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ABSTRACT

A novel time domain (transient) method^ for (broad

band) measurement of the d,ielectric properties of materials

is described. Special emphasis is placed. on testing the

biological substances, where essentially a very small

sample size is required. Theoretical analysis of the time

dependence of the reflection coefficient, following
'application of a step voltage to a shunt capacitor located

at the end of a transmission line and fílIed with the

dielectric r:nder test, is given. Analysis and calculations

of the ovêrall uncertainty of permittivity measurements as

well as a technique to choose the optimum value of the

capacitance for a specified frequency band are presented.

The effect of fringing fíelds is studied and a correction

factor is provided. Feasibility of the proposed method was

evaluated by making some measurements. Experimental results

áre presented and limitations of the method discussed.

tlt-
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CHAPTER 1

INTRODUCTION

Investigation of the dielectric properties of
biological 'substances and their fråquency and temperature 

,,,:,,

dependence provides very valuable information about their 
......

nature. From these properties one can determine the state ''::

of water (free or bound), molecular structure and the

hydration process which are of primary importance in
biocheml"*" and biophysics [1, 5J

A macroscopic d.escripÈion of the dielectric properties

of a material is provided by the complex dielectric
permittivity e* = e' je". The significant variables on

which e* depends, in decreasing order of Ímpo.rtance, are

the frequency, the temperature, the pressure, and the 
,,,,.:,.intensity of the applied electric fie1d. Methods of 
.,,.'_: .-,

measuring the real and imaginary parts of Ê* as a function :'::::

of these variableb are descríbed comprehensively in the

literature IZ 41.

The choice of a ¡nethod depends principaJ.ly on the , '.,

frequency and very little on the temperature. .A,J-though e*

ís usually defined in ter¡ns of an experi¡nent using
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sÍnusoidal electric fields (frequency domaÍn measurements),

experiments using other time-dependent fierds may arso be

used..

If e" l 0 ín the range 1O-3 ùo lO3 Hz, e* may be

determined by t.ransient methods. A step or ramp voltage is
applied to a condenser and the time dependence of the elec-
tric d.isplacement D may be used. to compute e* of an enclosed

sample. An experiment using sinusoidal fields is possible

at t.hese frequencies (and higher) as well. For frequencies

from 10-3 Hz to 10 MHz the condenser with a sample may be

treated as a.two- or three-terminal, iùped.ance' (two-termínal

ímped.ance if one terminal is connected to a shield; three

terminal impedance if neither te.rminal is connected to a

shield) . The impedance is measured by a bríd.ge whÍch varies
in design depending on the frequency range. At very low

frequencies a long time is required to complete a cycle and

reach the steady s.tater so bridges which p.ermit relative-ly
rapid measurements are desirable

At frequencies of a few MHz the condition, required

for use of conventional circuít th.eory, that the dímensÍons

of the sample be small compared with Lhe wavelength is no

longer valid.. Circuit theory concepts, however, may be

used to about 200 MHz by employing resonant circuits. The

dielectric permittivity is computed from the capacitance

change required to restore the circuit to resonance after
introducing the sample. When the sample extends over an
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appreciable part of a wavelength it becomes necessary to

, confine the electric and magneÈic fields inside conductors.

The permit,tivity rnay be determined from the interaction of
waves travelling on a transmission line with a sarnple placed 

:.,.:,.
',.,r in the line. A resonant system bound by conductors, which ,r,:,,.::

is analogous to a.resonanÈ circuit, may be constructed.

The upper frequency limit of the transmission-line
. : ..-:,i, apparatus is limited by the dif f iculty of fabricating 

. .:

, 
components of precise geometry. The upper Iimít is perhaps 

1,,.:,;;:,,,,

.l75GHz.E1ectronagneticwaveSmayinteractwiththesamp1e

'in frée space. The basic equat,ions are similar in rnany

v/aystothosefortransmission-1inemeasurements.Free-

, space methods are unsuitable below 40 GHz since the optÍcal 
l

I methods require that, the sample be large compared with a

r wavelength so the effects of diffraction mq.y. be neglected.

In the first sect.ion of this chapter the current

state-of-art in the perrnittivity measurement of bíological

:ì,: substances, a review of some important applicatíons, and i¡i¡:.r,'.:,'¡:
t:t..t ..'1.-'..r.':t: . :'.'

,:: a suÍtmary of some ímportant aspects to be considered with .,... .t.

,, regard to ínstrumentatj-on used. are discussed. In the :'':':::i

second section a general description of the proposed problem

and the purpose of the investigations are presented
i.
l: ."i:l-j.:. :: .:::.'.,

I.1.1 Dielectric properties of biological substances

The electric properties of biological materials þave

been studied ever since suitable elect,rical techniques
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became available for this purpose. Earlier contributions,
restricting the discussion to the ,,passive', elecÈric
properties, díd not help much toward und.erstanding the

factors responsible for the electrÍcaI properties of
tÍssues. After 1940 techniques became available for ínves-
tigation of the electrical properties at ultra high and

low frequencies. The frequency range so far explored

extends from 5 Hz up to 30 GHz t5].
Figure 1 showsl 

"" a typical example for biological
materials, t,he frequency-dependence of the dielectric
constant of muscular tissue. It d.emonstrates. three
dispersions (o, ßry), each characterizing a separate

relaxation mechanism. A study of Èhe linear electric
properties of biological systems is identícal with an

analysís of the mechanisms responsible for the three

anomalous d.ispersions. This behaviour applies to the

varíous typeq of biological materials as given in Table 1

tsl. It is apparent from Table I that the o- and B-disper-
sions are not due to the water and, electrolyte content of
the biological samples. The total change of the dielectríc
constant (Ae) as the frequency varies throughout the

d.ispersion range of int,erest ís termed d.ispersion magnitude.

rts value depends on the particular material involved., its
concentration, and other factors such as Èype of ionic
environment, t.emperature, etc. However, the following
statement may be made: the dielectric constants observed
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Table I

Characteristic Frequencies of Major Dispersions

a-Dispersion ß-Oispersion y-Dispersion

Vüater and
Salt Solution.s none none 201000 Mc

Prot,ein and' Other Macro-
Molecular
Suspensions none 1-10 Mc 20'OOO Mc

Subcellular
Particles
(Cell Nuclei) ? 1-10 Mc 20,000 Mc

CeII Suspension,
Bacteria and
Tissues 0.1-10 Kc 0.1-10 Mc 30, O0O Mc
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are often extremely high compared with those of homogeneous

liquids and solids d.ue to the heterogeneous structure of
biologicar cerl suspensions and. tissues and. ion transfer
processes t6l.

A survey of published tissue daÈa is presented in
Table 2 16l. It is clear from Table 2 that dielectric
constants range from a few units to more than a mirlion.

1.1.2 Apprications of díerectric properties measurement

of biological substances

The study of the dielectric properties of biological
.substances has become increasingly important due to their
numerous potential applications in biophysics and bio-
chemistry. The following summarizes different applica-
tions of high frequency measurements I7l:

(a) Investigation of t,he health hazard associated with
the exposure of human beings to powerful sources

of electromagnetic radiation, ê.g., radar equipinent.

There have been reports about ill effects, which

may mult.iply as more and. more powerful equipment is
developed. Careful analysis is required IBl.

(b) Electromagnetic radiation has been used in clinics
for the purpose of deep tissue heating. Further

development in this field d.epends on additional
biophysical research carried out in cooperation

with microwave engineers.

(c) Electromagnetic heating for material processing.
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Here again, ultimate perforanance can be expected

only if knowledge of the electrical properties

of various types of planÈ and animal tissues have

been established..

(d) Attempts to derive from UHF measurements a quantity
which is of great interest to biochemists, namely

the amount of bound water associated wiÈh proÈein

molecules I9J.

1.1.3 Instrumentation reguirements

The following summarizes the most i:nport,ant asp.ects

to be considered with regard. to the instrumentation used

for the p.bove-mentioned. investigations I7l. It is desirable
to

(a) measure over a wide and continuous frequency
' spectrum in order to recognize the frequency

dependence involved

(b) operate $rith dmall samples. Often it is difficult
::'

to obtain nore than a few cc of biological material. ',',

(c) vary temperature in order to recognize the tempera- .r.

ture dependence of dielectric parameters

(d) keep the sample und.er observation in ord.er to
avoid errors which may arise from the presence 

,

of gas bubbles or from settlement of the cells
in suspension, etc

(e) define the geometric size of the sample in a

precise and yet sirnple manner. Since the
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biological material is not available in solid
form, sample boundaries must be established

which confine the sampre in a well-defÍned. manner.

These sample walls can not be pe:mitted to affect
the measurenents in an unpredictabl_e manner.

