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PERMITTIVITY MEASUREMENTS UTILIZING THE
DIELECTRIC POST IN WAVEGUIDE TECHNIQUE

SUMMARY

This report describes experimental procedures and computer codes
developed at NRL for the measurement of the permittivity of
filamentary high loss materials by the dielectric post-in-waveguide
(DPW) technique. This method is especially useful in characterizing
the microwave/millimeter wave dielectric properties of materials such
as partially graphitized carbon fibers, 1linear chain crystals,
superionic conductors, ferroelectrics, etc. This method allows the
complex permittivity, to be measured on a pointwise continuous
frequency basis across a rectangular waveguide band. We have
employed and will describe two measurement setups; for X and Ku band
studies we have collected data with commercial automated vector
network analyzers, for K and Ka bands we have assembled transmission
phase bridges using standard waveguide components and a scalar
network analyzer. The data from both measurement configurations are
collected on floppy disks for later analysis on a VAX 11/780
computer. The computer codes developed for this work will be
described in detail and selected »nrograms and subroutines will be
Tisted in the appendix.

INTRODUCTION

There are many methods of measuring the dielectric constant of
materials at microwave frequencies. The simpliest and the most
broadband technique employs an automated vector network analyser
(AVNA) and a coaxial or waveguide transmission line. The sample is
chosen to be somewhat less than a quarter wavelength thick at the
Towest measurement frequency and to fill the cross section of the
transmission line. The AVNA measures the S-parameters of the loaded
transmission line and the frequency dependent permittivity, <(f), and
permeability, u(f), of the sample can be directly calculated from the
S-parameters by the AVNA computer/controiler. This technique,
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however, assumes that the sampie is homogeneous in zomposition and
isotropic in microwave dielectric properties. These assumptions fail
for highly anisotropic samples. At best, *Y“e filled transmission
line technique can be employed for measuring anisotropic materials in
the special case where the anisotropy axes of the pure material can
be aligned with the internal fields of the transmission line or to
measure the composite properties of anisotropic materials
mechanically dispersed in a binder. In the case of the composite
system it is very difficult to infer the intrinsic properties of the
anisotropic material from the composite dielectric response.

A second technique, cavity perturbation, is a classic method for
measuring the permittivity and permeability of materials and is
suited for the study of filamentary sampies. The perturbation
technique fails for high loss samples which destroy the cavity
resonance. Reduction in sample size can alleviate the problem in
some cases, however, impossibly small and very fragile samples with
large geometric aspect ratios may be reyuired to satisfy the
perturbation criterion while minimizing depolarization effects.
Perturbation cavities also have the disadvantage of operating at a
single frequency.

The dielectric post-in-waveguide method for measuring the
permittivity of filamentary or cylindrical post samples shares some
of the advantages of the two conventional methods previously
mentioned. Like the filled transmission 1line method it allows
relatively broadband automated measurments and like the perturbation
cavity is it is adapted for the determination of permittivities of
filamentary samples. The technique works best with samples with
large dielectric constants and/or high loss - samples which fail in
the resona-t cavity perturbation technique. Samples chosen for study
by this technique must present a sufficient impedance mismatch to the
wavequide to measurably affect the reflection and transmission
coefficients. Since in this method the cylindrical filament axis of
the sample is alligned with the microwave E-field, the permittivity
measured is that of the long axis of the sample.

The method wa; first descrited by J. Le Bot who applied it to the
measurement of ¢ as a function of water absorption in silica and
alumina gels (l). Since that time the method has been used
relatively infrequently (2,3). In this repor: we describe how this
technique can L_a2come a wuseful tool for research using modern
instrumentation and computational capabilities.

The OPW experimental procedure is greatly simiplified by the use
of the automated vector network analyser. AVNA's are now
commercially available for pointwise continuous swept frequency
measurements up to frequencies of 100 GHz. The AVNA available to our
group, however, is limited to freguencies less than or equal to 18
GHz. We have thus employed the AYNA for post measurements at X and
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Ku bands. Measurements were extended to K band (18 0 26.5 GHz) Ka
band (26.5 to 40 GHz) by the construction of simple transmission
bridges. In either case the measurement fixture consist of a simple
short length of wavequide with a hole drilled thru the center of the
broad face. (See Fig. 1). The waveguide sample holder can he heated
in a tube furnace or cooled to about 100K by standard gas flow
techniques. The swept frequency data is collected on floppy disks on
both the AVNA and transmission bridge set-ups and analyzed cn a VAX
11/780 computer.

