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An automated technique has been developed which enables a rapid determination of the dielectric
properties of a material over a wide range of temperatures and frequencies. The speed of data acquisition
and the range of temperature and frequencies that can be investigated in a single experiment using this
technique, exceed the capabilities of techniques currently employed for dielectric analysis. Frequencies
for dielectric measurements can be pre-selected in increments over the range 50 Hz—1 MHz. Temperature
range for these measurements extends from 25°C to 800°C. The present technique, which features
extensive automation in data acquisition and processing, is illustrated by measurements on minerals and
shales. The dynamic nature of the above technique also facilitates effective coupling with conventional

thermal analysis techniques.

Introduction

Applications of dielectric analysis tech-
niques in the thermophysical characteriza-
tion of solids are well documented (1, 2).
Bridge methods (3) that are currently
employed for dielectric measurements, are
limited by the necessity of using different
types of bridges for the various frequency
ranges. Another disadvantage of these
techniques is the inordinately long time
required to make a set of measurements at
different temperatures and frequencies.
Therefore, a technique which would facili-
tate a rapid monitoring of the dielectric
parameters of a test specimen over a wide
range of frequencies and temperatures
would be particularly useful for material
characterization and routine quality control
applications. This paper describes the
development of such a technique which we
call Dynamic Dielectric Analysis (DDA).

* To whom correspondence regarding the manuscript
should be addressed.
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The term ‘““dynamic” refers to a continuous
scanning over a wide frequency range,
typically 50 HZ-1 MHz, and is a major fea-
ture of this technique. The speed of data
acquisition and the range of frequencies and
temperatures that can be studied in a single
experiment by DDA, are far beyond the
capabilities of conventional bridge methods
mentioned above.

The dynamic nature of DDA also makes it
readily amenable to coupling with thermal
analysis techniques that are based on linear
temperature programming like, for example,
Differential Thermal Analysis (DTA). The
quantitative nature of dielectric techniques,
the need for additional techniques to be used
in conjunction with DTA for adequate
characterization of thermal properties (4)
and the advantages derived from the appli-
cation of simultaneous parameter
measurement techniques (5), point towards
the potential applications of simultaneous
DTA-DDA instudies on the thermophysical
behavior of solids. This is especially true for

0022-4596/79/050195- 14$02.00/0
Copyright © 1979 by Academic Press, Inc.

All rights of reproduction in any form reserved.
Printed in Great Britain



196

complex, heterogeneous systems consisting
of naturally-occurring materials on account
of the extreme sensitivity of their thermal
properties to local compositional variations
and to changes in experimental conditions
(6). Therefore another problem, which also
forms the basis of the present paper, was to
investigate the applicability of simultaneous
DTA-DDA in studies on naturally-occur-
ring materials. Among the systems studied
were Green River oil shales, quartz, calcite
and dolomite.

Experimental

Techniques

The technique of DDA, developed in the
present study uses network analysis tech-
niques to obtain the equivalent passive
network components of the test sample.
Figure 1 shows a block diagram of the
experimental set-up and the data analysis
path. A Hewlett-Packard Model 3320B
frequency synthesizer provides a sinusoidal
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F1G 1(a). A block diagram of the experimental set-up
for DDA. (b). Data analysis path in DDA.
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signal which is applied both to the sample
and the reference channel of the network
analyzer. A Hewlett-Packard Model 3570A
network analyzer' measures the attenuation
and phase shift due to the test sample. The
network analyzer has a frequency range
extending from 50 Hz to 13 MHz. From the
attenuation (G) and phase shift (¢), an
equivalent network is obtained for the test
sample. This is shown in Fig. 2. The resulting
network equations are derived in Appendix.
The dielectric parameters represented by the
relative dielectric constant €', £", loss
tangent, tan 8, and resistivity p are obtained
from the equivalent network and the sample
geometry as summarized in Table 1. A
Hewlett-Packard 9825 desktop computer
system is used to record gain and phase
(G/ ¢) information and for remote control of
the frequency synthesizer and network
analyzer.

The sample holder arrangement for DDA
is a conventional two-terminal cell similar to
that described by Broadhurst and Burr (7).
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F1G. 2. Equivalent network of the test-sample for
DDA.

! Reference to a brand name or product does not
imply endorsement by the authors or by the funding
agencies.
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TABLE I

EQUATIONS RELATING ¢, £”, TAN 8§ AND p

TO SAMPLE RC COMPONENTS
FROM NETWORK ANALYSIS

d o
e'=Ci— g'=—
A w
t 8—6” _4R
an T 7

A =area of sample surface; d =sample thick-
ness; o = operating frequency; o = conductivity
of sample; C;=sample capacitance and R;=
sample resistance.

