
DIELECTRIC PROPERTÏES OF WHEAT

.A,T MICROI{AVE FREQUENCTES

A Thesis

Presented to

The Faculty of Graduate Studies

University of Manitoba

In Partial Fulfiliment

of the Requirements for the Degree

Master of Science

Agricultural Engineering Department

by

Rajinder Kumar Chugh
I

March 1973*

¡

'1



ABSTRACT

DIBLECTRIC PROPEPJIES OF WHEAT AT MICROWAVE FREQUENCIES

Dielectric properties of a hard red spring wheat

have been investigated at 2.45 and 9.40 GHz. The permit-

tivity was determined for moisture contents from 0.5% to

262 and at temperatures from -20"C to BO.C. For all mea-

surements, a consistent filling procedure was adopted to

maintain the natural density of thre sample.

On the basis of the criteria imposed by the nature

of the test material and different measurement procedures

available.a modified-infinite-sample techni-que \^/as used.

For this measurement technique, different possible errors

for slotted l-ine measurements were analyzed and theoreti-

cal formulas for errors due to the reflection coefficient

and phase shift rneasurements were verified.

I,{aveguide sample hol-ders, suitabl-e for granular

materials, v¡ere designed to make thre measuremenLs over wide

ranges of moisture contents and temperatures. Sample

holders \¡/ere fitted with th-ermocouples to monitor the sample

temperature. itfoisture content of the sample was determined on

a wet basis utilizing an aj r-oven method.

A computer program was developed to calculate anr1

plot the dielectric properties as a function of moisture

content and density-. The program has been written with a



nulrìlf,er of features; experimental- points plotting,

plotting of the points obtained from the least-square-

error coefficients and the uncertainty plottings. The

prograrn can also take into account the experimental data

obtained either from the slotted line measurements or the

network analyzer measurements .

The d.ielectric constant and loss factor were found

to vary nearly linearly with moisture content over th-e

entire temperature measurement range. Dielectric losses

for dry as well as rn¡et wheat, ât microwave frequencies,

v¡ere found to be of dipolar origin rvith relaxation fre-

quency below 2.45 GIlz. No sudden change in the dielectric

properties vras observed at 0oC, thus indicating that water

in wheat, up to 262 moisture content, is predominantly in

the bound form.
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CHAPTER I

INTRODUCTIOI{

I.1 General Objectives of the Research

InvestJ-gation of the dielectric properties of

agricultural materials becomes increasingly important as

the agricultural technology becomes sophisticated, as new

uses for electromagnetl-c signals are developed, and as

new methods, processes, and devices come into being which

utilize or are infiuenced by the electrical nature of the

materials (Nelson , 197L) .

The area of the dielectric properties is a broad. field

even when limited to agricultural products, since it in-

volves the dependence of the dielectríc properties on fre-

quency, temperature, moisture content, and density. In-

creased interest in using micro'¡¡ave energty for grain dry-

ing (Hamid et al., 1968) , treatment of grain for the con-

trol of insects and larvae (Hamid et â1., L969 ) and seed

treatment to improve germination (Nelson, 1965a) as well as

for moisture measurement, has made information on dielectric

properties of grain essential at the most popular ISM

(Industrial, Scientific, and Medical) frequency of 2.45 GHz

as well as at 9.40 GHz, most frequently used for moisture

monitoring (I(raszewski , L970) . For proper design of a

microwave applicator for grain processing or a microwave



sensor for moisture measurement, knowled.ge of the dielec-

tric properties of grain as a function of moisture content

and temperature is of prj-mary importance. In addition

to these, microwave measurements of the dielectric propertíes

gíve very valuable information about the state of water

in grain for different moisture contents and temperatures.

rn this work, dielectric properties of wheat at

microrvave frequencies have been reported. Dielectric

properties were determined at two frequencies, 2.45 and

9.40 GþIz for several- moisture contents, temperatures and

densities. The experimental data have been presented

graphically to illustrate the influence of temperature and

moisture content at both frequencies.

I.2 State of the Art

A macroscopic description of the dielectric prop-

erties of a material is provided by the permitt.ivity

e, = et je". The dielectric constanL gt, is a measure

of the ability of the material to store electric energy,

whi,le, e ", the loss factorris a measure of the energy absorbed

from the applied electric fie1d. The significant variables

on which er depends, in decreasing order of importance are

the frequency, temperature, and. the intensity of the applied

electric field.. Methods of measuring real and imaginary



parts of ., as a function of these variables al:e described

comprehensively in the literature (von HipPel, L954¡

Anderson , L963; Altschuler , L963 i Bussey ' 1967; and.

Hill et a1., L969).

The choice of the method depends, in general r orl

the type of the material to be measured, the frequency

range, the range of temperatures, the accuracy required,

the number of measurements required, the availability of

equipment, and some additional factors related to each

particular problem. Dielectric properties of grain and

seeds as a function of frequency and moisture content

were investigated at room temperâture in the audio fre-

quency (Stetson et al., L970) , radio frequency (Itrelson,

1965c), and recently also in the micro\'\iave frequency range

(Nelson , L972) .

As for any other type of material, the dielectric

properties of agricultural products are functì ons of temp-

erature, frequency and moisture content. The influence

of frequency and temperature will be presented in the next

section. fn order to understand the influence of moistrire

content on the dielectric properties, it is essential to

understand the forces that hold water in grain. A brief

discussion about the nature of these holding forces, for

different forms of water, is presented below.

Vüater may be held by substances which absorb it in



three different forms. A certain amount of water, held

in the intergranular spaces and within the pores of the

material, may be termed as free water (Hlynka and

Robinson, L954). For this form of water, the molecules

of the absorbing substance are not invol-ved except as a

supporting structure.

Another form of water, referred as adsorl¡ed water

(Hlynka and Robinson, L954), is more closely associated

with the absorbing substance. In this case the properties

of one substance are influenced by the properties of the

other. The general term sorption is used. to d.enote thís

interaction, while adsorption and desorption are used

specifically to denote the processes of taking up and

giv-ing of f water of sorption.

The last form of water combines in a chemical union

v¡ith the absorbing substance ancl may only be removed under

rigiorous conditions.

All three forms of water, mentioned above, have

different influence on the dielectric properties in the micro-

wave frequency range. The picture is further complicated

by the fact that in the case of biological materials tle whole

spectrum of the water binding forces exists.

The studies of the dielectric properties of



biological materials and their frequency and temperature

dependence provide very valuable information regardíng

the structure and mechanism of polarizatj-on. From these

properties one can determine the state of water (bound

or free), dípole moment, shape, and the hyd.ration process

which are of primary importance in biochemistry and bio-

physics (Schwan, 1963) .

The electrical properties of biological material-s

have been studied ever since suitable electrical techni-

ques became available for this purpose. Earlier contribu-

tions, restricting the discussion to the "passive" e.'l-ec-

trical properties, did not help much toward an understand-

ing of the factors responsible for the el-ectrical properties

of tissues. This was due to inadequate theory and experi-

mental techniques. During the Second World i{ar the fre-

quency rangie was extended from l KHz to 10 MHz. After l-940

techniques became avaílable for investigation of the elec-

trical properties at ultra high and low frequencies. The

frequency range so far explored extends from 5 Hz up to

30 GHz (Schwan, 1957) .

Fig. 1.1 shows, as a typical example for biological

materials, the frequency dependence of the dielectric,

constant of muscular tissue. It demonstrates three disper-

sions (c¿, 9, T) , each characteristic of a separate relaxa-

tion mechanism. The dielectric constants at low frequencies
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are higher than those of any other type of material and

are characteristic to the structure of the biological cell

A study of the 1ínear electric properties of biological

systems is identical with an analysis of the mechanism

responsible for the three anomalous dispersions. This

behaviour applies to various types of biological materials,

as compiled by Iskander (L972).

Discussions of the anomalous dísperslon (decreas-

ing of the' dielectrj-c constant wíth increasing frequency)

and the dielectric theories of Debye, Onsager, Cole,

Kirkwood, Fröhlich, and others are found in many references,

including eöttcher (1952), von Hippel (L954) , and Hill

et aI. (1969). Basically, all of these formulations deal

with the polarization resulting from tl:e orientation of

the dipoles with the appliecl electric field-. Two smaller

contributions to the total polarization come from elec-

tronic polarization, the displacement of electrons of atoms

with respect to the nucleus, and the atomic polarizaLíon,

the displacement of nuclei with respect to one another-

These two types of polarizatiols are termed as "distortion" or

" deformation" polarization.

As frequency increases from low values, the pol ar

molecules can follow the changes in direction of the

electric field to a point and, as frequency continues to

increase, the d.ipole motion can no longer keep up with the



changinE electric field. As a result, the dielectric

constant drops with increasing frequency in this region

and energy is absorbed as a result of the phase 1ag be-

tween the dipole rotation and the field- At higher fre-

quencies, the dielectric constant again levels off at the

so-càlled. optical value, the square of the ind-ex of refrac-

tion and the foss factor again drops to a low value.

Most of the agricultural products and biological

materials are heterogeneous in nature" The fact that they

usually contain water complicates matters since water

appears in such systems in different forms (bound and

free. The brief Cescription of dielectric properties of

heterogeneous mixtures containing water has been given by

deloor (1968), while the description about the dielectric

behaviour of heterogeneous systems has been given by

van Beek (1967) .

Fina11y, the dispersion and absorption which

result from polarizations at interfacial boundaries of

heterogeneous systems, are called Maxwell-Wagner dispersion

and. absorption. These generally occur in non-homogieneous

materials and are frequently seen in biological materials

(Davies , 1969; Schwan I irg57,Ig59). Frequency dependence

of the Mæ<i¡.'e11-Wagner dispersion and absorption are similar

in nature to that oi the Debye dipolar dispersion ancl-

absorption, but these occur at lower frequencies.



CI]APTER ]]

TECHNIQUES FOR_ MEASURTNG T}IE PERM]TTTVITY

OF AGRTCULTURAL PRODUCTS IN THE ¡,iICROI\7AVE FREQUENCY RÄNGE

2.L ReguiremenLs for the- Measurement Technique Imposed

l¡y the Tested- l4ateg.ials

Agricultural materials of interest are, in general,

heterogeneous mixtures and contain water. This last fact

complicates the pícture because water in such heterogeneous

systems may appear in different forms, i.e. as free water,

bouncl water or water of crystalization.

The technique selected for measuring the permittivity

of wet granular materials should fulfil-1 several require-

ments, some of which are listed below:

1. It should be applicable fn a wide freqency range

and for a wid.e range of permittivities.

2. The required instrumentation, measurement proced-

1.1r€r and tFtenecessary calculations should be relatively

s imple .

3. It should be possible to check the sample den-

sity and moisture content just before and after performing

a test in a simple manner.

4. ft should be possible to vary the sample temp-

erature over a wide range.

5. Hand.ling of the sample should be simple so that
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a large number of independerrt measurements can be made.

6. ft should be possible to protect the sample

against changes of density and moisture content during

measurement.

2.2 Survey of the Literature

Various techniques and measurement systems have

been developed for measuring the dielectric properties of

dif ferent kinds of materials (Schwan I l-957 ,L959¡ Nelson,

1972) . In a particular case measurement method is usually

determined by the nature of the test material and frequency

and temperature range in which the measurement is to be

made.

Several excellent reviews and discussions of the

permittivity and permeability measurement methods have been

published by von llippel (L954) , Altschuler (1963) and

Vaughan (1969). In principle, permittivity measurements

at microwave frequencies can be done in three different

hiays. These are the reflection, transmission, and pertur-

bation methods. All these three types of methods have been

described in detail b1z Altschuler (1963). A complete analy-

sis of the reflection and transmission methods of measuring

the permeability and permittivity of materials at microwave

frequencies has been presented by Franceschetti (Lg67) and

Franceschetti and Silleni (1964) . An extensive review of
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the experimental methods used, in measuring the dielectric

properties, and the electric properties of various agric-

ultural products at different frequency ranges has been

presented by Nelson (197I).

2.3 Selection of the Measurement Technique

As mentioned before, there are three groups of methods

of measuring the permittivity at microwave frequencies.