The computer codes created for this analysis empioy subroutines
which calculate the complex transmission and reflection coefficients
for the post geometry. One code calculates the return/insertion loss
and phase expacted for a given frequency dependent permittivity,
sample diameter, and waveguide width. Another program uses the
measured return loss and phase, or insertion loss and phase, or
scalar return loss and insertion loss to calculate permittivity of a
given sample at each measurement frequency across the waveguide band
using a Newton inversion techrique. A third code performs a least
square fit to S-parameter data at each frequency. A fourth code
performs at least squares fit to multiple sets of S-parameter data
assuming a menu determined frequency dependent functional
representation of the complex permittivity of the sample over one or
more waveguide bands.

In the following sections we discuss the theory, the experimental
set-ups, the computer codes, and provide some examples of the
measurement technique. In the appendices we provide a detailed 1ist
of the measuremant and analysis procedures and 1list some of the
computer codes developed for DPW data reduction.

THEQRY

The problem of a dielectric post in a rectangular waveguide was
solved by workers of the MIT Radiation Lab during World War II. The
method of solution is discussed in detail in a volume of lecture
notes from that era by Prof. Julian Schwinger (4) and the results of
the calculation to high order were presented in the MIT Waveguide
Handbook (5)." In most experimental studies employing the post method
it is assumed that the sample diameter is very small with respect to
the microwave wavelength and waveguide dimensions. In *his limit the
equations can be simplified somewhat and permittivity may be found
using graphical methods (1). Here we assume only that the sampie is
cylindrical as required by the theory and that it is positioned in
the center of the broad face of the waveguide with its cylindrical
axis parallel to the microwave E-field.

The dielectric post problem is analyzed in terms of a T shaped
equivalent circuit where the two in line impeagunce elements, Zb, on
top of the T are identical and differ from the shunting impedance,
Za. The circuit is assumed to be terminated on each end by the




Figure 1. A simple test fixture for the dielectric-post-in..waveguide
measurements at X-band.
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characteristic impedance of the waveguide Zo. (See Fig. 2).- In
this case the equations become:

, 2
L.l _ a%(}g {TJOKB) 1 =S + - 1
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where a is the waveguide width and d is the sample diameter Ais the
free space wavelength and A, is the wavelength in wavequide. The
computer calculation uses the” full expression since some samples with
large dielectric constants are not electrically thin. The sum is
taken to 100 terms for odd n. The complex J, amd Ji Bessel
functions are evaluated by series approximations (6%. The
S-parameters are given by:

2 ;2 2 _ 2
S11 = Spp = L7y * 2,)° =I5 -11I0(Z, * 7; + 1)° - 15],

and
S12 = S21 = 27p/[18+21p11+2(Z2+11)*1].,

where standard waveguide theory was used to derive the measured
circuit parameters from the equivalent circuit representation (7).

EXPERIMENTAL SET-UPS

DPW measurements have been greatly simplified with the advent of
accurate automated vector network analyzers. These devices can
rapidly scan the waveguide band measuring the S-parameters of the OPW
waveguide fixture at hundreds of freguencies. The X(7.5 to 12.4 GHz)
and Ku (11 to 18 GHz) data were taken with a Hewlett-Packard Model
8409S and recently with a Model 8510 automatic vector network
analyzers. For measurements with the 8409S AVNA we find it
convenient to terminata the waveqguide test fixture with a good
matched load and employ the S11 parameter for the computer
inversion. Using just the Sl1 vaiues speeds up the measurement time,
especially saving time in the initial calibration of the AVNA. We
find it necessary to place a pad (about 5 dB) before the waveguide
fixture to damp out spurious standing waves. Nevertheless, the
principal source of error arises from uncorrected standing waves in
the measurement arm. With the acquisition of the 8510 AVNA the post
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(a) E

(b) VA

Figure 2. (a) A sketch of the dfelectric post positioned in
waveguide where a is the width of the waveguide and d {is the sample
diameter; and, (b) a sketch of the equivalent circuit.
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measurements are much improved owing to an order of magnitude
improvement  in the accuracy of the complex S-parameter
determinations. With the 8510 we measure both 517 and Sp1 with
small standing wave distortions employing simple unpadded waveguide
fixtures. The permittivity can then be infered from Sii, S»1 or
S}l and 521 . The choice of data type is determined by the
relative reflection and transmission amplitudes. Least squares
fitting of the data employes both S1i and S2i.

