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ABSTRACT

A novel time domain (transient) method for (broad
band) measurement of the dielectric 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 filled with the
dielectric under test, is given. Analysis and calculations
of the overall uncertainty of éermittivity 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 fields is studied and a correction

factor is provided. Feasibility of the proposed method was

- evaluated by making some‘measurements.k Experimental results

are presented and limitations of the method discussed.
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CHAPTER 1

INTRODUCTION

Invesﬁigation of the dielectric properties of
biological substances and their fréquency and temperature
dependence provides very valuable information about theif
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

biochemistry and biophysics [1, 5].

A macroscopic description of the dielectric properties

of a material is provided by the complex dielectric
permittivity €* = g¢' - je". The significant variables on
which e* depends, in decreasing -order of importance, are
the frequency, the temperature, the pressuré, and the
intensity of the applied electric field. Methods of
'.measﬁring the reél and imaginary parts of e* as a function
of these Variableé are described comprehensively in the
literature [2 - 4]. |

The choi@e of a method dependé principally on the
frequency and very little on the teﬁperature. Alﬁhoﬁgh,e*

is usually defined in terms of an experiment using




sinusoidal electric fields (frequency domain measurements),

experiments using other time-dependent fields may also be
used.

If €" # 0 in the range 10~ ° to 10° Hz, e* may be

determined by transient methods. A step or ramp voltage is
applied to a condenser and the time dependence of the elec-
tric displacement D may be used to compute e* of an encloséd
sample. An experiment using sinusoidal fields is possible

at these frequencies (and'higher) as well. For frequencies

from_lo_a'Hz to 10 MHz the condenser with a samplg may be
treated as altwd; or Ehree-férmihal-iﬁpedance'(ﬁwo?terminél
impedance if one terminal is connected to a shield; three
terminal impedance if neither terminal is connected to a
shield). The impedance is measured by a bridge which varies
in design depending on the frequency’:ange. At very low
frequencies a long time is required to completela cycle and
reach the steady state, so bridges which permit relatively
rapid measurements are desirable.

At frequencies of a few MHz the condition, réquired

for use of conventional circuit theory, that the dimensions
of the sample be small'cbmpared with the 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




appxeciablevpart of a wavelength it becomes necessary to

confine the electric and magnetic fields inside conductors.
The permittivity may be determined from the interaction of
waves travelling on a transmission line with a sample placed
in the line. A resonant system bound by cohductors, wﬁich
is analagous to a resonant circuit, may be constructed.

The upper frequency limit of the transmission-line
apparatus is limited by the difficulty of fabricating
components of precise geometry. Thé-upper limit is perhaps
75 GHz. Electromagnetic waves may interact with the sample
“in free space. The basic equations are similar'in5many
ways to those for transmission-line measurements. Free-
space methods are unsuitable below 40 GHz since the optical
methods require that the sample be large compared with a
wavelength so the effects of diffraction may be neglected.

In the first section of this chapter the current
state-of-art in the permittivity measurement of biologlcal
substances, a review of some important applications, and
a summary of some important aspects to be considered with
regard to instrumentation used are discussed. 1In the
second section a general description of the proposed problem

and the purpose of the invesﬁigations are presented.
1.1.1 Dielectric properties of biological substances

The electric properties of biological materials have

been studied ever since suitable electrical techniques




became available for this purpose. Earlier contributions,

restricting the discussion ﬁo the "passive" electric
properties, did not help much toward uhderstanding the
factors responsible for the electrical properties of
tissues; Afrer 1940 techniques became available for inves-
tigation of the electrical properties at ultra high and

low frequenciee. The frequency range so far explored
extends from 5 Hz up to 30 GHz [5]

Figure 1 shows, as a typical example for biological
materials, the frequeﬁcy-dependence of the dielectric
constant of muSCﬁlar tissue. It'demonstrates-three
.dispersions (a,B8,Y), each characterizihg a separate
relaxation mechanism. A study of the linear electric
properties of biological systems is:identical with an
analysis of the mechanisms responsible for the three
anomalous dispersions. This behaviour applies fo the
various types of biological meterials as given in Table 1
[5]. It is apparent from Table 1 that the a- and B-disper-
sions are not due to the water and electrolyte content of
the'biological samples. The totei change of the dielectric
constant (Ac) as the frequency varies throughout the
dispersion range of interest is termed dispersion magnitude.
Its value depends on the particular material lnvolved its -
concentratlon, and other factors such as type of ionic
environment, temperature, etc. However,'the following

-

statement may be made: the dielectric constants observed
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Figl Frequency dependence of the dielectric constant of muscular tissue
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Table 1

Characteristic Frequencies of Major Dispersions

a-Dispersion

" B-Dispersion

Y-Dispersion

Water and
Salt Solutions

Protein and
Other Macro-
Molecular ,
Suspensions none

Subcellular
Particles
(Cell Nuclei) .2

Cell Suspension,
Bacteria and
Tissues

none

none

1-10 Mc
1-10 Mc

0.1-10 Mc

20,000 Mc

20,000 Mc

20,000 Mc

30,000 Mc




are often extremely high compared with those of homogeneous

liquids and solids due to the heterogeneous structure of
biolbgical cell suspensions and tissues and ion transfer
processes [6].

A survey of published tissue data is presented in
Table 2 [6]. It is clear from Table 2 that dielectric

constants range from a few units to more than a million.

1.1.2 Applications of dielectric properties measurement

of biological substances

‘The sﬁudy_of the dielectric properties of bioloéical
substances has become.increasingly important ade to their
‘numerous potential applications in biophysics and bio-

- chemistry. The féllowing summarizes different applica-
tions of high frequency measurements [7]:

(a) Investigation of the health hazard associated with
the exposure of human beings to powerful sources
of electromagnetic radiation, e.g., radar equipment.
There have been reports about ill'effects, which
may multiply as more‘and more powerful equipment is
developed. Careful analysis is required [8].

(b) Electromagnetic radiation has been used in clinics
for the purpose of deep tissue heating. Further
development in this field depends on additional
biophysical research carried out in cooperation
with microwave engineers. )

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

only if knowledge of the electrical properties
of various types of plant and amimel tissues have'
been established.
(d) Attempts to derive from UHF measurements a qﬁantity
| which is of great interest to‘biochemists; namely
the amount of bound water associated with protein

molecules [9].

1.1.3 Instrumentation requirements

The following summarizes the most important aspects
to be considered with regard to the instrumentatioh used
for the above-mentioned investigations [7]. It is desirable
to
| (a) measure over a wide and continuous frequency
spectfum in order to recognize fhe'frequency
dependence involved.

(b) operate with small samples. Often it is difficﬁlt

to obtain moreAthan a few cc of biological materiai.
(c) vary temperature in order to recognize the tempera-
ture dependence of dielectric parameters.
(d) keep the sample under observation in order 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 simple manner. Since the
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‘biological material is not available in solid
form, sample boundaries'mﬁst be established
which confine the sample in a well-defined manner.

These sample walls can not be permitted to affect

the measurements in an unpredictable manner.

1.2 Description of the problem and purpose

of the investigation

Currently used methods both in freqﬁency and timeA
domains, although highly refined and accurate [lO'— 13],
do not'meet'all'fhe requirements'imPOSed by expériments
'with biological substances. 1In particﬁlar, a relatively
large sample is required to fill a test capacitor or a
section of a coaxial line, especially when substances with
long relaxation times are measured [12] and [13].

In this thesis a novel technique for perﬁittivity
measurements in time domain, Which utilizes a small shunt
capacitor terminating a coaxial line section as a sample

holder is described. 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 filled with‘the dielectric material

under test is given. .Analysis and calculation of the over-
all uncertainty of permittivity measurements as well as
experimental results are presented. Limitations of the

method as well as suggestions for future work are given.



CHAPTER 2

TIME DOMAIN METROLOGY

It is only recently that measurement of the transient

response of microwave systems directly in time domain has

become practicable. This has led to growing interest in the
concept of specifying broad-band performance solely by a
transienthesponse measurement. Due to the wide instant-
aneous spectrum of the pulse, frequency information can be
obtained over several decades by a single measurement of the
subnanosecond rise-time response of the system under test

by applying Fourier transforms. This method is especially
suited for characterizing'broad band components with limited

transient response.

