sortie;
P(x,) est la puissance d’entrée du résonateur;

S; est I’air de la courbe de résonance dans le domaine fréquentiel.

0.6 Procédures de mesure, résultants et discussion

Nous avons utilisé I’analyseur des réseaux HP8753 pour mesurer le parametre Sy;
de la cavité dans la bande de fréquence utile. Le processus de mesure est totalement
contr6lé par le PermiSys a travers ’interface GPIB.

Le procédé de mesure inclut les étapes:

e Initialisation des parametres,

e Mesure de la fréquence de résonance et du facteur de qualité Q de la cavité
vide,

e (Calibration du systéme de mesure avec un échantillon standard,

e Mesure de la fréquence de résonance et du facteur de qualité¢ de la cavité

avec échantillon, et calcule de la permittivité complexe de I’échantillon.

L’eau distillée est utilisée comme un échantillon standard pour calibrer le systéme
de mesure. Sa permittivité a 25°C est de 72.27 - j*20.22 et ceci pour la fréquence
d’opération 5.8 GHz. D’autres échantillons liquides comme le lait (3.25% gras), le jus
d’orange, I'alcool, le méthanol et I'huile de table, sont mesurés afin de valider le systéme

de mesure. Ces échantillons liquides sont injectés moyennant un tube & pipette en verre.
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Quoique la perte de la pipette soit tres faible, afin d'améliorer 1'exactitude de mesure, une

pipette vide est considérée comme faisant partie de la cavité vide.

0.7 Conclusion

L’objectif de cette recherche est de concevoir et d’implémenter un systeme de
mesure automatique de la permittivité des matériaux diélectriques dans la bande de
fréquence 5.8 GHz. La mesure de la permittivité est basée sur la théorie de perturbation
de la cavité et utilise une cavité rectangulaire opérant au mode TEj3;5. Une méthode de
calibration, qui est valable pour tout mode de résonance des cavités rectangulaires ou
circulaires a été proposée et implémentée dans un systtme de mesure automatique de

permittivité dans la bande 5.8 GHz.

Une approche de conception basée sur des optimisations pour les hauts modes de
résonance dans une cavité rectangulaire a été présentée. La fréquence de résonance
d’une cavité vide est mesurée a 5.8066 GHz. Ainsi, il existe seulement 6.6 MHz de
fréquence de déviation de la fréquence de conception de 5.8 GHz. Les résultats des
mesures du mode de résonance autour de 5.8 GHz ont montré 1’utilité de la procédure
d’optimisation. La cavité présente un facteur de qualité (Q>4000) dans la condition de

cavité vide, ceci prouve que les mesures sont précises et fiables.
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Le logiciel PermiSys de mesure de la permittivité, dotée d’une interface graphique
GUI, a été développée en utilisant les outils de programmation VC++ et MFC. La
communication entre le PC et le VNA est assurée par I’interface GPIB. L’architecture
des logiciels d’instrumentation (VISA) a été adoptée dans le programme de
communication et ceci afin que le logiciel PermiSys soit capable de communiquer avec
plusieurs programmes avec différentes cartes GPIB. En outre, le logiciel PermiSys offre
un mode visuel pour configurer et contrdler le systéme de mesure. En suivant le menu de
la fenétre du logiciel, les mesures peuvent étre effectuées étape par étape. En addition,
des mesures en des instants différents peuvent étre effectuées d’une fagcon automatique
et ceci afin d’améliorer la précision des résultats. Les données des courbes de résonance
et la permittivité mesurée par la méthode de Curseur sont sauvegardées dans le PC. Les
données des courbes de résonance peuvent étre d’avantage traité par le logiciel
MATLAB avec la méthode RCA ou la méthode de Lorentizan et ceci afin d’avoir des
résultats plus précis. Ce traitement par MATLAB s’effectue également moyennant une
interface interactive. Le programme Matlab peut étre exécuté a partir du menu du

logiciel PermiSys ou directement a partir de la fenétre principale du logiciel Windows.

Les résultats des mesures pour plusieurs exemples de liquides ont validé I'utilité et
la précision du systéme de mesure. En outre, les résultats de traitement des données ont
montré que la méthode RCA et la méthode Lorentizan sont plus précises que la méthode

de Curseur.
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Chapter 1 Introduction

Dielectric parameters of various dielectric materials are found more and more
important applications in different industrial fields. They are critical parameters of the
substrate for high frequency circuit design in electronic and communication areas. In
agricultural engineering, the moisture contents of the agro-products are measured
depending on the permittivity. The agrobiologists can further understand the
characteristics of the different agro-products or soils based on their permittivities. In
medical field, the complex permittivity of human blood will change with the variation of
the health condition of the examinee. Hence, the measurement results of the permittivity
of the patient are helpful for the doctor to judge the health situation of the patient.
Moreover, the permittivity measurement technique has been successfully used in

petroleum industry to measure the water content of the petroleum.

Although there are so many important applications for permittivity measurement,
how to measure the permittivity of different dielectric materials accurately and more
efficiently has been an important issue for many researchers in the world. There are
many permittivity measurement methods that have been presented in papers [1][2] or in
the electromagnetic technique books [3][4]. They can be classified as waveguide
methods, resonant cavity methods, open-ended coaxial probe methods, and impedance

methods[3].



Among these methods, the resonant cavity method is a popular permittivity
measurement method due to its high accuracy. We will make a brief review for this

method in the following section.

1.1 Resonant cavity methods

The resonant cavity method applies the cavity perturbation technique to measure the
permittivity of the dielectric materials. In fact, the perturbation of a resonant cavity
caused by the insertion of a dielectric sample can be employed to calculate the complex

permittivity by measuring the change in resonant frequency and its quality factor.

The cavity perturbation theory was first proposed by Bethe and Schwinger in
1943[6]. The perturbation is caused by the insertion of small dielectric sample into a
cavity and by a small variation of the electromagnetic boundary of the cavity. In 1960,
Waldron presented the detailed perturbation formula with necessary approximations[7].
He pointed out that the high accuracy perturbation formula would only be possible if the
sample is properly shaped and positioned in the resonant cavity. The sensitivity of
measurement can be increased through putting the sample in the strong field region. The
cavity perturbation method was summarized by Chao in 1985[8]. Moreover, a cavity
perturbation technique, in which high temperature measurements can be processed, was

described by Akyel and Bosisio in 1989[9].



The cavity perturbation technique belongs to two-port techniques and is suitable for
different kind of samples including solid and liquid samples. It can provide a
measurement result with high accuracy. This method is suitable for low loss materials
and can provide more accurate measurements, however, measurements are limited to the

resonant frequency of the cavity.

1.2 Permittivity measurement at 5.8 GHz

There are a large amount of permittivity measurement researches with the resonant
cavity methods at ISM 915 MHz and 2.45 GHz frequency band. However, at ISM 5.8
GHz frequency band, we have not found any dedicated reports about the permittivity
measurement at this ISM frequency band. Since there is stronger interference at 915
MHz and 2.45 GHz, more and more commercial electronic or communication systems,
such as road billing systems and WLAN, are implemented at 5.8 GHz. For this reason, it
is significant to study the dielectric characteristics of materials at ISM 5.8 GHz

frequency band.

Since the resonant cavity method is one of the most accurate permittivity
measurement methods, it will be taken as the main approach in this project. The
rectangular cavity perturbation theory will be reviewed and some useful measurement

formula will be deduced in Chapter 2.



To design the cavity using the dominant cavity mode, the cavity will become smaller
and smaller as the resonant frequency increases. However, the permittivity measurement
with the resonant cavity method is based on the perturbation theory. In order to satisfy
the perturbation condition, the volume of the cavity should be as large as possible.
Therefore, the resonant mode has to be high-order resonant mode instead of the
dominant mode. This makes the cavity design become far more complicated than in low
frequency band. The details about the high-order mode cavity design will be discussed

in Chapter 3.

Whatever which measurement method is adopted, generally the measurement process
is tedious and easy to make error, especially when it is necessary to make multi-time
measurement for a sample. Consequently, in order to solve these problems, the research
target of this project is to set up an automatic cavity permittivity measurement system at
5.8 GHz. Measurement control software, PermiSys, will be developed with VC++. The

design process of PermiSys will be presented in Chapter 4.

In order to improve the accuracy of the measurement results, there are several special
data processing techniques that have been implemented to produce a more accurate

result. The details are presented in Chapter 5.



In Chapter 6, the measurement procedure is given and several liquid samples have
been measured to validate the measurement system. Finally, from our experimental

results, we draw some conclusions in Chapter 7.
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Chapter 2 Complex Permittivity Measurement with

Cavity Perturbation Technique

2.1 Introduction

The cavity perturbation technique was originally developed by Bethe and Schwinger
in 1943 [1]. Then it is widely used in the study of the electromagnetic properties of
dielectrics, semiconductors, magnetic materials and composite materials [2]-[7]. For the
permittivity measurement with this method, the sample under test is introduced into a
resonant cavity, and its complex permittivity can be determined from the variation of the
resonant frequency and the quality factor of the cavity caused by the insertion of the

sample.

In this chapter we will discuss the lumped-element equivalent model of a
sample-loaded resonant cavity at first. Then the deduction of the cavity perturbation
formulas for permittivity measurements will be reviewed. At last, new two-filling-factor

calibration method is proposed based on the perturbation formulas.

2.2 A Lumped-Element Equivalent Model of Sample-Loaded
Cavities

A resonant cavity can be represented by a lumped-element equivalent circuit, which

consists of inductance L, resistance R and capacitance C, as shown in Figure 2.1 [7]. In

this figure, the equivalent capacitance C includes a major part C, and a minor partC,.



We can assume that the introducing a sample into the cavity is equivalent to inserting the

sample into the capacitor C,, so only the minor part C, is affected by the sample. Then

the resonant frequency f and the quality factor Q of the resonant cavity can be computed

as follows[8]:

1
= 2.1
4 27,JL(C, +C,) @1
O=R ﬁ 2.2)
L
C C, Dielectric
L R e

]

Figure 2.1 Lumped-element equivalent circuit of a resonant cavity

Hence the resonant frequency f will decrease after inserting a sample in the cavity
according to the equation(2.1). The overall effects of the increase of capacitance C and
the decrease of resistance R will determine the change of the quality factor QO caused by
inserting the sample into the cavity. Generally, the overall effects always cause Q to
decrease. A typical example of a cavity perturbation response is shown in Figure 2.2 in

terms of the resonance frequency f and the quality factor Q.
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Figure 2.2 A typical cavity perturbation response
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gure 2.3 Perturbation of resonant cavity (a) empty cavity; (b) cavity with a small sample

2.3 Cavity Perturbation Theory

A cavity perturbation with a small sample is shown in Figure 2.3. Vj is the volume of

the empty cavity. So is the area of the inner surface of the empty cavity. ¢, is the
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dielectric constant of air. g, is the permeability of air. E,, H, and o, are electrical

field intensity, magnetic field intensity and the resonant frequency in the empty cavity,

respectively. Vs is the volume of the sample and Ss is the surface area of the sample. &

is the dielectric cons3tant of the sample. p is the permeability of the sample. E, H

and o are electrical field intensity, magnetic field intensity and the resonant frequency

in the cavity after introducing the small sample, respectively.