L.2 Description of the problem and purpose

of the investigation

Currently used methods both in frequency and time
domains, although highly refined and accurate tJ.O 13J,

do not meet all the requirement.s irnpoèed by experiments

with biological substances. rn particular, a rerativery
large sample is required. to fill a test capacitor or a

section of a coaxiar line, especially when substances wÍth
long relaxat.ion times are measured IL2l and. JIa¡ .

In this thesis a novel technique for permittivity
measurements.in time domain, which utilizes a small shun-t

capacitor terminating a coaxial line section as a sample

horder is described. Anarysis 'of the time dependence of the

reflection coefficient following application of a step

voltage to a shunt capacitor located at the end of a

transmission line and firled with the dielectric material
under test is given. Analysis and calculation of the over-
all uncertainty of perrnit.tivity measurements as well as

experimental results are presented. LimÍtations of the 
-

meÈhod as well as suggestions for future work are given.
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CHAPTER 2

TIME DO},IÀIN METROLOGY

It is only recently that measurement of the transient
response of microwave systems directly in time domain has

become practicable. This has Ied to growing interest in the

concept of specifying broad-band performance solely by a

transient-response measurement. Due to the wide instant-
aneous spectrum of the puIse, frequency information can be

obtained over severar decades by a single measurement of the

subnanosecond rise-time response of the syst.em under test
by applying Fourier transforms. This method is especially
suited for characterizing broad. band components with limited
transient response.

Nicolson tfa¡ presented some results of the use of
time-domain techniques to obtain such data as the S-para-

meters of networks, the constitutive parameters of micro-

v/ave materials, the driving poinÈ impedance and transfei
function of microwave antennae, and the frequency domain

scattering parameters of conducting surfaces in free
space in the range of 0.1 to 10 GHz. There is no doubt that
there will- be a rapid increase in new applications due to

t1
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the advantages offered by the time domain technique.

2.L Ti¡ne and frequency domain techniques for permittivity
measurements

Generally the measurement of the dielectric behaviour

of solids and, liquids are made by placing the substance

between the two plates of a capacitor (at low frequency) or

in a coaxial line and measuring the complex impedance at

different frequencies. A number of measurements over a

wide frequency range is required for complete character-

ization which is time consuming and demand.s a considerable

investmênt in instrumentation particularly for t,he micrówave

region. Therefore, in spite of its usefulness, this method

has found rather limit,ed applications.
' One'can obtain the same information over a wÌde

frequency range in only a fraction of a second by making

the measurement not in the frequency domain but in the time

domain, using a pulse that simultaneously contains afl the

frequencies of interest. This pulse method has been used

for low frequency investigations on dielectrics. Modern

tunnel diode pulse generators and wide band sampling

oscilloscopes extend this method into the microwave region

where saving in time and equipment are most pronounced.

Briefly speaking, time-t,o-frequency domain techniques

do offer the following advantages over more conventional

techniques:

L2
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(a) Simplicity of instrumentation

The three basic elements of the measurement system

are a subnanosecond rise-ti¡ne pulse generator, a

broad band sampling oscilloscope and an instru-
mentation computer.

(b) Tj¡ne windowing.

The unique ability Èo carry out frequency analysis

of only certain regions of the tj¡ne d.omain wave-

form allows the elimination of unwanted reflections.
(c) Simultaneous display of time and frequency domain

resPonses.

Frequently, useful information about, the operation

of a microwave network can be obtained from the

juxtaposítion of these two responses.

2.2 Survey of the literature

Sometimes in the.past, the trAnsient, ¡nethod. has beein

applied for low frequency investigation of d.ielectrics. The

application of this technique in high frequency applications

had to await the development of subnanosecond rise-ti:ne
pulse generators and broad-band sampling oscj-lloscopes.

H. Fellner-Feldegg t12l measured t,he high frequency

and low frequency dielectric constant rc_ and *o in time

domain by measuring the reflection of a voltage step from

the aír-dielectric interface (rig. 2(a) ). The shape of .the
reflected signal gives information about the high frequency
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and low frequency dielectric constants K-, Ko, respectively r. .

as shown in Fig . 2 (b'l. Here

1-p- 1-o
K- = 1 

'*¡' 
, K^ = (= 'o)t

w ltg- o 't*go
Wtrere

Vl -V^ V^ -V
o__ = ---* , 3 = ' otsæ 

.to 
t vo- 

5
are the reflection coefficients, vo is the amplitude of the

incid.ent step pulse, vr-vo the amplitude of the reflected
pulse at the time | = 0, and vr-vo the reflected pulse height

when the relaxation of the dielectric is complete. For the

. determinat,ion of the relaxation time tf3l , he used the.

' Laplace transform Lo derive an expression for the reflected
voltage as a function of t,ime, for the Debye dielectrics , in
an infinite series form. Thid series, after being computed

and plotted, for different values of 
."o 

and. r_ of pract,ical

interests, facilitates the d.etermination of the relaxation
time

A.M. Nicolson and. G.F. Ross IlO¡ used another time

domain technique for the determination of the cornplex per-

meability and perrnittivity of linear materials in the

frequency domain. The Èechnique described involves placing

an unknown sample in a microwave TEM-mode fíxture and

exciting the sample with a subnanosecond base band pulse

(fig. 3 (a) ) . The fixture is used to facilitate the measure-

ment of the forward and back-scattered voltage componen:s,

S2r (t) and Sr¡ (t), respectively. Because the forwar'd and
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back-scattered tj:ue domain "signatures,' are uniquely rerated
to the intrinsic properties of the materials under test,
namely a* and p*, it is possible to determine the rear and

imaginary parts o.f E* and ¡l* as functions of treq,rency

through the application of the discrete Fourier transform
(DFT) to the measured quantities in time d.omain. The samples

used were in annular disc form installed in a coaxiar air-
filled line with characteristic irnpeaance zo, as shown in
Fig. 3 (b). The subsÈances used have very short reraxation
times (e.g., nylon and plexiglas) and so the reguired sampre

thickness is relatively small (0;05,, - 0.1"). It is clear
that this technique will necessitate a relatively rarger
sample thickness for the measurements of d.ierectrics with
long relaxation ti:nes.

In conclusion, the currently.used methods, both in
frequency and. t,ime domains, although highly ref ined and

accurate do not meet all the requirements ímposed by

experÍments with biological substances; specifically, a

relativery large sample is required for substances wiÈh

long relaxation ti-mes

In the proposed technique a smalI shunt capacitor
terminating a coaxial line section is used as a sample

holder. This technique gives arl necessary information on

the frequency behaviour of the tested substance, whire the

required sample volume is of the order of a few cubic

millimeters. The greatest asseÈs of the proposed method
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CHAPTER 3

THEORY

Vthen a Èi¡ne domain reflectometer (TDR) is used, a

very fast rise (subnanosecond) vottrg" step is generated,

while both incidenÈ and reflected. $laves are picked up by

a high irnpedance sampler and displayed on the screen of a

broad band Sampling oscilloscope. The deflection of the

oscilloscope trace is proporÈional to the algebraic sum of

the incident and reflected waves. Assuming the amplitude

of the incident urave equal to unity, the sum of the incident
andref1ectedv7aveSisequa1tof(t)andf(t1=1fort<

and f (tl I I for t > 0. From transmission Iíne theory, the

reflection coefficient for a transmission line terminated

by a toad irnpedance z.-(ù = ¡6þ i"

p(p) =
I zopc (p)

(r)
1 + zonc (n)

where p=jûr and o is the angular frequency, and C(p) is the

capacitance of the capacitor terminating the transmission

line. The capacitor, as shown in Fig. 4 (a), consists of a

coaxial cavity closed at one end with a conduct,ing cover

plate and the tip of the inner conductor at the other end.

19
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c = €T (ar)co

b)

A
I
I
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COAXIAL

COT{NECTOR

c = €:(ür)cozoT
_

Fig1, The sample hotder a) APCJ

hotder and b) its equvatent

coaxial sampte

circuit.
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ll".'

A gap between thè two conducting planes can be varied
depending on the required capacitance. In reference to the

plane A-4, the inner conductor is shown to be terminated. to
ground through a .capacitance C, Fig. 4 (b). When the

capacitor is f illed wiÈh the test d.ielectric c (p) = corl (p) t, ,1,,'.1:

where C^ is the capacitance of the air filled capacitor,o

then the reflection coefficient is

p(p) =
1 - pCoZoe| {n)

(2\
1 + pCoZoe| (n)

.From Eqn. (2) the frequency dependence of the

reflection coefficient can be obtained, by substituting the

specific function ef(e) represenÈing a particular mechanism

of dispersion. lrie shaIl consider some specifíc mechanisms,

which are of potential interest, in biological stud.ies,

namely:

Ohmic dispersion:

e[p) = t- * å , " = f,.Ëe*

Resonance dispersion:

I rp^ 1+rp
e(p)=E-*þGo e_)(J+ o 

)
I + r(p - po) 1+ t(p + po)

.1.' This assumption Ís not absolutely correct because of
fringing field effects, but is justified Èo 0.5 percent
accuracy in Chapter 4.
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Debye dispersion:

€ -e
e(p) = E- * o ø

l+rp \

The case of Debye dispersion with distríbuted relaxation

ti¡nes will be studied also.

