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'ABSTRACT

. Fast measurements.are especially important in inves-
tigations of the dielectric properties of biological sub-
stances(WhereAtest maferials have to be measured in many
different conditions)-An experimental system for fast per-
mittivity measurements o#er a wide’frequency range has been

developed. The lumped capacitance methqd, which requires a

very small sample, is employed.

The measurements are performed in fhe time ddmain and the
data transformed into the frequency domain by meansybf a |
digital computer. The speed and simplicity of measurements
have been achieved by automatic analog to digital conver-
sion of the time domain curves. Software ror processing of

the experimental data has been developed.
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CHAPTER 1

INTRODUCTION

Knoﬁledge about the electrical properties of agricultur-
al materials becomes increasingly significant as agricultural
.technblogy becomés more sophisticated, as new uses for electric
energy ére developed, and as new methods, processes and devices
come. into being Which utilize or are influenced by the electri-
cal nature.of | maferials. The electrical properties of ani-
ﬁal tissue have been intensively investigated since the end of
the last éentury /1/. The principal reason for these investi-
gations has been the interest in effects of electric currents

and electromagnetic fields on human beings, the interest in un-

derstanding the conduction of electrical signals in animal tis-

sue, and in using electrical methods for the study of the
structure and function of biological systems.

Electrical properties of food products have generally
been of interest for two reasons. One relates‘to the possibili-
Aty of using theldielectric properties as means fé: determining'
. quality factors. The other has to do with the absorption ofy
energy in high-frequency dielectric héating or microwave heatirg

applications emploved in the processing of food materials.

There has been much interest in dielectric properties of'”

grain and seeds for many years because of many potential appli-

cations, including the use of electric energy for mois-

ey



ture measurements, grain'dryihg, stored grain insect control
and remote sensing for measurement or process control,

Electrical properties of agricultural and biological
materials vary widelf and are dependent upon many factors.
The basic and most important factors are: frequency, temper-
ature, moisture content, density, pressure and anisotropic
nature in the structuré.of the matérial;

| Precise values for any particular substance under a

particular set of conditioﬁs can only be obtained by careful
measurements. There is only one way to examine the dielectric
properties of materials - to tests the substance by varying'
one factor while all others are held constant. But there is
an infinite number of sets ofbconditions for which the material
may be tested. Thus, an enormous number of measurehenté must
be performed and therfore the speed of theempioyed method is
extfemély iﬁportant.

A large number of methods has been developed and many
.different techniques have been used to investigate thg dielec-
tric properties of materials. The classical methods are
based on measurments of electrical quantities at one fixed
frequency., Then the frequency is changéd andvthe.measurements
are repeated, The dielectric propertie§'of test materidl
are not determihed directlv. The steady-state approach in

the frequency domain requires many laborious techniques but




nowadays these techniques are becoming faster since high-

speed computers are used in the processing of experimental
data /2/. Fﬁrthermore, frequency domain methods can be
speeded up by use of a sweep generator and sutomation of
measurements.,

An alternative approach based on measur;ments in the
time domain offers many‘advantages;' Instead of sweeping

the frequency, a pulse is generated which has a frequency

spectrum spread over a wide frequency range /e.g., a fast

rise time step function/. Such a pulse is then applied to.

the test sample and a response of the substance to this
excitatioﬁ is observed. The dielectric properties of the
material can be obtained by calculating the Fourier Trans-
forms of excitafion and response signals. These time-to-
frequency domain conversions have to be done by a digital
computer, It is possible to decrease or even eliminate
human participation in this whole link, and, thus, make

the measurement very fast,

It is the objéct of this research to develop a system

for fast measurement of the dielectric properties of materials

over a wide frequency range. Such a goal can be achieved

only by simplifying and speeding up processing of the experi-

mental data, Therefore, the objective included not only the

harware of a time domain experimental system but also the

- development of a software for such a system.

The electrical quantities describing dielectric materials
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are introduced in Chapter 2 of this thesis while Chapter 3
reviews measuring techniques and methods for investigating
such materials at high and microwave frequencies. Experimen-
tal planning is discﬁssed in Chapte£v4. Chapter 5 includes
the design and developmenﬁ of the experimental system while
Chapter 6 is devoted to the system software. The experimén—

tal verification of the'system is'presented in Chapter 7

of this thesis. The conclusions are discussed in Chapter 8,




CHAPTER 2

INTRODUCTION TO THE THEORY OF DIELECTRICS

" Dielectrics include a broad"exﬁanse of.nonmetais
considered from the standpoint of their interactionkwith_
electric, magnetic, or electromagnetlc fields. Thus we are.

concerned with the storage of electrlc and magnetlc energy as
well as with its dissipation. The macroscoplc descrlptlon
of dielectrics and explanat1on of the phenomenon of d1electr1c

polarization is dlscussed in this chapter.
2.1, Macroscopic'Description of Dielectrics

The a-c characteristics of materlals are best deflned
in terms of electromagnetic f1e1d concepts /1/ 8351c
to any dlscu551on of the 1nteract10n of electromagnet1c waves

and matter are Maxwell's equations e

-+ + S

VxE=-juB  VeB =0 -
~ o J2.1/
-+ + -+ + _
V xH= juD+J VeD = Q

_ and the associated constitutive relationships

+> -+

D = ¢E

- -+

B = uyH

e | L L R
J=oE




.

.-P'-)-)-b T -
where E, H, D, B and J are complex vector quantities of rms

values and eJ¥t dependence, i.e., time-harmonic functions.
-> ->

E represents the electric field intensity, H the magnetic
->

field intensity, D the electric flux density /or dielectric
-

displacement/, B the magnetic flux density/or magnetic induc-
tion, E'the electric current density, and 5.15 the electric
charge density, a scalar quantity. €, u, and 0. represent
the complex a;c constitutive parameters éf the material, which
ére the permittivity, the permeability, and the conductivity
associated with conduction currenf, respectively. The free
space constants u, and e, have respective values of
ar x 10”7 henry/m and 8.85419 x 10°12 farad/m. Conductivity
of free space is zero.

For most materials other'thaﬁ ferromagnetic substances,
u has essentially the value of u,. This holds true for

biological materials and agricultural,products. The permit-

tivity is expressed as

J " -1
e =¢ - je = |ele 38

/2.3/

- The real part of the permittivity, E', is called the dielectric

constant. €" is the dielectric loss factor, and the angle ¢
is the dielectric'loss angle. The value |

tan 8 = f}- 4 ‘v/2.4/

]
is called the loss tangent orvdissipation'factor of the

material.
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In most practical work the dielectric properties of
materials are related to the dielectric properties of vacuum
or free‘space. The relative permittivity, relative dielectric
constant, reiative loss fac’cor, and loss tangent are related |

asg follows: o
€l en

S L€ E et e (1-tand) |
_E.-r— €a = & J.. o Er-JEr €f(1.tan§) /2.5/

tand =-£x- /2.6/
The conductivi{:y S, may be .written as B o
6= 6c+i6¢ S s2a
Substituting expressions 2.2 and 2.3 in the expression for
the curl of i1 of Egqs. 2.1, we may write -
VxH=ju(e'-je")E + (6, +j61)E =[j(wes6)rwess]E  /2.8/
The term jm£E=jw(€‘-j£")E represents the displacement currént,
while-ﬁc—E' represents the conduction cﬁrrent. Normally 6':-
- is negligible. The currents of Eq 2.8 may aj.so be considered
as shown in thé right-hand member where = (WE"+ Sc')—é
representé a dissipative current in phase with E and j(ue'mc")'é.
represents a reactive current out oi‘ phase with E. Generally,
in dielectrics work the dissipative currentv is attributed .
to the dielectric loss, and the influence of the 6./ component’
is lumped with the £" component so that the total loss éuf—
rent is considered to be we'E.An a-c conductivi_ty ‘for the |

material equivalent to wg”can be calculated as
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G=we"=wE €, - - f2.9/

-The relationships of Egs. 2.5, 2.6, and 2.9 may also
be derited from equivalent-circuit concepts, where a dielec-
tric material is represented for a given frequency by a par-
'allel-equivalent capacitance and resistance /3/.‘These:conf
cepts are applied in many measurementptechniques where the
dielectrio-properties are calculated from impedance or ad-

mittance measurements on dielectric material samples.
2.2. Microscopic Mechanisms of Polarization

| Matter, electrically speaking, consists of pos1tive
.atomic nuclei surrounded by negative electron clouds. Upon
the application of an external electric field the electrons
are displaced slightly with respect to the nuclei induced |
dipole moments result and cause the so-called electronic

polarization of materials /3/ When atoms of different types

- form molecules, they will normally not share their electronsff*'

‘symmetrically, as the electron clouds will be displaced

'v_eccentrically toward the stronger binding atoms. Thus" atoms

‘acquire charges of opposite polarity, ‘and an external field

acting on these net charges will tend to change the equilib-iﬁﬁ

rium positions of the atoms themselves. By this displacement’f‘
of charged atoms or groups of atoms with respect to each .