From Maxwell equations [8], we have

For empty cavity:
Vx§ = j(f)oaofL} 23)
VX E, =—jo,u,H,
For cavity with the sample:
VxH = jwe,E (outside V)
R (2.4)
VxH = jocE (inside V)
VxE = —jou,H (outside V)
_ o 2.5)
VXE=—jouH (inside V)
Making the scalar products of E—'o with equation (2.4):
E <VxH = Jjoe, E oE (outside V)
T (2.6)
E,VxH = jocE,«E (inside V)
Making the scalar products of E; with equation (2.5):
}-I—OT-VX E=- Jo, 17; -H (outside V) @7
I?: VxE=-— jco,uil—z H (inside V) .

Making the scalar products of E and H with equation (2.3), respectively, we

have
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%Vx;{_—; = w"g‘fﬁ 2.8)
HVXE, = jo,u, H-H,
Integrating [(E;‘ZV x H +E+V x ﬁ; ) - (ﬁ_j-V x E+HeVx E—’;)] over volume V,, we
obtain
m[(E—;-Vx17+E-Vx17;)-(F;.VxE+“ﬁ-VxEj)}dv
Vo
= I_U[J'So (00— a)o)E—';-E +jy (0 -, );I—O;-ﬁ]dv 2.9
vy,
+ H_[[j(ws —a)ogo)fg-E# j(on —a)o,uo)igoﬁ]dv
v,
We now use the vector identity:
Ve(Ax B) = Bs(Vx A)— A+(Vx B) (2.10)
The left-hand side of equation (2.9) becomes
‘Uﬂ:(Ej'VX H+EVx ﬁj) —(E;-Vx E+HsVx E—';)jl dv
Vo
= I[V-(E:xﬁ)+V-(Exﬁ§):ldv @.11)
Yo
= E xH)+(ExH, ]oﬁds
(<) (277
where 7 is the unit normal vector of the inside wall of the cavity. Since 7x E =0 at

the inside wall of the cavity, the area integral at the right-hand side of the equation (2.11)

equals to zero. Thus from equation (2.9) we obtain
J.H[jeo (0-@,)EyE + jp, (@ —a)O)H;-ﬁ}dv
o _ o 2.12)
+Hﬂ:j(a)g—wogo)EooE+j(a)y—a)0y0)HooH v=0
v,
As Vs is very small, the integral over the volume (V(-Vs) can be approximated by

the integral over the volume V,. Moreover, considering (we—wyé, )~ w,(¢—¢&,) and
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(@wp —wopty) = @, (11— 14,) , equation (2.12) then becomes

— J;_!. (8_80)E'E+(ﬂ_ﬂo)ﬁf'ﬁ]dV

o .U.[(a(,E,E + yoﬁf-ﬁ)dV @13
Vo

Equation (2.13) expresses the relative change of complex angular frequency of a
resonant cavity due to the introduction of a sample into the cavity[9], [10]. It should be
noted that this equation is based on the assumptions that the cavity wall is perfect

conductor and the perturbation is very small.

In this project, we will only study the characterizations of dielectrics (nonmagnetic

materials), so p=u,. We assume &=g¢,5,, where ¢ is the relative complex

permittivity of the sample. Therefore, equation (2.13) can be written as

oo, (8 _1] J;HE:.EdV
. A— (2.14)
@, 2 (& av

2.4 Calibration Methods of Permittivity Measurement

The relationship between the complex angular frequency and the quality factor of a

resonant cavity can be expressed as follows [10]

0=0,+ jo, (2.15)

w, =2nf (2.16)
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0=—2 2.17)

If we suppose that w,, *®, and w,, < @,,, then we have

O—w, (wr _wr0)+j(wi —in)

Do ®,, [1 +j Dio )
er
N
fo 20 20, 20,

{8
fo 20 20,

In equation (2.18) we assume @, >>1. Comparing equation (2.14) with equation

(2.18), we have

L 1) () R
(MJ ( J=_(r : (2.19)

+j| —- >
. 20 20, 2 J([Ef av

Suppose the complex permittivity of the material is ¢ =g —jg ', and then

equation (2.19) can be rewritten as follows:

So=S (.

2(——fo )_(g, 1)c (2.20)
11
-~ ="C 2.21
0 0 K @21

where
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jyj' [E;-Eav

C=——— (2.22)
JIJE] av
A
Equation (2.20) and (2.21) can also be written as
g, =1+3( -f—) (2.23)
cL J
g =l(_1.__1_) 2.24)
C\@ &

In equation (2.25) and (2.26), the parameter C is generally assumed to be a constant,
which is dependent on the geometry and the location of the sample and the resonant
mode in the cavity, but approximatly independent of the permittivities of samples.
However, it is well known that the perturbed field £ in the sample is a function of the

permittivity and geometry of the sample under test. Therefore, in order to obtain more

accurate measurement results, two parameters F, and F,, instead of one parameter C,

are introduced to equations (2.20)-(2.24) as follows:

fo—f _ N\
- _ﬁ;(a, 1)V0 2.27)
—l-—i=Fzg,”ﬂ (2.28)
0 O, 4

Or

g =1+F1'K'-( —i) (2.29)
.\ S

s
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g =F 5(i——1—) (2.30)
vl &

Where F'=1/F, and F]=1/F,. Similar to parameter C, parameters F,(F)) and

F,

A (Fz') are the function of the configurations and the resonant mode of the cavity, the

geometry of the sample, and the sample’s location in the cavity. Since it is very

complicated to calculate the parameters F,(F) and F, (Fz') using classical

electromagnetic analytical methods when the resonant mode is a high-order mode,

F,(F) and FZ(FZ') are usually acquired by a calibration method with a known

permittivity sample as standard[11]. By the help of the variations of the resonant

frequency f and the quality factor Q caused by the insertion of the standard sample,
F,(F)andF, (F2 ) can be determined using equation (2.27) and (2.28) or equation (2.29)

and (2.30). It should be pointed out that the standard sample should be as small as
possible and should have a similar geometry with the samples to be measured so as to

improve the measurement accuracy.

It is well known that the low measurement accuracy of the volume of the small
sample is one of the main error sources with the permittivity measurement using
equation (2.29) and (2.30). However, in some special cases, the shape and volume of the

measured samples always are same, for example, to measure the liquid samples with a

thin quartz tube. Hence in equation (2.29) and (2.30) we can let E" =P]'% and

”

F'=F, Y5 Then we have

s
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: o, f
=1+F"|1-L 2.31
Ry @3

o1 1
=F| ——— 2.32
-5 (-2 ] )

In this case, a liquid standard, such as pure water, can be used to calibrate the

measurement system so as to get F; and F,’ from equation (2.31) and (2.32). In this way,

we can avoid measuring the volume of the sample and the volume of the cavity.
Therefore, using equation (2.31) and (2.32) to compute the complex permittivity is able
to improve the accuracy of the measurement since it is difficult to accurately measure

the volume of the small liquid sample.

After calibrating with a standard sample, we can take advantage of equation (2.31)
and (2.32) to compute the permittivity of a new sample with the same volume and shape.
Consequently, the errors that caused by the measurement procedures of volume of the

cavity and the sample can be avoided.
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Chapter 3 Rectangular Resonant Cavity Design

3.1 Introduction

The rectangular resonant cavity is a key part in this automatic permittivity
measurement system. Since the resonant frequency of the cavity is 5.8 GHz, it
corresponds to a wavelength of 5.17 cm. If we use dominant TE;ox mode as what people
did in 2.45 GHz[1], the transverse size would be too small to satisfy the condition of
perturbation theory. For this reason, we have to select high-order resonant mode in order
to improve the measurement accuracy. In this project, the TE;;5 mode was selected and
the mode selection criterion will be presented in the following section. However, the
design procedure of this high-order mode is more complicated than that using the

dominant mode.

In this chapter we will review the design procedure of the rectangular resonant cavity
using the classical electromagnetic field theory. Then the optimization of the high-order
mode cavity design will be discussed and the optimization results will be given.
According to the electromagnetic field distribution of the selected mode in the cavity,
we will determine the position of the sample inserted as well as the positions of the input

and the output probes.
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Figure 3.1 the rectangular resonant cavity

3.2 Rectangular resonant cavity design procedure

3.21 Determination of width a and height b of waveguide

A rectangular resonant cavity is shown in Figure 3.1. a, b and c are the width, height
and length of the rectangular cavity respectively. At first, the width a and the height b of
the waveguide should be determined by classical electromagnetic field theory of
waveguide. It is well known that the cut-off wavelength of the rectangular waveguide

is[2]:

A, = G.1)

Where m and n are called the mode index, and they stands for the number of half-

waves in the x and y direction in the Figure 3.1. A is only the function of m, n, a and b.
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When the width a and the height b of the waveguide are fixed, the cutoff wavelength

will decrease as m and n increase.

If the ratio a/b is assumed to be a fixed value, then the cutoff wavelengths of all of the
modes can be computed from equation (3.1). The relationship between the cutoff
wavelength of the work mode and the cutoff wavelengths of other modes is determined.
A distribution chart of the cutoff wavelengths can be obtained from these calculation
results. For example, suppose a/b=2, then the cutoff wavelength of TE/TM3; mode is:
Acte31=0.5547a. The dominant modes and the low-order mode that have longer cutoff
wavelengths than that of TE/TMs; are TEig, TEz, TEoi, TEs30, TE:11/TM;;, and
TE»1/TMy;. Their cutoff wavelengths are: Actei0=2a; Acte20=AcTE01=2; ACcTE30 =0.66674;
Acteni=ActMm11=0.8944a; and Actez =Actm21=0.7071a, respectively,. These eight modes
(TE10, TEo1, TE20, TE11, TMi11, TE21, TM21, TE3¢) always exist whatever TE3; or TM3;

mode is employed.

The nearby high-order modes that have shorter cutoff wavelengths than that of
TE/TM3; are TE4g, TEq2, TE2/TMy, TE41/TMai, TE12/TMi2, TEsp and etc. Their cutoff
wavelengths are: Acteso = AcTro2=0.58; ActE12 = Actm12=0.4851a; AcTE22 = AcTM22-AcTEA4!
= Actma1=0.4472a; Acteso =0.4a. These high-order modes can be avoid if the wavelength
A of the work mode TE/TM31 is longer than Acteao = Actro2=0.5a. The distribution chart
of the cutoff wavelengths of all these modes is shown in Figure 3.2. Hence the

wavelength A of the work mode TE31/TM31 has to satisfy following condition:
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Mrpao <Ao <A (3.2)

That is: 0.5a<\y <0.5547a

1.5a

Range of A for TE31/ TMB1 nodes

Figure 3.2 Distribution figure of cutoff wavelengths in rectangular waveguide (a=2b)

Therefore,

Ao <a< Ao (3.3)
0.5547 0.5

Since the resonant frequency f, equals to 5.8 GHz in this project, the wavelength A of

the work mode TE3;/TMa; is ko=v/fo=3.0x108/(5 .8x109)=0.0517 m.

Therefore, 0.0932<a<0.1034 m. Suppose we selected a=0.0983 m, then b=0.0492 m.
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3.2.2 Determination of length ¢ of rectangular cavity

The second step is to calculate the length c of the rectangular cavity. Once a and b are

fixed, the length c of the cavity can be obtained by the following equations[2]:

By = (3.4)

Hence
c= = 3.5)
I
A a b

where m, n and k are the number of the half-waves in the x, y and z direction in

Figure 3.1. 4, is the resonant wavelength and it can be found by

% 3.6
A 1 (3.6)

where v, =3x10°m/s is the light speed in vacuum and f; is the resonant frequency.