FoÈ each of t,hese dispersion mechanisms, the systern

response displayed on the sampling oscilloscope screen is

theoretically derived. so it may be used for checking the

experimental data and necessary corrections can be easily

provided (e;g. corrections for finite rise Èime of the

system).

3.1.1 Dielectrics showing ohmic dispersion

The frequency dependence of the complex permittivity

for dielectrics which can be best described as showing

ohmic dispersion at the frequency band of interest, is

given by

e(p)=r-*å , K=þ (3)

where o is the conductivity of the material, €o the

absolute dielectric constant of free space. Substituting

Eqn. (3) into Eqn. (2)

1 zcp(e +51
l{?l = o o' æ n'

I + zocop te- + 
f,)



P(p) = -1 +
1+ZCep+rcZCoo@-oo

System response to a step function excitation is

r(p) = !Q

23

hence

2zceooco (4)p I + r.Z^C
p(( oo)+p)

ZCeooco

System response on the oscilloscope screen which is a sum

of the incident and reflect,ed waves can be obtained bv the

inverse Laplace transform of the elements of Eqn. (4)

r(p) = - :l*

f (t) =
1+ç.ZCoo

1+rzc(r exp -( o o)t) (5)
ZCeooæ

The behaviour of the system described by Eqn. (5) is
presented by a simple equivalent circuit. shown in Fig. 5,

where

Y=pC=11C e =¡¡C (e +51 =pC e *C K01. æ p. - Oæ O

3.f.2 Dielectrics showinq resonance dispersion

This dispersion mechanism can be described by the
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expression t15l

,_.rpo 1*tp-o
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e(p) = E_ * N (eo-e_) ( + (6)

where po = jro = i2nfo
Substituting Eqn. (6)

I+t (p-po) l+t (p+po)

and f^ is the resonance frequency.o

into Eqn. (2)

p(p) =

Let t-tpo

then

l-tp l*tpr - pzoco{e_+ä(eo-e_) (F¡retf + ïE-Tp;tf}
t-tpo * t*rno 

.,I + pzoco{e_+å(eo-e_) (1¡.¡¡i¡ + 1ç¡¡5apo).

= Ut, l+tpo = U2, Eo-E_ = A, and to*e_ = At,

1 - pzocor,_*frfrfo. ft,,p(p) = (7')

1 + pzoco{r-*å( 
ut- 

* -u' ¡1- U, *tp Ur*tp

Eqn. (71 can be rearranged in the form

p3-Fzp'-Frp-F

p3+rin2+Fip+F

U, U,

7'Cerooæ

where

f|=



Fr=
(2t-ZoCoU, U, eo)

"r2z c eooæ

T2 z c tÀ'oo

(2r+Z 
oCoU, 

U, eo)
=-

r2z c eooæ

T2 + z c.ratoo
,'r"aoo@

26

ri

E, =
tzz c eoo@

System response to a st.ep function excit,ation is

r (p)

1P3-rrp2-rrp-F
Ppt+Fåpt+F;p+F

ri=

= p(p)
p

(e)

A
=-t p

Bpq- c,DFq_ffi

Where Sr,

Eqn. (8 ) .

roots as

S, and S,

A, B, c,

follows:

are the roots of the

and D are defined in

denominator of

terms of these

[=

þ=

F.rqw-r
si -r.si-Frsr-F

sl (sr-sr)

s; - Yrsî

(sr-s3)

Frs, - F
Ç=

s2 (sr-s, ) (s2-s3 )
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and

D-
s3-Frs3-Frsr-F

s3 (sr-s, ) (s3-s2)

Hence, the system response on the oscilloscope screen,

which is a sum of the incident and reflected vraves, can be

obtained by Èhe inverse Laplace transform and using the

Heaviside expansion formula

f (t) = 1+ r(t) = I + L-t{- RfPl Iq(P)'

=1+ i n(clr) 
"clrt. rãr qr (o=)

where q' is the derivative of q with respect to p and o,
are the roots 0, Sl, S2 and S3. Ueúce

(eo_e_)e(PI=Ê-rtr (9)

f(t) = 2 + geSrt + ceS2t * D"Stt

3.1.3 Dielectrics showing the Debye dispersion

A polar dielectric of the Debye type has a complex

dielectric constant which depends on frequency according

to the equation
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vrhere óo and Êæ are the dielectric const,ants at frequencies

very low and very high with respect, to the relaxation
frequency, respectively, and T is the relaxation time.

Substituting Egn: (9I into Eqn. (21 and putting
[ = r - CoZo.o; B = #; and C = t * C-Z-e-, Egn. (2tJ UoroÊ_a- OOO
can be written in the form

p(p) = - P2 - agP - e
p2+cBp+B

Systern response to a step function is

r (p) = PIP)
p

hence

r^2-ABp-BrrpABBlirPr = -ã;= = -ii: .- p-*cBp+B' " 1p - G+aT-(pEf - FÏlE)Tpffi;i-r

(10 )

where a and b are the real negative rootsl of the equation :

p2+cBp+B = (p+a) (p+b)

System response on the oscilloscope screen which is a sum

of the incident and. reflected r^raves can be obtained by the

inverse Laplace transform of the elements of Eqn. (10)

t It can be shown ttrat for real dielectrics 0<e-<e^ alwäys
ho1ds, so that (cB) 2- B > 0 and the roots are rËat?

4



The behaviour of the system described by Eqn.

represented by a simple equivalent circuit as

Fig. 6, where Y = jr¡C = iroCoef (o) = joCoe- +

29

r(r) = r + r(r) = 2 -"-"tt";tåÊBtBr + "-otru;Ëntff"o Gr)

(11) i"
shown in

joCo (e6-e-)---TEor-

3.1.4 Dielectrics showing the Oebye dispersion

with d.istribuÈed relaxation tímes

In this case, the permittivity is given as a super-

position of terms of the form -rå_ , where A. is the
L+J üJT . L

strength, and A, = €^ -e--, and T.! is the relaxation time
+hLOiæ'l-of the'i"" term.

*
r

ne*Xco i=f

Ai
Fprr (12 ¡

(13 )

Substituting Eqn. (12¡ into

I - pC z le *.1- O O- co f-=1
p(p) =

Eqn. (2')

Ai
l*pt .'

nAiI + pcozo I t-*il, ç¡qt
n 'n

iI, (I+pt1) - pcozo It-i!, (1+pri) n+ iIr Ail

,!, {r*nti) + pcozolr-iË, (l+pti) + iä, AiI

It is clear that the denominator of Eqn. (13) can be

rearranged in increasing powers of p as:
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n n1+ p[(rErri) + CozoÊ"o + (rX.Aei¡cozo]

õ_. n n n n n* p"I(i!,ri ¡åi*.rk jåt*rtj) * cozo.-(r¿,ti nEr*rtt )

nnn* ÇoZo iE, Â.i ,fÌi,n 
Jil*,., 

, ,

+ ....... t.. .. ô.....

Hencer.the step function response of the reflection
coefficient is

r(p) = ijef = DlPl
pR (p) q (p)

where D(p) and R(p) are polynomials of degree n*1, but of
.:: ..;:..,

t.1,..,:ìdifferent coefficients 
,,

System response on Èhe oscilloscope screen which .,.,'

is the sum of the incident and reflected v¡aves can be

obtained by the inverse Laplace transform and using

Heaviside expansion formula .: :-:

f (t) = 1+ ¿-rrD(P)r'ãG-f'

+ p' trlr ti r!i*, rk * cozor* tr!r.il * cozo iË, ¿.i tulr ral I

* Pt*l (cozoe- iür ri) t

+'Note t.he recurrence reLations between the coefficient of
the successive powers of p.
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vthere 0, is the rth root of the

d.erivative of q with respect to

ctter

denominator and q' is the

p.

n+r
=1+ E

r=I

3.2 An alternative approach

System responses on the oscilloscope screen, f.or

different dispersion mechanisms given in 3.1.r through

3.1.4 are of considerable i:nportance since they rnay be

used for checking the experimental data so that necessary

corrections can be easily provided (e.g., corrections for
finite rise ti¡ne of the system t12l). In ad.dition, they

may be'used to calculate €o, e_ and T for t,he test
substance by fitting the experiment.al data with the

predicted curve by the rnethod of least squares.