Nicolson [14] 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-

wave materials, the driving point impedance and transfer

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

1l
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the advantages offered by the time domain technique.

2.1 Time 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 ﬁhe 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 anavdemands a considerable
investment in instrumentation particularly for the microwave
'region. Therefore, in spite of its usefulness, this method
has found rather limited applications.

One can obtain the same informationFOQer a wide
- 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 all 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-to-frequency domain techniques
do offer the following advantages over more conventional

techniques:
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(é) Simplicity of instrumentation.
The three basic elements'ofAthe measurement system
are a subnanosecond rise-time pulsé generator, aA
broad band sampling oscilloscope and an instru-
mentation computer. |
(b) Time windowing.
The unique ability to carry out frequency analysis
of only certainvregions of the time domain 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

juxtaposition of these two responses.

2.2 Survey of the literature

Sometimes in the past, the transient method has been
applied for low frequency investigation of dielectrics. The
application of this technique in high frequency applications
had to await the development of subnanosecond rise-time
éulse génerators and broad-band sampling oscilloscopes.

H. Fellner-Feldegg [12] measured the high frequency
and low frequency dielectric constént K, and Kq ih time
domain by measuring the reflection of a voltage step from
the air-dielectric interface (Fig. 2(a)). The shape of the

reflected signal gives information about the high frequency




Step
~ generator

- Oscilloscope

Sampler

- Fig.2a Time domain reflectometer setup

o e e e 2 [ ———

— TIME

t-0
Fig2.b  Typical reflection of a step pulse V from an

- ar-dielectric interface.
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and low frequency dielectric constants Koot Ko, respectively,

as shown in Fig. 2(b). Here

1-p 1-p
Ky = (——)2 , k= (—)2
(=)
1400 ° 1+e,
where
v,-Vv V,-v
_ o _ o
Py = v ’ pO— v
. O ‘ (o]

are the reflection coefficients, vy is the amplitude of the
incident step pulse, V1 Ve the amplitude of thé reflected
pulse at the time t = 0, and V,"Vg the reflected pulse height
when the relaxation of the dielectric is complete. For the
. determination of the relaxation time [13], he used the
Laplace transform to derive an expression for the reflected
voltage as a function of time, for the Debye dielectrics, in
an infinite series form. This series, after being computed
and plotted, for different values of Ké and k_ of practical
interests; facilitates the determination of the relaxation
time. . ‘

A.M. Nicolson and G.F. Ross [10] ﬁsed another time
domain technique for the determination of the complex per-
meability and permittivify of linear materials in the
frequenéy domain., The technique described involves plaéing
an unknowﬁ sample in a microwave TEM-mode fixture 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 components,

S,,(t) and s,,(t), respectively. Because the forward and
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Pulse | | Sampling A Al 1 Shd-t,
generator head L } circuit
' Sample

To computer

Fig3.a Time.domain measurement System

d
Zo | /////// Zo

Figdb A coaxial line with annular disk of material

to be measured inserted
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back-scattered time domain "sighgtures" are uniquely related
to the intrinsic properties of the materials under test,
namely €* and u*, it is pbssible toldetermine the real and
imaginary parts of e* and p* és functions of frequeﬂéy
through the applicatién of the discrete Fourier transform
(DFT) to the measured quantities in time domain. The samples‘
used were in annular disc form installed in a coaxial air-
filled line with characteristic iméedance Zo’ as shown in
Fig. 3(b). The substances used have very sﬁort relaxation
times (e.g.,nylon and plexiglas) and so the required sample
thickness is relatively small (0.05" - 0.1"). It is clear
that this technique will necessitate a relatively larger
sample thickness for the measuremenﬁs of dielectrics with
long relaxation times.

In conclusion, the currently used methods, both in
frequency and time domains, althoqgh highly refined and
accurate do not meet all the requirements imposed by
experiments with biological substances; specifically, a
relatively large sample is required for substances with
. long relaxation times.
| In the proposéd technique a small shunt capacitor
terminating a coaxial line section is used as a sample
holder. This technique gives all necessary information'on
the frequency behaviour of the tested substance, whiie the
required sample volume is of the order of a few cubic

millimeters. The greatest assets of the proposed method
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are its speed, simplicity, relative ease of data evaluation

and the small sample required.




CHAPTER 3 .

THEORY

When a time domain reflectometer (TDR) is used, a
very fast rise (subnanosecond) Vol£age step is generated,
while both incident and reflected waves are picked up by
a‘high impedance sampler and dispiayed on the screen of a
broad band sampling oscilloscope. The deflection of the
oscilloscope trace is proportidnal to the algebraic sum of
the inc}dent and reflécted waves. Assuming the amplitude
of the incident wave equal to unity, the sum of the incident
and reflected waves is equal to f(t) and £(t) =1 for t < 0
and f(t)_# 1l for t > 0. From transmission line theory, the

reflection coefficient for a transmission line terminated

. 1,
by a load impedance ZL(p) = 5C(pY is

=

' - z,pC(p)
p(p) = - (1)
+ Zopc(p)

-

where p=jw and w is the angular frequency,xand C(p) is the
capacitance of the capacitor terminating the transmission
iine. The capacitor, as shown in Fig. 4(a), consisté of a
coaxial cavity closed at one end with a conducting cover

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

19
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- A
l %
1 C= 6,— (O))CO
APC"‘? \IIIIIIIIIﬁ//
COAXIAL ——
CONNECTOR | A
i s
-
a) A
. Qe
| Zo + C = € (W)Cq
O
b)

Fig4. The sample holder a)APC7 coaxial sample

holder and b) its equivalent circuit.
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- A gap between thé two conducting planes can be varied
depending on the required capacitance. 1In reference to the
plane A-A, the inner conductor is shown to be terminated to

ground through a capacitance C, Fig. 4(b). When the

capacitor is filled with the test dielectric C(p) = Coez(p)+,

where Co is the capacitance of»the air filled capacitor,
then the reflection coefficient is
1 - pC_ 2 _e*(p)

p(p) = go” | (2)
1+ pCoZOE;(p)

- From Egn. (2) the frequency dependence of the
reflection coefficient can be obtained by substituting the

specific function s;(p) representing a particular mechanism

of dispersion. We shall consider some specific mechanisms,

which are of potential interest in biological studies,
namely:

Ohmic dispersion:

= L3 =2
e(p) = g + 5 K o
Resonance dispersion:
1 - TPq 1+ TP,
e(p) = g, + H(e - €.)( + )

1+t -p) 1+ T(p+p)

T This assumption is not absolutely correct because of
fringing field effects, but is justified to 0.5 percent
accuracy in Chapter 4. -
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Débye dispersion:

L =
1l + 1p

e(p) = e_ +

oo

[N

The case of Debye dispersion with distributed relaxation s
times will be studied also.
' For each of these dispersion mechanisms, the system

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 time 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 éhowing
ohmic dispersion at the frequency band of interest, is

given by

e(p) = e_ + g K = 23' o (3)
. € :

where ¢ is the conductivity of the material, e° the

absolute dielectric constant of free space. Substituting

Egqn. (3) into Egn. (2)

K ’ .
1l - ZOCOP(SOO .+ 5) -

plp) =
1+ ZOCOp(e°° + =



2

p(p) = —1 +
1+ 2 Cep+ kZ C
0O 0 «© o o

System response to a step function excitation is

_ o(p)
T N . §
(p) 5
hence
1 2 Zocogw
Tp) = -5+ —Twxz_c, (4)
p(( ) + p)
Z C ¢
0 0 ©

System response on the oscilloscope screen which is a sum
of the incident and reflected waves can be obtained by the

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

2 1 + KZOC
f(t) = ———— (1 - exp -(

, 2)t) (5)
1 + k2 C Z C ¢
O O O

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

where

3.1.2 Dielectrics showing resonance dispersion

This dispersion mechanism can be described by the

23
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Fig.5. Equivalent circuit for the sample holder filled

with a dielectric showing the Ohmic dispersion

T
Co(E€)

e

Cole-€y) T

o

Fig.6. Equivalent circuit for the sample holder filled
with a dielectric showing the Debye dispersion



expression [15]

l-—Tpo 1+Tpo
e(p) = e, + k(e -e)( + ) (6)
l+T(p—po) l+T(p+po)

where Py = jwo = jzwfo and fo is the resonance frequency.