In the previous example, fp=5.8 GHz, 1y=0.0517 m, a=0.0983 m and b=0.0492 m.

For TE3;5/TM315 mode, m=3, n=1, k=5, using equation (3.5) we can get c=0.4068 m.

3.2.3 Selection of cavity material

The last step is to select a suitable cavity material according to the quality factor of

the cavity designed. With the different materials, the quality factors of the cavity that has
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same geometric dimensions are totally different. The selection criterion of the cavity
material will base on the following factors: higher quality factor, cheaper price and

easier fabrication. The quality factor Q of TE mode in a rectangular cavity is given by[3]

Q__i abC (p2+q2)(p2+q2+r2)3/2
5 4 ac[pzrz+(p2+q2)2:|+bc|:q2r2+(p2+q2)2:|+abr2(p2+q2)
(3.7
where
p=m/a g=n/b r=k/c;

5= (-———2————)” ?is skin depth;
2nfop,0

o is the conductivity of the material,

Lo =1.257x10° H /m is the permeability of free space (a vacuum).

3.3 Optimization design of high-order mode cavity

In the example of the previous section, there are eight high-order modes (TE;o, TEq,,
TEjzq, TE11, TM11, TE;1, TMy1, TE3p) that always exist whatever TE3; or TM3; mode is
used. Therefore, there may be many resonant modes around the work frequency 5.8 GHz
when the cavity is excited. This is not what we expected. Thus we have to check the
resonant frequency of all of the possible modes to guarantee there is an enough gap

between the work frequency and the resonant frequencies of all other possible modes.
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The resonant mode analysis results within 500 MHz frequency band for this example are
given in Table 3.1. From the Table 3.1, we can see that there are 3 resonant modes, TE;..
15, TE3.10 and TE;.1.13, which resonant frequency difference is smaller than 85 MHz.
Especially for TE;.o.;s mode, the resonant frequency difference is only 62.7427 MHz.
Moreovér, TE ;o mode is the dominant mode of the waveguide, so it will have stronger
field components than those of TE;; mode. Therefore, the cavity size in this example

cannot meet our design requirements.

Table 3.1 Resonant mode analysis within S00MHz frequency difference

5.51154
5.54842
5.60934
5.69354
5.8
5.92752
6.07478
6.24037
5.44401
5.44264
5.6523
5.67498
5.87637
5.92119
6.11447
5.37424
5.37424
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5.58648
6.1796
5.68167
5.68167
5.88282
5.99601
5.3827
5.99601
6.18695
5.73726
6.0935

In fact, for the high-order mode resonant cavity design, it is far more difficult than the
dominant mode cavity since there are many other resonant modes that could exist when
the cavity is excited. In order to avoid exciting other resonant modes around the work
resonant frequency, the ratio a/b of the waveguide should be very carefully selected.
This selection process includes an error-and-try procedure to make the resonant
frequencies of all of the other possible resonant modes deviate from the work resonant
frequency as far as possible. For this reason, an optimization program has been

developed using Matlab.

The flow-chart of the optimization program is shown in Figure 3.3. The ratio a/b will
be swept from Rmin to Rmax during the optimization process. At first, the ratio a/b will

be set to Rmin. Then the program will call waveguide-width-range function.
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The flowchart of the waveguide-width-range function is shown in Figure 3. 4. In this
function, the highest mode considered will be defined at first. Then the cutoff
wavelengths of all of the modes will be calculated using equation (3.1). At last, the
cutoff wavelength of the work mode (TE3;5/TMs315) will be compared with the cutoff
wavelengths of other modes to find the nearest high-order mode which cutoff
wavelength is just shorter than that of TE3;5/TM3;s. In this way, the value range of the
width a of the waveguide can be determined. Here we suppose the width range is from
Amin to Amax. Then‘the width a of the waveguide will be swept from Amin to Amax

and the height b of the waveguide can be determined accordingly.

The optimization program will be able to calculate the length c of the rectangular
cavity from equation (3.5). Then the resonant frequencies of all possible modes will be
estimated from equation (3.4) and (3.6). Here we define the modes, which cutoff
wavelength is shorter than that of the work mode, but longer than those of all other high-
order modes, as the nearest high-order mode. Considering the nearest high-order mode is
very close to our work mode TE3;s, we also included it in the mode check list during the
optimization process. After that, all of these resonant frequencies will be compared with
the work resonant frequency f,=5.8 GHz to check whether all of the frequency
differences are larger than a predefined threshold (e.g, 150 MHz). If all of other
resonant frequencies are far enough from the work frequency, this group of cavity

dimension will be save to a text file. Otherwise, the dimension will be discarded.
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This optimization iteration process will continue until all of the width a and all of the
ration a/b are swept. All of the qualified cavity dimensions will be saved in the result
text file. Based on these initial optimization results, the ratio a/b and the frequency
difference threshold can be modified. Then a new optimization process as described

above can be executed until satisfactory results are obtained.
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3.4 Cavity optimization results and resonant mode analysis

Using the optimization method described in the previous section, the rectangular
cavity dimensions for a work resonant frequency at 5.8 GHz are selected as following:

a=127.203mm=5.008in; b=43.688mm=1.720in; c=245.339mm=9.65%1n.

The cutoff wavelengths of the related waveguide modes are listed in Table 3.2. Hence
excluding the work mode TE/TMj3;, there are 9 other modes, TE19, TE20, TEo1, TE3o,
TE/TM1;, TE/TM3;, and TE4, which could exist. Having obtained the resonant cavity
dimension, the cavity resonant mode analysis and the quality factors of the cavity with
different materials can be calculated as the program flow in Figure 3.5. Here The quality
factor Q is estimated by equation (3.7). The resonant mode analysis results are shown in
Table 3.3. We observed that the frequency differences between the work mode TE/TM3;5
and all of the other possible resonant modes are larger than 170 MHz. Moreover, there
are only 17 possible resonant modes within 500 MHz frequency range, instead of 27
possible resonant modes in the previous example (a=2b). The quality factors of the
cavity with different materials for TE3;5 resonant mode are listed in Table 3.4. From
Table 3.4 we note that aluminium has higher Q factor, which is 16890 for this cavity in
theory. Moreover, aluminium is cheaper than other materials listed in the table and also
easy to manufacture. Therefore, aluminium was selected as the cavity material in this

project.



Table 3.2 cutoff wavelengths of the related waveguide modes

Waveguide modes | Cutoff wavelength Notes
TE10 2a Exist
TE20 a Exist
TEO1 0.6869a Exist
TE30 0.6667a Exist

TE/TM11 0.6497a Exist
TE/TM21 0.5662a Exist
TEA40 0.5a Exist
TE/TM31 0.4784a Work mode
TE/TM41 0.4042a Nearest high-order mode
TES50 0.4a

Table 3.3 Resonant mode analysis within S00MHz frequency difference (a =2.9b)

75.31317

5.62086

5.50313

5.80075

6.14496

5.55048




5.97545

5.48682

5.61211

5.97222

5.565262

5.97598

6.09121

5.4301

6.03645

5.62753

5.98672

6.22668
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Table 3.4 The quality factors of the cavity with different materials for TE;;s resonant mode

Material Conductivity (s/m) Quality factor Qg
Copper 5.813x10’ 20846
Aluminium 3.816x10’ 16890
Brass 1.11 x10’ 9109
Silver 6.173x10’ 21482
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3.5 Determination of the positions of the sample, the input

and the output coupling devices

In this project, TE/TM3;5 resonant mode was selected due to the high work frequency
(5.8 GHz) and the requirements of the perturbation theory as described above. However,
considering the sample should be put in the strongest position of the electrical field and
paralleled with the direction of the electrical field so as to cause large frequency shift for

a small sample, so TE3;5 mode was adopted as the work mode instead of TM3;5 mode.

According to classical electromagnetic field theory, the field components of TE3;5 in

the rectangular cavity are represented as following[2]:

E, = Jg;)" H,, cos(3—:- X) sin(% y) sin(écE z) (-8)
E, = “3J(;)MTC H,s Sin(3_Tt X) CC’S(E y) Sin(ézr‘ z) (-9
K:a a b c
E,=0 (3.10)
_ 2
H, = #Hﬂs sin(3—7t X) cos(E y) cos(ézt— z) (3.11)
K:ac a b c
_ 2
H, = %Hsls cos(% X) sin(% y) cos(—s—g— z) (3.12)
H,=H,, cos(i73 X) cos(% y) sin(—5—1E z) (3.13)
a C

where



35
. z’f'_ 2 _7:5_2
-2 4(2) 610

Suppose coefficient Hsz;s equals to 1. Making a Matlab program, the distribution of
the field components in space can be displayed in 3D space. The electrical field
distribution at y=b plane is shown in Figure 3.6. The distribution of the magnitude of the
magnetic field at z=0 plane is shown in Figure 3.7. With the help of the excellent 3D
visualization of Matlab 3D figure, the field distribution in the space becomes concrete
and very easy to distinguish where is the strongest point of the electrical field or the
magnetic field. Based on the field structure analysis, the position of the sample, the input
and output coupling devices was selected at the peak positions of the electrical field as
shown in

Figure 3.8 to provide the largest resonant frequency shift and the strongest input and
output energy coupling. Electrical probes are selected as the input and output coupling
devices. This configuration is helpful to suppress other unexpected resonant modes in

the cavity, especially to avoid exciting TM3;5 mode.



Ey distribution for TE,, . mode at y=b plane

Figure 3.6 Electrical field distribution for TE;3;5s mode at y=b plane

H distribution for TE,, - mode at z=0 plane

HI

% (mm)

Figure 3.7 Magnetic field distribution for TE;;5s mode at z=0 plane
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Figure 3.8 Positions of the sample, the input and the output coupling probes

3.6 Results of the practical 5.8 GHz empty resonant cavity

Based on the above design data, we fabricated the resonant cavity in our lab. The
practical 5.8GHz rectangular resonant cavity is shown in Figure 3.9. The resonant
frequency of the empty cavity is about 5.8066GHz. There is only 6.6MHz deviation
from the design target. The result of the resonant mode analysis around 5.8 GHz is in
Figure 3.10. We can see that the resonant frequency of the nearest other mode is about

5.925GHz. Hence the frequency difference between the work mode and the nearest other
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mode is larger than 110 MHz. This frequency gap can satisfy the permittivity
measurement requirements. Therefore, these results demonstrated the proposed

optimization design of the cavity is successful.

Figure 3.9 5.8 GHz resonant cavity
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Figure 3.10 the practical mode spectrum of the 5.8 GHz empty resonant cavity
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Chapter 4 Development of the automatic

permittivity measurement software --- PermiSys

4.1 Introduction

PermiSys is an automatic permittivity measurement system software developed using
Visual C++ and Microsoft Foundation Class (MFC)[1] in this project to control the
measurement process, record the resonant curve data of the cavity and calculate the
permittivity based on these data. Compared with the traditional Dos interface
measurement software, it is more convenient for people to use permiSys due to its
popular Windows interface. Moreover, since it simplifies the measurement process, the
empty cavity only need to be measured once, and then we can measure the permittivity
of the different materials directly. The resonant curve is displayed in the windows and
saved as a .txt file in the PC. In order to get more accurate measurement results, the
resonant curve can be further processed with other software tools such as Matlab. This

data processing approach will be discussed in details in the next chapter.