The main disadvantage of. this type of approach is
t,hat the dispersion mechanism of a real d.ielectric is
never exactly the same as one of the previously assumed

types. This task is also complicated by Èhe fact that we

do not know in advance if time constants ought to be

assumed in ter¡ns of either of these mechanisms. Therefore,

the identification of the proper theoretical curve can only
be obtained in an approxímate way. In addition, there is
a considerable amount of trial and error in this procedure.

Ln an alternative approach the relative permittivit.y
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e; (t,l) may be

the real and
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found dírectly by

imaginary parts of

solving the Eqn. (2) for
the relative permittivity.

ei tur) = 2lp(t¡)lsin 0(t¡)
rcoZoI(lp(o) lcos 0(u.r) + 1)2 + lp(o) l2sin20(o)l

- (r - lp(o)l')

(14 )

(1s)e| (o)
rCozol ( lp (o) cos 0 (t¡) + l) 2 + lp (t¡) | 2sin2e (o) l

The reflection coefficient p (co) appearing in Eqn. (14) and

Eqn. (15) could be calculated by a discrete Fourier transform

directly from the digitized system response f (t) displayed

on the screen of the sampling oscilloscope. This technique

was used in this task.



CHAPTER 4

UNCERTATNTY ANAIYSIS

An important consideration in ti:ne domain metrology

is Èhe achievable accuracy. In this chapt,er, d.ifferent ; :,,,

contributions to the overall uncertainty in the permittivity .,
':: .-:r:.'.::

measurement are discussed.. rn sections 4.L Èo 4.g possible :::.:: ;:

- systematic and random errors which còuld be prebent Íri the
' ti¡ne domain techniques are discussed. These er.rors are

divided into three types: incident waveform errors, ,

sampling errors including noise, and tjme to frequenCy

conversion errors.

. Section 4.4 consid.ers the conventional errors due to
the mechanical accuracy.in length measurement. rgr section
4.5 the fringing fiel-d.s effect is studied and calculated. 

:.;1.,:,,,

A correction factor t,o compensate for the measurement errors '''
r .: '' ' ''''due to fringing fields is also provided : . '::

4.I Incident waveform errors

This category is }j:nited to systematic errors in the

analog waveforms before sampling. Measurement errors occur

because the waveform incident upon the sample under test
changes with time. SÍnce the reflection coefficient is the

33
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ratio of the DFT of two wavefor¡ns measured at, .different
times, one obvious source of error is a fructuation in the

generator output in the interval between the two readings

of the incident and reflected v/aves. Changes have i".r,
observed with the solid. stat,e generator being used. Hovrever,

the changes are so obvious that they are easy to spot and

correct

A more subtle reason for "rtor is the Ímperfections

in the connectors and transmission lines irnmediately

adjacent to the sample und.er test, resulting in ¡nismatch

errors'that cannot be ti:ne windowed out or removed by

background subtraction. This Èype of erroï can be minimized.

by using precision air lines as sample holders (ApC 7

sample holder).

Sampli-ng eirors

This section examines sources of errors introduced

between the analog input to the sampling head and the

resultant digit.ized waveform. Smith lff¡ has given a

detai.led analysis of the translation of noise-like errors

from time to frequency domain and derived expressions for
noise upper bounds. In this section a brief discussion

and tabulation of these errorsr Ets well as the upper error
bounds, will be given.

4.2.L Ti¡ne sampled errors

4.2

This is the error introduced. in t,he frequency
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spectrum of a signal due to an error X' in the measured

time sample at ti¡ne t = nT, that is

. Xr, = f (nT) f*(nT)

where f*(nT) j-s the measured value of the signal at t = nT.

Based on the assumption that, X' can be described as

a real random variable with zero mean and variance oå, a

quantity 6 which is an upper bound on the probability that,

a computed white-noise ordinate will exceed a quantity eU

is givên by

.N = r/zwofi erf-l tffil (16)

where N is the numþer of tj:ne domain. samples, T is the :

equivarent sampring intervar and ofr is the variance of the

sampled voltage due to. the amplifier noise.

4.2.2 Time j itter error

If the scanning voltage is held fixed corresponding

to a fixed point on the waveform being measured, the

measured voltage will fluctuate because of imprecise

tríggering as the gat,e moves around over a small time

segment. about its mean position. This is called ti:ning
jit,t.er. In other words, time jitter error is due to the-

uncertainty in the ti¡ne location of the samples. The
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error voltage generat,ed by timing jitter at a point is
propoÈtional to the slope of Èhe waveform at thaÈ point.

Assuming that the timing errors are random, "ld
that the slope is.always essentially constant over the

range of timing jitt.er, a quant,ity t which is an upper

bound. on the probability that the time jit,ter error in
any frequency ordinate v¡ill exceed ,rT *.y be given by

Tol ,- rTt/TEr = c#lå ,_rr*J '-lr(o)l2ao)ä err-tItr-E¡¡ v-sec (rz)

where ofr is the variance of the time jitter.

4.2.3 
.Quantization 

error

This error is caused by converting the amplitude of
the time response to numerical form. This usually requires

that the range of amplitude values be divíded into a finite
set of equal increments, and all of the amplitudes which

fall within the same interval are assigned Èhe same numeric

value. It is clear that such a system of measurement will
cause an error, called guantization error, which can be no

longer than the size of the interval used. If d is the

quantization intervalr ërn error up to t $ may occur in
each time sample due to quantization.

Based on the assumpt,ion that the erïor voltage is
with equal probability at any value wit,hin this interval.,
and. that the signal changes through many successive quanti-
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zation intervars between samples so that the successive

errors are uncorrelated, then the error vottage is a random

variable with a rectangular probability distribution, and

variance

R2-d2"q-17 (18)

(1e )

substituting Eqn. (18) into Eqn. (16) we obtain an expression

for the quantity {,. which is an upper bound on the proba-

bility Èhat the quantization error in any frequency

ordinate will exceed rq

Ê^ = tdtrNre erf-r t/T-6'l
Y

4.2.4 Amplitude jitter error

Thís error ís due to the changes in a signal ampli-

tude from sample to sample while the shape of the signal
remains essentially unchanged. The signal may be expressed

in the form

f* (nT) = (I+arr) f* (nT)

where a_ is the amplitude jit.ter. If a_ is assumed to ben-n
a zero-mean normaL random variable which is independent of
the amplítude jitter at any other time sample, the error in
the spectrum then becomes
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, TT/Tt" = o"(ñ 
-nnJ lrc')ltar)å erf-rJ'ÆqJ eo,

Eqn. (20) gives the error bound in terms of t,he confidence

level E
4

4.2.5 Addit,ive Gaussian noise

This is the error in the spéctrum of a signal due

to zer:o mean ad.ditive Gaussian noise. The resulÈÍng error
spectrum will be given by

N-r
zr, (o) = - E Tx (nT) 

"-Junrn=o

where xitl is a stationary Gaussian process. I.n the case

of uncorrelated noise from sample to sample Cwhite noise),
the error bound due to additive noise, Eür, is given by lril

". = v-ã t '/FTrf erf -t IÆq-, (.21-a)
,lì:-:::

e = 'Æ r (+ 
f 

-, 
crl au,) k erf -1 r,æ;l (2L-b) ', ', ',_¿Tt 

__J

where S (o) is the power density spectrum of the noise.

Eguation (2f-b) f,ollows from Eqn. (21-a) since S(o) and ': ,

:: :: i.

R(t) are Fourier transform pairs
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4.2.6 Combined errors from noise-like sources

So far we have considered the contribution to Èhe

errors from noise-like sources separately. ïf we use the

same confidence level, f , for each individual bou¡i'dr i{ê

find the combined bound to be

e = (e2 + ez + e2+.'lhCqATN

4.3 Time to frequency conversion errors

. Aliasing and truncation errors are the major sources

of error in estimating the spectrum of the continuous time

domain waveform from it.s N sampled values.

4.3.1 Aliazing error

Aliazing error is an error introduced in the

spectrum of a signal caused by representing the continuous

signal by a uniform train of samples. Let us'suppose that
\üe form the signal spectrum from its time sampled values,

f(nT), ât time t = nT, where T is the sampling interval.
Thís is done by using the formula

æ

F.= (ur) = -l_"" r f (nT) s-jûrnr ez, :.:.:Þ I1=-@ ...-..:
:11.r1

which approxí:nates the Fourier integral

F (o) = 
__f 

-, 
(t) e-jot at
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Eqn. (22) may also be written as [16]

F-(o) = ,i F(t¡ + 4lS' L=-æ ¡

.,.,','.,

The computed spectrum is thus periodic, recurring at '::':

angular frequency interval +, the sampling frequency.