Measurements are carried out on disc-
shaped specimens. The test-cell for simul-
taneous DDA-DTA is shown in Fig. 3 and
differs from that employed for DDA only in
that a reference sample is included for
measurement of differential temperature,
AT in DTA. The sample cell is housed in a
conventional tubular furnace which can be
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F1G. 3. Test cell for simultaneous DTA-DDA.
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operated either on a linear heating pro-
gramme or in an isothermal mode.
Arrangements are also provided for purging
the test-cell with a flowing atmosphere of
pre-heated inert gas (usually pre-purified dry
N,). This is particularly useful for the prompt
removal of product gases from the vicinity of
the heated samples and for avoiding the oxi-
dation of any organic material in the test
samples.

The principles of DTA are well-docu-
mented in the literature (8, 9) and will not be
enumerated here.

Procedure
DDA

The sampie is first loaded in the test-cell,
care being taken to ensure proper loading of
the electrode plates on the sample surfaces.
The electrodes are then connected to the
frequency synthesizer and network analyzer
through high-impedance FET probes. The
gas flow is adjusted to obtain a pre-selected
flow rate of the sweep gas. The system is
thoroughly flushed with the inert gas for
about twenty minutes. The heating rate on
ihe temperature programmer is set and the
upper temperature limit of the experiment is
chosen. The network analysis system is
readied for operation by loading the control
programs from floppy disc into the 9825
memory. The number of frequency points to
be scanned in each decade is pre-selected by
the control program. After heating of the test
specimen is initiated, a complete frequency
spectrum of the G/¢ values is obtained at
preselected temperature intervals. A typical
scan time for covering the frequency range
50 Hz-1 MHz is one minute. Low heating
rates are generally employed (< 5°C/min) to
minimize rapid temperature changes during
a frequency sweep. An average of about 25
temperatures are selected for G/
measurements for each DDA run. The
number and the frequency of scans are
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determined by the thermal behavior of the
test specimen and also by the rate of change
of G/¢ values that is observed as a function
of temperature. The operator can examine
the G/¢ data being processed by displaying
the results on a CRT terminal or other output
devices. G/¢ results from each individual
frequency scan are recorded as a function of
temperature on floppy discs. Data is
organized into files on these discs for reduc-
tion by automatic analysis programs.

Simultaneous DDA-DTA

Reference alumina discs are included for
simultaneous DDA-DTA measurements
and AT is continuously monitored as a
function of time or temperature on a strip-
chart or x—y recorder. As mentioned above,
itis necessary to employ low heating rates for
these measurements. Very low heating rates,
of course, give rise to DTA peaks high in
resolution but weak in intensity (10). A
compromise is, therefore, sought between
the minimum sensitivity that can be tolerated
for DTA and the highest heating rate that
can be employed for DDA. A heating rate of
~3°C/min has been found to yield good
results for simultaneous DDA-DTA with
the system described above. The relatively
thin specimens and low heating rates also
serve to minimize thermal gradients across
the samples (11). Temperature intervals for
DDA during a DTA scan are preselected;
G/¢ measurements being carried out more
frequently during a temperature region of
interest like a thermal decomposition or
phase transformation as shown in Fig. 4.

Data Acquisition and Processing

Data acquisition for DDA is completely
automated; computer programs2 have been
developed in this laboratory for conversion
of raw experimental G/¢ data to dielectric
parameters that can be directly correlated

2 All programs are written in HPL language. Copies of

control and data analysis programs are available from
the authors on request.
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DIFFERENTIAL TEMPERATURE
SAMPLE TEMPERATURE

TIME

F1G. 4. Measurement intervals for DDA during a
DTA scan in simultanecus DTA-DDA. (Points a, b, ¢,
d..., represent successive G/¢ scans as a function of
frequencies in the range 50 Hz-1 MHz.)

with work previously reported in the lit-
erature. The parameters ¢', ¢”, tan 8 and p as
functions of frequency and temperature are
either printed out on a line-printer or plotted
on a Hewlett-Packard Model 9872 digital
plotter.

The type of information that can be
obtained on the thermal and electrical pro-
perties of the test specimen from DDA and
simultaneous DDA-DTA measurements, is
summarized in Table II.