Substituting Eqn. (6) into Egn. (2)

l-1p 1+1p
1 - pz C {e_+5(c_—€_)( O -+ 2 o}
Plot 0t fuT2 8578, 1+7(p-p,) I+t (p+p,)
p(p) = ) . . l--'rpO 1+’rpO )
+ pz Cle +h(e -€ ) (l+T(p—po) + T+T(p+p,)

Let l—Tpo = U,, l+1'po = U,, so-ew = A, and €o+€w = A,

then
U U
A 1 2
1- pzoco{€m+7(ul+rp + U2+Tp)} -
plp) = 5 i (7)
. A 1 2 )
1+ pZOCO{€m+—( + )

U,+1p U,+1p
th. (7) can be rearranged in the form

p® - F,p? - F,p-F

p(p) = - : >
p° + F,p° + Flp + F

where
U.u

2
Z Ce T
0O O @
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~ (ZT—ZOCOUIUZEO) . (2T+ZOCOU1UZEO)
Fa T 2y A 2y ¢
T°2,CoEy T°2 C ¢,
2 _ ' 2 '
e o T ZOCOTA , oo T + ZOCOTA
2 2 2~ 2
T2 C ¢ T°2 C ¢
O O O QO «

System response to a step function excitation is

I'(p)

Where S,» S and S3

2
Eqn. (8)0 AI BI CI

roots as follows:

o(p

———

P

1 P’ - Fp? - Fip - F

(8)
P p® + Fip?2 + Fjp + F

o
+
+
+

are the roots of the denominator of

and D are defined in terms of these

3 2
y - F,8y - F,8, - F

Sl (S]_"Sz) (Sl—sg)

S; - F,82 - F|S, - F

Sz(sz-sl)(sz-ss)
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and

3 2
Sj - F,8; - F;8, - F

S, (SS_SI) (Ss'sz)

Hence, the system response on the oscilloscope screen,
which is a sum of the incident and reflected waves, can be
obtained by the inverse Laplace transform and using the

Heaviside expansion formula

£(t) =1 + T(t) =1 + 0-1{- R{R),

a(p)

=1+ E —Blgll e0rt
r=1 ql (Ol,r)

where gq' is the derivative of g with respect to p and .

are the roots 0, Sl, S, and S,. Hence

2

St S,t Sst

f(t) = 2 + Be + Ce "+ De

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

elp) = e + —2-2 (9)
1+ptT
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where éo and ¢ are the dielectric constants at frequencies

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

Substituting Eqn. (9) into Egn. (2) and putting

= = 1 -
A =17 COZOEO B = m, and C=1 + COZOEO ’ Eqn. (2)

can be written in the form

p2? - Aﬁp - B
p? + CBp + B

p(p) = -

System response to a step function is

28

- p(p)
I (p) E
hence
_ _1;p?-ABp-B. _ _ p - AB. - B :
TR =l ceprs | (o%al (5¥B) ~ TpFal (7B) ~ p(pFa) (p7B)

(10)

where a and b are the real negatiﬁe rootsT of the equation
p?+CBp+B = (p+a) (p+b)
System response on.the oscilloscope screen which is a sum

of the incident and reflected waves can be obtained by the

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

+ It can be shown that for real dielectrics 0<e <eo alwéys
holds, so that (CB) - B > 0 and the roots are realS '
4
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_ _ -at .a’+aAB-B —bt'b2+bAB~B

The behaviour of the system described by Egn. (11) is

represented by a simple equivalent circuit as shown in

JwCo (Eo—Ew)
1+jwTt

" o S * s
Fig. 6, where Y = juwC ‘ijOEr(w) = jwcoe°° +

3.1.4 Dielectrics showing the Debye dispersion

with distributed relaxation times

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

A
position of terms of the form ———r—=— , where A, is the
l+iji i
strength, and A, = ¢ -g , and T, is the relaxation time
i 0 @ i

of the'ith term.

* _ n A; ' :
€ = & T i£1 I+pT; (12)

Substituting Egn. (125 into'Eqn. (2)

n Az
1- Pcozo[€w+i§1 l+pTiJ
plp) =
. n B
1+ pC_oZo[ew+i;z__1 l+pTi]
n ‘n n
_ i§1(1+pTi) B pcozo[ewi§1(1+pTl) * gL Al (13’ L
B n e} R
igl(l+pri) + pCOZO[emi§1(1+pTi) + iél Ai]

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

rearranged in increasing powers of p as:
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n n
1+ p[(iélTi) + Cozo€°° + (iglAei)COZo]

2 B o n n n
TP [iél ixkie'k ¥ Cozoew(lz Ti) + Co%o i§1A8i(k§1Tk)]
~+ piId g T4 % Tk % T.) + C 2 € ( % Ts % w
Prifis td x2ie, 'k 58k 73 0%Fw it "1 k2i41 K
T T,
+ CoZo 121A€l( Z k j§k+1 j)1
| k#l jAL

+o.oo.‘.1...-..'0.....00.0.--

n+1 n -
+ pm-(CoZoe°° ingi)f.

Hence, -the step function response of the reflection

coefficient is

_ D(p) _ Dip)
T'®) = 5rpy = 3io)

where D(p) and R(p) éfe'polynbmials of degree n+l, but of

different coefficients.

System response on the oscilloscope screen which
~ is the sum of the incident and reflected waves can be
obtained by the inverse Laplace transform and using

Heaviside expansion formula

- -1;D(p)
') =1+ 1 [aﬂiﬂd

+Notethe recurrence relations between the coeff1c1ent of
the successive powers of p.
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n+r D(a_)
=1+ 3 —X %t
r=r.q'(ar)

th

where oL is the r root of the denominator and gq' is the

~derivative of g with respect to p.:

3.2 An alternative approach

System responses on the oscilloscope screen, for
different dispersion mechanisms given in 3.l.1vthrough
3.1.4 are of considerable importance since they may be
used fo: checking thé_experimental data so that necessary
corrections can be easily providod (e.g., corrections for
finite rise time of the system [12]). 1In addition, they
may be ‘used to calculate €qr €, and T for the test
substance by fitting the experimental data with the
predicted curve by the method of least squaros.

The main disadvantage of this type of approach is
that the dispersion ﬁéchanism.of a real dieloctric is
never exactly the same as one of the previously assumed
types. This task is also complicated by the fact that we
do not know in advance if time constants ought to be |
assumed in terms of either of these mechanisms. Therefore,
the identification of the proper theoretical curve can only‘
be obtained in an approximate way. In addition, there is
a considerable amount of trial and error in this procedure.

In an alternative approach the relative permittivity
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e;(w) may be found directly by solving the Egn. (2) for

the real and imaginary parts of the relative permittivity.

e' (W) = 2|p(w)|sin 6 (w) | (14)
r wCOZOI(Ip(w)lcos B(w) + 1)%2 + |p(w)|?sin?6 (w)]
e;(w) = (l - lp(w)IZ) (15)

wCoZo[(lp(w) cos O(w) + 1)2 + |p(w)]|?sin?6 (w)]

The reflection coefficient p (w) appearing in Egn. (14) and
Egqn. (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

UNCERTAINTY ANALYSIS

An important consideration in time domain metrology
is the achievable accuracy. 1In this chapter, different

contributions to the overall uncertainty in the permittivity

measurement are discussed. In sections 4.1 to 4.3 possible
- systematic and random errors which could be present in the
time domain techniques are discussed. These errors are
divided into three types: incident waveform errors,
sampling-errors including noiée, and time to frequency
conversion errors.

Section 4.4 considers the conventional errors due to
the mechanical accuracy'in length measurement. In section
4.5 the fringing fields effect is studied and calculated.

A correction factor to compensate for the measurement errors

due to fringing fields is also provided.