In particular, over the region -ur, to rr:* , where ,n = å
:,;:,,,,.is defined as the Nyquist frequency, f"(ul) equals the ..:

required spectrum F (o) plus unwanted. contributions from 
,:,,',,:

the adjacent lobes of the "aliases" of F(o) at F[o ¡ 4tTI ,

. 4n..Ë'Itt) = -ñ'l' etc.

Practically, the atiasing error may be reduced by

making the Nyquist frequency as large as possible, thus

spacing adjacent lobes further apart.

4.3.2 Truncation error

A truncation error occurs because all samples beyond
+lathe N"' sample are not considered in the computing spectrum ,,,,.

,,a)',.t.-.

Eqn. (22) , i. e. ,

F"rro, (r) = ,ri* r f (nT).- jr'rnt (23)

This errror is minimized, in signals of limited time

responses, by making the time window NT large enough so

t,he network responses have negligible magnitude ouÈside it,.
When the sÍgnal has t,he form of a step, a large
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truncation error resurts when only a finite number of samples

is used. The correct waveform, however, may be represented

by N samples for the initial rising part of the step,

followed by an infinite number of almost equal samplàs

representing the tail, the slow decay given the form .-ot,
where q, + 0. Then, the spectrum of t,he step Ís

N-I . eo

A*(o) = r X f (nT)"-jnTo + T f (NT) i "-jtt*r."-o(n-NT)n=o n=N

The second. summat.ion has the form, as o¿ -f 0

"- 
jutt';

t-e- jTto

Therefore,

It is the second term'in the above equation that is lost due

to truncation. Thus, when the spectrum of a step is being ':,,',¡:;;;,:

:i :. _

computed, t,he following component is ad.d.ed at each ,',,,

ord.inate F(ol) 
::''::

N-¡
e*(o) : r E f (nr¡"-Jnrt * * r(wr)"]lNrt

n=o l-s-jrûJ

rf (Nr) jru = ,r | (ïrà. s-J (r,{-¿lorr.-j (}) 
Q4)

e-2 e 2 2 sin(þ)

In the computer program which evaluates the continuous

Fourier transform, the input, parameter KIND is normally -
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zeto; \Àihen set to -1r the step correction in Eqn. (24)

is app1ied..

Summary of the reauLts: The major conclusions of

the analysis given in tIIl are presented in Table.3. For

noise-like errors iÈ is seen that an amplitude level e may

be found. in each case, such'an., the probability of its

being exceeded is not greater than Ç.

4.4 Overall uncertainty in permittivitv measuremglt

In this section systematic uncertainties in the

characteristic impedance of the coaxial line and the air

capacitance of the test capacitor, due to the mechanical

accuracy in length measurement, are discussed.

The relationship between the uncertainty interval

for the different contributions and the uncerÈainty inÈervals'

for the measured real and imaginary parts of the complex

permittivity is presented. This relation gives the same

odds for each of the variables and for the result.

Uncertaintíes due to the meehanieaL inaecura,eA ín

Length mea,surement: The characteristic impedance of a

coaxial line is determined according to its physical

dimensions. Accordingly, any uncertainty in length measure-.

ment. will cause an error in the characteristic impedance of

the line. For modern coaxial components Èhe uncertainty in

length measurenent may be assumed to be 0.I9. Therefore-,

for the 50 f2 coaxial line, the uncertainty AZo may be
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assumed to be equal to 0.1 0 (typical value for "A,pc-7 coaxial
connectors 117l ).

The uncertainty a,co in the air capacitance of the tesÈ

capacitor results.also from the uncertainty in the dimensions

measurement. The d.i¡nensions of the parallel plate capacitor
can be rneasured wit,hin an accuracy of o.la, conseguentry the
carculated uncertainty in the air capacitance of the test,

capacitor will be 3 x 10-rh Farad..

Ihe oueraLl unceytaintg: So far we studied the
individual contributions to t,he overall uncertainty in the
permittivity measurenent. The following summarizes the
different contributions to the overarr uncertainÈy:

al pl .and ^o 
the uncertaintíes in the modulus and phase

of the reflection coefficient. These

uncertainties are caused by the noise-Iike
errors in the TDR system (in time domain)

and by the ti-me to frequency .conversion

errors

LZ^ the uncertainty in the characteristico

irnped.ance of the transmission line, i^lhich

may be essentially due to Èhe mechanical in-
accuracy in the dimensions tneasurement

^C^ 
the uncertainty in the air capacitance ofo

the test capacitor. This is also due to
the uncertainty in the dimensions measure-

ment.
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It is the uncertainties in the real and imaginary

parÈs of the complex permittivity that are required. There-

fore, it is necessary to determine how these individual
uncertainties propagate into the results.

The relation between the uncertainty interval. for
the different contributions and the uncertainty int,ervals

for the resultant real and imaginary parts of Èhe complex

permittivity, which gives the same odds for each of Èhe

variables and for the result, is [19]:

Aet ì rtffilcol' + rffilzol' + (F¡pl' + tþe)'t\ e6)

Ae" = t{_onco)'+ lffonzo)'+ (#^e)' + tNflae')'|" (27)

The partial derívatives appearíng in Eqn. (26) and Eqn. (27)

are given by

âel 2l pl sino

-=-
acô rcotzo{(lplcos0+1)2 + lpl2sin2e}

2lplsine
o uCozozi(lplcos0+1)2 + lpl2sin20)

2(t-l pl'lsino
rCo zo{( lplcos0+1)2 + lpl2sin2o}"

zlpl { (r+lpl 2)cose + zl pl }
rCo zo{(lplcos0+1)2 + lpl2sin20}2

âeltr

âe'
ãlãI

âet
â0
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ð Êtt

-=-
âc_

(1-lPl')

^Cozo{ 
(l plcoso+I) 2 + | pl 2sin2e}2

2lpl(1-lol2)sino

â Êt'W

:z^{(l plcoso+l) 2 + lpl 2sín2e}o wCzZoo

(r-lpl2)
o uCoZ'i{ tlplcoso+l)2 + lpl 2sin2o}

2{2lpl + (1+lpl2)coso}ðett

-3

âlpl

Ðett 
=a0 ocozo{ (lplcoso+1) 2 + lpl 2sin2o}2

. Equations (26) and (27) might be used directly as an

approximation for calculating the uncertainty intervals in
q t and ett..

4.5 Fringing fields effect

In the proposed technique a smal1 shunt capacitor

terminating a coaxial line section is used as a sample

holder. However, the equivalent circuit shown ín Fig. 4 (b)

is not absolutely correct because of fringing fields effect.
In this section we will d.iscuss these fringing effects and

a correction factor wíl1 be provided.

Green t18l in Èreating some important transmission

line problems found. a relevant numerical solution by solving

Laplacers equation in cartesian coordinates. The results
of this numerical solution are in good. agreement with the

calculated. values, using the small aperture technique,
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" = "äå' + ++ (25),'F

' This formula is said to be valid under the restrictíons

given by Marcuvitz I20J.

This probrem consists of a coaxial cavity closed

aÈ one end with a cond.ucting cover p1at,e from which the
inner cond,uctor is shorted by a gap of width *, as shown¿-

in Fig. 7 (a). In reference to the plane T, the inner
conductor is shown. to be terminated to ground through

a capacitance C, Fig. 7 (b).

À >> b-a

S << b-a

and can be seen to consist of two distinct, partsr.a
component giving the parallel plate capacity between the
inner conductor and the cover plate and a ,,fringing"

term.

It is of interest to see numerical values of the
fringing capacitance relative to a given value of the
parallel plate capacitance. Equation (ZSl has been

progranmed and the parallel pIaÈe capacitance, C^, the
À,

fringing capaciÈance, ct, and the ratio cr/cn have been.
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tl
b--a

Li

FigT Marcuvitz problem
( a) Cavity with foreshortened ìnner

conductor. ( b) Equivalent circuit.
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Table 4

Fringing Fields Effect

t:t::::ì

49

c*p ce(para11e1 plate
capacitance )

(fringing
capacítance)

C*=CrlCn? s/2 (sap width)

12.50
8. 30
6.25
5. 00
4.20
3.60
3. 10
2.90

r0.70
8;90
7.60
6.70
5. 90
5. 30
4.90
4 .10
3.10

11.1
8.9
7.4
6.3
5.6
4.9
4.0
3.2

11. 6
9.9
7.7
6.3
5.3
5.0
4.r
3.3

A**= 6.0 mm

0.020
0.022
0.023
0.024
0.025
0.026
0.027
0.028

fl = 6.2 mm

0.022
0.022s
0.023
0.024
0.0245
0.025
0.025'1
0.0269
0.0296

A' = 8.0

0.033
0.035
0.036
0.0376
0.039
0.040
0.043
0.046

A-10mm

0.0s0
0.0s3
0.057
0.061
0.065
0.066
0.072
0. 079

40 Um
50 Um
60 Um
70 Um
80 Im
90 ilm

0.11 mm
0.14 mm

0 .16
0.26
0.37
0.48
0 .61
0.73
0.87
1.0

0.2
0.25
0.30
0. 36
0.4r
0 .47
0. s3
0.65
0.91

0.29
0. 39
0 .49
0.59
0.70
0.82
1.00
1.45

o .44
0.53
0.74
0.97
L .2L
1. 34
L.7
2.37

20
30
40
50
60
70
80
90

25 Um'30 
um

35 Um
40 Um
45 Um
50 pm
55 Um
65 pm
40 ¡m

um
UM
ilm
UM
Ëm
UM
fm
Ëm

60
70
90

0 .11
0 .13
0 .14
0. 17
0.21

um
um
um
mm
mm
Ítm
mm
mm

*
**

Capacitances are in pico-Farads.
A is the diameter of the inner conductor.
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,:

computed for given, different, inner conductor diameters

and the gap width was taken as a rùnning parameter. The

results are shown in Table 4.

