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A rectangular waveguide resonator
operating in the H107 mode at 6 GHz WaEl
used in determining the change in resonant
frequency and the Q-factor of the cavity
when loaded with single Boybean seed6 or
corn kerne16 of! variou6 shape6 and dimens-
ions. By measuring those variables for a
kernel oriented in two positions differing
by 90 degrees with respect to the maximum
E-field vector, the average values of AF
and AT were found to be virtually shape-
independent. The ratio AF/ AT is a size-
independent and well-defined function of
the material propertie6 (e’ - 1)/6”, and
as such it. can be related to the material
density, moisture content, or other charac-
teristic when all other properties remain
unchanged.

INTRODUCTION

As electronic instruments for mois-
ture content determination in grain and
6eed6 provide a moisture content reading
which i6 an average for all kerne16 in a
sample (e.g. 100 g or more), there is
need for an instrument that can determine
the moisture content of individual kernels
within samples. Resonant cavity techniques
[1-31 offer means for such measurements in
the frequency range where dimensions of
objects are sen6ible smaller than those of
the resonator. The material properties are
evaluated by measuring the shift in
resonant frequency and the change in the
Q-factor of the cavity when the object is
in6erted into the cavity.

Two kind6 of objects were tested:
6oybean, ~L., 6eeds and corn,
Zea lM.YE L., kernels of various shapes and
dimensions and different hydration levels.
Their effect on parameters of a rectangu-
lar waveguide resonator operating in the
H107 mode at 6 GHz were determined with an
automatic network analyzer working in the

transmission mode.
The shift of the resonant frequency is

denoted by AF = fo-fa, where subscripts o
:md s re~er to the empty cavity and the
cavity loaded with a seed at the center of
the cavity, respectively. Energy di66ipa-

ted in the object is expre86ed as a change
in the cavity Q-factor

1 1 1 Vo
—-— =— (—-1)=;:
QLS QLO QLo V.

where V denotes the voltage transmission

coefficient at resonance, AT=(lOk-1) iS
the transmission factor and k=0.05(Szlo-
S21S), with S21 being the voltage trans-
mission coefficient at resonance, exPre6–
6ed in decibe16.

EXPERIMENTAL RESULTS

~. These were s;;:: t:I
nearly uniform spherical shape,
ratio of the major to minor diameter
ranging from 1.2 to 1.36. Major diameters
ranged between 6,5 and 7,5 mm. The

,resonant cavity parameters are related to
the material permittivlty, ~ = ~’ - Je”,
seed volume, and 6eed shape by the expre6-
sion6 [3]

Vs
AF = (c’ - l)Kfo(—)

Vc

and
Vs

AT = G“K’(JLO(—)

Ve

where vc is the volume of the empty cavity
(214 cm~), vs is the volume of the object,
and K is the shape factor accounting for
all effects related to the shape of the
object (depolarization, etc. ) . The ratio
of these two quantities

AF (E’ -1) c
x= — = —- - (2)

AT e“ K

is a size-independent function of the
material permittivity and the shape of the
object, where C = folQLo is a constant
dependent on the parameters of an empty
cavity. When all objecte to be measured
are of uniform shape [41, small variations
in K are accounted for in the measurement

errors and aO not overshadow the ❑ain

relation. Experimental result6 for X as a
function of seed moisture c!ontent, M, for
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108 data points are shown in Fig.1. A
eimple analytical relation of the fgrm

430
M = — + 0.9 (3)

x

with a correlation coefficient r = 0.991,

..
8

Fig.1.

can be
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Parameter X as a function Of
moisture content for 6oybean6.
Curve calculated from Eq.(3).

used as the calibration equation tc.
predict the moisture content in soybean
seeds, regardless of their dimensions.

~. These are highly non-
uniform, irregularly shaped objects,
sometimes pyramidal, cuboidal, or disk-
like, up to 14 mm long, with no flat
surface6, and seldom with surface6
parallel to each other. The maximum to
minimum dimension ratio ranged from 1.25
to 4, for which the value of K may differ
significantly. However, it has been obser-
ved that when a kernel is rotated about
the x-axis of the cavity, both AF and AT
follow cos2@ behavior, where @ is the
angle of rotation. As shown in Fig.2 for
two kernels of different size and shape,
the measured values pass alternately
through equally spaced region6 of weak and

strong coupling (interaction), separated
by 90°, with the electromagnetic field
inside the cavity, The amplitude of
changes is smaller for the larger, nearly
spherical kernel A (max. to min. dimen6ion
ratio of 1.27), than for the flat, disk-
like kernel B (ratio of 2.20), but the
value of X is similar for the two kernels

(22.1 and 22.2), which corresponds to the
same moisture content of 16.4 % re6ulting
from the calibration curve shown in Fig 3.

