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Chapter 1

Introduction

The unending quest of man to know more and more about the secrets of

nature starts from his very existence. This is a natural consequence of his superior

status of intelligence, which makes him different from animals. The growth of

science results from his pursuit for novelty.

Electricity and Magnetism originated from the manifestations of nature

through certain phenomena. In 1269, Magnetism was initiated by Pierre de

Maricourt who identified the north and south poles of a magnet. Electricity began

with Stephen Gray and it is Jean-Theophile Desaguliers who showed that there are

two types of materials: conductors and insulators. Following, George Simon Ohm,

Joseph Henry, James Prestcott Joule, Benjamin Franklin, Joseph Priestly, Henry

Cavendish, Augustin de Coulomb, Karl-Friedrich Gauss and many others contributed

to the growth of Electricity.

Electricity and Magnetism developed as two independent branches of science

till the first half of the 19"‘ century. It was in 1819, with the observation of Christian

Oersted that the magnetic needle oriented itself perpendicular to a wire canying

electric current, the relationship between these two was revealed. The famous

Ampere’s law, formulated by Andre-Marie Ampere based on Oesterd’s work is

considered as a milestone in electromagnetism. In 1831, Micheal Faraday

demonstrated the existence of an induced current in a circuit. This was a significant

development in strengthening the relationship between the two branches of

Electricity and Magnetism.
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James Clerk Maxwell, known as the founder of Electromagnetism, in 1860,

developed a theory consolidating the four laws viz. Faraday’s law, Gauss’ laws for

electric and magnetic fields and Ampere’s law. He removed the inconsistency of

Ampere’s law by adding the new factor called displacement current density. This

revolutionary suggestion paved the way for the prediction of the existence of

electromagnetic waves. These waves were suggested to propagate in dielectric media

and their speed in vacuum is that of light. Maxwell’s equations were published in

1873 in his “Treatise on electricity and magnetism” and are considered as the pillars

of electromagnetism. The world was kept waiting for years for the practical

demonstration of this theory until Heinrich-Rudolf Hertz first produced, broadcasted

and received radio waves in his laboratory at Technical Institute, Karlsruhe,

Germany. The use of electromagnetic waves for long distance transfer of

information was first demonstrated by young Italian scientist Guglielmo Marconi in

the year 1901. The broadcast of the first ever long distance message through air from

Cornwall and its reception at the distant place Newfoundland was a startling event

for the world.

Meanwhile, electromagnetic waves of smaller wavelength than those

developed by Hertz was produced and studied by the eminent Indian scientist

Jagadish Chandra Bose. He experimented in the millimeter wave range and

developed many important components and detection devices. It was scientist Arrora

who christened the waves of shorter wavelength as ‘microwaves’ in the year I932.

Tremendous strides in microwave technology were achieved during World War Il

through the developments in the field of radar.

Three decades of electromagnetic spectrum consisting of UHF, SHF and EHF

constitute microwaves. Characteristic features of microwaves can be summarised as

follows.

Parameters I Values
WFrequency  300 MHZ é 300 GHZ
Wavelength A lm — lmm
Period of oscillation A 3 ns — 3 ps
Energy of microwave photon 1.2 ueV — 1.2 meV

2
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Applications of Microwaves can be mainly classified into two domains:

information and power. Information domain deals with applications in the field of

radar and communications. Power domain includes industrial, scientific and medical

(ISM) applications. A chart of the applications of microwaves in various fields is

shown in figure 1.1.

1.1 Industrial Scientific and Medical (ISM) Applications of
Microwaves:

1.1.1 Industrial Applications

The processes in many industries involve drying in one or more stages. Since

microwave drying offers the best efficiency, it is a best substitute for other

conventional methods. The frequencies employed for this purpose are 434, 915 and

2450 MHz. Microwave drying is adopted during the manufacturing of paper and

cardboard, printing inks, bulk processing of bags, drying web materials etc. Drying

of wood using microwaves got much attention due to the loss rate of only 2% as

compared with that of 22% in hot-air drying. It is also used in drying of plaster tiles,

ceramics, foundry moulds and concrete. In the pharmaceutical industry, drying of

granules can be performed using microwaves. These waves can be irradiated during

the copolymerisation process, polyurethane reaction process and thermosetting resins

reticulation. They can be used during dewaxing of casting moulds and backing are

carried out simultaneously. Purification of sandy oil and coals, pyrolization of

shales, gasification of coal, liquification of heavy oil, hardening of foundry

mouldings, sintering of ferrites and ceramics, crushing rocks and concrete, drying

potato chips, pasta and cigarette, soil treatment, opening of oyster shells,

vulcanisation and devulcanisation of rubbers can be performed using microwaves.

Microwave drying offers wide application in nuclear waste management by

solidifying droplets of radioactive waste in solution. The preservation of food by the

elimination of proliferating parasitic micro-organisms such as bacteria, yeasts and

mildew, enzymatic inactivation, sterilization and pasteurization and disinfestation of

stored grain are performed with microwaves.

3
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Microwave heating can save time and energy. Other advantages of

microwave drying are: three-dimensional uniformity of humidity distribution,

avoidance of overheating, selective microwave heating of the water component and a

reduction in the length of the dryers. Microwaves give a better-finished product as

compared with the conventional treatment. There are also other advantages such as

fast start up and shut down speed, ease of access and control, and economy of space.

Microwaves are very well used for thawing and tempering. The lower ISM

frequencies (434 & 896/915 MHZ) are better suited to the thawing process because

they allow better penetration. Another main application of Microwaves is in

cooking. Microwave oven, which is a common household item now, is designed

employing the thermal applications of microwaves. The advantages of microwave

cooking are: the finished product is of much higher qualities with respect to color,

appearance, taste, nutritional properties and the remarkable absence of curling. This

method of cooking provides a considerable saving of energy.

1.1.2 Biological effects & medical application:

Microwave offers many therapeutic applications. Diathermy and

hyperthermia are the major areas that involve heating of the tissue by some means of

energy deposition. Diathermy treatment is applied for patients with arthritis,

rheumatism etc. The hyperthermia finds its use in the treatment of cancer. This

technique seems to have no side effects. It has been reported that there is an increase

in the antegenicity of malignant cells treated with microwaves. In the clinical side,

microwave hyperthermia is effective in relieving neurologic or arthritic pain. It has

been reported that the pregnant women suffering from chronic inflammation of the

pelvis could be treated with 2.45 GHZ radiation without adverse effects.

Recently, many scientists are concentrating their work on developing new

methods of microwave imaging of biological systems by mapping the complex

permittivity of the organs. A sudden change observed in the permittivity map may

indicate a pathological condition. The conventional imaging methods are the X-ray

and the Magnetic Resonance (MR) Imaging. The main practical disadvantage of the

MR Imaging is that the equipment is too costly. In X-ray imaging, the method of

5
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density imaging employed is observed not to be much effective in the case of

detection of tumors and swellings. This is due to the fact that the densities of

malignant and normal tissues are nearly the same. But, as the complex pennittivity of

tumour cells differ considerably, the microwave complex permittivity imaging when

developed, may prove to be best suited for the detection.

1.1.3 Scientific applications

The interaction of electromagnetic waves of small amplitude with plasma in

the solid state may be successfully used for determining basic semiconductor

parameters such as resistivity, mobility of charge carriers and relaxation time.

Microwaves can be used as the altemating voltage to accelerate electrons in the

accelerators like the linear accelerator (linac), the cyclotron, the microton and the

synchroton.

Material characterization is another important scientific application. Since

the topic of research in the thesis is material characterization, different techniques

and their accuracy conditions are discussed in detail below.

1.2 Material Characterisation

The relation between the electromagnetic field quantities and the properties

of a material medium is described by the permittivity and penneability of the

medium. Both these quantities represent the electromagnetic properties of matter.

The study of the electromagnetic properties of matter lies in solving

Maxwell’s equations with necessary boundary conditions and in determining the

properties of electromagnetic wave propagation in medium. This problem can be

approached in both ways. We can either detennine the properties of wave

propagation in a given medium by knowing the pennittivity and the permeability of

the medium or establish the electromagnetic properties of matter from the character

of wave propagation. In electrodynamics, solution of both problems is of

considerable practical use.

6
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The complex pemrittivity or permeability of material medium can be

evaluated either from measurements of the propagation constant ‘y’ of a plane

electromagnetic wave propagating through that medium or from the measured

impedance ‘Z’ of the medium. Determination of the propagation constant of a plane

wave forms the basis of the microwave measurements of the complex permittivity by

the free-space method. The fundamental concept in the complex permittivity

measurements in a guided wave structure is the measurement of the impedance of

material medium.

The knowledge of electromagnetic properties of matter, obtained by studying

the interaction of the wave with matter can be used for influencing the properties of

matter during its irradiation by stronger electromagnetic fields or for a permanent

change of its intemal structure after application of strong electromagnetic fields.

Strong interaction of an electromagnetic wave with matter can be used for attaining

irreversible processes such as dielectric heating, microwave discharge formation,

microwave plasma heating and microwave diathermy. Further the structure

modification of organic matter and biological materials can also be resulted through

the interaction with e.m. waves.

The knowledge from the microwave measurements contributes not only to

our information about structure of the matter but also influences the development and

production of new materials and devices based on new principles. There has been

immense interest in the microwave properties of dielectric and magnetic materials

since they are widely used in the microwave circuits, devices, quasi-optical

components such as substrates, dielectric waveguides, radiation absorbing materials

(RAM) and telecommunication. The design of these components needs the electric

and magnetic response of the materials at the operating frequencies. The quality

requirements are more demanding for the materials used for fabrication of MICs than

for the low frequency circuits. In contrast to the low frequency circuits, the dielectric

substrates in the high frequency operation not only provides a support to the circuit

but also actively participate in the functioning of the circuit. This is the main reason

why electromagnetic waves are very important and efficient diagnostic tools. The

dielectric constant and thickness of the substrate decide the impedance of the

7
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transmission lines. The materials used in the fabrication of MICs are very wide,

involving materials ranging from polymers, ceramics, special high purity metals and

alloys.

Dielectric resonators are widely used for MIC application. They are made of

low loss, high dielectric constant (s, = 20-100) ceramic mixtures such as the titanates,

zirconates, tantalates, niobates etc. The conventional range of loss tangent, tan6 is

between 0.00004 and 0.0004 and of Q-factor is from 2000 to 50000. Because of the

many application of ferrites in microwave frequency range, a designer of the ferrite

devices has to know the detailed characteristics of the material. Ferrites are

extensively used as phase shifters for switching and control of microwave signals

and in communication systems like phased array antenna. Lithium ferrites are used

in the fabrication industry of memory devices and latching microwave devices. The

frequency range of its use extends even to millimeter wave bands. Ferrites have

dielectric constant in the range 9 — 20 and tan6 less than 0.001. For lithium ferrites 2:,

is in the range 14-20 and typical tano of the range of 0.00025. Rare earth Iron

Gamets (ReIG) are used for realization of microwave components such as band pass

and band stop filters. They also find application in harmonic generators, limiters and

programmable frequency sources/counters for high-resolution radar systems. YIG

(Yttrium-Iron Gamets) tuned oscillators have found wide application in modem

electronic instrumentation system due to their broad tuning range, excellent tuning

linearity and clean spectrum.

Radome is an enclosure for protecting an antenna from changing environment

conditions, generally intended to leave the electrical performance of the antenna

unaffected. ie, radome is a housing for an antenna. Materials used for fabrication of

radomes are primarily selected for adequate physical strength and good electrical

characterisation. Radomes are expected to have large electromagnetic transmission

coefficient. Best radome performance is obtained by choosing low loss and low

dielectric constant material. Variation of these values over the range of frequency of

interest dictates the performance of the radome’s bandwidth. These electrical

properties together with mechanical strength characteristics form the basis of the

selection of materials for radome design.

8
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The methods available for measuring electrical properties such as (complex

pennittivity s, loss tangent tan8, conductivity 0 and permeability ui) fall into two

categories according to the nature of the wave: (1) guided waves and (2) Free waves.

1.2.1 Characterisation using guided waves
1.2.1.1 waveguides

The characterization using waveguides has got much attention owing to the

relative simplicity in the measurement setup and procedure. The sample can be

placed directly into a waveguide or resonator in which the electromagnetic field is

strictly defined.

IIIIIII
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sample in W.G. reflection minimum

Figure 1.2 Different waveguide methods of material characterization

These methods may be considered nowadays as classical, but in many

practical cases they are not applicable. Measurement in coaxial lines and

waveguides is destructive in principle. Though the specimen is not destroyed during

measurement, it must be accurately machine-worked to fit the coaxial line or

waveguide or closed resonator shapes. The specimens inserted into the coaxial lines

or waveguides must fit perfectly so that between the sample and the coaxial line or

waveguide walls no gap that would heavily influence the accuracy of measurement

should appear. Resonators seem to be rather more advantageous from this point of

view since they are filled by the specimen only partially.

9
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Figure L3 Different waveguide probing methods

1.2. 1.2 Resonant cavities

Mainly there are two types of waveguide cavities: Rectangular Waveguide

cavities and Circular Waveguide cavities. Resonators are constructed from closed

section of the corresponding waveguide. Electromagnetic energy is stored within the

cavity, and power can be dissipated in the metallic walls of the cavity as well as in

the dielectric filling the cavity. Coupling to the resonator can be by a small aperture

or a small probe or loop. In the rectangular cavity resonator, TEM mode is the

dominant resonant mode corresponding to the Tl-310 dominant waveguide mode.

Since the dominant circular waveguide mode is TEN mode, the dominant cylindrical

cavity mode is the TE| 1| mode. Corresponding to a resonant frequency, there will be

two parameters namely resonant frequency and quality factor. The unloaded and

loaded parameters will be employed to determine the dielectric properties of the

sample placed.
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Air flow Material
(temperature a under test
control)

Figure 1-4 Circular cavity loaded with tubes

The dielectric constant of the dielectric resonators in the pellet fOITI] can be

measured by the method suggested by Hakki and Coleman. The short-circuited

resonator is operated as a transmission resonator with small coupling antennas used

to couple the power. These antennas are connected to the network analyser.

Dielectric resonator

t ‘fik '\'!\ As ‘iii  i!
Figure 1~5 Hakki-Coleman method for measurement of

dielectric resonators under end~shorted condition

The general geometry of the open resonator is shown infigure 1-6. There are

two spherical mirrors having radii of curvature R1 and R2, separated by a distance

‘d’. Depending on the focusing properties of these mirrors, the energy in the

resonator may be confined to a narrow region about the axis of the mirrors.
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--I — d e e
Figure 1-6 Open resonator method

1.2.2 Dielectric measurements using swept frequency techniques

Swept frequency dielectric measurement has advantages over conventional

techniques. It becomes quiet obvious that for measuring dielectric constant, a very

desirable condition is to have a sample length of one quarter wavelength or multiple

thereof. lt is rather difficult to change the physical dimensions of the sample in a

continuous manner. Instead the electrical length of the sample can be varied by

changing the frequency. In this way it is possible to create conditions such as a

quarter wavelength, which makes it relatively easy to calculate the complex

dielectric wavelength. This approach forms the basis for the swept frequency
method.

1.2.3 Free waves

Free-space microwave measurement of the complex permittivity of dielectric

materials and media is fully contactless and non~destructive. It can be carried out at

high and even at low temperatures, in strong magnetic and electric fields. Above all,

the method is useful for the measurement of materials in planar form. It can be

applied in industry for continuous control of properties of planar materials in series

production of dielectric and semiconductor devices. The method can also be

successfully used in the chemical industry, biology, medicine and many other fields.

But these types of applications of free-space method are not yet fully developed due

to many accuracy constraints. The free space method of characterizing the radome

materials is shown infigure 1- 7.

12



Chapter I _ j _ i _ Introduction

Test Panel

Transmitting Rficfilvlngantenna antenna

Reference

Phase Network 4——i
_ _ Locked Analyser 4

Source

Figure 1-7 Free space method for characterization of radome materials

1.2.4 Accuracy conditions

The accurate determination of complex permittivity assumes that the probing

wave will not affect the material or medium being studied. In order to satisfy this, the

output power used in microwave measurements must be sufficiently low. Its

magnitude is so adjusted that it should not change the characteristics such as plasma

ionization degree and the specimen temperature. Only then, it is possible to attain

easily interpretable information about electromagnetic properties of the material or

medium under study.

1.3 Brief sketch of present study
Development of different methodologies appropriate for the characterization

based on the dielectric properties of materials under different state and environment

is presented in this thesis.

The materials and the corresponding methods applied for the study are

detailed below.

13
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(1) materials that are available in planar form - free space method

(2) buried materials - time domain analysis of the reflected signal

(3) biological samples - cavity perturbation technique

Chapter 2 gives in detail the development of free space method for the

characterization of planar samples. Solid materials like polystyrene, glass, glass

epoxy and cement and liquids like oil, methanol, ethanol, and water are considered.

Their dielectric parameters are calculated from the reflected and transmitted data and

are compared with the standard values available.

Chapter 3 deals with the application of free waves for buried object detection.

A pyramidal horn antenna of nominal gain kept in free space is employed for the

measurement. Necessary theoretical support using Finite Difference Time Domain

method is given. Amplitude of reflected signal using a simulated wave from

different objects placed at different depths is evaluated. It is compared with the

values obtained from the real situation.

Chapter 4 deals with the characterization of biological samples using cavity

perturbation method. Since biological samples are available only in small quantity,

the cavity perturbation method is best suited for the study. Different samples of bile,

gastric juice, pancreatic juice, bile stone, pancreatic stone, chicken bile, sweat and

saliva are taken for the study. The dielectric parameters obtained for these samples

are tabulated.

Chapters 5 gives the conclusions derived from the study and future scope of

the work.

14



Chapter 2

Free Space Measurements

Free space measurement method is implemented with ordinary pyramidal

horn antennas and specially designed microwavetesthench. Yhedesign of the

microwave test hench and the THR U-REFLE C T-LINE (TRL)

calihration are discussed The planar samples are characterized using this

method. Complex permittivity of Non-I nteractive Distrihutive HVID)

dielectric compounds is also determined and verified with the theoretically

calculated values. Yheoreticalfimnulation is modzfiedfiar measurement of

liquids and experimental results are tahulated.
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2.1 Introduction

Dielectric study of materials has got wide applications in science and

technology [1]. The technological applications span over the areas like
communication, remote sensing, radar, design of circuit components [2-5] etc.

Wireless communication uses free waves and naturally the performance may be

degraded due to the reflection from surroundings. So, while installing the indoor

wireless communication networks like WLAN and Bluetooth, one needs the

characterization of different indoor items, thereby enabling the optimization of the

network [2,3]. A number of methods have been employed for the dielectric
characterization of the materials. Main methods of characterization are: Time

Domain methods, Frequency-Domain Transmission Line techniques, Two-Terminal

Measurements, Closed Cavity methods, Open Resonators, Free-Space methods,

microstrip methods etc. Each method is characterized by its frequency of operation,

area of applications and the nature of the sample. Measurements in two-terminal

cells are limited up to 100 MHz. Time-domain methods at microwave frequencies

offer broad bandwidth, but at the cost of resolution. Most accurate measurement of

dielectric properties is offered by frequency-domain measurements. Closed cavities

are operational up to 40 GHz and open resonators are commonly used in the

frequency range of 30-200 GHZ.

An attractive feature of the free space method is that it has got a wide

operational frequency range extending up to millimeter range. Component

dimension limits the operational frequency in the case of other methods. This

versatile method facilitates measurements in the whole microwave spectrum.

Another important feature of free-space measurement of the complex permittivity of

dielectric materials is that it is fully contactless and non-destructive. Also.

measurements can be carried out at wide range of temperatures, in strong magnetic

and electric fields. It enables the determination of dielectric parameters at any

frequency in the operating band whereas other methods such as resonator methods

provide the properties only at discrete frequencies determined by their dimensions.
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In spite of having much potential in the field of material characterisation,

many aspects of this technique remain to be studied. For example, the extent of

influence of several parameters affecting the accuracy of the method has not yet been

fully understood. The necessary requirements for an ideal system to ensure accuracy

are the following:

1. an antenna system that would transmit a plane electromagnetic wave into

a limited volume

2. the plane electromagnetic wave should pass through the sample specimen

completely with negligible edge diffraction of incident energy.

In the measurement of complex permittivity in free space, we place a planar

specimen of unknown material in the space between the transmitting and receiving

antennas and a plane electromagnetic wave is incident on it. The measurement is

based on the fact that the variation of the phase and amplitude of the plane

electromagnetic wave passing through or reflecting from a dielectric specimen,

depend on the dielectric and magnetic properties.

Following are the steps involved in development of a technique for the

measurement of dielectric properties of materials.

1. the choice of a suitable theoretical model which represents the best real physical

situation in the measurement

2. the choice of such an experimental arrangement which satisfies in the best

possible way the assumptions of the theoretical model, and

3. suitable calibration technique and accuracy of the experimental method

The correctness of the results depends on the fulfillment of these conditions

This chapter deals in detail with the choice of the suitable theoretical model,

design of experimental equipment, method of measurement, calibration procedure

and evaluation of experimental data in the case of the free space measurement. The

method is novel in the sense that it has been implemented using ordinary pyramidal

hom of approximately l5dBi gain. The theoretical model for measuring the complex
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pemiittivity in free space considers a plane electromagnetic wave incident normally

on an infinite plane-parallel plate of a homogeneous dielectric medium. Its complex

pemiittivity is determined fiom the measured values of the reflection coefficient

and/or transmission coefficient of the plane electromagnetic wave reflected from or

transmitted through the plate. The theory is developed assuming that the materials

are perfect dielectrics. In the experimental side, the design of the test bench built in

house satisfying the theoretical model, is discussed. The measurement is done after

proper calibration —— THRU-REFECT-LINE (TRL) calibration.

Dielectric constant of different solid materials and Non-Interacting Dielectric

(NID) mixtures is determined at different microwave frequency bands. The work is

also extended to characterization of liquids with the modification of the theory.

Accuracy conditions for the improvement of results are also discussed.

2.2 Review of the past work

Glay et al [7] developed the microwave systems for moisture sensing, which

measured the reflection coefficient andl or transmission coefficient. The study is

performed at 2.45 GHz. The free space reflection coefficient of a metal-backed

material is collected to detennine its moisture content from the dielectric properties

retrieved. They have compared the results with spot focusing antenna and ordinary

pyramidal horn antenna.

Musil and Zacek [8] extensively describe principles and methods of the

complex pemiittivity measurements using free space methods. Different methods of

focusing microwave power are also described.

Huang et al. [9] characterised the layered dielectric medium using reflection

coefficient. They demonstrated that the complex permittivity and the thickness of a

single-layer medium can be obtained by the use of reflection coefficient at two

slightly different frequencies. The assumption made in the development of the

theory is that the dielectric properties of a medium change slowly with the frequency,

but the reflection coefficient is very sensitive to it.
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Ghodgaonkar et al. [10] developed a free space measurement system for the

determination of dielectric properties of planar slabs of ceramic and composite

materials in the frequency range 14.5 — 17.5 GHZ. They employed a pair of spot —

focussing hom lens antennas connected to the network analyser. The size of the

sample to be measured, calibration methods, time domain gating etc were mentioned

for the better accuracies. Complex permittivity was calculated iteratively from the

equation. They characterised teflon and PVC and the results from free space method

are then compared with that from the waveguide measurements. They also described

the characterization of dielectric sheets in the 8.2-40 GHZ frequency range [11],

which measures the reflection and transmission coefficients. They argued that the

diffraction effects are negligible if the minimum transverse dimension of the sample

is greater than three times the E-plane 3-dB beamwidth of the antenna at its focus.

Samples like teflon, sodium borosilicate glass and some microwave absorbing
materials were studied. Different accuracy conditions and measurement procedure

were extensively described in this paper.

Gerhard L. Friedsam and Erwin M. Biebl [12] developed a free-space system

operating in the 75 GHz to 95 GHz range for measurement of the complex

permittivity. Transmission coefficient through the sample while the collimated

guassian beam passing through the sample is measured at different angles. The

complex permittivity is subsequently calculated from the measured data by applying

a nonlinear least-squares method. The measured 3-dB beamwidth of the antennas in

the frequency range 75-95 GHz was in between 1 and 2 degrees. In order to

minimise the influence of the reflected from the sample and the diffraction effects at

the edges of the sample holder on the measured data, the measurements have been

limited to angles of incidence within the range 10° and 40°.

Characterisation of small pellet samples of electrolytes such as Agl at

microwave requencies is done by free space method [13]. Unlike the transmission

line and/or cavity methods, which need elaborate sample heating arrangements and

also have restricted applications to low-loss materials, the present technique offers

simpler and direct measurement. They made the measurement in the frequency

range 7-12 GHZ.
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Juan Munoz et al. [14] developed a free-space method for determining the

dielectric and magnetic properties of materials from reflection measurements made at

normal incidence and transmission measurements made at nonnal and oblique

incidence is proposed. Their method combines both frequency domain
measurements and time domain analysis. Measurements are made in the X-band. A

focussing assembly for the incident beam using ellipsoidal concave mirror is also

incorporated for better results. They characterised the low-loss materials like teflon,

nylon and polymethyl methacrylate and some microwave absorbing materials and it

was compared with the results using other established methods.

Lasri et al. [15] tried to build systems which can, in some cases, be used as an

alternative to the automatic network analyser, to improve the development of

microwave characterisation of materials in an industrial context. They have

proposed and devised the systems which can be used to obtain the S-parameters of a

material under test. The sample was placed on the metal plate and reflected data was

collected using the hom antenna.

The effect of microwaves on mountain pine beetle and the pupae of darkling

beetle in the waveguide and in free space method with the wide range of doses of

low-level radiation at 10 GHz, 35 GHz and 74 GHz was studied [16]. In the free

space measurement method, the irradiation was performed after the insects placed on

a shallow styrofoam tray which was in turn, placed on a microwave absorber using

the hom antenna placed at the near field.

D. T. Fralick [17] designed a free space set-up for the characterisation of the

permittivity of the radome materials in W-band. The transmission loss through the

tadome at the operating frequencies, 84 GHZ — 94 GHZ, was done. The measurement

was performed using HP 85106 millimeter wave system.

In a paper, Volgyi [18] introduced a microwave monitoring system that can

be applied for quality forecast of particle-boards using the free-space measurement

methods. This system operating at 5.8 GHZ measures the complex permittivity.

Multifrequency operation is introduced, minimizing the errors caused by distance
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variation between material under test and backscatter. They also tried to compare the

real mechanical properties to the measured microwave parameters.

The metal backed planar samples are characterized by the free-space bistatic

measurement set up operating in the frequency range of 5.85-40 GHZ [19]. Two spot

focusing horn lens antennas are used as transmitter and receiver and they avoid

diffraction effects. Two samples, Teflon and Eccogel 1365-90 were characterized

for both parallel and perpendicular polarizations.

Friederich and Moore [20] generated Gaussian beam profile with lenses

consisting of two plano-convex pieces with flat faces next to each other. They set up

an arrangement called “boom arch”, which allows one to characterize the reflectivity

of materials at various incident and reflected angles which in tum gives the material

properties such as complex permittivity, permeability and other parameters such as

reflectivity, transmissivity etc. This facility has been used at frequencies from 2 to

100 GHz and the measurement is possible at very high temperature.

Bistatic frequency diversity microwave imaging technique has been

demonstrated by Lin and Chu [21] as a tool for the applications of remote sensing,

imaging radar, and non-destructive evaluation.
~

Kaida Bin Khalid [22] discusses the development of a moisture meter for

lossy liquids which is based on the reflection method. He describes the dielectric

properties of various lossy liquids at different percentage of moist content. The

moisture meter consists of a transmitter which transmits microwave signal towards

the sample holder which is backed by a metallic reflector and the reflected signal is

picked by a receiver and the received signal is monitored by a meter.

Varadan and Varadan characterized the artificial chiral composites by the free

space set up in the frequency range 5.8-40 GHz [23]. The parameters such as

complex pennittivity, pemieability and chirality factor are measured.

The signature of gram at 9.5 GHZ using the indigenously developed set-up

and the principle adopted is bistatic method is mentioned by Sharma et al [24]. They
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have taken the observations at several growth stages of gram, which found change in

the parameters like brightness temperature and scattering coefficient.

The relative complex permittivity measurements for five different kind of

wheat samples and the improvements in the free-space measuring systems has been

described by Kraszewski et al [25]. The operating frequency band is 3-13 GHz.

Okamura and Zhang [26] describe a method to find out the moisture content

of materials based on the phase shift changes in the transmitted signal at two

different frequencies. They used two rectangular hom antennas operating in the X

band for the characterization. They compared the experimentally obtained moisture

content with that from the oven moisture content measurement.

Jose et al. [27] describe the characterization of liquids using free space

methods. They employed spot-focussed lens antennas and characterized the liquids

in the range of 5~ll0 GHZ. The results include characterization of water and

methanol using this method.

In-situ dielectric characterization of materials in the wide band of frequencies

for a wide range of temperature using the free space methods and spot-focussing lens

antennas is discussed in this paper [28].
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2.3 Complex Permittivity measurements of solids

2.3.1 Theoretical formulation

2.3.1.1 Single Layer Medium

Considering a single dielectric slab of thickness ‘d’, the e.m. wave falling on

the it undergoes multiple reflection and transmission generating a resultant reflected

signal and a transmitted signal. F1811’? 2-1 illustrates the path of e.m. wave through

different media, multiple reflection and transmission [29]. S|| and S21 are the
resultant reflection and transmission coefficients.

Medium I Medium 2 Medium lAir Sample Air
T12 T T e-jpd>-i ~*   >9 > \

" <    e > S21-2154  F,  _ 
T12 T21 rill e J Q *' e pg /3 T2] Tl: F2]: e 31,34>' > J

Figure 2-1 Wave propagating through a dielectric slab

The propagation constant through the medium is

- / /57
Y = la)‘//‘O5O{5I'_"i] (2.1)(U80

jwx / * / / . // , ,=  where x = 51- = 51--J5r and ‘c’ IS the
velocity oflight.
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Fm and Tm“ are the reflection and transmission coefficients at different boundaries,

where ‘m’ and ‘n’ are the different media.

Reflection coefficient from medium l (air) to medium 2 (dielectric) is given

by

Z —Z112 =  <22)Z]-l-Z0

But Z1 = -iii , impedance of the medium, and Z0 = 1201:, free space impedance.8!’

Using the ray-tracing model, the total input reflection coefficient can be
written as

1',-,1 = F12 + T12T2]l"2]e_2/fld + ]]2T21F213e_4-"pd + .... ..