We also have made measurements at K(18 - 26.5 GHz) and Ka band
(26.5-40 GHz). Our AVNAs do not cover these waveguide bands and so
we have assembled simple transmission bridge circuits at these
frequencies. (See Fig. 3). The source in this case is a HP Model
86908 Microwave Sweeper with appropriate BWO plug-ins. An amplitude
reference signal is tapped off just after the sweeper and then the
microwave power is split into a sample arm and a reference arm. Both
sample and reference arms contain precision calibrated attenuators
and the sample arm holds the DPW test fixture whereas the reference
arm contains a calibrated phase shifter. Microwaves from the two
arms are brought together and the mixed signal is detected by a
standard wave guide Shotkey detector. Measurements are acquired by a
Model 1038-N10 Pacific Measurements Scalar Network Analyzer and fed
to a LSI-11 computer for storage on floppy disk. Data is taken as
the sweeper 1is swept across the full waveguide band. The insertion
loss is first measured with the reference arm set at maximum
attenuation. Phase data is then acquired with the sample in place
and with an empty test fixture. For the phase measurement the power
in the two arms is adjusted so that the power through the reference
arm is slightly greater than that through the sample arm. The phase
shifter is then stepped through 360 degrees at (usually) 20 degree
intervals. At each phase setting a full sweep is acquired and stored
on the LSI/1]l. The sample arm attenuator is usually set at 7 dB to
damp out spurious standing waves and an isolator is used before the
mixer-detector for the same purpose. The phase data is then analyzed
with a computer code, PHASE, whicn performs at least squar=s fit to
data at all the phase shifter settings at each acquisition frequency
(or a spacified subset of frequencies). This fitted phase shift is
normalized to the fitted phase shift for data taken with an empty
sample holder. In some cases return loss is also measured at a
second detector mounted on a directional coupler in the samplie arm
gnd referenced to a short inserted just before the waveguide test

ixture.

As mentioned earlier the waveguide fixture consists of a simple
short length of waveguide with the sample inserted through a hole
centered in the broad face. The sample is usually housed in a
thin-walled glass capillary tube commonly employed in Debye-Scherer
X-ray measurements. Insertion of the test sample by means of a
capiliary tube through the hole in the wave guide allows rapid sample
insertion and for a minimum disturbance of the test network. This
sample mounting also allows the imposition of a D.C. voltage across
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the sample while it is being measured at microwave frequencies. This
sample insertion method may cause problems in the case of high or
moderately conducting samples or for high dielectric samples due to
depolarization effects at the waveguide walls. For such samples it
is probably necessary to make good electrical contact to the
waveguice. One method for doing this is to use a waveguide cover
flange with a small grove in one face to hold the sample. The sample
is cemented in place in the grove with counducting paste (3). On a
few occasions we have used a split waveguide fixture to hold larger
samples. The samples are cut to form right circular cylinders of
very nearly the waveguide height and are then press-fitted into the
split section of waveguide for measurement.

COMPUTER CODES

A number of computer codes have been developed to simulate and
analyze the data generated by the dielactric post in waveguide
experiments. The major codes and their functions are described
below. &ince the experimental setups are simple, most of the effort
in creating the measurement capability was devoted to developing the
computer codes. Likewise, the data acquisition is simplier than the
data analysis, especially when the data is taken with the automated
vector network analyzer. A1l the codes described in this repaort are
written in Fortran IV or Fortran 77.

Program POSTCL calculates the return or insertion loss and phase
for a given simple diameter, waveguide size and frequency scan and
for a given dielectric constant and conductivity. Frequency
dependent permittivities can be generated by other codes and entered
in POSTCL by a data file. This program is used to estimate the
experimental data from a known sample (Fig. 4). For example, if a
carbon fiber sampie of a given diameter and known D.C. conductivity
is to be studied, we can calculate if there will be enough
sensitivit, to detect it or if it will cause such a large impedance
mismatch so as to be impractical to anaiyze. One can then pre-select
samples, sometimes bundling several lengths of material before the
actual experiments are attempted.

Y

Program EPQOST takes return/insertion loss and phase data and
matches it by nsing Newton's method to itorate the equations at each
freque.:y. The program requires an initial gquess for the
permittivity. One has the option of starting out the program w~ith a
single guess for the first frequency and allowing the prog 'm *o
procede to subsequent frequencies starting from the initial quess or
starting from the solution for the previous frequency. wune also has
the option of specifying the initial quess at each frequency by means
of . input data file. Such a file is typically generated from an
analysis of a similar sample or by extrapolation from the rrequency
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Figure 4. A plot of the measured return loss (*) and the calculated
return loss for a sample of Ni substituted phthalocyanine in kevlar.
The return loss measured at the two waveguide barnds differ since the
characteristic impedance of the wavegquides are different. The
calculated curve 1is gererated by program POSTCL using a complex
dielectric consteit and complex conductivity found by program POSTTEK.
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Figure 5. A plot of the relative permittivity of water. The data
were taken at X-band using the HP8510 Vector Network analyser and the
measurement was repeated three times with the sample repositioned
betweer measurements. The dots are EPOST inversions of the data for
both S11 and S21. The crosses result from a REFPOSTTEK analysis on
the three sets of data. The line was generated by program Posttek
operating on all three data sets and fitting the data to second order
poiynomial representatives for the frequency dependence of ¢' and e¢".
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dependent fit of the simple at a different waveguide band. The
program generates plots (Fig. 5) and a permittivity file which can be
used with other programs.