Table 4 shows that increasing the d.iameter of the
,',

ínner conductor is not, advisable. ft is true that
increasing t.he diameter of the inner conductor ¡nakes

the rat.io C./C^ smaller for the same gap width. Forrp
capacitance values of practical inÈerest, ho$tever, 

:

íncreasing the diameter of the inner conductor ¡nakes the 
,.

ratio c-/c larger. Table 4 arso shows that the fringingrp
"capaiitance is of the order of 0.3 x 10-13 Farads for the

values of C_ of practical interest.p

Oi:e of the basic assumpt.ions in this work is that
C (p) = coe; (p) . This equation assrunes direct proportionality
between c^ and c(p) which is not absorutely correct becauseo

of the fringing fields effect. Having an id.ea about tbe

value of fringing capacitance, it, is. of inÈerest to derive

a correct.ion factor to compensate for t.he error in e t and .::

a

e" due to fringing fields 
.The actual relation may be assumed Èo be of the form

c(p) = eel + Bt

where A is the part of the total capacitance filléd with the l.

dielectric under test (basically the pararler plate capaci-
tance, and part of the fringing capacitance due to the

meniscus), and B is the remaining part of the fringing
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capacitance. SubstiÈuting C(p) into Eqn. (1) we obtain

1 zon (ael + B)
P LÀ//

p(p) =

1 + zon (Ae| + B)

I zopAtei + frl
r + Zopaf e| + frl

Solving for .;

.*+B- I ll-pr-r A pZoA '1+p'
Substitut,ing

e* = ct jet', and p = jo-r
Then

e' je"*R= Iîm-o ,1=å,

(28)

(2el

(30)

- 1-lpl'* zjlplsino
= lJ= ( )trrZoA (1+lplcoso)2 + lpl2sin2o

e' * fr =

^llè

^l | .zlplsLnu
rrrZoAi (f+lp lcosO) 2 + lp | 2sin2el

(1-lpl')
coZoa[ (r+l plcoso) 2 + | pl 2sin20l

It is clear from Eqn. (29) and Eqn. (30) that the value of
er'carcurated. in the frequency domain from the data trans-
formed from the time domain measurements is larger than lhe
true value by a factor equal to P, while e,, has the

.Ét
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correct value.

The following example

Consider a dielectric of the

this conclusion.illustrates
Debye type:

gfr =r ^rOæ¿
@

1+pt

Substituting e| into Eqn. (28)

I ZpA(e +O'-æ
oco

fì-pr * 
oE)

p(p) =

1+ZoPA(e****R)

gl-Et
r - zopa (eå + *ni)

er-el1+zopa(.J+fft

RRf and el = e- + f. Fiom Eqn. (31) it isAOOA

time response displayed on the oscilloscope

for a dieiectric of Debye dispersÍon,

the modified parameÈers ej and ej. Since

are shifted by a quantity * it is concluded.l\

shifted by a value of P. e" on the otherlt

includ.e any error due to fringing fields
it depends on the difference between ro

( 31)

whereet=e+-co æ

clear that t,he

screen will be

Eqn. (11) with

both Et and e'ooo

that e' will be

hand, will not

effect because

and E-.
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CHAPTER 5

MEASUREMENT SYSTEIq

COMPONENTS AND UNCERTAINTY CALCULATIONS

In Chapter 4, the different contríbutions to the
uncertainties in the real and imaginary parts of the comprex

permitÈivity have been studied. The overarl uncertainties
'are shown to be obtained from Eqn. (25, and (26), which

require predetermination of the individual uncertainty
interval for each of the different variables.

The determination of ÂZ^ and AC^ can be easilyoo
obtained from the physical dimensions. of the coaxiar':
components used (4.4); uncertainties in alpl and Â0, on the

other hand, are caused by the noise-like errors in the TDR

system and. by the time to frequency conversion errors (4.2

and 4.3). These errors, however, are dependent on the meas-

urement system components and also require a priori knowledge

of the measured waveforms. Therefore, the first part of
this chapter wilr describe briefly the measurement system

componenÈs. rn section 4.2, the upper bounds of the noise-
like errors as well as the overall uncertainties in e' and

s" have been calcurated. section 4.3 describes an atterqpt

to choose the opti:num value of the capacitance to be used

53
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for a specified frequency band.

5.1 Measurement system components

A block diagram of Èhe measurement system is illu-
strated in Fig. 8. The system is shown in simplified
form to clearly indicate the interconnection of the four
essential parts: step function generator, sampling system

and X-Y recorder, temperature control chamber, and the
APC-7 coaxial line as sample holder.

. 
A brief description of t,he sysÈem parts fo1lows.

5.1.1 Step function generator

The Hewlett.-Packard. ¡nodel 1106A tunneltiode pulse

generator mount connects directly to the remote sampler

for TDR system. The amplitude of the. generated step is
greater than 200 rnV into 50 O line, wiÈh a rise tj:ne of
20 psec, approximately. .The mount outpuÈ jrnpedance is
50!2*0.

5.L.2 Sampling system and. X-y recorder

The sampling syst,em consists of :

ModeL HP J.B17A yemote sa.mpLer, which is a single
channel, 50 f¿ feed-through sampler. The remote samprer

provides bias and trigger signals'for operating tunnel-
diode pulse generator when used. as a time-domain reflecto-
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meter. The system rise time is less than 35 psec incident

as measured with model 11064 tunnef diode. The maxi¡num

safe input voltage is I volt.

ModeL UP J.80 C )sciLLoseope and ModeL EP J8J5 TÐR

Plug-in. The model HP 1815 TDR plug-in provídes the. drive
voltages for the oscilloscope horizontal amplifiers to
position each sample dot on the CRT. In vertÍcal axis

the TDR takes samples of the incoming signals and supplies

the drive voltages directly to the oscilloscope CRT. In
addition model 1815 provides t,he required blanking pulses

to the CRT. A marker pulse is supplied to the control grid

of the CRT to intensify the presentation of one dot. The

calibrated TDR system allows analysis of broad band mícro-

!úave components, identifying discontinuities as cJ-ose as

0.25 inch apart

The sampling oscilloscope is mainly used as an

analog sample and hold circuit with àbout, a 30 psèc sample

time. This allows a transient response with microwave

frequency components to be examined point by point.

!ìlaveforms displayed on the scope face provide a convenient

quick check that the main and reference signals a.re in

their proper positions and indicate gross discrepancies

before t.he scanning begins.

X-I Reeorden (ModeL HP 7004 A). Displays are

recorded on X-Y recorder using signals available on the -

recorder output connectors on the rear of th.e oscilloscope.

56
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The horizontal voltage is available on the MAIN SVüEEI

OUTPUT terminal and the vertical voitage is available on

Ihe DELAYED GATE OUTPUT t,CTMiNAl. ThC RECORDER OT I'II\NUAL

positions of the scAN switch are used for obtaining x-Y

plots. Ifith the SCAN sv¡itch on RECORD position, one auto-

matic recorder sweep starts. The recording cycle is

complete after approximately 60 seconds. The sensitivity

of the recorder outputs are approximat,ely 100 nV/CRT DIV.