Rearranging the above equation, we get

T12T2iY21°_2jBd

l—l“2]e_

F12 is the intrinsic reflection coefficient of the initial reflection and

(T12 T21l"21e_2jBd ) the contribution due to the first bounce within the slab.

2 d,/fld : 21rd I 72' ,u,e, : fix (2.5)/ii, /10 C
where 7t is the wavelength in the medium, 7&0 is the free space wavelength,

prandsrare the complex relative permeability and permittivity of the medium

respectively. We also know F2‘ = -112, T12 = l+1',2 and
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T21 = l+F2, = l—T|2. Indices l and 2 represent the air and the medium

respectively. Substituting equation (2.5) in (2.4) and rearranging

_2jE‘lx1—e °

Fin = S11 = c i mg F12 (2-6)2 j x
1 "- FIZZ € C

Usually for a dielectric medium pl. is taken as unity and ‘lure, is reduced to

J8. = t/s;~js;r = X

//tan5 :  (2.7)
gr

For the transmitted signal, total transmission coefficient S21 is evaluated as

rad
2 ‘J “x

(1 — F12 )6 C

521 = s as mode he (Z3)
2 —2]—x

l—T12e C

The reflection coefficient, F12 at the air-medium interface is related to the

impedance Z0 and Z1 of the air and dielectric slab respectively as, F12 = (Z1- Z0)/(Z .
Z|+ Z0). But Z0 = 1201: and Z1 : -3. Solving S11 and S21 independently, x can

x

be found out and hence complex dielectric constant, 8,. The exponentials in the

equations (2.6) and (2.8) should be expanded to enough number of terms for the

convergence of the required solution.

25



Cf1_qpzfer2Wgg g jjjjjj Fr _ Free Spaee Measurements
2.3. 1. 2 Compound Materials

Combination of two or more dielectric materials is called compound material.

For a non-interactive and distributive mixture of two dielectrics (see figure 2.2), any

property P of the dielectric material is given by [30]

P = VIP] +V2P2
Here v1 and v; are the volume fraction of the individual components. If the

parameter considered is dielectric constant, the effective dielectric constant of the

compound will be

grejf = V151-1 +*’28r2

8,.]Vl'i'€grefl =  VIHZZ (2.10)
where 8,1 and a.-2 are the dielectric constants and V1 and V; are the volumes of

the two samples respectively. It can be extended to any number of samples. Since the

two sample sheets have the same cross sectional area compared to the span of

illumination of the electromagnetic wave, the volume fraction can be replaced by the

thickness fraction.

l1H+t2—>|

Figure 2.2 Configuration of NID compound
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Volume fractions take the form as

V1 _ 11iV]-l-V2 Z1-i-I2
iii iii

V]-l-V2 It-l-[2

If ‘t1’ and ‘t2’ are thickness of the two samples, then (2.10) can be written as

grl fl +‘9r2 t2= P 5 2.13Srefir ti +t2 ( )
The effective dielectric constant can be employed for determining the

complex pemiittivity of a constituent in a compound provided their volume fraction

or thicknesses are given.

2.3.2 Experimental set-up

The experimental set up consists of Vector Network Analyser (VNA) HP

8510C, S-parameter test set HP 8514B, sweep oscillator HP 8365lB, interfacing

computer and microwave test bench. The schematic diagram of the experimental set

up is shown in figure 2.3. Two identical antennas are mounted on the test bench and

the sample material in the form of flat sheet is kept positioned at the reference plane.

The measurements are carried out in J and X bands. For J band measurement,

pyramidal homs of Half Power Beam Width (HPBW) 22.50 (E-plane) and 21.50 (H

plane) and aperture dimension 14 cm x 10.5 cm are employed. For X-band, the

antennas have HPBW 180 (E-plane) and 15.50 (H-plane) and aperture dimension 9.8

cm x 7.5 cm. The radiation pattems of the horn antennas are given in the figures 2.4

&2.5.

The test bench is specially designed for the free space measurement. It is

constructed with low loss polystyrene materials so that the reflection is minimised.

The need of a test bench is to move precisely the antenna at the time of LINE

calibration, to position the metal plate for REFLECT calibration and the samples for

the measurement afier calibration. The transmitter and receiver mounts can be very
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PRINTER/PLOTTER

......_.._._J
SOURCE HP 836519 .5  DISPLAY/PROCESSOR. V ; ---

$Y$T.E.M,.BU5. ._/i   HP85l0C‘\/¢HP 85145  °‘ eS-PARAMETER - Tim‘ix-I1TEST SET  a T mm!
PORT I PORT 2 20 MHZ IF/DETECTOR

TO HORN I TO HORN 2

Figure 2.3 Schematic diagram of the experimental set-up

precisely set at any position with accuracy of <1 mm. The antemias are moved

through a distance to which the network analyser is set for LINE calibration. This

accuracy is very essential for better calibration. The schematic diagram of the test

bench is shown in figure 2.6. Two antenna axes are held in the on-axis position and

ensured that they are at the same height from the base of the bench. Antennas can be

moved along the test bench channel by rotating the pedal. For one complete rotation

of the pedal, antenna moves by 1 mm. The sample materials in the fonn of flat sheet

are placed in between two identical antennas. To minimise unwanted reflection from

the surroundings, the test bench is placed in an anechoic chamber and measurements

are performed. The schematic diagram of convertible anechoic chamber is shown in

figure 2.7.
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Figum 2-7 The schematic diagram of the anechoic chamber
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2.3.3 Measurement technique and Procedure

To begin with, the system is calibrated using THRU-REFLECT-LINE (TRL)

calibration. Two hom antennas of the same band are mounted on the two antemia

holders of the test bench. The antemias are positioned nearly at a distance of l m

(greater than the far field distance of the hom antem1as,2-1):; where D is the large

dimension of the antenna) from the sample holder so that the wave impinging on the

sample will be plane wave. During THRU calibration, the antemias are kept on-axis

and the network analyser system performs a series of measurements (S; 1, S22, S2|,S12

etc) and then it waits for the next calibration. For REFLECT calibration, we place a

metal plate at the sample holder of the test bench and give the keyboard entry for SH

and S22. After this calibration, LINE calibration is to be done. Before giving the

entry for this calibration, antennas are to be moved for the distance set in the network

analyser. The distance set in the analyser is to be taken carefully so that the

necessary conditions are satisfied. The detailed description of TRL calibration,

criteria of selecting LINE length and accuracy conditions are given in the appendix

2.1. After completing the calibration, the whole calibration can be stored in any one

of the Cal set available in the network analyser. The antennas are then moved to the

original position (THRU position) from the LINE position and the system is now

ready for measurement. A metal sheet is placed at the sample holder and the time

domain band pass response is taken to verify the calibration. If the calibration is

correct, the maximum of the time domain response will be at zero seconds both for

S11 and S2; as shown in the figure2. 8. The maximum at zero second indicates that the

reference position is set at the position of the metallic plate. The response of

transmission coefficient in the THRU position without any sample is shown in figure

2.9. After checking the performance of calibration, the sample materials in the form

of sheets are kept at the sample holder and S||or S2; and/or S|2 or S2|WhlCl'l€V€I' is

needed, is saved in the computer.

For each band, TRL calibration should be separately done. Accordingly, the

LINE lengths are to be changed. While taking the measurement with the sample

placed at the sample holder, gating can also be applied for better accuracy. It is noted
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that gating span from the centre to both the sides should be the same. Otherwise it

would make a considerable error in the phase data, which in effect affects the final

result. In order to minimise the edge diffraction, the sample size should be more than

57L. S1; and S21 are measured after fixing sample sheet at the reference plane.

1.2.
1+

tude

--- 0.8 —

L near Magn

0.6 -~

0.4 —

_ 0.2

c501-0.2  I l i l l if
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Time, ns

Figure 2.8 Time domain response of SH with a metal plate at the sample
holder
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-5 _

pg 1
'= -1oJ
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.25 _.u----__-.. -    -_._ -._
Frequency, GHz

Figure 2.9 Transmission coefficient after TRL calibration
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Effective dielectric constant of Non-Interactive Distributive (NID) mixture of

dielectrics can also be found from the S-parameter measurements. For that, sample

sheets are kept together at the sample holder for the measurement. This method can

be extended to any number of samples of known thickness.

The samples considered for the study are polystyrene (thickness 4 mm), glass

(thickness 4.76 mm), glass epoxy (thickness 1.56 mm), cement (thickness 5.8 mm).

The compound samples are polystyrene-glass (thickness 8.76 mm), polystyrene-glass

epoxy (thickness 5.56 mm), polystyrene-cement (thickness 9.8 mm).

2.3.4 Experimental results for solid samples
2.3.4.1 Results from reflection measurements

The samples are clamped at the sample holder of the microwave test bench as

shown in figure 2.6 and reflected data are taken and stored in the computer. Then

equation (2.6) is solved to get ‘x’, which in tum gives complex permittivity. The

results obtained in J and X bands are shown in tables 2.1 and 2.2.
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Table 2-1 Complex pennittivity of different materials in J—band calculated

from the reflection coefficient
J

1

Frequency 1 Polystyrene Glass 1 Glass Epoxy 1 Cement
(GHZ) 1 (thickness 4 mm)  (thickness 4.76 mm) “ (thickness 1.56 mm) if (thickness 5.8 mm) 1

Material 1

1

_ l

1 qr 1511111671 sfj 151116 a,' 3 10118  6.’? I 16118 1

T--

_.1'
5.20 1 2.69 0.070 5.000 0.153 3.50 1 0.288 1

1

1

1

3.13 0.255

-.

5.30 % 2.64 1 0.066 1 4.95 = 0.152 3.52 1 0.2950 3.07

.._.. _--4-.-Q.-...

1

1

_iJ.-i

0.254

i-u—_ ___-.

5.40 1 2.65
J .

10.064 A 4.35 1V 0.147 A 3.49 % 0.272 3.02 0 253

—v1-1

0

Ij

5.50
V _
2.62 1 0.067 I 4.73 . 0.150J . ;9“3.47 1 0.269 2.97

.,i.____._
1

1 .1 1
1

1

..7.---_-‘__

0 254
v

1

J.

5.60 1 2.60

Q1cl
LII.\J

4.66 0.143 3.47 ll 0.256 2.93 0.254

qi--ii

'-oi--

5.70 1 2.581 1 0.055 1 4.60 1 0.140 3.46 1 0. 2455
1

1 2.88 A 0.257

1

1

5.00 2.55 10.05051 4.56 2“0.144 V __—1

1 3.44 0.2.358 2.84 0.259 f
11--- . 1

5.90 1 2.531 _ 1 0.046 4.51 T 0.154 1 3.427 0.241 2.80 ‘ 0.262

6.00 2.51
1

2

0.045 1 4.47 1 0.149 53.4 1
1I 11.. __.

0.223 2.77 1 0.265 f

-p—

6.10 5 2.49 0.043 4.44 ‘ 0.158 ’ 3.327 E 0.216 2.74 0.270 1

6.20 1 2.47  0.040 I 4.411 1 1 0.156 3.36 ‘
, , V [

1

0.208 2.71 0.273 1
1

1

6.30 2146“ 0.037 5" 4.38 0.162 1 3.33“ 0.211 2.687 0.277

1
6.40

6.50

1.___.-
!\) 4:
v1;o

1 2.43 10.036 4.36
1 0.035 4.35

0.167

_-.T

0.177

1

1

-i-7---Qi

3.31

1| 3.21

0.199

0.201
1

2.66

l\-I

2.64

5.90.282

H--i.._...L_

1

-4-___i_J-1..-i

1 0.286
p--Q“

6.60 7 2.40  0.033” 4.321 0.178 ‘ 3.26 ,

-.1 .._-44

0.193 1 2.62

I

:;___

1 0.291

1

556.70 1 2.35 "0.039 v 4.26 0.183 3.275" 0.186 2.60

L-.-i

j

2 0.296
6.807

.2 2  H -1 __ _ _
2.37 10.030 1 4.28 0.191 1 3.22 52

v
1

0.193
1

2.58

__T
-Q.

301

6.90
1. j_

2.39 ‘1 0.032 1 4.20 150.189J1 1 1 153.191 0.192Q1  J 

l\)
J!

Ca\

11. ,,!

_L
Q E

._._1_

. .304 :
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Table 2-2 Complex permittivity of different materials in X-band calculated

from the reflection coefficient‘ 1 Material3 ,0- 4-2

_|__.___¢.

1 Frequency  Polystyrene  Glass Glass Epoxy 1 Cement
1 (GHZ) 1 (tl1ickness4 mm) 1" (thickness 4.76 mm) 1 (thickness 1.56 mm) 1' (thickness 5.8mm)1 . _1  '7! 1 ' 7 "7 ' O " 1'7 '7 "'1 7 I ' 1'1 i‘ 8, ‘l tanfi ‘A a, I tanfi \ 8, I tanfi 1 s, ‘ tanfi. 11 ‘1 | I 1: 1*1" 07" 7 " '*1

1

1]‘ 8.0 1 2.60 0.029 1 5.50 1701010 “   70.21171 2.41  0.254

P’
0\
U-III

14__ .
4

1

___ 7___ l_ i _i _ i *41 __ . Q_ _ . _ ‘ _ 7 __i‘8.2 1 2.49 1 0.035 i 5.45 10.006. 1 1 H 1 0.l67l7 2.41 E 0.300..-.-_....1.-_1_

5*’
~1
1»

8.4 1 2.60 .1 0.1‘15"75.31“f0.003 , 3.55 1 0.251  2.34 1 0.346

_L_._._..

1 8.6 1 2.66 1 0.078 1 5.17 1 0.011 3.68 ‘ 0.148 .1 2.56 1 0.295
5 ml

379

; 1

:=>

8.8 1 2.62 1 0.037’ 75104‘ 10.02173.89 W 0.177 ‘ 2.671 . . 1. . 1  1‘ - g 1 

._._.._..._..__..

1 1

1 9.0 1 2.67 0.010 T1 4.94 10.269 N 3.57 10.188 2.22' f_ -._1.*._-1,1. . 1 .1 - 1_ 3._ 0.402

9.2 1 2.56 1 0.018 1 4.76 .1 0.031 1 3.51 1 0.206 2.18 0.387

!

1

1

1

I

9.4 1 2.63 1
f I .. _ . I _ _ .. . __1 1 _ y 1

0.003 1 4.67 . 0.035 1 3.60 T 0.204 1 2.01  0.4379 -. __ . 1. 3  1 1'1_ . i. ._ _ 11 _ _ _ '7 _ __ ... . . __ _ . ‘ _ ._. _ _ ___ .. _ _
" 9.6 1 2.64 1 0.007 1 4.59  0.040 A 3.58 A 0.208 1 2.15 1 0.4141 1 . .1. 1 11 1

- . - J0. _ -11.. - . _  _ ._ 1...   . 13 __  _- 1-- .0.029‘  4;46‘*“0.04*0“. 3144' 780.240") 2.29 7170.3649.8 ‘ 2.68
10.0 1 2.67 1 0.009 1 4.34 1 0.046 1 3.19 10.271 2.11 ‘i 0.439Q- __ 11...  1.. 3 . _ _ 1 1 A., .. __ 1 _ _._ 1-_...

1 10.2 ; 2.55 A1 .0.012 1 4.23 A 0.046 1 3.35  0.206 i 2.26 § 0.492

1: .

1

1

1

¢~Q_-

10.4 A 2.58 1 0.050 4.16 40.046 1 3.47 1 0.260 .1 2.02 *1 0.448

of

¢._~_

Q. _ 1. . -1- _ _.1 .  _ - _1. .. .1. . .1; _- ._ .- - ._ - .- . .. . _..- _ __._ - 4.. - _ ,- _\.
1 10.8 1 2.68 ‘ 0.059 ‘ 4.02 ‘ 0.042 1‘ 3.29 4 0.281 1 2.03 1 0.650

12. I _  __. ,_ _. T I _ __. __ _.. __ _ _ 1_7_ . ..1_ _. _ _ _
I 10.6 1 2.88 1 0.011 4.12 0.047 1 3.36 0.273  2.19  0.371

-._._. 1___._L

1 11.0  2.60  0.027 3.96 8 0.024071 3.22 1 0.301 it 2.45'i0.324 1

1?--—
1

1 2.63 1 0.022 1 3.87 1 0.036 1 3.47 it 0.295 1.981L0.926
J

1

3.-_

|--A 1 pn-A
pun ‘ 0-A

1....i....,___

1

1

.4 2.40 1 0.110 , 3.83 10.034 1 3.14  0.304 2.00 0.563— 4 _ . ._ _. . _  ._ ._ .1. _  _- 1 _
A

264 y 00797 ‘Y70027   0‘ ‘1¢ 0316;“ 189 ‘ 0 8

in.
O0‘

It II
O0 CY

7- or 4»

5" 5*‘
O0Q0 r-I

1

. P’
00 O0

264 1 0120 5‘ 7” 0025729  0337  1.96 ”0?623

__-_-.-..-__-_-

.___-_.
1

i

Results show that the real part of complex pemiittivity agrees well with the

results from other methods [8]. But the imaginary part shows a difference in

comparison with the standard values. Also the real and imaginary parts don’t show a

monotonic variation, which is the inherent property of free space method.
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2.3.4.2 Limitations and Accuracy Conditions

It is noted that the accuracy is reduced when we take measurements in higher

frequency bands. In the present study on J and X bands, X band measurements have

lesser accuracy. The accuracy can be increased by using highly focussed beams.

The inherent limitation of all free space methods is that the accuracy in the loss

tangent of the materials is poor [l l]. Another major drawback of free space methods

is that, very thick samples in comparison with the wavelength when used, will create

an ambiguity in the phase values. The following precautions have been taken care of

in the experiment to ensure better results.

l. The positions of sample holder and antemia mount are well fixed. Slight

change in its position while calibration and measurement will be a source of

error in the data especially in the phase. The phase is very critical in the

permittivity measurements. Also, it is ensured that the angle of incidence is

normal.

2. The distance moved for LINE calibration (corresponding to delay time set in

the line standard 15 of the network analyser) is accurate.

3. The number of points is set to maximum and sweep is in step mode.

Averaging can also be applied for more accuracy.

4. The calibrating metal plate (used for Reflection calibration in TRL

calibration) and samples are uniform and kept vertical. Bending of samples or

metal plate will make considerable error.

5. Sample is placed exactly at the reference plane (the position of metal sheet in

the Reflect Calibration ). A small change in the position can cause a major

error. To avoid the error, sample holding mechanism in the sample holder

should be firm.

6. In order to minimise the edge diffraction, samples of size more than 57L are

taken.

7. The exponential term in the equation (2.6) is expanded upto a maximum

power of l0 for convergence with an accuracy of the order of 0.001 for all

samples. It is found that the convergence is faster for low loss materials.

38



Chapter 2 Free Space Measurements

2.3.4.3 Results from Transmission measurements

After calibrating the set up, the accuracy of calibration is verified.

Measurement can be performed as explained in the reflection part. After placing the

sample in the sample holder S2; is noted/stored for the whole frequency range of the

calibrated band. The data can be stored in any of the formats Real-Imaginary or Real

Phase or both the parameters separately. The results are derived after the data

obtained is substituted in the MATHEMATICA program and it gives the result. The

results obtained are tabulated in the following tables 2-3 and 2-4.

Table 2'3 Complex permittivity of different materials in J -band calculated
from the transmission coefficient

7 7 I W Material _
Frequency I

(GHZ)

Polystyrene
(thickness 4 mm)

Glass I Glass Epoxy Cement ‘
I (thickness 4.76 mm) (thickness 1.56 mm)  (thickness 5.8 mm)1...

9|
_'_1I'

tan 8
i .

I

I

1

tan67i7 er‘ I tanfi at err” tanfi

L

5.1

5.2

2.65

2.55

70.084

0.101

5.33 0.303
5.25“ A 0.3141 11 , V

I 03191 * 6.077

5. 3.80 0.087 3.82 I 0.137 I
3.75  0.253

II w w ‘__
"53 I

I

1 27.54 0.097
L__ ~.

I 5.29  6.286 0.0793.79 I 3.71 I 0.208,.._I _
I

5.4 2.64 0.081 I 5.26 00.296 3.11 1 0.082
I

3.70 I70.235 .

l...

5.5
I

‘I

I

2.65 0.083 5.19 2.70.272 I 3.71 I 0.068 3.20 ; 0.247 1I 1
I

5.6 I

I

1

I

I I 2 .77“ 0.065 5.26  0.291 I 3.73 0.080 I03 .27 0.288 E
1' ' 1'

5.7 2.74 0.043 y 5.12 I 0.271 1 3.67 0.077 3 T1 3

_._._
Q

272 3‘

{#715 . 8

\-nu-u--.Q~_p

2.76 0.047 I 5.241 0.288 3.7“ 0.078
I

I .

3.09

_-_.—¢

0.280

._____¢_

5.9 M 2.78 0.070 I 005.11 I0217 3.60” 0.110 3.06

___..r_

. 4 3

153’
r~.>loo

____I_

F.

I 767.0 2.8 0.034 5.2  0.290 3.68 I 0.076 2.99 0.238

1 6.1 2.63 0.067 0" 5.08 7 0.3107 0 2.95 10.127 2.88 07.3010.

I 6.2 2.43
.1

0.020 5.15 0.295 0.07423.65 2.75 0.333 ;

fr. .-._._,_-—

6.3
I

2.84 70096 I 5.17 I0.193i_._. _ 3.55 0.104
l

2.74 0.408 I

I

726.4

_...-_.-__6_~_5 ._

I

1

2.74

2.72
I

7 0.003

70.035

I 5.08 0.297
z 5.017 6.314 ‘ 3.63 H0607-1

I 3.51 ’ 0.066
—1

I

2.70

2.87 *1 0.334

14-__%_._

0.415 1..I

6.6

7  7“
"67. 8

__-_;_

2.85

2.55

2.86
.-__ .1

0.015

0.052

0.034

‘ 5.01 0.297

1 4.90iTH 0.353
4.96 70.288

39

3.61 3 0.078

3.49 1000.114
0.081

‘ I| ,__ ___.__‘

3T59 “I I2
1

2.72 0.363 3
2.61  0.430 I
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Table 2.4 Complex permittivity of different materials in X-band

from the transmission coefficient

Frequency

(GHz)

8.0

Material

Polystyrene

(thickness 4 mm)

Glass 1 Glass Epoxy Cement
(thickness 4 76 mm) (thickness 1.56 mm) (thickness 5.8 mm)

8,’

2.38

tan 6

0.120 5.42 0.023 3.69 0.079

_ -  ' . ._ 1 . -___
1 er‘ tan 6 e,.' tan8 8,’

2.71

tan 8

0.363
1

1

"1

11 8.2 2.59 0.115 5.40 0.020 3.68 0.078 2.66 0.359

8.4 2.10 0.110 5.36 0.014
-v

3.71 0.087 I 2.82 0.394

8.6 2.66 0.010
- 1

I

5.33 0.010 3.66 0.087 2.52 0.490

8.8 2.12 0.122 5.29 0.004 3.58 0.079 2.41 0.367

9.0 2.61 0.069 5.28 0.002 3.44 0.097 2.69 0.288

9.2 2.42 0.113 5.26 0.0002 3.71 0.096 2.32 0.5667

9.4 2.36 0.046 5.26 0.0004 3.51 0.1 09 2.15 0314

9.6 2.63 0.112
1‘
1

1

5.25 0.0002 3.37 0.093
1

2.49 0.452

9.8 2.45 0.077 5.25 0.001 3.39 0.118 2.16 0.569

10.0 2.64 0.038 5.25 0.004 3.26 0.127 2.24 0.556

9 10.2 2.15 0.120 5.25 0.007 3.30 0.123 2.09 0.601

10.4 2.64 0.068 5.25 0.011 3.28 0.118
1 .

2.18 0.583

10.6 2.61 0.034 5.24 0.018 3.27 0.120 2.26 0.550

10.8 2.26 0.106 5.24 0.026 3.22 0.132 2.15 0.469

11.0 2.55 0.019 5.23 0.030 3.35 0.125 2.03 0.542

11.2 2.66 0.098 5.21 0.040 3.37 0.082 2.01 0.624

1 1.4 2.59 0.066 5.20 0.045 3.12 0.111 1.98 0.650
J.

1

11.6 2.64 0.018 5.19 50.050 3.01 0.152 2.03 0.654

J

11.8 ‘2.59 0.004 5.18 0.050 3.17 0.150 1 .92 0.753
1

The accuracy conditions mentioned in the section 2.3.4.2 (Nos. 1,2,3,6 & 7)

2.3.4.4 Limitations and Accuracy Conditions

are valid for the transmission measurements also and are hence not mentioned here

The conditions other than these are
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1. After calibration, a low loss sample is placed at the sample holder and the

sum of the reflected and transmitted power is noted. If the sum is not

unity, that indicates that there is some error in the calibration. Then the

system needs re-calibration to avoid error in the results.

2. The thickness of the calibrating metal sheet causes a constant phase error

in the transmission data. Therefore a phase difference corresponding to

the thickness of the sheet is added to the data for the evaluation of the

dielectric parameters.

3. The exponential term in the equation (2.8) is expanded to higher tenns so

that it makes the exponent to converge to a fixed value. Normally, a

power of 10 is sufficient for all types of materials. It is observed that an

accuracy level of the order of 0.001 is achieved for various samples.

Complex permittivity is also calculated by the simultaneous solution of

equations (2.6) and (2.8) ie, SH and S2; values. It is fotmd that the computational

time is high and the accuracy is more or less the same as individual solutions from

SH and S21. Dielectric parameters of certain materials for selected frequencies are

given in table 2.4a

Table 2.4a Complex Permittivity of samples from simultaneous solution

Of S11 and S21

l  2 if Material 2 8 2Frequency Polystyrene
(thickness 4.76 mm)

Glass Glass Epoxy ll

1 oer(GI-ll) .9 (thickness 4 mm)' 1
l

tan 6 8,’ tan 6
(thickness 1.56 mm) g

gr tan 6
5 2.90 0.051 6.00

L...
0.007 3.97 0.091

F 5.28  2.83 0.040 5.88 0.026 3.83 0.075

5.4 l 2.78_ . . l_ . 0.031 5.70 0.058 p 3.71 0.061

5.6 2.72 1.

0.024 5.61 0.085 3.59 0.046

5.8  2.67it _ 0.018
1*.

5.55 0.110 3.48 0.031

6 2.62 0.013 5.56 0.131 3.37
i

0.016

6.2 2 2 2.56
Q

0.007 5 .63 0.153 3.27 0.008

6.4 2.52 0.002 5.75 0.175 3.18 0.018

6.6 2.47 0.005 5.85 1

l

0.207 3.10
I

0.037

6.8 ‘A 2.44 0.013 5.91 0.258 1 3.04 01058
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2.3.5 Measurement and Results of NID compounds

Compound materials are generally formed by combining two or more

dielectric sheets. In the present study compounds considered are constructed from

two sheets kept together (polystyrene-glass, polystyrene-glass epoxy, polystyrene

cement) at the sample holder. S11 and S21 corresponding to these compounds are

stored and permittivity is found out from these data using the equations (2.6) and

(2.8) for the two bands of frequencies. The results are given in the following tables

2.5 & 2.6.

bands calculated from the reflection coefficient

Table 2.5 Complex permittivity of different NID compounds in J and X

(GHZ)  (
Polystyrene-Glass Polystyrene-Glass Epoxy 1 Polystyrene-Cement

(thickness 9.8 mm)Frequency 1 thickness 8.76 mm) (thickness 5.56 mm)/ /
Sr tang?) gr tan 81 tan 8

5.2 4.10 0.151 2.98 0.256

i __- i

,__

2.820 0.276

5.4 3.90 0.174 2.93 0.239 2.892 0.196

5.6 3.70 0194 2.89 0225 2.615 0.209

5.8 3.52 0210 2.83 0.208 2.700 0.164

6.0 3.35 0.224 2.79 0.197 2.573 01531

6.4 3.40 0.094 2.72 0.176 2.007 0.173

6.6 3.26 0.082 208 0.168 2.406 0.421

6.8 3.13 0.073 200 0.158 2.467 0.306

8.2 3.190 0.121 2.661 0.124 2.567 0.182

8.6 3.813 0001 2.423 0215 2.128 0.338

90“ 3.001 0.097 2.772 0.101 2.821 0.145

1 94 3522 0.033 2.838 10075 2.131 0.265

Q01 3.647 0.056 2.670 0.089 2451 0.214

10.2 3.673 0.125 2.504 0005 2.323 0.220

10.6 3 .924 0.054 2.916 0100 2.555 0.256

11.0 3.309 0.068 2.725 10145 2011 0.143

1L4 3.257 0.065 2.008 0.160 2.274 0.108

11.8 3100 0.111 2.506 0.119 2222 0.219
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bands calculated from the transmission coefficient

Table 2-6 Complex permittivity of different NID compounds in J and X

1

1

1

(GHZ)

Frequency (thickness 8.76 mm) " (thickness 5.56 mm) 1 (thickness 9
'¥iP0lyst_5yrene-Glass 9 Polijstyricne-C1as§EpoX9y P0lystyirene¥Cetne|it

.8 mm)

fi

. .. I _- . [1 1
1

I8 1 tan 5 8/ 1 tan 5r T I’, _ ./

8

L

tan 8

mi-_n-.-1

5T2 773.913

1

0.444 1
1 2.97 0.024

-2.

.17
2.876

_\ ‘,
1

1

0.098
'1

I

1
5.4 3.997

-1‘

0.139 51 2.994 0.024 23.6793
1

I

1

1

. 1

09. 2 43

5.6 3.914 0.256
L.

W _ 2.92 0.024 3.001 0l3 07 1

1

---T

5.8 3.823 90.200 92.909

1

0.021 35.265 0.1 26
1.

6.0‘ 3.899
1

0.389 2.89
1 _.

0.021
1

1

2.844
1

0.180

1_<-—
1

1

6.2

6.4

4.008

4.126
L_.
1

0.2976

0.216
.1

1 2.88

2.91

0.017

0.019

2.603

2.886

0.2

0.2

58

53

T. .._.__-.,-
11 11 1

6.6

6.8

4.249

3.991

0.196

0.222

1

1

1

'1

2.85

2.991
1

L _
1

. 1

0.014

0.093
1

L

2.640

2.656

0.304

0.209
1-#

..___\——

8.2 4.127 0.2511 2.689
.1

0.103 2.312 0.2 87
l.

-.1. vu-_,.,__.

