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Development of On-line Measurement System for

Moisture Content of Powdered Food using Microwave

Technology
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SUMMARY

. Title
Development of On-line Measurement System for Moisture Content of

Powdered Food using Microwave Technology

. Objective and Significance

The moisture content of agricultural products and food is not only the most
important quality factor but also one of the essential parameters affecting their
physical and chemical properties related to storage, capability of processing
and quality control. As on-line machinery is now being used in storage and
processing of agricultural products and food, demand for on-line moisture
meters In increasing rapidly. Although many techniques can be used to
measure the moisture content, the electrical methods have been developed and
used widely. the method using RF impedance measures the capacitance and/or
a-c (alternating current) resistance of the materials between two electrodes
forming a capacitor and form which the dielectric property is calculated. This
method can be used with a wide range of moistures but has the source of
measurement errors caused by changes of bulk density of wetted materials
within the electrodes, kinds of materials and temperature of material. Other
methods are infrared and near infrared spectrometry and nuclear magnetic
resonance technique. These methods enable to measure the moisture content
of materials with high accuracy. But because of high cost they are being
usually used at laboratory level and it seems not to fully proper for on-line
monitoring of moisture content of materials yet. Microwave technique i1s very
attractive because that method has merits of rapid and accurate measurement
in the wider ranger of moisture content, simple implementation and
inexpensive compared with other methods.

In this study, on-line measurement system for moisture content of powdered

food using microwave technology was developed.



IM. Research Contents and Scope
Main research contents of each sub-subject by research Institution are as

follows.

[Dielectric property of powdered food and development of on-line
measurement system for moisture content (Korea Research Institute of

Standards and Science)]

1. Measurement of dielectric property of powdered food at microwave frequencies
1) Development of measurement method for dielectric property
2) Identification of dielectric property of powdered food

3) Model for moisture content using microwave propagation property

2. On-line measurement system for moisture content
1) Fabrication of microwave transmission apparatus

2) Fabrication of on-line measurement system
3. Development of measurement model for moisture content of powdered food
1) Multiple linear regression model
2) Principal component regression model
3) Artificial neural network
4. Development of wireless measurement system for moisture content

[Development of microwave sensor and circuits (Kwangun University)]

1. Development and evaluation of microwave antenna for moisture content

measurement



2. Development and evaluation of circuits for moisture content measurement
1) Design and fabrication of microwave oscillator

2) Fabrication of related circuits for microwave type moisture meter

IV. Results and Suggestions to the Practical Applications

[Dielectric property of powdered food and development of on-line
measurement system for moisture content (Korea Research Institute of

Standards and Science)]

1. Measurement of dielectric property of powdered food at microwave frequencies

1) Microwave free-space transmission technique was used to measure the
dielectric property of powdered food at microwave frequencies. The sample
holder at which microwaves ranging from 1 to 15 GHz can transmit was
designed and fabricated. From the microwave propagation theory the equation
expressing the dielectric property of powdered food was derived and validated
by standard dielectrics.

2) The dielectric property of powdered food such as wheat flour, coffee powder
and milk powder was measured and analyzed. In the uniform range of bulk
density of material, the real parts of permittivity of the food samples increased
with the increased of moisture content, bulk density and temperature of the
food sample.

3) The propagation properties such as attenuation and phase shift increased
linearly as the moisture density of the food samples increased. As a

measuring frequency, the X-band was recommended.

2. On-line measurement system for moisture content of powdered food
1) The microwave multiple frequencies system with 2.5 GHz, 7.0 GHz, and 105

GHz frequencies was developed. That microwave system consisted of



oscillators, isolators, transmitting and receiving patch antennas, detectors,
power amplifies. The output voltage of microwave measurement system due to
the change of moisture content in food samples was measured and analyzed.
2) The on-line measurement system consisting of microwave system, conveying
system, inlet and outlet devices of food sample, plate to control the thickness
of food sample, temperature sensing unit, taco-meter, and central processing

unit having analog to digital converter and microprocessor was constructed.

3. Development of measurement model for moisture content of powdered food

1) As powdered food samples, wheat flour, coffee powder and milk powder were
used and their ranges of moisture content were 7 to 15%w.b., 1 to 8%w.b.
and 1 to 16%w.b., respectively. The output voltages of microwave
measurement system due to the moisture content, sample temperature and
sample moving speed were measured and analyzed.

2) The coefficients of correlation between moisture content of food samples and
output voltage of microwave measurement system were higher than 0.9. The
output voltage of microwave measurement system increased as the sample
temperature increased.