5.1.3 Temperature control

' A temperature controlled. chamber (IIAAKE NBS

circulator) has been used. to keep the sample at constant,

defined temperature. The sÈandard thermoregulator in the

circulatoú is suiÈab1e for operation in the range from 0o

to lOOoC. For other rangesr v/ê can select contact and

control thermometers which are suitable for the desired

range between -600 and 350"C

Norrnally, this circulator cannot be used for control

below approximately 45oc without providíng additional

cooling facilities. The reason for this is that both

pumping friction and. the motor add some heat' to the

insulated bath. For continuous low temperature work below

ambient down to -2OoC, the mechanical refrigeration unit KR30

$/as used, which offers a consid.erably fast pull down time due

to the strong built-in ä H.P. compressor. This instrument

does not have a built-in circulating pump so that the
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liquid has to be cÍrculated through iÈs coil system and the
heat exchanger chamber by aid. of the circulator punp. The

sample t,emperature is measured by a therinocouple fed to the
model HP 3440 A digital voltmeter.

i

5.2 Typical waveform calculations

since a prioni knowledge of the waveforms is required,
for certain cases, for the estimation of the noise-Ij-ke

, "rrors bounds, a typical experimerrtâl result for the alky1
'i alcohol CeHr ToH at 25 c will be considered. Figure 9 shows

-the amplitude spectra of the reflection coefficíent.
The following are the uncert,ainty intervals, calcu-

lations in the modulus and phase of the reflection
coeffj-cient, using the measurement set-up described in

;, section 5.1 and for the typical waveform of Fig. 9.

(a) The amplitude level of white noise exceeded with
a probability E is given by

l,

EN = Tñ'N_' erf-t tÆ=q',

andforE=I8

ç - 1.99T'ÆifæolrN - v

For the tunnel diode pulse generator at 100 KHz,

and for 10 mV/cm oscilloscope sensitivity, the

noise standard deviation is 6 mV llll.
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ForN=250andT=0.lnsec

Ê, .. Ê 1.99 x 0.1yffi86- x 1o-"r¡l\

= 26.3 x 1O-3 volÈ-nsec

(b) For time jitter, the amplitude level exceeded

rúith a probability of 18 is given by

From I' ig. 9 the value of I p (ur) | may be taken as

0.8 from f =0.01 GHz to 1 GHz which is the

frequency range of interest and zeÍo elsêwhere.

For the 12 GHz oscilloscopes the standard

deviation oT r^¡as 1.9 psec (Appendix 1).

Substituting these values with T = 0.1 nsec

and N = 250

"1, j = r.ee x t.e x 4 x 10-, (+t*:3i*o.ot)à

= 34.72 x 10-3 volt-nsec

Cc) Since the amplitude jitter is not measurable [11],
.taking ttre above 6v, we may substitute into the

amplitude jitter expression for IZ probability,

Table 3.

"r, j = r . ee or ,l _rr.[n/' ,"lr (r) I ' a, )u
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.r,A = r.ee x 6 x to-3t$frf 'rÏ*o-91)L x a

= 31 x 1'0-3 volt,-nsec

The resultant upper bound of the combined noíse-like error

sources

lrRes = q =. 53'5 x 1o-3 vort-nsec

wt¡ich corresponds to an uncertainty in the magnitude of Èhe

reflection coefficient of = I.44, and an uncertainty of the

phase angle of 0.8". Similar calculations have been per-

formed for the frequency range from 0.01 to 3 GHz. fn this

case the modulus of the reflection coefficient, I O (o) l, was

assumed to be 0.8 in the specified frequency range and zero

elsewhere. The resultant uncertainties in the magnitude

and. phase of the reflection coefficient are 4.72 and 2.7o,

respectively, which are quite large and so the measurements

in this frequency band necessitate some waveform stabilJ-za-

tion procedures.

It is the uncertainties in the real and imag'inary

parts of the complex permit,t,ivity that are required. The

following paragraphs will describe a method designed to

estimate the uncertainties in permit,t,ivity measurement.

A computer program to compute the uncertainties in

er and Ê" due to the maximum expected error in the modulus

of the reflect,ion coefficient, which clearly occurs at zero

êrror in the phase angle, !.¡as written that requires as inputs:
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'l (1) The frequency at which the uncertainties are to
-,be computed

(2', The values of e' and e" at each frequency.

(31 The esti¡nated error in the modulus of the
: 

-^ta ^: reflection coefficient ,, ,,,,,,,

A si¡nilar program to compute the uncertainties in

er and e" due to the maximum e.xpected error.in the phase

angle of the reflection coefficienù, which cl.early occurs ,

|-':::::

at zero error in the modulus, r'iras written which requires
' .,:....

shor^In in fig. 10. Figure 10 shows that the uncertainties
.lalpl and Ae contribute to the errors in Ê' and e" measure-

I

Ì relaxation region.

I To calculate the overall uncertainties ín e r and e" i

a computer program to calculate fÂe' and fAe'l (from Eqn. (26')

and Eqn. (27')) was written requiring as inputs:

, 
(1) Typical values of the test capacitor and t,he 

,.,,,.,,1,. ;::.:,:
characteristic impedance of the transmission line. ',.,

t.: 
. '..,

(2') The assumed. uncert,ainties in the specif ied , ,' 
".

, frequency range, ACo r LZo, Â I p I and 40.

(g) 'Initíal, final, and incremental values of fe'

which is the running parameter, and some specif ied ,;:';,;,'|;t,,.'

value" 9f fÊ" of practical interest.

Figures (11) and (fZ¡ show the results of the numerical

solutions of Eqn. (261 and Eqn. (27 ) for the typical values
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of the test capacitot Co = 10 pf, and the characterist.ic
irnpedance of the transmission line 'Zo = 50 l¿. The following
uncertainties v¡ere assumed. ACo 5 x 10-r4F, AZo = O.l n

with Ap = 1.4t and A0 = 0.8o in the frequency band. from

0.01 to 1.0 GHz. A detailed anarysis of the uncertainties
shows that the most sensitive Èerm is the uncertainty in the

air capacitance of the test capacitor. Fortunately, this
parameter can be determined with suffj-cient accuracy (Iess

than 18 error) to damp the resulting uncertainty. The

major contribution comes from the uncertainties in the
'modulus and. phase angle of the reflection coeffícient
(Fig. 10 ) .

Further analysis of Eqn. (26) and Egn. (27) shows

that the major frequency band limitation of the time domain

method is related Èo the capacitance of the aír-fi1led
capacitor. Large capacitors give smaller uncertainties at
Iower frequencies and. vice versa, small capacitanqes,.are

better at higher frequencies. A compromise is usually
required for any given frequency band. Addit,ional high

frequency limitation of this technique is due to the noise

of the measuring system which becomes especialry pronounced

at, higher frequencies as a result of the limited spectral
intensity of the incident step

5.3 Optimum value of the capacitance in a given frequency

The direct relation between t,he frequenclz-band.
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limitation and the capacitance of the air capacitor,
suggested a technique to choose the optimum value of
the capacitance for a specified. frequency band, given

some a priori knowledge of the dielectric properties of
the sample under test. If the real and the imaginary

parts of the complgx permittivity (e, and Ê,') are required
to be known within a certain preset tolerance in a

specified frequency band, the optimum value of the capacitor

can be cal-culat.ed by a computer program which requires as

inputs:
(1) the frequencies at the boundaries of the specified

frequency band,

(21 the nominal values of e, and. a'r at these

frequencies,

(3) the allowed tolerances at these frequencies,

C4) the assu¡ned values for the uncertainties LZo,

ÂCor ¿lpl and À0,

(5) the initial, final and incremental values of the

capacitances, which is a running parameter in
these calculations.

The optimum capacit.ance can be obtaíned by running the

program to perform the following calculations:

Ci) at the first specified frequency and for the

initial values of the capacitance the uncertain-
ties in e t and e" are calculated and are denoted

by Âe t and Ag".
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(ii¡ The ratiosofthe specified tolerances (ôe'

and ôe") to the calculated values are obtained.

If the ratios

ôe'
ãã-¡.ìr anct ÃF=I

then the calculaÈed uncertainties are within
the specified tolerances for this value of the

. capacitance.

(iii) The same procedure is repeated. for aII other

alues of the capacitances in the specified
(capacitance) range

liv) We repeat exactly the same argument at the

second specif ied frequency. V'Ie call

*=H and "=H
The locus of X-Y as a function of capacitance

is now plotted on the X-y plane for the two

specified frequencies .

(v) The values of the capacitances repeated in the

acceptable region (X>1 and yàl) on both curves

are the acceptable values of the capacitances

to be used in the specified frequency band with

uncertainties S the allowed tolerances.

The proced.ure will be illustrated by the following
examples. The first example of the use of this technique

to optimize the value of the capacitance is shown in

'4"'.t, -,,-..



69

Fig. 13 for a d.ielectric :naterial with e* = 3.4 j1.0
(organic liquid-Aromat,ic-Arodor L232) tZI. Setting the
tolerance limit at ôet = t 0.5 and, ôe" = t 0.25r vr€ see

that a capacitor of 9 pf capacitance can be used whÍre

the calculated uncertainties are ress than the specified
tolerance limits in the frequency band from 0.01 GHz to
I GHz. rt is arso seen that the major limitat,ion is due

to the uncert,ainties in Ê".