8.6

9.0

4.086

3.930

0.165

0.157

2.934

2.816

0.075

0.070

2.610

3.004

0.1

0.1

81

14
1

1

2

9.4 3.671 1

1

0.0999 2.243 I

ié

0.081 3.090 "1 0.201 1

- .6J

9.8 1 3.407
1

1.

09.00 1 2.003
_l1.2

0.209 2.999
'71

50.324
1

|

10.2 3.435 1

1\___

0.197 2.704 0.174 2.385 "1

1.

0.269 1

..-,

1

1

S

10.6 3.225 .1. 0.124 3.126 1 0.066 2.442
1

1

1

0.2 17
*1

gm

fi__ 11.0 3.219 4
.1

1

0.225 2.954

4-22-4

0.123 . Wm 2.681
L

0.1 88

‘

1114 3.188 0.144 2.827 0.188 2.284 0.296

.__11_.

1

1 1.8 3.261 0.066
1

2.713

_-$81“
1

I
J.

0.106 2.3008 1 0.3 33

1-1-sijh-i
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2.3.5.1 Verification of Results with Theory

The complex pennittivity of the constituents of the compound has already

been measured from reflection and transmission coefficient for two bands of

frequencies (tables 2.1,2.2, 2.3 & 2.4) and their values are in good agreement with

the standard values. Substituting these values in (2.13), the theoretical values for the

compound can be obtained. The obtained values given in tables 2. 7 and 2.8 can be

compared with the measured values of the compounds given in tables 2.5 and 2.6.

Table 2.7 Complex permittivity of different NID compounds calculated

theoretically from reflection measurements

Frequency i Polystyrene-Glass  Polystyrene-Glass Epoxy ;Polystyrene-Cement p

(GHz) 0 8; l tan6 I 5:1 11 itan 6 . 5; tan 6 1
5.2 3 .945 0.127 2.917 0.143 2.950 0.186

5.4 3.845 0.121 2.886 0.135 2.869 17 0.182
511.161 3.719 0.116 2.844

. ml __-......_._.____
0.125 2.79511 0.179

01151.8 3.642 0.114 2.800 0.115 2.722 0.179

6.0 3.575 0.116 2.760 0.107 2.664 0.180

1161.2 1 3.524 0.119 2.720 0.098 2.612 1110.183

6.4 3.479 0.125 2.677 0.093 2.567 0.187

6.6 3.443 0.132 2.641
221* ii, 2

0.088 2.530 0.191

6.8

8.2

3.408

4.098

0.140

0.014

2.608

2.838

0.086

0.084

2.494

2.443

0.196

0.190

8.6 4.101214 0.031 2.946 0.103 2.601 0.204

11 1 9.0 3.903 0.188 2.923 0.071 2.404 0.224

9.4 3.7381 0.025 2.902 0.073 2.263 0.2311

9.8 3.647 0.036 2.893 0.099 2.449 0.214

10.211 3 .463 0.035 2.774 0.078 2.378 0.282

110.6 3.554 0.034 3.0151 01.09131 21.4721 0.200

i

11.0 3.339 0.035 2.774 0.116
1

l

2.511 0.198

111.4 3.177 0.060 2.608 0.176 2.163 0.358

0111.8 3.259 0.060 2.735
iam

0.186 2.238 0.381
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I'I1€8.SU.I'CI'l1€I1lS

Table 2.9 Difference between experimental and theoretical values for reflection

(GH1)

Polystyrene Glass

P

1

Frequency P°|Y$Wl'°l1°'G|3$$ E My 1 Polystyrene-Cement
1

As: Atanfi Asi Atan6 Aef Atan8
5.2 0.155 0.024 0.063 0.113 -0.130 0.090

1

1

1

5.4 0.055 0.053 0.044 0.104 0.023 0.014

5.6 -0.019 0.078 0.011965
1

0.100 -0.180 . 0.030
5.8 -0.122 0.096 0.030 0.093 -0.022 1 -0.015

6.0 1-0.225“7 0.108 0.030 0.090 -0.091 -0.027

6.2 9 0.016 -0.015
1

0.030 0.087 0.211 -0.026 1

6.4 -0.079 10.031 0.043 0.083 -0.560 -0.014

6.6 -0.183 -0.050 0.039 0.080 -0.124 0.230

6.3 -0.278 -0.067 0.052 0.072 -0.027 0.110

8.2 -0.908 0.107 -0.177 0.040 0.124 -0.008

8.6 -0.211 0.050 -0.523 0.112 -0.473 m909.”19§Zi5
1-.

1

1

9.0 -0.902 -0.091 -0.151 0.030 0.417 -0.079

9 9.4 -0.216 0.008 -0.064 0.002 -0.132 0.034

9.8 0 0.020 -0.223 -0.010 0.002 0
1|%;_, 7

1

10.2 0.210 0.090
L

-0.270 -0.013 -0.055 1 -0.062

10.6 0.370 0.020 -0.099 0.007 0.083
\ 0.056

11.0 -0.030 0.033 -0.049 0.029 -0.500 -0.055

11.4 0.080 0.005 -0.600
._.

-0.016 0.11519 -M50 H1

1

1

11.8 -0.069 0.051 -0.229 -0.067 -0.016 -0.162
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Table 2.10 Difference between experimental and theoretical values for transmission

measurements

y (CH1)

Frequenc
1 Polystyrene-GlassPol s rene-Glass _Y W Epoxy Polystyrene Cement

A31 Atanfi A As: 1 Atan51 As: Atanfi
1

5.2
-0.104 0.192 0.069 -0.072 -0.426 -0.028

5.4
-0.067 -0.093 -0.017 __1

-0.057 -0.594 0.059
2 5.6

5.8
-0.177

-00.285

0.033

-0.014

-0.069

-0.124

1

-0.046

-0.037

-0.036

0.310

0.100

-0.065
6.0

-0.205 0.179 -0.157 -0.027 -0.068 9-022
6.2

0.100 0.059 0.108
1

-0.023 -0.016 0.044
6.4

0.114 0.011 -0.080 -0.008 0.170 0.008
6.6

0.22s_ -0.010 -0.213 1 -0.022 -0.133 0.087
6.8

-0.010 0.017
' 1'1

-0.074 0.044 -0.021 -0.081
3.2

0.029 0.197 -0.149 0.019 -0.131 0.097
2.61

"*1
I

0.062 0.134 -0.012 -0.028 0.009 -0.023

J

9.0
0.027 -0.031

‘__.
-0.107 '0;0_Q1 0.600 -0.110

9.4
-0.067 0.074 -0.659 0.008 0.021 -0.030

9.8
-0.240 -0.035 -0.890

1

0.110
1

0.550 0.110
10.2

-0.028 0.162 -0.070 0.096 0.007 -0.01_3‘Ii .

J

10.6
-0.329 0.090 0,111

T

-0.027 -0.030 0.017
11.0

-0. 120 0.190 0.180 0,001 0.170 -0.010
11.17

0.01 1 0.084 0.219 0.012 0.121 -0.062
11.8

0.002 0.006
1

-0.022 -0.080 -0.230 -0.048

placed together at the sample holder for taking measurement on the compound. The

Great care should be taken not to trap air between the samples when they are

air trap will deteriorate the accuracy of the complex permittivity
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2.4 Complex permittivity measurements of liquids

2.4.1 Theoretical formulation

In the case of the measurement of dielectric properties of liquids, a container

for the experimental liquid is unavoidable. So, the propagation of waves through five

media, medium 1 to medium 5, should be considered as shown in figure 2.10. The

problem is complex due to the presence of four dielectric interfaces. As many of the

liquid samples are lossy, development of theory necessitates the inclusion of loss

terms also.

\\\\\\\\\\.

\\\\\\

e
‘———> (114:-Aiv (124 | >d14—%DI| DI; D13 D14

Figure 2.10 Propagation of an e.m. wave through a
liquid in a container

Let the thickness of the glass plate be ‘dl’ and the thickness of the liquid

column is ‘d2’. The parameters defining the system such as impedance, phase

change, transmission and reflection coefficients are given as

impedance of medium l (air), nl = 377 Q
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impedance of medium 2 (glass), n2 = —

x is relative the complex permittivity of glass (known)

impedance of medium 3 (liquid), n3 = —

y is the complex permittivity of liquid (to be found out)

Reflection coefficients and transmission coefficients at different interfaces as

shown in figure 2.10 are given below.

Transmission coefficients

T21 =

T32 =

T43 =

T54 =

Reflection coefficients

T21 =

F 32 =

F 43 Z

F 54 =

2172

r71 + 272

2173

172 + 173

2274

173 + r74

2175

174 + 175

271-272

r7l+r72

172-173

r72+173

173-174

r73+r74

174—r75

174+r75
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91, 92 and 93 are the phase changes occurring at the media, medium 2

(glass), medium 3 (liquid) and medium 4 (glass) respectively. Since many of the

liquids are medium loss or high loss, attenuation factor should also be considered

while calculating the phase factor.

61 = yldl = (otl+jBl)d1 (2.14)
62 = 72 d2 = (ot2+j[32)d2 (2.15)
63 = yldl = (ot1+j[31)dl (2.16)

. where ‘7’ is the propagation constant defined as 7 = ot+ j|3, where ‘on’

represents the attenuation term and ‘B’ represents the phase constant. The values of

‘oz’ and ‘B’ are defined as

[U 7* o
ot= 3‘/-;Z“1+£i)2-1 (217)\/5 we '
[s= -(‘DE 1+{i)2+1 (218)\/E  cos: '

Qefinition of operators

Defining appropriate operators for multiple reflection and transmission will

make the theoretical treatment easy. The operator should facilitate the signature

(percentage of the available input) of a signal at the output port. The multiple

reflections between the dielectric interfaces should be effectively incorporated into

the theory through the use of the operator.

The output (through the interface D14) of a signal considered at any interface

could be facilitated by operator ‘O’.
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The emerging signal from the interface DI4 due to a signal just inside the

interface DI1 is given by the operating that signal by the operator 0|, given by

0. = T54T43T32e"""'*"2*‘9"> (2.19)

The emerging signal from the interface D14 due to a signal just inside the

interface DI; is given by operating that signal by the operator O2, given by

02 = T54T43e‘j(‘92*‘93) (2.20)

Similarly, the emerging signal from the interface DI4 due to a signal just

inside DI3 is given by operating that signal by the operator O3, given by

03 = T54e“j(‘93) (2.21)

Different terms contributing the power at theoutput

Considering the dielectric interface DI 1, the amplitude of the wave just inside

the medium 2 is given by T21. The effect of this wave at the output is 01- T2|. A

pan of Tm, (F;3T;1 e‘1(9l) ) will be reflected back from DI; towards DI1. This will

be again reflected at DI; and this term is defined by (F 231" ;|T21 9'7 (261)). The effect

of this wave at the output is given by 01- (l“;_3l"21T;1e_/'(29l)). Thus defining all the

reflections occurring inside the medium 2, we will get a series term which is

represented below.

setl : O1T21[ l + l"23F_-)1g_J'(2‘9l)+ l"2321";12 €rj(46l) +....]
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1= O T31 '-  .

I 1'"T21T23eT]2m
(2.22)

Multiple reflections in the third medium and their effect at the output is given by

_ - ;102+03) —j(91+292) -11202) +Si-Ft 2 — Ts4T43 6 X T21T32F34T32 9 l 1+ F34 F32 6

Multiple reflections in the fourth medium and their effect at the output is given by

— ' 6 6 6 1
SCI3 = 03 T43F45F43T32T21€ J( IT 2+2 3) 2'93 (2.24)

The same procedure is applied to get the following terms, which contribute

T342 F3;2e_j(462)+

= O2 T21T32T34F32€_j(6l+262) 1 .262
1- F34T32@_J

1" T45F43@_j

power to the output.

set4

set5

set6

set?

_ ~ 1
= 02 T32T21T23T21 6? A361) ~12 2 _ .262

1"T34T32~'~’ J

_ " 1
1 O2 T32F212 T232 T21 8 A561)? 1 _ .2922

1-T34T32@ J

= O2 T32F213 T233 T21 €—j(76l) 1 ; .262
1"F34Ts2e J

= 01 T21T23 T21 T32 T34 €Tj(26l+293) —e 1
1"T21T23@Tj2
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S61l8 = O2 F34 F32T32 F21 T23 T21 T32 F34 €_j(36l+402) (2.29)

S€l9 = O2 F32 T34 F45 T43 T32 T2] €_J.(6l4-2024-293)

Sfitlo = O1 F21 T23 T34 l"45T43 T32 T2] €_j(26l+292+263)

There are infinite numbers of such reflected signals. For ease of

computation, contributions from terms less than 1% of the incident signal is

neglected.

Sm] = setl+ set2+ set3+ set4+ set5+ set6+ set7+ set8+ set9+ set10 (2.32)

The transmission coefficient obtained from the network analyzer is approximated as

Sm| and substituted in to the above equation.

Equation (2.32) is solved to get the value of complex permittivity of liquid.

MATHEMATICA 3.0 is used for the calculation.

2.4.2 Experimental set-up and method of measurement

The set-up is the same as that discussed in the case of dielectric sheets with

the only change of addition of a container. Schematic cross sectional view of the

container with liquid is shown in the figure 2.11.
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Table 2.12 Complex permittivity of oil and methanol at X-band

L .
Frequency (GHZ) A

I 2 5 I
I Oil at X-band Methanol at X-band

— —I
81

I tan8
81

Tan8

8.56 3.18
I

0.283 I
I

X

7.35
I

I 1.480

_I

8.88 2.24
il

0.134 6.89 1.485

9.20
L

2.55 0.125 6.44 1.491
-._

9.52 2.55 0.125 6.01 1.496 I

9.84 2.55 0.125 5.59
I

1 .503
1

10.16 2.55 0.125 5.74
L

1.415

10.48 2.55
I

0.125
L

5.88
I

1.333
I

10.80 2.55 0.125
I

5.33
I

1.418

11.12 2.55 I 0.125 5.47
I.

1.333

I

_I
I

I

I

I

values [8].

carried out since they are quite in line with the transmission case.
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The development of the theory and the reflection measurements are not



Chapter-_.2 _ E g Free Space Measurements

2.5 Summary
A novel, non-contact, non-destructive method for determining the scattering

characteristics of free waves from the samples in the planar fonn is developed. The

novelty of this method is that the measurements are done using the ordinary

pyramidal homs of nominal gain without incorporating any focusing mechanism.

Necessary theoretical formulation required for the implementation of this method is

done. To facilitate the measurements on scattering parameters, a microwave test

bench is designed and constructed. TRL calibration is adopted for carrying out

experiments in J (5-7 GHZ) and X (8-l2 GHz) bands. Solid planar samples like

polystyrene, glass, glass epoxy and cement of various thickness are characterized

using the method.

The existing theory for Non—Interactive Distributive (NID) dielectrics is

modified for the free space method. Two dielectric sheets combined together is

taken as the N ID sample and the scattering parameters are experimentally d6t€I'I‘l’llI1€d

using free waves and the effective dielectric constant is evaluated. The obtained

values are then compared with the theoretically computed values. Measurements are

done for the characterization of polystyrene-glass, polystyrene-glass epoxy and

polystyrene-cement NID compounds.

The theory of free space method for material characterization is modified to

adapt it for the case of liquids. Scattering from the four dielectric interfaces in the

planar container containing the liquid sample is evaluated and used for determining

the relative complex pemiittivity of the sample. The experimentally obtained

transmission coefficient is utilized for computing the complex permittivity of the

liquid. The pemiittivity values for Methanol, Ethanol, Oil and Water are evaluated

using this method and are compared with the standard values.

Different accuracy conditions and limitations of the method are also
discussed.
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Appendix 2.1: Implementation of TRL calibration method

The process of implementing the TRL calibration method in a user-specified

environment is defined in four steps

l. Selecting standards appropriate for the application

2. Defining the standards by modification of the intemal calibration kit registers

3. Performing the calibration

4. Checking the performance

Requirements for TRL standards

Standard Requirements

Zero Length S31 and S1; are defined equal to 1 at 0 degrees (typically

THRU used to set the reference plane)
St; and S2; are defined equal to zero

REF LECT Phase of F must be known within i ‘A wavelength.

Must be the same F on both ports.

May be used to set the reference plane if the phase response

of the REFLECT is well known and specified.

LINE Zr, of the LINE establishes the reference impedance after
error correction is applied.

Insertion phase ofthe LINE must never be the same as that

of the TH RU.

Optimal LINE length is 1" In wavelength or 90 degrees

relative to the THRU at the center frequency.

Insertion phase or electrical length need only be specified

within ‘/4 wavelength.
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Selection of Optimal LINE Length

Optimal LINE length is ‘/4 wavelength or 90 degrees relative to the THRU at

the center frequency. Line Length is (LINE-THRU). If the lower and upper cut off

frequencies of the bands are fr and f; GHZ respectively, then the electrical length, ‘l’

is :5- A 15* A — aye. With this electrical length, insertion phase is to be calculated
j|(GHz)+f2(GHz)

using the expression

: 360xfxl
C

Phase (degrees)

= l2xf(GHz).rl(cm)

The insertion phase for fr and f; is to be calculated and it should be in

between 20 and 160 degrees. If this condition is not satisfied, line length is to be

slightly adjusted for getting the insertion phase with in the specified range.

Defining TRL standards

The standards selected should be entered into the calibration kit registers of

the HP 8510C Network analyser. It can be done from the CAL menu and from the

then sub menu MODIFY CALI/2. THRU options are set in the calibration standard

number I4, REFLECT in the 18 and LINE options in 15 and 16. Multiple LINE

lengths can be incorporated using the two LINE standards. The corresponding offset

delays and impedances should be set for each standards and saved.

Performing the calibration

To begin with, the fixture is connected to the coaxial test ports and desired

stimulus conditions for measurements such as start frequency, stop frequency,

number of points, power level. averaging are set in the network analyser. ln the CAL

menu, press TRL 2-PORT and this menu will give different options such as THRU,

S1 IREFLECT. S22REl*l,.ECT, ISOLATION and LINE. This can performed in any

convenient order. Pressing SAVE TRL CAL will enable to save the calibration

coefficients in the desired calibration number. Error correction is automatically

tumed on.
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Checking the Performance

Verification kits are available in the coaxial connector family. These kits

contain devices whose characteristics are precisely and independently known. When

these devices are measured, the difference between the displayed results and the

known values indicate the level of measurement accuracy. In non-coaxial cases,

these verification devices do not exist. However, there are some performance

checks. Connection repeatability can be evaluated. Take a single S-parameter

measurement and store its response into memory. Break the connection, reconnect

the same device, and then re-measure. It will give the performance of the calibration.
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GPR technique for Buried Object Detection

Ground Penetrating Radar (GPR) technique for detection of huried ohjeet; ix

carried out in this ehapter. Theoretical simulations using Finite Difzrenee
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Chapter 3  j GPR technique for Buried Object Detection
3.1 Introduction

The objects placed on top of a clear field are easily detectable. But if they are

buried even a few centimeters under the soil, then the detection creates serious

problems for an investigator. The detection and ranging of such systems is of

immense importance in many fields of life and has been the subject of intensive

research for the past few decades. The field ‘Ground Penetrating Radar (GPR)’

explores objects under ground using electromagnetic waves. Ground penetrating

radar (sometimes called ground probing radar, georadar, subsurface radar, earth

sounding radar) is a nondestructive and noninvasive method that produces a cross

sectional profile or record of subsurface features. These profiles give the information

of the location of buried objects and is used for subsurface exploration,

characterization and monitoring. It is widely used in locating lost utilities,

environmental site characterization and monitoring, agriculture, archaeological and

forensic investigation, unexploded ordnance and land mine detection, groundwater

exploration, pavement and infrastructure characterization, mining, void and ttumel

detection, sinkholes detection, and a lot of other applications [1-5]. The systems,

which detect human subjects under earthquake rubble or debris, are developed by

scientists [6].

The subsurface sensing and imaging problem is an information problem. ie,

the information about a subsurface target from scattered and distorted waves received

above the surface. Imaging techniques can be described by the properties of probe

wave, the wave propagation characteristics of the medium and surface, and the

nature of target/probe interaction. The technique is the same as that in other fields

like underwater imaging, medical imaging inside the body, 3D biological

microscopies inside a cell or collection of cells.

Ground penetrating radar operates by transmitting ultra high frequency radio

waves down into the ground through a transducer or antenna. The transmitted energy

is reflected from various buried objects or distinct contacts between different earth

materials. The antenna then receives the reflected waves and stores them in the

digital control unit. The antennas generally used are: simple dipoles, loaded dipoles,

folded dipoles, bowtie, logarithmic spiral, end fire, slot, fractal, arrays etc.
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Wavelength of the propagating electromagnetic wave determines the

resolution of the system. Resolution increases with increasing frequency. The

accessibility of sophisticated instruments operating with high dynamic range has

enabled the scientists to use higher microwave frequencies [7]. Depth of

investigation varies from less than a meter to more than kilo meters. It increases

with decreasing frequency but only at the cost of resolution. Detectability of objects

under ground depends on their size, shape, and orientation relative to the anterma,

contrast with the host medium, as well as radiofrequency noise and interferences.

Radiofrequency interference is mainly from radio, television, cellular phones, air

traffic control, computers and geological noise.

In this chapter, some of the GPR applications are demonstrated at higher

microwave frequencies (X and Ku bands). The experiment is conducted employing

the versatile Vector Network Analyser (VNA), HP 8510C, which is having high

dynamic range. An antenna kept in free space is used as a transmitter, and the same

antenna receives the scattered power. The antenna used for the study is an ordinary

pyramidal hom of nominal gain, which makes the study more appealing. Setting the

network analyzer in the time domain mode and analyzing the obtained time domain

response will give the information of the different discontinuities encountered in the

path. The network analyzer does the measurement in the fiequency domain, and it is

then converted to time domain. The intemal high-speed computer in the HP 8510C

performs this calculation using Chirp-Z Fourier Transform computation techniques

[8]. The time domain data will be displayed in the near real time.

Using the GPR method, different types of dielectric objects, roots, void and

leakage are detected. The theoretical simulation of the scattered field from various

objects is also carried out. The reflection coefficient from objects buried at different

depths is derived from the simulation results. As the complex real situations could

not be completely incorporated in the simulation, a close comparison between the

experimental results and the simulated results is not possible. The simulation results

are given in the first section of the chapter and the experimental results in the latter

section. The factors to be included in the simulation for the near approximation to

the real situation are also mentioned in the experimental section.
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This chapter discusses the following categories of GPR applications:

'2' Theoretical analysis of the buried dielectric objects

'2' Detection of single and multiple dielectric blocks

'2' Roots detection

'2' Void detection

'2' Leakage detection

3.2 Review of the past work

Larsen and Jacobi [1], dedicates a chapter to video pulse radars and their

application. Here the implementation of video pulse radar for the subsurface

exploration is reviewed and the potentiality of it in the biological imaging is
discussed.

Daniel [2] presents a detailed discussion on properties of materials at the

frequencies usually used for GPR applications, different types of antennas used for

GPR applications, modulation techniques, system design and different signal

processing methods.

Many scientists [3-7] had been enthusiastically working in the different areas

of GPR applications. Strongman [5] gives a detailed picture of the forensic

applications of GPR. Chen et al. [6] describe the development of life-detection

systems from debris.

Wang Xiande et al. [9] make an elaborate theoretical analysis on the

scattering of electromagnetic wave by an object buried in ground. They prove the

validity of the method by the numerical computations based on the moment method.

They also discuss the effect of roughness of surface and bark layer on the scattering

parameter of a target.

Kenneth Demarest et al. [10] calculated the fields scattered by the buried

objects when the sources are close enough to the air/ ground interface. Theoretical

simulation of the scattered field is also done using FDTD technique. The authors

show how a frequency-domain representation of the transmitted field can be used in
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conjunction with the FDTD technique when the incident field is a plane wave

generated by a distant antenna.

Degradation in performance of the buried mine detection by clutter is

compensated by employing multi-static synthetic focusing from a 2-D real aperture

[1 l]. The authors have described the implementation of the method, influence of

different parameters such as clutter, ground condition etc. They have designed a

system with an antenna array operating at a frequency of 1 GHZ, which avoids

clutters very well. The authors discuss different performance-limiting factors in

detail and the steps to be taken to overcome these. Validation of the system was

done by FDTD and they have done it using sandbox experiments with different

objects like metal and plastic targets. They extended the experiments to outdoor

environments also and developed Real-aperture synthetically organised radar

(RASOR) system.

G. R. Olhoeft et al. [12] used a surface ground penetrating radar system to

locate and measure the electromagnetic scattering different buried objects like pipes,

wires, metal, plastic mines etc. This paper also presents the results of electrical and

magnetic properties of a mixture and discusses the electromagnetic dispersion effects

and the change of pulse shape due to the constructive and destructive interference,

multipathing, multiple scattering etc. Different objects like steel and plastic mines,

PVC pipe etc were buried at different depths and their position are found out for

different frequencies. They employed HP 8753 network analyser for the

characterisation of soil samples and GPR measurements were done by the SIR-l0A+

GPR system, which is commercially available.

Ballard. N et al. discuss the details of the complex permittivity of the medium

where the buried objects are deployed [13]. It enables one to predict the electrical

delay for the electromagnetic wave to travel through the dielectric. The system

consists of an electrically short monopole antenna backed by a ground plane and its

performance is checked by immersing the antenna in the standard dielectrics such as

pure water and salt water.
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The scattering coefficient of an undulating surface is estimated by Calla and

Sharma [14]. They report that the scattering coefficient increases with the soil

moisture content and it is found that the value with vertical polarization is lower than

that with horizontal polarization.

Jacqueline M. Bourgeois and Glenn S. Smith [15] describe a system

composed of air, soil and btuied land mine and is modeled using the FDTD method.

They employ two parallel dipole antemias housed in comer reflectors tuned to a

frequency of 790 MHz.

The electromagnetic scattering from buried land mines is discussed by

Lawrence Carin et al [16]. They extensively study the conducting and plastic mines

taking into account of the lossy, dispersive and potentially layered properties of soil.

The theoretical model is used to predict wave phenomenology in various

environments. They characterize the soil at different conditions before the mines

(M20 anti-tank mine) are deployed.

Thomas P. Montoya and Glenn S. Smith [I7] detect land mines using

resistively loaded Vee Dipoles. They have developed 3D FDTD model and it is used

to simulate the GPR land mine detection problem. In the study, they consider two

types of land mines, the Italian TS-50 and VS-50. The properties of the pulse to be

employed are also described in detail.

David Wong and Lawrence Carin [18] analyse the radar cross section of two

types of mines using Ultra wide-band synthetic aperture radar (UWB SAR). In the

paper, authors have shown the experimental and theoretical results in association

with the two types of mines M20 and Valmara.

In a recent paper, M. B. Silevitch [19] discusses the possibility of application

of Physics Based Signal Processing (PBSP) for the unification of subsurface sensing

and other imaging techniques.

Maxwell’s equations were replaced by a set of finite difference equations by

K. S. Yee [20], which was a breakthrough in electromagnetics. Scattering of

electromagnetic pulse by a perfectly conducting cylinder was demonstrated by him.
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The paper described the grid size, boundary conditions and stability criterion. In the

last part of the paper, the computed results using the present method were compared

with the known results on diffraction of pulses by a wedge.

Gerrit Mur [21] presents highly absorbing boundary conditions for

electromagnetic field equations that can be used for both two and three-dimensional

configurations. Numerical results are proved considering the radiation pattern of an

isotropic point source.

Numerical dispersion of the Time Average (TA) and Time-Forward (TF)

schemes and their stability properties by the analytical methods are analysed by Jose

A. Pereda et al. [22]. In the concluding remarks, they mention that for the treatment

of lossy dielectrics using FDTD method, the TA scheme is better than the TF

scheme.

R. J. Luebbers et al. [24] redefined Yee’s FDTD equations incorporating the

dispersive nature of the dielectrics. The accuracy of the extension was demonstrated

by computing the reflection coefficient at an air-water interface over a wide

frequency band. Later, the authors extended the work to Nth order dispersive media

[25].

Jeffrey L. Young [26] describes the space-time profile of an electromagnetic

wave in a Lorentz dielectric and a Debye medium. The effectiveness of the proposed

numerical schemes is demonstrated by considering the one-dimensional slab

problem. The results show that the dispersive nature of the medium significantly

corrupts the original shape of the pulse.

William H. Weedon and C. M. Rappaport [27] generalise the dispersive

nature of media and it is included in FDTD modelling of wave propagation. Two

approaches are described in the paper: frequency-dependant complex permittivity

and frequency dependant complex conductivity and the stability of these two

approaches are also compared.

A method to efficiently and accurately compute a time-domain waveform

from a network-analyser frequency-domain measurement is presented in a recent
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paper [28]. The method is based on a robust interpolation technique to construct a

pole-residue representation of the response of the device-under test and the validity is

proved by considering some examples. This is more advantageous than the discrete

Fourier transform.

Zoran A. Maricevic et al. [29] describe the enhancement of accuracy in the

time domain measurements of the network analysers using Generalized Pencil of

Function (GPOF) method (Matrix Pencil Method). This technique gives more

accuracy than the conventional technique, Fourier transform that is employed in the

network analysers.

J .T. Johnson et al. [30] discuss the detectability conditions of GPR systems.

The detection of non-metallic anti-personal land mines are complicated due to low

dielectric contrast. The methods to increase the dielectric contrast is discussed. In

this paper, waveguide studies of target detection through a controlled depth of

nitrogen penetration are reported, and it is shown that scattering from known depth

targets can be significantly enhanced if an optimal amount of nitrogen is added.

3.3 Theoretical Analysis

The aim of the theoretical work is to simulate the scattering of waves by the

buried objects and to obtain response of reflected signal from different objects placed

at different depths.

Theoretical work is carried out on the model system as shown in figure 3.1.

A dielectric medium is assumed to be filled in an area and the object(s) are buried in

it. A wave/pulse signal is allowed to propagate from air and the scattered signal is

obtained at different points of the system. Generally any type of wave (Gaussian

pulse, Sine wave etc) can be assumed to be propagated from the source plane. In the

present study, a gaussian pulse is considered to propagate from the source plane and

the information about the buried object is obtained from the scattered field. The

responses received at three test points Pl, P2 and P3 at each time step are taken.