.other, a second type of induced dipole moment is created.v

It represents the atomic polarization of the dielectric. The ;f
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asymmetric'charge distribution'between the unlike partners -
of a molecule gives rise, in addition, to permanent dipole
moments‘which exist also'in the absence of an extermal field.
Such moments experience a torque in an applied field that
‘tends to orient them in the field direction. Consequently,
an orientation or dipole polarization}can arise. These
three mechanisms of polarizationeare due to.charges that
are locally bound in atoms, in'molecules, or in'the struc-

tures of solids and liquids. Inaaddition;dchargé carriers '

- usually exist that can migrate. for some distance through the

dielectric. When such carriers are impeded in their motion,v,*f

- either because they become trapped in the material or on

| ;interfaces, or because they can. not ‘be. freely discharged or
replaced at the electrodes, space charges and a macroscopic
field distortion result. Such a distortion appears as an
increase in the capacitance of the sample. Thls mechanism
of polarization is called space-charge or interiacial_‘
polarization. s |

Each of these four mechanisms of polarization takes

'place in a different frequency range. Therefore, for differ- e

ent frequencies of the applied alternating field, a differ-
ent mechanism may dominate. Resonance effects, due to rota-
tions or vibrations of atoms,_ions or electrons /electronic
- and atomic mechanisms of polarization/ are noticed in. the B
infrared, visible and ultraviolet regions, in the neighbour- |

hood of the characteristic absorption freqnencies. The space-jf*'
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charge polarization is usually dominant in the low frequency
regions, whereas the dipole polarization can be observed in

the radio and microwave regions.
2.5, Palarization at High Frequencies

As frequency increases from low values, the polar mol-

ecules can follow the changes in dlrectlon of the electrlc fleld

up to a p01nt, and, as the frequency continues to increase,:~u~

the dipole motion can no longer keep up with the changlng
fleld As a result, the dielectric constant drops w1th in-

_ crea31ng frequency in this region and energy 1s “absorbed as
- a result of the phase lag between the dlpole rotatlon and

- the field. At higher frequenc1es, the dlelectric constant
again levels off at the so-called optical value and the loss
factor again drops to a low value, (Flg. 2.1). |
4Debye./1929/ developed the mathematlcal.formulatlon whlch

can be expressed as
E_ =€ +_E-r,§'£‘£°°; i :
v “reo 1 +jwT e ‘ /2 10/

Separating this into its real and imaginary parts yields

' ’ 8 r& :
E!l =€ rs ~ ) ) . .
T reot 1 +wr | , /2.11/
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|

I

Lo L —
+ ogw

Fig.2.1. Dispersion and absorption curves for a polar

material following the Debye relaxation process /1/.




12.

where €, is the static or d-c value of the dielectric
constant, &;» is the infinite - frequency or optical val-
ue, and T is the relaxation time, the period associated
with the fime for the dipoles to revert to random orientation.
Sinée the loss decreases to zero at the frequency eXtrémes,
675—8,.5 and ' Efw—e,.w,the prlme notation on €, and E£re
are often omitted. |

It was noted by Cole and Cole that plotting &, and Er
in the complex plane, in accordance with the Debye relation,
fesults in a semicircle /Fig.2.2./. Egs. 2.11 ére'paramefric

equations of a circle, and combining the two equationsiéﬂd‘

~eliminating wT provides the following Cole-Cole relation:

Vet (2 _ |
(er- Sixptie) + (e = (EEf /are

' ’
€rs"5roa

This describes a circle of radius 5

with center .
on the £. axis at (é—"—s-&"-‘-’-,()). | v

2

2.3.1. Distribution of relaxation times

In a condensed phase of a material the conditions for eaéh
‘molecule are strongly varlable; the magnitude of 1nteract10n
forces, directing force, and a thermal 1nfluence, all vary from‘
place to place and from time to time. Every dipole,inthS'_
own situation has at any moment its own intrinéic~reiaxéti0n__; «
time. When an average is taken ovér spatialvconditions,:g}vQj’ ‘

spread of relaxation times generally results, distributed
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o
€r

Eroe Er;“' Erec
. 2 .

Fig 2.2. The relationship between Er and €+ , according

to the Deb: ve relatlon /4/
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around the most probable value.

There is no satisfactory general theory describing
the ffequency dependence of €&, and €, in case of dis-
tributed felaxation times. Therefore, several authors tried
to approach the problem from the empirical side. Cole and
Cole /1941/ showed that in the case of distributed relax-
ation times, formula 2.10 must be modified to

P ’
' E-rs - erm

€= €0 + —
T+ (o)™

which results in a Cole-Cole plot which is an arc of a circle

S+ Evo s —Eron -h)TC
( Erstbro E""z ®  catan 2)1’6) and
radius -jii%fﬁf—— cosec-ll%glﬂl, as shown in Fig. 2.3.

Thé Cole~-Cole representation has been found to describe

/2.13/

with centre:

reasonably well the frequency dependence of the permittivity

of soﬁe biological substances. |
Several other models have been developed to explain

the behavior of certain types of:materials; One known as the

Cole-Davidson representation results in a skewed arc, Fig.2;4, 

‘rather than the symmetrical Cole-Cole circular arc. The
Cole-Davidson representation is defined as

' et Ers = Eveo
.Er = Ert (1 +jw‘t’)ﬂ f2.14/

where B is restricted to values between O and 1. Forp = 1
the arc is the Debye semicircle, but for values of A< 1
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Fig.2.3. The Cole-=Cole representation of e, and € in the

case of distributed relaxation times /5/.
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8
-
w
el !
wig
W

0 0.5 €s-Erao 0]

Ers-Erw

Fig.2.4. The Cole-Davidson representation of €, and £, ;.

the short arrows show where w=-.'F /4/.
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the arc is skewed to the right. The Cole-Davidson represen-
tation is useful for materials exhibiting a nonsymmetrical
distribntion of relaxation times with polarization processes
of deéreasing impértandeiextendihg into the higher frequency
region. _ o _
| A mathematical description.of expetimeptal data is
much more complicated when two or more relaxation effects
are overlapping. In this case, each dispersion is described
by a different set of parameters and the reSultaﬁt'éurve is

- obtained by a geometrical construction.
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CHAPTER 3
DIELECTRIC MEASURING TECHNIQUES AND METHODS

Measurements of the dielectric properties of materials
can be made either in the time domain or the frequency domain.
For convenience, methods and techniques for these‘two domains
are reviewed separately. The limits of‘frequenCY>ranges'are
arbitrary and heve been selected‘only for'the purpose of this

thesis.

3.1 FreQuency Domain Methods. ‘

Neither the dielectric constantfnorfthe loss fector
of a test material are determined directif; the narameters
which are measured depend on theffrequency. In the meaium
frequency range, the cepacitancevend the &issipation fector of
a dielectric sample are measured,by the null method /6/, involv-

ing some type of a capac1tance brldge. The d1electr1c constant

and loss factor are calculated therefrom. At hlgher frequenc1es

the errors of the capac1tance brldge method become exce551ve
and therefore a. resonant c1rcu1t 1s usuallv ‘used for measure-

ments. The capac1tance of the sample 1s measured by the sub-

stitution method, but the loss component is found from the w1dth;e.