These are the reflection, the transmission, and the per-

turbation methods. The most popular method of the first

groupis Jcased on the measurement of input impedance of a

samplershort- and open-circuited at its far end. The

method is usually used with samples inserted into viavegui_de

or coaxial lines. Anothêr method of this type is the very-

long-sample method, rvhich is based on the measuremen-L of

the input impedance of a relatively long sample so that

the reflections from its far end can be neglected.

Transmission methods, which are based on measure-

ments of the complex transmission coefficient of the sample

in the waveguide or coaxial line, are less popular because

of the complicated measuring arrangements required and the

lower accuracy obtainable.

Perturbation methods are based on measurements of

the incremental changes in the resonance frequency and Q-

factor of a resonant cavity containing a very small sample
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of the material under test. These methods requíre rela-

tively complicated instrumentation and can be used only

for very sma1l samples.

On basis of the different methods available and

the requirements listed in Sec. 2.I, the modified very-

long-sample method (Rzepecka et ê1., 1973) was selected

for permittivity measurements. In the past very-long-

sample methods were used only for medium- and high-loss

dielectrics. The modified method was even found to be

suitable for dielectrics in granular and powdered form

and relatively short samples. The reflections at the

sample-load bound.ary v\iere eliminated- by using a matched

load with the test sample being in immediate contact with

the load. The matched load selected. was made of high loss

material coated with a silicon film to protect it against

environmental effects .

In addition to being suitable for granular materj-a1s,

this method- can be used without restrictions over a rela-

tively wide frequency range, using different waveguides

and transmission lines, and over a wide range of permitti-

vity. Another advantage in using the modified method is that the
qxpqrímental set-up is relativefy simpleJìelatively good

protection of the sample against changes in density, temp-

erature, and moisture content can be realized easily. The

method is particularly valuable when large number of
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samples must be tested as a function of temperaturêr

moisture content, and- density or when a continuous moni-

toring of the permittivitl,- is resuired during the j-rradia-

tion by microwave power.



CHAPTER ÏII

WAVEGUIDE TECHNIQUE

3.1 Principle of Operation and Theory

The permittivitlr of the test material, using the

modified infinite sample (P.zepecka et â1., L973) , is cal-

culated from the measured complex reflectíon coefficient

on a transmission line completely filled with the material

and terminated by an appropriate matched load. The

reflections at the sample-load boundary are elíninated by

using a special matched. load with the dielectric sample

in immediate contact with tJrerloadr so that the sample is

directly in contact with the high loss material of the

matched load.

The characteristic imped-ance Z" of a uniform \,^/ave-

guide operating in H mode (TE mode), based on transmission

line theory, is a function of permittivity of the material,

which in this case completely fills the line, i.e.

t -z /tf -txt^tzcoTc' (3.1)

where

Ê- = (e ' je") is the permit.tivity of the material,r
Z^ the intrinsic impedance of free space,o

À - the free space vravelength,

and À_ the cu.t-off \^iavelength for the particular modec

of propagation.

L4
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The theory

the fact that the

interface of two

Fig. 3.1 at z = O

z - zcz /

und.erlyino this technique follows

normal-i zed input imped.ance, Z , at

d.ielectrics i-n a waveguide as shown

, is given by

Z.cl

from

an

in

where

(3.2)

characteristic impedance for the dielectric

to the left of z = 0 plane,

characteristic impedance for the dielectric

to the right of z = 0 plane,

=Z /o

z-cl-

z
Ĉ¿

provided that
(a) the second dietectric is infinitely long,
(b) input impedance is measured in first dielectrLc,
(c) only one mode (TE) propagates along the line

far away from the interface at z = O, and

(d) the material is homogeneous (i.e. the per-

mittivity is not a function of the x ry tz

coordinates).

. rn most practical cases fae f:irst dieLectric is air,
for which equation (3.1) is reduced to the for¡:L

and

zcL

If
behaviour

the input

the matched load

of the waveguide

imped.ance at z =

assures an infinit-e

which extends over

0, normalized with

(3.3)

length

z > 0, then

respect to
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characteristic impedance

equations (3.1) to (3.3)

of thl-e same line unloaded, from

may be expressed as

(3 .4)
(x/x 

c)

for the st.ructure shown in Fig. 3.2. Solving (3.4) for
the permittivitlz

The impedance Z can be calculated either from

refleêtion coefficient data, obtained by using network

analyzer, or frcm voltage standing wave ratio data, obtained
a

by usíng/slotted line. If rtR' is VSWR for the load and

Itsrr is the shift in voltage minimum toward the load, then

the characteristic impedance Z of. the sample in the wave-

guide, normalized with respect to the characteristic

impedance of the empty waveguide, is given by

o_
¿J-

1+ j n tan(Zrs/Xr)

R + j tan(2ns/Xn)

is the empty \^raveguide wavelength.

value of Z Ln eguation (3.5) and.

imaginary parts

(3.5)

(3.6)

Substituting

solving for the

where À I
the above

real and

n2s""4q (R2 Ð2La'-2 þ

(1 + B2t"o2 þ)2
^tL-

(3.7)
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and

2R(R2 1)sec2ô tanÖ

c) J (t* s2t*,,2þ)2
(3. 8)

tøhere <Þ - 2ns/),n.

Similarly Z can be related. to \, the reflecti on coefficient,
by the relation

(r ltl)tano¡z j(r+ lvll
o_
¿J- (3.e)

(1 + lyl) tano/z j (r lv I I

where y has been expressed as lvl"-j0.
Substituting this in equation (3.5) and solving for the real
and imaginary parts

I ì-t t ( \->1 (r lvl2l2-qlvl2tin2oe' = 
lÀ/Àcj 

- + F - [À/À.,J J
(3.10)

r ( lr1 aivltr lvl2lsinoe" = 11 _ ix/x l-i (3.11)- L- [''"cJJ (1 + lyl2 +zlylcoso)2 \

Either set o{ equations'may be used to calculatè-the permit-

tivity dependi.ng upon the measurement system used.

During the measurements one point of primary import-

ance is the location of the sample within the waveguide

sample holder. In particular, see Fig. 3.3, the face of di-
electric nearest üo the slotted line, Te1, must lie exactly

at Tr, a ter:ninal plane as near to the end of the slotted
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line as possible, ât which a sir-ort circuit can be placed

accurately. Tn the case of rectangular wavegiuides coupled

by flanges, this can be done by using a flat metal plate

as a short circuit at Tr. The sample face must then be

located exactly at the very end of the waveguide sample

holder.

The region in which solutions for the input imped-

ance and reflection coefficient (at the interface of two

dielectrics) exist will now be considered. The cond.itions

which must be satisfied by the input impedance are obtained

from the physical properties of the test material_. The

real part of the permittivity, e' , whích represents the

dispersive part of the electrical energy, is larger than or

equal to unity, while the imaginary part, 8" , which repre-

sents the d.issipative part of the electrical energy, is larger

than or equal to zero. By writing Z as lzle-iE in equation

(3.5) and separating into real and imaginary parts

e' = l^r^"J' * lt (^r'^.Jf cos2l / lrl2 ß.12)

sin21 / lrl2[^r'^"Jf

By rearranging

Lan2Ç = e" /

(3.12) and (3.13)equations

['' (^r^
"11

(3.13)

and

(3.14)
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(3.15)

where

and

Thus the allowed values of Ê' and e" result in the

following conditions

(a) 0 I E ì 450 (3.16)

(b) lzl sl (3.17)

or in terms of tlie reflection coefficient

zlvl
I 5 

t _ y ,z sino 5 o (3'18)

(1 + lvll2 tan2e¡z + (r lyll2
(r lvll2 tarr2o/z + (1 + lvll2

(3.le)

The region, in which the measured values of the

reflection coefficient are located on the Smith Chart, ís
shown in Fig. 3.4.

3.2 Eqror Analysir

The principle and theory presented in Section 3.1

is valid only if the test material is homogeneous. Non-

uniformities in the material rnay occur due to local d.ensj-ty

differences, local temperature gradients, or due to the

lrl2 =.r / az

'r = 1 lv^"j'
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IMPÊDAíICE OR AD{.| ITTAIICE CCCRDTNATES

Fig,3.4 Input impedance region

dietectric rnateriats.
for
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presence of thermocouples used for the monitoring of
temperature. Th-ese nonuniformities lead to errors in the
permittivity measurement lvhich are difficult to evaluate
numerically. The only way to reduce these errors is to
keep the different parameters affecting them und.er control
during the measurements.

For a uniform material, the errors related to the
uncertainty in the reflection coefficient depend on three
main factors:

1- accuracy of the reflection coefficient measure-

ment which is determined by the actual method and instru-
mentation used,

2- sample hold.er, which can introduce refr-ections
resulting from the p::esence of control devices: thermo-

couples for temperature control and seals to retain moisture,
3. connection between the sample holder and the

measurement set-up, as for instance, the presence of a

waveguide to coaxial ]ine transition (when a network

analyzer and a waveguide type sample hol-der are used) or
a choke flange with a thin dielectric diaphragm (when a

sl-otted line ís used).

fn addition to Lhe aforementioned factors, there
some principal- sources of error in the measurement ofare

the

of

input impedance of the sample

these sources are the errors in
the waveguide. Some

measurements of

in

the
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waveguide wavelength, voltage m-i-nima , and voltage stand-

ing wave ratio. A detailed discussion of these errors and

the irreduction procedures can be foir¡d in standard text-

books on microwave measurements (. Altschuler ..t 1963;

Montgomery, 1948) . I^Iith the proper precautions used,

these errors can be usually neglected when compared with

those resulting from uncertainty in the reflection co-

efficient. It will be worthwhile to underline here that

the so-called air gap errors (Bussey, L967) do not exist

in the present method"since the granular material com-

pletely fi1ls the waveguicle cross-section. As mentioned

before, sample face must be exactly located at the short

circuit position. In the case of granular materials, this

is quite difficult, particularly when the kernel síze is

comparable with the waveguide dimensj-ons. In the present

case the plane was defined as the flat end of the wave-

guide and. the sampile was held at this position with the

help of mica diaphragm.

The uncertainties in e' and e" resulting from errors

in the reflection coefficient measurement may be found. by

differentiating equations (3.10) and (3.11) witfi respect

to lvl and 0.
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(3.20)

(3.21)

(3.22)

(3.23)

= alvl I[,,D 
LL

0
I

0A

+ r',þ lvl

A

[^,,^.]1[' . lvt'z]sino

z1 l
J"""ï

^'"0 = nlll 
{,,,[r * lvlf sino

^o DL

þ = alyl2 sir,2o + tt ttllz
The total uncertainties in e' and e" can be calcu-

Iated from the following relations:

Ae" . f r
;" = å i'" [t lv l'z] coso

^yLL

where
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AL

Aet Y nl.rl¡lvl '| ('|
U

*
A0 (3.24)

(3.25)

the Hewlett-

specified as

and

Aett Ae tt ^Áe"- Y¡lvl+ uAe
¡lvl 

^e

where

The accuracy in the y measuremenÉ

Packard network analyzer, type 8410S-200,

A0 = 0.025 radians

For both the network analyzer and

¡ I V I the uncertaínty in the modulus of the

reflection coefficient,
A0 the uncertainty in the phase angle of the

ref l-ection coef ficient.

for

is

¡lvl = t o.o:lvl(r + lvll
(3 .26)

Ao = arc sinlo.o3(1 + lvlll
for the frequency range 2 Lo 8 GHz and when the directivity
error is cancelled. For the slotted lines with the pre-
cision regulated attenuators used in the test, the uncer-

tainty in the reflection-coefficient can be estimaÈ.ed to
be egua,- to

0.002¡lvl = o.oos +
I lyl2 * o.ol

(3 .27 )

the slotted line
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techniques, the maximum errors inftfre real and imaginary

parts) the permittivity measurements resultíng from the

above mentioned values are shown in Figures 3.5and 3.6,

respectively.

From the inspection of Figmres 3.5and 3.6, it is
easy to deduce that the error of phase shift is much more

important than the error of reflection coefficient.
Therefoi:e, the position of minimum was measured as care-

fully as possible to reduce the error in thre phase shift
measurements.