Program REFPOSTTEK performs a least square fit to S-parameter
data at each frequency to find e¢. It differs from EPOST in that a
least square fit is used inrstead of a Newton inversion of the data.
The least square approach is less likely to diverge at a bad initial
guess for e. Since both the real and imaginary parts of ¢ are found,
this program requires at least three data points at each frequency.
It thus differs from EPOST which requires exactly two data points for
each Newton-Rolfson inversion. The two couples S-parameters S1)
and S2] result in four data points at each frequency and thus
suffice for the REFPOSTTEK analysis. Often samples with large
permittivities and non-cylndrical crossections or slightly tapering
diameters will produce differing S-parameters each time they are
inserted in the waveguide fixture. Program REFPOSTEK will "average"
over the scatter in measured data. REFPOSTEK is similar to POSTTEK
(described below) in that it performs a least square of the data but
it differs in that the inversion is performed at each frequency. It
does not require a specification of a functional from for ¢ with
frequency. The input data is taken from a single wavequide band
measurement series.

Program POSTTEK takes compiax reflection and/or transmission data
at one or more waveguide bands and performs a least-squares best fit
of the data to a menu of selected complex functions of frequency
representing the frequency dependence of the permittivity. The
program will vary one or more of the parameters appropriate to the
designated function and print out the optimized values and plot the
fit to the data (Fig. 6). The optiizaton of t?e parmeters is
performed by standard least squares subroutines 8). The menu
includes a variety of functions including polynomials, a conduc:iivity
function, a damped harmonic oscillator function, a Lorentzian, a
Gaussian, etc. The input files are prepared from the AVNA
S-parameter files or from dB and phase files by subsidiary codes
(NANFIL and XYDBPHSZV). A dielectric function file may be created
using the parameters and other subsidiary programs such as PERFIL and
TRANSXY. The permittivity file may serve for a first guess for EPOST
in analyzing new data or for comparison to the output of EPOST.

Program FTEMTEK is similar to POSTTEK in that it will fit a
multitude of data to a specified function of frequency. This program
fits the complex permittivity calculated by EPOST or REFPOSTTEK
rather than the measured transmission and refiection coefficients. A
plot of the fit generated by FTEMTEK is shown in Fig. 7. [t is found
that the POSTTEK and FTEMTEK programs often result in very nearly the
same answers but the FTEMTEK code requires much less computer time
since it does not have to repeatedly calculate the post impedance

€ W LR A T . oa % w
“_"“P_"“ p‘ oy p A ‘g %}”
.l J';"'x\ ’.'é‘iﬁ"g?ﬁi{zia*i} RGO,

ECHERE TS #0520




. I o3 ———m o
o v“..v .w 4 ..".. . ‘,.\ : ot - 'y . - 3
® . s e % el e
Imaginary 5 o * Imaginary
-sa| g . i
71K ., PV %age, K
T S v Ku-band Waveguide

-teaf

2 2 2 b 2 ] L 2 L 2

v 8.8 %982 18.8 11.8 12.8 13.0 (4.0 15.8 t6.8 t7.0 8.8

Figure 6. A plot generated by program POSTTEK showing the real and
imaginary reflection (¥ and Ku bands) and the fit for a conducting
fiber sample (Ni substituted phthalocyanine in Kevlar).
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equations. Since the input to FTEMTEK is one step removed from
actual measured data and relys on the proper convergence of EPOST or
REFPOSTIEK, POSTTEK is the prefered code in the case of a difficult
data anaivsis.

As mentioned above, program PHASETEK calculates a phase from the
phase data acquired using the transmission bridge. The bridge puts
out a number of dB insertion loss files versus frequency for various
settings of the calibrated phase shifter in the reference arm of the
bridge circuit. (See Fig. 8a). PHASETEK transforms the insertior
loss data (dB) into scalar transmission coefficient data and then
performs at least squares fit of the data to the equation A +
B*sin(C) at each frequency (Fig. 8b). The phase C(f) are saved on a
file and the difference between the phase with the sample present is
subtracted from the poase without the sample using program ASMDXY.
The phase difference file is wused for the -evaluation of the
dielectric response.

Codes POSTCLTEK, POSTTEK, REFPOSTTEK and EPOST rely on a
subroutine package POST which calculates the equivalent impedances
and the complex reflection and transmission coefficients. This
subroutine package is listed in the Appendix along with the relevant
subroutines and calling programs of some of the previously described
codes.
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Figure 8. Plots generated by program PHASETEK (a) showing all the
input phase data versus frequency and (b) a single frequency fit of
the phase data versus phase shifter setting at a single frequency.
In figure 8a there is one curve for each 20 degrees of phase shift.
The plots are displayed in differing color and line style on a color
terminal to help distinguish the various curves.
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EXAMPLES