"of the resonance curve. In the~m;crowave frequency range,
lumped circuits can no longer be utilized and typical distri-

.buted element techniques are employed in measurements. The

~
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high and microwave frequencies are of interest in this

research,

3.1;1. High frequency range /100 kHz to 300 MHz/

Iﬁ this frequency range, resonant circuits are used
with‘resonance indicated by a high input impedance voltmeter.
The dissipation factor of the circuit is'usually obtained
from the width of the resonance curve, determined by either
suéceptance-or frequency variation /6/. The 1ower.frequency
limit /ca. 10 kHz/ is given by the input resistance of the
‘voltmeter. An upper limit /ca. 300 MHz/ is set by the
smallest inductor that can be built with a sufficiently low
dissipatioh factor, since the tuning capacitance must be
somewhat larger than that of the dielectric sample. Additional
limitations»are imposed‘by the dimensions of the sample
and its electrodes which must be very small compared to
_the waveléngth and by the radial resistance of the foil
electiodes applied to the dielectric. |

3.1.2. Microwave frequency range /300 MHz - 200 GHz/

Microwave measuring techniques are employed to deter-
mine the dielectric properties of materials in this frequency

range. Transmission lines /both waveguides and coaxial/,
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.s8loted lines, microwave bridges, resonant cavities and other
distributed elements are used rather than lumped elements
and circuits. Neither the dielectric constant nor the loss
'factor}are determined directly but they are calculated from
the input impedance, reflectionvor transmission coefficients
and the parameters of resonant.cavities [T/ .-

| There are three groups of methods for measurlng the
permitt1v1ty at microwave frequen01es /2/ /6/ These are

the reflection, transmission and perturbatlon methods. The

most popular method is the first.group which is based on»measuref

ments of the input impedance of a sample, open and short-,
circulted at its far end. The method is usually used with.:
samples inserted into wavegulde or coaxlalvllnes. Another

method in this group is the very-IOng—sample method whichh'

is based on measurements of the 1nput 1mpedance of a relat1ve—~ud“

ly long sample so that the reflectlons from its far end can
be neglected. A modified version of this method has been -
developed /8/ which allows measurements over a relatlvely‘
wide frequency range even for dlelectrlcs 1n granular and |
powdered form and relatively short samples. |
Transmission methods, whlch are based on measurements
of the complex transm1531on coeff101ent of the sample in theib
-waveguide or coaxial line, are less popular because of the
complicated measuring arrangements required and lower accu--

racy obtainable.
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Perturbation methods are based on measurements of the
incremental changes in the resonance frequency and Q—faétor
of a resonant cavity containing a very small sample of the
fest material. Nowadays these methods are intensively in-
vestigafed éince the parameters of the cavity can be con-
troled automatically by an electronic circuitry. The appli-
cations of these methods for measuring dielectric proper-
ties of liquids flowing through an open-ended cavity have
" been reported /9/, /10/.

3.2, Time Domain Dielectric Spectroscopy

Since about 1969 transient methods have been used in
the study of fast relaxation processes. All the trénsient
methods originate from a techniQue called Time‘Domain Re-
flectpmetry /TDR/. Presently, not only the reflection meth-
- ods but also the transmission methodé are used to investi-
gate the dielectric properties of matérials.'Therefore; all
trahsient'methods are collectively called Time Domain Spec-
troscopy /TDS/ methods. The accuracy of TDS methods is at
present comparable to that of standérd'frequehcy doméig |
methods. Striking advantages are the simple equipment ﬁeeded
/a sampling oscilloscope/ and the relatively short time re- 
quired to do ﬁhe measuremenfs. At present the frequency
range covered by these methods is from the kHz'region up to
about 15 GHz /11/. o

In all time domain methods a fagt-rise~time step volt-
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age is bropagated in a low loss coaxial iine. This step volt-
age is detected at the "sampling head" or the sampling system
‘and displayed /after being transformed to a longer time scale/
on an oscilloscope. The step voltage is also travelling to
‘the dielectric sample enclosed and all reflected voltages
which reach the sampling head at some later tims are also
displayed on the oscilloscope screen.

Obviouély it is possible to selecf specific Phenomena
'/as the reflection behéviour againgt one interface only/ within
a gpecific "time window". Other,'unwanted, phenomena /as
refléctions from_the second interface/ then occur outside
‘the time window and therefore do not disturb the measurement.
Experimentally~this property is used to diminish the influence
of unwanted reflections from cqnnectors; sampler, sampling
head, etc. |

" The permittivity of the test material can be found

by Fouriér analysis of both the incident and reflected sig~
»néls. All computations nscessary in the processing of exper-
imental data are done by digital computers. |

To conclude this chapter, a comparison is given in
Table 3.1 between the TDS and frequency domain techniques

/12/.
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Comparison between time domain and frequency.domain methods

Frequency range 10 MHz to 10 GHz

Time Domain Methods =

‘Frequency Domain Methods

Relatively inexpensive eqﬁip-;
ment /e.g. HP 1815/1817, 35
. ps TDR system_- about B 4250.,
in 1974/

Expensive equipment /e.g.
HP 8410/8620,
2 GHz Network Analyzer -

110 MHz to

about # 16000 in 1974/

Measurements not time consu- - -
ming at microwave frequencies

/about 5 minutes/ -

Tlme consumlng experlments
at mlcrowave frequencies
/severalvhcurs for tradi- o
tional techﬁiques but sevf"c

eral minutes for Netwcrk"

Analyzer/,
Accuracy compaiable with.fredgf, '1_J‘ f”g‘: v
quency domain methods _.‘;:';-_AEO21%'?:;'4&8.0210%,_ AT:75°°
Ae AEp oo, AT. & - Ew T
€ = 5% —===20%: ~75/ o '
(-]

Ew T

High frequency limit, in

‘principle due to the finite =
rise'time,of the step volf-ﬁe
age and time reference pro—"

cedure /in practice f-<1OGHz/

"ANo high frequency limlt
: a priori /ln practice
| f < 40 GHz in guided

esystems/
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'Time Domaiﬁ Methods

Frequency Domain Methods

Low frequency limit due to the

necessity to obtain a "complete"

time domain curve /in practice

£ > 10 MHz/

No low frequency limit a
priori but different tech-
niques must be used when

frequency decreases

Indirect estimation of £’ and -

€” from Fourier analysis

£’ and €" calculaﬁed o

~ from eleétriéal parameters

Calculator or computer is

necessary -

~ Calculator or compﬁter not |
- necessary in principle but |

needed in practice

The influence.of errors, in-

volved in the measurement, is

spread out over all frequéﬁcieSj

 surement gives an error in

Any error ‘involved in mea-

€' and € for one frequen-
cy only /provided that the

error ig not systematic/
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- CHAPTER 4

EXPERIMENTAL PLANNING

Measurements of the dielectric properties of materials in

the time domain offer many advantages as dlscussed in section
3.3. The measurements can be done by employlng different.
methods and techniques. A lumped capa01tance method was utl- |
lized in this research because of its 1nherent advantages
such as speed, simplicity, relative ease of datalevaluation

and the very small sample required.
: 4.1. Measurement Method

In the lumped capacitance method /13-15/ a small
shunt capacitor terminating a coaxial line section is usedv
as a gample holder as shown in Fig. 4.1 /a/. An equivalent
- circuit of the sample holder is shown in Fig. 4.1 /b/, where
er*is the relative permittivity of the subsfance filling
the test capacitor. The permittivity can be calculated from
the measured input reflection coefficient of the sample
holder. The reflection coefficient at the A-A plane for the
transmission line section terminated by a load impedance is

|
Z (w)= jw C(W)

P.=lPle'je=

is :
1-jwCoZo €, |
1"’ij020£1' ‘ /4.1/

The real and imaginary parts of the relative permittivity
may be found directly from /4.1/ in the form |
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a) | A |
| [////C=£Aw)C6"
COAXIAL | wp——— /S |
CONNECTOR &///1/////{ '
i
A
b)

Fig.4.1. /a/ Coaxial sample holder and /b/ its equivalent

circuit.
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e T CoZ (ITF+ 2 [T [c0s 8 1) /4.2/
" _ 1 _.rﬂz '
e = TG Z (TP 2] Tcos O + 1) /4.3/

By knowing the frequency dependence of the input reflection

coefficient, the frequency dependence of &, and €. can be
found. The input reflection coefficient can be calculated from
the time response of the capacitor to am incident step

voltage applied to the sample holder, i.e.