3.3 Experimental Set-Up

Block diagrams of the experimental set-ups used- at

2.45 and 9 .40 GHz are shown in Figs . 3. 7 (a) and 3. 7 (b) ,

respectively. The experimental apparatus constructed. for
making the measurements consistedessentially of five parts:

1. As a microwave oscillator, a Hewlett-Packard

(ne¡ 86904 was used with a HP 86998 plug-in at 2.45 GHz

and a HP 86948 plug-in aL 9.40GH2. At each frequency the

internal 1r000 Hz amplitude modulation was employed.

2. The attenuation measuring circuit consisted of
precision variable attenuators HP S3B2C and HP X3B2A at

2"45 and 9.40 GHz, respectively.

3. The slotted line used at 2.45 GHz was model

8011/8 manufactured by Marconi, while that used at 9.40 GHz
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consisted of a HP B09C with a HP XBI-08.

4. Frequency measurements vrere done by a I{P 5245L

with Lreterodyne converters, a HP 5252C at 2.45 GHz and a

HP 52554 at 9.40 GHz. The standing \^/ave ratio was measured

by a HP 4L5E SI,VR meter.

5. The voltage difference between the test thermo-

couple or the sanple temperature was measured with a

HP 4I9A DC null voltmeter.



CHAPTER TV

MATERIAIS AND METFIODS

4.L Selection and Preparation of the Material

All measurements of dielectric properties were per-

formed on Neepawa wheat, a hard red spring wheat, harvested

during the Fall- of I97I and graded No. 1 lttanitoba Northern

by the Canadian Grain Commission. The experimental mater-

ial was obtained from the Glenlea Research Station after

it had. been cleaned but not treated with any fungicide.

The original equilibrium iroisture content attained at 23oC

and 402 relative humidity was 10.6? (wet basis) and the

natural density was 1.35 g/cm3.

The wheat was initially divided into five lots

which were conditioned to moisture contents ranging from

2.82 to 23.0e". Later on the samples with 2.BZ and 23.0%

were reconditioned. to 0.5U and 26.02, respectively, to

extend the range of measurements. Samples to have moisture

content above 10.6% were conditioned by adding the proper

amount of distilled water. The lots conditioned by adding

water v¡ere stored in sealed containers at 2oC and 50U

relative humidity, for at least L2 d-ays to assure uniform

moisture distribution. During this period. l-ots \Ârere mixed

frequently and thoroughly by rotating the sealed containers

in such a manner as to obtain complete mixing to improve

35
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the uniformity of moisture distribution. Lots to have

moisture content below 10.6? were dried in a forced air
oven at 60oc to reduce to minimum any possible chemical

changes in the wheat at higher temperatures.

4-2 Moisture Contentr Densitv, arid Temperature Determination

Moisture content of the unground samples were deter-
mined by an oven drying method, as recommended in the Lg72

ASAE yearbook (p. 384). Two samples from the lot were

dried in an air oven at 130o I l'c for 19 hours, trhe samples

before and after drying, \¡¡ere weighed by an analytical
balance (¡todel xo. Mettler HIOT) with a maximum uncertainty
of 10.01 g. In terms of the weights of the dry andwet
materials, moisture contents are given by

(* - *-ì
M^=\'-;_ Ðx100 (4.1)--D *d

(* - w-l
M.. = I ',., ol " 1oo (4.2)ûJ I w I ---\. 'û) 

)

where:

w - weight of wet material(¡

rd - weight of d.ry materíal

% - moisture content on d_ry basis

M - moisture content on wet basis.(¡

The total uncertainty in moisture deterrnination (wet basis)

is
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AM

AM(¡

-=
ðw

ûJ

âMl
[¡J I

ã--l AWdwtûJ
(.r) 

|

â11 (¡

ã;:
d

Àrd (4.3 )

where

w_
t00 -g-\^i z

ûi

ðM
t)ã--dw-d

Aw
û)

100
= w

t)

and Atd = 0.01 g.

These result in maximum urrcertainty j-n moisture deter-
mination beíng equal to !0.22. The moisture content was

calculated on wet basis. since a certain :pe,riod ivás alrrays

required. for measurements over a range of temperatures r

moisture content of each sample was determíned at the

beginning and at the end of the measurement period.

Grain density was determined by weighing the amount

of wheat required to fill the sample holder and dividing
by íts volume. A consistent fitlíng procedure was used to
avoid. variation in compaction. The volumes of the sample

holders used at 2.45 and 9.40 GHz were 740 r1 cm3 and 51.5

tl cñr3, respectively. Since the amount of sample îequired.

at 2.45 GHz was a-bout 600 g, the analytical balance with a

maximum capacity of 160 g could not be used. Instead., a

Mettler top-loading balance, with a maximum uncertainty in
weight measurement being equal to tl g t was used. This
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results in maximurn uncertainty in densíty determination

of l0.3eo aL 2.45 GHz. Uncertainties of 11 cm3 in volume

and r0.01 g in weíght result in maximum uncertainty

in density of !2eo at 9.40 GHz. For all samples, the

natural d.ensíty (e. g. without compression) of grain was

maíntained.

The temperature of the sample was taken as an

average of the readings obt,ained for three thermocouples

installed at equal distances. Thermocouples were made

from copper-constantan wires and the reeidings were obtained

as a difference ín voltages for the sample-holder thermo-

couples and a reference thermocouple immersed in a med.ium

of known temperature. The reference temperature was helcl

constant at 0o r..0.05eÇ. uncertainty of 10.01 mv in read-

ing the voltages results in an estimated uncertainty of
!0.5oC in sample temperature.



CHAPTER V

WAVEGUIDE SAMPLE HOLDERS

Several criteria v¡ere considered in the design of
the sample holders. These included temperature monitor-

irg, prevention of moisture removal, uniformity of temp-

erature at different points, and thermal insulatj-on in
the sample holder.

fn order to obtain the i_nformation about the uni-
formity of the sample temperature, three thermocouples

v¡ere positioned. at different places along the sample

holder. The overall length of the straight section of
the waveguide was divided into two portions wiilr a thermo-

couple at the centre. The remaining two thermocoupres were

positioned at the centre of each of these portions. Thus,

the thermocouples were equally spaced along the sample

holder.

I{hen a thermocouple j-s positioned in a rectangular
waveguide operating in the fundamental mode, as shown in
Fig. 5.1, the reflections resulting from the inserti-on are

reduced if the i junction is fine and. connecting wires

thin. since the wires are perpendicul-ar to the erectric
field, the perturbation of the field is also very small.
The smal1 dimensions'and perpendicular position of the

thermocouple prevent any significant coupling with the

39
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microwave field.
To retain the moisture content of the sample during

the nreasurements, the sample holder was sealed with a

thin mica sheet. At the same time, the mica sheet pro-
vided thermal insul-ation between the sample holder and

the slotted line. This thin diaphragm of mica \^ras posi-
tioned with a choke flange to minimize reflections.

During the preliminary tests of the waveguide

sample holder for the uniformity of temperature, it was

found that the rate of increase or decrease in temperatune

near the end was greater than that in othêr portions. To

reduce this unwanted effect, '' .0r.,.16,:cm acry1ic ring and

non-metallic screws were used to attach the sample hol_der

to the experimental set-up.

The sample holder, after being fi1led with wheat

and sealed with/ftica diaphragnn, was connected irsing,: the

acrylic ring to an empty section of the waveguide with
non-metallic screws, as shown in Fig. 5.2. The whole unit
\¡ras then wrapped in a few layers of thermal insulating
mate::ial. This complete assembly was raised to the maxi-

mum or the minimum temperature by keeping it in a tempera-

ture control environment for 7 Lo L4 h so as to have

rrniform temperature of the sample. once the maximum or
minimum required temperature of the sealed sample holder
with wheat sample was reached, the sample holder was taken
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out of the temperature controlled chamber and connected- to
the warmed-up experimental set-up. The rate o,f increase

or decrease in temperature at tlre beginning was about

2oC/min while, after some time. it was reduced to 0.2"C/mín.

Except for some time at the beginning, the rate was slow

enough to permit thre permittivitl- measr:remen'ts as a func*

tion of temperature. The maximum temperature difference
observedr ât arly tj-me, between the two extreme, ends of the:

sample was 1"C.



C}IAPTER VI

EXPERIMENTAL PROCBDURE AND RESULTS

6.1 Electrical Measure¡nent Procedure

Before making measurements of the dielectric prop-

erties, the sample hol-der was calibrated with all monitor-

ing as well as protective elements attached to it, as

described below.

The block diagram of the experimental set-up used,

aL 2.45 and 9.40 GHz, for the calibration of the sample

holder is shown in Fig. 6.1. The set-up consisted of a

microwave signal generator, frequency meter, variable pre-

cision attenuator, slotted 1ine, and the SI¡IR meter. As

mentioned before, the uniform rate of increase or d.ecrease

of temperature was achieved using an empty section of tlie

waveguide (brought to the maximum or minimum temperature

along with the sample)reur acrylic ríng, and a thin mica

diaphragrm. The open end of the slotted line was connected

to an empty section of the waveguide. The other end of
the waveguide section, with a choke flange, \,vas connected

t.o an acrylic ring and a mj-ca diaphragm. The waveguide

section, acry1ic ring and mica diaphragn lrere inserted

between the sample holder and the slotted line to simulate

the effect of these components on the shift of voltage

rninimum in the subsequent tests.
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To calibrate the sample holder the following pro-

ced.ure was adopted:

1. The equipment , fo.r calibration purposes , was

connected as shown in Fig. 6.1.

2. The set-up,after being switched onrwas allowed

to warm.up for about 5 min.

3. The signal gienerator !ì/as adjusted to the requi_red

operating frequency and the precision variable attenuator
\,vas set at 0 dB.

4. The open end of the experimental set-up was

terminated with a short circuit.
5. The probe in the slotted line section was moved

to a voltage màximum and the gain control on the amplifier
vüas adjusted so that the pointer on the output meter was

at fulI scal-e.

6. The probe was then brought to a voltage minimum

and the reading on the output meter scale was noted.

7. Arithmetic mean of the two posítåons, as indi-
cated on the dial gage or vernier scale, corresponding to

equal signal levels on either side of the minimum, \,üas

taken as the true minimum.

B. The short circuit was then replaced by the empty

sample holder (with thêrmocouples fitted. in it), making

sure that the open end of the sample holder lies exactly
at the position of the short circuít.
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9. The reading as obtained from the precision

variable attenuator v¡as used as the true VSI¡trR in dB.

10. Steps 4 Lo 9 were repeated several times and

arithmetic means were taken as t:rue values for the short
circuit voltage minimum and the standinq wave ratio for

the empty sample holder.

Once the calibration at the required operating

frequency was complete, the sample holder containing thermo-

couples for monitoring the sample temperature was filled
with grain of the required moisture content, prepareC by using

the procedure mentioned in Chapter IV. A consistent fill-
ing procedure was used to maintaín the natural density of
grain in the sample holder. The sample holder, filled
with the grain of required moisture content, was sealed

with a thin mica díaphragm. The sealed.sample holder was

then connected to an empty section of the waveguide,

through the acry1íc ring, with non-metal1íc screws. As

mentioned before, (Chapter V), the acrylic ring, mica

diaphragm, non-metallic scre\,vs, and the empty section of

the waveguide \^/ere connected to achieve

1. thermal insulation,
2. uniform rate of íncrease or decrease of tempera-

ture, and.

3. preVention of moisture removal from the sample.

The complete assembly after being wrapped in a few layers
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of therrnaf insulating material, was raised to the maximum

or minimum required temperature by heating or cooling in
a temperature-control-1ed. environment for a period of 7 to
L4ln . The time period was selected to provid-e a uniform

temperature distribution in the sarnple.

After the sample achieved the maximum or minimum

required temperature, the cornplete assembly was brought

out of the temperature-controlled environment and connected

to the sl-otted line. The magnitude of the reflection

coefficient was measured using the precision vari-able

attenuator. The phase shift was determined as the shift

in voltage minimum positions between the sample and the

short circuit. As for the calibration, the minimum posi-

tion was obtained as an averagie of the two positions,

corresponding to equal signal 1eve1s on eíther side of

the minimum. The temperature at different points in the

sample was recorded as the voltage difference, obtained by

comparison of the sample thermocouple with a reference

thermocouple immersed in a medj-um of knov¡n temperature.