4.1 Incident waveform errors

This category is limited to systematic errors in the
analog waveforms before sampling. Measurement errors occur
because the waveform incident upon the sample under test

changes with time. Since the reflection coefficient is the

33
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ratio of the DFT of fwo Waveforﬁs measured at different
timés, one obvious source of error is a fluctuation in the
generator output in the interval'befween the two readings

of theiincident and reflected'waves. Changes haye ﬁeen |
'observed with thé solid state generator being used. However,
the changes are so obvibus that they are easy to spot and
correct.

A more subtle reason for egror is the imperfections
in the connectors and transmission lines immediately
adjacent to the sample under test, resulting in mismatch
errors that cannot be time windowed out or removed by
background subtraction. This type of error can be minimized

by using precision air lines as sample holders (APC - 7

sample holder).

4.2 Sampling errors

This section examines sources of errors introduced
between the analog input to the sémpling head and the
resultant digitized waveform. Smith [11] has given a
detailed analysis of the translation of noise-like errors
from time to frequency dpmain and derived expressions for

noise upper bounds. In this section a brief discussion

and tabulation of these errors, as well as the upper error
bounds, will be given.
4.2.1 Time sampled errors

This is the error introduced in the frequency



spectrum of a signal due to an error Xn in the measured

time sample at time t = nT, that is

f(nT) - fm(nT)

>
)}

where fm(nT) is the measﬁred vélue of the signal at t = nT.
Based on the assumption tha; Xn can be described as
"a real random variable with zero mean and variahce 0;, a
quantity £ which is an upper bound on the probability that
a coﬁputed white-noise ordinate will exceed a quantity €

N
is given by

ey = T/2Nclf-] erf™! [VI=E] (16)

where N is the number of time domain samples, T is the

2
N

sampled voltage due to. the amplifier noise.

equivalent sampling interval and o2 is the variance of the

4,2,2 Time jitter 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
triggering as the gate moves around over a small time
segment about its mean position. This is called timing
jitter. In other words, time jitterverror is due to the

uncertainty in the time location of the samples. The
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error voltage geﬁeratéd by timing jitter at a point is
proportional to the slope of the waveform at that point.
Assuming that the timing errors are random, and

[N

that the slope is always essentially constant over the

range of timing jitter, a quantity & which is an upper
bound on the probability that the time jitter error in

any frequency ordinate will exceed Eq May be given by

T02 w/T
i 1 -
ep = ()¢ ( f |F(0) |?dw)? erf™'[(1-E)] V-sec (17) ..
-n/T
where o2 is the variance of the time jitter.

T

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 divided into a finite
set of equal increments, and all-of the amplitudes which_
fall within the same interval are assigned the same-numeric '
value. It is clear that such a system of measurement will
' cause ‘an error, called quantization error, which can bé no
longer than the size of the interval used. If d is the
quantization interval, an error up to t % may occur in
each time sample due to quantization. - . o EE
Based on the assumption that the error voltage is

with equal probability at any value within this interval,

and that the signal changes through many successive quanti-



zation intervals between samples so that the successive

errors are uncorrelated, then the error voltage is a random
variable with a rectangular probability distribution, and

variance

i)
o N
N

|

Q
|
N

(18)

Substituting Egn. (18) into Eqn. (16) we obtain an expression

for the quantity &, which is an upper bound on the proba-
bility that the quantization error in any frequency

ordinate will exceed ¢

eq = TAYN/6 erf ! [/I-E] (19)

4.2.4 Amplitude jitter error

This error is 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
fm(nT) = (l+an) fm(nT)

where a, is the amplitude jitter. If a, is assumed to be
a zero-mean normal random variable which is independent of
the amplitude jitter at any other time sample, the error in

the spectrum then becomes
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/T
€a = Ga(F-_w/Tj I}E‘(w)lzdw);’2 erf-II/l—EaJ (20)

Egn. (20) gives the error bound in terms of the éonfideﬁce

level £a.
4,2.5 Additive Gaussian noise

This is the error in the spectrum of a signal due

to zero mean additive Gaussian noise. The resulting error
spectrum will be given by
N-1

Z (w) = - I TX(nT)
n=o

e—jwnT

where X(t) is a stationary Gaussian process. In the case
of uncorrelated noise from sample to sample (white noise),

the error bound due to additive n01se, €t is given by Ill]

€, = /7ﬁ:T YR(7) erf_llyl—gn] (Zl—a)
€, = /7ﬁ T (5% _wj S(w)dou);5 erf_l[yl—gn] . (Zl—b)

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

Equation (21-b) follows from Egn. (2l-a) since S(w) and

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 the
errors from noise-like sources separately. If wé use the
same confidence level, £, for each individual bound, we
find the combined bound to be

2 2 2 2v%
€ = (€2 + €% + €% + €%)
c ( q a.  ‘T°

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 its 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 sémples. Let us suppose that

we form the signal spectrum from its time sampled values,

f(nT), at time t = nT, where T is the sampling interval.

‘This is done by using the formula

Fow) = I T £@me VT (22)

which approximates the Fourier integral

Flw) = J £(t)e IOt g¢



Egn. (22) may also be written as [16]

% ARA

=00

The computed spectrum is thus periodic, recurring at

angular frequency interval Z% , the sampling frequency.

In particular, over the region -w. to Wy where w,, =

U
N N T
is defined as the Nyquist frequency, Fs(w) equals the

required spectrum F(w) plus unwanted contributions from

the adjacent lobes of the "aliases" of F(w) at Flw * 3%],
4
Flw # —%], etc.

Practically, the aliasing 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
the Nth sample are not considered in the computing spectrﬁm

Egqn. (22), i.e.,

_ - )
- -junT
Ferror(w) nEN T £f(nT)e (23)
This error is minimized, in signals of limited time
responses, by making the time window NT large enough so

the network responses have negligible magnitude outside it.

When the signal has the form of a step, a large

40
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truncation error ‘results 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 infiniﬁe number of almost equal samplés
representing the fail, the slow decay given the form efat,v 3;5
where o > 0. Then, the spectrum of the step is "
N-1

. o
A*(w) =T T f(nT)e + T £(NT) I
n=o n=N

-inTw e-jnTw_e-a(n-NT)

The second summation has the form, as a + 0

e—jNTw'
l_e-ij
Therefore,
N-1 . -JjNTw
A*(w) * T 5 f£(nT)e IO 4 g f(NT)e
n=o 1-e" T

It is the second term in the above equation that is lost due
to truncation. Thus, when the spectrum of a step is being

computed, the following component is added at each

" ordinate F(w)

-j (N-%) Tw (N T
TE (NT) —S = L EMT)  ~IN-HT =I5 5y
JTw JTw 2 sin(wT ,
e T - o3 5

In the computer program which evaluates the continuous

Fourier transform, the input parameter KIND is normally "
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zeto; when set tolél, thé step correction in Egn. (24)
is applied.

Summary of the results: The major conclusions of
the analysis given in [11] are presented in Table 3. For
noise-like errors it is seen that an amplitude level & may

be found in each case, such that the probability of its

being exceeded is not greater than £.

4.4 Overall uncertainty in permittivity measurement

In this section systematic uncertainties in the
characféﬁistic impedanée of the coaxial line and the air
capacitance of the test capacitér, due to the mechanical
accuracy in length measurement, are discussed.

The relationship between the uncertainty interval
for the different contributions and the uncertainty intervals-
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.

Uncertainties due to the mechanical inaceuracy in
. length measurement: 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 impedancé of
the line. For modern coaxial components the uncertainty in
length measurement may be aésumed to be 0.1%. Therefore,

for the 50 Q coaxial line, the uncertainty AZo may be
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assumed to be equal to 0.1 Q (typical value for APC-7 coaxial
connectors 1171). | |

The uncertainty ACo in the air capacitance of the test
capacitor results also from thé uncertainty in the dimensions
measurement. The dimensionsvof'the parallel plate capacitor
can be measured within an accufacy of 0.1%, consequently the

calculated uncertainty in the air capacitance of the test
capacitor will be 3 x 101" Farad.'