Time domain response at P1 oriented in line with the buried object is compared with

that from P2 and P3 and the information of the object is extracted.
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Figure 3.1 Schematic Diagram of the theoretical system

In the first set of simulation, a single rectangular object is assumed to be

buried under ground at a depth of 8 cm from the air-dielectric interface. The

dielectric medium is considered to be non-dispersive, linear, homogenous and

isotropic. The discretized Maxwell's expressions [20] are the basis of the Finite

Difference Time Domain (FDTD) method.

Discretizing Maxwell’s curl equations, V x E = — git? and Vx H = (lit)

For a Transverse magnetic (TM) wave, Ex = Ey = 0 and H, = 0

HX(i9j>t+1)-HX(isj>t)  jv t)'E’Z(i:j'1>t))= -  be (3.1)dt #0 dy
Hy(i>.i:t+1)‘Hy(i»j»t) 2 (Ez(i,j?t)-Ez(i-1,j,t)) (32)di ,u0dx .
_E_Z_(i>jat+1)_-EZ(iaj>t) :

di

(Hyfi+1>j>t)"H_y(ia_j>t)) _ (Hxg(i,j+l,t)-Hx(i,*j,t))sdx edy
(3.3)
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In the real sense, both the buried objects and the surrounding medium are

dispersive in nature. When the soil is wet, the dispersive nature becomes more

prominent [1,2]. Incorporating the dispersive nature of the dielectric medium [23,24]

in the constitutive FDTD equations, the electric and magnetic fields in a non

magnetic medium is given by

HX(i,j, H-1) = H,<(i,j, t) —  Ez(i,j, t) — Ez(i,j-1, t) ) (3.4)
/U0 dy

Hy(i,1,t+1> = Hymn + —"’—< EZ(i9j>t) - E10-1,1, 0) (3.5)
/J0 dx

and 8 1 I 1
E269 .9t+1 : '1 U0 ii, E  .9  + H‘ “— E; .9 .9! _ A m .9 .J ) 8:0  Z J goo +l'o(i=]') nit) (I1 m) I (I

dt+ "7 l . .   (i+1>.is (iaj9or + z<,<»,1>>@<, dx ’ ’dr . . . .
(goo +20  j))80  ( HX(1> 1+1: t) _ HX(1> J9 t) )

where

10 (i, j) = (ex — em) (1 — exp(—dt / to) ), time domain susceptibility function

Above equation is obtained from complex frequency domain relative permittivity

equation 2(0)) = aw +?;? and frequency domain susceptibility function+10) 0

xw) = ii
1+_](,0t0

Ag," (i, j) = (£5. -800) exp(—m dt/to) (1 ——exp(—dt/to) )2 ,

2:5, the static permittivity of the dielectric, 8(1) , the optical permittivity of the dielectric

to, the relaxation time of the dielectric and ,u0 , the permeability of free space.

Since the medium is assumed to be non-magnetic, the Yee equation for H

field is kept unchanged.
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The Gaussian pulse in time is given by

2 2
Ey(0,t)=E0e_(t_t°) ’ ’ (3.7)

In the Gaussian pulse, the parameter ‘r’ determines the width of the pulse.

The time shift ‘to’ is chosen so that to Z 21.

A Gaussian pulse with dt = 16.667 ps, To = 41.667 ps was executed at the

source plane. Yee cell was constructed from 140 grids in the X-direction and 80

grids in Y-direction with a grid spacing dx = 0.005 m and dy = 0.005 m respectively.

Grid size is chosen so that the computational stability [18], \/(dx)2 +(dy)2 Z cdt

(Courant-Friedrichs-Lewy condition) is satisfied.

Mur’s absorbing boundary conditions [21] are applied at the boundaries. An

object of dimensions 7cm x 3cm (s, = 3) is placed at a distance of 8 cm from the air

dielectric interface inside the dielectric medium (a, = 2). The response of the

gaussian pulse with time is computed. The dielectric profiles of the theoretical

system (in two orientations) are shown in figures 3.2a & 3. 2b. Z-axis of the figure

3.2a represents the permittivity values. The movement of Gaussian pulse with

respect to time is shown in the figures 3. 3a-3. 3d. In the figures 3.3a and 3. 3b, the

gaussian pulse is progressively moving along the X-direction. Z-axis of the figures

3.3a-3.3d represent the amplitude of the gaussian pulses. The situation after 150

time steps is depicted in figure 3 . 3 c. It clearly shows the scattering of the pulse at the

discontinuities. When the time step is increased to 220, many more reflections are

fotmd to occur from the different discontinuities. The comparison of the

characteristics of the fields at different points gives the information of the region

where the object is buried.
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The time domain responses from the three test points Pl, P2 and P3 give the

information of the buried object. This fact is explicit from figure 3.4. The green line

with majenta marker circles (-<>—) represents the response at the points P2 & P3 and

the response from Pl is given by the red lines with blue cross markers (-1- ). In

figure 3.4, peak R1 corresponds to the forward moving gaussian pulse. R2 in the

figure represents the reflection from the air-dielectric interface. R3 represents the

reflection from the buried object. R4 is the signal obtained from the back surface of

the object. The reflected pulse from the air-dielectric interface will move towards

source plane and it is again reflected back from the source plane(see figure 3.1).

This can be considered as a secondary wave and is moving towards the dielectric and

is recorded as R5. A small dip after the peak R5 corresponds to the reflected signal

from the air-dielectric interface due to this second source.

I I I I I I I I
l -9- response at the test points P2 & P3 IRI -- response at the test point P11 - a —

H0.8 - 
. O0.6 — —
‘I 1’0.4- 
4 r

response of signalAmplitude

+ R5_ * R 4 R (w _@__J 
RI R3_[]_2 I I t I I 1 1 IO I15 1 1.5 2 2.5 3 3.5 4, -9Time, sec X 19

0.2

Figure 3.4 Theoretical time domain responses from the system with a buried

object, s, = 3
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Figures 3.5a & 3.5b represent the theoretical system with two buried objects

of same dielectric constant (< , = 3) in a dielectric medium (e, = 2). The buried

objects considered are at a depth of 8 cm and 18 cm from the air-dielectric interface

as shown in figures 3.5a & 3.512. The scattered fields at different time steps are

shown in the figures 3.6a-3. 6d. The time domain response at three points Pl, P2 and

P3 are shown in the figure 3.7. In the response, peak R1 corresponds to the forward

moving gaussian pulse, R2 is the reflection from the air-dielectric interface, R3 is the

reflection from the front face of the first buried object, R4 is the signal obtained from

the back surface of the object and R5 is the reflected signal from the source plane. In

addition to these, dip R6 corresponds to the reflected signal from the second buried

object. R7 is the signal reflected from the back end of the second object and R8

corresponds to the reflected signal from the end of the vessel.
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Figure 3.7 Theoretical time domain responses from the system with two buried
objects ( 6, = 3 ) in line

It is observed that the theoretical time domain responses in each case shows

the signature of the buried object clearly.
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3.3.1 Response from a Void

A void is simulated at a depth of 8 cm as shown in figures 3.8a & 3.8b and

the response from this system is shown in figure 3.9.
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Figure 3.9 Theoretical time domain response from a void at 8 cm
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From the comparison of figures 3.4 and 3. 9, we can see that the points R3, R4

and R6 are reversed. It is because, in figure 3.4, the pulse is traveling from a

medium of low dielectric constant to high one. But in this case, the pulse traverses

from medium of high dielectric constant to low one. If one had considered the power

pattem with respect to time instead of the field pattern as shown in figures 3.4 & 3.9,

both the figures would have given the same response.

The response amplitudes of the reflected signals computed for various typical

dielectric objects buried at different depths in different dielectric medium are

tabulated in tables 3. I , 3.2 & 3.3. A successive reduction in magnitude of reflection

coefficient with increase in depth occurs due to the incorporation of the complex part

of the permittivity in the susceptibility function [24] and hence the attenuation is

suffered by the pulse.
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Table 3.1 Reflection coefficient (F) of different objects (assumed er values)

buried at different depths in a dielectric medium (er = 2.56, tan 8 = 0.00024)

Dielectric

constant of the

buried objects
object (cm)

Depth of the buried
‘ t
i F air-diel. interface F buried object

3.2

‘ . 5 :
I

10
-0.2520

15

20

-0.0549

-0.0424

-0.0334

-0.0265

5
100

-0.2520
15

20'

-0. 1605

-0.1186

-0.0946

-0.0762

I0

5

l0 -0.2520
15

20

-0.3297

-0.2387

-0.1907

‘I
\.

H

,\

-0.1543

15

5

10

15

20

-0.4303

-0.2520 __s tt  -0.3076
-0.2473

i— ?;r

-0.1991

20

5

1L t_ 10
, -0.2520

15

20

__;g.__

-0.4988
F

-0.3540

-0.2863

-0.2297

30

5

10

15

‘20
(

-0.5863
,.
.\
u

7 -0.4195
—0.2520 to __

-0.3376

-0.2698
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Table 3.2 Reflection coefficient (F) of different objects (assumed a, values)

buried at different depths in a dielectric medium (er = 5, tan 6 = 0.0003)

Dielectric

buried object

Depth of the buried
constant of the , F air-die]. interface i‘ F buried object

object (cm)

3.2

5

10

15

20

00.0921

-0.4076 1»
00.0688

00.0585

00.0501

5

5

10

15

20

-0.4076

-0.0018

-0.0088

0-0.0088

-0.0088

10

500

10
\

J

I5

20

-0.1523

-0.4076
-0.1132

-0.0941

-0.0791

I5

5

10

15“

20

-0.2444

-0.4076 8
-0. 1_8i1 1

-0.1498

-08.1257

20

5

f0

15

20

-0.3093

-0.4076 L!
—0.2295

-0.1892 ii

-0.1585

30

5

10

15

20

-0.4013

-0.4076 _
-0.2962

-0.2433

-0.2050

>
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Table 3.3 Reflection coefficient (F) of different objects (assumed e, values)

buried at different depths in a dielectric medium (e, = 10, tan 8 = 0.00191)

Dielectric

buried object

Depth of the buried

0b_|ect (cm) 1

= constant of the , F air-diel. interface F buried object

3.2

5
I0 1

15

20

1 -0.5652

0.1624

0.1347

1

1

0.1172

0.1033

5 I
1

1

10 ii
15

20

-0.5652

0.1019

0.0846

0.0741

0.06578

10

5 W

1015
20

-0.5652

if -0.0069
1

-0.0069

-0.0069

-0.0069

15

5107   -0.0524
15

20

7 -0.0646
-0.5652 ‘.

1 -0.0446

-0.0395

20

7 5

10

15

20

-0.1115

-0.0903
0.56525 -0.07711 1 J

-0.0681

30

1

5 1
210

15

20

82

-0.5652

1

-0.1798

-0. 1446

-0.1230

-0. 1084

:1

1
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3.3.2 Extraction of object details from the range profiles

Time domain signals are sometimes called range profiles because they give

the information of the depth or range of the object. At the same time, the shape and

span of the object can also be derived from range profiles at different locations.

In order to extract the object details, the amplitude of the time domain

responses from the theoretical model is converted into power pattern. The range

profiles in power domain from ll different positions corresponding to a buried

model object of rhombus shape (' , = 8.2) are shown in figure 3.10. Knowledge of

these positions and the corresponding range profiles will give the depth and shape of

the object simultaneously. Data for each position can be stored in the computer and

analysed with proper software to give the information of the buried object.
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Figure 3.10 Range profiles at different positions

We can note that the peaks appearing in between 3 ns and 4 ns in figure 3.10

are from the object. Using the Matlab programme, the cross sectional view of the

image can be reconstructed as shown in figures 3.1 I a and 3.1 I b.
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Figure 3.l1a Reconstructed image from the range
profiles
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Figure 3.l1b Top view of the reconstructed
image

The velocity factor should be taken into consideration while calculating the

actual depth of the object from the reconstructed image.
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I

tude 0

I_i

Another set of range profiles obtained from an object of rectangular cross

section is shown in figure 3.12. The reconstructed images from these range profiles

is shown in figures 3. 13a and 3.13b.
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Figure 3.12 Range profiles from different positions
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3.4 Experimental Results

3.4.1 Detection of Dielectrics

A vessel of dimension 40 cm x 40 cm x 35 cm filled with sand is used for the

measurement and it acts as the simulated ground. The antenna is connected to one

port of the S-parameter test-set and the S-parameter (S1|or S22) corresponding to that

port is set in the network analyzer. The reflected signals received by the pyramidal

hom antenna at different locations of the vessel are analysed for the information of

the buried object. The experimental set-up is as shown in figure 3.14. The

advantage of the method is that it does not need any calibration. It is because the

information is extracted only from the relative responses at different points.

Experiments are perfonned in X (8-12 GHz) and Ku (12-18 GHZ) bands.

The pyramidal horn antennas used are of approximatelyl5 dBi gain. Pyramidal horn

antenna operating in X-band has a Half Power Beam Width (HPBW) 18°(E-plane)

and 15.5°(H-plane) and aperture dimension 9.8 cm x 7.5 cm. The respective values

for Ku-band hom antenna are 20°, 170 and 5.7 cm x 4.4 cm. The antemia is

connected to HP 8514B S-parameter test set and interconnected to HP 8510C

Network Analyser, HP 83651 B Sweep Oscillator and computer.

A dielectric object (es = 5.5, 8(1) = 3.1) of dimension 7 cm x 3 cm x 3 cm is

placed at a depth of 8 cm from the front surface of the vessel as shown in figure 3.14.

This object is considered because the plastic mines have a dielectric constant 3.2

[16]. For detecting the multiple objects, one more dielectric object is placed in line

with the first object at a distance of 10cm from the first object.
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Figure 3.14. Experimental set-up for buried ob_| ect detection

The response from an object buried in the container with an 21l11Z€l'll'l2l

operating in X-band is shown in figure 3. I 5a. The responses at three points P1 P2

aaaaaa I. ,
------ -;

<——-I
8cm 10cm

and P3 are given in the figure.
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Time domain responses with one buried 0l')_]€Ct
(using X-band pyramidal hom)
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Figure 3.l5b Time domain responses with two buried objects
(using X-band pyramidal hom)

The response from the system after two dielectric objects buried is shown in

figure 3.l5b. It could be noted that in figure, the peak obtained at 20.35 ns is same

for all the responses from Pl, P2 & P3. It may be a reflection from any

discontinuity, which is common to three test points or a cable discontinuity.

Figures 3.160 & 3.16b represent the responses of the single object and double

objects buried system respectively in Ku-band.0.14
., 0.12 » 111“‘U 13 0.1 g ~3- 1E008 »
‘E006

‘—4?I~:—

- | i 1' 1 |
I8 11I'_ .l R2

-_'_ 002

<5 ‘oi _.»J"-1/\N i-=/—sL-012 1 1 1 1 To ~ 1 1
15 16 17 18 19 20 21

Tlrre, ns

Response at the position P1
i- Response at the positions P2 and P3

Figure 3.16:1 Time domain responses with one buried object
(using Ku-band pyramidal hom)
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Figure 3.16b Time domain responses with two buried objects
(using Ku-band pyramidal hom)

For the comparison of the amplitude of the reflected signal from the dielectric

object, a metal pipe of the same size is placed at a distance of 8 cm from the surface

and the response is noted. Figures 3. I 7a and 3.17b give the response for X-band and

Ku band.
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Figure 3.l7a Time domain response with metal pipe (in X-band)
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Figure 3.1 7b Time domain response with metal pipe (in Ku-band)

It can be observed that the metal pipe at a depth of 8 cm gives amplitudes of

67.5 milli Unit (mU) and 85 mU for the reflected signal in X and Ku bands, whereas

the dielectric gives amplitudes of 23.5 mU and 25 mU at the same depth. ie, for the

same depth, metal pipe gives nearly three to four times amplitude than the dielectric

object.

3.4.2 Root detection

For the root detection, the same experimental methodology as explained in

the previous section is employed. First of all, the time domain response of the

ground without any sample material is noted. Then roots are put at a known depth

and time domain responses are noted at different points and the experiment is

repeated by placing the samples at different depths. The amplitude of reflected

signal in each case is measured. Other dielectric objects like stone, wood etc are

placed at the same depths and their corresponding responses are noted. These results

help in differentiating the roots from other dielectric objects. It is observed that

reflected signals from the roots have larger amplitude as they have more water

content and hence high dielectric constant. Potato, onion, beet root, ash gourd and
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carrot are used for this study. Wood and different types of stones are considered as

other dielectric objects of the ground.

Potato and wood are placed at two locations at a depth of 20 cm from the

front side of the container. The antenna is moved horizontally for detecting the two

objects. The responses obtained for these materials are shown in figure 3.I8a.

Dotted line represents the response of the signal from potato, broken line that from

wood and the solid line that from the empty ground. It can be seen that the peak

appearing around l7.843 ns, indicates information about the position and nature of

the root. The peak at 15.403 ns represents the reflection from the front surface of the

container and it is the same in all cases. The magnitude of reflection obtained from

the potato and the wood are 14.2 mU and 2.2 mU respectively. The peak obtained at

19.551 ns represents reflection from the back surface of the container.
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L'near Magn tude
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— 0.02£ \ 1 1'" .' \(D 0.01 ' ' ‘I
I| III‘ '0. . .. - — . ,
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————Ground only - - - - - Potato — - - —Wood

Figure 3.l8a Range profile from potato and wood at a depth of 20 cm

The same potato sample is placed at a distance of l0 cm and the range profile

from this system is shown in the figure 3.18b.
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Figure 3.l8b Range profile from potato at a depth of 10 cm

From the figures 3.I8a & 3.I8b, the amplitudes of reflected signal from

potato at two depths l0 cm and 20 cm are obtained to be 32.3 mU and 14.2 mU

respectively. Sharp decrease in the amplitude noted in the reflected signals can be

attributed to the absorption in the soil.

Using this method, dielectric constant of the medium can be found out if we

have the range profile and span of the container. The two responses obtained from

the front surface and back surface of the vessel differ by 4.148 ns (l5.403 ns ~

l9.55l ns). The actual distance between the two surfaces is 40 cm. From the time

elapsed for the travel through a distance of 40 cm, we can find the dielectric constant

of sand as 2.56.
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The results obtained from carrot and the black stone (which contains traces of

iron) when placed at a depth of 20 cm are as shown in figure 3.19. The dotted line is

from the carrot and the broken line gives the response from the black stone. The

raised amplitude for the black stone may be attributed to the presence of high content

of iron.
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Figure 3.19 Range profile from carrot and black stone at a depth 20 cm

Figure 3.20 gives the reflected signal responses from beet root, onion and a

group of potatoes when each of them are placed at a depth of l7 cm. The

information of the object can easily be inferred around l8 ns.
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Figure 3.20 Range profile from potatoes, beet root and onion at a depth l7 cm

A typical response obtained from the vegetable ash guard is also given in

figure 3.21. This is deliberately chosen for the study, even though this vegetable is

not produced under the ground. The dependence of the shape of objects on the shape

of the range profile is explored from this study.
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Figure 3.21. Range profile from ash guard at a depth of 20 cm
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Ash guard has a large curved surface and size. It can be seen that the response from

ash guard is near to I8 ns and the peak is broader than that of other peaks for samples

shown in figures 3.18, 3.19 & 3.20. This indicates that the sample of larger planar

area gives a sharp peak while a curved object a flat response/peak. This can be

verified by considering the time domain reflected signal from the two objects: one

with planar and the other with curved surface using FDTD simulation. Resultant of

the scattered signals from different points of the object should be considered since

the pyramidal hom picks the resultant scattered field rather than the individual

gaussian pulses.

Consider a case, where an object of rectangular cross section is buried in a

dielectric vessel as shown in figures 3.22a & 3.2212 and the response at different

points marked in figure 3.22b is shown in thefigure 3.23.
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Figure 3.23 Response of the system in fig 3.22a

It can be seen that the responses from the points P2, P3 and P4 in figure 3.22b

are the same. But if the object does not have a plane surface, the responses at

different points will be different in the reference of time. Consider the case of an

object having curved surface as shown in figure 3.24a. The reflected signals from

different points Pl , P2, P3 and P4 are shown in figure 3.25a. The points P2, P3 and

P4 are in line with the object and the responses at these points show that they are

different in time scale and having a slight time difference. If they are added to get

resultant value, we get a broader dip as seen in figure 3.25b. It can be noted that the

amplitude of resultant dip is less than the individual responses. Also, it can be

inferred that the more the object curvature, more will be broadening of the resultant

peak.
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To get a comparison of reflected amplitude, metal plate is kept at a depth of 20 cm

and the response corresponding to this system is illustrated in figure 3.26.
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Figure 3.26. Range profile from a metal plate at a depth of 20 cm

Different roots and stones are placed at different depths and the

corresponding time domain responses are plotted. A comparative evaluation of the

amplitude of the reflected signal for different objects are consolidated in table 3.4.

Table 3.4 Amplitude of reflection for Potato, metal plate and two types of stone with

distance

Amplitude of Amplitude of Amplitude of Amplitude of
Depth Reflected Reflected signal Reflected signal Reflected signal
(cm ) signal from from Black stone from concrete from metal

roots (mU) (mU) block (mU) (mU)

5 34.9 27.1 14.1 72.310 32.3 19.6 12.2 58.115 23.5 9.20 8.20 47.820 14.1 8.90 7.50 37.1
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3.4.3. Void Detection

In the present study, void is generated by placing an empty ball of 12 cm

diameter in sand. The air trapped in the ball provides a discontinuity. Figure 3.27

shows the amplitude of response with the sand alone, void at depths of 12 cms and

I8 cms.
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Figure 3.27 Response from a void at different depths

3.4.4 Leak Detection

For carrying out the leak detection of underground pipes, the set-up employed

is as in figure 3.28. A U-shaped PVC pipe is placed at a depth of I5 cm in a vessel

filled with sand. The response from this system is noted. Then the tube is filled with

water and time domain signal is obtained. Known volume of water is allowed to

flow out of the tube and the corresponding signal is also taken.

99

- '\ ’\ _ _'3- ~-‘_ v-"h J\\ ll. \\~  l



Chapter 3 GPR technique for Buried Object Detection
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figure 3.29.

From the graph, we can see that when pipe is filled with water, the amplitude

of the response increases. Responses corresponding to two typical leaky conditions

are shown in the graph: 600 ml of water and 1.2 litres of water is allowed to leak

out. When it is made leaky, the response again increases and it can be noted that the

response is slightly shifted towards left, which implies that water is spreading
towards the front surface.
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3.5 Summary

Some of the applications of the ground probing radar are discussed in the

theoretical and experimental point of view. In the first section, theoretical simulation

of the scattered field from buried objects is carried out. F DTD method is adopted for

the implementation of the simulation incorporating the dispersive nature of the

dielectrics. The amplitude of reflected signal (gaussian pulse) from various objects

placed at different depths having different dielectric constant is computed and

tabulated. The reconstruction of object details from the set of theoretical range

profiles is also done in this section.

Experiments are conducted on a vessel filled with sand, which simulates the

ground environment. Dielectric objects having dielectric constant same as that of

plastic mines is buried in the vessel and are detected by analyzing the time domain

reflected signal. The measurements in X and Ku bands are taken using ordinary

pyramidal hom antennas placed in free space. Observations show that Ku band

measurements do not contribute much in improving the accuracy. So further

measurements are limited to X-band only. In the next part, root detection, which

finds application in the field of crop/vegetable estimation, is carried out. Different

types of roots are positioned in the vessel and the amplitudes of reflected signal from

different depths are tabulated. It is observed that, these signals are easily

differentiable from that of other naturally occurring dielectric objects such as stone,

wood etc. It can also be seen that a root placed at a depth of 20 cm gives the same

amplitude of reflected signal as that of a concrete block at a depth of 5 cm. Also, the

relation between the shape of the range profile and the size of the object is

established theoretically. The experiment is further extended to void detection. In

the last part, leak detection from buried water pipe is carried out. It is noted that the

amplitude of reflection increases with the leak. The reflection peak is found to be

shifted towards that from air-solid interface.
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The electrical properties of some hody tissues at micvowaveflequencies are

studied. Cavityperturhation method is employed fin" the measurement. The

results find applications in numerical simulation of cells, microwaw imaging,

Specific/lhsovption Rate (S/1R)detenm'nati0n and other medical applications.



Chapter 4 Biological Study
4.1 Introduction

Electrical properties of biological tissues and their interaction with

electromagnetic waves have attracted the attention of researchers working in the field

of medicine and electromagnetics. Extensive research had already been done in

these fields and is still going on since its results have direct impact on human life [l

l3]. In this modern world where microwaves are extensively utilized for

communication, the study of the dielectric properties of tissues at these frequencies

are of special interest. In order to understand the interaction of electromagnetic field

with tissue, it is important to know its complex permittivity accurately [14].

Biological effects of microwaves and the application of microwaves in medicine

represent two strongly developing areas of research. Availability of sophisticated

microwave systems and components of smaller size at lower cost makes microwave

applications in medicine more attractive. Microwaves are used in cancer therapy

[15], hyperthemiia treatment [16], diagnosis [17], clinical applications [18] and many

more.

The invention of the non-invasive techniques of imaging of tissues, which are

highly effective in revealing the conditions of the internal organs of the body, was a

breakthrough in the field of medical diagnosis. Different tomographic techniques

depending on the method of imaging and the object fiinction imaged has been

evolved. Electrical Impedance tomography (EIT), which conducts complex

pennittivity and/or conductivity [19-21] measurements in the radio spectrum, is one

of those fields where the electrical properties are imaged. Recently, microwave

imaging [22-28] has emerged as another field of great potentiality. The knowledge of

the dielectric properties of various biological tissues at these frequencies is of much

significance in deriving useful information in this kind of imaging. Any deviation

from these standard values, obtained while imaging, lead to an indication of its

physiological conditions [23,28]. Since the dielectric properties are highly

dependant on temperature [24], the system that monitors the dielectric parameters of

the biological tissues may also be able to determine the temperature distributions in

the tissue.
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There has been a recent increase in public concem over the exposure of

humans to Radio Frequency (RF) Electromagnetic fields especially from mobile

telephone handsets and associated devices. The most popular method for analyzing

the dose of exposure is to detemiine the Specific Absorption Rate (SAR) of the

device, which quantifies the amount of energy absorbed by biological tissue. SAR

value is calculated using the following equation:

E?
SAR = o'—'—'l'—‘-'

P

where ‘cs’ is the conductivity ofthe medium in which the electric field measurement

is made and ‘p’ is the density.

In this chapter, dielectric studies of some body fluids like bile, gastric juice,

pancreatic juice, saliva, sweat and chicken bile in the microwave region have been

carried out. The work is also extended to solid biological materials like pancreatic

stone and bile stone. As many of the body fluids are available only in small

quantities the cavity perturbation method is employed for its characterization. This

method is well-accepted as it provides best results and requires only small amount of

sample [29].

Dielectric properties such as conductivity, loss tangent, absorption coefficient

and penetration depth are determined from the measured complex permittivity

values. This information finds application in numerical simulation of cells [30],

microwave imaging [22-28], Specific Absorption Rate (SAR) [31-34] detemiination

and medical applications [35].

4.2 Review of the past work

The interaction of electromagnetic waves with biological objects is well

known [l-13]. A pioneering work in the field of microwave dielectric properties of

biological materials has been reported by H. F. Cook [1,2]. Schwan [3] has reported

studies on electrical properties of some tissues and suspensions. Musil and Zacek
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[4], consolidate the earlier results of dielectric properties of tissues. Polk and Postow

[5] present the details of electromagnetic interaction with biological tissues.

C. Gabriel et al. and S. Gabriel et al. [6-8] determined the dielectric properties

of many of the biological tissues in the rangel0 Hz -100 GHZ. The electrical

parameters of any tissue at the desired frequency can be obtained from the table [l 3]

provided.

Homback et al [15] for the first time reported the clinical trials of microwave

therapy for the treatment of cancer. Salcman [16] reported the trials of hyperthermia,

feasibility of the method and the absence of secondary effects.

Naoya Hoshi et al. [17] present application of microwaves for the

characterization of teeth. They analysed the transmission coefficient by placing the

tooth to be tested in between the two waveguides and conducted the experiments in

the range of 40 MHZ-40 GHZ. Dental carries are found to be more lossy than the

healthy tooth and this could be used for dental diagnosis.

Masahiro Hiraoka et al. [18] present a review of the development of RF and

Microwave heating equipment for hyperthermia and their clinical applications in

detail. They describe the features of regional heating, inductive heating and thermal

distribution in some of the tumors.

Impedance tomography was first proposed by Brown and Barber [l9] for

clinical applications. Since then, many scientists [20,21] are working intensively for

the development ofa complete system.

Larsen and Jacobi [22] compile the different areas related to biological

applications of microwaves. Tissue permittivity measurements. microwave

holography and coherent tomography, inverse methods in electromagnetic imaging.

methods of microwave tomography, imaging system design etc are discussed in
detail.

Bocquet et al [23] present a microwave radiometric system working at 3

GHZ, which provides images for a square area about half a decimeter on a side.
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[4], consolidate the earlier results of dielectric properties of tissues. Polk and Postow

[5] present the details of electromagnetic interaction with biological tissues.

C. Gabriel et al. and S. Gabriel et al. [6-8] determined the dielectric properties

of many of the biological tissues in the rangel0 Hz -100 GHz. The electrical

parameters of any tissue at the desired frequency can be obtained from the table [13]

provided.

Hornback et al [15] for the first time reported the clinical trials of microwave

therapy for the treatment of cancer. Salcman [16] reported the trials of hyperthermia,

feasibility of the method and the absence of secondary effects.

Naoya Hoshi et al. [17] present application of microwaves for the

characterization of teeth. They analysed the transmission coefficient by placing the

tooth to be tested in between the two waveguides and conducted the experiments in

the range of 40 MHZ-40 GI-lz. Dental carries are found to be more lossy than the

healthy tooth and this could be used for dental diagnosis.

Masahiro Hiraoka ct al. [18] present a review of the development of RF and

Microwave heating equipment for hyperthermia and their clinical applications in

detail. They describe the features of regional heating, inductive heating and thermal

distribution in some of the tumors.

Impedance tomography was first proposed by Brown and Barber [l9] for

clinical applications. Since then, many scientists [20,21] are working intensively for

the development ofa complete system.

Larsen and Jacobi [22] compile the different areas related to biological

applications of microwaves. Tissue permittivity measurements. microwave

holography and coherent tomography, inverse methods in electromagnetic imaging.

methods of niicrowave tomography, imaging system design etc are discussed in
detail.

Bocquet et al [23] present a microwave radiometric system working at 3

GI-17., which provides images for a square area about half a decimeter on a side.
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They used multiprobe radiometer that improves their localization. Many scientists

[24-27] are independently and collectively working on the improvement of this type

of imaging.