We examine the use of the above programs in the analysis of
several samples. The first sample examined 1is a partially
graphitized carbon fiber designated 0G-129-R. A single fiber has a
diameter of the order of one micrometer and produces a negligible
impedance change in the wavequide. A bundle of the order of 50
fibers was needed to prrduce a reasonable signal. We estimate the
sample diamcte: of the fiber bundle by measuring the length and
weight of the bundle and calculating the effective diameter from the
known density of the material. The plots of the return loss data
produced by the AVNA at X and Ku bands are shown in Fig. 9. The
periodic oscillations are due to the presence nf standing waves which
could not be completely cancelled or corrected for in the error
correction software of the model 8409S AVNA. The insertion loss and
the phase difference produced by the transmission bridge after the
use of program PHASE and subtraction of the phase output from the
empty holder are shown in Fig. 10. The Ka band bridge data appear to
be of higher quality tnan the AVNA data but are more difficult to
acquire than that using the automated system. Standing-wave damping
appears to he more complete. - 1

In the next figure (Fig. 11) we display the output files of EPOST
for all three waveguide bands. The standing-wave oscillations roted
in the AVNA data are transformed into oscillations in the apparent
permittivity with respect to frequency. A clear trend is seen in the
data consistent with an inverse frequency falloff of the imaginary
part of the dielectric constant as s expected from a simple
conductor. A small frequency dependence is seen in the real part of
e. The solid 1lines in the figure are the frequency dependent
permittivity given by program FTEMEK assuming a frequency independent
e coupled with a complex conductivity: ¢ = 0.78645-.00022j and ¢ =
2.886-0.3242j. The imaginary part of the conductivity is assumed
responsible for the small fall-oft in the real part of the
permittivity with increasing frequency. the coefficients calculated
for a similar functional fit to the reflection and transmission data
via program POSTTEK are very nearly the same within a few percent.
Since the X and Ka band data are rather noisy we have also fit just
the Ka band data by itself to a frequency indepedent complex ¢ and a
real conductivity using POSTTEK. This fit results in the foilowing
coefficients: ¢ = 13.20 - 1873 and a real conductivity o«
=2.,560/0hm-cm. The conductivity is within 12 of that inferred from
the larger set of data.

As a second example we study the case of a polycrystaline
ferroelectric sample. A sheet of the material was polished to a
thickness of 12 mil and then sliced to produce needles with a
rectangular 12 x 12 mil crosssection. A needle was selected and
measured at X and Ka bands employing the Model 8510 AVNA. Although
the calculations assume cylindrical symmetry it 1is found that

17

S LT LY

. g e " M MW = MR N P M I L TR L AL " L e P v M T RS ”_{-‘;(‘ﬁ;-‘(
R R o e A T A A AR B L e
Rl g o 80 ar 89,8 el Sad

'



T ) | T T T
oy, 34
o o
aded NN ‘/. L
[ 0 o % & *
W Xband 5 pe e A
20N
m'a— “ -
Ku-band Waveguide
[
3 1s.ef -
5
& 1.8} .
.0 -
¢.6 g £ { £ L {

5.9 8.2 8.8 12.8 14.9 16.8 3.8

Frequency (GHz}

Figure 9. A plot of the return loss of a conducting fiber bunrdle
taken by the automated ve.tor network analyser at X and Ku bands.
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Re(S21)

Re(Szl)

In(s

11

Im(S21) data
for polycrystaline ferroelectric

needles measured X and Ka bands using a HP Model 8510 AVNA and fit

-with G code FTPQST.
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permittivity of the sample as fitted at each frequency by program
REFPOSTTEK.
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reasonable rasults can be obtained for sampies with small rectanguiar
crossections where an effective sample diameter i: calculated
assuming a circular crossection of equal area. No wavequide
attenuators were used to suppress standing waves. The S parameter
data shows much less scatter than encountered in the previous example
at the same frequency bands. (See Figure 12). The data was fit
using POSTTEK and assuming a qfadratic frequency dependence, e¢* = A +
Bf + Cf2) - j(D + Ef + Ff2), over the frequency range studied,
where f is the frequency in GHz. A slightly different ferrocelectric
formulation was studied at X-band using the HP8510 Netcwrk Analyzer.
Three independent measurements c¢f the X-band S-parameters were
analyzed using program REFPOSTTEK. The twelve input curves (Re and
Im Sy1 and Sp1) are shown in Figure 13 along with the inverted
complex permittivity.

CONCLUSIONS

This report describes the theory, experimental set-ups, and
computer ccdes developed at NRL for the use of the dielectric
post-in-waveguide technique for the ineasurement of dielectric
materials. The technique 1is especially useful in studying the
properties of filamentary high loss dielectric materials. The method
is mostly used for rcom temperature studies though some work has been
done warming *the sample holder and refarence line tc 40C and cooling
to 10C. We expect to be able to extend this limited temperature
range to -100 to +300C. The experimental technique is simple; the
data analysis 1is also strightforeward but the method requires
substantial computer computations.
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APPENDIX I
Measurement and Analysis Procedure

In this section we list the steps involved in the measurment and
data reduction of a sample by our DPW method.