Sample Preparation

Oil shale samples used in the present study
were obtained in mine-fresh condition from
the Paraho Oil Shale Development
Corporation, Rifle, Colorado, and from the
LERC, Laramie, Wyoming. Oil contents of
the shale samples were determined by
specific gravity measurements using cor-
relation tables (12). Care was taken to select
samples which were crack-free. Samples of
natural  Brazilian quartz, dolomite
(Colorado, U.S.A.) and calcite (Utah,
U.S.A.) were obtained from commercial
sources. Right-circular cylindrical cores
measuring 3in. Diameter, sin. thick and
drilled from massive blocks of the starting
material were used for measurements on the
various samples. Data reproducibility was
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TABLE 1I
MEASURED PARAMETERS AND THE TYPE OF INFORMATION OBTAINED IN DDA AND DTA

DDA DTA
Measured Measured
parameter” Type of information parameter” Type of information
£'(w, T)b Dispersion behavior, changes in dielec- AT(, T) Nature of thermal effect, phase tran-
£"(w, T) tric parameters during a chemical or T.(+, T) sition behavior, nature of heat effect
tan 8(w, T) physical change, activation energy for Tr(t, T) (whether exothermic or endother-
plw, T) dipole orientation, activation energy mic), non-isothermal kinetics, semi-

for current carrier mobility

quantitative AH values

% @ =frequency, T =temperature, t =time, T, =temperature of sample, Tr = temperature of reference, AT =

Ty~ Tr.

b The parameters in parentheses denote experimental variables.

checked by coring sets of samples from the
same block and with identical varve structure
and organic content in the case of shales. All
samples were carefully dried to remove free
moisture and stored in vacuum prior to
measurements.

Error Analysis and Data Reproducibility

Errors inherent in DDA and simultaneous
DDA-DTA measurements are twofold: (a)
instrumental, and (b) those arising from
samples.

The performance of the test set-up for
DDA was checked with standard capacitor
and resistor components combined in
parallel. Table III summarizes the range of
values in €', ", p, and tan & that is usually

measured and the associated errors in their
measurement.” A more detailed analysis of
the measurement network will be reported
elsewhere (13). Stray capacitance effects
were automatically accounted for in the
experimental results from ‘“dummy”
measurements carried out with air-gap
between the electrodes. Good electrical
contact between the sample surface and the
electrodes was ensured by appropriate load-
ing of the electrode contact plates. Silver
paint was employed in a few experiments to

>It must be pointed out that the error analysis
presented in Table III does not take into account
measurement errors arising from extraneous capaci-
tance effects in the sample holder assembly.

TABLE III

RANGE OF TAN § VALUES AND ERRORS IN THE MEASUREMENT
OF ¢', £", TAN § AND p DUE TO THE NETWORK ANALYZER"
FOR MIDBAND FREQUENCY, 10 kHz

Sample +% Error +% Error +% Error <% Error
tan 8 g’ e tan & 0
300 100 1.5 100 1.5
30 15 1.3 18.0 1.3
3.0 1.5 1.0 3.0 1.0
0.3 0.5 1.0 1.5 1.0
0.03 0.4 5.0 6.0 5.0

® Using gain
+0.02° near 0°.

linearity +£0.01 dB near 0 dB and phase linearity
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reduce contact resistance but subsequent
investigation proved this effect to be negli-
gible. Electrode effects were checked by
comparing results of measurements with
different electrode materials; no noticeable
effect was found. Subsequent measurements
were carried out with electrodes and lead
wires made of silver.

Additional scatter in the dielectric data
arises from local composition variations in
the test specimens. In the case of oil shales,
minor differences in their sedimentary varve
structure were found to give rise to mean
sample-to-sample deviations in the results
ranging from +£6% for the leaner shales to
+3% for shales with high organic content.
Such variations are found to be small for the
samples of quartz, dolomite and calcite
examined in the present study and attest to
the relatively homogeneous nature of these
materials.

Calibration

Capacitance measurements using DDA
were calibrated using potassium bromide,
potassium chloride and sodium chloride.
Single crystalline discs of these materials of
ultra-high purity were obtained from com-

NOTTENBURG ET AL.

TABLE 1V
TvypricAL CALIBRATION RESULTS FOR DDA

Frequency Measured  Reported*
) range £'/eg £'/gy
Material (Ref. 14)
NaCl 10%-10° 5.90+0.05 5.90
KCl 10%-10° 4.84+0.10 4.84
KBr 10%-10° 4.94+0.05 4.90

“ The nominal accuracies reported for the &'/eq
values of the various materials in Ref. 14 are £2%.

mercial sources. Values obtained for ¢’/ in
the present study were compared with those
reported in the literature for these materials
(14). Typical calibration results are shown in
Table IV.