3) Various calibration models for moisture content of powdered food were
developed by using multiple linear regression, principal component regression,
and artificial neural network. The artificial neural network model showed best
results but the multiple linear regression model also showed good results. The
developed artificial neural network consisted of 3 layers having input, hidden
and output layers and the optimal node number of hidden layer was obtained.
Considering the construction of commercial type moisture, we selected the
multiple linear regression equation with three independent variables such as
sample temperature, frequencies as a calibration equation for moisture content

of powdered food.

,10,



4. Development of wireless measurement system for moisture content
The wireless measurement system for moisture content of powdered food was
developed. That system consisted of data processing unit with 4-sensor input
channels and analog to digital converter, transmitting unit with
micro—controller, and receiving unit. The received moisture content of powdered
food by receiving unit was transferred to the main computer via RS232C serial
communication port and hence the real time monitoring of the moisture content
is possible. Finally the commercial type moisture meters including wireless

measurement system were developed.

[Development of microwave sensor and circuits (Kwangun University)]

1. Development and evaluation of microwave antenna for moisture content
measurement
As a moisture sensor, the microstrip 2x2 patch array antennas were
developed and evaluated at 7.0 and 10.5 GH. The patch antenna was developed
on the Teflon substrate of which permittivity, hight and thickness of copper
are 2.6, 0.54mm, and 0.018 respectively. The beam patterns of the developed
patch array antenna were measured. The half beamwidths of two patch array
antennas were higher than 50 degree and hence it is useful for applying to

microwave type moisture meter.

2. Development and evaluation of circuits for moisture content measurement
1) The 7.0 GHz and 10.5 GHz dielectric resonator type oscillators for microwave
type moisture meter were designed and fabricated. The output powers of the
fabricated oscillators at 7.0 GHz and 105GHz are 11dBm and 10dBm,
respectively and hence it was concluded that the fabricated oscillators were
good for microwave type moisture meter

2) As relating circuits, the isolators with circulator to protect the oscillator,

,11,



power amplifiers to amplify the output power of the oscillator, detector to
convert the RF signal to d-c level were developed at 7.0 GHz and 10.5 GHz.
With the combinations of the developed all microwave circuit components, the

microwave free-space transmission type measurement system was finally

constructed.

,12,
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Fig. 1. Manufacturing process of the wheat flour.
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Fig. 2. Manufacturing process of the powdered milk.

=y

!

i
<

—

0

Ho

iz

o]

 ooln F

45t

iz

éa
i

el

wmo

A Ao A

3|

il
N
N
m-
iz

B

A

—_—

X

o

o

=
A

o

T
)

XH
o
o
il

=
g

|
0

™
e
Ho

T ¢F 30~4.0 % HEolTh

3L
™

A 2

=
]

,23,



Stste] Wyt g

p=
T

Al
=
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Table 1. Comparison with commercial microwave type moisture meters

Model
Items
HUMY 2000 MA-500
Country Germany (www.mutec.de) Australia (www.callidan.com)
Method Microwave reflection Microwave transmission
Sensor Planar sensor Transmitting and receiving antenna
Range 0~85% 0~80%
Error +0.19%% +0.3%
Depth - 20~500 mm
Resolutio| Residual moisture 0~85% 18bit 0~9%7}4+= 0.0001%
n Dehydrated substrate 15~100% 18bit 10~80%7}21+= 0.001%
Temp. 0~120TC 0~45T
Material All solid materials All solid materials
Sensor should be contacted to
Remark . -
materials
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Table 2. Specifications of the network analyzer.

Frequency
Resolution

1 Hz

Amplitude
Resolution

0.05dB

Dynamic
Range

100 dB

Number of
port

2

Frequency
(GHz)

0.05G™20.05

Model

HP8&720D

Fig. 8. Tmm flexible test port cable.

Fig. 7. Microwave measurement setup.
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Table 3. Dielectric constants of reference materials
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Table 4. Specifications of the constant temperature and humidity controller

Model DH-CT-02
Power source 220V 1PH 60Hz
Temperature range -207150C
Humidity range 30798%
Dimension 500x500x600 (WxDxH)mm

T t humidit
emperature humidity Program Controller (TEMI550)