Va(t)=Vin(t) * T () /4.4/

where Vip(t) and V,(t) are the incident and reflected
waves respectively and * denotes convolution. The frequency
dependence of the input reflection coefficient can be found by

taking the ratio of theFourier tramnsforms of both waves, i.e.,

N _FVe(t) |
M) = FValt) 4.5/

The detailed uncertainty analysis has been given in /13-15/
and it has been shown that

de' 2" sing , | 4.6/
3o CrZo {(IM] cosB+1)* +[*sin*B} :

32, wCoZ; {(ITl cos® +1F +|I*sin20}

66’ : 2.,'-‘,501'\.6 | /4.7/

| o€’ B 2.(1-11*) sin® | /4.'8/

) A~ wCoZo{{IT] cosB +1)% + [TI% sin®0}F
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3¢’ 2IrH{{1+Ir1) cosB + 2P} Jae)
960  wGCZo{(IlM cos® + 12 +[M%sinZ0}F : ;

éE“ . B . iv '— 'rlz . e ‘ /4.10/
3C, czz,,{(m cos® +1 ) + |r|25m 8}

de" __ ML My
32, wCoZz{“r'l cosG + 1)7‘ ll"lzsm. et | .

de' ___ 2{2|r|+ (1+“_'|2) cosO} . - /4.12/‘"
ol wCoZo{(lFl COSG*i)Z'*]r'IZSLn 9}2' '

de” _ 2ICL(-IMPY sin® . Ja.13/
36 wWCoZo (I cosB +1)2'+-jl"|"’fsi.n26}" : S -

:The uncertainties ACO a.nd AZg result from the uncertaln-

, ties in length measurement. For modern coax1a1 components
these can be assumed to equal 0,1 percent. An’ add1t1onal
uncertainty in determination of C results from the presence
of the fringing field effects and the menlscus of the test 11-
lqu1d but these - arevery difficult to evaluate. The uncertaln-
ties A|l| and AB are caused by_ the u01se-l;ke er;cors in the.- '

'_ TDS system and by the timeato_—'fr'equency' con've“rsion; ézf;j,ors,.;/1__6/,.
4.2. Typical Experimental Setup

~ A block dlagram of a typical experlmental setup is
illustrated in PFig. 4.2. The experimental setup is shown in
simplified form to - clearly indlcate the interconnection of
the essential parts: a step function generator, sampling N
 head, sampling osbilloscope,.XeI_?eccrder andig'sampleu
holder. - | R o B




X-Y RECORDER

SAMPLING

~OSCILLOSCOPE

STEP
FUNCTION
GENERATOR

SAMPLING

Fig.4.2. Typical experimental setup.
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A tunnel-diode pulse generator produces very fast
step pulses /rise time of approximately 20 psec for
Hewlett-Packard model 1106A pulse generator mount/ which are
Aused as excitation of the sample holder.

A remote sampler containes sample and hold circuit used
for sampling incident and reflected pulses. Tt also provides
bias and trigger s1gnals for operatlng the tunnel diode pulse
generator. The sampling 0501lloscope with the TDR plug-in
provides drive voltages for the oscilloscope horizontal
amplifiers to position each sample dot on the screen of ,
the CRT. In vertical channel the TDR takes samples /through: 
the sampling head/ of the incoming sigﬁals and supplies
the drive voltages to the bSCillqscope vertical amplifiers.
‘-In addition the TDR plug#in provides control signéls fOr
the remote sampler and blankingkpulses for thé‘oscillecope.l
The CRT disﬁlays are recorded’on an X—Y'recorder using
,horlzontal and vertical 31gna1s available at the output of
the oscilloscope. | v }7
The recorded waveforms'are'theﬁfanalyzed manuélly and
Fourier transforms are calculated usiﬁg-a digital computer.
The relative permittivity of'the test materigl er.iskthen
calculated from Egs. /4.2/ and /4.3/. "
| Uncertainties of 1.4 percent in AH"I and 0.8° in AG |
were reported /13/ for a Hewlett-Packard exper1mental setup
,eonsisting of an HP 180 D osc1lloscope, HP 1815 TDR plug-ln,
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Hﬁ 1817A TDR sampler and an HP 1106 A tunnel-diode generator
mount, |

The measuring method and equipment used are very fast
but the extraction of information from the recorded waveforms
slows down measurements and Iimits the achievable accuracies.
It was the object of this research to deVelop a s&stem»wﬁich
would speed up measurementsAand eliminate maﬂual data'procéss-

ing.
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CHAPTER 5

DESIGN AND DEVELOPMENT OF THE EXPERIMENTAL SYSTEM

The design and development of a syStem for time-domain
measurements of the dielectric properties of materials require
consideration of many dlfferent aspects. The system should
provide fast measurements, an easy calibratlon procedure and

easy data proce331ng.,Record1ng of the waveforms and manual

analysis of the experimental results should be avoided.
_’Further, the system should be characterlzed by 31mpllc1ty of
: 0peratlon, reliability and accuracy and its output should

. be computer compatlble. Existing: or commerc1ally ayallable

equipment should be -utilized in the system wherever possible.

~ 5.1. Block Diagram of the System

A simplified block diagram of the system which has

been developed to cope with thevabove-llsted'requirements
is shown in Fig. 5.1. | D o
‘A step voltage produced by the TDR system is applied

to the sample of a test material placed into the sample

holder. The 1nc1dent wave and the wave reflected by the test
substance are sampled by the TDR and dlsplayed on the screen ;
of the sampling oscilloscope after belng transformed to an - '

expanded time scale. All necessary adjustments can be made




TDR SAMPLING SYSTEM

Y

>— INTERFACE AND ~
CONTROL UNIT

SAMPLING OSCILLOSCOPE
WITH TDR PLUG-IN

A/D CONVERTER

A

I t r DIGITAL B
| COUNTER
| .
STEP S
GENERAT N SAMPLING | [ SAMPLE OUTPUT
— - HEAD | |. | HOLDER | DEVICE
| - |
L e | . \U/
| | UNKNOWN - B
SAMPLE - ~ OUTPUT

DATA

44

Fig.5.1. The simplified block diagram of the experimental system.
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in this mode of operation. Then the TDR system is set to
‘the "recdrd",mode of operation and the output voltage of
the oséilloscope'vertical amplifier /which is pr0portioﬁal
to the excitation and~fesponse/ is digitized by an analog to
digital converter. All signals necessary for the converter
are supplied by the interface and control unit. The output
signals from the analog to digital coﬁverter /in BCD Céde/
are fed to an output device which produces the output data
of the svystem in a form depending on the type of device
used. In a Hewlett-Packard Model SOSSA‘Digitai Recorder,l
the output data is printed on paper tépe. In addition,>a
digital counter /Monsanto, Modél 105 A/,isvused in the
system for counting the samples taken during a measurement
cycle. . . o

It should be pointed out thal all the controls are
- performed automatically by the intérface and control unit
and, therefore, the operation of the éystem i§‘as simple as

the use of the TDR system.

5.2, Sample Holder
An APC-7 precision samplevholdef”has been designed.