Paul M. Meaney et al [28] discussed in detail the prototype for active

microwave imaging of the breast. They have observed that electromagnetic

properties of breast malignancy are significantly different from normal breast tissues

at frequency near 900 MHz.

The numerical modeling of head [30] is performed from the conductivity and

dielectric constant of the tissues. The effect of microwave absorption in human head

due to the hand held portable radios and transceivers are also reported by Cleveland

Jr. et al [32], O.P Gandhi et al. [33], and Klaus Meier et al [34].

An exhaustive data is presented by Thuery [35] on the medical applications

of microwaves. Interaction of e.m. waves with the organism, biological effects and

effects on nervous system due to microwaves, safety standards of exposure to e.m.

radiation and different biomedical applications are discussed in detail.

Linfeng Chen et al [30] describe that resonant methods, mainly resonator

methods and resonant perturbation methods have relatively higher accuracy than

nonresonant methods. In the paper they discuss the amendment of cavity

perturbation method for permittivity measurement of extremely low-loss dielectrics.

They have also compared the results obtained before and after the amendment.

The earliest treatment on cavity perturbation theory is given by Bethe and

Schwinger [36]. According to them the perturbation is caused (i) by the insertion of

small dielectric sample into a cavity and (ii) by a small deformation of the boundary

surface of the cavity.

A detailed perturbation formula with necessary approximations is given by

Waldron [37]. He concludes that the high accuracy perturbation formula will only

be realised if the specimen is suitably shaped and positioned in the cavity.

Harrington [38] gives a detailed description of perturbation due to cavity walls and

the insertion of the material into the cavity field region. Many types of cavities and
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modifications are proposed by the researchers [39,40]. The accuracy conditions of

the cavity resonator measurements are also discussed by many researchers [29,41].

4.3 Sample collection and method of measurement

The biological samples are collected from a Digestive Disease Center. ln this

center research, diagnosis and treatment of diseases connected to the digestive

system are done using the advanced medical technology, the Endoscopy. The

intemal organs are examined using the modem Endoscope named Videoendoscope

(see figure 4.1), which consists of an Endoscope, CPU and a Monitor. A charge

coupled-device at the tip of the shaft transmits the magnified image into TV screen.

The handle of the Endoscope has control knobs for maneuvering the tip and also

buttons to regulate irrigation water, air insufflation and suction for removing air and

secretions. Also there is an instrument channel allowing the passage of biopsy

forceps, snares for removing polyps and devices to control bleeding.

In routine Upper Gastro Intestinal (UGI) Endoscopy, entire esophagus,

stomach and the proximal duodenum are examined. Some of the common conditions

that are routinely diagnosed by endoscopy include Gastro esophageal reflux disease,

Peptic ulcer and cancer of Upper Gastro Intestinal tract. During this investigation,

bile samples and bile stones are collected. Usually bile stones are removed by ERCP

(Endoscopic Retrograde Cholangio Pancreatography) surgery. This is a variation of

UGI endoscopy, combining Endoscopic and Radiologic techniques to visualise

biliary and pancreatic duct systems. A side-viewing instrument after being placed

into the descending duodenum, the papilla of Vater (where bile duct and pancreatic

duct opens into GIT) is cannulated and contrast medium injected, thus visualising

pancreatic duct and hepato biliary tree radiographically. It is useful in the diagnosis

ofstoncs and cancer of bile duct and also pancreatic disorders like chronic pancreatis

and pancreatic malignancy. Therapeutic potentials include removal of bile duct

stones and palliation of obstructive jaundice by placing stents to bypass obstructing

lesions. Bile, pancreatic juice, pancreatic stone and gastric juice are collected in this

way. All the biological samples were preserved in freezing temperature to avoid the

possibility ofdecay. However the dielectric measurements were done at 25°C.
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Because of many constraints such as high dielectric loss and faster decay rate

of biological materials, the studies on the dielectric properties on these materials are

seen very seldom in the literature. Also, much care should be taken in handling the

infected biological samples.

F
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Figure 4.1 Video endoscope: Pentax ED-344OT

The dielectric characterization of biological samples is performed using the cavity
perturbation technique. It is one of the most accurate methods available [29].
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The main attractive feature of this method is that it requires only a small volume of

sample.

The basic principle of the cavity perturbation technique is that the field is

perturbed by the introduction of the sample. The dielectric parameters can be

determined from the cavity parameters such as resonant frequency and quality factor.

The basic criterion in the method is that field perturbation should be small. This is

satisfied when the perturbing sample is of small volume compared to that of cavity.

Normally the biological fluids like bile, gastric juice, pancreatic juice etc are

available only in small quantities. So the cavity perturbation method is most
suitable.

The cavity resonator is constructed with a portion of a transmission line

(waveguide or coaxial line) with two ends closed. The cavity resonator employed for

the study is a transmission type one. There is a coupling device, which is usually

called as iris, to couple the microwave power to the resonator and from the resonator.

The principle of the resonant cavity perturbation method is discussed in detail by

many scientists [36-40].

Dielectric study of biological liquids is carried out in two bands, S (2-4 GHZ)

and C (4-8 GHZ). Three cavities are constructed and the physical dimensions are

given in the table 4.1. S-band cavity resonator is constructed from the section of the

standard rectangular waveguide WR-284. In the case of C-band, a WR-I59

waveguide is used.

For the accommodation of solid samples like bile stone and pancreatic stone,

a special type of S-band cavity is designed. It is constructed with a provision for

inserting the solid samples. A rectangular opening of4 cm x 3 cm is cut at the non

radiating wall of the cavity resonator. Metallic cover of the same dimension is put

back so that there is no leakage of energy from the opening. The resonating

frequencies and the corresponding quality factors of the cavity, before and after the

opening, show no substantial difference in the quality factor. This indicates that

there is no much leakage through the metal cover. The schematic diagram of this

cavity is shown in figure 4.2. The inner side of the cavity and the position of the
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sample holder, which accommodates the solid samples, are shown in the figure

through a window. The sample holder is in the form of a small cup made of low-loss

polystyrene. lt rests on a rod of the same material and can slide along the slot.

The cavity resonator is connected to the two ports of S-parameter test set and

it is excited in the TElOp mode. The length of the resonator determines the number of

resonant frequencies. Typical resonant frequency spectrum of the cavity resonators

are shown in figures 4.3a & 4. 3b and the cavity parameters are given in the table 4.2.

Table 4.1 Physical dimensions of the cavity resonators

Type of Length, d Breadth, a Height, b
cavity (mm) (mm) (mm)
S-bandl 353 72.0 33.5
S-band2 224 72.0 33.5
C-band 165 34.5 l5.5

SAMPLE HOLDER OPENING FOR
PUTTING THE
SAMPLE

Figure 4.2 Schematic diagram of cavity resonator for bile stone measurement
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Table 4.2 The characteristic features of rectangular cavity resonators

Resonant .
Type Ofcavity ii Frequency (GHZ)  Unloaded Q-factor

1 S-band Cavity 1
1

l

l .

l

T (T5103 - TE107)

iii

92.49397 SE70

Ali?

2.6833 6323

2.9692 5716

3.2853 4954

3.6237 4289

S-band Cavity 2

(TE103 - T5100)

2.4615 2019 9999 99

2.8748 2100

3.3713 1995 I
3.9165 1743

C-band Cavity

(T5103 - T5107)

5.0992 4391

59.963935 9519659 9 99 99

6.24997 301979999999

6.9282 2801

7.6580 2750

4.4 Theoreticalconsiderations

The determination of the complex permittivity and conductivity is based on

the theory of perturbation. When a dielectric material is introduced in a cavity

resonator at the position of maximum electric field, the contribution of magnetic field

for the perturbation is minimum. The field perturbation due to the introduction of

dielectric sample at the position of maximum electric field [40] is related by

— =|<
(er—1)[ 1-3.130max avdQ V_-_ =   a 4.1o = lz 1 12 d\/'

V10 E01

115



Chapter 4 Biological Study
where dQ is the complex frequency shift.

E0 is the electric field inside the unperturbed cavity and E is the electric field

in the perturbed state, 21-; is the relative complex permittivity of the sample. But

er = s/I — jag . where aft is the real part of the complex permittivity, which is

usually known as dielectric constant and 84/ is the imaginary part of the complex

pemiittivity, which is associated with dielectric loss of the material. V, and Vc are

the volumes of the sample and the cavity resonator respectively.

Complex frequency shift is related to the Quality factor asQ ' I 11. = 2<:.1(___] (4.2)Q to 2 Q8 Q,

Qs and Q, are the quality factors of cavity resonator with and without the

sample respectively.

Quality factor Q is given by, Q = 2%

where f is the resonant frequency and Af is the corresponding 3dB bandwidth.

For small sample, we assume that E = E9.

For dominant TEN", mode in rectangular wave guide,

. n . rr
E0 = E .srn-isin-P-55 ,p=1,2,3 ..... .. (4.3)300188

Ellmax is the peak value of E0. 'a' is the broader dimension and 'd‘, the length of

the waveguide cavity resonator respectively.

From equations (4.1), (4.2) and (4.3), we get
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f -—f Ver/_1 = __L____§. _° (4_4)
Zfs Vs

8//' : VC__ Qt —QSr 4V8 QtQs D
Loss tangent is given by the expression

//'tan5 2 if (4.6)
5,:

The complex conductivity can be found out from the dielectric constant.* . is0'8 = ;a)e (4.7)
But 5* = so (sf. — )4" ) is the complex absolute permittivity.

0;“ = wso (je,/. + 5,1’) (4.3)

The physical idea of conductivity is given by the real part of (4.8). The effective

conductivity is written as

_ //ae - (050 5,. (4.9)
Materials can be classified in terms of their transparency to e.m. wave

through it. The transparency is defined by the parameter, absorption coefficient [42],

given by

ns”f0: = Y (4.10)
where n is the real part of the complex refractive index ‘feat , c is the velocity of

light.
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4.5 Measurement Procedure

For the measurements of complex permittivity of biological liquids, a

capillary tube (radius less than 0.5 mm) made oflow loss fused silica is used. The

empty tube is cleaned, dried and inserted in the cavity resonator. One of the resonant

frequencies is selected and the tube is adjusted for the position of maximum

perturbation where the resonant frequency and 3dB bandwidth are determined. The

empty tube is then taken out and filled with the biological liquid and the

measurement is repeated to determine the new resonant frequency and 3dB

bandwidth. The procedure is repeated for all other resonant frequencies.

Measurements are made for different samples of bile, gastric juice, saliva, pancreatic

juice, sweat and chicken bile.

For the measurement of cavity parameters with the solid samples (bile stones,

pancreatic stone) the specially designed cavity resonator is used. Because of large

sample size, the measurements are done in the S band only. When these samples are

inserted in C-band, the perturbation condition - the perturbation should be small 

fails. The sample is usually irregular and can be shaped by applying low pressure.

The cup is placed in the cavity resonator through the rectangular slot of the

waveguide. The rectangular slot is closed with a metal piece of correct size to form a

part of the waveguide. As in the case of measurement of liquids, the resonant

frequency and 3dB bandwidth of the cavity resonator with emptycup are detennined.

Then the experiment is repeated after placing the sample in the cup.

4.6 Accuracy conditions

Since all biological materials are high loss dielectrics, the volume of samples

should be small in order to satisfy the perturbation conditions. Hence, capillary tubes

of small diameter should be used. To satisfy the perturbation condition, the relative

resonance frequency shift ( should be of the order of 0.001. This means that the

big samples, which will give a change of more than 0.001 GHZ in the resonance

frequency, may contribute some error in the determination of the permittivity.

Similarly the shift in the quality factor should be only upto a fraction of l0-15% from
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the unloaded condition. Also, the material of the capillary tube should be low loss

(tan6 should be of the order of 0.000l). Another very important point to be taken

care is the very precise measurement of the radius of the capillary tube. The radius

should be measured at different cross sections of the capillary tube and average value

should be considered for the calculation. A slight error in the diameter measurement

makes drastic changes in the results. The sample should be vertically placed inside

the cavity. The inner side of the cavity resonator should be routinely cleaned and

silvered to reduce the wall losses [29] as silvering improves the quality factors of the

frequencies.

4.7 Experimental Results
4.7.1 Bile

The complex permittivities of normal and infected bile are found to differ.

The dielectric constant of normal bile varies from 61 to 53 (i2) in the frequency

range from 2 GHZ to 8 GHZ. Depending on the nature of the disease, the infected

bile has a dielectric constant greater or less than that of normal bile. But it is

observed that most of the infected bile samples have high dielectric loss and

conductivity than the 110111131 bile. Eight samples were collected from the following

patients with various diseases who were undergoing different types of treatment.

l. a patient suffering from a stone in the gall bladder and the bile duct
(Cholelithiasis and Choledocholithiasis). Gall bladder and Common bile duct

stones were removed by ERCP (sample l)

2. a patient suffering from a bile duct stone ( Choledocliolithiasis ) alone (sample

Z)

3. a patient suffering from Cholestatic Jaundice (Primary Sclerosing Cholangitis),

which is an inflamatory bowel disease. As a result. the bile ducts become

narrowed and irregular. The gall bladder of this patient was removed by

laproscopic cholecystectomy (sample 3).

4. a patient suffering from biliary obstruction and jaundice. (sample 4)
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5. a patient suffering from Carcinoma Head Pancreas. He underwent stenting with

the video endoscope. (sample 5)

6. a patient suffering from obstructive jaundice due to carcinoma of the Ampulla

of Vater. (sample 6)

7. a patient suffering from acute calculus cholecystectomy. (sample 7)

8. a patient suffering from the same disease as in sample 7. But this patient got

affected by the disease very recently. (sample 8)

Three samples of nonnal bile were collected and their average value is shown

in the tables and figures as nonnal value for comparison. Real parts of complex

permittivity of infected bile samples and nonnal bile are shown in figure 4.4a & 4. 4b

and the imaginary parts of complex pennittivity of different samples infigure 4. 4c &

4. 4d.

Other dielectric parameters such as loss tangent tan 6, conductivity oc,

absorption coefficient on and penetration depth 6 for different samples are shown in

the tables 4.3a & 4.31).
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Table 4.3a Loss tangent tan 8, conductivity 0., absorption coefficient 01 and

penetration depth 5 for different bile samples

{(0111) tan5 6. (S/n1) I o1(m'l) 5(cm1) 1

I Normal

1 2.68 01264 2.322 I 56.440 1.771

0.293 1
.._1

3.122 1 76.160 1.312

1.___.

3.28

3.97 1 0.321 I 4.207
I 101.59

0.984

' I 5.09 0.364 5.660 I 141.59
1 _

0.706_]4 .
1I 
F 6.20
I

1

1

0.457 8.435 I 212.04 0.471

_____1

J? 6.92 0.382 7.799 I 198.27

-_-_.,__

1 0.504

I Sample 1

—-_---»

2.68 0.275 18 2.694 T 62.056 1 1.611

I

—I-— .

1

1

I

I

...,- .4.
I

1

3.28 0.312 3.737 85.870IL- .- . 1.164 1

1 3.97
1 0.343 4.924 1 113.42 0.881

r

5.09 V.

0.352 5.977 7 1 143.19 0 698

1.4; ii

1 v

i

‘I7 I  6.20
0.437 1 9.272 I 217.75 0.459

<

1 6.92
j.

0.490 1 11.153 265.76 0.376

-4-._-i_@_

. Sample 2

1

‘I3 " 2.96 0.326 I 2.737 '- 71.320 1.402

..n_-__i.

1

T
I 3.28 0.333 3.372 I

1 86.440‘
1156

3.97 10.3621 ‘ 4.170 107.04.  4%. _

‘
I

1

1

0.934

I 5.09

1-.‘

1

0.391 1 4.834 ' * 135.430 0.738

6.20 0.4191 6.736 182.061 . . It 0.549

“T

6.92
.1

0.414 ‘ 7.0381 It A 195.59 ’ 0.511 1

1 Sample 3

i-F--1-_._—-Qwu-.

'__1

2.68
I 0.289 1 2.694

8 .
1 63.500

17-71

1.574 7.

I 3.28

.jl_-. ..7.

0.292 '
I __

3.376 79.020 1.265

_i_

w------6-4

, 3.97 0.335 I 4.604

?-1-.4
1

108.510

_..€._. 4-nu-I.

I

1 0.921

-v-—

1 ‘ 5.09
1

I 0.331 6.002 139.430

“

0.717

4_.._-__. -1-...

1 6.210

T__

70.476 7

-1.4.

9.038 223.53

_.[.

0.447

'1

.
6.92 0.388 1'

...__I,__

8.938

._1€__-—-_-.>i

1

I

. I.

213 89 0.467

»-

.1_4__i
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_-5-.
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--_
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’
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_
0
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_

15 3.97 0:3 74 7

ii-Lg

5.361

-__1

123.310 ‘ 0.810

Q»--Q-_.

\

_.._-_

35.09 0.396 E

1
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Table 4.3b Loss tangent tan 8, conductivity cc, absorption coefficient on and

penetration depth 6 for different bile samples

1 Normal

? 2.68 '1
.1 0.264 1 2.322 1 56.44 1.771

3.28
L- .- _

0.293 -3.122
9%"

776.16

1 f (GHz) tan 8 oe (S/m) p on (m'1) L 5 (cm) 1
1 1.312

1 3.97 0.321 4.207 101.59 1 0.984 ‘

1‘ 5.09 0.364 @ 5.660 1 141.59
.- -1
. 0.706

, 71 1 6.20 0.457 W 8.435 12112.04 1 0.471 1
1

1- 1
1

1 6.92
1__. .

1

1 0.382 1 7.799 198.27 0.504

1 Samp1e5 1.
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1

;r_
76.987 3 1.298
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I _._.
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1
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6.2 1 0.430 17.401 193.018 : 0.5181 1
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4.7.2 Bile Stone

Hard biological materials deposited in the gall bladder or the bile duct are

generally known as bile stones (Cholithiasis and Choledocholithiasis). Such

materials deposited in the pancreas are known as pancreatic stones. The complex

permittivity of bile stones collected from these patients were also studied. The real

and imaginary parts of the complex pemiittivity are shown in the figures 4.5a &

4.512. Table 4.4 shows other dielectric parameters derived from the complex

dielectric constant.

4.4 1'  ,
W

4-3 -I -------- --I §
II4.2 Ir’; —o—Sample 1Q5‘ 41 p ; -.5--Samp|e2

4 |
5

Ii I I3.9  a  at a ii2 2.5 3 3.5 4
Frequency, GHz

Figure 4.5a Real part of complex pennittivity of bile stone samples with
frequency
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Figure 4.5b Imaginary part of complex permittivity of bile stone samples
with frequency

Table 4.4 Loss tangent tan 8, conductivity 0., absorption coefficient on and

-0-Sample 1

penetration depth 5 for different bile stone samples

- n - -Sample 2

‘,_.

r (GHz) tan 5 6. (S/m) ‘ <1 (m-‘) 6 (cm)1
L

1

I Samplel [

2.44 0.045 0.0244 2.298 1

1 43 .518

2.85 0.065 0.0412 333176 1 25.800

3.34 0.033 0.0256

_

2.388 Z1 I879

3.89 0.061 0.0562

iii-L

59.91363

.11,

19.368

‘

Sample 2

2.44

_ I .

1

0.063 0.0339 "3191 31.340

2.85 0.083 0.0554

_i_iq-w

W 5.090 19.646

3.34 930.026 0.0204 1.854
1

53.929

i. 3.89 0.056
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The dielectric constant of these samples is found to be almost the same as that of fat

[4]. Slight variations in the real and imaginary parts of the complex pemiittivity of

different bile stones were observed.

4.7.3 Gastric Juice

Gastric juices of two persons were collected and complex pennittivities of

these samples were determined. The two persons were suffering from gall stone

disease and artral erosion. They underwent the removal of the gall bladder, which

contained multiple mixed stones. The dielectric constant and dielectric loss of

gastric juice varies from patient to patient. Figures 4.6a & 4.612 describe the variation

of complex permittivity of the samples and table 4.5 gives other dielectric

parameters.
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Figure 4.6b Imaginary part of complex permittivity of gastric juice samples
with frequency
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Table 4.5. Loss tangent tan 6, conductivity 0,, absorption coefficient on and

penetration depth 5 for different gastric juice samples

1  r (GHz) tan 5 0. (S/m) on (m") 6 (cm)1 2.44
2.68

0.242

0.274 2 2.959 64.851

2.371 52.114 1.919
1.542

._..1._

.._l

7 3.28 0.279 1 3.748 " 811557 1.2261 3.62 0.316 4.2437“ 96.664 1.034

5 Sample 1 77 7 3.97 0.339 1 5.127 . 115.158 0.868 7 ‘W

1 5.09 0.317 5.380 1 129.241 0.773

1 5.63 70.3705 5.779 138.394 0.722
1

1

6.24 0.389 8.732 200.790 07.747978

6.9277  2.44
0.422

70.136

1 10.026
1

1.2851 . 2375137678

28.935

0.425

3.456 1

I

2.68

3.28

0.154

0.177

1.763 ~

2.324 ‘

39.001

51.316

2.5647

1.90487

3.62 0.230 3.273 72.941 1.371

3.97

5.09

1 Sample 2 0.231

70.7213

1

3.748

2 4.113

81.907

93.3765

1.229

1.071

I

I

1

.1...-. .-...___.___l.-._..

1 5.63
1

0.267 1 6.035 132.707 2 0.7536.24 70.3279 g 8.285 180.991  0.552
1 ~ 7 6.92 0.327 1 8.803 195.812 1 0.511

__L

. I

4.7.4 Saliva

Both saliva and gastric juice have many similar functions. It is observed that

there is a slight variation in the dielectric properties for these two biological

materials. Saliva was collected from two healthy persons. Figures 4. 7a & 4. 7b show

the variation of real and imaginary parts of the complex permittivity with frequency

and the derived dielectric parameters are tabulated in table 4.6.
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Figure 4.7a Real part of complex permittivity of gastric juice samples with
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Table 4.6 Loss tangent tan 6, conductivity 09, absoiption coefficient on and

penetration depth 5 for different saliva samples
1

1

1

J

f(GHz) tan6 8.(s/m) , ot(m'1) 1 6(cm)1 .
7 77- 2.68 0.160 1.635 37.09 2.696

_T

2.96 0.179 2.008 45.65 1

1

__._r___

I A 3.28 Y 0.205 ‘-7 2.514 7577.46

2.1907

1.740
1‘  3.82

1.... .

0.195 2.573 59.51 1.677
1

1

1

A Samplel -. 3'97
0.238 3.6745 81.86 1.221

5.06 0.250 1 4.8237 1

1
108.87

_i1

0.918

5.58 _T-_ 0.264 1 5.520 125.74
1

0.795

76:19 0.295 7.351 150.91 0.621

6.86 70.385 11.125 [ 2
1 236.61

1

1 0.422
1i ‘ 7.6 0.517 Z 13.381 312.41 0.320

1  2.88 7 0.162 . 1 .626 37.22 772.687

» 2.96 0.165 1.855 42.25 2.367
1

1

1 6'37.28 0.193 it ‘ 2.324 53.64 1.864

1 M7 3.62 0.206 2.8481 . 64.44“ 1.552

3Y97 1 0.230 1 3.484
1 .... .

78.68 1.270
A Sample 2 1 5.061 1

1

_L .
1

0.246 1 4.722 106.96 0.9357

1 5.58 0.291 5.455 1 130.81 0.764

_-i ___._|__

A 8.19 70.295 6.890 156.14 0.640

1 6.86 ‘ 0.42277 10.618 241 .03 0.415
— "—r

1 7.6 i 0.462 i 9.622 251.74 0.397

4.7.5 Pancreatic Stone

Complex Permittivity of pancreatic stone collected from a patient was

studied. These stones are harder than bile stones and have the same physical nature

of kidney stone. Figures 4. 8a & 4. 8b show the variation of real and imaginary parts

of the complex permittivity with frequency and the derived dielectric parameters are

tabulated in table 4. 7.
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Figure 4.8a Real part of complex permittivity of pancreatic stone sample
with frequency
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Figure 4.8b Imaginary part of complex permittivity of pancreatic stone
sample with frequency
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Table 4.7 Loss tangent tan 8, conductivity oc, absorption coefficient or and

penetration depth 5 for pancreatic stone sample

f (GHZ)
‘. __

tan 8
oc (S/m) or (m") 6 (cm)

2.68 0.2343 1 0.1951 1 15.438 6.477

Q-.-i-q-1.?»

1 2.96 1 0.11204 0.0983 8.298 12.050

“I

3.28 1 0.1120 0.1073752‘ 1 * 8.646 11.565

3.62
1 1 0.0002 \ 50.0002 0.018 5407.82

0.1002 0.0988 8.794 11.3723.97

4.7.6 Pancreatic Juice

Complex permittivity of pancreatic juice collected from two persons was

determined. The two persons were suffering from gal stone disease and artral

erosion. They underwent surgery for the removal of gall bladder, which contained

multiple moxed stones. The pancreas of these persons was normal. Dielectric

constant and dielectric loss of pancreatic juice were determined. Figures 4. 90 &

4.9b show the real and imaginary parts of the average complex permittivity of

pancreatic juice and table 4.8 gives other dielectric parameters such conductivity.

loss tangent, absorption coefficient and penetration depth.
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Table 4.8 Loss tangent tan 6, conductivity 0., absorption coefficient on and

penetration depth 6 for different pancreatic juice samples

2.44

1 (cm) tan 5

0.218 116Q 47.328 2.112

0'. (S/m) ot (m")  6 (cm)

.11 268 0.223 2.387 52.731 1.896
1 _?9? 0.259 3.207 7 69.1137 8 if 8 7 i1i.i4?1757 1

128 "7177 0.298“  i4.'0i50ii-“' 87449 so 71.71437“
1 3.62

Sample 1  397
9973 - 5315

. 0.342 if 8 7 5.288
116952
117385

08.88375
-7 70.851

1

1 0294 5.680 123194 A 0.7805 5.63i 1 5.09
7 70.73 19 9968 155.373 ‘W’ if 0.643

fi

7 1 624 70.351"1 8.697 191.0789" 0.523
"692 0.360 9.614 214.061 0467

q---v-_
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4.7.7 Sweat

Sweat was collected fT0m two person and the dielectric constant xx as

determined. The result shows that the real part of the complex pennittivity of sweat

is almost the same as that of urine [43]. Frequency dependency of the complex

pemiittivity is shown in the figures 4.106: & 4.106. Table 4.9 gives the variation of

other parameters with frequency and sample.
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Table 4.9 Loss tangent tan 8, conductivity 0., absorption coefficient o1 and

penetration depth 6 for different sweat samples

1»
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4.7.8 Chicken Bile

Complex pcmiittivity of chicken bile is studied with an intention to get a

comparison ofthe value of human bile. It is collected in a capillaty tube and inserted

in to the cavity resonator. As before the measurement is performed. The dielectric

nature of this sample is illustrated infigures 4.110 & 4.I1b and in table 4.10.
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Table 4.10 Loss tangent tan 8, conductivity 0., absorption coefficient on and

penetration depth 5 for chicken bile sample
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The comparison of the figures 4.4 & 4.11 and tables 4.3 & 4.10 shows that

the complex permittivity and other derived quantities of chicken bile does not vary

much with that of human bile except for some slight random variations.

4.8 Dielectric contrast of fluids with water

As the body fluids are having aqueous base, the dielectric parameters of the

samples are compared with the reference values of water obtained by the same

method. The complex permittivity of water is given in table 4.1/. The comparison

will give the idea of the percentage of water in the samples. The dielectric contrast

of different samples with respect to water is given infigures 4.12-4.17.
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Table 4.11. Complex permittivity of water
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From the figures 4 12a & 4.12b, it is observed that all the b1le samples are

havmg dlelectrlc constant less than that of water but the imaginary part 1s hlgher than
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4.9 Summary
Dielectric characterization of biological tissues at microwave frequencies is

done. Different biological samples are collected from a digestive disease center. The

samples subjected for the study include: bile, bile stone, gastric juice, pancreatic

juice, pancreatic stone, saliva, sweat and chicken bile. As the samples are available

only in small quantities, the cavity perturbation technique is most suited for the

study. Special type S-band cavity resonator with the provision for inserting the solid

samples is designed, fabricated and used for the measurement of samples like

pancreatic stone and bile stone. The measurement is limited only to S-band for these

samples to satisfy the perturbation condition. The fluid samples are characterized in

the S and C band frequencies. Variation of relative complex permittivity values of

the samples with frequency are shown graphically and other derived dielectric

properties such as loss tangent, conductivity, absorption coefficient and penetration

depth are given in tables. As the body fluids have aqueous base, the dielectric

parameters of the samples are compared with the reference values of water.

The dielectric nature of nonnal bile sample is found to be exactly the same as

reported in [13]. The real parts of complex permittivity of malignant bile samples do

not show a consistent nature of variation with respect to the corresponding normal

sample. But the imaginary part of most of the bile samples are noticed to be high

compared to that of normal bile. Conductivities of the malignant bile samples are

also high. The dielectric constant of bile stone is found to be nearly the same as that

of fat.

Comparison with standard values in the case of other fluids is not done as the

values are not available in literature.
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Conclusions and Future Scope

The thesis mainly focuses on material characterization in different

environments: freely available samples taken in planar fonn, biological samples

available in small quantities and buried objects. Each of these studies is given in

separate chapter.

Free space method, which is described in chapter 2, finds many applications

in the fields of industry, medicine and communication. As it is a non-contact

method, it can be employed for monitoring the electrical properties of materials

moving through a conveyor belt in real time. Also, measurement on such systems at

high temperature is possible. NID theory can be applied to the characterization of

thin films. Dielectric properties of thin films deposited on any dielectric substrate

can be determined. ln chemical industry, the stages of a chemical reaction can be

monitored online. Online monitoring will be more efficient as it saves time and

avoids risk of sample collection.

Chapter 3 deals with the applications of GPR in the detection of buried

objects. Dielectric contrast is one of the main factors, which decides the

detectability of a system. lt could be noted that the two dielectric objects of same

dielectric constant 3.2 (s, of plastic mine) placed in a medium of dielectric constant

2.56 (er of sand) could even be detected employing the time domain analysis of the



reflected signal. This type of detection finds strategic importance as it provides

solution to the problem of clearance of non-metallic mines. The demining of these

mines using the conventional techniques had been proved futile. The studies on the

detection of voids and leakage in pipes find many applications.

A rare study on some of the biological tissues is presented in the chapter 5.