As the sarnple temperature gradually increased or

decreased to the environment temperature, the corresponding

voltage minimum position, attenuation, average sample

temperature r ârrd reference junction temperature v¡ere

recorded on data sheets along with the frequency of

operation, moisture content, and density. The complete
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data thus obtained wererr="u ao calculate the dielectric

constant and loss factor, as a function of temperature

and moisture content, using a FORTRAN rV G-level- computer

program given in the Appendix.

6 .2 Experimental Results

The dielectric properties of Neepawa wheat were

measured, over a temperature range extending from -2oo to
80"C, ât 2.45 ancl 9.40 GHz utili zing modified infinite-
sample-method. The moisture content rangie, in which

measurements were made, extend.ed from 0.5u to 262 (wet

basis ) .

For the measurements at 2.4s GHz, the sample holder
was constructed from i,{R-284 standard \^Taveguide with a

standard flange and comprising a pyramidally-shaped matched

load of about il8 cm,,: in length. The to.tal length of the

sample holder was approximately .33 cm and contained

three copper constantan thermocouples positioned inside
the waveguide to monitor the sample temperature. The des-

cription of the position and. orientation of these

thermocouples has already been presented in chapter v. The

voltage standing T¡¡ave ratio ort the empty sample holder with
the thermocoriples and mica sheet, as obtained from the

calibration, was 1.05 at 2.45 GHz.

A similar sampre hol-d.er used at 9.40 GHz was d.esigned
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from !VR-90 standard waveguíd-e components with a total

length of a-bout 25 crn The voltage standing v,/ave

ratio of the empty sample holder with the thermocouples

and the thin diaphragnn of mica sheet, in this case, \^ias

1.08.

6.2.1 Dielectric pqoperlies as a Fgnction of
Temperature

The directly measured quantities, for measurements

as a function of temperature, \^/ere standing wave ratio
and shift of the standing lvave pattern minimum with
respect to the calibration position. since these quantities
are directllz rel.ated to the ref'lection coefficient
f , , \/sTüR - 1 ^ 4r|g,
|vl = ffilt , 0 = Ë ; Aø shift of the minimum,

Àg - wavelength in the waveguiae-l , e , and e', can be cal-
J

culated from equations (3.10) and (3.11) usinq the computer

program given in the Appendix.The calculated values of e'

and e" as a function of temperature for various moisture

contents aL 2.45 GHz are marked by special symbols in
Figures:6.r2 and 6.3, while those for 9.40 GHz are marked in
FigmreS'6.4 arrd 6.5. Second-order curves of the form

)y - ro * alx + 
^2*- fitted to the experimental_ data by

r function. T- [o, â^ âr xi u"*rz)' for
ilf \-r- o r t )

et and e" at all moisture contents are shown as continuous

curves l_n Fígures 6 .2 to 6.5.
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The vertical lines through every fifth data point

represent the maximum estimated. uncertainty in measure-

ments as calculated from the relations gíven in Section

3.2. The moisture content and the corresponding density

values are also indicated. All the calculat-'ions and the

plotting were done with the help of the computer program

given in Apoend.ix utilizLng an IB¡4 360/65 computer and

the attached Calcomp Plotter.

6.2.2 Dielectric Properti-eq as a Function oÍ.

Moisture Content

The measured values of the dielectric properties,

as a function of tenperature at, various moisture contents,

v/elre utilized to determine the relationships between the

dielectric properties and. moisture content. The relation-

ships between the dielectric constant anC. moisture content,

at vaiious temperatures, were obtained as follows:

1. The values of die'Lectric constants \"Iere calcu-

lated at different observed sample temperatures for a

particular moisture content, from the observed data.

2. These observed diel-ectric constants and temp-

eratures were utilized to determine the second-order curve
nt

coefficients by minimizing the relation I [V.. a^ â,x.
zlz 

-r ----J i3r\-r o I l-

a^x. I .¿L)

3. Steps I and 2 Þrere repeated. for other moj-sture
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contents.

4. Second-order curve coefficients cal-cul-ated in step

3 were then used to determine the dielectric constants,

at the preselected temperature, for all moisture contents.

5. using the data calculated in ster: 4", the dielectric
constant as a functi-on of moisture content was calculated at
'trre particul-ar, temperatures .

6. Steps 4 and 5 were repeated for six different
temperatures.

The above mentioned steps were repeated for the calcu-
lation of the loss factor. six different temperatures

selected were -20", 0o, 2Oo, 40o, 60o, and BO.C. The

curves for dielectric constant and loss factor as a function
of moisture content are shorvn in Eigs . 6.6 and 6.7 , res-
pectively, for 2.45 GHz while those for 9.40 GHz are plotted
in Figs. 6. B and 6.9.
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CHAPTER VII

DISCUSSION OF THE EXPBRIMENTAL RESULTS

Introduction

Dielectric properties of agricultural materials

vary with frequency and temperature and are also highfy
dependent upon moisture content and density.

A brief general discussion of the influence of
frequency, temperature, moisture content, and density on

the dielectric properties of agricultural products is
presented. l:e low .

7.I.7 Frequency Dependence of the Dielectric

lroperties
The d-ielectric properties are dependent upon the

frequency of tiie alternating field. For a ireterogeneous

drixture tlie complete frequency range, from few Hz to visibl_e

fight region, can be basicalty divided into four dispersion

regions. Each of these regions corresponds to the absence

of the influence of a different mechanism of polarization.
The polarization by an alternating electric field

in heterogeneous systems, like grain, can be classified
under three main headings:

1. Interfacial poJ.arízation d.ue to the localized
accumulation of free charge carriers, against a defect or

a boundary layer, whj-ch induces its image charge on an

62
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electrode and gives rise to a dipote moment.

2. Orientational or dipolar polarization due to

the partial alignment of tkre permanent dipoles in the

fiel-d direction.

3. Ind.uced or distortional_ polarization in the

field direction due eíther to:

(a) displacement of electrons relative to a

nucleus t or

(b) displacement of ions from their zero field

equilibrium positions 
"

As the frequency of the applied electric field in-

creases, the contr-ibuticns to the polarization from these

mechanisms vary. Similar to humanr;tiss,ues.. -r:l - (Schwan,

1963) , agricul-tural products al-so exhibit three dispersion

regions, o,, ß, and y (Fig. 1.1) .

The only mechanism possilcle for cl-dispersíon is the

interfacial polarization. The dielectric losses, corres-

ponding to frequencies up to few kilo-Hertz, are_ ìreferred

to-:las-,r-the ¡.',.:. Maxwell-tr'Tagner type. An extensive review of

the Maxrell-I^fagner lossgs wâs presented by van Beek

(re67).

The occurrence of dielectric losses corresponding

to ß and y dispersions can be explai:ned, as follows: at

low frequencies the polarization easily follows the alter-
nating fietd, thus its contribution to the dielectric
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constant is 1arge, and no l-osses occur. For frequencies

higher than the rel-axation frequency, the field alternates

too fast for the polarizatùon to follow and there is no

contribution to the dielectric constant, and al-so no energy

is lost in the medium. Between these two extremes the

dipole reorientation starts lagging, and the energy is

dissipated. The dielectri:c constant and the loss factcr

as a function of frequency for this mechanism. areill_us-

trated in Fig. 7.L. Debye (L929 ) empíricatly developed

a mathematical formulation which can be expressed as

e=eJ+(tå rJ)/ (l+jot)

Separating into real and. imagi.nary

where

The loss factor, E" , peaks when

relaxation frequency e" has the

e' has the value (rå + rå) / Z.

other models and examples of

components

)2(¡T)

(7. 1)

yields

(7 -2)

(7 .3)

low frequency value of the dietectric constant,

high frequency value,

relaxation time, Lhe period associated with the

time for the dipoles to revert to random

orientation.

^t
s

-t¿
co

T

(Á) = 2rf = Llr, and, at

value (rå r;) / 2 ar'd

Further details about

pure liquids following
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Debye dÍspersion can be formd in many references, including
Anderson (1963) , and niIl et al. (Lg6g) .

For wheat, the dielectric losses correspondi_ng to ß-dis-
persion;-:Ln;-the megahertz rar'ge, are probably caused by

the ad.sorbed water while those corresponding to y-dispersion
in'the' - gega-hertz range, can be related to the loosely
bound water.

Two smaller contributions to the total polarization
come from electronic polarization, the displacement of
electrons of atoms with respect to the nucleus, and atomic
polarization, the d.isplacement of nucl_ei with respect to
one another.

7.I.2 Temperature Dependence of ilre Dielectric
Properties

Dielectric properties of materials are also temp-

erature dependent. Tn polar materials the relaxation fre-
quency increases with temperature, and examination of
equation (7.1) reveals that the dielectric constant will,
therefore, always increase with temperature in the region
of dispersion. rn the absence of diel-ectric losses , the
dielectric constant for such materials decreases with in-
creasing temperature (Böttcher, J,g52) .

According to deloor (1968), for dipolar material-s
q^ I

-Tr t 0 for all frequencies (7 .4)
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^^ll+<0forf<frelaxati"on
d'1'

^^n
ïT t o for f > f relaxation.

(7.s)

Temperature d.ependence of the dielectric propertj_es

of agricultural products containing water is mainly con-

trolled by the presence of adsorbed water and loosely

bound water. Tt is well known that for free water diel-ec-

tric losses drop to negligible values below 0oC (freezíng

point of free water).

Fig. 7.2 shows the dispersion characteristics of
free water for different temperatures, and although pure

free water rarely appears in agrícultural materials, this
figure gives a general idea of water relaxation phenomena,

which for free water occur: at microhrave frequencies.

7.L.3 rn€lge"ce of Density % the Dielectric
Properties

Agricultural materials of interest are in the forn
of heterogeneous mixtures of a granular material with ai r.
The macroscopic behaviour of a mixture o:[ a granular mat-

erial witrr dielectric constant ri dispersed in a continur¿m

with dielectric constant eo can be described by the

tLr-eoretical formulas given in literature including eöttcher
(L952) and deloor (1968) . It h-as been shown (deloor, L96B) ,

that for ellipsoidal granules of equal sj-ze and. eccentricity
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the macroscopic permittivity of the mixture can be

expressed as

(7 .6)
where

ti - volume filring factor of the dispersed grranules,

A.¡ depolari zaLion f actors along the main axes ofl'
the ellipsoid,

e:k effective internal permittivity.
The variation of the dielectric constan-L with th_e volume

filling factor is shown in Fig. 7.3. From this figure, it
is evident that an increase in the volume filling factor
of the material with higher dielectric constant results in
an increase of the dielectric constant of the mixture.

rt is, therefore, evident that the dielectric con-

stant of wheat should increase v¡ith density. This fact, i.e.
increase of dielectric constant with sample density, has

been confirmed by Nelson Ã972). According to Nelson (Ig72) ,

the dielectric constant increases almost linearly with
density. The loss factor rrrras also found to increase linearly,
except for a smal-l þortion in which- it first decreased and

then increased. These non-rinearities in th_e dielectric
constant and the loss factor might be because of tlie vari-
ation of effective internal permittivity, e* in equation
(7.6), with the density.
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7.L.4 Moisture Conteht Dependence

As mentioned in tLr-e previous sectic¡n, agricultural
materials are h-eterogeneous mixtures of a granular material-
with air. The fact that th-ese materials contain water
complicates the picture because water in such systems may

appear in three different forms; free water, adsorbed

water t or vrater of crystall_ization.
The macroscopic diel-ectric behaviour of a hetero-

geneous mixture has already been briefly described in the
p::cvious section. From the equation (7 .6) it is clear that
the dielectric properties should increase with l-ncrease r-n
'àremoisture content. According to deloor (1968), the maxi-
mum and minimum limlts of the dielectric constant of the
mixture can be obtained by substituting in equation (7.6)
g* = e* and e* = ro. Losses in the heterogeneous mixture
on the other hand depend upon tlie relative proportions of
the adsorbed water and the relatively free water. The

dielectric constant for bound water is 5.5 and temperature in-
dependent, while that for free water is approximately 80,

and is temperature d.ependent.

rn addition to a reduction in the dielectric con-

stant, adsorbed water also results in a spread of'flre reraxa-
tion frequency. Accord.ing to d.e],oor (f968) , when one of
the components of a heterogeneous mixture show.s losses of
dipolar origin, the relaxation frequency of the mixture is
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always the same or higher than that of th-e relaxing

component.