A commercially available APC-7 precision connector was

‘utilized in the sample holder, wheteas:;he'precision coaxial .

air line and the cap /Fig. 5.2/ were @anufactured.
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- /C= Er(b))CO
— . —H- ._BYL.__ - . e
o V////////gggg S
AR LINE |

'APC-7 CONNECTOR CAP

Fig.5.2. APC-7 precision sample holder.
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The diameter of the inner conductor and the inner diameter
of the oﬁter conductor of the air line are 3.04038 ¥ 0.0025 mm
and 7.00024 : 0.0038'mm,respectively,which gives a
characteristic impedance of the line Zo = 5002 0.2 percent.
In the lumped capacitan?e method it was shown élsewhere /14/ that
there is an optimum value of capécitance Co off an empty '
sample holder for a given dielectric at a given fréquency.-
For lossless dielectrics / g"=0 / the optimﬁm value of
capacitance Co can be found from the relation
-—%—::s;_ | ‘."'(s.l._)
where Z¢c is the impedance of Cop. _
The'optimum capacitance of an empty sample holder for lossy
dielectrics / €“#0 / can be determined from the’relatioq'
A=(_Z_g) - (1+'tan‘°’5)’/‘°‘ (5.2)
, Z, Zo|e%0 :
- where -tan§ = £,//g; is the loss tangent of the test dielec-
tric. The optiﬁum values of'Co were calculatéd for many
dielectric materials. Three values of the capacitanée,of an
- empty holder were chosen for the frequency rénge of 0.1 GHz
to 10 GHz. | '_ |
The following values of the capacitance of an empty sample
holder can be obtained by changing the inner conductor:
1. Co = 2.8261 pF, for dielectrics having €. = 3
2. 0o =
3. Co

6.2923 pF, for dielectrics having €.=5 - 20

0.0339 pF, for dielectrics having €.= 80.
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Thus only one sample holder can be used for measurements

of dielectrics for the whole frequency range of interest.
5.3. TDR Sampling System

The Hewlett-Packard TDR system utilized in the experimen-
tal setup consists of a 180D gscilloscope with a 1815B TDR
/sampllng plug-in and a 1817A sampling head with a 11064
tunnel dlode mount. _

The tunnel diode mount gen?rates step;like pulseé-of
amplitude greater than 200 mVintb%iSOSl line, with a rise
time of approximately 20 Ps. It has an output impedance

of 500 % 2.

The sampling headﬁas 28 ps rise time detacheable,‘remote,
single channel, feed-through sampler for use in 508 frans-

mission systems. The maximym safe input voltage is 1 volt.

- The oscilloscope with the TDR plug-in combined with the remote

sampler and the tunnel dio@e mount composes a calibrated TDR

- system which has a rige time less than 35 ps with an

overshoots less than I 5% and a time jitter less than 15 ps.
A signal-averaging function is provided which reduces noise
and jitter by a ratio of 2 : 1 or more and which does not
degrade the system performance. At the rear panel of the
oscllloscope the outputs for the vertlcal and horizontal

51gnals are provided as well ags the input of the Z-axis
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oscilloscope amplifier which is used for external intensity
modulation. The TDR plug-in generafes itself a marker pulse
which is supplied to the control grid of the CRT to intensify
the présentation of one selected dot. In the TDR system, one
sweep of the oscilloscope time~base takes approximately 40 ms
except for the "record" mode of operation when one curve is
drawn on the dscillosoope'screen in approximately 60 seconds.
This mode of opération is utilized in analog to digital
conversion of displayed curves. |

The foliowing outgoing signals are used for combining the TDR |
with other parts of the experimental system:

1. Signal proportional to the output voltage of the
vertical oscillogcope amplifier /from the oscillos~
cope rear-pahel éonnector to the analog to digital
bonvérter/, |

2. Time=-base ramp voltage /from the time-base generator
circuit of the TQR'pLugfin.to the interface and
control unit/, |

3. Stép voltage /frqm the marker comparator circuit
"of the TDR plug-in to the interface and control unit/,

4. Two level voltage signal /from the scan switch of the

- TDR plug~-in to the interface and control unit/.
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5.4. Analog tovDigital Conyersion

A Hewlett-Packard 3485A Scanning Unit with a 3480 A
Digital Voltmeter were used as an analog to digital converter.
The 3485A makes the 3480A Multifunction DVM into a scannef
which includes its own signal condifioning, digitizing and
BCD output. Scan modes inc}gde Step; Single Scan, Continuous
Scan and Random. The dwellitime~dn each channel may be varied
- from 1s to no delay in six steps. This allows the scanner

to be used from Achannel/ second:up to 1000vchannels/second.
Any ane channel may'be randoml& addressed and succéssive
‘readings may be made on that channel using the "Monitor"
pushbutton or remote contrpl signal. The scanner has three
ranges: 100 mV, 1000 mV and 10V full scale with :>1O7SZ
input resistance to,reduce'loa@ing errors. Autoranging is
provided to simplify measu;emeéts,over a wide range of
amplitudes. Digitization i@cluges 4 full digits plus a 5-th
‘ digit for'SO% overranging. Comgon;mdde voltage errors may be
reduced by a guard available on’ each block of 10 channels.
A 30‘dB,/a£ 60 Hz/ filter is available to 1limit

' normal-mode noise. Isolated Remote Control is provided for
remote control of the scanper. All control signals are
Isupplied by the interface_?nd ccnfrol unit of the experimental

system, in which the scanner is utilized as analog to digital
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converter. The "Step" and MContinuous Scan" médes of operation
are utilized in this application of the scanner. Chénnel
number onevis remotely selgcted and, therefore, in the contin-
uvous mode of aperation, the imput curve is sampled continuowslky
upon the manual or remote‘?Initiaté" command. The digitization
of the curve can be stopped by the?manual or remote "Home"
command. The sampling rate of $his:ahalbg to digital‘convérsion
depends on the preselected channelydelay and ‘the output |
~device used in the system. With a ﬁewlett—Packard Model 5055A
Digital Recorder, the numbgr of samples taken during 1 minute
conversion time may be selected in the range of 60 to more
than 600. In the "Step" mode of Operation, eéch sample is"
taken upon a manual or remote command. An external clock can
be 'used for remote control.com@ands. The following remote
command signals are supplied tg_tﬁe gcanner by the interface!
‘and control unit: |
Program Commands: o
| 1. Mode Enable - selgcts one of the scan modes /4 lines/,
2. Range Enable - selects one of the 3 ranges /2 lines/,
3. Channel Select - peleots channel using 7 BCD coded
lines, |
Control Commands: |
4. ?rogram Execute - causes the remote commands present
on the program 1ipes to be ehtered into the program

storage,
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5. Program Initiate = cauees éxécution of a program
entered into the program storage,
6. Home /Reset/ - returns the scanner to Home position
/all channels open, input amplifier short-circuited/.
This is used to stop the a@alog_to digital conversion.
The scanner supplies two cpmmands to the interface and confrol
unit wﬁich are: |
1. Program Acknowiedggment—indicates thatvthelprogram
has been entered ipto storage by the Program Execute
command, |
2. Print Command - indicabes that the digitization of
the sample has beep completed and the BCD ouwhput

may be recorded.
5.5. Interface and Control Unit

The unit has been designed and built to interface the
TDR system with the scanne¥ and to provide a fully automatic
" analog té digital conversi@n of TDR responses. Besides the
control of the experimenta}ﬁsystem, provision has been made
for triggering the analog ?o digital converter by an external
clock. In addition, the un;t interfaces the scanner with an
eleetronic counter which ig used in the system for counting
‘the Samples taken during the agalog to digital conversion.

The "ready™ state of the whole experimental systém is indicated
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by a red light on the front panel. The unit can also serve

as an interface between tpe analog to digital converter and

other equipment having an analog output /e.g., a low frequen-

cy time domain spectroscopy system/. -

A block diagram of the jnterféce and control unit is shown

in Fig. 5.3., while the.detai;ed gchematic diagrams and the

list of cabie connections are given in appendices A and B,

respectively. | _
- A power éupply has pbeen built to provide the necessary volt-

ages for transistors as well as for linear and digital integrated

circuits used in the u.n.it,?,‘ In the digital part of the unit,

the TTL integrated circui*s have been used. Thus, in this

part ofAthe unit, signals can have two levels:

a/ low - OV to less thaﬁzo,a V /typically 0,2 v/,

b/ high - more than 2,0 V'but less than 5 V /tyﬁically 3,3.V/.