The determined electrical properties of tissues can be used for numerical modeling

of cells, microwave imaging, SAR test etc. All these techniques need the accurate

determination of dielectric constant. ln the modem world, the use of cellular and

other wireless communication systems is booming up. At the same time people are

concemed about the hazardous effects of microwaves on living cells. The effect is

usually studied on human phantom models. The construction of the models requires

the knowledge of the dielectric parameters of the various body tissues. lt is in this

context that the present study gains significance. The case study on biological

samples shows that the properties of normal and infected body tissues are different.

Even though the change in the dielectric properties of infected samples from that of

normal one may not be a clear evidence of an ailment, it is an indication of some

disorder.

ln medical field, the free space method may be adapted for imaging the

biological samples. This method can also be used in wireless technology.

Evaluation of electrical properties and attenuation of obstacles in the path of RF

waves can be done using free waves. An intelligent system for controlling the

power output or frequency depending on the feed back values of the attenuation may

be developed.

The simulation employed in GPR can be extended for the exploration of the

effects due to the factors such as the different proportion of water content in the soil,

the level and roughness of the soil etc on the reflected signal. This may find

applications in geological explorations. ln the detection of mines, a state-of-the art
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technique for scanning and imaging an active mine field can be developed using

GPR. The probing antenna can be attached to a robotic arm capable of three degrees

of rotation and the whole detecting system can be housed in a military vehicle. In

industry, a system based on the GPR principle can be developed for monitoring

liquid or gas through a pipe, as pipe with and without the sample gives different

reflection responses. lt may also be implemented for the online monitoring of

different stages of extraction and purification of crude petroleum in a plant.

Since biological samples show fluctuation in the dielectric nature with time

and other physiological conditions, more investigation in this direction should be

done. The infected cells at various stages of advancement and the normal cells

should be analysed. The results from these comparative studies can be utilized for

the detection of the onset of such diseases. Studying the properties of infected

tissues at different stages, the threshold of detectability of infected cells can be

determined.

I50



APPENDIX:REPRIN TS OF PUBLISHED
PAPERS

151



ttemely sharp peaks at the lateral spectral frequencies that
coincide with the real parts of the surface-wave poles. There
fore a more sophisticated method should be utilized for
accurate integration, such as a 20-point Gaussian quadrature.
Besides, the original finite integration limits effectively may
be replaced by k_,/ku = -20.0 and +20.0 without causing
noticeable errors since a significant variation concentrates
between the two points. Similarly, remarkable peaks exist in
the low spectral range for the off-diagonal spectral matrix
elements, and a major amplitude variation resides between
It,/Ito = —-40.0 and +400. which are recommended to re
place the original infinite limits as well.

REFERENCES

l. N.K. Das and D.M. Pozer. Full-wave spectral-domain computa
tion ol material, radiation and guided wave losses in infinite
niultilayered printed transmission lines, IEEE Trans Microwave
Theory Tech 39 (i991). $4-63.

7. H. Shigesawa. M. Tsuji, and AA. Oliner. Dominant mode power
leakage from printed-circuit waveguides, Radio Sci 26 (1991),
559-564.

3. D. Nghiem, J .T. Williams, D.R. Jackson, and A.A. Oliner, Proper
and improper dominant mode on stripline with a small air gap,
Radio Sci 28 (1993). 1163-1180.

4. D. Nghiem. .l.T. Williams, D.R. Jackson, and A.A. Olincr. Exis
tence of a leaky dominant mode on microstrip line with an
isotropic substrate: Theory and measurements, IEEE Trans Mi
crowave Theory Tech 44 (1996), 1710-1715.

5. R.E. Collin. Field theory of guided waves, IEEE Press, New
York. 1991, 2nd ed., chap. 5.

6. T. ltoh (Editor), Numerical techniques for microwave and mil
; limeter-wave passive structures, Wiley, New York, 1989, chap. 5.
7. K.C. Gupta, R. Ciarg, and I. Bahl, Microstrip lines and slotlines,

,. Artech House, Norwood, MA, 1996, 2nd ed., chap. 2.
1 8. H.P. I-lsu, Outline of Fourier analysis, Unitech, 1967.
'" 9. R.V. Churchill, J.W. Brown, and R.F. Vcrhey, Complex variables

and applications. McGraw-Hill, New York. l974, 3rd ed., chap. 5.
I-lll. D. Hanselman and B. Littlefield, Mastering Matlabm 5: A
l comprehensive tutorial and reference. Prentice-Hall. Englewood
.~ Cliffs, NJ, I996.
ill. GJ. Borse, Numerical methods with MatlabT"‘, PWS Publishing,

New York. 1997.
17. S. Nam and T. Itoh, Calculation of accurate complex resonant

frequency of an open microstrip resonator using the spectral
domain method, Electromag Waves Appl 2 (1988), 635~65l.

l

John Wiley & Sons, Inc.

,A SIMPLE FREE-SPACE METHOD FOR
(MEASURING THE COMPLEX
iPERMITTlVlTY OF SINGLE AND
COMPOUND DIELECTRIC MATERIALS

ES.Bl]u Kumar,‘ U. Raveendranath,‘ P. Mohanan,‘ K. T. Mathew,‘
1|. Italian,’ and L. P. Ligthartz
ii‘ Department of Electronics
ICochin University of Science and Technology
‘Cochin-682 022. Kerala, India
?zDepartrnent of Electrical Engineering
Teghnical University of Delft

.2528 CD Dellt. The Netherlands

j‘_Receii'etl 27 January 2000

" ABSTRACT: A simple and cjffictcnt method for detennining the complex
penm'ttit:ity ofdictectric materials from both reflected and transmitted
Contract grant sponsor: IRCTR, Delft University. The Netherlands
(‘Contract grant nuiiiher: Project Agreement TU Delft IS 980077

.n'gnaLi£spresemd. ltirdnnaelbecmmdielaiviiqinbblipklnmred
unngmopyoniidnlhoimwithotuatlyfocluirignledtlainvu. The
dielectric constant of 4 noninteroctiix and dirmiiliuire (NID) ntimar of
dielectric: is also determined. Q 21!!) John Wiley & Sons. Inc.
Microwave Opt Technol Lett 26: 117-119, XII).

Key words: free-space method; compla pem|im'vit)',' compound
materials

INTRODUCTION

Many papers have been published on the free-space measure
ment of the pen-nittivity and permeability of materials [1-3].
Although the basic principles involved and parameters mea
sured are the same, each method has its own novelty, unique
ness, and limitations. Free-space measurement of the dielec
tric constant of concrete [1] gives only the real part of the
complex permittivity at very low frequency. The permittivity
and permeability measurement with a focused beam for nor
mal and oblique incidence [2] uses an ellipsoidal reflector. An
elaborate free-space method using highly focused electro
magnetic waves with spot-focused antennas [3] measures the
complex permittivity and permeability. In this method, e and
,u are chosen from the multivalued solutions by properly
selecting the sample thickness. The authors propose a simple
free-space measurement technique for determining the com
plex permittivity of sample materials over a wide range of
frequencies.

EXPERIMENTAL SETUP AND MEASUREMENT TECHNIQUE

The experimental setup consists of a vector network analyzer
(VNA), an S-parameter test set, a sweep oscillator, an inter
facing computer, and a microwave test bench. The test bench
is made up of low-loss polystyrene materials in order to
minimize unwanted reflection. The schematic diagram of the
experimental setup is shown in Figure 1. Two identical anten
nas are mounted on the test bench, and the sample material
in the form of aflat sheet is kept positioned at the reference
plane. The measurements are carried out in the 1- and
X-bands. For J-band measurement, pyramidal horns of a
halt"-power beam width (l-IPBW) of 22.5‘ (E-plane} and 2l.5°
(H-plane) and aperture dimensions 14 cm X 10.5 cm are
used. For X-band, the antennas have an HPBW of 18°
(E-plane) and 15.5” (H-plane) and aperture dimensions of 9.8
cm X 7.5 cm. To minimize unwanted reflection from the
surroundings, the test bench is situated in the anechoic
chamber.

To begin, the system is calibrated using the thru-reflect-line
(TRL) technique. For J- and X-band measurements, calibra
tion standards in the TRL option should be modified sepa
rately. To increase the accuracy of measurement. a gating
option is also applied. In order to minimize the edge diffrac
tion, the sample size should be more than SA. S“ and S3, are
measured after fixing the sample sheet at the reference
plane. The effective dielectric constant of a nonintcractive
distributive (NID) mixture of dielectrics also can be found
from the S-parameter measurements. Sample sheets are kept
together at the sample holder for the measurement. This
method can be extended to any number of samples of known
thickness and surface area.

THEORETICAL ANALYSIS

Consider a dielectric slab of thickness d placed in free space.
Using the ray-tracing model, the total input reflection coef
ficient can be written in a geometric series that takes the
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form [4]

Ti2T2|r2|e_2jfldl‘,n=l‘,2+ —.
1",, is the intrinsic reflection coefficient of the initial reflec
tion, and (T,2T2,1"2,e'2”"’) is the contribution due to the
first bounce within the slab. ,Bd = (211-d/A) =
(21rd,/p,e, //t,,), where A is the wavelength in the medium,
/1,, is the free-space wavelength, and p., and s, are the
complex relative permeability and permittivity of the medium,
respectively. We also know that 1",, = —l",2, T,2 = 1 + l",2,
and T3, = 1 + F2, = l — l‘,2. The indexes 1 and 2 represent
the air and the medium, respectively. Rearranging Eq. (1),

[1 _ e—2j(ud/c)x]

rifl S11 [1 _ rE2e—2I'(wd/c)x] F12‘

Usually for a dielectric medium, /J. is taken as unity, and
,/,u,e, is reduced to ,/I, = ,/aj -9 jef = x.

Similarly. the total transmission coefficient Tn is evalu
ated as

[(1 _ I-,22)e-j(wd/c)x]

T12 = 521 ,, _ rlZ_’e—2j(wd/c)x] ' (3)

The reflection coefficient 1",; at the air—medium interface
is related to the impedances Z,, and Z, of the air and

dielectric slab, respectively, as 1",; = (Z, — Z0)/(Z, + Z0).
But Z0 = 120w and Z, = (Z,,/x). Solving S,, and S2, inde
pendently, x can be found, and hence, the complex dielectric
constant e,. The exponentials in Eqs. (2) and (3) should be
expanded to a sufficient number of terms for the convergence
of the required solution.

The effective dielectric constant of a compound of differ
ent noninteracting and distributive materials [5] is given by
the expression

II

Z grit:
[ercff = *"—_ (4)

Ma:-nu-0

_*\

where e,, and t, are the dielectric constant and the thickness
of samples of the same cross-sectional area, respectively.
Equation (4) can be used to verify the results obtained by the
present method for the NID mixtures.

EXPERIMENTAL RESULTS

The complex permittivity and loss tangent of the different
dielectric materials are determined from the measured values
of S,, and S2,. 1t is observed that the complex permittivity
calculated from S,, is identical to that from S3,. The results
are in good agreement with the standard values [3]. Tables l

TABLE 1 Complex Permittlvlty or Different Samples from the Reflection Measurement

Frequency _______ __g
NID Mixture (Polystyrene—Glass)

Glass Polystyrene Glass Epoxy Free Space Theory [5]
(GHZ) £1 tan 6 £1 tan 6 I

£7 tan 6 I

£7 tan 6 I

sf tan 6

5.4 4.855.8 4.566.2 4.416.6 4.32
0.147
0.144
0.156
0.178

2.65
2.55
2.47
2.40

0.064
0.050
0.040
0.033

3.49
3.44
3.36
3.26

0.272
0.238
0.208
0.193

3.9
3.52
3.54
3.26

0.174
0.210
0.104
0.082

3.84
3.63
3.52
3.43

0.122
0.113
0.118
0.133
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and 2 show the complex permittivity of polystyrene (thickness
= 4 mm). glass (thickness = 4.76 mm). glass epoxy (thickness
= 1.56 mm). and NID mixtures of polystyrene-glass (thick

-ness = 8.76 mm) and polystyrene-glass epoxy (thickness =
5.56 mm). Figure 2(3) shows the variation of ej versus
frequency. and Figure 2(b) shows the variation of average loss
tangent versus frequency for glass and polystyrene in the
X-band. From Tables 1 and 2, it can be seen that the effective
dielectric constant obtained for NID mixtures by the present
method is identical to that obtained from [5]. Thus. the
determination of the effective dielectric constant is a clear
support to the theory of NID mixture.

CONCLUSIONS

A novel free-space method of measuring the complex permit
tivity using two ordinary pyramidal horn antennas of suffi
cient flaring is presented. Measurement of reflection and
transmission coefficients can be simultaneously done, and the
complex permittivity is computed from both of the data. The
absence of a focusing mechanism does not adversely affect

the accuracy of Sn and S2 1. It is observed that the sum of the
reflected and transmitted power from a perfect dielectric
polystyrene sheet is nearly equal to unity, and the energy loss
due to nonfocusing is less than 1.2%. The complex permittiv
ity measurement of compound materials has wide applica
tions in industry. If the NID mixture is made up of layers of
different constituents and the thickness of each layer and the
effective dielectric constant are known. the unknown dielec
tric constant of a particular constituent can be determined.

REFERENCES

1. Y. Huang and M. Nakhkash. Characterisation of layered dielectric
medium using reflection coefficient, Electron Letr 34 (1993),
1207-4208.

2. M. Juan, M. Rojo, A. Parreno. and J. Margineda, Automatic
measurement of permittivity and permeability at microwave fre
quencies using normal and obliqut. free-wave incidence with fo
cused beam, IEEE Trans lnstnim ha-zas 47 (1998). 886-892.

3. D.K. Ghodgaonkar, V.V. Varadan, and V.l(. Varadan. Free-space
measurement of complex permittivity and complex permeability of
magnetic materials at microwave frequencies. IEEE Trans In
strum Meas 39 (1990). 387-394.

4. C.A. Balanis, Advanced engineering electromagnetics. Wiley, New
York, 1989, p. 223.

5. K.P. Thakur, KJ. Cressvell. M. Bogosanovich. and W.S. Holmes.
Non-interactive and distributive property of dielectrics in mixture.
Electron Lett 35 (1999). 1143-1144.

© 2000 John Wiley 8t Sons. lnc.

A FINITE-ELEMENT 3-D METHOD FOR
THE DESIGN OF TWT COLLECTORS

Stefano D'Agostino‘ and Claudio Paoloniz
1 Department of Electronic Engineering
University of Roma "La Sapienza"
00184 Roma. Italy
2 Department of Electronic Engineering
University of Roma “Tor Vergata"
00133 Roma. Italy

Received 9 February 2000

ABSTRACT: This letter dtlrcttsses the basic philosophy of a fully three-db
mensional finite-element method for collector design together with its
main features. In particular. attention is focused on the dedicated mesh
generator and the strategy followed for the solution of the coupled
electromagnetic and motionrrl problem within the same finite-element
discretization context. An example of simulation is carried out. and
inclications offuturc applications are also provided. © 2000 John Wiley
& Sons, lnc. Microwave Opt Technol Lctt 26: 119-122, 2000.

Key words: travelitrg-wat.'e lltl)€S.' collector; efficiency

TABLE 2 Complex Permittivity of Different Samples from the Transmission Measurement

NID Mixture (Polystyrene—Glass Epoxy}

Frequency Glass Polystyrene Glass Epoxy Free  if Theory [5]
tan 5(GHZ) .9,’ tan 5 e,' 8: tan 6 .~:, tan 5 a, tan 6

5.4 5.26 0.2965.8 5.24 0.2886.2 5.15 0.2956.6 5.01 0.297

2.64
2.70
2.83
2.85
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0.081
0.047
0.017
0.015

3.77
3.70
3.65
3.61

0.082
0.078
0.074
0.078

2.94
2.90
2.88
2.85

0.024
0.021
0.017
0.0l4

2.96
3.03
3.06
3.06

0.080
0.056
0.036
0.036
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ABSTRACT: The detection of buried objects rising tinte-rionmin free
space nteasmements was carried out in the near field. The location of rt
hidden object was determined from an attttiysis of the reflected signal.
This method can be extended to detect any number of objects. .\fettsm'e
merits were curried out in the X- and Kt:-bands using ordinm_i- rectangu
iitr p}"r'rtntr'dt:f horn nntemms ofgriin ~ 15 dB. The mine nntenmt was
tired (IS the tmnsmitter and reeeirer. The experiniental results were
roniptuerl with simnhrted results by tipplyirrg the two-dimensional
finite-difi'eren('e time-donmin ( F DTP? method. and agree md! with each
other. The dispersive ntrmre of the dielectric medium was considered for
the simulation. © 2001 John Wiley 8: Sons. inc. Microsvztvc Opt
Technol Lett 3i: 45-47. 2001.

Key words: free-space measurements,‘ mine detection; F DTD:
near-field meusttrcnrenrs

1. INTRODUCTION

One of the major hurdles for the peacekeepers of war is the
extensive use of the most dangerous land mines planted by
foes. Extensive research has been ongoing in land-mine de
tection. A mine with a nonmetallic covering makes it impossi
blc for conventional metal detectors to detect it. so there is a
need to develop new techniques for land-mine detection.
which should be very effective in detecting mines even with
low loss and low-contrast dielectric materials. Many re
searchers have concentrated their attention in this field.
Montoya and Smith [1] detected land mines using resistively
loaded vee dipoles. Demarcst, Plumb, and Huang [2] calcu
lated the fields scattered by buried objects when the sources
are close enough to the air—ground interface. A novel method
of detecting buried objects like underground pipes, voids.
cables, etc., using ordinary pyramidal horns both in the X
and Kn-bands is presented by the authors.

2. THEORETICAL ANALYSIS

Theoretical work was carried out on the system as shown in
Figure l. The dielectric medium (e_,. = 2.5) is assumed to be
dispersive, linear, homogeneous, and isotropic. The dis
crctized Maxwell's expressions for space and time were given
by Yee [3]. Incorporating the dispersive nature of the dielec
tric medium [4] in the constitutive FDTD equations. the
expression for the H-field is kept unchanged as the medium
is assumed to be nonmagnetic, and is given by

H_,(i,j,t + l) = H_,(r',j,r)
dr

~———(E,(i,j,r) — E,(r',j—1,r)) (1)
Pl-tidy

5. Biju Kumar (Young Collaburator Programme} and C. K. Aanandan
(Associate Scheme) arc thankful to the International Centre for Theoreti
cal Physics (ICTP). Trieste. Italy. for Financial assistance to visit ICTP and
tocarry out the theoretical work on FDTD.
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Figure 1 Schematic diagram ofthe theoretical system

H,(i.j.r + l) == H,.(i.j_r]

dt
+-—-—(E:(i.j.t) —- E:(i — l.j.tl‘ (Ii

p,,d\'

Because of the dispersive nature of the dielectric medium.
the electric field is modified. The expression for the E-field is
given by

E:ti.j.r + 1)st _
- ————————E-t. .>

5.. +,\/,,(i.j) -"’
1 t—l

-1'--~———-—-——— E. ', ', - )_\ I.‘
81 +X"(‘,')_)mZ=:U _(t 1 t Hi )(,,,(r 1)

dr+  _, +1‘ l,',.—H,',',)(4-1,, + ,\",,(t.}l)e,,d\'( $1 + J I) (J I U
dt— e H.('.' l. )—-H.('.'. ).l

(e.,_ + )(,,(i.j))e,,dy( " I 1+ I " I I I
(Si

where X,,(r'.j} = (re, — e.,)tl — cxp(—dt/r,,)) is the suscepti
bility function. Ag/,,,(i. j) = (tr, — st) exp(-mdt/r,,)(l —
exp(-dt/t,,))3. e_. is the static permittivity of the dielectric.
e.,_ is the optical permittivity of the dielectric, to is the
relaxation time of the dielectric. and tin is the permeability
of free space.

A Gaussian pulse with dt = 16.667 ps. To = -11.667 ps was
executed at the source plane. A Yee cell was constructed
front I40 grids in the X-direction and 80 grids in the Y-direc
tion with a grid spacing tit = 0.5 cm and dy = 0.5 cm. respec
tively. Mur's boundary conditions [S] were applied at the
boundaries. A dielectric object (5,. = 4) of dimensions 3 cm
X 3 cm was placed at a distance of 8 cm from the air—dielec
tric interface, as shown in figure 1. The response of the
Gaussian pulse with time was noted. The same procedure was
repeated with one more object placed at a distance of 18 cm
away from the front surface, in line with the first object.

Pl, P2, and P3 were three test points selected for study.
The time-domain response from these points gives informa
tion on the buried object. This is explicit from Figure 2(a),
(b). Figure 2(a) is the response obtained with a single object
buried in the vessel, and Figure 2(b) is that when two objects
are in a line. The dotted line represents the response at point
Pl, and the solid line that at P2 and P3. Peak R1 corre
sponds to the forward-moving Gaussian pulse, and R2 the
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Figure 2 Theoretical time-domain responses. (a) With one buried
object. (b) With two buried objects in line. ---- -- response at test point
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reflection from the air—dielectric interface. R3 represents the
reflection from the first buried object, and R5 that from
the second object. R4 and R6 are the signals obtained due
to the smaller dimensions of the objects. This can be avoided
if the sample dimension is greater than the width of the
Gaussian pulse. In Figure 2(b). the response after peak R6 is
the repetition of the reflections.

X/Ku band
|‘)}’l'llll\ldZ\| horn A\

-..~-Q. >14.

3. EXPERIMENTAL SETUP AND RESULTS

Experiments were performed in the X- and Ku-bands. A
cubical vessel of dimensions 40 cm X 40 cm X 35 cm was
filled with dry sand (s, - 2.5). The pyramidal horn antenna
which was connected to one port of the S-parameter test set
transmitted l0 mW power, and the same antenna received
the reflected power from the vessel. The X-band horn an
tenna has a half-power beamwidth (HPBW) of l8° (E-plane)
and l5.5“ (H-plane) and aperture dimensions 9.8 cm X
7.5 cm. The respective values for the Ku-band horn antenna
are 20°. l7°, and 5.7 cm X 4.4 cm. Both of the antennas have
a gain of ~ l5 dB. A dielectric block (e, = 4) of dimensions
7 cm X 3 cm X 3 cm was buried at a distance of 8 cm from
the front surface of the vessel. Then the pyramidal horn
antenna was set at each position Pl, P2, and P3 (near-field
points), as shown in Figure 3. The time-domain response was
plotted with an HP 8510 C vector network analyzer. The
same procedure was repeated, with one more object buried at
a distance of 10 cm behind the first object. '.‘he results
obtained are shown in Figure 4.

Figure 4(a). (b) represents the response obtained for sin
gle object in the X- and Ku-bands. respectively, and Fig
ure 4(c) gives the response of two objects in the Ku-band. In
the figures, R1 is the reflection from the front surface of the
vessel. R2 corresponds to the reflection from the first object.
and R3 that from the second object. The dotted line repre
sents the time-domain response of the Gaussian pulse corre
sponding to point Pl, and the solid lines corresponding to
P2 and P3. The minor peaks appearing in front of R1 may
be due to the discontinuities in the cables and connectors. A
comparison of the theoretical and experimental results is
shown in Table 1.

4. CONCLUSION

A simple and accurate method of detecting buried objects in
the time domain has been presented. The results are com
pared with FDTD simulation results. An ordinary pyramidal
hom with moderate aperture and nominal gain is used for
the measurement. This technique finds wide applications in
the detection of buried objects like land mines. pipes, voids.
etc. The work can be extended to determine the dielectric
parameters of hidden objects.
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TABLE 1 Comparison of Results trom Theory and Experiment

Actual Depth Theoretical Results (from Fig. 2) Experimental Results (from Fig. 3)
llcm (R2-R3)/2 - 0.3705 ns (RI-R2)/2 -0 0.41 l7 ns. 0.465 nsllirst object) (7.l25 cm)‘ (8.42 cmXaverage)'
ls cm (R2-R5)/2 - ll.92li55 ns (Rt-R3)/3 -. 0.9154 ntlsceond object) (l7.8(i em )‘ (l7.79 cm)‘
"lhe \-eloeity factor in the dielectric is incorporated.
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l. INTRODUCTION20.5 Zli
The numerical techniques based on the finite-.‘it't'crence
time-domain (FDTD) algorithm applicable to gcncrsl electro
magnetic problems have grown in importance 11-5]. The
l¥OR—FDTD has a great advantage over the thr-.-e-din1en
sional FDTD for a rotationally symmetric problen‘. 16-11]. It
is well known that the three-dimensional near- :-~ tar-tisltl
translormation technique has been widely usetl  conipute
the lat"-lieltl pattern in the FDTD simulations [-1. 3:. Bec.m~e

MICROWAVE AND 1>Pil*l<T;Al_ fl-;CllNOLOGY LETTERS / Vol. 31. No l Octob-e’ 5 _ 47



DIELECTRIC PROPERTIES OF CERTAIN

BIOLDGICAL MATERIALS AT MICROWAVE FREQUENCIES

S. Bij u Kumar, K.T. Mathew,
U. Raveendranath and P. Augustine

ln the medical fie;'.i, microwa:'es play a larger role for
treatment than diagnosis. For the detection of diseases by
microwave methods. it is essential to know the dielectric
properties of biological materials. For the present study, a
cavity perturbation technique was employed to determine
the dielectric properties of these materials. Rectangular
cavity resonators were used to measure the complex
permittivity of human bile, bile stones, gastric juice and
saliva. The measurements were carried out in the S and I
bands. It is observed that normal and infected bile have
diflerent dielectric constant and loss tangent. Dielectric
constant of infected bile and gastric juice varies from patient
to patient. Detection and extraction of bile stone with
possible method of treatment is also discussed.
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Cavity Resonators, Perturbation Technique
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tion in biological objects is well known
[Schwan, 1957; Tran and Stuchly, 1987;

Gandhi and Chen, 1995; David Dunn et al., 1996].
Biological effects of microwaves and the applica
tion of microwaves in medicine represent strongly
developing areas of research. Availability of so
phisticated microwave systems and components
of smaller size at lower cost makes microwave
applications in medicine more attractive. Micro
waves are used in cardiac therapy, cancer therapy
and hyperthermia treatment.

Detailed studies onthe medical application
and the effects of microwaves on tissues have
been reported by a number of researchers
[Livesay and Chen, 1974; Anderson et al., 1984;
Teng et al., 1995 ]. Different types of applicators
have been used for microwave prostatic hyper
thermia [David Despretz et al., 1972]. Distribu
tion of maximum microwave power for heating
off-centre tumors was described by Rappaport
and Morgenthaler [1987]. Various methods of
analysing focussed pulse-modulated microwave
signals inside the biological tissues were de
scribed by Konstantina et al. [1996] and
Najafabadi and Peterson [1996]. The effect of mi
crowave absorption in the human head from
handheld portable radio and mobile telephones
were also reported [Gandhi et al.,1996; Cleveland
and Athey, 1989]. Polk and Postow [1995] give a
comprehensive background on investigations of
the interaction of microwaves with the nervous
system. Microwave imaging in medical applica
tions is an emerging area of recent research
[Murch and Chan, 1996; Souvorov et al., 2000].

For any type of microwave treatment, initial
conditions of the object under treatment should
be known. This involves determination of the
complex permittivity and conductivity of the ob
ject. Because of many constraints such as high
dielectric loss and faster decay rate of biological
materials, the studies on the dielectric properties
on these materials are seen very seldom in the

| I | he great affinity of microwaves for absorp
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literature. Also, much care should be taken in
handling the infected biological samples like bile,
bile stones etc. Though various methods are avail
able for permittivity measurement, the cavity
perturbation technique has unique advantages
and is the most accurate method.

Sample Collection

Biological samples were collected from the Diges
tive Disease Centre of P.V.S Memorial Hospital,
Cochin, India. In this center, research, diagnosis
and treatment are done. Intemal organs were ex
amined with an advanced medical technology,
endoscopy. The modern endoscope, Videoendo
scope, has an endoscope, CPU and a monitor. A
charge-coupled device at the tip of the shaft trans
mits the image data to a TV monitor. The handle
of the endoscope has control knobs for maneu
vering the tip and also controls to regulate irriga
tion water, air insufflation and suction for remov
ing air and secretions. Also, there is an instrument
channel allowing the passage of biopsy forceps,
snares for removing polyps and foreign bodies
or devices to control bleeding. In routine Upper
Gastro Intestinal (UGI) Endoscopy, the entire
esophagus, stomach and the proximal duodenum
are examined. Some of the common conditions
that are routinely diagnosed by endoscopy in
clude Gastroesophageal reflux disease, Peptic ul
cer and cancer of the UGI tract. During this in
vestigation, biles and bile stones are collected.
Usually bile stones are removed by ERCP (Endo
scopic Retrograde Cholangio Pancreatography)
surgery. This is a variation of UGI endoscopy,
combining endoscopic and radiological tech
niques to visualize biliary and pancreatic duct
systems. With a side-viewing instrument, after
being placed into the descending duodenum, the
papilla of Vater (where bile duct and pancreatic
duct opens into GIT) is cannulated and contrast
medium injected, thus visualizing the pancreatic
duct and the hepato biliary tree radiographically.
It is useful in the diagnosis of stones and cancer
of bile duct and also pancreatic disorders like
chronic pancreatis and pancreatic malignancy.
Therapeutic potentials include removal of bile

duct stones and palliation of obstructive jaundice
by placing stents to bypass obstructing lesions.
Pancreatic juice, pancreatic stone and gastric juice
can be collected in this way. All the biological
samples were preserved at freezing temperature
to avoid the possibility of deterioration. The di
electric measurements were done at 25°C.

Experimental Setup
and Method of Measurement

The principles and resonant cavity perturbation
method were described previously [Raveen
dranath and Mathew, 1995]. However, the experi
mental setup was modified to accommodate dif
ferent types of samples. The basic principle in the
cavity perturbation technique is the field pertur
bation by the samples and the determination of
the resonant frequencies and 3dB bandwidths of
the cavity resonator. The cavity resonator is con
structed with a portion of a transmission line
(waveguide or coaxial line) with one or both ends
closed. The cavity resonator can be either trans
mission or reflection type. There is a coupling
device to couple the microwave power to the reso
nator. The cavity resonator is connected to a HP
8510C Network Analyzer, HP 836518 Sweep Os
cillator and HP 8514B S-parameter test set as
shown in Figure 1. For this study, S and J band
rectangular cavity resonators were used. The
length of the resonator determines the number
of resonant frequencies. The cavity resonator is
excited in the TEIOP mode. A typical resonant fre
quency spectrum of the cavity resonator is shown
in Figure 2. The field within the cavity resonator
is perturbed by the introduction of the dielectric
samples. For the measurements of complex per
mittivity of biological liquids, a capillary tube (ra
dius less than 0.-5 mm) made of low loss fused
silica is used. The empty tube is cleaned, dried
and inserted in the cavity resonator. One of the
resonant frequencies is selected and the tube is
adjusted for the position of maximum perturba
tion where the resonant frequency and 3dB band
width are determined. The empty tube is then
taken out and filled with the biological liquid and
the measurement is repeated to determine the
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FIGURE 1: Schematic diagram of the experimental setup.

new resonant frequency and 3dB bandwidth. The
procedure is repeated for all other frequencies.
Measurements were made for different types of
bile, gastric juice and saliva.