SAMPLE SELECTION AND MOUNTING

A sample is chosen with a large length to diameter ratio to
minimize depolarization erfects. Usually the sample is inserted in a
Debye-Scherer capillary tube with outside diameter small enough to
fit through the smallest hole in the wavequide test fixtures
(0.5mm). For lower dielectric constant material a post is fashioned
for each waveguide band with diameters usually less than a third of
the waveguide width and Tlength closely matching the waveguide
height. The latter samples are press-fitted into position in split
wavequide sections instead of being inserted through a hole in the
waveguide. For high conductivity fibers or some filamentary linear
chain ferroelectric crystals a fine fiber filament is found which
spans the waveguide at the lowest measurement frequency and is
cemented across a waveqguide cover flange with conducting paste. A
small grove is cut in the flange o mount the sample in this mannaer
alligning it to spar. the middle of the waveguide. The sample is cut
from the flange fixture with a razor blade and mounted in
successively smaller flange mounts for higher frequency measurements.

AUTOMATED VECTOR NETWORK ANALYSER MEASUREMENTS

To use the AVNA it must first be calibrated for measurements at a
particular waveqguide band. The calibration procedure is described in
the AVNA manual and takes approximately 10 minutes. The calibration
on the HP8409S AVNA is performed with 5 to 10 dB isolation pad
wavequide sections in nlace. No pads are needed on the HP 8510
AVNA. The test fixture is in place during the transmission segments
of the caiibration procedure. We usually require the return loss
from the empty test fixture after calibration to be 35 dB down or
more over the freauency range before the calibration is accepted and
measurements begin.

After the calibration, the sample is placed in the test fixture
and the S-parameters are measured. The AVNA 1lists and plots the
S-parameters. From the listing and plots generated by the AVNA we
determine if the data is adequate for further analysis. If not the
sample may be repositioned, a sample with a larger or smaller
diameter may be found, or other adjustments may be made to lower the
standing wave interference. Once the data is acceptable it is stored
on a floppy disk before other samples are measured. Later the
Hewlett-Packard floppies are transcribed to IBM exchange format for
transport to a VAX computer for analysis.
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TRANSMISSION BRIDGE MEASUREMENTS

The transmission oridge is assembled as shown in Fig. 3. The
sweeper is turned on set, to sweep in free run across the wavequide
band and allowed to stabilize for approximately an hour before
measurements begir. Initially the reference arm is turned orf by
setting the attenuator in that arm to maximum and the signal through
the sample arm is used to normalize the scalar network analyser. The
normalization is done with an empty capillary tube in the place of
the sample when appropriate and the sample arm attenuator is set to 7
dB to damp standing waves. The reference arm attenuator is then set
back until the power through the reference arm is slightly larger
than that through the sample arm at all frequencies. The phase
shifter set to O deg; a trace is acquired by the network analyser and
transfered to floppy disk on a DEC LSI computer. The phase shifter
is advanced and other traces are acquired until data is taken for
phase settings from O to 340 degrees in steps of 20 degrees.

After the empty bridge has been characterized the sample is
inserted in the test fixture. The raference arm is again turned off
and the intertion 1loss is measured on the network analyzer and
transfered to disk. The reference arm is then turned oa and the
power set 30 that the reference lavel is once again slightly larger
than the power through the sample arm at all fragquencies. The phase
shifter is set to zero and traces are taken and stored on disk at
successive phase shifter settings as done previously. Once the phase
data has been acquired, a new sample is inserted and measured. Some
bridge setups have a 10dB directional coupler in the sample arm to
measure the scalar reflection coefficient of the sample. To make
this measurement, a short is inserted at the sample position to
normalize the network anlayzer and then the short is removed and the
sample is placed in position. The scaler netowork analyzer trace is
recorded on floppy disc for later analysis.

COMPUTER ANALYSIS

Programs to analyze the SPW data are run on a VAX 11/780
computer. In the following description of a data reduction we assume
that a sample has been measured using both a Hewlett-Packard
automated vector network analyser end a transmission bridge.