The Initiate and Scan Swi#ch Comparators and the Buffer Am-

plifier /g, = 1/ have high input impedances /1.2MQ, 21M Q

and 10,5M$2, respectively/" to avoid'disturbances in the nor-

mal operation of the TDR gystem. |

In the state previous to ﬁhe measurement cycle, the Scan

Switch signal coming from the TDR has the vélue of 10 V and

therefore the output of tge Scan Switch Comparator is in the

high stéte, which results:in a low level of the limiter/

- inverter output. Thué, the Home signal has the low level and

the scammer is in the resgt position. The Time-Base signal of

the TDR goes through the Quffer Amplifier and the Stop Marker
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' Comparator compares it with the reference voltage. The output
Signal ofbthe limiter/inverter triggers the Stop Marker Mono-

stable Multivibrator which produces negative pulses used for

" the intensification of a dot on the TDR oscilloscope screen.

This marker indicates the point at which the conversion will
stop during the measurements.
During the measurement period the Scan Switch signai has the

value of 100 V, and thus the output of the limiter/inverter

has the high level and the 1ocking low level of the Home
signal is removed. At the beginning of the measgrement.period,
the Program Execute Comparator produces the triggering pulse
for the Program Execute Monostable Multivibrator /positive
edge input/. The Program Execute signal causes the selected
-program to.be entered into the scanner program storage..The

' scanner responses by the Program Acknowledgement signal which
changes the output of the Program Acknowledgement Flip-Flop

to the high level. The “read;fﬁ light goes on. |

When the Start Marker signal coming from the TDR changes its

level from O V to 15 V, the Initiate Comparator goes into

action and the output of the limiter/inverter goes to the
high level. The out@ut of the NAND gate goes to the low
level which triggers the Initiate Monostable Multivibrator

. [/negative edge input/. The Initiate signal starts the analog |

to digital conversion. The Print signals coming from the o

scanner trigger the Counter Monostable Multivibrator /positi—fsfi
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ve edge input/ which produces positive pulses. These pulses
are counted by an electronic counter. The conversion lasts
until the action of the Stop Marker Comparator, which

- through the limiter, inverter and NAND gate triggers the
Home Monostable Multivibrator /negative edge.input Ai/'

The Home Monostable Multivibrator can also be triggered
/negative edge input A2/ by the Program Execute Comparator
in the case when the conversion is stopped manually by
setting the TDR Scan Switch to the reset position. The

Home signal returns the scanner to the reset position. In
addition, it changes the output of the Program.Acknowledge—
ment Flip-Flop to the low level which locks the Initiate
NAND gate and causes the "ready" light to go off.

When the interface and control unit are to be uéed with an

equipment other than the TDR system /the Control Switech in

the remote position/, the high level should be applied to
the Remote Control Input at least 2 ms prior to the mea-
surement cycle. The removal of this signal will return the
scanner to the reset position. The interface and control
unit was thoroughly tested and was found very}satisfactory

in operation.
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CHAPTER 6

PROCESSING OF THE EXPERIMENTAL DATA:

Since the dielectric properties of a test material
are not measured directly a calibration and normalization
procedure is included in measurements and a digital computer

is employed in data processing in order to find the permittiv-

ity of the test substance.
6.1 Calibration and Normalization Proceduré

The calibration procedure consists of amplitude and
time scale calibrations, For the amplitude scale calibration,
the samplebholder can be'Open ended or short circuited. The
open ended caée /T=1/ was utilized in the system for calibra-
tion and for measurements of the incident wave. In this case
reflected wave has the shape of tﬁe incident wave, Fig. 6.1.

The parameters which are necessary for the normalization of

the system output data are evaluated by a digital computer as
follows:
1. Reference level RPO, which corresponds to the zero

value of the reflection coefficient, is calculated

as an average value of the samples taken on the

beginning flat part of the display,
&
2, Reference level RPS, which corresponds to the I'=l, -

]
e

is calomalted as an average value of the sémples

taken on the latter flat part of the display,
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Fig.6.1. The displays of the TDR oscilloscope screen
/a/ the sample holder is open ended,
/b/ the sample holder is filled up with a test

material.
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3. The amplitude of the incident step wave, RFAC, is
determined by subtracting these two 1evels.
When the values of the normalization parameters ars lmown,

the curves are normalized using the formula
V(nAT) - RPO

RFAC
where V/npT/ is the measured value of the n-th sample.

v, (naT) =

The time scale calibration consists of finding the time
distance AT between two adjacent gamples. If N1 samples are
taken in the‘time wiﬁdow T between the Start ahd Stop points
of the analog to digital conversion, then AT = T/N1 . The
time window T is known from the TDR system while N1 is the
reading of a digital counter used in the experimental
éystem.

Only N successive samples, taken starting from the point to,'
Fig. 6.1. /b/, are used to describe the curves. The remaining
N1-N samples are utilized for the calibration only, and they
are neglected in the computations of the Fourier Transforms.
The error involved in the determination of the time reference
point to consists of the time jitter of the TDR system
and the error introduced by the analog tg digital conversion.

. This error can

Thus~the total error is equal to Ty + proy ‘
be decreased by increasing the number of samples N1 taken
during the timé window T. For the TDR time jitter Tj =15 ps
and for the typical values N1 = 500 and T = 2ns, the total

error is estimated to be less than 17 ps.
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6.2. Software for the Experimental System

Software for the system has been developed to perform

all computations necessary for finding the permittivity of

a test material by means of a digital computer. A flowchart

of the goftware is shown in Fig. 6.2. while the computer

program,

written in WATFIV, is given in Appendix C. The flow-

chart is shown in simplifiéd form to present basic principles

of the software.

The program performs the following successive steps:

1.

‘The values of the normalization parameters are

found and printed out.
The name and the temperature of a test material are
read and printed out.

The input control parameter NREF is read and printed

out.

The proper values are set for array_subscripts and
program constants depending on the value of NREF.
A valﬁe > 0 prepares the computer fof reading of
the response signal, while O for reading of the
excitation signal. A value <O indicates that there
is no more data available; |

The input parameter KINDAand the data for finding
the Fourier Transform of the signal /excitation or

response/ are read.
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The input data of the signal is normalized in the time

domain and the Fourier Transform is evaluated using

N={ .

n=

If the parameter KIND is less than zero, the step
correction /16/ is applied to decrease the
truncation error. | |
The program control is transfered to Step 3

and steps 3, 4, 5 and 6 are repeated for the next

" data set.

10.

11.

Both excitation and'response signals have already been
gtored in the computer memory, and thus the normal-
ized time domain signals and their Fourier Transforms
/real and imaginary parts/ are printed out.

The amplitudes and phases of both signals are evalu-
ated and printed out.

The amplitude and phase, Eq. /4.5/, of the input
reflection coefficient of the sample holder are

found and printed out.

The dielectric constant and loss factor of the test

material are calculated, Egs. /4.2. and 4.3./, and

" printed out.

12.

The ihput control parameﬁer INDX is read and the
program control is transfered depending on the value

of INDX:
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/a/ if INDX = O, the control is transfered to
step 3 to check if there is more data for the
same material,
/b/ if INDX > O, the control is transfered to
sfep 2 to perform computations for a different
sample, | .
/c/ if INDX < O, the control is transfered to the
step 1 to start a new normalization.
The software was tested with different data sets and was
found convenient and flexible in processing thé experi-

nmental data.
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CHAPTER 7
EXPERIMENTAL VERIFICATION

The performance of -the system was verified experimentally
by measurements of the dielectric properties bf some normal
alcohols, The sample holder haying a capacitance of 0.2923 pF
was used in the reported experiments. The computations were
done by an IBM-360 computer‘empioying the system software

discussed in section 6.2. The step correction was applied

L[]

/parameter KIND - 1/ to all transformations into the fre-
quency domain, The compilation time of the program was approx-
imately 0.8 second, while the typical execution time was 10
seconds for approximatelf 400 data points for each substance.
The expefimental results in Fig. 7.1 through Fig. 7.6
are generally in good agreement with the Cole-Cole semicircle
with é single relaxation time, THe experimental semicircles
are slightly shifted to the left as compared with the results
given'by /12/ and /14/. This is probably due to the uncertain-
ties in the air line of the sample holdér and possible errors

in the capaciatance of the empty sample holder and the

characteristic impedance of the line.