The overall uncertainty: So far we studied the
individual contributions to the overall uncertainty in the
permittivity measurement. The following summarizes the
different contributions to the 6verall uncertainty:

Alp| and A6 - the uncertainties in the modulus and phase
of the reflection coefficient. These
uncertainties are caused by the noise-like
errors in the TDR system (in time domain)
and by the time to frequency conversion
errors. |

AZO - the uncertainty in the characteristic

impedance of the transmission line, which
may be essentially due to the mechanical in-

accuracy in the dimensions measurement.

ACo - the uncertainty in the air capacitance of
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
parts 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_fof
the different contributions and the uncertainty intervals
for the resultant real and imaginary parts of the complex
‘permittivity, which gives the same odds for each of the .

variables and for the result, is [19]:

ae'!
(86

e

pet = [(EE AC )2 + (32 AZ 2+ & Ap)2 3€lrgy21% " (26)

[ (2 Ac o) +'( Az )2 + ( Ap)2 + ( Ae> 1% (27)

Ae BC

The partial derivatives appearing in Egn. (26) and Eqn. (27)

are given by

de' _ _ 2|p|sine

9Cy wC 2% _{(|p|cose+1)? + |p|Zsin®e}
de' _ _ 2|p]siné

9%, wCoZoz{(Iplcose+l)2 + |p|%sin?e}
3¢’ 2(1-]p0|2)sine

wC, Zo{(!plcose+1)2 + |p|?sin?6}?

: 2|p|{(1+]p|?)coss + 2]p]|} .
wCy Zo{(|p|0059+1)2 + |p|?sin2p}?

(o3
m

i

QL
[«]
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ae" _ _ (1-1p]?)

9Cs wCéZo{(lplcose+l)2 + |p|%sin?e}

ae" _ _ (1-]p]2)

s wC Z2{ (|p|cose+1)? + |p|?sin?6}

de" _ _ - 2{2]p] + (+]|p|?)cosa}

3lel wC Z {(]|p|cose+1)? + |p|?sin?0}?
de" _ 2|pl(1-]pl2)sins

a6

wcozé{(|p|c0s6+l)2 + ]p]zsinze}2

Equations (26) and (27) might be used directly as an
approximation for calculating the uncertainty intervals in

a 1 and > " .

4.5 PFringing fields effect

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

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

is not absolutely correct because of fringing fields effect.
In this section we will discuss these fringing effects and
a correction factor will be provided.

Green [18] in treating some important transmission

line problems found a relevant numerical solution by solving
Laplace's 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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given by Marcuvitz [20].
This problem consists of a coaxial cavity closed

at one end with a conducting cover plate from which the

inner conductor is shorted by a gap of width gy as shown

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

a capacitance C, Fig. 7(b).

2 .
_ ma‘e 2acg
C==5 * —o=a
in -

(25)

This formula is said to be valid under the restrictions

A >> b-a

S << b-a

and can be seen to consist of two distinct parts, .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 (25) has been
programmed and the parallel plate capacitance, Cp, the

fringing capacitance, Cf, and the ratio Cf/Cp have been



T

!

, |

T N Zo :

—bh —-a — - -

T 1

| |
(aj) "’@'2}‘"

_T{
o C

(b)

Fig7 Marcuvitz problem |
(a) Cavity with foreshortened inner
~ conductor. (b)Equivalent circuit.
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Table 4

Fringing Fields Effect

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

C *(parallel plate (fringing '.CR=Cf/C S/2 (gap width)
capacitance) capacitance) P : '
A""= 6.0 mm
- 12,50 0.020 0.16 20 um
8.30 0.022 0.26 30 um
6.25 0.023 0.37 40 um
5.00 0.024 0.48 50 um
4.20 0.025 0.61 60 um
3.60 0.026 0.73 70 Um
3.10 0.027 0.87 80 Um
2.80 0.028 1.0 - 90 um
A =6.2 mm
10.70 0.022 0.2 25 um
8.90 0.0225 - 0.25 ‘30 pm
7.60 0.023 0.30 35 um
6.70 0.024 0.36 40 um
5.90 0.0245 0.41 45 ym
5.30° 0.025 0.47 50 um
4.90 0.0257 0.53 55 um
4.10 0.0268 0.65 65 um
3.10 0.0286 0.91 40 ym
A= 8.0 mm
1.1 -0.033 0.29 40 pm
8.9 - 0.035 0.39 50 um
7.4 0.036 0.49 60 um
6.3 0.0376 0.59 70 um
5.6 0.039 0.70 80 um
4.9 0.040 0.82 - 90 um
4.0 0.043 1.00 0.11 mm
3.2 - 0.046 1.45 0.14 mm
A = 10 mm
1.6 0.050 0.44 60 um
9.9 0.053 0.53 70 um
7.7 0.057 0.74 90 um
6.3 0.061 0.97 0.11 mm
5.3 0.065 1.21 0.13 mm
5.0 0.066 1.34 0.14 mm
4.1 0.072 1.7 0.17 mm
3.3 0.078 2.37 .0.21 mm
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computed for given, different, inner conductor diameters
and the gap width was taken as a running parameter. The
results are shown in Table 4.

Table 4 shows that increasing the diameter of the
inner conductor is not advisable. it is true that
increasing the diameter of the inner conductor makes
the ratio Cf/Cp smaller for the same gap width. For
capacitance values of practical interest, however,
~increasing the diameter of the inner .conductor makes the
ratio Cf/Cp larger. Table 4 also shows that the fringing
-capacitance is of the order of 0.3 x 10~ '° Farads for the
values of Cp of practical interest.

One of the basic assumptions in this work is that
C(p) = Cde;(p). Thisfequation{assumes direct proportionality
between SN and C(p) which is not absolutely correct because
of the fringing fields effect. Having an idea about the
value of fringing capacitance, it is of interest to derive
a correction factor to compensate for the error_in e' and
e" due to fringing fields.

The actual relation may be assumed to be of the form

ae¥ + B
r

C(p)

where A is the part of the total capacitance filled with the
dielectric under test (basically the parallel 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. Substituting C(p) into Eqn. (1) we obtain

1l - Zop(Ae + B)

p(p) =

B %R *

1+ Zop(Ae + B)

B

1 - Z pA(eX + D)
o(p) = oL & . (28)
1+ ZopA(er + =

A
Solving for e;
* B _ 1 1-p
_ e tE° pZ_A (l+p)
Substituting
€; = ¢g' - je", and p = jw
Then
[ . " B _ 1 l_p i
e’ —Jget + g = Joz_A SEry
-3 l—lpl2 + 2j|p|siﬁ6
wZ A (1+|p|cosB)? + |p|2sin?p
o4 g _ 2|p|sing (29)
wZ AL(1+|p|cose)? + |p|?sin?6]
. €1 - 2 .

Wz Al{1+|p|cos6)? + [p|?sin?e]
It is clear from Egn. (29) and Egn. (30) that the value of = &7
e' ‘'calculated in the frequency domain from the data trans-
formed from the time domain measurements is larger than the

true value by a factor equal to %, while €" has the
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correct value.
The following example illustrates this conclusion.

Consider a dielectric of the Debye type:

eX =g, + °o - =
' 1+pT
Substituting e; into Egn. (28)
eo—aw B
1l - ZOPA(QOO + _I'TE'F + X

p(p) £ =€

O @ B

1+ ZopA(em + T T + 5
gl-g!
1 - % pA(e' + =2

o © l+pt : -
= g!'—-¢g! (31)
1 (@] 0
1 + ZOpA(soo + -——-——-l_l_pT)
. B . B . : L
where ¢} = €_ + = and e, = €, * x- From Eqn. (31) it is

clear that the time response displayed on the oscilloscope

screen will be for a dielectric of Débye dispersion,

Egn. (11) with the modified parameters e! and eé. Since
both eé and €; are shifted by a quantity % it is concluded
that €' will be shifted by a value of %. e" on the other

‘hand, will not include any error due to fringing fields

effect because it depends on the difference between €5

and €



CHAPTER 5

MEASUREMENT SYSTEM

COMPONENTS AND UNCERTAINTY CALCULATIONS

In Chapter 4, the different contributions to the
uncertainties in ﬁhe real and imaginary parts of the complex
permittivity have been studied. The overall 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 A2; and ACo'can be easily
obtained from the physical dimensions of the coaxial -
components used (4.4); uncertainties in A[p] and A6, 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 will describe briefly the measurement system -
components. 1In section 4.2, the upper bounds of the noise- o
like errors as well as the overall uncertainties in e' and
e" have been calculated. Section 4.3 describes an attempt

to choose the optimum 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 the 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 the system parts follows.
5.1.1 Step function generator

Tﬁe Hewlett-Packard model 1106A tunnel—diode pulse
generatqr‘mount connects directly to the remote sampler |
for TDR system. The amplitude of the. generated step is
greater than 200 mV into 50 Q line, with a rise time of

20 psec, approximately. - The mount output impedance ‘is

5.1.2 Sampling system and X-Y recorder

The sampling system consists of:

Model HP 18174 remote sampler, which is a single
channel, 50 Q& feed-through sampler. The remote sampler
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 1106A tunnel diode. The maximum

safe input voltage is 1 volt.