7.2 Discussion

In order to draw quantitative comparisons, experi-
mental results are presented in analytical form in
Tables 7.I to 7.AThese results were obtained for the natural
d-ensities of the grain at various moisture conten,is.

The diel-ectric constants, ât 2.BZ moisture content

f.or 2.45 and 9.40 GHz (Tablesl.l and7.2) , are 2.85L and

2.058, respectively, while the loss factors are 0.163 and

0.348, respectively. The same type of behaviour, the de-

crease of the dielectric constant and the increase of the

loss factor with increasing frequency, is also evident
for other moisture contents. The values of the diel-ectric
constant and the loss-factor agree fairly well, ât 2.45 GHz,

with the data presented by Nelson (L972) for room tempera-

ture. At 9.40 GHz the values reported here differ from

those presented by Nelson (L972) by more than the experi-
mental uncertaint{r but differences may be accounted for
by differences in the experimental material and the sample

density.

tligher values of the dielectric constant at 2.45 Gts-z

th-an at 9.40 G\lz and increase of the loss factor with fre-
quency, for al-l corresponding moisture contents and
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temperatures, suggest the existence of a relaxation fre-
quency above 9 "40 GHz. Similar prope.rties v¡ere reported

by Roebuck et aI. (L972) for potato starch.

At both measurement frequencies, the dielectric
constant has a positive temperature coefficient, sl ,dI

from -20oC to 80oC for all moisture contents above 2.Beo.

For 0.5? moisture content the temperature coefficient is
almost zero at 2.45 GHz, thus resulting in a constant

value of e' from -20oC to B0oC.

At 2.45 GTlz the loss factor first increases and

then decreases with temperature indicating the existence

of an apparent maximum. The temperature of maximum losses,

as shown in Table7.l, increases vzith moisture content from

35oC for 2.BZ moisture content to BloC for 232 moisture

content. The temperature coefficient, H, over the entire
measurement temperature range was found. to be positive.
In comparison, there is no apparent maximum for loss fac-
tor at 9.40 GHz and it continues to increase steadily.
Positive temperature coeffj âÊ"-cient, fr, suggests the exist-
ence of dielectric losses of dipolar origin, ât microwave

frequencies, with a relaxation frequency below the micro-

wave region.

The temperature coefficient, F, remains almost

constant up to L2.32 moisture content and changes suddenly

from 0.009 to 0.013, at 2.45 GHz and 0.005 to 0.016 at
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9.40 GHz, when moisture contenL increases from 12.32 to
L6.72. This sudden change of temperature coefficient
indicates the existence of two rang:es of water binding
forces (Stuchl-y , 1970) , the first for lo'nr moisture con-

tent in which water in the wet substance is bonded. by

the large forces of absorption, and the second. in which

water is loosely held in the kernels.

From Figs. 6.4 and 6.5, it is found that for
moisture contents above L2.3? experimental points are

oscillating around the smooth curve. These oscillations
might be because of moisture migration near the open end

of the sample, which were not observable for lower moisture

contents (prívate communication, Kraszewski , A., Inst.
of Physics, Polish Academy of Sciences, ZieLna 3"7, 00 108

trVars zawa, Poland) . The most probable reason for this
migration is the temperature difference at different points
in the sample, particularly when bhe sample temperature

differs from the environment temperature by a large amount.

The dielectric constant and the loss factor at both fre-
quencies and for moisture contents up to 262 change smoothly

through 0oC, the freezing temperature of free water. This

indicates that water is in the adsorbed form even for 26z

moisture content. similar behaviour has been observed for
starch by Guil_bot et al. (1960) and for granular potato

starch by Stuchly (1970) and Roebuck et al. (L972).
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According to equation (7.ø), the dielectric con-

stant as well as the l-oss factor should increase with
moisture content. It is found, from Tab1es7.3 and1.4, that
both the dielectric constant and the loss factor are

linear functions of moisture content for all temperatures

and at both frequencies. similar behaviour, i_.e. linear in-
crease of the dielectric constant ivith moisture content,
was also observed by Nelson (1965b) at lower frequencies

and for a narrov,/er range of moisture content.
Linear relationships between the dielectric prop-

erties and moisture content seem to be result from the
natural sample density because non-linear relations were

observed for constant sample density (prívate communica-

tion, Rzepecka, M"4., Department of Electrical Engineerirg,
univ. of Manitoba, winnípeg, Manitoba, Lg72) . The linear
relationship between the dielectri c properties and moisture
content should prove to be of great a_dvantage in the
design of the microwave moisture meters 

"

7 .3 Suqgestions for_Furthe.r Studig-å

7 -3-r studw of the Naturg of I¡rater in wheat and

Other Seeds

A considerable nr¡nher of electrical instruments have

been designed for estimating the moisture content of vari-
ous materials, including cereal grains and their pr:oducts.
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TABLE 7.3

RELATTONSI{IPS BETWEEN DIELECTRIC PROPERTIES AND
T4OISTURE CONTENT FOR 19 71 NEEPAI^IA I]ARD RED

SPRING !'IHEAT AT VARIOUS TEMPERATURBS
AT 2.45 GHz

PROPERTY TEMPERATURE
OC

REGRESSION
EQUATION

Dielectric

Constant

-2ü.00

0.00

20 .00

40.00

60.00

80.00

2.335

2.353

2.40L

2.480

2.590

2 .73r

0.025 MC

0.044 MC

0.059 MC

0.070 MC

0 .076 MC

0.07I MC

Loss

Factor

-20.0

0.0

20.0

40 .0

60 .0

80.0

0.052

0.077

0.094

0.103

0.105

0.099

0.006 Mc

0.016 MC

0 .021 MC

0 .023 IVIC

0.021 MC

0 . 016 l4c
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TABLE 7.4

RELATIONSHIPS BETWEEN DIELECTRIC PROPERTIES AND
MOISTURE CONTENT FOR 1971 itrEEPAÌ¡IA HARD RED

SPRING I^THEAT AT VARIOUS TEMPERATURES
AT 9 .40 GHz

PROPERTY TEMPERATURE
OC

REGRESSION
EQUATION

Dielectric

Cons tant

-20 .0

0.0

20.0

40 .0

60 .0

80"0

I.924

1.939

1.953

1.963

L.97L

r.9 76

0.013 Mc

0.023 MC

0.039 MC

0.060 MC

0"086 ruc

0.118 MC

Loss

Factor

-20 "0

0.0

20.0

40 .0

60 .0

B0 .0

0.260

0.252

0.249

0.250

0 .256

0.267

0.031 MC

0 "036 MC

0.041 MC

0.045 MC

0.050 Mc

0 .055 MC
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The electrical properties of grain do not depend sole]y

upon moisture content but are al-so functions of tempera-

ture and density. The influence of temperature anct

moisture content on the dielectric properties of wlreat

are shown in Figs . 6.2 to 6.9 at two different frequencies.

These properties \^¡ere, hov/ever, obtained for natural d.en-

sity (without compaction) of the grain. Since the per-

mittivity varies with the grain density, it would be use-

ful to examine the density tiependence o:f the dielectric

constant anC. the loss factor of the grain.

The dielectric constant at 2.45 GHz was found to
be higher than that at 9.40 GItz while, the loss factor

inlas higher aL 9.40 GHz, tlius suggesting the existence of
a rel-axation frequency above 9.40 GHz. Determination

of the dielectric properties for frequencies higher than

9.40 GHz should help to explain these facts. The measure-

ments should be performed over a broad frequency and temp-

erature range to incl-ude, if possible, the relaxatj.on fre-
quency and the freezing point of free water.

In add.ition to the above-mentioned studies, the

dielectric properties at temperatures much rower than -p0"c
and over a broad moisture content range are required to

determine how far thr-e water remains in the bound form.

Finally, the activation energies and thus the

nature of bind.ing forces can be examined from the
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dependence of the frequency of maximum losses on an in_
verse of temperature.

Relatingr sa-tisfactorir-y7 the dieiectric constant of
a mixture to the dielectric constant of its components is
a ma-jor problem in fl.ie dier-ectric mixture theory (Tinga,
1969) . The fir:sJ- factor i ir ilevel_oping the geometrical
model is the shape of the kerne] and the rer-ative size of
its axes. This requires an extensive study of the shape
and- sj-ze of kernels at different temperatures and moi_stilre
contents.

rn adclition to the kernel's shape ancr size study,
knowledge about some other topi-cs is also needed.. These
topics are:

1' Air and water vor-umes at different moisture con-
tents and specific gravities.

2. specific aravì ty of adsorbed. water as a function
of moisture content.

3' void vorume and specific gravity of grain and
seeds as a funct-.ì_r:n of moisture content.

From these studies and. v¡ith the help of
data of the dielectri.c properties of grain and

functions of temperature, moisture content and

a suitable geometrical model can be developed.

experimen-Lal_

seeds as

frequency,

7.3.2 Study of the Geometrical l{odel for Optimum
Application oll4e lr{ixture Theory for Grain and seeds



CHAPTER VIII

SUI4MARY AND CONCLUSTONS

B.1 Summary

The need for the knowredge of the dierectrÍc prop-
erties of wheat at microwave frequencies is discussed, and

the potential for the utilization of electromagnetic methods

is considered. The definition, different mechanisms of
the dielectri-c polarization, and the literature available
on these topics is presented. other topics discussed in
the introduction include different types of dielectric
materials and their temperature depend.ence, dielectric
properties, of biological matetials, and a brief introduction
to the mixture theory.

It{ethods and techniques for the determination of the
dielectric properties of different materi-als in the
microwave frequency rangfe are revi-er¡ed. on - basis of
the criteria imposed by the nature of the agricultural
materials and different measurement procedures available,
a wavequide measuri-ng system is described in some detail.

Basie principles are verified and the mathematical
relationships for the calculation of the dielectric properties
of the material from the slotted section or network analyzer
measurements âre presented. Different possibl_e errors are
reviewed and the theoretical formulas for the errors due

B2



B3

the reflection coefficient and phase shift measurements

derived.

The test materiar- selected, methods of sample prepara-
tion, and measurement methods for moisture contentr grain
density, and temperature cletermination are also descril:ed.

The design of *- sample holder suitable for granu-
l-ar materials is presented. speciar- methods used for re-
taininq moisture content and maintaining the uniform rate
of increase or decrease in temperature of the sampre are
also mentioned.

To car-curate and prot the permittivity values obtain-
ed from the observed parameters, a computer program with a

numl:er of unique features v/as developed. The program tai<es
into account the readings obtained v¡ith different systems
(network analyzer or slotted line). The average of volt_
ages, obtaíned from the comparison of the copper-constantan
thermocouples installed in the sample hol-der and the refer-
ence junction thermocouples, along with the reference junc_
tion temperature were fed directly to calculate the exact
temperature of the sample. other convenient features of
the program include the calculatÍon and plotting of all_ the
experimental points, plotting of the values obtained with
the l-east-square second-order-fit coefficients through the
experimental points, and the uncertainty plottings for the
dielectric constant and loss factor as a function of

to

are
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temperature at various moisture contents. The d.ierectric
properties were calculated and plotted as a function of
moisture content based on th-e values available as a func-
tion of temperature at various moisture contents. A com-

plete description of the computer program used is included
as an Appendix.

Results obtained at 2.45 and 9.40 Grlz for tempera-
tures -20oc to B0oc and moisture contents from 0.5? to
262 are presented in analytical as well as graphical
form. Dielectric properties are presented as a function
of temperature at various moisti¿::e contents and as a func-
tion of moisture content at different temperatures. sample

densities at dífferent moisture contents are given in the
plottings.

The experimental- curves were examined, as a functi on

of frequency, temperature, and. moisture content, in the
light of the basic polarization mecha¡isms and the mixture
theory. For this purpose, a brief review of the mixture
theory for heterogeneous systems is also presented.

suggestions for further studies incrude the influ-
ence of density on the die't ectric properties of wheat,
measurement of the dielectric proper'ties for frequencies higher
than 9-40 GHz over wide rang'es of moisture contents and.

temperatures, and .- studie.s invol-ving the variation of
air and water volumes for different moisture contents and

temperatures.
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o,)4.4 Conclus ions

The following concrusions are d.rawn on basis of
th'es;çps¡imental results obtained and the data availabl_e in
Li:eliterature:

1. Modified-infinite-sample method serves very
well for the determination of dielectric properties of
high loss granular materials,such as grain.