53.

30

25

”
€

’
T3

204

15—

01

Pig.7.1. Experimental results for methansl at 24.5° C.
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Fig.7.2. Experimental results for methanol at 24.5 ¢ presented

in the Cole-~Cole form.
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Fig.7.3. Experimental results for ethanol at 24.5 °¢.
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Fig.7.5. Experimental results for n-propanol at 25 °¢.
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CHAPTER 8
SUMMARY AND CONCLUSIONS

An experimental system for fast permittivity measure-
ments in the time domain has been investigated.

The neéd for fast méasurements in investigations of
the dielectric properties of biological substances has been
discussed. Definitions of basic quentities describing dieleéc-
trics and explanations of different mechanisms.of the dielec-
tric polarization have been presénted. .

Both the frequency domain and time domain methods and
techniques for determination of the dielectric properties
have been reviewed and compared. The time domain measurement
technique based on the lumped capacitance method has been
~ found most suifable for fast permittivity measurements over
a wide frequency range.

The inherent advantages of the measurement method have
been discussed and a typical time domain experimental
setup described. On this basis, the requirements for an
‘experimental system for fast permittivity measurements have
been formulated. The system has been designed and developed
to include a sample holder, an automatic analog to digital
converter and an interface and control unit.

The interface and control unit.has been built to inter-

face all the esential parts of the experimental systemAahd
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to provide autométic control of the whole system. The
possibilities of using an external clock and wtilizing

the A/D converter with an equipment other than the TDR system
are provided. The unique features are the start and stop
points of the analog to digital conversion which can be |
adjusted according to current needs.

Softwavre for performing all computations necessary for
finding the permittivity of a test material has been develf
oped. The software provides normalization of the experimental
data, transformation into the frequency domain, evaluation of
the amplitude and phase of the input feflection coefficient
of the sample holder and calculations of the dielectric con-
stant and loss factor of a test material,

The ekperimental system /including hardware and soft-
ware/ has beenlthoroughly tested and found satisfactory,
simple, and flexible in both measurement procedure and data
processing. The system is particulary suitable for fast
measurements of the dielectric prbperties of biological
substances. |

Higher speed of measurements can be achieved by elimi-
nating the human participation in preparatioh of the data for
the computer. One of the following solutions is suggested for
further increasing the speed of measurements:

1. A Hewlett-Packard Model 34894 Data funch can be used

as an output device of the experimental system. In

this case the output data would be punched on a paper
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.tape. The tape can be read by an optical reader of

a digital computer. This arrangement would cost
approximately £ 3,500.

A Hewlett-Packard Model 2570 A Coupler /Controler.n
with an HP 12797 A BCD Input Card can be connected
diréctly to the output of the analog to digital
converter. In this case the system output data would
be fed into a computer through an acoustic coupler

and a telephone line. This arrangement would cost

 approximately g 5,000.

vThe analog to digital converter can be connected to

a minicomputer through a code converter /BCD to
ASCII/. In this case the experimental data would be
fed directly to the minicomputer which would perform
all the computations necessary for finding the per-
mittivity of a test material. In addition, the
minicomputer Ean contr§1 all the measurements work=
ing in a feedback loop with the experimental sys-
tem, thus setting up an independent self controled
automatic system. Total cost of this arrangement at

present is estimated to be $25,000 to $50,000 de-

. pending on the minicomputer used.
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APPENDIX A

SCHEMATIC DIAGRAMS
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Fig.A.1. Schematic diagram of the Buffer Amplifier.
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Fig.A.2. Schematic diagram of the Scan Switch and Initiate

Comparators and the Limiter/Inverter.
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Fig.A.5. Schematic diagram of the Stop Marker Monostable

Multividbrator.
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APPENDIX B

CABLE CONNECTIONS

70,

Table B.1. Cable connection between the TDR plug-in and

the interface and control unit.

Point in the TDR plug-in Colour Cable

TDR circuit rear connector of the wire connector
927 PI - 5 red A
903 PI - 4 black H
TP5 PI - 9 green P
TP3- PI - 25 white W
chassis shield c

Table B.2. Input cable

to the scanner /channel 1/

BNC connector

Scanner rear Description Colour
input connector of the wire
c Tguard" ‘white and
shield outer
a "T Lo " green conductor
Z "{ HI v black and red inner pin
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Table B.3. Remote control signals cable

Remote control Colour Control Signals
cable connector of the wire
/male/
A white - -"Home"
E green "External Tfigger"
a red "Initiate"
a black . "Program Execute"
s shield Ground
K white "Step Program"
red "Continuvous Scan
Program"
z green "Program
Acknowledge™"
c black | "Random Program"
N-3S | . bare "10V Range"
W-3_S bare "1 Progran"
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APPENDIX C

COMPUTER PROGRAM

The computer program discussed in details in section
6.2 is written in WATFIV. The program performs all the
computations necessary for finding the dielectric constant

and the loss factor of a test material.
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$J0B WATFIV M.T. FABER
C PERMITTIVITY MEASUREMENTS IN TIME DOMAIN

DTMENSION A(1000),B(500)+AN(2,1000).,8F{500)

2 DIMENSION C(2+500) ¢D(2+500)+CT(2,500)+DT(2:500)+DELTAT(2)
3 DIMENSION NAME(20)
C START NOHMALIZATION
C FIND THE REFERENCE POINT RPO(GAMMA=0)
4 g7 READWAPO
5 READ 4 (C(1+11,1=1.NPQ)
6 RPO=0.0 )
7 DO 6 1=1,NPD
8 . 6 RPU=RPO+C(1L.1) i i
9 RPO=RFC/NPO ’ .
C FIND THE REFERENCE POINY RPS(GAMMA=1)
10 READ  NPS
11 READ (C{2+11:1=14NPS)
12 RPS=0.0
13 DO 7 I=1,NPS B
14 7 RPS=RPS+C{2,1) o
15 RPS=RFS/NPS )
: C FTND NORMALIZATION FACTOR RFAC
16 RFAC=RPS-RPO ' :
17 PRINT120,RPO.RPS,RFAC
18 DO 102 I=1e2 . oTommrmmmmrmmmm e B
19 DO 103 K=1,1000
20 103 AN(I,K)=1e0 ’ ) .
21 102 CONTINUE
22 READZG,CO
23 LE=0
24 99 LR=0 ’ i T
25 NT=1
‘26 READ10S,NAME
27 PRINT110+NANME
28 2 READ,NREF
29 PRINT1254,NREF !
30 IF(NRFF) 348,9 - -
C 3-NC MOREF DATA SETS )
C 8-NORMALIZF THE EXCITATION )
C O-NURMALTZE THE RCSPONSE
31 8 IDO=2
32 LE=1
23 GO YO 11 -
34 9 1DO=1
as LR=1
36 T1 PI=3,.1415G2454
a7 P2=PI+P1
38 P0O2=P1/2,
39 FAC=180./P1
40 READ o+ NI o Ny ToKIND
41 IF(NL,GT.NT) NT=N
82 READ . RPT
43 REAN(ACT)Y s I=1,N)
44 DO 12 I=1.N
45 PRINTI30.A(T1)}
ae 12 ANCIBCI)=(A(I)=-RPT)/RFAC
C END OF NCRMALIZATION
T TIND YHE FOURIER TRANSFOFM
a7 DELTAT{IDO) =T/N1
'Y READFSTART,.DFLTAF ,NFREQ
49 IMAX=NFRFQ+1 :
60 2=P2ADFL TAT( 1NN)
S1 OF(1)=FSTARTY
Y €2 DO 29 T=77 TMAX
53 29 BF(1)=0F(1-1)+D L TAF



DO 13 1=141MAX _ ‘ 74.