controller
Temperature sensor PT 10092 Type
Humidity sensor PT 100
Power 4.5Kw

Fig. 11. Photo of experimental apparatuses
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(c) 10.0 GHz
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Table 6. Dielectric property of wheat flour at 1.5 ~15.0 GHz
Wheat flour 1.5 GHz 3.0 GHz 7.0 GHz 10.0 GHz 15.0 GHz
Moisture Bulk |
content density £ £ £ g’ - g’ A g’ - E
(%w.b.) (kg/m')
913 2.373 1 0.065 | 2.143 1 0.022 | 1.116 | 0.091 | 1.363 | 0.078 | 1.093 | 0.081
4.842 960 2584 | 0.129 | 2.293 1 0.040 | 1.270 | 0.029 | 1.375 | 0.088 | 1.134 | 0.099
1000 2783 1 0.167 | 2.421 1 0.048 | 1.491 | 0.001 | 1.439 | 0.072 | 1.172 | 0.113
899 24761 0.104 | 2.207 | 0.017 | 1.138 | 0.017 | 1.360 | 0.055 | 1.116 | 0.082
5.248 985 2595 | 0.178 | 2.302 1 0.057 | 1.272 | 0.015 | 1.382 | 0.055 | 1.168 | 0.094
1059 2.893 10.244 | 2.488 1 0.079 | 1.511 | 0.039 | 1.547 | 0.124 | 1.297 | 0.113
914 2489 | 0.118 | 2.227 | 0.015 | 2.227 | 0.015 | 1.298 | 0.022 | 1.060 | 0.072
5.645 968 2613 | 0.178 | 2.320 | 0.064 | 2.320 | 0.062 | 1.393 | 0.069 | 1.146 | 0.081
1040 2.800 | 0.249 | 2.430 | 0.110 | 2.430 | 0.076 | 1.575 | 0.133 | 1.278 | 0.096
919 2.404 1 0.074 | 2.1521 0.033 | 1.180 | 0.003 | 1.311 | 0.052 | 1.068 | 0.068
6.019 986 2.689 | 0.197 | 2.338 | 0.060 | 1.331 | 0.044 | 1.401 | 0.051 | 1.136 | 0.083
1044 2.784 10.229 | 2.418 | 0.084 | 1.402 | 0.047 | 1.512 | 0.083 | 1.255 | 0.083
942 2483 10.141 | 2.215] 0.012 | 1.165 | 0.037 | 1.304 | 0.035 | 1.129 | 0.092
7.169 992 2714 10.194 | 2.355 ] 0.052 | 1.408 | 0.042 | 1.411 | 0.064 | 1.168 | 0.111
1041 2.762 1 0.258 | 2.428 |1 0.076 | 1.429 | 0.028 | 1.471 | 0.067 | 1.216 | 0.115
Table 7. Dielectric property of coffee powder at 1.5~15.0 GHz
Coffee powder 1.5 GHz 3.0 GHz 7.0 GHz 10.0 GHz 15.0 GHz
Mosture Bulk .
content density = £’ E g’ = £’ N g’ e E
(%w.b.) (kg/m’)
626 1.37310.044 | 1.291 | 0.069 | 1.263 | 0.056 | 1.381 | 0.052 | 1.313 | 0.005
1.418 639 1.400 | 0.040 | 1.321 | 0.072 | 1.268 | 0.053 | 1.393 | 0.049 | 1.339 | 0.007
658 1.439 1 0.054 | 1.370 | 0.094 | 1.271 | 0.046 | 1.404 | 0.060 | 1.401 | 0.009
671 1.47310.061 | 1.396 | 0.102 | 1.311 | 0.016 | 1.445 | 0.054 | 1.365 | 0.026
2.756 693 15261 0.054 | 1.456 | 0.111 | 1.340 | 0.083 | 1.450 | 0.057 | 1.402 | 0.022
711 1.560 | 0.061 | 1.510 [ 0.117 | 1.379 | 0.037 | 1.491 | 0.060 | 1.418 | 0.017
712 1.591 1 0.054 | 1.545 | 0.118 | 1.442 | 0.082 | 1.504 | 0.050 | 1.438 | 0.021
3.497 733 1.634 1 0.059 | 1.599 | 0.120 | 1.496 | 0.074 | 1.572 | 0.049 | 1.453 | 0.019
754 1.687 1 0.063 | 1.653 | 0.126 | 1.738 | 0.099 | 1.623 | 0.045 | 1.502 | 0.020
753 1.683 1 0.056 | 1.637 | 0.122 | 1.538 | 0.103 | 1.581 | 0.054 | 1.235 | 0.013
4117 776 1.744 1 0.060 | 1.711 | 0.122 | 1.607 | 0.099 | 1.654 | 0.050 | 1.334 | 0.016
800 1.801 ] 0.061 | 1.760 | 0.127 | 1.755 | 0.017 | 1.683 | 0.028 | 1.481 | 0.027
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Table 8. Dielectric property of milk powder at 1.5 ~ 15.0 GHz

Milk powder 1.5 GHz 3.0 GHz 7.0 GHz 10.0 GHz 15.0 GHz
Moisture Bulk |
content density = £’ E g’ £ £’ £ g’ £ E