During the software development process, the Object—Oriented Programming (OOP)
technique has been employed to organize and manage the code because of the
complication of the Windows system[2]-[10]. The basic units for OOP are objects,

which are the instances of classes. Classes are abstraction descriptions of objects. The
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utilization of classes is the most important characteristics of OOP language such as C++.
By the help of the inheritance property of the class, the code reuses in OOP become very
convenient. A class consists of member data or properties, and member function or
methods. These properties and methods can be divided into three categories: private,
protected and public. The private properties and methods can only be used in a class.
The protected properties and methods can be utilized in both a class and its child classes.
Furthermore, the public properties and methods are visible for all objects. Each class has
a unique name and will produce response to the messages received. Communication

between objects will through messages based on a set of predefined protocols.

In this chapter, we will discuss the software system architecture at first. Then the
details of the kernel classes will be given. At last, design of the Graphical User Interface
(GUI) will be explained. Some useful information about the Vector Network Analyzer

(VNA) programming[12] and control has been presented in Appendix I

4.2 Measurement software system architecture

The measurement software system architecture is shown in Error! Reference source
not found.. It can be seen that different measurement operations (i.e., empty cavity
measurement, system calibration, sample measurement, etc.) are executed by the
corresponding functional modules. The measurement modules will communicate with

Vector Network Analyzer (VNA) via GPIB interface to perform the measurement
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required using Virtual Instrument Software Architecture (VISA). A summary about

VISA can be found in Appendix II. The measurement results will be saved in text files

and also be displayed in the Graphical User Interface (GUI).

User interface
Measure empty cavity
Calibration

Measure cavity with
sample

Automatic measurement

Display

Event handler

Handler measuring
empty cavity

Calibration handler

Handler measuring
cavity with sample

Automatic measuremen
handler

Handler browsing
results

Figure 4.1 the measurement software system architecture

4.3 Main classes design

As described in section 4.1, classes are the foundation of OOP. A class is an abstract

description of a set of objects that share common data structures and exhibit common
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behaviors. It is composed of properties (member data) and methods (member functions).
Comparing with a concrete object, it is not necessary for a class existing at run time.

Several critical classes will be introduced as follows.

CVectorNetworkAnalyzer

CVectorNetworkAnalyzer class inherits from CObject and is an abstraction of the
Vector Network Analyzer (VNA). It encapsulates all of the communication functions
that are necessary for the measurement application to communicate with VNA via GPIB
interface. These communication functions call VISA functions directly to initialize
VNA, send commands to VNA and acquire data from VNA. In this way, the application
is independent to the GPIB card, which could be HPIB card or National Instrument
GPIB card. It means the measurement software will be transplantable among the
different PCs with different GPIB cards. The Class-Responsibilities-Collaborators

(CRC) card of CVectorNetworkAnalyzer class is shown in Figure 4.2.

CV¥ectorNetworkAnalyzer

Communicate with VINA
Control VINA

Data acquigtion fromVNA

Figure 4.2 Class CVectorNetworkAnalyzer CRC card
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CMeasurementResults
When the resonant frequency, quality factor Q, resonant curve data and other
parameters are acquired from VNA, these measurement results will be saved in an

instance of CMeasurementResults class. The CRC card of CMeasurementResults class is

shown in Figure 4.3.

CMeasurementResults

Save the measurement results

Figure 4.3 Class CMeasurementResults CRC card

CCurveData
The resonant curve data read from VNA will include the frequency, rectangular and
polar format S,;. All of these data will saved in an instance of class CCurveData for the

future data processing with other methods. The CRC card of CCurveData class is shown

in Figure 4.4.

CCurveData

Save the resonant curve data

Figure 4.4 Class CCurveData CRC card
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COptionDlg

The number of the sampling points and attenuation values will be setting in the
option dialog (an instance of COptionDlg). These attenuation values will be used to
decide the sweep frequency range so as to adjust the resolution of the sweep frequency.

The CRC card of COptionDIg class is shown in Figure 4.5.

COptionDlg

Setting frequency sweeping parameters

Figure 4.5 Class COptionDlg CRC card

CCalibrationDlg

The permittivity and volume of standard sample will be setting in this dialog (an
instance of class CCalibrationDlg) before executing the calibration process. Calibration
results will also be displayed in this dialog. All calibration operations will be performed

through this GUI. The CRC card of CCalibrationDlg class is shown in Figure 4.6.

CCalibrationDlg

Setting calibration parameters
Showing calibration results

Executing the calibration

Save calibration results

Figure 4.6 Class CCalibrationDlg CRC card
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CAutoMeasurementDIg

The measurement can be executed for many times automatically. The measurement
times and the related information of the sample measured can be set in this dialog (an
instance of class CAutoMeasurementDIg). The measurement results will be displayed in

the main window. The CRC card of CAutoMeasurementDIg class is shown in Figure

4.7.
CAutomaticMeasuwrementD1g
Setting measurement times
Setting the related information of the sample
Executing automatic measurement
Figure 4.7 Class CAutoMeasurementDlg CRC card
CBrowseResultDlg

The measurement results can be saved as a text format file. Then at any time these
saved results can be browsed by this dialog (an instance of class CbrowseResultDIg).

The CRC card of CBrowseResultDIg class is shown in Figure 4.8.

CBrowseResuliDlg

Browsing the measurement results saved as in text format file

Figure 4.8 Class CBrowseResultDlg CRC card
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CMeasurementPropertyPagel

The cavity parameters and the sweeping frequency range should be set before
measuring the quality factor Q and the resonant frequency of the empty cavity. These
setting can be operated in this property page (an instance of class
CMeasurementPropertyPagel). The CRC card of class CMeasurementPropertyPagel is

shown in Figure 4.9.

CMeasurementPropertyP agel

Setting cavity parameters

Setting the sweep frequency range

Figure 4.9 Class CMeasurementPropertyPage2 CRC card

CMeasurementPropertyPage2
This class will cooperate with class CMeasurementPropertyPagel to perform the
quality factor Q and the resonant frequency f measurement of the empty cavity. The

CRC card of class CMeasurementPropertyPage2 is shown in Figure 4.10.

CMeasurementPropertyPaged

Performing quality factor Q and resonant frequency f
measurement of empty cavity

Displaying the resonant curve of empty cavity

Figure 4.10 Class CMeasurementPropertyPage2 CRC card
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CMeasurementPropertyPage3

This class is used to perform the quality factor Q and the resonant frequency f
measurement of the cavity with sample. It will cooperate with class
CMeasurementPropertyPage4 to get the complex permittivity of the sample measured.

The CRC card of class CmeasurementPropertyPage3 is shown in Figure 4.11.

CMeasur ementP ropertyPage3

Performing quality factor Q and resonant frequency f
measurement of cavity the cavity with sample

Displaying the resonant curve of the cavity with sample

Figure 4.11 Class CMeasurementPropertyPage3 CRC card

CMeasurementPropertyPage4

After measuring the quality factors and the resonant frequencies of the empty cavity
and the cavity with sample, the complex permittivity of the sample measured can be
determined according to the perturbation theory. The quality factors, the resonant
frequencies and the permittivity will be displayed in this property page (an instance of
the class  CMeasurementPropertyPage4).  The CRC card of class

CMeasurementPropertyPage4 is shown in Figure 4.12.
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CMeasurementPropertyPaged

Calculating the complex permittivity

Displaying permittivity, quality factors and resonant
frequencies

Figure 4.12 Class CMeasurementPropertyPage4 CRC card

CPermiSysDoc
A class CPermiSysDoc based on CDocument is needed to store the application data.
The environment setting data, cavity parameters and the measurement results are saved

in an instance of CPermiSysDoc. Its CRC card is shown in Figure 4.13.

Class: CPermiSysDoc
Base: CDocument

Store the environment setting data

Store the cavity parameters

Store the measurement results

Figure 4.13 Class CPermiSysDoc CRC card

CPermiSysMainView
A class CPermiSysMainView based on CView is needed to display the measurement

results. Its CRC card is shown in Figure 4.14.
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Class: CPermiSyshiainV iew

Base: CView

Setting the calibration methods

Displaying the measurement results

Figure 4.14 Class CPermiSysMainView CRC card

CMainFrame
In MFC framework, class CMainFrame based on CFrameWnd is used to create and

manage menu, toolbar and views. Its CRC card is shown in Figure 4.15.

Class: ChlainFrame
Base: CFrameWnd

Create menu and toolbar
Create views

Enable and disable some menus and toolbars

Response the menu and toolbaar command

Figure 4.15 Class CMainFrame CRC card

CPermiSysApp
Class CPermiSysApp includes the entry point of the MFC Windows application. It is
responsible for creating document template and starting the application. Its CRC card is

shown in Figure 4.16.
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Class: CPermiSysApp
Base: CWinApp

Create document templete

Start the application

Figure 4.16 Class CPermiSysApp CRC card

4.4 Graphical User Interface (GUI) Design

Main Window

The main window consists of menu, toolbar and the window client area[13]. The
menu includes file, view, measurement tools, and help submenu. The toolbar includes a
series of graphical shortcuts of some common commands such as automatic
measurement, empty cavity measurement, sample measurement, measurement wizard
and so on. An instance of class CPermiSysMainView is presented in the client area. The

main window is shown in Figure 4.17.

Empty cavity measurement wizard

Empty cavity measurement wizard consists of two steps. The first step is an instance
of class CPropertyPagel, which is used to set the cavity parameters and the sweep
frequency range. The second step is an instance of class CPropertyPage2, which is

responsible for executing the measurement of the quality factor QO and the resonant
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frequency fO of the empty cavity and displaying the resonant curve of the empty cavity

in this window. The wizard is shown in Figure 4.18.

Automatic Permit‘liwl‘t'y Measurement Sj,-stemé

Calibration Method 1 }

Apple_Juice 20.900000 5.772662 219.068891 64.19583-*20.15547
Apple_Juice 20.900000 5.773883 218.032442 61.46522-*20.25632
Apple_Juice 20.900000 5.772485 221.703507 64.569159-*19.90337
Apple_Juice 20.900000 5.772433 213.434133 64.70706-*20.71554
Apple_Juice 20.900000 5.773374 221.574826 62.60307-*19.91555
Apple_Juice 20.900000 5.771948 232.893925 65.79140-*18.89616
Apple_Juice 20.900000 5.772263 220.274013 65.08800-+20.03941
Apple_Juice 20.900000 5.773266 215.988086 62.84435-*20.45807
Apple_Juice 20.900000 5.772567 222.840671 64.40808-*19.79640
Apple_Juice 20.300000 5774215 221.362432 60.72408-19.93567
Apple_Juice 20.500000 5.771404 218.777571 67.00850-*20.18372

Apple
IO

SRS
R
SRS

Figure 4.17 the main window of PermiSys
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Figure 4.18 Empty cavity measurement wizard

Calibration dialog

The calibration dialog is an instance of class CCalibrationDIg and is shown in Figure
4.19. The complex permittivity and name of the standard sample such as pure water are
set in this dialog. The calibrate button is used to call the calibration method. The

calibration results and the resonant curve are displayed in the dialog.
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Figure 4.19 Calibration dialog

Sample measurement wizard
Sample cavity measurement wizard also consists of two steps. The first step is an

instance of class CPropertyPage3, which is used to set the sample parameters, execute
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the measurement of the quality factor Qs and the resonant frequency fs of the cavity with
sample and display the resonant curve of the cavity with sample in this window. The
second step is an instance of class CPropertyPage4, which is responsible for calculating
the complex permittivity of the measured sample and displaying the measurement results
in this property page. The save button is used to call a method to save the measured
results to a text format file. The “Add to table” will call a method to add the
measurement results to the table in the main window. The wizard is shown in Figure

4.20.

tep 1 of 2: Measure Cavily with Sample Step 2 of 2: Measurement Results

Figure 4.20 Sample measurement wizard
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Automatic measurement dialog

The automatic measurement dialog is shown in Figure 4. 21. Sample material name
and volume can be set in this dialog. The repeat measurement times should be given
before pushing “Measure” button to start the measurement process. The permittivity and
the resonant curve will be updated during the measurement process. The status will
display how many measurements have completed in order that user can know the

measurement progress.