Temperature calibration for DTA was
checked with samples of ammonium nitrate,
benzoic acid, potassium perchlorate, and
calcium oxalate monohydrate. Peak
temperatures obtained for the various
thermal transformations in these materials
show close agreement with published results
(15, 16). DTA curves for the above samples
obtained with the apparatus described above
are shown in Figs 5 and 6. The precision of
the temperature measurement correspond-
ing to a DTA peak is estimated to be £2%.
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Fi1G. 5. DTA curves for (a) benzoic acid, and (b) potassium perchlorate. (Heating rate 5°C/minute,
flowing nitrogen atmosphere. Cooling rate in (b) uncontrolled.)
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Results and Discussion

Figure 7 shows DDA results on the room-
temperature dielectric behavior of dolomite,
calcite and quartz; the frequency depen-
dence of the relative dielectric constant ¢’ is
compared with results reported in the lit-
erature on these materials. ¢’ is seen to
exhibit non-dispersive behavior for all the
mineral samples examined in the present
study. The pronounced dispersion effects
reported for dolomite (Brewster, New York)
in a previous study (17) are to be noted. On
the other hand, none of the dolomite samples
in the present investigation show
pronounced variations in ¢’ with frequency.
It is possible that variations in the chemical
composition and/or minor differences in
depositional history in the two cases, could
explain this difference in the dielectric
behavior of dolomite. The chemical
composition of the dolomite samples is not
reported in the aforementioned study (16)
and this precludes a direct comparison of the
data obtained in the two studies. It is
significant, however, that £’ values reported
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2—DOLOMITE (COLORADO)

l2r 6 3—BRAZILIAN QUARTZ
4~BRAZILIAN QUARTZ
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10} |
€' 8+ 2
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FiG. 7. Variation of £’ with frequency at 25°C for calcite, dolomite and quartz. (Data in curves 4, 5 and

6 are from Ref. 16).
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by Howell and Licastro (17) at high
frequencies (> 1 MHz) coincide with those
observed in the present investigation (Fig. 7).
Values of ¢’ for calcite and quartz are also in
good agreement with results reported in the
literature (17, 18).

Figures 8 and 9 are representative DTA
curves on Green River oil shales obtained
with the apparatus described above. These
DTA results were obtained simultaneously
with DDA on the same test specimens (see
below). The thermal decomposition of the
shale organic matter is seen to be endother-
mic and takes place in the range 400-500°C.
Minor variations are observed in the DTA
peak temperatures depending on the source
and type of the shales. The splitting of the
endothermic peaks in Figs 8 and 9 seems to
indicate that the thermal decomposition of
organic matter in the shale is a multistep
process. Thermal degradation of the shale
hydrocarbons followed by distillation of the
various fractions from the residue in a
sequencial manner is expected to give rise to
overlapping endothermic behavior in DTA.
The small peak at ~352°C in Fig. 8 is attri-
buted to the thermal decomposition of anal-
cite, initially present in the shale. This
assignment is consistent with previous

EXOTHERMIC

ENDOTHERMIC

AT=1°C

L —50°C—
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studies on the thermal behavior of analcite
(19).

Typical DDA data showing the variation
of dielectric parameters with frequency at
25°C are shown in Table V for a 37
gallons/ton oil shale sample. ¢’ is seen to
exhibit frequency dependence characteris-
tics of other water-bearing sedimentary
rocks and minerals (20)—a sharp decrease in
¢’ at low frequencies and a very gradual
decreasae with increasing frequency at
higher frequencies. Variations in €’ values of
Green River oil shale with temperature in
the frequency range 10Hz-1MHz are
shown in Figs 10 and 11. The high ¢’ values
observed at low frequencies are attributed to
strong Maxwell-Wagner interfacial polariza-
tion effects arising from the presence of
varve boundaries in the material (21). The
initial decrease in £’ with temperature (Fig.
10) followed by a subsequent increase at
higher temperatures (Fig. 11) is correlated
with the effect of release of pore water from
the shale matrix and the presence of amor-
phous carbon in the shale residue arising
from the decomposition of the organic
matter respectively (21).