For the measurement of resonant frequency
and 3dB bandwidth of solid samples (bile stones)
a specially designed cavity resonator was con
structed. Because of large sample size, the mea
surements were done in the S band only. A rect
angular slot of size 4 cm x 3 cm was cut at the top
of the cavity resonator for the introduction of the
sample and a slot of sufficient length was made
at the bottom of the cavity resonator to permit
movement of the sample for maximum pertur
bation. The opening was made on the non-radi
ating wall of the waveguide and this was exactly
fit when the metal cover was put back. It was ex

International Microwave Power Institute

perimentally observed that there was practically
no shift in resonant frequency or quality factor
due to the rectangular opening. The sample is
usually irregular and can be shaped by applying
low pressure. A small cup made of low-loss poly
styrene rests on a rod of the same material and
can slide along the slot. After placing the cup in
the cavity resonator, the rectangular slot of the
waveguide is closed with a metal piece of correct
size so that it forms a part of the waveguide. As
before, the resonant frequency and 3dB band
width of the cavity resonator with empty cup
were determined. Then the experiment was re
peated with a sample in the cup. The schematic
diagram of the cavity resonator for measurement
of bile stone is shown in Figure 3.

For S and I bands, different types of cavities
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were constructed. Since all biological materials are
high loss dielectrics, the volume of samples
should be small in order to satisfy the require
ments for the perturbation measurements. Hence,
capillary tubes of small diameter were used. An
other very important point is the very precise
measurement of the radius of the capillary tube.
A slight error in the diameter measurement makes
drastic changes in the results.

Theory

The real and imaginary parts of the relative com
plex permittivity of the biological samples are
given by [Raveendranath and Mathew, 1995;
Mathew and Raveendranath, 1999]

7.5 8

5: -1  (1)2f. v.

8.: LKQ,-Q.) (2)' 4v. Q.Q.

Here, E, = 8: — j8:'- 5, is the relative complex

permittivity of the sample, 8; is the real part of
the relative complex permittivity, which is usu
ally known as dielectric constant and 6:’, the
imaginary part of the relative complex permittiv
ity, which is associated with the dielectric loss of
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FIGURE 3: Schematic diagram of cavity resonator for bile stone measurement.

the material. Vs and Vt are the volumes of the
sample and the cavity resonator respectively.
From equations 1 and 2, it is observed that the
real part of complex permittivity depends on the
resonant frequency shift and the imaginary part
depends on the quality factors.
Results and Discussion

Bile

The complex permittivities of normal and infected
biles were found to differ. The dielectric constant
of normal bile varies from 61 to 53 (i2) in the fre
quency range from 2 GHz to 8 GI-Iz. Depending
on the nature of the disease, the infected bile has
a dielectric constant greater or less than that of
normal bile. Infected bile with high dielectric con
stant indicates that it has more water content than
normal bile. Three infected samples were col
lected from the following and the respective com
plex permittivity was measured:
1. a patient suffering from a stone in the gall blad

der and the bile duct (Cholelithiasis and Cho
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ledocholithiasis). Gall bladder and Common
bile duct stones were removed by ERCP(sample 1) I

2. a patient suffering from a bile duct stone (
Choledocholithiasis ) alone (sample 2)

3. a patient suffering from Cholestatic Iaundice
(Primary Sclerosing Cholangitis), which is an
inflammatory bowel disease. As a result, the
bile ducts become narrowed and irregular. The
gall bladder of this patient was removed by
laproscopic cholecystectomy (sample 3).

Real and imaginary parts of the relative com
plex permittivity of infected biles of these persons
are shown in Figure 4.
Bile Stone

Hard biological materials deposited in the gall
bladder or the bile duct are generally known as
bile stones (Cholithiasis and Choledocholithiasis).
Such materials deposited in the pancreas are
known as pancreatic stones. Bile stone is a fat like
material. The complex permittivities of bile stones
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Frequency (GI-Iz) E: ,, TABLE 1: Complex Permittivity of Bile8' Stones.2.44 4.0 A 0.18

2.85 4.0 0.26

Sample 1 3.34 4.2 0.14

3.89 4.2 0.26

2.44 4.0 0.25

2.85 4.2 0.35
Sample 2 3.34 4.3 0.11’

3.89 4.3 0.24

collected from these patients were also studied.
Its dielectric constant is found to be same as that
of fat. Slight variations in the real and imaginary
parts of the complex permittivity of different bile
stones were observed. Table 1 shows the complex
dielectric constant of bile stones collected from
two patients.

Gastric Iuice

Gastric juices of two persons were collected and
complex permittivities of these samples were de
termined. The two persons were suffering from
gall stone disease and artral erosion. They under
went the removal of the gall bladder, which con
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tained multiple mixed stones. The dielectric con
stant and dielectric loss of gastric juice varies from
patient to patient. This is clear from Figure 5.
Saliva

Both saliva and gastric juice have many similar
functions. There is slight variation in the dielectric
properties for these two biological materials. Saliva80  * _ _
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was collected from two healthy persons. Figure 6
shows the variation of real and imaginary parts of
the complex permittivity with frequency.
Conclusions

The dielectric properties of tissue from human
bodies, including bile, bile stone, gastric juices and
saliva are presented. This is particularly impor
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of saliva at different frequencies.
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tant since the samples are collected from the in
ternal organs of human beings and are not easily
available. Because these samples are available
only in small quantities, the cavity perturbation
technique is suitable for their dielectric proper
ties determination. This study suggests th at the
deviation of dielectric properties for different tis
sues of a healthy person and a patient may be
related to the presence of disease in the patient.
More study is needed to establish the differences
and their significance.
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Abstract

Dielectric properties of polyaniline at different frequencies were studied. Cavity perturbation technique was employed for the
study. Poly aniline in the powder and pelletised forms were prepared under different environmental conditions. Different samples of
poly aniline exhibit high conductivity. However. the conductivity of samples prepared under different environmental conditions is
found to vary. All the samples in the powder form have high conductivity irrespective of the method of preparation. The high
conductivity at microwave frequency makes it possible to be used for developing microwave components like filters. Q 2001
Elsevier Science Ltd. All rights reserved.

K£’_l'\t‘0I‘tfS.' Complex pemiittivityz Perturbation technique: Polyaniline

l. Introduction

All dielectric materials are characterised by their dielec
tric parameters such as dielectric constant, conductivity
and polarisation“ These parameters differ with fre
quency, temperature, pressure etc. Among a large variety
of conducting polymers, polyaniline has very important
place. It has wide applications in industry, defense and
scientific field.3~4 Poly aniline samples were prepared at
different conditions and each sample was studied.

2. Method of preparation of samples

Chemical oxidative polymerization of aniline was car
ried out using ammonium per sulphate as initiator in the
presence of 1 M HCI and would take about 4 h at room
temperature to complete the process. It was then filtered,
washed and dried under three different conditions. The
different conditions are given below

1. Room temperature drying for 48 h. It was
observed that 48 hours drying at room tempera
ture is sufficient to eliminate water content of the

" Corresponding author. Tel.: +9l-484-532l6l; fax: +9l-484
532800.

E-mail mIdr¢'ss.' mathewtiildoe.cusat.edu (K.T. Mathew).

sample and further drying does not change the
mass of the sample, showing drying is complete.

2. Oven drying (50-60 °C) under vacuum for 8 h.
Very high temperature may affect the quality of
polymer. Thus for a safer side, temperature is lim
ited to 60 °C.

3. Vacuum drying for 16 h at room temperature.
Vacuum drying for l6 h gives the same amount of
drying as at 48 h room temperature drying.

The poly aniline thus prepared is in fine powder form.
Measurements were carried out for the samples in powder
and pellet forms. Fine powder is pelletised by applying
pressure. The density of the pellet is different for differ
ent pressure. Diameter of all pellets is 2.5 mm but
volume varies slightly.

3. Theory and measurement technique

Dielectric parameters were measured using cavity
perturbation technique. Rectangular Cavity operating
at S-band (2—4GHz) was used. The block diagram of the
experimental arrangement is shown in Fig. 1 and the sche
matic diagram of the rectangular cavity is shown in Fig. 2.
Pelletised samples can be inserted into the cavity through
the opening as shown in the figure. Powder samples can

0955-22l9/0|/S - see front matter {(fT= 2001 Elsevier Science Ltd. All rights reserved.
Pll: S0955-22 I 9(0 I )00344-2
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also be studied using the same cavity. For the complex
pennittivity measurement of powder, it is taken in the
capillary tube of low loss silica of small bore (less than 0.5
mm radius) and \vall thickness. The weight fraction of the
powder samples is almost the same in all cases.

The determination of the complex permittivity and
conductivity is based on the theory of perturbation.
When the sample is introduced into the cavity, the rela
tive complex frequency shift of the resonator is given by
Waldrons as

,/Q (.15, - 1)».-.._[ ,._£~ 55.11 ' + (/1, - l);t0_[,,_H- 113.11/'

"Q~ LfQyQ+BwMWW
(1)

E0 is the electric field in the unperturbed cavity. E is
the electric field in the perturbed cavity and D is the dis
placement current density. HQ. H and B are the respective
magnetic quantities. E, is the relative complex permittivity
ofthe sample. But E, = 2; -jaf where e; is the real part of
the complex permittivity and sf is the imaginary part of
the complex permittivity. tr Is the magnetic parameter.

The numerator of Eq. (1) represents the total energy
stored in the sample and the denominator represents the
total energy stored in the cavity. When a dielectric mate
rial is introduced in a cavity resonator at the position of
maximum electric field, the contribution of magnetic
field for the perturbation is minimum. The field pertur
bation due to the introduction of dielectric sample at the
position of maximum electric field is related by Kupfer
et al.6

(IQ ~ (ET _  Ei.'.in1axdV_ "’ i 2
Q Zjircifoi (IV

where (K2 is the complex frequency shift. V, and Vc are
the volumes of the sample and the cavity resonator
respectively. Complex frequency shift is related to the
quality factor, Q as

"Q_.‘i'£_" iL__‘_€—w+2(Qs Qt) (3)
Q, And Q, are the quality factors of cavity resonator

with and without the sample.
Quality factor Q is given by, Q =-‘Q where f is the

resonant frequency and Af is the corresponding 3 dB
bandwidth.

For small sample, we assume that E = E0 which is one
of the assumptions taken in the theory of perturbation.
For dominant TE l0p mode in rectangular wave guide,

, fix. pfl:
E0 T; E0n];|xSlnTS|nT, p Z l. 2. 3 . . .

Eomm, is the peak value of E0. a is the broader dimen
sion and :1 the length of the waveguide cavity resonator.
respectively.

From Eqs. (2)—(4). \ve get

I t_ Vc

The real part. 8; of the complex permittivity is usually
known as dielectric constant. The imaginary part. sf of
the complex permittivity is associated with dielectric
loss of the material.

For a dielectric material having non-zero con
ductivity, we have Max\vell's curl equation

V x H=(0+jw§)E
= (a + ws")E +_/'we'E

The loss tangent

0 + we"
tan 8 = —i'0)€

Here 0 + we" is the effective conductivity of the med
ium.

When 0 is very small, the efi'ective conductivity is
reduced to

0,, = we" = Zrrfsosf. (7)

4. Results and discussion

It is observed that the polyaniline exhibits high con
ductivity. However the complex permittivity and con
ductivity of the samples prepared at different
environmental conditions vary. The samples in the pow
der form have greater conductivity than that in the pellet
form irrespective of the method of preparation. The con
ductivity measurement of poly aniline at static electric
field indicates that it has the property of insulator. All
measurements were done at 25 °C. The results are shown
in Table l. An exhaustive study of the complex permit
tivity and conductivity of the poly aniline in the powder
and pellet forms shows interesting results. The con
ductivity is less than that of a conductor but greater than
that of an insulator at microwave frequencies. Because of
this property, poly aniline can be used to construct
microwave components like filters. An anomaly observed
in the dielectric behaviour of poly aniline is that its con
ductivity drops to a very low value when it is pelletised
from the powder form. s” And hence ac is small means
that (Q,—Q_,) is very small [Eq. (6)]. Due to experimental
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Table I
Dielectric parameters of different samples of poly anilineT 5 Sample Frequency (GHz) 5' Fl! t7¢(S/I11)

Room temperature drying for 48 h Powder
Powder
Pellet
Pellet

Powder
Powder
Pellet
Pellet

Oven drying 50-60 C for 8 h under vacuum

Powder
Powder
Pellet
Pellet

Vacuum drying for I6 h at room temperature

2.43
2.97
2.86
3.9

2.43
2.97
2.86
3.9

2.68
3.97
2.86
3.36

l3.04
l2.53
6.88
5.68

l0.03
9.70
7.27
8.86

l3.73
9.72

ll.l8

9.84
8.65
0.0059
0.0953

2.18
2.05

—0.l558
0.0087

6.66
4.97
0.94|

l.336
I .43

0.00094
0.0207

0.2958
0.338

-0.02-l9
0.00 I 9

0.9939
l.098
0. I496

l l .52 -0.-4425 —0.0825

error. sometimes. Q. may be slightly greater than Q, and
hence the negative values for s” and cc. The effect of
external field on the dielectric behaviour of poly aniline
at microwave frequencies is under investigation.
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Broadband Coaxial Cavity Resonator for Complex
Permittivity Measurements of Liquids

U. Raveendranath. S. Bijukumar, and K. T. Mathew

Abstract—A novel cavity perturbation technique using coaxial
cavity ruonators for the measurement of complex permittivity of
liquids is presented. The method employs two types of resonators
(Resonator I and Resonator ll). Resonator l operates in the fre
quency range 600 MHZ-7 CH2 and resonator ll operates in the
frequency range 4 Gliz-14 CH2. The introduction of the capillary
tube filled wit? the sample liquid lnt- he coaxial resonator causes
shifts in the resonance frequency ant. loaded Q-factor of the nes
onator. The shifts in the resonance frequency and loaded Q-factor
are used to determine the real and imaginary parts of the complex
permittivity of the sample liquid, respectively. Using this technique,
the dielectric parameters of water and nitrobenzene are measured.
The results are compared with those obtained using other standard
methods. The sources of errors are analyzed.

i. INTRODUCTION

THOROUGH knowledge of the dielectric properties of
Aa material is essential for its proper use in industrial,
scientific, and medical applications. Various techniques in
frequency as well as in time domain have been adopted to
measure the complex permittivity of materials. Among the
available methods, the cavity perturbation technique has a
unique place due to many attractive features. The earliest
treatment of cavity perturbation theory was given by Bethe
and Schwinger [l]. According to them the perturbation was
caused l) by the insertion of small dielectric sample into a
cavity and 2) by a small deformation of the boundary surface
of the cavity. It was Bimbaum and Franeu [2] who devel
oped a measurement technique based on cavity perturbation
theory for the first time. ln their experimental arrangement, a
small cylindrical sample was placed in a rectangular cavity.
Slater [3] discussed the applications of cavity perturbation
technique. Casimir [4] extended the cavity perturbation theory
for the determination of the magnetic parameters of small
sphere. Artman and Tannenwald [5] proposed an experimental
technique for measuring the magnetic susceptibility tensor
components in microwave cavities. General expressions for the
perturbation of microwave cavities by the ferrite materials were
developed. Waldron [6] modified Casimir's treatment to suit
its application to the anisotropic magnetic materials namely
ferrites. Artman [7] considered the effect of sample size on
the apparent properties of ferrites observed by using cavity
perturbation methods. Perturbation effects associated with
propagation of electromagnetic waves within the specimen
were also considered. Spencer er al. [8] strggested a criterion

Manuscript received November I5. I998; revised September 2|. 2000.
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for the applicability of cavity perturbation theory for measuring
dielectric constants and perrneabilities of materials. Kohane er
al. [9] suggested cavity perturbation techniq' :s for material
characterization. None of the researchers in ttioncd above
gave the derivation for perturbation formula in detail. A de
tailed perturbation formula with necessary appoximations was
given by Waldron [l0]. l-ie concluded that the high accuracy
per.urbation formula would only be realized if the specimen
is suitably shaped and positioned in the cavity. Estin and
Bussey [l l] suggested correction factors for sample insertion
holes for cavity perturbation technique. Harrington [l2] gave
a detailed study of perturbation due to cavity walls and the
insertion of the material into the cavity field region. Charnplin
and Krongard [13] developed a cavity perturbation technique
for the measurement of conductivity and pemtittivity of small
spherical samples. Roussy and Felden [l4] suggested a cavity
perturbation method for studying the dielectric properties
of powders under controlled pressure. Waldron [I5] showed
that the uncertainty principle leads to errors in the cavity
perturbation methods. i-lo and Hall [l6] measured the dielectric
properties of sea water and NaCl solutions using a cylindrical
cavity in the TMMO mode. Cavities of special shapes with
strong fields in some regions have also been used to increase the
sensitivity of measurement. Blume [l7] studied the dielectric
properties of polluted water with reflection type cavity. For the
measurements of losses of small samples, Martinelli er al. [l8]
suggested a cavity perturbation technique. Chao [I9] reviewed
the theory and technique of cavity perturbation method. For
measuring the complex pemtittivity of thin substrate materials.
Dube et al. [20] suggested a cavity perturbation technique.
Henry er al. [2l] studied the polymer latex coalescence by
dielectric measurements at microwave frequencies using cavity
perturbation technique. Akyel er al. [22] suggested a cavity per
turbation technique in which high temperature measurements
can be conducted. For the measurement of complex pemtit
tivity of highly polar liquids like water. Mathew er al. [23]
proposed a new cavity perturbation method. Raveendranath er
al.-[24] suggested a novel cavity perturbation technique for
the complex penneability measurement of ferrite materials.
Generally cavity perturbation techniques are used for low-loss
and medium-loss materials. But the present technique based on
cavity perturbation theory gives good results even for high-loss
liquid like water.

Recently, broadband coaxial probe techniques [25 I-[27] have
been employed for complex permittivity measurement. Though
these methods give good results. they require elaborate calibra
tion procedures. and significant errors may occur due to im
proper contact at the probe-material interface for solids. ln an

lllllll-‘M56/(X)$ll).()() © Z000 IEEE
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earlier paper I28], the authors suggested a coaxial cavity res TABLE l

onator technique. This paper discusses in detail the theoretical c“*"*C“"'$“° mwm °" C°*-“**- RE5°"*'°"-"
and experimental aspects of this technique.

fact

ll. DESIGN /mo Fxmucxrtou ot= ms Coxxt/tt. Rssouxron """"°"""" """“" ‘°"" ‘°"
Coaxial cavity resonators are sections of coaxial lines with

both or one end shorted by a good conductor. Electromagnetic
fields excited in the resonator are reflected from the ends and
the waves add in phase. For resonance the total phase shift in
the propagating waves must be 21 or its multiple. If ¢| and 452
are the phases introduced due to the reflections at the two ends
and “ti” is the length of the resonator, then the condition for
resonance will be

¢1+¢2 -I-'2/id=21rn whcren= 1,2, 3,---. (I)

For an open-end resonator,

¢l =01 ¢2 = It
SO

4d

— (211 - 1)1l' Ar — WU
where A, is the resonant wavelength. B is the phase shift con
stant. Thus, the coaxial line section with one end open acts as a
resonator in the vicinity of the frequency for which its length is
an odd multiple of a quarter wavelength. Various modes are pos
sible for a resonator of given length. The field configurations of
these modes may easily be infened from the propagating TEM
mode in a coaxial line. However, care must be taken that higher
order TE and TM modes are not excited in such a resonator. The
basic condition is A, > (1r/2(b + a)) where “a" is the radius of
the inner conductor and "b" is the inner radius of the outer con
ductor. In an open-end resonator, there is a possibility of radia
tion loss from the open end, resulting in poor quality factor. In
order to overcome this, the outer conductor is extended beyond
the end of the inner conductor such that it forms a cylindrical
waveguide operating below cutoff in the TM0; mode.

The cutoff frequencies for circular waveguide can be calcu
Iated from the separation equations [I2].

For TM mode

.' 9
+ 1.-Z = 1.-1’. (3)b

For TE mode

x’ '2 . ,,+t.-f=t@- (4)
where

1.: wave number;
/-f: wavenumber in the propagation direction:
.\',,,, and .\',’,,, pth order zero of the Bessel functions of the

first kind and order 11..

In the present investigation, the basic coaxial resonator con
sists of a circttlar waveguide with a removable center conductor
located along its axis. Frotn Table I, it is clear that compara
tively wide range of frequencies can be covered by using the
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center conductors of different lengths. The TEM mode prop
agates upto the end of the center conductor. The resonator is
fed by a rectangular feed loop. The coupling mechanism will
generate spurious higher order modes. which are usually cut off
and have an evanescent nonpropagating nature. Since the energy
is coupled into or out of the cavity through the same coupling
mechanism, the resonator is one-port reflection type. The phys
ical dimensions of the coaxial cavity resonators are shown in
Table II. Resonator I has TM01 mode cutoff at 6.96 GHz and
TE“ mode cut off at 5.3 GHz. For resonator II," the values are
l9.I GHz and l4.6 GHz, respectively. Table I shows the char
acteristic features of resonators I and II. The schematic diagram
of the resonator is shown in Fig. l.

III. THEORETICAL A.\'.-\LYSlS

In the cavity perturbation technique. the “perturbation"—a
gradual disturbance—of the field inside the cavity is generated
by changing the dielectric medium inside the cavity. If £1 is the
dielectric constant of the medium inside the empty cavity and
6'2 that of the medium after the introduction of a small sample.
the change in dielectric constant is 51 ~ 62 = As. If E2, and
E,,_..are the fields inside the cavity before and after the introduc
tion of sample in the cavity, theory of perturbation states that
E,,_. ——> E2, when As —» ll. This is the fundamental and very
reasonable assumption [I2] of the theory of perturbation. This
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' TABLE ll
Daston Put/tutrsns or Coxxuu. 'huu~1s|~nss|oN LINE RESONATORS

Dlmcnnlon ( mm) Resonator I Resonator ll

Lcngthol'theresonator(d) V 33 IQifi TE
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l'eedloop(c) _Feedloop,innerdunension(l\xl) 2:8

634
153
6773

lxi

fundamental assumption is applied in the theory of coaxial res
onator.

The coaxial transmission line resonator consists of a circular
waveguide which operates below cutoff for the TM01 mode.
Along the axis of the waveguide there is a removable center con
ductor. Thus the TEM mode can propagate upto the end of the
center conductor.

The standing wave field components of the resonant TEM
mode are obtained by combining the forward and backward
propagating waves (in cylindrical coordinate system {p, ¢, z})
as [l2], [29]

A fijflz B —jd:E2. ' + e (5)P P
Ac_;'_.i: Be—j13zHQ, _ + (6)no no

where 1) is the free space impedance and A and B are con
stants. The boundary conditions require that E2, must vanish

at z = 0 which is the fixed end of the center conductor. At
z = L, (where L is the length of the center conductor) the max
imum field corresponding to resonance occurs. The first con
dition gives A' = —B, while the second gives the resonance
condition. Now, (5) and (6) become

E2, = 25% Sin flz = jE,,,Sin fiz (7)
Hg, = -21 Cos ,6z = --)2 Cos Bz. (8)UP Y?

Since “p" varies from “a” to “b" (from the surface of the center
conductor to the inner radius of the resonator) the average field
acting on the sample may be considered. Thus Em, is the av
erage electric field. The electrical energy stored in the cavity is

we = 9 12°’ av.2 /L/C ,,_, (9)
On substituting the value of E9, from (7) in (9) we get

so 21r b '-L 2
We = 3 /r /r 1 B3,, Sin /izpdpdcbdz. (10)U a. O

Here “b" is the inner radius of the outer conductor and "a" is the
radius of the center conductor.

When the sample is introduced into the cavity, the relative
complex frequency shift of the resonator is given by Waldron
[l0] as shown in (l l) at the bottom of the next page. The nu
merator of (1 l) represents the total energy stored in the sample
and the denominator represents the total energy stored in the
cavity.
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The total energy s ored in the cavity is

f (0,, - E5 + Bo - r15)av = 4w,. <12)ve

When the dielectric sample is introduced at the position of max
imum electric field (Fig. 2) the relative frequency shift is given
by

Q z 4W: _ . (13)
Substituting for W, from (10), (13) becomes

dn (E,--1)/v E,,,,,,,,-E§;,mdV
Q z 2: b ‘L

2/ / /0 o 0
~ (Er _'"' 1rL(b2 - 01)‘ ('4)

E3,,san’ fizp dp a¢ dz

For small volume of the sample, Ep, mu = E2, ma = E,,,,.
V, = 1rr2(b - a) where r is the inner radius of the capillary
tube. However, E, = cl — jef. Then, (14) becomes

I _ 2 - n 2dfi z (6, 1)1' + 35,1‘ . (15)Q L(b + a) L(b + a)

The relative complex frequency shift is related to the shifts in
resonance frequency and loaded Q-factor by the standard equa
tion [10]

dn~(fo_f0)  1]n" 1. +20. Q0 ‘"5’
where f, and fo are the resonant frequencies of the cavity
with and without the sample. Q, and Q0 are the corresponding
Quality factors. From (l5) and (16), we can write

“::r> L; 5.1.
If the frequency shift is measured from the resonance frequency
f, of the cavity loaded with empty tube rather than that of the
empty cavity alone, the above equations become

(£1 1) L(b’-1'“) (frifn) (19)

6,, L(b + a) [ 1 1 1 (20)r 27.2 Q0 Qt
where Q, is the quality factor of the cavity loaded with empty
tube, f, and Q, are the resonance frequency and quality factor
of the cavity loaded with capillary tube containing the sample
liquid, respectively.

The effective conductivity of the sample under test is given
by

0, = we” = 27.-fr-:0e:.'. (21)

(E,.—1)eQ/ E-E5dV+(F,—1);r0/ H-H5dVdfi ~ V. V.
Q _—.

(ll)

/(00-E5+B0-H5)dvV.
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_,- IV. EXPERIMENTAL SETUP AND MEASUREMENTS

The experimental setup consists of HP 85l0B network ana
lyzer, S-parameter test set, sweep oscillator, and instrumenta
tion computer (Fig. 3). The resonator is connected to one port
of the S-parameter test set. A movable sample chamber is at
tached around the resonator and a small hole is drilled in it for
inserting the sample into the cavity field region. On the wall of
the resonator, there is a long narrow slot to facilitate the move
ment of the sample along the cavity (Fig. l). This narrow slot
is nonradiating and there is negligible field redistribution due to
its presence. An empty capillary tube made of low loss fused
silica (tan 6 = 0.0002) is introduced into the cavity at the posi
tion of maximum electric field corresponding to each resonance
frequency, by sliding it along the slot, as shown in Fig. 2. Res
onance frequency and Q-factor of the cavity loaded with empty
capillary tube are determined. The liquid whose dielectric pa
rameters are to be determined is placed in the capillary tube
both ends of which are sealed. The measurements are repeated.
From the shifts in the resonance frequencies and Q-values. the
real and imaginary pans of complex permittivity can be calcu
lated. For the resonator I, sharp resonance peaks are available
from 600 MHZ to 7 GHZ. Resonance peaks are not very sharp
at low frequencies for the resonator ll. Hence resonator ll is
used for measurements in the frequency range 4 GH7.-I4 GHZ.

um“ ______..._._.._ .
IFIDETECTOR

From Table I, it is noted that for a given center conductor, loaded
Q-factors are considerably low at certain resonance frequencies.
Therefore, the measurements are performed at those frequencies
where Q-values are high. All the measurements in this work are
perfonned at constant temperature 27 °C.

V. SOURCES OF ERROR AND ACCURACY CONDITIONS

Though accuracy of measurement is the most attractive
feature of perturbation techniques, care should be taken to
eliminate all possible sources of error. In the present study HP
85 IOB Network Analyzer was used. Accuracy of the instmment
is 0.00l dB for the power measurement, l Hz for frequency
measurement, 0.0l° in the phase measurement, and 0.0l ns for
time domain measurement [30]. Main sources of experimental
error are l) high relative resonance frequency shift (<‘ f, /fr )1 2 )
nonunifomiity of cross section of tube; 3) high loss tangent of
capillary tube; 4) mismatch of coupling loop: and 5) axis tilt of
center conductor. To satisfy the perturbation condition. relative
resonance frequency shift (6f,./f,.) should be of the order of
0.00l. So the size of the capillary tubes-is properly chosen to
give a frequency shift of the order of 0.00] GHz and a decrease
in the Q-factor of the cavity from (20 by a factor of l0—l5‘:’c.
With these criteria in mind, sample tubes of different diameters
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are selected for different materials (polar, nonpolar, etc.) to
enhance the sensitivity of measurement. The significant error
that usually occurs in the complex permittivity measurement is
due to the nonunifomiity of cross-section of the tube. It causes
error in the value of V,. So the diameter of the tube should
be accurately measured at different cross-sections of the tube
and average value should be taken. An error in the diameter
measurement of a capillary tube by a least count of 0.00l mm
causes less than l% variation in the complex permittivity. An
error of five least count causes 2.5% variation in the complex
permittivity. The thickness of the wall of the tube should be
negligibly small and the loss tangent of the material of the tube
be very low (tan 6 = ().()()()2). Hence. the resonance frequency
and Q-factor of the cavity loaded with empty sample tube is
almost the same as that of the empty cavity alone. The coupling
loop of the resonator must be properly designed for maximum
impedance matching. This can be judged from the retum loss
of the resonator without the sample. Care should be taken to
see whether the center conductor remains coaxially. Inclination
of the center conductor by l0° and 15° make 2% and 3.5%
errors, respectively, in the permittivity measurements.
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Fig. 5. (a) Real pan of permittivity of nitrobenzene versus frequency. (b)
Imaginary part of permittivity of nitrobenzene versus frequency.