Model HP 180 C Oscilloscope and Model HP 1815 TDR

Plug-in. The model HP 1815 TDR plug-in provides the drive
voltages for the oscilloscope horizontal amplifiers to.
position each sample dot on the CRT. In vertical axis
the TDR takes samples of the incoming signals and supplies

the drive voltages directly to the oscilloscope CRT. In

addition model 1815 provides the required blanking pulses
“to thé CRT. A marker pulse is suppliéd to the éonﬁrol'gria
of the CRT to intensify the presentation of one dot. The
calibrated TDR system allows analysis of broad band micro-
wave combbnents, identifying discontihuities as cldse as
0.25 inch apart.

The sampling oscilloscope is mainly used as an
analoglsamplé and hold circuit with about a 30 pseC'Samplé

time. This allows a transient response with microwave

frequency components to be examined point by point.
Wavefo;ms displayed on the scope face provide a convenient
quick check that the main and reference signals are in
their proper positions and indicate gross discrepancies |

before the scanning begins.

X-Y Recorder (Model HP 7004 A). Displays are
- recorded on X-Y recorder usihg signals available on the’

recorder output connectors on the rear of the oscilloscope.
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The horizontal voltage is available‘on the MAIN SWEEP
OUTPUT terminal and the vertical voltage is available on
the DELAYED GATE OUTPUT terminal. The RECORDER or MANUAL
positions of the SCAN switch are used for obtaining X-Y
plots. With the SCAN switch on RECORD position, one autb— >>>>>
matic recorder sweep starts. The recording cycle is

complete after approximately 60 seconds. The sensitivity

of the recorder outputs are approximately 100 mV/CRT DIV.

5.1.3 Temperature control

A temperature controlled chamber (HAAKE NBS
circulator) has been used to keep the sample at constant,
defined témperatﬁre. The standard thermoregulator in the
circulator is suitable for opefation in the range from 0°
to 100°C. For othér ranges, we can select contact and
control thermometers which are suitable for the desired
range between -60° and 350°C.

Normally, this circulator cannot be used for control
" below approximately 45°C Without providing additional
cooling facilities. The reason for this is that both
pumping friction and the motor add some heat tb the

insulated bath. For continuous low temperature work below

ambient down to -20°C, the mechanical refrigeration unit KR30
was used, which offers a considerably fast pull down time due
to the strong built-in % H.P. compressor. This instrument

does not have a built-in circulating pump so that the
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liquid has to be circulated through its coil system and the
heat exchanger chamber by aid of the circulator pump. The
sample temperature is measured by a thermocouple fed to the

model HP 3440 A digital voltmeter.
5.2 Typical waveform calculations

Since a priori knowledge of the waveforms is required,
for certain cases, for the estimation of the noise-like . ;ﬁ
errors bounds, a typical experimental”rééﬁlt for the alkyl |
alcohol CgH,; ,0H at 25°C will be considered. Figure 9 shows
-the amplitude spectra of the reflection coefficient.
The following are the uncertainty intervals, calcu-
lations in the modulus and phase of the reflection
coefficient, using the measureﬁent 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 & is given by

ey = T/2N05Aerf-1(/l—g)

and for & = 1%

61'N = 1.99T/2N03

For the tunnel diode pulse generator at 100 KHz,

and for 10 mV/cm oscilloscope sensitivity, the

noise standard deviation is 6 mV [11].
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(b)

(c)

60

For N = 250 and T = 0.1 nsec

= 1.99 x 0.1¥2 x 250 x 36 x 10~

26.3 x 10~ % volt-nsec

For time jitter, the amplitude level exceeded

with a probability of 1% is given by
n/T 1
€ . =1.99 o, (% [. w?|F(w) |2 de )7
IJ . —1T/T

From Fig. 9 the vdlue of |p(w)| may be taken as

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

- frequency range of interest and zero elsewhere.

For the 12 GHz oscilloscopes the standard

deviation Op Was 1.9 psec (Appendix 1).

Substituting these values with T = 0.1 nsec

and N = 250

0. l w

€1,3

34.72 x 10—3-volt—nsec

Since the amplitude jitter is not measurable [11],
taking the above O, s We may substitute into the
amplitude jitter expression for 1% probability,

Table 3. ' ;



| o ages 0.1, 2Ty
el,A 1.99 X 6 x 107°¢( - [Q]2ﬂx0.01) X 4

R

31 x 107° volt-nsec

The resultant upper bound of the combined noise-like error

-sources

. = = | -3 -
el,Res VZs; ' 53.5 x 10 volt nsec

which corresponds to an uncertainty in the magnitude of the
reflection coefficient of = 1.4%, énd ah uncertainty of the 
phase'éngle Qf 0.8°. Similar calculations have béen per-
formed for the frequency range from 0.0l to 3 GHz. In this
case the modulus of the reflection coefficient, lp(w)l; was -
assumed to be 0.8 in the specified'frequehcy range and zero .
elsewhere. The resultant uncertainties in the magnitude

and phase of the reflection doefficient'are 4.7% and 2.7°,
respectively, which are quite large and so £he measuréments
in this frequenéy band necessitate somé'Waveform stabiliza~-
tion procedures.

It is the uncertaihties in the real and imaginary
parts of the complex permittivity that are required. The
following paragraphs will describe a method designed to
estimate the uncertaintigs in permittivity measurement.

A computer program to compute the uncertainties in
e' and e" due to the maximum expected errér in the modulus.
. of the reflection coefficiént, which clearly occurs at zero

error in the phase angle, was written that requires as inputs:
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‘(1) The frequency at which the uncertainties are to
be computed.
"~ (2) The valuee of‘e' and €" at each frequency.
(3} The estimated error in the modulus ef the
reflection.coefficienﬁ.
A sim}la: proéram to compute the uncertainties in.
€' and e" due to the maximum expected error-in the phase
angle of the reflection coefficient, which clearly occurs
at zero error in the modulus, was written which requires
the saﬁe input data. The results of these computations are
shown in Fig. 10. Figure 10 shows that the uncertainties'
Alp] end'Ae contribute to the errors in e and e" measure- -
ments both at the frequency band boundaries and in the
relaxation region. |
To calculate the overall uneertainties in ¢' and e"
a eomputer program to ealculate fAe' and'fAe“ (from_Eqn. (26)
and Eqn. (27)) was written requiring as inpufs:
(l) Tyéiéal.values of the test capacitor and the
characteristic impedance of the transmissiqn‘line.
(2) The assumed uncertainties in the specified
frequency range, AC,, AZ, Alp| énd.Ae.
(3) fInitial; final, and incremental values of fe'
which is the running parameter, and some specified
4va1ues,ef fe" of practical interest. '
Figures (11) and (12) show the resultsAof'the numerical

solutions of Egn. (26) and Eqn. (27) for the_typical values.
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Fig,ﬂ; Uncertainty in measurement of fe' as a function of fe' for ,
different values of fe'
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Figl2. Uncertainty in measurement of fe" as a function of f€' for

different values of fé“.
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of the test capacitor Co = 10 pf, and the characteristic
_ impedance of the transmission line'Zo = 50 Q. The following
uncertainties were assumed: ACO'= 5 x 107 1%F, AZ = 0.1 Q

with Ap = 1.4% and A6 = 0.8° in the frequency band from

0.01 to 1.0 GHz. A detailed analysis of the uncertainties
shows that the most sensitive term is the uncertaintf in the
air capacitance of the test capacitor. Fortunately, this
parameter can be determined with sufficient accuracy (less

than 1% error) to damp the resulting wuncertainty. The

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

Further analysis of Eqn. (26) and Eqn. (27) shows
that the major frequency band iimitation of the time domain
method is related to the capacitance qf the air-filled
capacitor. Large capacitors give smaller uncertainties at
lower:frequencies and- vice versa, small capacitances are
better at higher frequencies. A compromise is usually

required for any given frequency band. Additional high

frequency limitation of this technique is due to the noise
of the measuring system which becomes especially'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