The data in Table V also reveal a sharp
increase in the electrical conductivity of oil

SAMPLE © OIL SHALE
GRADE . 39 gal/ ton
REFERENCE . ALUMINA
HEATING RATE . 2.5°C/ min
ATMOSPHERE  : NITROGEN
THERMOCOUPLE | Ch /Al

TEMPERATURE —

F1G. 8. DTA curve for a 39 gallons/ton Green River oil shale sample.
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F1G. 9. Time-based DTA record of a Green River oil shale sample.

shale with increasing frequency. This
behaviour is consistent with previously pub-
lished work on sedimentary materials like
limestone and marl (20); which shows that
the lower the water content and/or the lower
the conductivity of the mineral, the greater is
the increase in conductivity with increasing
frequency. Pore water content of oil shale is
variable; however, it seldom exceeds 6-
10%, which is well within the limits observed
for sedimentary rocks which exhibit similar
dielectric behavior.

The nature of dispersion in tan & for a 26
gallon/ton shale sample is typically as shown
in Fig. 12. Similar behavior is observed for
other shales with varying organic content.

The presence of a broad peak in tan § at
frequencies below 100 Hz is strongly indica-
tive of interfacial polarization behavior (22).
The occurrence of secondary maxima in tan §
at higher frequencies, which is only observed
at temperatures above ~450°C is also to be
noted. These tan § peaks are correlated with
dipole relaxation effects arising from the
thermal decomposition of the shale organic
matter. The close correspondence of the
temperatures at which these peaks occur
with the DTA peak temperatures for oil
shale in Figs 8 and 9, provides additional
evidence for this hypothesis. Splitting-off of
the polar segments from the giant
macromolecular network in the organic

TABLE V
DIELECTRIC ANALYSIS OF GREEN RIVER OIL SHALE AT 25°C

A.C.
Frequency Resistivity Capacitance conductivity
(Hz) (ohms-cm) (Farads) e’ e” tan 8 (mho-cm™?)
100 0.236x10'° 0.164x107'° 18.91 0.77 0.041 0.432x1071°

1000 0.480x10° 0-150x1071° 17.21 0.38 0.022 0.212x107°
4000 0.369x 10® 0.142x1071° 16.28 1.24 0.076 0.276 x 1078
10000 0.963 %107 0.134x107'° 15.35 1.90 0.124 0.106 x1077
52000 0.113x 107 0.108x107'° 12.39 3.11 0.251 0.102x107¢
94000 0.808 x 10° 0.522x107 " 6.35 2.41 0.380 0.126 x107%
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F1G. 10. Variation of &’ with frequency for Green River oil shale at low temperatures (< 250°C).
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FiG. 11. Variation of ¢’ with frequency for Green River oil shale at high temperatures ( >250°C).
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F1G. 12. Dispersion in tan 8 for a 26 gallons/ton oil shale sample at different temperatures.

matric (23) as a result of thermal frag-
mentation, presumably brings about a
change in their rotational freedom with a
resultant change in their polarizability.
Further support for this interpretation is
given by the pronounced dependence of tan é
peaks on temperature in Fig. 12. These peaks
shift to higher frequencies with increasing
temperature as expected from the well-
known equation (24)

1 eoo+26
2719 €0+2

A-E) o

where v, = frequency corresponding to the
peak in tan 8§, 7o=dipole relaxation time,
£, = permittivity at optical frequencies, eq =
static dielectric constant, E,= activation
energy for dipole orientation, k = Boltz-
mann constant, and 7T = absolute tempera-
ture. A plot of log v, versus 1/T should
therefore yield a straight line on the basis of
the above model; Fig. 13 illustrates this
behavior for a 26 gallon/ton shale. Similar
results for shales with varying organic

Vmax =

content confirm the validity of a classical
Debye model (25) for the dielectric proper-
ties of Green River oil shales at temperature
corresponding to the decomposition of the
organic matter.