2. Standard waveguide components can be easily
modified for:

(a) monitoring the sample temperature,
(b) prevention of moisture removal from the

s ample, and

(c) therma] insulation of the sample.

3. The dielectric constant and r-oss f actor for
wheat with natural density (without compaction) vary
almost linearly with moisture content, over a wide range

of temperature.

4- The existence of two ranges of water bonding
forces is confirmed, the first for low moisture content
in which -,: i^¡ater in the wet substance is bonded by the
large forces of adsorption, and the second in which the
water is loosely held in tlre kernels.

5. Dielectric losses at microwave frequencies for
dry orî almost dry wheat are very small and are of dipolar
origin with relaxation frequenry well belou¡ th-e microv/ave

region
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6. Dielectric losses at microv/ave frequenc-i-es for
wet wheat are also of dipolar origin with relaxation fre-
guency below the microwave origin.

7. Partially free water has a relaxation frequency
above 9 .40 GHz.

B. up to 262 moisture content, ivater is predomin-
antly in the bound form and dielectrÍc properti_es do not
change substantially at the freezing point of free water.



REFERENCES

Al-tschuler, Ir.M. 1963. Dielectric constant. ch. rx,
pp. 495-548. rn Handl¡ook of Microwave r4easurements,

14. sucher and J. Fox, eds., polytechnic rnstitute
of Brooklyn, polytechnic press, Brooklyn, N"y.

American society of Agricultural Engineers. Lg72. ASAE

standard: ASAE s352, Moisture Measurement -- Grain
and seeds. Agriculturar Engineers yearbook, pp. 384,
American Society of Agricultural Engineers,
St. Joseph , tr4j. ch .

Anderson, J.C. l-963. Dielectrics. chapman & Hall Ltd. ,

London.

eöttcher, C. J. F. Ig5Z. Theory of el_ectri c polari zatíon ,

Elsevier publishing Co., N.y.

Bussey' H.E. 1967. Measurement of RF properties of
materials -- A survey, proc. ÏEEE, 55:r046-1053.

Davies, M. L969. Dier-ectr:Lc dispersion and absorption
and some rerated studies in cond.ensed phases.

Ch. V, pp. 280-46I. In Dielectric prr:pert:l_es and

B7



BB

l4olecul_ar Behavioulr, N.E. Hi1l, iV.E. VaugLr-an,

A.H. Price, and. M. Davies. Van Nostrand Co., N.y.
Debye, P- L929. por-ar Molecures. The chemicar_ catarog

Co., t'1 .Y.

de],õo''ny ' GGPF " 196 B. Dier-ectric properties of hetero-
geneous mixtures containing water, J. Microwave

Power , 3 (2) :67 -7 3 .

Franceschetti, G. L967. Methods for measuring the com-

plex permeability ancl permittivity at microwaves,

Alta Freguenza, 36 2757-764.

Frances chetti , G. and s . sil-leni . rg6 4. Measurement

techniques and experimentar- data on mixture-type
artificial_ dielectrics, Alta Frequenza, 33 (ll) :

7 33-7 45 .

Guilbot, A., R. Charbonniere, p. Abadie, and p. Girard.
1960. L'eau de sorption de I'amidon: ELude par
spectrologie hertzienne, Die Stärke, 12 (11) : 32 7_332.

Hamid, M.A.K., C.S. Kashyap, and R. Van Cauwenberghe.

L96B- contror- of grain insects by micro\,^rave power,

. J. Ir[icroin¡ave power, 3 (3 ) :L26_135.

Hamid, M.A.K- and R. J. Bouranger. rg69. A new method

for the control- of moisture and insect infestations
of g'rain by microwave r,ov¡er, J. Microwave povrer,

4 (1) : 11-18.



B9

Hi11, N.E- , E. Vaughan, A.Ir. price, and. M. Davies . Lg69.
Dielectric properties and molecular behaviour.
Van Nostrand Reinhold Co., N.y.

Hlynka, r. ancl A.D- Robinson . Lg54. Moisture and its
measurement. Ch. f, pp. I_45. fn Storage of
cerear Grains and their products. J.A. Anderson

and A.W. Alcock, eds., American soci-ety of chemists,
St. paul, Minn.

rsl<ander, M-F - L972. permittivity measurements in time
domain . Unpublished Ir{. Sc. thesis , University of
Manitoba , Ia7ínnipeg, Man .

I(raszewski, A. 1970. Microwave equipment for ind.ustrial
moisture measurement and contror-. Fifth rMEKo

Congress, Versaill_e, France, May Ig7O, paper B_2Lg.
Montgomery I c-G. Lg48. Techniques of micro\¡/ave measure-

ments. Vol. 11, t'TT Radiation Laboratory Series,
McGraw-I{ill Bool< Co. , Inc. , N.y.

Nelson, s.o. l965 a. Electromagnetic radiati_on effects on

seeds- Electromagnetic Radiation in Agricurture,
Conference proceedings, Oct. 1965, IES_ASAE,

pp. 60-63.

Nelson, S.O. L965b. Dielectric properties of grain and.

seed in the 1 to 50 Mc range, Trans. ASAE, B(1):
3B-48.

Nelson, S.O. Ig7I" Electrical properties of agricul_tural



products A Review. presented at T,,vinter Meeting,
American society of Agricur-tural Engíneers, chicago,
I11., Dec. L97L, paper 7I-847.

Nelson, s.o - L972. Frequency dependence of the d.ierectric
properties of wheat and the rice weevil. unpublished
Ph. D - disserta.tion, rovra state university Libr ãTy ,

Ames, fowa.

Redheffer, R.M. rg48. The measurernent of dielectr-.,c
constants. ch. x/ pp.' 56r-678. rn Techniques of Microwave
Measurements, C.G. Montgomery, ed., VoI. 11, MfT

Radiation Laboratory series, McGraw-Hil1 Book co.,
Inc. , N. y.

Roebuck, 8.D., S.A. Gol_dblith, and W.B. I{estphal . Lg72.
Dielectric properties of carbohydrate-water mixtures
at microv/ave frequencies, J. Food science, 372r99-204.

Rzepecka, M.l\., s.s. stuchly, and 14.A.K. Harui_d. Lg73.

Modified i-nfinite sample method for routine permitti-
vity measurements at microwave frequencies, rEEE

Trans - on rnstrumentation and Measurements, wirl
appear in VoI. 2L.

schrvan, H.p - r9s7- Electricar properties of tissue and

cell- suspensions r pp . 147-209 . In Advances in
Biological and l{edical physics, Vol. 5, John H.

Lawrence and Cornelius A. Tobias, ed.s. , Academic

Press , Inc. , N. y.

90



91

schwan, H.P. 1959. Alternati-ng current spectroscopy of
biological substances, proc. rRE, 47 (rr):184r-1855.

schwan, H.P. 1963. Determi-nation of biologícal impedances .

Ch. VI , pp. 323-407. In physical Technic{ues in
Biological Research, yoL. 6, W.L. Nastuk, êd.,
Academic press , Irrc. , N.y.

stetson, L.E" and s.o. Nelson. Lg7o. Audio-frequency

dielectric properties of grain and seed. paper No.

70-802, presented at i{inter }.{eeting, American society
of Agricultural_ Engineers, Chicago, I1l_.

stuchly, s.s. \970. Dielectric properties of some granulerr

solids containing water, J. Microwave power,

5 (2) 262-68.

Tinga, W. R. 1969. t4ultiphase dielectric theory aþplied
to cellulose mixtures. unpublished. ph.D. thesis,
The Universitlz of A1berta, Edmonton, A1ta.

Van Beek, L.K.H. 1967. Dier-ectric behaviour of hetero-
geneous sys tems . Ch. III , pp . 6g-LL4. In prog.ress

in Dielectrics, Vol. '7 , J.B. Birk, êd., London

Heywood Books.

vaughan' vü.E - 1969 - Experimental methods. ch. rr, pp. 10 B-

190. fn Dielectric properties and Molecular

Behaviour, N.E. Hill, W.E. Vaugnan, A.H. price, and

t'4. Davies, eds. , Van Nostrand ReinÌto1d. Co. , i\i.y.



92

Von Hippel, A. 1954. Dielectrics and. waves. John wiley
and Sons, Inc. , lJ.y.

I'üestphal, i^i.B . L954. Dielectric measuring techniques ,

A. permittivity, B. Distributed circuits. ch. rr,
pp. 63-L22. fn Dielectric Materials and Aoplica_
tions, A. R. Von Hippel, ed. , John l,üiley and. Sons,

Inc., N.Y.

westphal, tr{.8. 1950. Techniques of measuring the per-
mittivity and permeability of li-quicrs and solids
in f requency range 5 Hz to 50 GrJz. Tech. Report 36 ,

Lab. for Insulation Research, MIT.



APPENDIX

CO}4PUTER PR.OGRAM

In anticipation of a large number of experimental

points, a computer program was developed to calculate the

values of e' and e" and their uncertainties as a function

of temperature at various moisture contents. The program

was designed for the general case and accomodates input

data ta-l<en from the net\^/ork analyzer or slotted line

system.

Calculations lvere programmed for computation on an

IBM 360/65 cornputer attached with a Calcomp Plotter 750/563

using FORTRAN IV programming language. This program, with

present dimensions, can be used for a maximum of seven

sets of moisture contents and each of these moisture con-

tents can contain a maximum of forty data points at differ-

ent temperatures.
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2I /20 /39FORTRAN IV G LEVEL 20.I MA TN DATE = 73078

c

INTEGER NNf 7)
DIMENS I0N t B (7COO I r DEpSR (7, 40), DEPS I f 7, 4C),T I l02l r E ( 1O2)
REAL REFL( 7 t4O I, ANGL (7 r40 I r TEM pE 11 t 4Ol, t'îC I 7 )' 
REAL EPSI( 7'40) ?EPSR (7'40)'ÁA( 2r 2l rBB( 2t2l tCC(2r2 I rDD( 2t2l;EEl2;21

c --n¡fñ pCoöanu Èoq carcuLAT rñG- oieltörnIc -pnopenrìrd'Énö¡r
C_.. .'lHE REFLECTI0T\ COEFFICIENT 0R STANDING HAVE RÀTIO rúEASUREMENÍS
C INPUT CATA DESCR IPT ION
C M l'\tJtrBER 0F DATA SETS (HOISTURE CONTEÀITS ¡

C F FREOUENCY IN GEGA HERTZ FOR PLOTTING
C- --- .. TMIN ,PIN TMUM TEMPERATURE TO BE PLOTTEN. ----,..._..--.,,-,.-....
C TINC ITICREHENTAL TEI'TPERATURE PER INCH
C ERMIN üTNI¡IUM EPSR TO 8E PLOTTED

EIMIN 14 INIHUM 'CPS I TO BE PLOTTEO
ERINCß¡!-\lc_ rriçBqäçNi¡_L q?5ß PER. ¡r'!çHIeiröt- cúÎ-oFe riÀvÈùÊñGïn rñ iÈrur-luriER-s--

c
c

.c .. ,___ LEMg._l______,hAVEGUtDE HAVELENGTH IN CENTIMETFRS
C KKK CONTROL INTEGER ONE FOR NETHNRK ANALYZER

, C _ 1ND ANY 0THER IIUMBER FOR SLOTTED ! I.h'€
C N ÀUHBER OF TEI,IPEF.ATURE POINTS
C MC FOISTURE CONTENTS IN PERCEN-Í

-*--e -- t 
---'-ïRËF-- - --'F 

E F R EN cE- J uñCr r0 N- 
-r 

EM p ER ÃriJR E i ñ-rÃ-ÈäÉñu
C REFL !SHP. OR RETURN LTìSS IN DB
C -ANGL - 

PHASE SHIFT IN CI4S OR IN DEGRFES
C TEÈ1PE ÊVERAGE VOLTAGE IN MILLI-VTLTS

0c0r -'co|tPLEX XA, yA,zL,Z
OOO2 COI|ÍPLEX CMPLX--oco3 ---ii{recEn KKK r ti-

cc08 REAL LEHC,LEMGTLEi\ìTTREF(7lrXl40)ry(40),0(10)rÂ(l0rt0lrXX(22C1- - ccoe --REAL y\t22ot ;e (10) 
"c'(40;-i0i'---' -REAL LEi'rCl ( ? Lt,Er.lGl( ll