€4
55 WH=HF (1) %Z
7 56 R=0.0
€7 S=0.0
s8 T=0.0
59 DO 14 L=1sN
60 R=R+AN{ID3,L)%xCOS(T) z
k 61 S=S—-AN(IDOLLI¥SINIT) . -
g €2 T=V+WH '
€3 14 CONTINUE
6a IF(KIND) 38,39,39
C 38-APPLY THE STEP CORRECTICN )
C 39-DO NOT APPLY THE STEP CORRECTION
65 38 [F(WH-1.F~6) 39:40+40 -
66 70 X=AN(IDO,NIZ(2%SIN(WH/2.)) . :
67 Y=WH* (N—.5)+P02
68 R=R+X*COS(Y)
69 S=S—X*#SIN(Y) T
70 39 C(IDDLI1)=R )
C R-REAL PART/DELTAT
71 D(IDC,1)=5
C S~IMAGINARY PART/DELTAT
72 13 CONTINUE
73 LL=LE~LR N ) T
74 IF(LL .NE.O) GO YO 2
€ READ THE NEXT DATA SET
75 PRINT13S
76 PRINT140 .
77 TE=0.0
78 TR=0.,0 o
79 DO 4 I=1,NT
80 PRINTIGS TELAN(2,+s 1) s TRyAN( 1,1
a1 YE=TE4+OFLTVTAT(2)
82 TR=TR+DELTAT(1) _
83 & CONTINUE :
C THE EXCITATION AND RESPONSE HAVE BEEN TRANSFORMED IN TREQUENCY DOMAIN
8a PRINT150
£5 PRINTISS
86 PRINTI60
a7 DO S 1=1.IMAX . ‘ .
ea PRE=DELTAT(2)*C(2,1) )
. 89 PIE=DELTAT(2)*D(2,1)
90 PRR=DELTAT (1)%C(1+1)
91 PINR=DELTAT(1)*D(1,1)
g7 PRINTIES BF (1Y PRE,LPIE,PRR,PIR
93 5 CONTINUE
C FIND THE AMPLITUDE AND PHASF
94 DO 1 ID0O=1,2
95 10=-1
S6 11=-1
g7 BO=~.002
<8 Bl=-.001
ag IND=-1
100 DN 10 I=1, IMAX
101 R=C(IDO. 1)
102 S=D( ID0O, 1)
103 CTUITO, TY=SPFLTAT ( TDO ) ¥SORT (R¥R+S5*S)
’ C CT-AMPLI TUDE ,
104 THETA=ATAN(S/R)
105 IF(R) 16,15415
106 15 te=1t
\ 1c7 GO TO 17
Mg yeRTTT TETTAE-1T e
109 17 IF(S) 19.18,18




110

12=1242 ' . 75.

18
111 GO TO 81
e f12 19 12=12-2
113 g1 IF(I2-3) 21,2021
114 21 IF(12-1) 22,23.,22
115 22 IF(I2+3) 24,23.24
116 24 THETA=THETA+6.28318S
I\ 117 GO TO 20
4 118 73 THETA=THETA+3.,14159268
119 20 I[3=4*x[1-12
120 IF(I3-13) 41,55.41
121 41 IF(I3+15) 42.70+42
122 42 IF(I3+7) 43+704643
123 43 IF(I3+5) 45,70,45
124 45 IF(13—-1) 46454446
128 46 IF(I3+1) 49,544,449
126 49 IF(I3+13) 80+54,80
127 56 IF(I0~11) 71«51+71
128 51 IF(B0-B1) 80+71,80
129 54 IF(I0-11) 80+52,80
130 €2 1F(B1~-00) 80,70,80
131 70 IND=IRD+1
122 GO TN 80
133 71 IND=1IND-1 h
134 - 80 THETA=THETA+6.,283185%IND
125 ‘ DT(IDC,1)=THETA .
C DIT—-PHASE
136 10=T11
137 11=12
138 BO=B1 ) T
139 BL1=THFETA
140 10 CONTINUE
141 T CONTIKNUE
142 PRINTL150
143 PRINT155
144 PRINT170
145 DO 27 I=1,IMAX
146 PHE=F AC*DT(2,1)
147 PHR=F ACKDT(1+1)
148 PRINTI15:8F(I)+CT(2s1)+PHE CT(1+1),PHR
149 27 CONTINUE
‘150 PRINT1S0
151 PRINT175
152 PRINT180
CFIND THE ARPLITUOE AND PHASE OF REFLCECTION COEFFICIENT
183 DO 62 I1=1, IMAX
154 BCI)=CT{1,1)/7CT(2,1)
155 ACII=DT(1,1)-DT{2,1)
156 PH=FAC®A(1)
157 PRINTI185,8F(1),8(1).PH
i58 €2 CONTINUFE
159 PRINT190
160 PRINT10S
C FIND PERMITTIVITY O THE TESTED MATERIAL
161 DO 6% I=1, IMAX
162 Z=BF (1)
163 X=8(1)
164 Y=A(T1)
165 AP=COS(Y)
166 R=SIN(Y)
167 X X=X %X
168 _ VY2 o kX EAD
'\*ﬁ 169~ TTTTTREP I RZ ¥ZORCT
170 HHZXX4YY+1 .0
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171 Elz={(2+%X*¥R)/(H*HH)
172 EFl1t={le=XX)/(HEHH)
e 173 PRINTZ00+2+E1.E11
174 65 CONTINUF
175 READ, INDX
176 IFCINDX) 97,2,99
C 97-START A NEW NORMAL IZATIGCN
\ C 2-CHECK If THERF IS AN OTHER DATA SEY FOR THE SAME SAMPLE
' C G9-PERFORN COMPUTATIONS FOR THE RESPONSE (OF A NEW SAMPLE
177 3 IF(LE-LR.NE.O) GO TO 68
178 PRINT20S
€ THE J0OB HAS BEEN DONE
179 GO TO 69
180 68 PRINT210
€ WRONG DATA, THE JOB CAN NOT BE DONE
181 69 STOP
182 105 FORMAT(20A4)
183 110 FORMAT(*—-* ,20A4) -
184 115 FORMAT(® * yE16e53F15e65:F10e2+s7XsEL12s5:F10.2)
185 120 FORMAT(*1' 45X, *"NORMALIZATION: RPO=*3F743:5X s "RPS=* ¢F7+e3¢5Xs*RFAC="?
] CoFTe3)
186 125 FORMATY('0°*,117)
187 130 FORMAT(* *,10Xs+=743)
188 135 FORMAT(*—",28X,*TIME DCMAIN®) _ ot
189 1460 FORMAT( Y0 3 10Xs* TIME® 46X+ ' EXCITATION® yOXo $ TIME®,7X s *RESPONSE *)
190 145 FORMAT(Y ¢ 44XsFE12e5¢F12e835X+E12e5sF1244)
191 150 FORMAT( '~ 425X+ FREQUENCY DOMATINT)
192 155 FORMAT('0" 410X *FREQe? + 12X+ *EXCITATION' 417X ¢ *RESPUNSE*)
193 160 FORMAT(?' *.18X.*REAL AND IMAGINARY PARTS*,SXs'REA. AND IMAGINARY P
CARTS?) ’ ’
194 165 FORMAT(Y ¢ ,E1604:2E13,4+3X+2F13.4) )
195 170 FORMAT(' '",22X+'AMPULITUDE AND PHASE*,9X.'AMPLEITUDS AND PHASE")
isé 176 FORMAT('0® + 22X+ 'REFLFCTION COEFFICIENT®) j
197 180 FORMAT(® *411X4*FREQ." 12X ,"AMPLITUDE*,9X, *PHASE?)
198 185 FORMAT(® # 4E17454F19.5¢F1645)
199 190 FORMAT("—* 430X+ PERMITYIVITY")
200 165 FORMAT( 0% 411X, '"FREQ." 415X+ "F17,15X,'E11°)
201 200 FORMAT(® * (E17.5+2F1845)
202 D05 FORMAT{ =7 ,20X,70.K. THANK YOUT")
203 210 FORMAT('—*,10X,?SORRY,THE JOB CAN NOY BE DONE, PLEASE CHECK THE DA
CTAY)
204 END
SENTRY