For the same dielectric material Fig. 14 shows curves

for tolerance limits at 6e'- t 0.5 and ôe" = t'0.3. From

'these curves we see that Èhere is more than one value for
the capacitance to satisfy the specified requirements.

Capacitors of capaciÈance varying from I pf to 11 pf can

be used, but a capacitor of g.B pf will be the best to
satisfy the specified tolerance limit in the frequency band

of interest, from O.O1 GHz to I GHz. Figure 15 shows

similar curves for dielect,ric material with e* = 16,0 - js.o
and tolerance limits of ôe, = 1.5 and ôe,, = L.2, which are

quite large uncertainties. A capacitor of capacitance

2 pf can hard.ly satisfy the specificatíons. It, is
interesting to note that, for t,he dielectrics with high

dielectric constant, the low frequency uncertainties aïe

quite small (compared with the torerance timit) and can

easily be achieved by any capacitor of capacitance larger
than r.0 pf, whire the high frequency accuracies are veï-y

difficurt to achieve and require a capacitor of very small
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capacitance (smaller than 2 pf). Figures 16 through 1g

show the effect of the specified frequency-band+ on the
optimum value of the capacitance for the same dierectric
and the same specified torerance rimits. A hypothetì".r
dielectric of e* = 5.0 jl.o is used as a demonstrative

example, with specified tolerances of t 0.5 ín both e'

and e". rt is interesting to note that for hígh frequency

applications, smaller capacitances are requÍred and

conversely larger capacítances are required for row

frequency measurements .

t rh,is is done under the assumptíon. that the specifiedfigures of the uncertainties iñ nlpl and a0 stitr hords-forthe frequency band from 0.05 GHz Lo 2 GHz.
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CHAPTER 6

MEASURE¡4ENT TECHNIQUE AND EXPERIMENTAL RESULTS

In this chapter, the measurement technique to

determine experimentally the frequency spectrum of the

reflection coefficient is described. ExperimenÈal results

are presented and compared with available data in the

literature

6.1 Measurement technique

In order to determine experimentally the frequency

dependence of the reflection coefficj-ent p(tl)., the

following measurement procedure has been adopted.

IVhen the sample holder is short-circuiÈed at the

plane A-A in Fåg. ,a(a) Lhe wave form displayed by the

oscilloscope i= V"" (t-to) where

+ - distance betw-o speed of Iight,

For a perfect short circuit¡Vsc (t-to) = -Vir, (t-to)

where V. is the incident wave. With the test samplean

between the plates of the capacitor the displayed waveform

77



will be

vo (t) = Vir, (t-2to) * V, (t-to)

and

Vo (t) - Vir, (t-2to) = V. (t-to)

= Vir, (t-Èo) ,r p (t)

where V_^ is the reflected wave, p(t) is the time responser
of the reflection coefficient and * denotes a convolution.

Finally, both dísplayed waveforms V"" and Vo are digitized

and a d.iscrete Fourier transform is calculated using a

digital computer with the necessary corrections in order to

eliminate a large truncation error in step-like functions

t111. rhe reflection coefficignt is then calculated by

taking the ratio of both discrete Fourier transforms, i.e.,

p(ro) = lp(olle-je{o)

= FVr (t-to)
lvF=EãT

Flvin(t-to)*p (t)l
FVir, (t-to)

FIVo (r) - Vi., (r-2ro) l

78
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The frequency spêctrum of
the relative permittivity

and Eqn. (15) .

6.2 Experimental.results

the real and imaginary parts of
is thus found from Eqn. (fa¡

Feasibility of the method was evaluated experiment-

ally by measurements of the dielectri.c properties of some

polar liquids and some substanc." rti.f, have very short

relaxation times like teflon and mica.

The size of the sample was basically deter¡nined by

the di:nensions of the gap between the inner cond.uctor of
the sample holder and. the terminating metal plater âs well
as by the viscosity of the liquid in the case of liquid
samples. In the reported experiments the sample holder

was kept in Èhe vertical position in order to avoid

spilling of the liquid samples, although any liquid film
present on the terminating plate has negligible effect on

the system response due to the fact that the electric field
at this surface is also negligibly small.

The experimental results in Fig. 19 through Fig. 2L

are generally in good agreement with the data obtained by

the frequency domain methods in [2L] and 'l,zZJ . Large

differences are observed between our experimental results
and the values of er and Ê" calculated from the data in l1Z1

(represented by triangles). This is probably due to th.-

incorrect, relaxat,ion times given in IfZl as suggested in [13] .
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The experimental results for dielectric sheets of
teftron and mica in Fig. 22 and. Fig. 23 are in good

agreement with the data in I2l. Vertical lines show the
estimated uncertainties .
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CHAPTER 7

' '. --:;:

: : coNcLUsIoNS .',,,..-..-

. A novel technique for permittivity measurements in
time domain, which utilizes a small shunt capacitor

_ . ,,.. '.,., 
r'

terminating a coaxial line section as a sample holder, has ,' '

',,,1 been described. This technique gives all necessary :;';,',..;'

information on the frequency behaviour of the tested

. substance, while the required sample volume ís of the order

of a cubic millimeter.

Theoretícal analysis of- the time dependence of the

reflection coefficienÈ following application of a step

voltage to a shunt capacitor located at the end of a

transmission lihe and filled with Èhe dielectric under test
has been derived. for some dispersion mechanisms of

,......_1:i:,,. potential interest in biological studies .:,:r-::::i

,,, 
Analysis and calculations of the overall uncertainty 

,: ,,,i,,

of permittivity measurements are given. This analysis

shows that the major frequency band limit,ation is related

.,'. the air capacitance of the tesÈ capacitor' Large 
i,,:.'...;,'

capacitancies give smaller uncertainties at lower frequencíes

and conversely small capacitances are better at higher

frequencies. A compromise is usually required for any

86
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given frequency band and dielectric
The direct relaÈion between the frequency band

Ii¡nitation and the value of the air capacitance suggested

a technique to choose the optirnum value of the test
capacitor for a specified frequency band. ThÍs technique

hras presented with. several illustrative examples.

Feasibility of the proposed method was evaluated

experimentally by measurements of the dielectric properties

of some polar liquids and some substances which have very

short relaxation times like teflon and mica. Generally

"good agreement was achieved. with the data available from
' point. by point frequency domain methods.

The greatest assets of this technique are its speed,

simplicity, relative ease of data evaluation and a very

small sample required

This work has Iaíd the basis for further time domain

studies to i:nprove Ëhe system for more accurate me.asurements

in a wider freguency band. This will require the develop-

ment of higher-voltage gienerators, the synthesis of wave-

forms with more spectral energy at higher frequencies

and the adoption of more efficient signal processing

techniques.
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APPENDIX 1

TIME JrrrER sTAIIDARD DEVTATToN trrl ,,1,

The standard deviatior o. of the triggering time
jitter was found by stopping the scan at a position on a

waveform where the slope was large and taking several :'

hundred samples. The variance of these samples was much ,;;',;;.

greater than the noise variance. From a subseguent slow

scan across this part of the waveform the slope could be

determined, and from this slope and the voltage variance

due to jitter, the time variance could be found.

e.g. At a point on Èhe waveform where the slope 
)

was 18.1 volt/n sec, the voltage SD due to
noise and jitter was 35 mV. Thus, the

SD due to jitter was

:r'.
,/ß-)T - (û2: =, 34.5 mv

where 6 substitutes the SD of the noise voltage
time jitt.er sD o- - 34'5 - 1.9 n sec.' 18.I
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APPENDTX 2

CO¡ITPUTER PROGRAMS

Time to frequency domain programs

The following are two computer programs written
in FORTRAN IV. The first one evaluates the continuous

Fourier transform, writing the real and imaginary parts
.at the particular required frequencies. The input
parameter KIND is normally zero; when set to -1, the

step correction is applied.

The second one uses the Fourier transform of both

the input step and the reflected wave to form the

frequency spectrum of the reflection coefficient,. The

values of e' and err are then calculated using Eqnq. , (l4I 
'

and (15).

9L
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Uncertainty analysis programs

The following are the programs used in the

uncertainty analysis, as well âsr the optimum value of the

capacitance calculations. The first calculates the

uncertainties in ferand fe" as a function of fe'with
fe" as a running parameter.

The second program computes the ratio of a given

specified tolerance limit to the calculated uncertainties
in e r and e" with the value of the capacitance as a
running parameter. This method was used to estimate the

optimum value of capacitance to be used in a given

frequency band given prior knowledge of the dielectric
properties of the sample under test.
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