Figure 4. 21 automatic measurement dialog
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Option setting dialog

The option setting dialog is shown in Figure 4.22. The sample point in the sweep
range can be set in this dialog. Attenuate value 1 is used to make a large range sweep so
as to catch the resonant frequency easily. Attenuate value 2 is used to improve the

measurement resolution around the resonant frequency.

Figure 4.22 Option setting dialog

Browsing results dialog
Browse result dialog is shown in Figure 4.23. As the name suggested, this dialog is

used to display different measurement results saved in text format file before.



58

 Show measurement results

real imag lin mag log mag

.000981 0.001754 -55.120215 145.999937
.000950 0.001843 -54.690135 148.978402

.001454 0
0
.000999 0.001833 -54.736784 146.986942
0
1]
0

.001579
.001537
. 744302 .001487
. 744380 .001567
. 744457 .001585

.000986 0.001784 -54.970322 146.438391
.000943 0.001829 -54.756488 148.962586
.001006 0.001877 -54.528854 147.585451
. 744535 .001549 0.000955 0.001820 -54.800088 148.362252
. 744612 .001453 0.001067 0.001803 -54.879557 143.711950
. 744690 .001563 0.001119 0.001922 -54.324207 144.414406
. 744767 .001506 0.001082 0.001855 -54.634943 144.293215

0
0
0
0
0
0
0
0

Figure 4.23 Browse result dialog
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Chapter 5 Measurement data processing

5.1 Introduction

As described in Chapter 2, the complex permittivity is calculated in terms of the resonant
frequency f and the quality factor Q of the resonant cavity with and without sample. Hence
the measurement accuracy of the complex permittivity is fully dependent on the accuracy of

the resonant frequency f, and the quality factor Q measured.

For a VNA, such as HP8753D or HP8510B that are available in our lab, the maximum
sweep point is 801 points. That means only 801 frequency-sampling points are available for
a signal measurement. Thus it determines the measurement frequency resolution. For
example, for a frequency sweep from 5.75 GHz to 5.85 GHz, the frequency resolution is
124.844KHz. Such a large frequency ambiguity is not suitable for the complex permittivity
measurement with cavity perturbation method since the resonant frequency shift caused by
the sample loaded could be at the same order as the frequency resolution. In order to increase

the frequency resolution, the frequency sweep range should be as small as possible.

Although narrowing the frequency sweep range can effectively improve the accuracy of
the resonant frequency, the reduction of the sweep range will lead to a large measurement
error of the quality factor O of the resonant cavity since the measured Q is based on the

frequency measurements directly. There is a group of the measurement results of the
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resonant frequency fy and the quality factor Q shown in Table 5.1. From Table 5.1, we can

clearly see that there is a large deviation of the resonant frequency f; and the quality factor

0.

Therefore, we have to find a solution to accurately compute the resonant frequency fy and
the quality factor Q. In this chapter we will introduce the cursor method first. Then two
accurate resonant frequency and quality factor measurement methods, Lorentzian fit method

and Resonance Curve Area (RCA) method, will be discussed in details.

Table 5.1 Typical measurement results the resonant frequency f, and the quality factor O

5.806564 4273.149703  5.4516224

5.806594 0.0178 4264.693729  -3.0043516
5.806583 0.0068 4261.714374  -5.9837066
5.806593 0.0168 4262.650051 -5.0480296
5.806587 0.0108 4268.03493 0.3368494

5.806581 0.0048 4267.310488  -0.3875926
5.806575 -0.0012 4257.620854  -10.0772266
5.806575 -0.0012 4275.630272 7.9321914

5.806581 0.0048 4262.574953  -5.1231276

5.806556 -0.0202 4267.744699 0.0466184
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5.806583 0.0068 4266.03263 -1.6654506
5.806588 0.0118 4264.908775  -2.7893056
5.806574 -0.0022 4270.37211 2.6740294
5.806553 -0.0232 4273.529715 5.8316344
5.806572 -0.0042 4277.253998 9.5559174
5.806557 -0.0192 4274.159827 6.4617464
5.806588 0.0118 4263.907401  -3.7906796
5.806593 0.0168 4263.289744  -4.4083366
5.806581 0.0048 4276.159119 8.4610384

5.806546

4263.22424 -4.4738406

5.2 Cursor method

For a network analyzer such as HP8753 or HP8510, there is an internal function that can
show the peak value and the bandwidth of the resonant curve at a designated value with a
cursor operation. This function has been widely employed to evaluate the resonance

frequency and quality factor Q of the resonant curve measured. As shown in Error!
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Reference source not found., suppose the attenuation is decreased by a dB and the

corresponding limit frequencies are (f,), and (f,),. The quality factor is determined by[1]:

f,x BW(a)
_ L xBW(o) 5.1
-G G-
where
BW(a) = (10" -1)"” (5.2)
4 s21 (dB)

B
L

fl fo f2 Frequency

Figure 5. 1 Cursor method

This method is simple and easy to implement. It doesn’t need complicate data

processing as the following two other methods. Thus it is implemented in the
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measurement software directly using VC++. However, it has the worst accuracy for

frequency and quality factor O measurement comparing with the following two methods.

5.3 Lorentzian fit method

S21max

82 1max

Half Power
" Bandpidth |

P
i

f; 1 5 Frequency

Figure 5.2 Lorentzian resonance curve

For the Lorentzian fit method, the resonant curve data (]SZI| verse frequency) is fit to a

Lorentzian curve as shown in Figure 5.2 using a nonlinear least-square fit[2]. The Lorentzian

formula for curve fitting is as follows:
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IS x| + A E

2
1+4(f_%j
A fLorent

is the half-power bandwidth; A; is a bias constant;

IS,,(D)|=A, +A,f +

(5.3)

where f; is the resonant frequency; af, .

A, is a first order coefficient; Ajis skew coefficient; and ISmxl is the maximum magnitude.

All of these parameters are used as the fitting parameters during the curve fitting process.

5 T T T T T
X *+  measu-amant
~ - Lorentz an Fiting

578 t8 5.82 £.84 £.36
frecuecy{CHz)

Figure 5.3 A typical Lorentzian fit curve
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After fitting the measurement data, all of the coefficients in equation (5.3) were

determined. Then the equation (5.3) can be used to calculate a new set of |S21 ¢ )| . A typical

Lorentzian fit curve is shown in Figure 5.3. We can observe that the Lorentzian fit curve is
noise free and can correct the asymmetry of the measurement data. In order to get a high
resolution so as to increase the accuracy, this new data set can be very large. For example,
there are only 801 data for the measurement data from VNA, which is limited by the
resolution of the network analyzer, but the new data set derived from equation (5.3) could be
larger than 10000. The resonant frequency f, was given by the mean value of the frequencies

corresponding to two half-power points. The frequencies f; and f, corresponding to two half-

power points can be obtained from the fit curve. Since the absolute magnitude |S21 £ )I is

used here, the half-power points locate at v2/2[S,,(f)] _ ~0.707|S,,(f)| . The quality

factor Q can be calculated as follows:

fO
Q=¢% (5.4)

This method is substantially more robust in the presence of noise than the cursor method.

5.4 RCA method

5.4.1 Principle of RCA method

For the above two measurement methods, there is a problem, which is how to obtain the

half power bandwidth accurately. Currently the half power bandwidth is got by computing
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the frequency difference corresponding to the two half-power points around the peak value
directly [3]. However, the errors exist for determining the half-power points, and
furthermore, they will cause a large error in the bandwidth obtained due to the subtraction of
the two half-power frequencies. Consequently, this will decrease the accuracy of the Q

evaluation.

To increase the accuracy of the Q evaluation, the Resonance Curve Area (RCA) method
was proposed[4][5]. RCA method is based on that the loss factor of a resonance circuit is
equivalent to the frequency domain integral of its resonance power curve. Hence it can
utilize all of the measurement data from VNA and also minimize the effects of the noise at

the same time. The output power of a resonant cavity can be described as follows:

P(f) =[S, (O

= by (5.5)

1ﬁ{zcz(f—fo)]
f0

Py is the peak power of the resonant curve, f; is the resonant frequency and f is the signal
frequency feeding into the resonant cavity from VNA.

Let

(2000 59

Then we have
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P(x)=
(x) 1+x*

The resonant curve area in the frequency domain S can be obtained as follows:

S= J:P(f)df

fO
=" P(x)—z—adx
nf, P,
2Q

Consequently, the Q-factor can be deduced from equation (5.8) as follows:

P
=nuf, %
Q 28

%ﬁﬁf :

PR My gy Gsdal it
B o v omnais I,
]

Beow imighy g S DY
i byt 2

Figure 5.4 Finite range integration for RCA method
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(5.7)

(5.8)

(5.9)
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In a practical frequency sweep measurement, the frequency range will be in a finite range

around the resonant frequency f, as shown in Figure 5.4. Hence equation (5.8) should be

modified as
x P f
S, = & (=2)dx
! f 1+ x> (ZQ)
=1, L3 tan™'(x,) (5.10)
Q
=T &tan'1 Py -1
0
Q P(x,)
where
x, = 2 (5.11)
fO

fot+fr is the frequency corresponding to the right end of the resonant curve;

fo-fr is the frequency corresponding to the left end of the resonant curve.

Substituting X into equation (5.5), the final result is obtained as follows:

Q=f05t.am‘1 L (5.12)
Sl P(Xr)
We can rewrite equation (5.9) as:
Q=2nf, fy =2nf, P—°’ (5.13)
S

1

27S
tan™’ Py -1
P(x,)

The definition of the quality factor Q of a resonance circuit is
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Q=2nf Average stored energy

o (5.14)
Energy loss per second

Comparing this definition with equation (5.13), it is noticed that the peak power Py

corresponds to the average stored energy, and the equivalent resonance curve area S,

corresponds to the energy loss per second of the resonant circuit.