VI. RESULTS AND DISCUSSION

Coaxial cavity resonator technique offers an accurate method
for measuring the dielectric parameters of all types of liquids.
In the present study, water and nitrobenzene were considered.
These liquids are polar in nature and consequently have high
complex permittivity. As expected, the real part of the complex
permittivity of water and nitrobenzene is found to be decreasing
with frequency. The imaginary pan of complex permittivity of
these liquids also varies with frequency. The results are shown
in Figs. 4 and 5. Conductivity of water and nitrobenzene are also
determined and plotted in Figs. 6(a) and (b).

The technique developed by Wei and Sn'dhar [25] gives very
accurate results in the detemiination of dielectric parameters
of water. A comparative study of the results obtained with the
methods suggested by Von Hippel [3]], E. H. Grant er a1. [32],
and .l. B. Hasted [33] show that their results are not in good
agreement with those of Wei and Sridhar [25]. in this context,
the present technique is very significant as the dielectric param
eters of water measured agree well with the results of Wei and
Sridhar. ln the case of nitrobenzene, the results are compared
with that of rectangular cavity method [23]. The attractive fea
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ture of this method is that the measurement of the dielectric pa
rameters over a wide range of frequencies can be performed.
Since the volume of the sample required for the measurement
is very small (<0.5 ml), precious liquids available in very small
quantities can be studied using the present technique. Thus it
finds applications in the fields like Biotechnology and Biochem
istry. The present method is very well suited for the measure
ment of dielectric parameters of low loss and medium loss liq
uids. This technique may be extended for solids and vapors.
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ABSTRACT: Polyaniline was synthesized by using ammonium persulfate initiator in the
presence of 1M HCI. It was dried under different drying conditions like room temper
ature drying (for 48 h), oven drying (at 50-60°C for 8 h under a vacuum), and vacuum
drying (at room temperature for 16 h). The conductivities of these samples were
measured at microwave frequencies. These samples were also pelletized and the
measurements were repeated. The cavity perturbation technique was used for the
study. © 2002 John Wiley 8:. Sons, Inc. J Appl Polym Sci 83: 2008-2012, 2002

Key words: polyaniline; conductivity; frequency

INTRODUCTION

Conducting polymers have been proved to be ex
cellent replacements for metals and semiconduc
tors in electrochemical applications, notably for
the energy storage process, corrosion protection,
electrochromic devices, electrochemical sensors,
and so forth and above all as a strong electromag
netic imaging material.” These uses have re
cently attracted significant attention from all
branches of polymer research with a growing in
terdisciplinary trend. Electrically conducting
polymers differ from inorganic crystalline semi
conductors in two ways: they arelmolecular in
character and lack long-range orders. With a
large variety of conducting polymers, polyaniline
(PAN) is a relatively stable, electrically conduct
ing polymer resulting from the oxidative polymer
ization of aniline, which is easy to prepare. Also,
the environmental stability of PAN appears to be

Correspondence to: R. Joseph.
Journal of Applied Polymer Science, Vol. 83, 2008-2012 (2002)
O 2002 John Wiley 8: Sons, Inc.
DOI 10.1002/npp.l0l55

2008

extremely good compared to a number of other
conducting polymers. For this reason it is one of
the most potentially useful conducting polymers.

Recently, La Croix and Diaza proposed that the
thermal decomposition of the material occurs in
two stages, although the thermal stability of PAN
has been reported up to 400°C. Two studies“
subsequently reported a three-step decomposition
process for the HCI protonated conducting form:
the initial loss is due to volatilization of water
molecules, the second loss is related to loss of
dopant moiety, and the third loss is related to
degradation of the polymer backbone due to pro
duction of gases such as acetylene and ammonia.
The present article reports the effect of drying
conditions on microwave conductivity of PAN atvarious frequencies. I
EXPERIMENTALMaterials I
Reagent grade aniline was distilled prior to use.
The HCI and ammonium persulfate were used as l
received.
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Table I Results of Pure Polyaniline Powder

Vacuum
Frequency Room Temp. Drying Oven Drying Drying(GI-Iz) (48 h) (8 h at 50-60°C) (16 h at 28°C)

2.68 Real = 12.3128
Imag = 9.8054
Cond = 1.4628

3.28 Real = 11.5464
Imag = 9.1273
Cond = 1.6671

3.62 Real = 13.8470
Imag = 8.9477
Cond = 1.8013

Real = 8.7712
Imag = 1.9812
Cond = 0.2955
Real = 9.2441
Imag = 2.4281
Cond = 0.4435
Real = 8.3815

Imag = 2.2015
Cond = 0.4435

Real = 12.7267
Imag = 6.6646
Cond = 0.9939
Real = 9.6073
Imag = 6.5399
Cond = 1.1942
Real = 8.4765
Imag = 7.9897
Cond = 1.6090

Real, real part of complex permittivity; Imag, imaginary part of complex permittivity; and
Cond, conductivity of the sample (S/m).

Table II Results of Pure Polyaniline Pellets

Frequency Room Temp. Drying(GHZ) (48 h)
Oven Drying

(S h at 50-60°C
Under Vacuum)

Vacuum Drying
(16 h at 28°C)

2.86 Real = 10.3276
Imag = 0.4517
Cond = 0.0719

3.9 Real = 11.8709
Imag = 1.7346
Cond = 0.3757

Real = 7.0903 Real = 10.1776
Imag = 0.1707 Imag = 0.9401
Cond = 0.0272 Cond = 0.1496
Real = 6.9380 Real = 10.0244
Imag = 0.8693 Imag = 0.7891
Cond = 0.1888 Cond = 0.1712

Preparation of PAN

Chemical oxidative polymerization of aniline was
carried out using ammonium persulfate as an
initiator in the presence of 1M HCl. The polymer
formed was dried under different conditions like
room temperature (for 48 h), under a vacuum
(under a 1 kg/cm2 vacuum for 16 h), and in a
vacuum oven (at 50-60°C for 8 h). The dielectric
properties and the conductivities of these samples
were measured using the cavity perturbation
technique.

The experimental setup consists of a HP8510
vector network analyzer, a sweep oscillator, a S
parameter test set, and a rectangular cavity res
onator. The resonant frequency and quality (Q)
factor of the cavity resonator with and without
the samples in the cavity were measured and the
dielectric parameters were evaluated. All the
measurements were done in S band (2-4 GHz) at
25°C. The PAN samples were pelletized and the
microwave conductivity of these samples was also
measured using the same technique. In the mi

crowave studies the conductivity (0) is expressed
in terms of the loss or imaginary part of the com
plex permittivity:
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Figure 1 Variation of conductivity of PAN powder
with frequency at different drying conditions.
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Figure 2 Variation of conductivity of PA pellet with
frequency at different drying conditions.

where so is the permittivity of free space or a
vacuum, 4;’; is the imaginary part of the complex
permittivity, and

s’; = Vc/4V,(1/Q, — 1/Q,)

where Vc is the volume of the cavity, Vs is the
volume of the sample, Q8 is the quality factor of
the cavity loaded with the sample, and Q, is the
quality factor of the cavity with the empty sample
holder.

7.06

RESULTS AND DISCUSSION

Tables I and II show the conductivity values for
PAN powder and pellet samples, respectively, un
der different drying conditions. The dielectric loss
in all cases is found to increase with an increase
in frequency.

Protonation in PAN leads to the formation of a
radical cation by an internal redox reaction,
which causes reorganization of the electronic
structure to give semiquinone radical cations. The
degree of protonation and the electronic conduc
tivity thus become a function of the dopant con
centration.

-5""-Q“-O \-Q‘-<:>-~—»- A" - A" _|n
Structure of Conducting Polyaniline

At low frequencies the dipoles synchronized
their orientation with the field. However, as the
frequency increases, the inertia of the molecule
and the binding forces become dominant and it is
the basis for dielectric heating or dielectric loss.
Figures 1 and 2 show that the conductivity in
creases with the frequency in all cases, and it may
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Figure 3 IR spectrum of room temperature dried PAN powder.
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Figure 4 IR spectrum of vacuum dried PAN powder.

be due to the increase in the dielectric loss with
the increase in frequency.

Tables I and II also show that the microwave
conductivity of the room temperature dried pow
der form of PAN is greater compared to a vacuum
dried sample, which is superior to the oven dried
sample. Similarly, when the powder sample is
converted to a pellet by applying pressure, the
conductivity is reduced, irrespective of the drying
conditions.

It is evident from the experiment that there is
a loss of dopant molecules under a vacuum and
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during high temperature drying, which will re
duce the dielectric loss, which in turn reduces the
conductivity. This is confirmed by the IR spectra
of the various samples. Figures 3-5 show the IR
spectra of powder samples that were room tem
perature dried, vacuum dried, and oven dried,
respectively. In the IR spectra of the room tem
perature dried sample the principal absorption at
1150 cm“ indicates the presence of PAN-HCl.6
The absorptions at 1325, 1275, 1150, and 1050
cm'1 shift to 1297, 1250, 1109.56, and 890 cm“,
respectively, in the vacuum dried sample. It is
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Figure 6 IR spectrum of room temperature dried PAN pellet.

shifted to 1293.94, 1241.8, 1102.57, and 862 cm'1,
respectively, in the oven dried sample. The low
frequency shifts can be attributed to the deproto
nation of the PAN salt.7

The same reason applies to the reduced con
ductivity of the pellet samples. The pellets are
made by -applying pressure, which may cause the
loss of dopant molecules. Figure 6 shows the IR
spectra of the room temperature dried pellet sam
ple. In the IR spectra of the pellet sample the
absorption peaks are shifted to 1315, 1160, 1075,
and 1025 cm_1, respectively, from that of the
powder sample.

CONCLUSION

The microwave conductivity of PAN is found to be
related to the dopant concentration. The conduc
tivity is decreased when the amount of dopant
molecules is decreased. The conductivity is found

to increase with the increase in frequency. The
drying condition is found to affect the dopant con
centration in PAN.
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STRIP-LOADED HOLLOW DIELECTRIC
H-PLANE SECTORAL HORN ANTENNAS
FOR SQUARE RADIATION PATTERN
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ABSTRACT: The radiation characteristics of a new type of hollow
dielectric H-plane sectoral hom antenna are presented. Metallic strips of
optimum length are loaded on the H-walls of the sectoral homs. The
eflects of strip loading for _prodtteing square patterns in the H plane are
tlisctrssetl. C 2001 John Wiley & Sons. Inc. Microwave Opt Technol
Lett Z9: -15--I6. Z001.
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1. INTRODUCTION

Dielectric antennas are of great importance because of their
low loss. high gain. light weight. the feasibility of obtaining
shaped beams. case of fabrication. etc. [I]. Solid and hollow
dielectric horn antennas have received special attention due
to their increased directivity and high gain compared to
metallic horns [2-4]. Only a few attempts were noted in the
literature on the study of rectangular hollow dielectric horn
antennas. In this letter. we present a new hollow dielectric
horn antenna capable of producing a flat-top radiation pat
tern with low sidelobe levels and cross polarization in the
H-plane.

2. ANTENNA DESIGN AND EXPERIMENTAL SETUP

A schematic diagram of the strip-loaded hollow dielectric
H-plane horn antenna is shown in Figure I. The horn is
fabricated using low-loss dielectric (polystyrene of dielectric
constant e, = 2.56). and is fixed at the end of an open
metallic waveguide. A properly tapered dielectric rod
(launcher) is placed at the throat of the antenna for reducing
the feed end discontinuity. The tapering length inside the
waveguide is optimized for minimum VSWR. Two thin metal
strips of length l are placed on the H-walls of the horn. This
modifies the aperture field of the horn, changing the radia
tion pattern considerably. The sidelobe levels and half-power
bcamwidth (HPBW) of the E- and H-plane patterns can be
adjusted by changing the strip length. An HP 8341B synthe
sized sweeper. HP 8510B network analyzer. and a plotter with
the antenna under test in the receiving mode constitute the
experimental setup.

3. EXPERIMENTAL RESULTS

E- and H-plane radiation patterns of H-plane sectoral horns
of different flare angles and strip lengths were analyzed for
different frequencies in the X-band. The H-plane patterns
are found to be very broad, and the E-plane pattems are
narrow. By adjusting the strip length and frequency, it is
possible to produce flat-top (square) patterns with high HPBW
in the H-plane. The sidelobe levels of these patterns are very
low. Figure 2 shows a typical radiation pattern for a hom of
flare angle 20° with a strip of length of 2A at 10.4 GHz. The
variation of HPBW with frequency and strip length is shown
in Figure 3. The VSWR of the horn is very low for the entire
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TABLE 1 Radiation Characteristics oi the Test Horn

Sidelobe
HPBW Level
(deg.) (dB)

H E VSWR
Flare Strip
Angle Length Frequency
(deg.) (A) (G1-12) H E

1 l 8.5 41 31 -24 -16 1.06- ., 10 3 10.5 68 18 --0 -8.: 1.18
2 8.5 43 26 -30 -12 1.0820 A .,3 10.-1 51 22 --8 -10 1.1
1 8.5 65 23 -35 -11.5 1.1730 3 9.5 50 21 -32 -8 1.25
1 8.5 70 25 -28 -16 1.0945 2 9.5 ss 21 -11 -20 1.1
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Figure 3 ila) HPBW against frequency for strip length l= 2A.
—O— H-plane 20°, --Q" E-plane 20°. (b) HPBW against strip
length at frequency 9.5 GHz. —O— H-plane 20°, --l-- E-plane 20°

X-band. The radiation characteristics of the test horn are
tabulated in Table 1.

4. CONCLUSIONS

The performance of a strip-loaded hollow dielectric H-plane
sectoral horn antenna is presented. The study shows that the
new horn is capable of producing a broad square pattern in
the H-plane and a narrow pattern in the E-plane. It has high
gain and low VSWR, sidelobe levels, and cross-polar levels. It
inay be an ideal feed for reflector antennas.
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l
Figure 6 SEM photograph of a 2.4 GHz bandpass filter (2 mm X 2 mm)

V. CONCLUSIONS

High Q-value inductors were fabricated on high-resistivity
A1203 substrates for MIC application. The measured results
of these passive components were predicted well according to
EM simulation, and equivalent circuit models were also ex
tracted. A 2.4 GHz MIC bandpass filter was realized by these
components to verify the inductor performance and the model
accuracy.
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ABSTRACT: This paper presents the design of a new type of comer
reflector ( CR) antenna and the experimental investigation of its radiation
chamctenlstics. The design involves the addition of planar parallel peri
odic strips ro the two sides of a CR antenna. The position, angular
orientation, and number of strips have a notable efiect on the H-plane
radiation characteristics of the antenna. Certain configurations of the
new antenna are capable of producing very sharp axial beams with gain
on the order of 5 dB orer the square comer reflector antenna. A
configuration that can provide symmetric twin beams with enhanced gain
and reduced half-power beam width (HPBW) is also presented. © 1999
John Wiley & Sons, lnc. Microwave Opt Technol Lett 20: 326-328,
1999.

Key words: antennas: reflector antennas; gain

INTRODUCTION

In the class of reflector antennas, CR antenna is a favorite
choice where a moderate gain is required, due to the simplic
ity of its design. Since its introduction by Kraus [1], several
researchers have performed much work on modifying the
radiation characteristics of CR antennas, both experimentally
and theoretically [I-6]. A recent paper by Mathew et al. [7]
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reported the modification of CR antenna characteristics by
adding two supplementary reflectors.

This letter presents the design of a CR antenna with
periodic parallel planar metallic strips attached to the two
reflecting sides and the resulting improvement in the radia
tion characteristics. It is seen that the gain of the antenna
increases and the HPBW decreases. The performance of the
antenna for different dimensions of the strip structures is
analyzed. There are configurations that can provide axial
gains on the order of S dB over the square corner reflector
antenna. Also, cases providing sharp symmetrical twin beams
with gain enhancement are noted. In this type of antenna, the
primary corner angles above 90° are very effective, whereas
acute angles require large antenna dimensions.

ANTENNA DESIGN AND EXPERIMENTAL SETUP

The schematic diagram of the new CR antenna is given in
1 .;ure 1. lt is constructed by attaching two metallic strip
structures S, and S2 to the two sides of a CR at a distan. -2 I
from the apex. The structure consis s of n metallic strips of
width w and length h kept at a periodicity of d. a and B are
the primary and secondary corner angles, respectively. The
distance I, angle B, and the number of strips n can be varied.
An HP 8350B sweep oscillator, together with an HP 8410B
network analyzer, were used for studying the radiation char
acteristics. The antenna under test (AUT) was used as the
receiver, and a standard pyramidal horn was used as the
transmitter. The VSWR was measured using an HP 8510B

_ '.2'.ZII'.'.'.1......;l.-4 .................. ---_ .............. .. ..-..-.... ........ ..J’

/\».

-. ....... .. +—d ->_____ n . h.i1':::::f  ....I 1 '3».
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Figure 1 Schematic diagram of the new CR antenna
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network analyzer. The experiment was conducted in the
X-band (at 8.5 GHz).

EXPERIMENTAL DETAILS AND RESULTS

After arranging a particular configuration, _the radiation pat
terns were plotted for different values of B. The value of B
for which the axial power is maximum is taken as BOW. This is
repeated for different values of n, and the effect is studied.
The experiment is repeated for various fixed values of I, and
corresponding patterns are plotted. h is optimized as 1.5A
through experimental iterations. w was varied, and it was
seen that a width of 0.3). issufficient to provide the maximum
gain observed. The effect of variation in d was studied, and it
was optimized as lit.

Now, a is changed to other fixed values, and the whole
experiment is repeated. It is seen that Bop,» also depends on
a, and increases with it. This is shown in Figure 2.

The results obtained from the experimental study are
tabulated in Table 1. The gain of the antenna is seen to be
increasing with the number of strips. In all cases, it is seen
that when the axial gain increases, the HPBW decreases. A
typical normalized radiation pattern of a configuration (a =
120°, B = 45°, n == 5, and l= IA) is given in Figure 3 in
comparison with that of a square corner reflector of equiva
lent dimensions. Contrary to ordinary CR antennas, this type
of antenna with obtuse primary angles produces sharp fan
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Figure 2 Bgp, versus a for different values of I when n = 5

TABLE 1 Radiation Characteristics of Selected Configurations of the New AntennaZ Z’)Antenna I M I "Aa Parameters n=2 n=3 n=4 n=5 n=2 n=3 n=-1 n=5
90° pup, 30° 30° 30°Relative 1.0 2.2 3.4

gainHPBW 18° 10° 11°VSWR 1.52 1.58 1.-'19
120° p_,p, 45" 45° 45°Relative 3.6 4.8 5 4

gain

30° 38’ 38° 38’ 38°4.0 Z.-1 3.6 -1.1 4.6
11° 13‘ 12° 10‘ 10°1.29 1.92 1.83 1 85 1.85
45- 60= 60° 55> 53°5.6 2.2 3.8 4.4 4.8

HPBW
VSWR

16°

l .9‘)

I40

1.81

13°

-1.79
11°

1.5-1

22‘
2.08

10°

2.07
91

2.1)}

90

1.99
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with that of a square corner reflector

beams with large axial gains. When a, l, and B are fixed at
certain particular values, the main beam splits into two with a
very deep null along the axis. A typical radiation pattern is
shown in Figure 4.

No appreciable deterioration in the VSWR could be ob
served due to the strip attachment of the corner reflector
antenna when I is small. But for large I, the VSWR goes
high. The VSWR chart for a typical configuration (a = 90°,
B = 30°, n = 5, and I = IA) is given in Figure 5. It is seen
that the cross-polar level is below — 18 dB. The sidelobe level
is seen to be below — 13 dB in most cases.

CONCLUSION

The design and experimental analysis of a new type of corner
reflector antenna has been carried out. The configurations of
the antenna offering enhanced performance were studied,
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Figure 4 Radiation pattern of a configuration providing symmetric
twin beams (a = 180°, B = 60°, n = 3, and I = A) at 8.5 GHz
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Figure 5 Variation of VSWR with frequency for the configuration
with a=90°,B=30°,n=5,andl=A

and the characteristics were compared with those of a square
corner reflector antenna. An axial gain enhancement on the
order of 5 dB, and hence a reduction in the HPBW, are
observed. It is also possible to get two very sharp beams
symmetrically on either side of the axis with a sharp null at
the center.
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Improved Loaded Quality Factor of Cavity Resonators
with Cross lris Coupling
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The pertormance oi circular, rectangular and cross irises for the coupling oi microwave power
to rectangular waveguide cavity resonators is discussed. For the measurement oi complex
permlttiviav of materials using cavity perturbation techniques, rectangular cavities with high
O-factors are required. Compared to the conventional rectangular and circular irises, the cross Iris
coupling structure provides very high loaded quality factor tor all the resonant frequencies. The
"proposes cross iris coupling structure enhances the accuracy oi complex permittivity
IIIOISUYOIIIODTS.

ELECTROMAGNETIC scattering through aperturesis of great importance in microwave technology.
Large number of theoretical and experimental
investigations have been done in this field["5].
Modification of coupling mechanism of microwave
power to the cavities is essential for improving the
loaded quality factor of cavity resonators. Different
coupling techniques such as probe (electric coupling),
loop (magnetic coupling) and open guide (electric
coupling) are used to couple power to the cavities. The
simplest among them is the open guide coupling. In this
category. generally circular/rectangular irises are
employed. When a resonant cavity is coupled to an
external load, its characteristics are considerably
modified by the coupling element. For the investigation
of the dielectric and magnetic properties of materials,
microwave cavity resonator techniques are widely
used[6'7]. Resonators of high Q-factor are used for the
measurements. Hence the coupling mechanism of a
cavity resonator has important role in improving the
loaded Q-value. In the present investigation different
types of iris coupling structures are analysed. A new
coupling mechanism - cross iris coupling - for enhancing
the loaded quality factor of the cavity resonator is
proposed.

THEORETlCAL‘ASPECTS

A cavity is considered to be a closed volume. The
coupling system radiates power and this lowers the
loaded Q-value of the resonator. The losses that usually
occur in a cavity resonator are (l) dielectric loss (2) wall
loss and (3) coupling loss. Let PM, PLW and PLC are the
time average power losses ofa resonator. the total quality
factor of the resonator is given byQ W‘ <1i= cu ‘ J

' ' PLd+PL +PLcW

Paper No I8-A; Copyright © I999 by the IETE.

or l l I l_ _ _+ _ + -_ (2)Q, Qd Qw Q.
Where cor is the resonant frequency and W8 is the energy
stored in the cavity. The unloaded Q-value is given byl l l— = -+_ —- <3)Q0 Qd Qw
For a cavity with given medium, Q0 is constant. So the
total loaded quality factor Q, depends on the value of QC.

The total loaded quality factor Q‘ and unloaded ckuality
factor Q0 are related by the coupling parameter[ 1

_ 2
K = [—--—Q' Q° j (4)Qr+QO

The lower the value of K, the higher is the loaded Q
factor

From (2) and (3)l l l- = - - — <5)
Q‘. Q, Q0

Also the coupling coefficientmk = i (6)
-l +Q'

From (4) and (6) we get

k 2" = l -2-? i "’+

481
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Fig l Rectangular waveguide resonator with iris coupling structure

In order to get higher loaded quality factor, coupling
parameter K and hence coupling coefficient k should be
low. The motivation of the present work is to design a
coupling iris which will give higher loaded quality
factor for all the resonant frequencies of a resonator.

EXPERIMENTAL DETAILS AND RESULTS

X-band transmission type rectangular waveguide
cavity of length l3.5 cm is employed for the study. The
iris is made on conducting metallic sheets. Since thick
irises adversely affect input impedance and Q-value
power should be coupled into or out ofthe cavity through
irises in thin conducting sheets. In the present case sheets
of thickness 0.1 mm are used for the fabrication of iris
coupling elements. The iris coupling structure is held
between the coaxial to waveguide adapter and the cavity
(Fig l). The cavity is connected to the two ports of the
S-parameter Test Set and is excited in the TEN" mode.
Figure 2 shows the experimental set-up.

Different types of irises designed for the study are
shown in Fig 3. Loaded Q-factor of the cavity with each
coupling structure is determined from the amplitude
response of the cavity (Q, = fr / Af, where fr is the
resonance frequency and Afis the 3dB bandwidth). Table
l shows the loaded quality factor of the cavity with
different iris structures. Rectangularirises ofwidth l mm
and lengths 5 mm, 6mm, 7mm, 8mm, and 9mm are
selected for the study. The loaded quality factor of the
cavity for each rectangular iris is measured. It is observed
that, for each resonant frequency, the Q-factor varies
with the length of the rectangular iris. Thus rectangular
iris of7 mm length gives comparatively high Q-factors.

Most commonly used type of iris structure is
circular. Circular irises of diameters 5mm, 6mm. 7mm,
8mm and 9mm are taken for the measurement. From the
Table l. it can be seen that circular iris of 6 mm diameter
gives high loaded quality factor at the resonance
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Fig 2 Experimental set up
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TABLE l Loaded quallty factor of cavlty resonator for dlflerent types‘ of lrlses
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Diarnotoro1C6rou|arlr1e LengmolRactang1la'lrla Longtho1Croasirla 1. g (widthF'°'1"°"°Y .1 .-   . . . . .t'."¢"""\'"i _1rnrn)‘

5mm Burn 7rnm,8_ 1 9mrn110nvn!5mm
i_

1011:) ‘ ‘ 1 1 *
7mmBurn 8mm9mm 10mm Stun 6mm 7mm

1

16|1I'I'1\9l'II'I1

1.
1

10mm

8.5 1930 2525 1 720 550 392
. 17*

- ,1

425 452 212 1185 1015 1M4 932' 1912 21951 424 452 485

1*_._
5421

9.3 1150 1640 198 210 225 317 314 442 227 362 572 796 1805 2724 510
1

1 524 250 195

10.1 1142 925 475 368 374 288 610 817 646485 302

V _
1

1120 2010 185 162177‘L . 150

10.9 810 472 342 295

1205 1310 525 488 785 578 394 2% 1065 1 740 845 589 378 246

11.8 515 1085 $20 4T5 365 308 135 1115 792
1 1

515 265 102 1192 1362
1

592 p265~ 410I 1
1

‘ 1921 _
TABLE 2 Co

Frequenqv

t<3Hl)

Coupling coefficient It Coupling parameter K

CrossClrt:ularRoctangular Cross Circular Rectangular

8.5 1.6 2.1 22.3 0.05 0.13

1

' 0.84
1

9.3 1.8 3.1 11.1 0.08 0.25 0.69

10.1 2.6 5.7 9.4 0.19 0.49 0.65

10.9 3.1 13.2 12.1 0.25

'_

0.74 0.72

11.8 4.5 6.1 5.5 0.41 0.52 0.48

TABLE 3 Impedance of various types of lrises

upling parameters and coupling roefficlents of different types of lrises

Frequency ‘ p(GHI) 1 1Cross iris Circular iris 1

Rectangular iris 1

1

5mm 6mm 7mm 5mm 6mm 7mm 1 5mm 6mm 7mm

R(Q) X(Q) Rlfi) X(Q) _ 18(0) X(Q) 8(0) X(Q) R10) X(Q) Rlfl) X(Q) R(Q) X(Q) 8(0) X(Q) R(Q) Xl!-'1) '

‘.

8.5 53.16 0.487 53.93 0.488 55.13 0.712 55.47 0.719 56.78 0.642 58.19
1

0.814 51.96 0.361 52.79 0.412
V

55.31 0.104
1

9.3 50.76 3.668 51.03 4.467 51.21 5.963 51.30
1

6.197 51.55 ‘ 1.542 52.00 9.261 50.49 2.304 50.71 3.295 51.46 6.089

10.1 46.90 3.354 46.14 4.255 45.06 5.391 44.98 5.492 44.14 6.692 42.93 1 8.267 48.04 2.141
1

41.15 3.005
1

44.61 5.687

10.9 44.90 0.176 43.64

1 I 1
0.293 41.90 0.618 42.01 0.557 40.37 0.914 38.52 1.469 46.80 0.031 45.36 0.072

OD

0"]
is

41.3 78

11.8

_ ‘ _
45.21 -3.22_1__ _43.851-3.66 41.95 -4.74 42.31 -4.56 40.45 -5.09 38.43 -5.68 47.10 -2.14

‘ §
F“

Q

$3’
Q.3

i.__.,j
.15
(OQ

41.20

_

frequencies 8.5 GI-lz, 9.3 GI-lz and 11.8 GI-Iz. For l0.l
GHz and lO.9 GHZ, circular iris with 5 mm diameter
gives better performance.

Symmetric and asymmetric cross iris coupling
elements are designed for the study. It IS found that

asymmetric structures show very low Q-factors and they

7__ _¢

are not taken into consideration. Symmetric cross iris of
width l mm and lengths 5 mm, 6mm, 7mm, 8mm and
9mm are designed used as coupling elements. Cross iris
with 6 mm length provides highest loaded quality factor.
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Fig 4 Amplitude response of the cavity for circular (diameter
6 mm) and cross (length 6 mm) irises

The coupling coefficient, k and coupling parameter, Kof
different types of irises are shown in Table 2. K and k
values are lowest for symmetric cross irises, which result
high loaded quality factor.

Table 3 shows the impedance variation of different
irises for different resonant frequencies. It shows that the
irises with different dimensions have comparatively
good impedance matching with the 50 Q source. The Q
factors are highest for cross iris compared to other irises.
Figure 4 shows the amplitude response of the rectangular
cavity resonator for circular iris (diameter 6 mm) and
symmetric cross iris (length 6 mm). The improved loaded
Q-factor may be due to the fact that the spurious modes
generated at the aperture are suppressed by the peculiar
structure of the cross iris. Change in the waveguide
height causes field distortion and a set of non
propagating TMM modes is generated along with the
dominant TEIO modeuol. Similarly, the change in the
waveguide width produces field distortion causing a set
of non-propagating TEm0 modes with dominant TM
mode. The cross iris may be considered as the
combination of vertical and horizontal slits obtained by
reducing the width and height of the waveguide. So it is
reasonable to believe that the cross iris suppresses the
spurious modes without perturbing the dominant mode
(TEl0). This argument is in line with the mode
suppression technique developed by Sequeriam].

CONCLUSION

An extensive experimental study shows that cross
iris coupling improves the loaded Q-factors of a cavity
resonator considerably. In the case of rectangular and
circular irises, highest loaded quality factor for different
frequencies are obtained with different iris dimensions.
But the symmetric cross iris of particular dimension
provides the highest loaded Q-factor for all resonant
frequencies of the given resonator. Thus the cross iris is
found to be an excellent c'oupling element over the
conventional types of irises.
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