REAL OTR(7r3) rCTI (7r3t rDf-iR(7r3 ) ;DMI {7r3}
READ4Oî14

0o 13 4ö FoRH ÁT (4 14 
'OOI4 READ4B,F

oôr5' REAr)4s,T'4ir'¡;-rrNc-ienui'ñ,ËniruöiErrritr,tï'fñc-------
D0 120 LL=lrM
READ4S I LEÀlC I ( LT', LEÍIIG]. ( LL }

READ4O,KKK ( LL )

, REÁD4O, N

C020 NN(LLI=N-,oozL--- -1e ¡or,a,r1ciLf ì;TREF(ütt*- -----

0c 04
0005
00 0ó
0rt0?

o022
00 23
o024

00 l0
001 I
00 12

0016
0017
00 tB
0019

CO25 48 FORHAT {8F8.3 } .
c

D0 13C LL=lrM
PRINTll0,¡,1C{LL}

1I0 F0RH/rI(rlrr20XrrMOlSTURE CON-[El.lTS = rrF8.3l
LEMC=LEi'1CI ( LL l

0030
-b'o 3l

co32--0033

0034
003 5

XE= (LEl'lC/L Eì4G I +*2 
"

003ó PR TNT20

oo26
oo21
002 B

oo29

RFAD4B r (REFL {Lt-r I I ' J=l¡ N I- READ48' { ANGL ( Lt r I ) r t =I r N}
LzO READ4Sr ( TEÞlPE { LL r I ) r ¡=l 1N)

LEMG=LEl"lGl ( LL I
XË= tIe nc¡¡- E14c if,*z
LEY=LEMC/SQRT (1.+XE)
FREQ=30" OlLE¡t.
PRINTI40IFREQ

140 FORMÂT(r Or T20XT.MEASUREIcENT FREQUENCY = rrFB.3ç rGFrZr'l



FORTRÂN IV G LEVEL 2O.I HAIN

. 95

DÂTE = 7307F 2Il2O/3

0037 20 FORHÂT('0rrl0xrrTEl,lP c"5xrrREFLECTI0N ccEFFrr5xt

cc 38
¡TPHASE ÁNGLEt tBXt'EPSRrt llXr tEPSI rr lOXr rþEPSRr rl0Xt'DEPSIT ¡

N=NNltLl

-0039 
--- __. DO 99 L=lrN,___-_

CC40 K=KKK(LLI
- 0041 ¡FfK.EQ.ltGo TC e40

RE=REFL(LL'Ll
_ ft= (RE-1. l/ I RE+l I

ANG= I 2.+3. LrtL6/LEHGt *ANcL ( LL 'L )
OO45 TEHP=TEMPE (LL,L I

-Oo/ro--'-_ TE¡lPl=TREFtr-r-1.++.2ii- ¡p=-lg-a"ietiÞ+rrNp-
004? TEHP E( LL rL I - f rEMpt-32. 1!.5. /9.
0048 GO T0 640
CC49 940 R=l-REFL(LL'1,/20.
0050 R=f lO.*+Rl,/lO. -- --- -'-:---
0C5l RE=( l+R l/( l-R )'--ocsz---- ANG=-ANGL(LL;Ll*2.+1.11ï61t'Bñ--

AN G= ANG/ 2.
IEt4pE(LLrLl =f TEMpE(LLrLl-32;l*5.19"- " -------:----

- OO55 ó40 XI=TAN{ANGI

oo42
.. 0c43

oo44

cc53'ao54

00 61
0cé2

C EPS T LOSS-FACTCR
c

0có5 çP-sR.t L! ?tt =ZZ+FEÂL ( Z )
EPSI (LLr L) =-Â It/AG f Zl
R1=R*R
AA( I r ll=( l.-R I )*COSf ANG)
A^12'21=ÂA(lrl)
AA( I rZ) =(f. +R I !*SIN( ANG ) --.

0071 AA(Zrll=ÂAf tr2l
BD (l r I ) =EPSR ( Lt.' L I -Y E/ t I +Y E )
BBl2'2)=BB( lrl.)' BB(l¡21=EPSIlLt.'L,
BB{2rl)=BBfl,2l
CC(Irll=1.

0c5ó X2=RE*X I
0057 XA=CFIPLX(RE r-Xlt--0058 ----YA=Cl'tPLX(1. t-X2l-- ---
CC59 ZI=XA|YA' 0060 Z=ZL+ZI

XE= ( LEMC/L EMG I **2.
YE=( l/XEl

00é3 Z=Z/ ( l.+yE )--Cbo+ - '- Z[=t/ t t.+xe i
c- 
C - 

. -- EPSR_ OIELECTRIC CONSTAÑT

c cóó
0c67
0068
0c69
0070

oc7 2
00?3
00?4
cc?5
00 7ó

00 79' 0080
0c 8l

0077 CC(1r21=0.
:_Cc7s -'-- Ccaz,t I =0.-

c
0082 DO I 45 l=1 r 2---0083 --- - DO 145 J=l '2 

- -- -'

CC(2r21=R
0B=4.0*RIi S I¡i (Êr,tGl*S IN (ANG¡+(l-;:Ri)**2. - --

DE=4./DB

SUH= 0.0
D0 146 K=lr2

0c B4
c0 85
Cee6 146 SUll=SUl'lçÂÂ( I rKtrtB[](KrJ¡' 00s7 L45 DD ( f rJ I =SU¡l
0c88 2L F0RMAIlr0', loxrFB.3r7XrFB.3r9x,FB.3rBXrF8.3r7XrFB.3r7XrF8.3r
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DI\TE = 7AO7A 2L/20/39

17XrFB.3l
CC89 .--_=_0O l4B I=1 12

FORTRAN IV G LEVEL 20.I IlAIÀ

DER=0.005+O.0O2/ ( I.0 t-R I I
. __ __DE T= 0. 02 5

0090 OO l48 J=l¡?

Oe92 DO t 49 K=I r 2
0093 149_ SUM=SUH+OD( IrKl*CC(KrJt
0094 L48 EE(I rJl=SUM*CE
0Cç5 K=KKK(LLI
009ó IF(K.EQ.I'Go'ÌO 98

C OER PAXTMUM ERROR IN REFLECTION COEFFICIENI

c
0097
G098
0099 GO fO 97
0100 98 DER=o.03*R* (1+F'

lio i---- -DET=ARS 
rN I DERTR i-

c-.. C DEPSR 
.. 

UNCERTAIN'TY 
.IN 

OIELECTRIC CONS.TANT

___.. __ ._ c-___- __ _ _qEP-s1..._-__ . uN.cqRIAI-uY__!N-_L_0_$:f¡çIct
c

0102 97 DEPSRILL'L)=EË(1rl)*DER+EE(l'2)*DET
-0103--- -äEpsI(LL;Lt;FE{2,1t*DER¡EEt2;2)*DET-'-----
_9194 PR INT2 I, TEilPE { LL, L } r R r ANGr EpSR (LL rL I r EpS I (LL r L I r

TDÊPSRILL IL ) IDEPSf (LL,LI
O1O5 99 CONT INUE

c
010ó D0 ló0 I=l r N- oloT - --Y( i t;EPSR( LL ;l t-- -

_0108 1ó0 X(II=TEMPE(LL,I)
0l0e CALL CURV( X rY r I0 ¡3t40sÌ\'rÂrBrCt Dt
0110 2t0 pRlNrlT0rD{llrD(2¡rD(3)
0t1l t70 FORMÂT(r0trloXrrEPSR = ttEl4"6rr+r;E14.6rrT +rrF14.6t.T*'ltl/l

c
C DTR LEAST SQUARE CURVE COEFFICIENTS FOR EPSR VS"c
c

01 l2-' D0 4ó0 I=1r3

TEHPE RATURE TN CENT I GRADE

0113 460 DTR(LLrI)=D(I)--'ôr r+- -- - Do 230 r =l; N

0tl5 Y(Il=EPSI(LL'Il
0!ló 23O XlIl=TEMPE(LL'tl
01 l7 CALL CURVI XrY' 10r 3r40r NiÂrBrCr Dl
0118 260 pRINT270¡D( l.) rCf 2l,D(3)
Ol19 27O F0RMAT(r0rrl0XrrEPSI = rrEl4.órt*rrEI4.6rrT +rrF14.6teÎ\<It//l----c---' --*-

c DTI _ _ çOE.FFICIENTS F0R_ EPS_I V_9 TE|'IPERATURFr
0t20 DO 780 I=lr3

. 0l2l 7Bo DTI{LLrIl=D{ll
OI2?- 130 CONT I NUE

------- c-'
c

0123 CALL PLCTS(t8,7000t
CALL FACTOR { I. OI

CALL PL0T(1.0,1.5,-3)
ol24
012 5

_ 9l?9 CALL AXISIO.,O. f I TÊi'ìf'ERATUR,E IN DEGREE CI I-24,IO.,O.,TI,1IN,TINc¡
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97

DATE = 73O7e 2ll2Ùl39

ol27
012 B
0129

0l 3r
ol12

c/rLL AXIS(O.r7.rf rr3rl0.r0.rTH¡¡¡TTJNC'
CALL AXIS(0.'C.rrDIEl.EClR¡C C0NST^1.lTr'19r7.r90.'[PMINTERINC] .

CÂLL AXIS(l0.,C.rr t r-3r7.r90.rERl4IN'ERINCI
__0 l30 -_ qALt .sYHBOt. I l. ró. t.I4tL2HFREQUENCY--=*-'-0-.-r12-¡...---

CALL NUllSER 1999. ¡999. r .L4tF r0. r2l
CALL SYI'1801 (99ç. r999.r.l4r3H GHr0.r3l

0133 CALL SYM8OL(ç99. ¡5.9t. 14rlHZr0.'l¡
_c

0134 DO I LL=lrH
._0135 _ _____ ______N=NN( çt, l+ I -_. . __

0l 3ó EPSR(LL'N)=ERPIN
0137 Ì€HPEILLTNI=TPIN
0l 3B N=NN ( LL l+ 2
Cl39 EPSRILL¡N)=ERINC
Ot40 TEMPEILL'NI=TlhC
0l4l N=NN(LLI-o[+z--'--
014 3 Tl I I =I-21
ol44 ç ElIt=DfR(LL,lt+DTRf LLr2t*T(II¡-DTR(Lf'3)tr(¡)*T(I¡

c
Al45 T( 101 ) =TMI N --

014ó T( l0zl=TINC-õi,.i - - Ëaioii=enr¡ I¡l ------_
Ct48 ElrOzl=ERINC
Ot49 CALL LINE(T'Erl00rlr0r0l

-- -- -ep;t 
Èt¡lt'¡ l-E RP I t\ I / ER INC

CALL SYl4B0L (TE rEP r.L4r5FfiC = rO. r5l.
cALL NUMBER(9ç9. '999. r.l4rMClLL ) r0. ¡21

c
0156 DO 14 I=IrN--or5z- -'-i(I'l=TE¡,'pE-(LLJ-l
0158 14 E(I)=EPSRILLTIt

N=NN (LL I
HM=Ll--l- 
CALL LtNEfTrErNrlr-Iriat¿'l

c-'otøz --- --óo -rö--i =l, Ñl s 
--

0ló3 TE= { TEI'IPE f LL 
' 
I I -TMI Nl /T INC

0!.ó6 CALL PLoT( TE , EP,-3)
0167 CALL SYHEOL(0.¡DEP'.07tórC.r-21
01 é8 CALL SYl4B0L (0. r-DEP r.C7r6r lB0.r-21
0Ló9 10 CALL PLoT( *TE r-EP r-3 l
O1?O .8 

CONTINUE

0153
01 54
0155

01 59
01 ó0
o1ó I

0l ó4
0ló5

01?r

ol 50
0t 5l

0l?3
c1 ?4
0175
0I 76

._ 9-r 77

HN= LL*l 0+ 5
TE= I T (HNI -T¡¿ I Tt) /:T I NC

cAt.L PLCT(15.r0.r-3 I

CALL t\XIS(0. r7.r I rr3rl0.r0. rTFlI¡.lrÏlNCl
CALL AXIS (0.r0.r rLOSS F^CTORr r llr7. r90.rEIMIN'EIrNCt