5.4.2 Software implementation of RCA method

For RCA method, the area under the [Szl( f )|2 curve is integrated to compute the value of
the quality factor Q using equation (5.12). In order to implement RCA method, we should
make the squared magnitude data of the transmission coefficient, |S,,(f)|", versus frequency

fit to a Lorentzian curve:

P,

— (5.15)
1+4(L Loy

1, () =

A JRrca

Here the fitting parameters are the resonant frequency fo, the maximum power Py , and the

bandwidth a f, -
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Figure 5.5 A typical curve fit for RCA

Secondly, with the fitting parameters obtained, the Lorentzian curve presented by
equation (5.15) becomes the best approximate resonant curve according to the measurement
data. A typical resonant curve fit results is shown in Figure 5.5. It is noted that this resonant

curve is noise free and also reduces the effects of the random measurement errors. As shown
in Figure 5.4, the values of the driving power ISZI( f )|2 corresponding to all frequencies

located between fo-fr to fo+fr can be calculated using equation (5.15) with the fitting
parameters obtained. Then the area under the fitting curve, Si, from fo - fr to fo + fr can be

computed using the trapezoidal rule[6] as follows:
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Sy = [ 18 01, puns ([ S

fo- 1+
(5.16)

OZ:r 2/ ('SZI,ﬁtting(n)Iz + IS2l,ﬁtting(n + 1)|2)

foof, 2

where ISZ,’ fitting (n)l2 stands for the driving power corresponding to the n-th frequency

point, and af is the frequency difference between two consecutive frequency points. In
order to improve the accuracy of the numerical integral in equation (5.16), the number of the
frequency points between fo-fr and fo+fr should be as large as possible. For example, 50001
points was used in our Matlab program. In this way the resolution is largely increased,
comparing with the maximum 801 measurement data from the vector network analyzer

HP8753

Consequently, the quality factor Q can be calculated from the area S, as follows:

P
Q0= fo — 0 1 5.17)
\/ 1S, (fo £ f,

It should be noted that f; ought to be large enough to make both fo-fr and fo+fr far from
the resonant frequency fp so as to improve the accuracy of Q evaluation. In fact, by making
integration over a broad frequency band, the errors derived from the frequency measurement
and noise can be reduced, so we can obtain an improvement in the accuracy of O
measurement. Since RCA method utilizes all of the resonant curve data in the integral with
equation (5.16), it is claimed that this method is more robust against noise than the

Lorentzian fit method [5].
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5.5 Software design

Matlab is a powerful software tool for numerical computation, visualization,
programming, research, engineering, and communication, which was developed by
Mathworks Inc. It includes cutting-edge algorithms, enormous data handling abilities, and
powerful programming tools. It also provides a graphical user interface design tool for user
to design a friendly windows interface. This provides more convenient for end user to use
the programs developed by Matlab. Moreover, Mathworks also provides a complier to
compile the m files to a stand-alone executable program. In this way, the application
program developed by Matlab can run separately from Matlab environment. In fact, it can
run in a PC not installed Matlab, once including the entire necessary supporting library while
releasing the application software. Hence Matlab was selected to develop the data processing
program in this project. Therefore, it is no necessary for us to write the complicate
algorithms such as curve fit from scratch. This largely simplifies the development process of

the post data processing.

5.5.1 Graphical User interface (GUI) Design

The graphical user interface of the data processing is shown in Figure 5.6. The sample
point field is used to set the new sampling point that is used to find the resonant frequency
and compute the quality factor after fitting the measurement data. The calibration algorithm
should be set in the algorithm field. RCA method or Lorentzian fit method can be selected in

the curve fitting method field.
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There are three frame areas following these three fields, which are empty cavity area,
standard sample area, and measurement sample area. In the empty cavity area, the curve data
name field and the “Browse” button are used to select the measurement curve data file of the
empty cavity. The “Run” button will call the resonant frequency f, and the quality factor Qp
calculation function. The calculation results will be shown in the field fy and Q.

In the standard sample area, the curve data name field and the “Browse” button are also
used to select the measurement curve data file of the cavity with standard sample. The
permittivity of the standard sample will be displayed in the Epsilon_r and Epsilon _i fields
after loading the data from the data file. The “Calibrate” button will call the calibration
function. fp and O, of the empty cavity obtained early will be utilized during calibration
process. At the end of the calibration calculation, the results will be stored in the “Filling
factor F;” and “Filling factor F,” fields.

In the measurement sample area, the curve data name field and the “Browse” button are
used to select the measurement curve data file of the cavity with sample measured. The
sample name will be put in the sample name field after loading the measurement data from
the data file. The “Run” button will call the permittivity calculation function. f; and Oy of the
empty cavity, and the filling factors F; and F, will be used during the permittivity
calculation process. The calculation results will be displayed in the “Measurement results”

list and be saved to a text file automatically.
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5.5.2 Post data processing flow chart

The post data processing flow chart is shown in Figure 5.7. The data processing procedure

can be divided into 5 steps as follows:

Step1: set the sampling points, select the calibration method and the curve fit method.

Step 2: Calculating the resonant frequency fy and the quality factor Qp of the empty
cavity. Firstly, select the curve data file of the empty cavity by clicking the
“Browse” button in the empty cavity area. Then click the “Run” button in the same
area to call fp and Q, calibration functions to compute fj and Qp.

Step 3: Calculating the filling factors F; and F,. At first, select the curve data file of the
cavity with standard sample by clicking the “Browse” button in the standard
sample area. Then click the “Calibrate” button in the same area to call calibration
function to compute the filling factors F; and F>.

Step 4: Calculating the complex permittivity of the sample. As above operation process,
select the curve data file of the cavity with the sample measured by clicking the
“Browse” button in the measurement sample area at first. Then click the “Run”
button in the same area to call the permittivity calculation function to compute the
complex permittivity of the sample measured.

Step 5: If we want to calculate the permittivity of another sample with the same sampling
points, and the same calibration algorithm and curve fit method as those selected
early, then just go back to step 4. If we want to process another sample with
different sampling points, calibration algorithm or curve fit method, then we need

to go to step 1 and repeat all steps from step 1 to step 4.
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Figure 5.6 Post data processing GUI
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Chapter 6 Measurement procedures, results and

Discussion

6.1 The Automatic Permittivity Measurement System

The diagram of the automatic permittivity measurement system and the photo of the
system are shown in Figure 6.1 and Figure 6.2, respectively. We use the vector network
analyzer HP8753 to measure S21 of the cavity in a frequency range interested in order to
get the resonant curve of the resonant cavity. The measurement process is fully
controlled by PermiSys through the GPIB interface. For the GPIB programming, since
the current popular Virtual Instrument Software Architecture (VISA) has been used, the
PermiSys has good transplant property for supporting the different GPIB cards.
Whatever the GPIB cards are made by HP, NI or others, PermiSys can work well with

them if they support VISA.

Figure 6.1 the diagram of the automatic permittivity measurement system
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Figure 6.2 the photo of the automatic permittivity measurement system

6.2 Permittivity measurement procedures

The measurement procedure includes following four steps:
O parameter setting;
0 measuring the resonant frequency and Q factor of empty cavity;
o calibrating the measurement system with a standard sample;
0 measuring the resonant frequency and Q factor of the cavity with a sample

and calculation the complex permittivity of the sample.

6.2.1 Parameter setting

As shown in Figure 6.3, the parameters listed in this dialog should be set if the
resonant cavity changes. Here the resonant frequency is the quota resonant frequency of

the empty cavity. The resonant cavity is limited to a rectangular cavity or a circular
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cavity. For a rectangular cavity, the length a, width b and height ¢ should be given. For a
circular cavity, the diameter d and the height h should be defined. Moreover, the initial
frequency sweep range should be given, i.e., for the 5.8 GHz resonant cavity in this
project, the default values are f,=5.73 GHz and fuop=5.85 GHz. Therefore, this
automatic permittivity measurement software can be used in any frequency if the proper
parameters are set accordingly when the resonant cavity is replaced. Since these
parameters will be saved in a file and are loaded automatically at the software start, they

only need to be set one time except the cavity is changed.

Figure 6.3 Parameter setting
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6.2.2 Measuring the empty cavity

The resonant curve of the empty cavity is shown in Figure 6.4. The resonant curve
data are read from the VNA and are saved in a txt file for further data processing later.
Then the resonant frequency fp. is measured by VNA and is sent to PC. In the same way,
the (f1)o, and (f2)o are measured (e.g., select a=3dB) and are delivered to PC. The Q-

factor of the empty cavity can be obtained by [1]:

£, x BW(aw)
= do XBWL0) 6.1
AN e
where
BW(a) =(10° -1)* 62)

Figure 6.4 Empty cavity measurement
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6.2.3 Measurement system calibration

The measurement system should be calibrated with a known permittivity sample such
as distilled water. In this project, distilled water will be used as the standard sample
since the samples measured are liquid and they should have the same shape and volume
as that the standard sample. The calibration dialog, which can be activated by clicking
the menu item “Calibrate with Standard Sample” in Tools menu, is shown in Figure 6.5.

The filling factors can be calculated by

F =% 63)

F= (6.4)
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| Calibration

Figure 6.5 Calibration dialog

6.2.4 Measuring the permittivity of the sample

After the previous three steps, the system is ready to measure the permittivity of the
sample. There are two approaches to make the measurement. One is guided by

measurement wizard and another one is conducted by automatic multi-time

measurement dialog.
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The resonant curve of the cavity with a sample is shown in Figure 6.6 (a). The name

of the sample should be given before measuring. The volume of the sample is also

needed when the calibration method 2 is used. The resonant frequency fys is measured at

first, then (fis)a and (Fas)e are measured (here we select a=3dB). From the equation

(6.1) the Q-factor of the empty cavity can be obtained. At last, the permittivity of the

sample is calculated by

g, =1+Fl( _L
fo

F;(i__l_
Q O

(6.5)

(6.6)

The permittivity will be displayed in Figure 6.6 (b) and also can be saved to a file.

These measurement results can also be added to the table in the main window by

clicking the push-button “Add to Table”. If there is another material needed to measure,

just click the “Précédent” button and repeat this measurement process.

Automatic multi-time measurement

In order to increase the accuracy of the measurement, it is necessary to measure a

sample for many times under the same condition. This kind of measurement can be done

by the automatic multi-time measurement program. The automatic multi-time

measurement dialog is shown in Figure 6.7. We can set the measurement times directly in
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this dialog. During the measurement process, the resonant curves and measurement
results will be displayed in this dialog continuously. The measurement results are also
added to the table in the main window as shown in Figure 6.8. In this case, all of the

resonant curves will be saved as a text file for post-data processing.

0] ob & Measue Lavilp slh L angle

ép 2 of 2 Measurement Results

(@ (b)
Figure 6.6 Permittivity measurement wizard (a) measure cavity with sample (b) calculate the

permittivity



Figure 6.7 Automatic multi-time measurement
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Calibration Method 1

Vegetable_Oil 20.900000 5.800393 4124.150062 2.48970-0.06819
Vegetable_0il 20.900000 5.800410 4134.428571 2.45079-+0.06533
Vegetable_Oil 20.900000 5.800397 4139.772660 2.48023-"0.063%4
Vegetable_Oil 20.900000 5.800403 4135.519577 2.46694-i0.06509
Yegetable_0Oil 20.900000 5.800370 4132.220976 2.54008-"0.06599
Vegetable_Oil 20.900000 5.800381 4147.636227 2.51576-70.06181
Vegetable_Oil 20.900000 5.800395 4133.431077 2.48531-"0.06566
Vegetable_Oil 20.900000 5.800418 4139.462174 2.43287-70.06402
Vegetable_Oil 20.900000 5.800409 4127.577202 2.45299-0.06725
Vegetable_Oil 20.900000 5.800392 4130.791203 2.49151-0.06638
20.900000 5.800400 4132.466442 -
_20.300000 5 800400 4 36 980232

Figure 6.8 The measurement results displayed in the main window

6.3 Measurement Results and Discussion

Distilled water was used as the standard sample to calibrate the measurement system.
Its permittivity at 25°C is 72.27 - j*20.22 for 5.8 GHz work frequency[2][4][5]. Some
liquid samples were used to validate this measurement system. These samples can be

categorized as three classes: high loss, median loss and low loss liquids. These liquid



89

samples were injected into a standard corning micro-pipette (100ul) made of borosilicate
glass. Even though the loss of the pipettes is very low, in order to improve the
measurement accuracy an empty pipette should be insert in the sample hole of the cavity

while the empty cavity was measured.