Cata from the AVNA 1is brought to the PDP 11/34 on floppy disks
written in the IBM exchange fromat. The floppv disk is then carried
to the VAX. Once on the VAX the data is placed into standard file
structures which are callable by a wide vareity of programs. NANFIL
takes the ASCII S-parameter file and outputs dB versus frequency and
phase versus frequency as unformatted binary "XY" files. (The binary
files take up less disk space.) Since the sample is wusually
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positioned some distance behind the AVNA reference plane when the
measurements are performed, a program OFFPHS is invoked to adjust the
phase files to account for this offset. DB and phase files are then
ready to be run using program EPOST,

e

Data from the transmission bridge is written on floppy disks as
binary "XY" files in the RT-11 format by the LSI-11 computer at the
' experimental station. The floppies are then carried to the VAX, read
and reformatted to VAX VMS files using program RT2YMS. The insertion

v %Y
PR

o loss data files are directly usable by our analysis programs,
N however, the pnhase data requires considerable manipulation to obtain
t§§ the phase shift versus frequency required for later analysis. To
h&Q obtain the phase shift program PHASETEK must be invoked twice; cnce
K to find the initial phase versus frequency for data taken with an

empty sample fixture, and then, to obtain the .ase versus frequency
N with the sample. Thus PHASETEK is called up and the relevant data

files are read in and an initial guess is given for the parameters of
the fitting sine function. PHASETEK will then output phase vs
frequency binary files. The phase file for measurements with the
sample is then subtracted from the file for measurements with an
empty sample holder to obtain the relative phase shift versus
frequency. The subtraction is done wusing program ASMDXY. The
insertion loss and phase files are then ready for EPOST.

U ‘:‘ k,
¥
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Program EPOST calculates the permittivity of a sample from a dB8
and a phase value at each frequency. The program internally
minimizes the difference between the measured real and imaginary
parts of the voltage reflection or transmission coefficient and the
calculated value via Newton's method. DB and phase data files
generated for a single measurement of a sample in a given waveguide
are entered into EPQST along with the sample diameter and wavegquide
size. The diameter is measured with a micrometer or a calibrated
traveling microscope for a sinale fiber sample and is calculated for
fiber bundles from a known density and the measured length and mass.
Program EPOST requires a guess for the permittivity at the first
frequency in order to start off its itterative search for the
permittivity. If this guess is not close enough the interations may
diverge. If such divergences are a problem, the d8 and phase versus
frequency may b2 calculated for a number of gquesses for the
dielectric constant and conductivity wusing program POSTCL and
compared to the measurec data. Or it is often more useful to take a
subset of tne input data files (using ASSMBL to form the smaller
files) and run POSTTEK with a simple dielectric function since this
program is less susceptable to numerical divergences. 0Once an
acceptable initial guess is found, EPOST inverts the data freguency
by frequency and generates binary permittivity files. Observation of
the EPOST plots will usually suggest trial function for the frequency
dependence of the permittivity.
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If encugh data is available program REFPOSTTEK can be employed
instead of EPOST. REFPOSTTEK performs a least squares fit to the
S-parameter data at each frequency point. It requires more input
data than fitted parameters; thus, to calculate the real and
imaginary parts of the permittivity at least three data curves are
required. They could be, for instance, the real and imaginary parts
of Sp; along with the magnitude of S21. Though more data are
prafered including several independent measurements of the same
sample or several samples of the same material with different
diameters. To use REFPOSTTEK the dB and phase data are rewritten as
real and imaginary S-parameters vs frequency via program XYDBPHSTOV.
Amplitude S-narameter files are created from dB data by program
DB2VXY. The least square interaction procedure is not as sensitive
to the initial quess of the permittivity as is EPOST. The program
will accept ¢ permittivity file generated by another program to
specify the initial values fcr ¢ at each frequency or it will accept
an initial quess of the real and imaginary parts of the permittivity
at the first frequency point and enquire whether this guess is to be
applied at all subsequent points or whether subsequent points are to
be initiated at the previous scluation.

2

™
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Program POSTTEK fits the measured complex reflection or
transmission data from one or more measuremnts of the sample to a
menu selected function of frequency. In order to invoke POSTTEK, the
dB and corrected phase files are combined and written to disk as real
and imaginary voltage coefficient versus frequency files via program
XYDBPH32V, POSTTEK will also aucept scalar voltage coefficients and
will simultaneously analyze data taken at several waveguide bands.
PHASETEK optimizes the coefficients of the specifiec functions and
can put out files of the calculated voltage coefficients from the
optimized functions. The program runs rather siowly due to the
lengthy nature of the post calcuations.

Often rearly identical tunctional dependences are obtained much
more rapidly using program FTEMTEK. To use this program permittivity
files generated by EPOST or REFPOSTTEK are split into real and
imaginary parts using program SPLTFL and entered in FTEMTEK. FTEMTEK
then fits the EPOST/REFPOSTTEK data to the same menu specified
funtions of frequency and outputs files of the calculated optimized
fits. The outputted files can be used by program TID to plot tie fit
and the data in formats suitable for publication. The output files
also can be combined and used as input files for POSTCL calculations
or for first guess permittivity files for further EPOST or REFPOSTTEK
itterations.