The ob6erved situation may be explained
as follows: for two measurements witih a
kernel rotated by 90°, one obtains

,,~
o 30 m ~ !20 IE13 180 210 240 270 30J 330 36U

ROTf3T ION fiNGLE ( DEGREES)

0.5’ 1
0 30 60 90 1?0 153 180 210 240 270 300 330 360

ROTRT 10N 13NGLE ( DEGREES)

Fig.2. Resonant frequency shift, AF, and

transmission factor AT, a5 a
function of kernel orientation.

Vs
AJ?I = (G”-l)Klfo(—)

Vc
(4a)

V@
ATI = ~“KlaQLo(-)

Vc
and

Vs
AFZ = (6’-l)Kzfo(—)

Vc
(4b)

Vs
A’1’z = e“Kz’QLo(-)

Vc

where the shape factors K1 and K2 are
related to their extremum values:

K1 = Kmin + (Kmax

KZ = Kmin + (Kmax

Taking the average
values, one has

- Kmin)c~s’@

- Kmin)Qos2(Q*lt/2).

of the two measured
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AEavg

L

ATavg

with

Kavg

which

AF1+AF2
=— =

2

AT1+AT2
= =

2

KI + KZ
=— =

2

Vs

(6’-l)Kavgfo(—)
Vc

(5)
Vs

G“KavgaQLo(-)
Vc

.

.I

- (Kmax + Kmin),
2

the 6ize-independentleads to
function as before

AFavE ( 6’ - 1) C
x=-.

ATavg
(6)

E ‘s Kavg

IM in the case of soybeans, the function
is highly correlated with moisture content
in corn kernels. The experimental data
for 53 yellow-dent field corn kernels of
maximum-to–minimum dimen6ion ratio ranging

~~~1~.25 to 4.0 and various hydration
are ~hown in Fig.3. The calibra-
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Fig.3. Parameter X (averaged) as a func-
tion of moisture content for corn
kerne16. Curve calculated from
Eq.(7).

tion equation fitting the experimental
data has a simple form of

281
M= — + 2.9 (7)

x

and a correlation coefficient r = 0.94.
~. TO check the

validity of the calibration equations (3)
and (7), other ~ete of 6eed6 of different
dimensions and hydration
55 seeds each were
moisture contents were
standard oven methods
those calculated from

leve16 containing
measured. Their

determined by
and compared to
the calibration
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Fig-4. Distribution of difference between
oven moisture content determination
and moisture content calculated from
calibration equation6: [a) Eq.(3)
for soybeans, and (b) Eq.(7) for
corn krnels.

equations. The histog’ramfi presented in
Fig.4 show the distribution of differences
between those two methods’. For soybeans,
the mean value of the difi!erences is 0.15
% moi6ture, and the standard deviation of
the difference (SEP - sttandard error of
performance) is 0.51 % moieiture. For corn

kernels, the mean difference and SEP

values are 0.02 and 0.62 % moisture,

respectively.

DISCUSS1ON AND CONCLIJSIONS

The mea6ured cavity parameters, shift

of resonant frequency and change in Q-
factor, depend on the permittivity, shape,
and volume of an object, placed in the

cavity, as well a6 on its orientation and
location in the cavity. The ratio of
these two measured cavity parameters i6,
to great extent, a 6ize-ir?dependent func-
tion, but its value depends on the shape
of the obJect. Repeating the measurement

with the object rotated 90 degrees, with
respect to the cavity x-axi6, provides
another set of data which permits
calculation of a ratio of averaged values
that is proven to be a shape-independent
function. Thus, this ratio can be a direct
function of the object permitt.ivity which
can be related to the material density, or
moisture content, or other characteristic
of interest.



Two measurements should be taken on
nonuniformly shaped objects rotated by 9(1
degrees in the resonant cavity or in tw~
identical cavities rotated by that angle.
All measurements are relative, i.e. a dif--
f’erence of two resonant frequencies or two
transmission coefficient is of interest.
Therefore, a high long-term 6tability of
the mea6uring ayetem is not required.

Available data on nonuniform corn
kernels rotated in a C–band cavity show a
larger spread when plotted against
moisture content than do similar results
for more uniformly shaped soybean seeds.
The explanation may be twofold:

- every rotated kernel is measured twice,
thus the effect of errors in the measuring
system may be doubled when compared with
soybeans that are measured only once;

linear dimensions of corn kernels (uP

to 14 mm) were relatively large compared
to the half-wavelength (29 mm) at the
operating frequency.

More experimental data is needed to
clarify these points, and work should be
repeated at a lower frequency to improve
the object dimen6ion-to-wavelength ratio.

This cavity measurement procedure is a
simple, nondestructive and potentially

continuous method for determining the
Properties (density or moisture content,
for example) of single kernels and seeds,
regardless of their shape and 8ize
variation, The method could be used fcr
other biological objects, including oth~:r
grains, nuts, and fruits, provided th:t
their volume is small compared to tile
volume of the resonator. Other types of
microwave resonator6 could also be used
for the purpose.
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