Since most of the permittivity measurements for liquid samples have been made at
915 MHz and 2.45 GHz and permittivity measurement has been rarely made at 5.8 GHz,
it is very difficult to find a reference to validate the accuracy of our measurement results.
In order to get a reference value, HP85070 dielectric probe kit, which is an open-ended
coaxial probe measurement system consisting of the probe, related software and
calibration standards, was utilized to measure the same sample at 5.8 GHz to get a
reference value while the sample was measured with our measurement system. Since a
coaxial probe system cannot accurately measure permittivity, the results measured with
hp85070 coaxial probe system cannot be used as the standard references, they only can

be taken as reference results for comparison.

6.3.1 High loss liquid

6.3.1.1 Distilled water

Although the distilled water (québec.0®), which mineral salts content is less than
10ppm, was taken as the standard sample to calibrate the system, it was measured again

by the automatic multi-time measurement program to check the repeatability of the
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measurement system. The permittivities measured with different methods were listed in
the Table 6.1. The dielectric constant &' and loss factor &” were plotted in Figure 6.9 and
Figure 6.10 respectively. It was noted that both RCA method and Lorentzian fitting
method lead to get a dielectric constant &' with very low deviation, but there was a large
deviation for the dielectric constant ¢’ with the Cursor method. For the dielectric loss
factor £”, even though there are some deviation for both RCA method and Lorentzian
fitting method, the deviation is much smaller than that of the Cursor method. The
permittivity measurement result was 68.45 - j¥12.50 at 5.8 GHz for hp85070 coaxial
probe system. We know that the permittivity of water at 25°C is 72.27 - j%20.22 for 5.8
GHz operation frequency[2][4][5]. Thus, both of the dielectric constant & and the
dielectric loss factor &£” are smaller than those of water in the literature. Especially for
the dielectric loss factor &”, the relative deviation from the value in literature is as high
as 61.8%. Accordingly, hp85070 coaxial probe system cannot accurately measure the

dielectric loss factor &".
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Table 6.1 Permittivity of distilled water at 5.8 GHz
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Figure 6.10 Dielectric loss factor of distilled water at 5.8 GHz
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6.3.1.2 3.25%-fat milk

The homogenised milk (Quebon®: 3.25% fat) was bought from the local super market
and stored in the refrigerator. Small amount of milk were drawn and kept in ambient
conditions for about 1 and half hours before the beginning of the dielectric
measurement. The measurement results with different methods were listed in Table 6.2

and plotted in Figure 6.11 and Figure 6.12, respectively.

Similar as the distilled water, for the dielectric constant &', both RCA method and
Lorentzian fit method produced results with very small deviation, however, the Cusor
method resulted in outcome with large deviation. For the dielectric loss factor ", even
though there are some deviation for both RCA method and Lorentzian fit method, the
deviation is still smaller than that of the Cursor method. The results demonstrated that
RCA method and Lorentzian fit method have much better repeatability than the Cursor

method.

The permittivity measurement result was 56.88 - j*25.87 at 5.8 GHz for hp85070
coaxial probe system. As shown in Table 6.2, the permittivity of milk with our
measurement system is 55.63-j*22.10, 53.64-j*22.87 and 53.54-j*21.81 for cursor

method, RCA method and Lorentzian fit method, respectively.
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Table 6.2 Permittivity of 3.25%-fat milk at 5.8 GHz
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Figure 6.11 Dielectric constant of 3.25% milk at 5.8 GHz
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Figure 6.12 Dielectric loss factor of 3.25% milk at 5.8 GHz
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6.3.1.3 Orange juice

Like milk, orange juice (Fruite®: 1% sodium, 2% potassium and 9% carbohydrate)
was also bought from the local super market and stored in the refrigerator. Small amount
of juice were drawn and kept in room temperature (25°C) for about 1 and half hours
before the start of the dielectric measurement. The measurement results with different

methods were listed in Table 6.3 and plotted in Figure 6.13 and Figure 6.14, respectively.

As shown in Figure 6.13 and Figure 6.14, for the dielectric constant &', both RCA
method and Lorentzian fit method produced results with very small deviation, however,
the Cursor method resulted in outcome with large deviation. Moreover, & from RCA
method and Lorentzian fit method are almost same, in fact, the average values for both
methods are 64.15. For the dielectric loss factor &”, the deviation is very small for RCA
method; even though there are some deviation for Lorentzian fit method, the deviation is
still smaller than that of the Cursor method. Hence the results demonstrated that RCA
method and Lorentzian fit method have much better repeatability than the Cursor

method too.

The permittivity measurement result was 64.51 - j*15.92 at 5.8 GHz for hp85070
coaxial probe system. As shown in Table 6.3, the permittivity of orange juice with our
measurement system is 65.40-j%20.30, 64.15-j*21.01 and 64.15-j*20.75 for cursor

method, RCA method and Lorentzian fit method, respectively.
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Table 6.3 Permittivity of orange juice at 5.8 GHz
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Figure 6.13 Dielectric constant of orange juice at 5.8 GHz

21.50

21.00 -

20.50

7 20.00

19.50

—e— Cursor
—5— RCA

g LOrentzian
Fit

19.00

18.50

12 3 456 7 8 9 101112 13 14 1516 17 18 19 20
times

Figure 6.14 Dielectric loss factor of orange juice at 5.8 GHz
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6.3.1.4 Apple juice
Apple juice (Rougemont®: 21g carbohydrate, 19g sugars, 10mg sodium, 240mg

potassium, and 110% vitamin C in every 200ml apple juice) was bought from the local
super market and stored in the refrigerator. Apple juice sample was prepared as orange
juice. The measurement results with different methods were listed in Table 6.4 and

plotted in Figure 6.15 and Figure 6.16, respectively.

From the measurement results, we have noted that the characterizations of apple juice
in the permittivity for different measurement methods are very similar to those of orange
juice. As shown in Table 6.4, for dielectric constant &', both RCA method and
Lorentzian fit method gave almost same results, 62.50 and 62.54, respectively. The
cursor method produced a larger value, 63.60. Hp85070 gave a very close value, 62.75,
with RCA and Lorentzian fit method. For the dielectric loss factor £”, the results from
Cursor, RCA and Lorentzian fit method are close, they are 20.10, 20.83 and 20.42,

respectively. However, hp85070 gave a smaller value, 14.82.

As shown in Figure 6.15, for dielectric constant &', both RCA method and Lorentzian
fit method exhibit excellent repeatability (very small deviation). The Cursor method
resulted in very poor repeatability, a very large deviation exist for different
measurement. The standard deviation is as large as 2.44, which is at least 30 times larger

than those of RCA method and Lorentzian fit method (0.08 and 0.07).
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As shown in Figure 6.16, for loss factor £", RCA method exhibits best repeatability
(smallest deviation, 0.08). The Cursor method resulted in the worst repeatability, its
standard deviation is 0.42, four times as large as the standard deviation of Lorentzian fit
method, and five times as large as that of RCA method. The loss factors &£” from RCA
method are the largest among the three methods. However, the differences among the

average values for the three methods are very small, less than 3.6%.

Table 6.4 Permittivity of apple juice at 5.8 GHz
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Figure 6.15 Dielectric constant of apple juice at 5.8 GHz
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Figure 6.16 Dielectric loss factor of apple juice at 5.8 GHz
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6.3.2 Median loss liquid
6.3.2.1 Methanol

Absolute methanol (Anachemia®: AC-5732, UN-1230) was used as a median loss
sample to validate the measurement system. It was injected into a standard corning
micro-pipette (100ul) made of borosilicate glass and then was insert into the cavity for
measuring. The measurement results with different methods were listed in Table 6.5 and

plotted in Figure 6.17and Figure 6.18, respectively.

As shown in Figure 6.17and Figure 6.18, for the dielectric constant &', both RCA
method and Lorentzian fit method produced results with very small deviation (as low as
0.02), however, the Cursor method resulted in outcome with large deviation (0.45).
Moreover, &' from RCA method and Lorentzian fit method are almost same. For the
dielectric loss factor £”, the deviation is small for both RCA method and Lorentzian fit
method. Whatever both RCA method and Lorentzian fit method exhibit much better

repeatability than the Cursor method.

The permittivity measurement result was 12.32 - j*10.33 at 5.8 GHz for hp85070
coaxial probe system. As shown in Table 6.5, the permittivity of methanol with our
measurement system is 9.08-j*7.01, 8.85-j*7.53 and 8.88-j*7.07 for cursor method,

RCA method and Lorentzian fit method, respectively.
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Table 6.5 Permittivity of methanol at 5.8 GHz
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Figure 6.17 Dielectric constant of methanol at 5.8 GHz
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Figure 6.18 Dielectric loss factor of methanol at 5.8 GHz
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6.3.2.2 Alcohol

Isopropyl rubbing alcohol (70%) was used as another median loss sample to validate
the measurement system. It was injected into a standard corning micro-pipette (100ul)
made of borosilicate glass and then was insert into the cavity for measuring. The
measurement results with different methods were listed in Table 6.6 and plotted in

Figure 6.19 and Figure 6.20, respectively.

From the measurement results, we have noted that the characterizations of alcohol in
the permittivity for different measurement methods are similar to those of methanol. As
shown in Table 6.6, for dielectric constant &', Cursor method, RCA method and
Lorentzian fit method produced similar results, 9.21, 9.09 and 9.13, respectively.
Hp85070 gave the largest value, 13.51. For the dielectric loss factor &”, the results from
Cursor and Lorentzian fit method are very close, they are 6.51 and 6.58, respectively.
RCA method produced a little bit larger value, 6.99. However, hp85070 gave a much

larger value, 9.76.

As shown in Figure 6.19, for the dielectric constant &', both RCA method and
Lorentzian fit method exhibit excellent repeatability (very small deviation, 0.02).
Moreover, both methods gave very close results. The Cursor method resulted in very
poor repeatability, a very large deviation exist for different measurement. The standard
deviation is as large as 0.43, which is twenty-one times larger than those of RCA method

and Lorentzian fit method (0.02).
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As shown in Figure 6.20, for the loss factor &”, both RCA method and Lorentzian fit
method exhibit excellent repeatability (very small deviation, 0.01). The Cursor method
resulted in the worst repeatability, its standard deviation is 0.09, nine times as large as
the standard deviation of RCA and Lorentzian fit method. The loss factors from RCA
method are the largest among the three methods. The difference between the average

value of RCA method and the Cursor method is about 7.4%.

Table 6.6 Permittivity of 70% alcohol at 5.8 GHz
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Figure 6.20 Dielectric loss factor of 70% alcohol at 5.8 GHz
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6.3.3 Low loss liquid
6.3.3.1 Canola oil

Canola oil (no name® : 2.8g Polyunsaturates, 5.8g Monounsaturates and 0.6g
saturates ) was used as a low loss sample to validate the measurement system. It was
injected into a standard corning micro-pipette (100ul) made of borosilicate glass and
then was insert into the cavity for measuring. The measurement results with different
methods were listed in Table 6.7 and plotted in Figure 6.21 and Figure 6.22,

respectively.