The measurement and calculation procedures are thus seen to
require many steps, but once the equigment and computer codes are ‘up
and running" the analysis is essentially straightforward.
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APPENDIX II
Program Listings

INTRODUCTION

In this appendix are Tisted some of the FORTRAN programs used in
the DPW analysis. The first 1listing is the subroutine package
POST.FOR which includes the post impedance calculations and the
conversion to reflection and transmission parameters. This is
followed by the calling programs of POSTCL.FOR and EPQST.FOR. The
subroutines under the title FTPOST.FOR are presented. These
subroutines are Tlinked to a general fitting program package
(FITTEK.FOR) to produce POSTTEK. Only a small number of changes are
required in FTPOST to produce FTEM.FOR which is linked to the fitting
routines to produce FTEMTEK. The difference of files FTFOST.FOR and
FTEM FOR is Tisted in the last part of this appendix.

THe POST CALCUATION: POST.FOR

The following subroutine package calculates the post equivalent
circuit impendances and the reflection and transmission parameters
for a dielectric post centered in a rectangular waveguide.
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SUBRCQUTINE PUST(EZL,EZIZ, A, D, F, EFEP)

CALCULATES THE ZQUIVALENT IMPEDANCES OF A DIELECTRIC POST

IN WAVEGUIDE

OOOCOOCOOCCCMO

IMPLIC!T COMPLEX (E)
EP = COMNJG{EPEP:
PIE = 3. 1415927
ALPH = 0. 10471974#F*D
EBET = ALPH#CSGRT(EP)
EJOB = EBESJO(EBET)
EJ1B = EBESJ1(EBET)
CALL BESJO(ALPH. JO, AJOA, V. 1ERR)
CALL BESJI1(ALPH, J0O.AJ1A, V, IERR)
ALAM = 30. /F
ALAMG = 2#A®ALAM/SGQRT(-ALAM®ALAM + 4»A#a4)

D TYPE #.F.A, D, AJOA, AJ1A, EJOB, EJiB
Al = A/ (2. #*ALAMG)
A2 = PIE*D/A
A2SH = ADxAZ
EQ1 = Al#((EJOB/ (AJOA® (EBET#AJOAREJ1B-ALPH#E JOB#ALLA)))
1=-S0(A: D, ALAM) +ALPHR*ALPH#0. 25)
EQ2 = 42A1#A25G/ ((ALPH*®ALPH#EJ1B/ (AJ1A* (ALPH#AJOA*EJ1E
1-EBET*EJOB#AJ1A) ) ) =2, )
El = CMPLX(O., {.
EZ2 = -EI#(0. S#EQ2+EQ1L)
EZ1 = Ei#EQ2
RETURN -
END
FUNCTION SOC(A. U, ALAM)
ABL=2. #A/ALAM
S0 = ALOG(1. 27323952A/D)-2. 7
DOt J = 1,100
AJODD = 2#J+1

ACUM = ( (1. /SGRT(AJODD*»AJODD-ABL#ABL))—-1. /AJOTD)
1 CONTINUE

SO = SO + 2. »ACUM

RETURN

END

RaGeRnh |
2 5N

% &

30

w n,‘tﬂ. ~ -'J" s b ,J‘P" - ,-;-*- -_.-\, ‘.,'-_...‘!.“‘" : '
MJJ\.AEJ-']’.}: l(‘“" ‘i‘!\l\ "‘J\ Lg‘_.);}'.)\ '\r‘\'-"uz\}'\‘}hn."a}v "uh L) } ;tnh




FUNCTION EL(EZ. T, N)

USET WITH EBESJ TO CALCULATE CGMPLEX BESSEL FCT

€00

IMPLICIT COMPLEX:E)
ST = SIN(T)
EST = EZ#ST-N#T
EIl = CMPLX(O.. 1.
EST = E[+£ST
EEST = CEXP(EST)
El = Q. S#(EEST+!. /EEST)
El = £1/3. 1415927
RETURN
END
FUNCTION F1(T)
IMPLICIT BYTE Q)
IMPLICIT COMPLEX(E!
COMMON /VARIB/EZ. N, GREAL, Q
IF(.NOT. GREAL:GO TO 1
Fi = REAL(EL(EZ. T.N})
RETURN

1 Fl = AIMAG(ELIEZ, T, N))
RETURN
END
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FUNCTIGN ETPGST (A, T. F, EF)

[»

& CALCULATES THE COMPLEX TRANSMISSION COEF

G

o) S12 FOR A POST IN A RECTANGULAR WAVEGUIDE

C
IMPLICIT COMPLIX (&)

C

c

¢
CALL POST(EZL.E£22.A,D,F,EP)

D TYPE », 21,22 EZ21.E22

c ETPOST = EI2/(EZ1#EZ1 + EZ1 + EI2 + 2. *EZL1#EZ2)
ETPAST = Q. #EI2/(EZL1=EZ1 + 2 #(EZ1#EIQ+ELL+E221+1.
RETUR<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>