~.

band

The direct relation between the frequency-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 g priori knowledge of the dielectric properties of

the sample under test. If the real and the imaginary
parts of the complex permittivity (e' and €") are required
to be known within a certain preset tolerance in a

specified frequency band, the optimum value of the capacitor

can be calculated by a computer program which requires as

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

frequency bahd,

(2) the nominal values of €' and e" at these
frequencies,

(3) the allowed tolerances at these frequencies,

(4) the assumed values for thé uncertainties Azd,
aC_, Alp]. and Ae,

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

capacitances, which is a running parameter in

these calculations.
The optimum capacitance can be obtained by running the
program to perform the following calculations:

(i) at the first specified frequency and for the

initial values of the capacitance the uncertain-
ties in €' and €" are calculated and are denoted

by Ae' and Ae".
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(ii) The ratios of the specified tolerances (8¢
and §e") to the calculated values are obtained.

If the ratios

then the calculated uncertainties are within
the specified tolerances for this value of the
capacitance.

(iii) The same procedure is repéated for all other

values of the capacitances in the specified
(capacitance) range.
(iv) We repeat exactly the same argument at the

second specified frequency. We call

L 11
X = Se and Y = QE_
e -~ Aem

o>

The locus of X-Y as a funétion 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 (X21 and Y21l) on both curves
are the acceptable values of the capacitances

to be used in the specified frequency band with

uncertainties £ the allowed tolerances.
The proCedure 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
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Fig. 13 for a dielectric material with e* = 3.4 =~ jl.O
(organic liquid-Aromatic-Arodor 1232) [2]. Setting the
tolerance limit at de' = % 0.5 and 6e" = % 0.25, we see
that_a capacitor of 9 pf capacitance can be used while
the calculated uncertainties are less than the specified
toleranée limits in the frequency band from 0.01 GHQ to
1l GHz. It is also seen that the major limitation is due
to the uncertainties in e".

For the same dielectric material Fig. 14 shows curveé
for tolerance limits at S8e' = %+ 0.5 and 8" = ¢+ 0.3. From
these curves we see that there is more than one value for
the capacitance to satisfy the specified requirements.
Capacitors of capacitance varying from é pf to 11 pf can
. be used, but a capacitor of 8.§ pf will be the best to
satisfy the specified tolerance limitlin the frequency band
of interest, ffom 0.01 GHz to 1 GHz. Figure 15 shows

similar curves for dielectric material with ¢* = 16.0 - j5.0

and tolerance limits of 8e' = 1.5 and §e" = 1.2, which are

quite large uncertainties. A capacitor'of capacitance

2 pf can hardly satisfy the specifications. It is
interesting ﬁo note that, for the dielectrics with high
dielectric constant, the low frequehcy uncertainties are
quite small (coﬁpared with the tolerance limit) and can
easily be achieved by any capacitor of capacitance largef

than 1.0 pf, while the high frequency accuracies are very

difficult to achieve and require a capacitor of very small
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capacitance (smaller than 2 pf).' Figures 16 through 18

- show the effect of the specified frequency—band+ on thé
optimum value of thevcapacitance fof the same dieleétric
and the same specified toleranée limits. A hypophet}cal
dielectric of e* = 5,0 - j1.0 is used aé a demonstrative
example, with specified tolerahces of £+ 0.5 in both ¢
and €". It is interesting to note thét for high frequency
applications, smaller capacitances‘are required and
conversely larger capacitances are required for low

frequency measurements.

T This is done under the assumption that the specified
figures of the uncertainties in A|p| and A6 still holds for
the frequency band from 0.05 GHz to 2 GHz.
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CHAPTER 6 | .

MEASUREMENT TECHNIQUE AND EXPERIMENTAL RESULTS

In this chapter, the measurement technique to
determine experimentally the frequéncy spectrum'of thev
reflection coefficient is described. EXperimental results
are presented and compared with available data in the

literature.

6.1 Measurement techniqué

In order to determine experimentally the frequency
dependence of the reflection coefficient p(w), the
following measurement procedure has been addpted.

When the sample holder is short-circuited atlthe
plane A-A in Fig. 4(a) the wave form displayed by the

oscilloscope is Vsc(t—to) where

£ = distance between the sampler and A-A
o speed of light

For a perfect short c1rcu1t,vsc(t—to) = —Vin(t—to)
where Vin is the incident wave. With the test sample

between the plates of the capacitor the displayed waveform

77
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will be

Vo(t) = Vin(t—Zto) + Vr(t—to)

- -and

Vo(t) - Vin(t-2to) Vr(t-to)

Vin (=t ) xp ()

where Vr is the reflected wave, p(t) is the time response

of the reflection coefficient and % denotes a cénvolution.
"Finaliy, both displayed waveforms Vsc and Vo aré digitized
and a di;crete Fourier transform is calculated using a
digital computer with the necessary cofrections in order to
éliminaté a large truncation error in step-like functions
v[ll]. The reflection coefficient is then calculated by
taking the ratio of both discrete_Fourier transforms} i;e.,

p(w) = |p(w)|e3® @)

er (t—to)
FV, (t-to)

_ F[vin(t—to)*p(t)l
FVin(t—to)

FIV_(t) - V. (t-2t))]
-FV__(t-t_)
SC o




The frequency spectrum of the real and imaginary parts of
the relative permittivity is thus found from Eqn. (14)

and Egn. (15).

6.2 Experimental- results

Feasibility of the method was evaluated experiment-
ally by measurements of the dielectric ptoperties of some
polar liquids and some substances thch have very short
relaxation times like teflon and mica.

| The size of the sample was basically determined by
the dimensibns of the gap between the inner conductor of
the sample holder and the termihating metal plate, as well
as by the viscosity of the liquid ihrthe case of liquid
samples. In the reported experiments the samplé holder
was kept in the 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. 21
are generally in good agreement with the data.obtained by
the frequency domain methods in [21] and [22]. Largé_

differences are observed between our experimental results

and the values of €' and e" calculated from the data in [12]

(represented by triangles). This is probably due to the
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The experimental results for dielectric sheets of
teflon and mica in Fig. 22 and Fig. 23 are in good

agreement with the data in [2]. 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

terminating a coaxial line section as a sample holder, has

been described. This technique giveslall necessary

information on the frequency behaviour of the tested
'substance, while the required sample volume is of ﬁhe order
of a cubic millimeter.

Theoretical analysis of. the time dependence of the
feflectioh coefficient following application éf a step
voltage to a shunt capacitor located at the end of a -
transmission line and filled with the dielectric under test
has been derived for'éomé dispersion mechanisms of

potential interest in biologiéal studies.

Analysis and calculations of the overall uncertainty
of permittivity measurements are given. This analysis
shows that the major frequency band limitation is related

‘to the air capacitance of the test capacitor. Large

capacitancies give smaller uncertainties at lower frequencies
and conversely small capacitances are better at higher

-

frequencies. A compromise is usually required for any
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given frequency band and dielectric.