As shown in Figure 6.21 and Figure 6.22, for the dielectric constant &', both RCA
method and Lorentzian fit method produced results with very small deviation (as low as
0.001), however, the Cursor method resulted in outcome with large deviation (0.036).
Moreover, & from RCA method and Lorentzian fit method are almost same. For the
dielectric loss factor &”, the deviations are small for both RCA method and Lorentzian
fit method. Whatever both RCA method and Lorentzian fit method exhibit much better

repeatability than the Cursor method.

The permittivity measurement result was 2.694 - j*0.010 at 5.8 GHz for hp85070
coaxial probe system. As shown in Table 6.7, the permittivity of canola oil with our
measurement system is 2.322-j%0.066, 2.298-j*0.064 and 2.301-j*0.062 for cursor

method, RCA method and Lorentzian fit method, respectively.
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Table 6.7 Permittivity of Canola oil at 5.8 GHz
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Figure 6.22 Dielectric loss factor of Canola oil at 5.8 GHz
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6.3.3.2 Vegetable oil

Vegetable oil (no name® : 9.2g Polyunsaturates, 2.3g Monounsaturates and 1.4g
saturates) was used as another low loss sample to validate the measurement system. It
was also injected into a standard corning micro-pipette (100ul) made of borosilicate
glass and then was insert into the cavity for measuring. The measurement results with
different methods were listed in Table 6.8 and plotted in Figure 6.23 and Figure 6.24,

respectively.

From the measurement results, it is noted that the characterizations of vegetable oil in
the permittivity for different measurement methods are similar to those of canola oil. For
dielectric constant &', RCA method and Lorentzian fit method produced very close
results, 2.450 and 2.454, respectively. The Cursor method presented larger result, 2.490.
Hp85070 gave the largest value, 2.716. For the dielectric loss factor £", the results from
Cursor, RCA and Lorentzian fit methods are very close, they are 0.065, 0.064 and 0.062,

respectively. However, hp85070 gave a much smaller value, 0.013.

As shown in Figure 6.23, for the dielectric constant &', both RCA method and
Lorentzian fit method exhibit excellent repeatability (very small deviation, 0.002 and
0.001). Moreover, both methods gave very close results. The Cursor method resulted in
very poor repeatability, very large deviations exist for different measurements. The
standard deviation is as large as 0.029, which is twenty-nine times larger than that of

Lorentzian fit method (0.001).
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As shown in Figure 6.24, for the loss factor £, both RCA method and Lorentzian fit
method exhibit excellent repeatability, the standard deviations of both RCA method and
the Lorentzian fit method are smaller than 0.001. The Cursor method resulted in poorer
repeatability, its standard deviation is 0.002. The loss factors from Lorentzian fit method
are the smallest among the three methods. The difference between the average value of

Lorentzian fit method and the Cursor method is about 4.8%.

Table 6.8 Permittivity of vegetable oil at 5.8 GHz
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Chapter 7 Conclusion and future work

The aim of this research was to design and implement an automatic permittivity
measurement system in order to measure the permittivity of the dielectric materials at
the frequency band of ISM 5.8 GHz. The permittivity measurement was based on the

cavity perturbation theory and utilized a rectangular cavity operating in the TE3;smode.

A new calibration permittivity measurement method, suitable for any resonant mode
of rectangular or circular cavity, was proposed and implemented in an automatic
permittivity measurement system at 5.8 GHz. Consequently, it was not necessary to
calculate the sample filling factors with a complicated high-order mode electromagnetic
analysis. These filling factors were obtained via the calibration with some known
permittivity samples such as pure water. In addition, compared with the traditional
calibration method which only uses one filling factor, two filling factors were used in the

calibration process in order to improve the accuracy of the dielectric loss factor.

TE315 mode is selected as the work resonant mode. An optimization design approach
of the high-order resonant mode for a rectangular cavity was proposed and implemented.
The resonant frequency of the empty cavity measured is 5.8066GHz. Hence there was
only a 6.6MHz frequency deviation from the design target of 5.8 GHz. The

measurement results of the resonant modes at approximately 5.8 GHz demonstrated the
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effectiveness of this optimization method. The cavity exhibited a high Q-factor (>4000)
in the empty cavity condition and, thereby, indicated an accurate and reliable

measurement.

An automatic complex permittivity measurement system controlled completely by PC
was established. The measurement software PermiSys, which provided a friendly GUI,
was developed using VC++ and MFC. The communication between PC and VNA was
through the GPIB interface. The Virtual Instrument Software Architecture (VISA) was
adopted in the communication program so as to maintain compatibility between
PermiSys and different GPIB cards. The PermiSys provided a visual mode to configure
and control the measurement system. Following the prompt of the measurement wizard,
it was possible for the measurement to be executed step by step. Moreover, a multi-time
measurement was carried out automatically to get a more precise measurement result.
The resonant curve data and the permittivity measured by the Cursor method are saved

in a PC.

These resonant curve data can be further processed by a Matlab program with the
RCA method or the Lorentzian fit method to get more accurate results. This data
processing Matlab program also has a graphical user interface to make operation more
convenient. It can be invoked from the menu of PermiSys or be directly started up by

clicking on the icon on the desktop of Windows.
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The measurement results of three kinds of liquid samples (high-loss, intermediate-
loss and low-loss) validated the effectiveness of the measurement system. The data
processing results demonstrated that the RCA and Lorentzian methods are more accurate

than the Cursor method.
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Future work

In order to improve the performance of the system, we can do some further works in
the following aspects. First of all, as we describe in the thesis, the cavity design was
based on the traditional electromagnetic analysis and optimization. This can only
determine the position of the transformers of the waveguide-to-coaxial at the input and
the output ports. However, by the help of Ansoft HFSS, we can design the transformers

so that the coupling coefficients of the input and the output ports can be optimized.

Secondly, the RCA method and the Lorentzian fit method can be implemented in
PermiSys with VC++. In this way, all of the results with different data processing

methods can be obtained immediately after the raw data are acquired from VNA.

Finally, even though only liquid samples were used to validate the measurement
system in this project, solid samples can also be measured with this system. A solid
sample with known permittivity, such as Teflon, can be used as the standard sample to
calibrate the measurement system. However, it should be noted that the samples
measured should have same volume and same shape with the standard sample. Hence it

requires more sample preparation work.
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Appendix | VNA Programming

How can we automate measurement using VNA HP8753/HP8510 with an external
controller (PC) via the GPIB? The internal microprocessor of the VNA controls the
system instrument via its system bus and calculates all data internally. However, we also
can connect an external controller such as a PC to the VNA’s GPIB interface to fully
control VNA remotely. In this way, we can control the system state of VNA, transfer
data between PC and VNA memory, and control the instruments connected to the VNA
system bus via the PC. These capabilities provide the possibility to construct an

automated permittivity measurement system with a VNA easily.

Generally speaking, the same sequences as pressing VNA front panel hard-keys and
soft-keys can be employed to program the VNA system state through the standard GPIB

protocol. The default GPIB address of the VNA is 16.

COMMAND FORMAT

The basic command format of VNA HP8753/HP8510 consists of a four- to
eight-character followed by a numeric in the basic measurement units when required.
For example, the START key is programmed using STAR. Several commands can be

written in logical sequences, separated by the semicolon. For example, string
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“PRES;STARS5.75E9; STOPS5.85E9;821;LINP;MARKS5.8E9;” represents to Preset the
system, select a 5.75GHz to 5.85GHz sweep, display S21 using the polar format, and
then position the measurement maker at 5.8GHz. The semicolon (;) is used to terminate
each individual command. Numeric entries with no unit terminator are equivalent to
pressing the x1 key in the entry area.

In order to improve the readability, it is allowed to include the actual units for
frequency, time and voltage values following the numeric. For example, in the previous
command string “PRES; STARS5.75GHz; STOP5.85GHz; S21; LINP; MARKS5.8GHz;”
GHz is used as the frequency unit. The units could be GHz, MHz, KHz, or Hz for
frequency entries, fs, ps, ns, us, ms, or s for time entries, and V or mV for voltage entries.

Both uppercase and lowercase characters are allowed to use.

READ THE RESONANT CURVE DATA

A complete resonant curve data can be read from VNA memory using following
command sequences:

"STARS.75GHz; STOP5.85GHz;"

"CHANI; S21; LOGM; SING; REFP 9;"

“FORM3; OUTPDATA;”

Here "STARS.75GHz; STOPS5.85GHz;" stands for sweeping from 5.75GHz to
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5.85GHz. "CHANTI; S21; LOGM,;" represents to select channel 1, to display S21 using
the LOG format. “SING;” command is used to synchronize data output with completion
of data acquisition.

FORMS3 is a typical method used in this project. It adopts IEEE 64 bit floating point
format (16bytes/point). For FORM3 data transmission format, the data is transferred in a
sequence consisting of a preamble, the two ASCII Characters #A, a two byte ASCII
integer which give the total number of bytes to be transferred, and practical data pairs of
real, imaginary numbers. The total number of output pairs corresponds to the number of
points currently selected, such as 801.

“FORM3; OUTPDATA;” prepares the VNA to transfer the resonant curve data from
the Corrected Data array for the currently selected channel. To read data, we can use a
real array variable such as Data(*), where Data is a two-dimensional array (n elements
by 2 elements where n is the current number of points selected), to receive the

real/imaginary data pairs that make up the resonant curve.
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Appendix Il Virtual Instrument Software
Architecture (VISA)

This Virtual Instrument Software Architecture (VISA) is a special software technique
used for configuring, programming instrument systems with GPIB, GPIB-VXI, VXI,
MXI, Ethernet TCP/IP and/or Serial bus interfaces. It supplies with a common
foundation for the interoperation of the high-level multi-vendor system software
components, such as instrument drivers, soft front panels, and application software. The

VISA framework standardizes the I/O layer between instrument drivers and controllers.

Measurement
Applications

Instrument Driver Windows
Windows DLL Framework

Native libraries (e.g. GPIB32.DLL)

\
GPIB/VXI Controliers

GPIB VXI1

instrument 1 Instrument 2 Instrument 3 Instrument 4

Figure A-1 VISA implementation context

The VISA specification was defined by the VXI Plug-n-Play Alliance. The
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specification describes an abstraction layer and a set of interface functions as shown in
Figure A-1. Figure A-1 shows the context for a VISA implementation. VISA virtualizes
instruments, interfaces, backplanes, and low-level access to devices. It defines the
following mandatory resource types for GPIB:

o INSTR (Instrument);

o INTFC (Interface);

The optional/recommended resource types are:

o BACKPLANE;

o SERVANT.

Each resource has attributes, events and operations. A Resource Manager is designed
to manage these resource types. A default resource manager must be implemented for
identifying and registering resources, managing sessions, controlling access and
addressing. Resources are accessed through sessions. Multiple sessions may be initiated

with the same VIS A resource.

The search and navigation for a resource must be supported through a resource list of
the available resources. There are 14 types of resource strings that have been defined for
addressing devices on various interfaces. Translations between these resource strings and

interface-specific formats are done by a function of the VISA implementation.
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Implementing the VISA specification is not an easy task. Fortunately, the
manufacturers of GPIB interface card, such as Agilent and National Instrument, have
supported VISA. They have implemented the VISA specification. Therefore, we can use
the VISA instead of the GPIB functions in the measurement software development
process. This makes the measurement software system independent of a specific GPIB

card. In this way, the application software has higher flexibility.