The results discussed for Green River oil
shale illustrate the utility of simultaneous
DTA and DDA measurements. Loss of pore
water from the shale matrix, while clearly
evident in the dielectric data obtained by
DDA (Fig. 10 and 11), is not shown by the
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F1G. 13. Plot of log vy versus 1000/T for the
sample in Fig. 12.
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DTA curves® (Fig. 8 and 9). On the other
hand, interpretation of the pronounced
changes observed in the various dielectric
parameters at elevated temperatures (cf. Fig.
11 and 12) is considerably simplified by
supplementary information obtained from a
simultaneous DTA experiment. Another
aspect of the complimentary nature of the
two techniques is clearly illustrated in the
electrical resistivity-temperature plot shown
in Fig. 14 for a 36 gallons/ton shale sample.
The DDA results in Fig. 14 were obtained on
samples heated in an isothermal mode;
resistivity values being measured at each
temperature stabilized to +1°C and with
sufficient “‘settling-time’’ at each frequency.
The broad minima in the resistivity curves in
the range 25°-350°C arise from the effect of
release of pore water discussed above.
Absence of such minima in the curves for the
reheated shale samples confirms their origin.
More significant, however, are the sharp
peaks in the resistivity at ~380°C. Abrupt
changes in the mechanical properties of the
shale which have been observed at this
temperature (26), point towards the occur-
rence of a structural transition preceding the
thermal decomposition of the organic matter
in the shale. DTA curves (Figs 8 and 9) on the
other hand do not show any significant
thermal effect corresponding to this tran-
sition. Therefore an examination of the DTA
curves alone would have given an incomplete
picture of the thermophysical behavior of the
test specimen.

In addition to the aforementioned advan-
tages of simultaneous DDA-DTA, another
important factor, especially in routine

* The temperature range in which pore water and
adsorbed water are driven off from the oil shale matrix is
quite broad, viz ~25-350°C. This results in the absence
of well-defined endothermic peaks in the DTA, cor-
responding to the loss of pore water and adsorbed
moisture. The gradual weight loss observed in the
thermogravimetric curves for Colorado oil shales at
these temperatures [by previous investigators, (27)] also
essentially conforms to the trends in the corresponding
DTA behavior observed in the present study.

NOTTENBURG ET AL.

TEMPERATURE (°C)
458377 211 123 38
T T

T 1

10°

T T

o
-

T T TV

107

RESISTIVITY {(ohm-cm )
T T T

108 FREQUENCY, Hz
0 2.5x 10*
o 1.0x 10%
5 2.5%10°
v 7.5 % 10®

© LOx 10*
10® ! L 1 i " ! L L L

o} 0.5 1.0 1.5 2.0 2.5
1/ kT (joule~")

T

F1G. 14. Electrical resistivity versus 1/kT for a 36
gallons/ton shale sample at different frequencies.

material characterization is the considerable
savings in time gained by simultaneous
techniques. Exposure of test samples to
identical experimental conditions also facili-
tates a direct comparison of the trends
observed in their thermal and electrical pro-
perties.

It must be pointed out that the techniques
developed in the present study are applicable
to inorganic and organic solids in general.
Changes in dielectric parameters during a
solid-state transformation can be con-
veniently studied by DDA and simultaneous
DDA-DTA. Application of these tech-
niques to polymeric systems is also another
interesting possibility.

Conclusions

An automated technique has been
developed which enables a rapid monitoring
of the dielectric properties of a material over
a wide range of temperatures and frequen-
cies. The dynamic nature of this technique
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enables its effective coupling with con-
ventional thermal analysis techniques like
DTA. Application of the technique
developed in the present study to studies on
naturally-occurring materials, illustrates
their usefulness in an adequate characteriza-
tion of thermophysical behavior.
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Appendix

The FET Probe gain o= «(s) is slightly
frequency dependent, and
effectively cancelled by using two probes into
the network analyzer to determine the
complex gain

:V_z_ a(s)Vs

;VI_J(S)OVA=G

The gain is calculated from the voltage-
divider expression (ignoring source resis-
tance).

- Z,
=" 1
¢ Z,+Z L
Solving for Z; gives:
1-G
Z, = ZP_G_ (2)
which in polar form is:
1Z,| - [1-G|
|Z,| =k =——=7— (3)
|G
LZ=¢p=0Z,+/(1-G)-2G (4

The right-hand side values must be deter-
mined.

its effect is
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£G and |G| in dB are found directly from
the network analyzer.

1-G|=v1-2A cos §+A°* (5)

sin 6@

L(1-G)= —tan_l(m> (6)

where A=|G|, 6=2G.

The FET-Probe input impedance Z, can
be modeled as a parallel resistance and
capacitance.

PANN S— )
" 1+ (wR,C,)*
/Z,= —tan"(wR,C,) (8)

where R, is the input resistance and C, is the
input capacitance and  is the angular
frequency: w =2#f.

The equivalent resistance and capacitance
of the sample (R,, C;) can be determined
from Egs (3) and (4) by the relations:

R, =k sec¢
1
Ci=——sin¢
WK
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