The direct relatién between the frequency band
limitation and the value of the air capacitance suggested
a technique to choose the optimum value of the test
cépacitor for a specified frequency band. This techniqﬁe
was preéented with several illustrative examples. -

Feasibility of the proposed method was evaluated
experimentally by meésﬁrements 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 dqmain 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 laid the basis fér further time domain
studies to improve the systeﬁ for more accurate measurements
in a wider frequency band. This will require the develop-
- ment of higher-voltage generators, the synthesis of wave-
forms with more spectral'energy_at higher frequencies
énd theladoption of more efficient signal processing

techniques.
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APPENDIX 1

TIME JITTER STANDARD DEVIATION [11]

The standard deviation 0. of the triggering time
jitter was found by stbpping 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 subsequent slow
scan écross 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 the waveform where the slope
was 18.1 volt/n sec, the voltage SD due ta
noise and jitter was 35 mV. Thus, the

SD due to jitter was

v(35)2 - (6)% = 34.5 mv

where 6 substitutes the SD of the noise voltage
34.5
18.1

time jitter SD o_ = = 1.9 n sec.

920



APPENDIX 2

COMPUTER 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 €' and €" are then calculated using Egns. . (14)

and (15).
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38

47
48
49
59
51

52

W GV PN e

20

NF LTNNJIUS e
DIMENSION A(900)
MM=0

READS0,LL
{F{MM-LL)10,1000,1000
PI=3.141592654

P2=PI+P1

PO2=P1/2.

FAC=180./P1

READ1D0, N, KIND

DO 20 I=1,N

READ20D,A(T)

PRINT300,A(1) |
READ4ODDELTAT,FSTART, DELTAF,NFREQ
IMAX=NFREQ+1

Z=P2%DELTAT

3=F3TART

- PRINTSOC

14

38

40

13

50
100
200
300
400
5G0

600

700
1000

0013 I=1,IMAX
WH=8%/

R=0.0

$=0.0

T=0.0

DUL4 L=1,N

R=R+A(LI*CDS(T)

§S=S—A{LI*SIN(T)

T=T+Wid

CONTINUE

IF{KIND)38,39,39
[F{WH-1.E~6)39,40,40
X=A{N)/{2+%SIN{WH/2.))

Y= (WH*{N=-.53 ) +P02

R=R+ {X*COS{Y))

S=S~{X*¥SIN{Y))
C=DELTAT®SQRT({R*R }+{S*8))
PRINTH004R,S ' -
PUNCH500,4R+S
THETA=FAC*ATAN{S/R)
PRINTTQ048,C,THETA

B=B+DELTAF '

CONTINUE

MM=MM+ |

GO TN 5

FORMAT{14)

FURMAT(214)

FORMAT{FT.4)

FORMAT(LOXsF7.4)
FORMAT(3F10.5,14)

FURMAT (10X 3THFREQ(GHZ) AMPLITUDE
FORMAT(10Xs2E15.7) .
FORMAT( 10XF 723 94X9F9e595X+F%.3)
STOP '

END

TRUE PHASE)
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15

16
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18
19
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21
24

23
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42
43
46
46
09

51

5/1.

52
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B9

13

TREADZ2CH,LCUIDN, T U DUIDC, T I Td=1,N)

CTHET A=ATAN(S/RY T

MIF(Ij+7)/4 )3 ?Q,MWW"MHW

TF(T345)45,70,45

THDETIND =T T

DIMENSTOMN CU23 300, D025 300 ), B30 },DELTAT(2)
READLICO N ESTART , L TAFE

READARCO, 70, CO

READ GO0, B, E0G, AT

DNl INN=1,2
To=-1

Il=-1
Bi== (02
Bl==-,201
IMD==1]

READ2SC,CRLTAT(IDC)
DO 12 T=1,N
R=C(ICD, 1)
S=(ILN, 1)

ceine, I)—S“QT((“R)+(S ’i))

CUIDC,I)=DEFLTAT(ICCYEC(ICO, 1) )
If’(P)l(),lSylS ' ‘ oo
12=1 TR
GC TO 17

12=-1

[F{SH1G, 13,1 77
12=12+2

GGTO81

[2=12-2

IF(I2- °,7lr7f 14
TF(I2-1)22,23,22

THE T/\—TH[‘.T'H—(\.LQ’ 195

GOTR 20

THETASTHETA+3.14156265
[3=4%11~T2 ' '
[F(12-12)41,55.41

'I*_’( I ;?;»*‘l..%_- ).4 2,; 7::)..’1'.?:>~» rete e e reran ',,...vm Py B T L IR T O Y

TF{T3+7)43,70,43

IFCI3-1)46,54 446
TF(I3+41)4G,54,49
IF(I3+413187,54,30

IFCTO-TIYTY, ‘1,7[m””“”””ww“’“
[F(R2-B1IAC, 11,47
TFIID=-T11)30,52,80
IF(RI-BO)IRE,T7),3C

TND=TND+1 :

GC TG RO

THETA=THETA+6,2R3185% MDD
DOINC,T)=THETA
[0=11

Il=12

BC=831

BTETHET A s
CUNT INUF

CONTINUE

po o301 1=

pl) = ((1,1)/r(° [)
S

CORNTINUE
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60
el
62
€3

b4

65

66

61
64
69

79

71
72
73
14
75
76
77
73

gg

83

81

g2

g

34

“MgguwumM”Mmﬂ

PRIMT6OO
L=FSTART

DO 3073 T=1,4
X=H({T1) .
Y= {1,1)=-D(2,1)
JA=C0SOYY

94

R=SIN(Y) ) ) i
XX=( X%X)
YY=(2 56X %A )
He (64282 185% 2% 10k CC)
MH= ( XX+YY41,)
,.Mv,,‘:l=_(2."x r’)/(h’ Hl_) e ey e . . eezna, .. it s+ - -

ELL=(La=XXY/ (1% 14H) :
TELI=F0U+((EN-C0NY /(L e+{€,2A3LESKTAAT ) *%2, ) )

TELL=((EC-FETC)*5 . 283185%2%AT ) /(1. +(628318B5%7%AT )=

PRINTTCC 37 o XY 4F1,TEL,E11,TFL1
1=7+CFELTAF B
303 CONTINUE
TCY FORMAT(I4, 212057
200 FORMAT (10X ,2E15,7)
256 rnRNAT(fLﬂ.S) ‘
600 FORMAT(6X, "FREQIGHZ) AMPp PHASE-CIFF
' 2 COUTRUE-ELTT T T T TR T T T U TRUF=EL L)
700 FURMATUAX,F3,4,4X,FSa4, 5XyFlda4b, 6XpF10,5,6X,F10.5,
Y T4 5 S/ S o ke '
800 FORMAT(2F14,9)

e A1)

90O FORMAT(3(FT7.4)) 7

GO 710 101
N

*2a)



Uncertainty analysis programs

The following are the programs used in the
uncertainty analysis, as well as, the optimum value of the
capacitance calculations. The first calculates the
uncertainties in fe' and 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 €' and €" 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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C 4/ (6. 2831853 RCORIEHIH)

F1=((CE1Z2)*NCO)((DE12)*DC0)
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CFDEL1=SORT(Y14+Y2+Y3+Y4)

WRITE(6,12)FEL1L1,FE1,FCEL,FDELL

IF(rel-TE1)22,100,1CC

O FEL=FEI+DFEL

G0 TOS1 -
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DFELL1=CFE111%19.
CTEl=10.%TE1
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A=(COXZN*FFL1%6, 2821853)
B=(CO*ZC*FEL%6,2831653)
C=({Le#A)E(L,+A) )+ (R%B)
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el smen)))/C

CH=(LTAL#CDS(Q) )+ . ) #%2, )+((AL*SIA(G))*(A!*SIN(C)))
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READ2152G,COSSCOFQCO . ,
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Y1=((DK22)1*CCQI%((DK22)*DCO}
Y2=((DK23)*DZ0)*((LK23)%0Z20)
Y3=UA{DK24 ) *DL )% ({DK24) %DL)
Y4=((CK25)%0Q)%((DK25)%DQ)
DE11=SQRT(Y1+Y2+Y3+Y4T
X={QE1/DEL) ' '
C¥Y=(QELL/CELY)
PRINTLeXeYCOyF

FORMAT(IOX,'X=',F10.5,5X9'Y=',FlO.SySX.'CO=',E20:69'F="520.6)

IF(CO-CCF) 103,103,104
C0=C0+QCO - o

IF(F~F2)105+106,106
F=F2 - C
GQ 70 101

GO TO 108

END
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Plate 1. Experimental Setup.




Plate 2. The sample holder.