CALL ÂXIS(l0.rC.rr t t-3¡7.r90.rtilMIN'EIINCI
CALL SYl48t)L I l. r6. r.I4r I2ItFREQUENCY = r0. r 12l
CALL NUl4ßER (999. t9()9. 1 . l/rr Fr0.r 2)

EP= (EPSR(LLr I )-ERMIN)/ERINC
DEP=DEPSR { LL' I )/ (2*ERINC)

c
c

---ot.z -.CÀIL AXIS(o.ro.r,TEMpEiAru[e-rñ -nrõriËr- C;r=z+,ro.,o.lrriiñ,ilñCl-



FoRTRAN Iv c level zo.t HÂTN

9B

DÁTE = lzOla 2Ll2O/39

ot 7B CALL Syr{80L (999.,999.r.14r 3H GH,0.,31
0t?9 - -. C/\LL SYMBOL(99ç.r5.9r.l1rrlHZr0.rl¡

L

_0 180_ ___- DO_ 1l' LL=l rl4__-_
018 I
cl 82
018 3
018 4
olB5
01e6

N=Nl'llLLl+l
EPS!ILL'¡{I=EIPIN __________ _ _____

N-liNlLLl+2

5å'll'i:i:iåå "'
T(I )=l-21

' PRI NT5ó 
'T 

( l1P ¡ -

OI BB
0189
0t 90
0191

brsz-----12--e_t i¡=orr'rtfiri+Dïiftliz't+T-fJli-D-T-tTLf,jl*t-i-I-l*l-rT-i
..HH=I'EHAX=E(it -

' DO 55 l=2r 100
IF(EMAX.GE.E ( I ) tcO TO 55- 

-'--- -----
Ot92 Ël'lAX=E(Il--bts¡--- Mr1=I ---
OI94 55 CONT INUE
c195
019ó 56 FORtlAT ( r 0r ' 

I TEI/PERATURE 0F HÂX fMUM LOSS =. r ¡FB.3l
c

0197 E( lOll=EIHIN
-0198- -- -E(102)=EtINC-----

CrlLL LIt'¡E(TrE'l00rlrOr0l -.0l 99
0200
020 t
0202

HN=LL+ I 0+ 5
TE= (T (¡tNl-TM IN) /rINC
EP= (E (¡lN) -E Il¡Ill ) /E¡ INC

0203 CALL SyÀt8[L ( ïE,Ep i.l4r5HMC = rO. r5l-"ozo4' 
-- cAlL NUTiBER(ese;r9ee.;"iZì¡rifr-i-l;o:7f-

0205
o205
O2O7 15 E{I}=EPSIfLL'I}
0208 N=NN(LL)-'0209 

-- 
- 

Ml'l=L L- l
0210 cALL LINE(TrErNrlt-lrH¡{)
O2tl 0O 13 I=5rNr5
OZLZ TE=(TEHPE(LL' I )-THIN)/TINC
OZL3 EP= ( 5PS I ( L L r I )-E I¡rlN) / E f INC
O2L4 DEP=DEI'SI(LLrI )/(2rkEIIl.lC)'o2L5 - CALL PLOT(TErEPr-3)
o2L6 CALL SYMBOL(0.rDEPt.O1¡6tO.t-21
o2L7 cÂLL SYMBOLf0.r-DEpr.07rórlB0.r-2)
021B T3 CALL PLCT f_TE,-EP,-3I
0219 ll C0NTINUE "-:

c---- c-- -' -
0220 cAL L PLffi ( 15. ,0. ,-3 )

o22L CALL AXtS(0.r0.rrMOISTUßE CONTENTS IN PERCENTTT-28r10.r0-r0.r2.51
0222 CALL ÂXIS(0.r7.r t rr3rl0.rO.r0.12.5l

" 0223 cALL ÂXIS(0.,C.,'DIELECTRIC COttSTANTr,l9,7.r90.rtRt4INTERtNC) '

O?24 CALL AXI S( 10. r C. ' 
I r r-'3r ?. '90. rERM IN 

' 
ER f l'lC I--o?.25 --=-'-CALL Sy}lft0t-(1.,6.;.t4rlzHFP.EQUËNCY = ¡0rr

0226 CALL NUI.iBER(9S9.r999.r.1/rrF'0.'21
0227 CALL SYI'IBOL(ç9ç.r999.r.1/rr3H 6llr0.r3l
O?-28 C/\LL SYMBOL(99(;.t5.9t.1/rrlHZrO.rl)

c
0229 TT=- 20.0



FORTRAN TV G LEVEL 20.1 HAIN

99

DÂlE = 7307A 2Ll2Ol39

D0 l00l l=1ró
D0 150 LL=l rH
Y( LL I =DTRI L L I I ) + D TR ( LL I 2 ) * TT+D TR ( LL 

' 
U Ii iTOTT.

-.9t233_.__ ____15.0_ __X (tL l=llC ILL I _

0214 CALL CURV(XrYrlOt3t40tl{r¡rBrCr0l
0235 PRI NT450, TT rD ( I l r0f 2! rD ( 3l
0236 450 F0RPAT f,0 

"4F 
l0.3)

c-
0237 DO 1000 J=l r 100
0218 XX(JI=J/4.
O2r9 1000 YY(Jl=Dfll+0(2)*Xx(J¡+Df3l+XX(J¡*XX(Jl

XX(l0l)=0.
XX( 102 I =2 .5

YY(l0l)=ERHIN

0230
023t
ozt2

o240
0241
o2C¿
0243 YY( 102 l=ER INC
0244 CALL LINE( XX ry.fr l00r lr0r0l
0245 MN=LL*10+5
0246 TE=XX lMNl / 2.5
0247 EP= ( YY( MN t -ER ¡/l N, /ER INC
024e CALL SYl.i80L(TEtEPr.14r?HTEl,tP = r0.r7l

CALL NUMBER (ç99. r999.r.14rTTr0., I)r0. r I )QZ+e CALL NUMBER(ç99.r999.r.
0250 1001 TT=ÌT+20.--------c

cALL PL0T(15.r0.,-31
CALL AXIS( O. IC' IIMI]ISTI.RE CONTENTS IN PERCENTI-,-2BI10.,d.'0.,2.5I
CALL AXIS (0.r7.r I rr3r 10. tO.¡O.t2.51

CALL AXlSlO. rO.r rLCSS FÂCT0R'r IlrT.rgO.rEIMIN;EIlr.,Cl
0255 CÂLL AXIS(10.r0.;r rr-3r?.r9O.rEIHINTEIINC)

--0256--'--CÂLL SYllBtìLll.r6.r.'f+ifZl-rfp.EeUÊNCy =,ó.',tZt
0257 cÀLL NUIIEER(999.1999. r.I4,F rO.r2l
0258 CALL SYMBOL (999. 1999. r. l/rr3H GH,O.,3¡ -. " -

025e cÄLL SyMB0L (999. ¡5.9r.I4r 1HZ¡0., I l
c02ó0 TT=- 20.0-026í ----DD rooz-i=t;ó-^---

02.ê2 D0 151 LL=trM
0263 Y (LL t=DT I ( LL, 1 )+DT T Í LL ] 2l*TT+D TI ( LL I¡i*TT+TT
0264 15l X ( LL ) =ltC {LL )
0265 CALL CURV( XrYrl O¡3 ¡40rf rA rBrC rDl
0266 pRlNT450rTTrC(ll,D(2)rD(31--.--c ---- -

024e

a25L
0252
0253
025+

0267
0268

D0 1003 J=lrl0C
XX (J l=J/4.

cALL PLCT{15.r0.r999)
STOP
ENO

02ó9 1003 YY(J)=D(ll+C(2)*XXlJt+D(3)*XX(J)'nXX(J)
O27O XX( 101 ! =0.027L xX ( 102 l=2.5'0272'- -----YY(l0ll=EIMrÑ---
027 3
027 4
027 5

YY(I02)=EII¡;C
CALL L INE(XXrYYr l00r I,O;O) --- -
TE=XXf-40l/2.5

O27 6 EP=0.5*I
0277 CALL SY|4BDL(TErEPr.l¿rrThTEHP = r0.r7)--0278 ---CALL 

NUMßIR l9e,.te99.r.14;Tr;O;,ll
O?79 tOOz TT=TT+20.0

02 B0
O2B I
0282



FORTRAN IV G TEVEL 20.I CUR V

100

DATE = 73078 ZLIZO|39

0c0 I
0002
cc03

suBRourt NE cuRv( xri, yy, rrNx r¡r, Á, grc, ol
OfHENSt0N XINN):Y(NN)rDlHlúltA(MHtHl*î) tB(t'l¡'ItC{NNtHMl .

D0 6 l=lrN

0005 DO 7 J=2.M
0O0ó , DO 7 l=lrN
0007 7 Cl IrJl=C(l rJ-lltx(Il
0OO8 DO I ¡=! ¡ll
0009 D0 I J=l rH

,_0OlO__ _ A.f I' Jl-=.Q,.,O__
0011 DO I K=lrN
0012 I Â(l,Jl=AfI rJl+c(Krll+c(KrJl
00 13 DO lO I=lrM
0014 Elll=O.O
o0t5 DO t0 K=lrN
00tó lO B(Il=Bltl+C(KrI)+Y(K]' ôoiz--------:---'cÂLL FrIr.rV( A rp'r ptt I 

- --"'-
OOIS DO ll I=lrH i'OOl9 -' 

SUM=0.0
0020 OO 12 J=l¡M
oo21.L2SUM=sUH+A(IlJ)*B(Jl-.--.._--.':.-.-
OO22 11 D( I)=SUM' oo23 -- -REIUFN

oo24 END



FORTRAN IV G LEVEL 20.1 HINV

101
DATE = 73O7P 2L/ZO/39

_0004 ____---rl-__ IPVoI(Jl=0 _

00 135 I=lrN
T=0.
DO 9 J=lrN
lF ( IPVOT (J'-1 l t3r9r13

0005
c006
0007
0c08

0c0 r
00 02
0co3

00 l3
00 l4

SUBROUÌINE MINV(A,N,H'
DIMENS ION A (H,H), IPVOT ( 3O), INDEX I3O, 2' IP IVOT f 30}-
D0 l7 J=lrN

A( LI r ICOL) =0.
D0 89 L-- I, N

0C09 13 0O 23 K=lrN
_ 0010_ _ -- rF ( r PV0T (!11,-l r 1? ,?,1t 9r
00lr 43 IF(ABS(Tl-AeS(A(JrK)1',t83t23123
O0L2 83 IROH=J

IC OL =K
l=A(JrKl

oo 15 23 c 0r.¡ T I NUE
OO Ió 9 CONT I NUE
õorz ----- pvorrrccl-l=rpVorr-re-óli;ï'--
0c t8 IF ( I F0H-IC0L )?3 r l09r 73
0019 73 D0 t2 L=IrN
0020 ï=A{ IRCI'JrL )

O02l A( IR0H'Lr=Al ICCLTLt
OO22 L2 A( IC0LrLj=T

INDEX(Ir2)=ICCL
PIv0r ( I t=A( ICOL' IC0L I
A(ICCLTICoLI=1.
D0 205 L=lrN

0028 205 Â(IcoLrLl=A{ ICcL_,Lll.?!)/_qL{_U
- OOZg ------- 347 -'- 

D0 I 35 L I= I r N

0030 I F ( L I- ICCL I 2 L,l35r2L
0031 2L T=,A{LI'ICOL)

co24
0025
0026
0021

0032
0033
0034 89 A(LIrLl=Â(LIrLl-A(ICCLTL)+T

-0c35- - ----135 - 
C0N-iINUE

003ó 222 D0 401 I=lrN
0037
0c38

L-N-I+1
IF ( INDEX{1, 1 I-INDEX{L,2 I I 19,401, 19

0039 19 JROI{=INDEX(t.' I)
CC40 JCOL=INDEX(L'21

-OO<t -----OO 5'49 K=L,N - '* --
OO42 T=AfKTJRCW I- OC43 A(KrJROrrl)=Â(K'JCOL)
00/+4 Á(KTJCOL)=T
OO45 549 CONT INUE
004ó 40t CoI'TTINUE--0c47

OO4B END