(%) (kg/m')
873 1.815 | 0.065 | 1.786 | 0.141 | 1.902 | 0.055 | 1.022 | 0.035 | 1.212 | 0.023
1.382 931 1.843 | 0.060 | 1.825 | 0.123 | 1.445 | 0.054 | 1.034 | 0.036 | 1.177 | 0.019

956 1.984 1 0.072 | 1.972 1 0.119 | 1.676 | 0.013 | 1.136 | 0.039 | 1.340 | 0.016

347 1.776 | 0.060 | 1.731 | 0.133 | 1.889 | 0.034 | 1.653 | 0.050 | 1.209 | 0.031

2.017 887 1.870 | 0.068 | 1.837 | 0.138 | 1.521 | 0.037 | 1.068 | 0.031 | 1.230 | 0.025

929 1.945 | 0.063 | 1.936 | 0.121 | 1.619 | 0.046 | 1.106 | 0.035 | 1.300 | 0.020

331 1.771 | 0.049 | 1.741 | 0.117 | 1.714 | 0.069 | 1.676 | 0.053 | 1.167 | 0.023

2.558 876 1.925 | 0.037 | 1.894 | 0.116 | 1.607 | 0.050 | 1.069 | 0.028 | 1.238 | 0.032

906 1.933 | 0.048 | 1.898 | 0.109 | 1.521 | 0.020 | 1.053 | 0.024 | 1.266 | 0.031

341 1.794 1 0.049 | 1.766 | 0.124 | 1.915 | 0.117 | 1.683 | 0.051 | 1.195 | 0.032

3.151 893 1.932 | 0.057 | 1.896 | 0.125 | 1.886 | 0.125 | 1.075 | 0.031 | 1.250 | 0.030

920 1.996 | 0.056 | 1.924 | 0.114 | 1.691 | 0.131 | 1.107 | 0.030 | 1.315 | 0.030

328 1.827 | 0.030 | 1.779 | 0.101 | 1.724 | 0.061 | 1.015 | 0.025 | 1.176 | 0.036

4.134 874 1.952 | 0.023 | 1.904 | 0.097 | 1.919 | 0.082 | 1.097 | 0.017 | 1.281 | 0.043

398 2.005 | 0.021 | 1.941 | 0.090 | 1.684 | 0.082 | 1.106 | 0.019 | 1.269 | 0.040
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Fig. 19. Dielectric constant and loss factor vs. temperature of coffee powder at
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Table 9. Dielectric property dependances on sample temperatures at 1.5~15.0 GHz

Wheat flour 1.5 GHz 3.0 GHz 7.0 GHz 10.0 GHz 15.0 GHz
Moisture
Temperature| . o . o . o . o . o
content () E £ £ E E £ £ £ £ E
(%w.b.)
15 2.407 | 0.053 | 2.137 | 0.016 | 1.110 | 0.091 | 1.376 | 0.072 | 1.085 | 0.077
4.842 21 2.443 1 0.065 | 2.143 [ 0.021 | 1.116 | 0.091 | 1.383 | 0.078 | 1.093 | 0.081
29 2487 1 0.072 | 2.202 1 0.026 | 1.126 | 0.091 | 1.391 | 0.083 | 1.097 | 0.082
17 2.398 | 0.068 | 2.149 | 0.014 | 1.122 | 0.098 | 1.332 | 0.059 | 1.082 | 0.069
5.248 22 2.436 | 0.104 | 2.207 | 0.017 | 1.138 | 0.101 | 1.360 | 0.055 | 1.116 | 0.082
30 2.496 | 0.117 | 2.232 1 0.020 | 1.175 | 0.088 | 1.372 | 0.066 | 1.151 | 0.091
18 2.362 | 0.074 | 2.150 | 0.017 | 1.167 | 0.080 | 1.306 | 0.053 | 1.062 | 0.060
6.019 23 2.404 | 0.093 | 2.152 | 0.018 | 1.180 | 0.075 | 1.311 | 0.051 | 1.068 | 0.068
29 2481 1 0.116 | 2.208 | 0.018 | 1.189 | 0.071 | 1.316 | 0.051 | 1.076 | 0.075
Milk powder 1.5 GHz 3.0 GHz 7.0 GHz 10.0 GHz 15.0 GHz
Moisture
Temperature| . o . o . o . o . o
content () E £ £ E E £ £ £ £ E
(%w.b.)
20 1.748 | 0.065 | 1.711 | 0.137 | 1.858 | 0.117 | 1.651 | 0.054 | 1.21 | 0.03
2.017 25 1.776 | 0.06 |1.731 [ 0.133 | 1.889 | 0.134 | 1.653 | 0.05 | 1.21 | 0.031
30 1.8 |0.046 | 1.755] 0.123 | 1.919 | 0.139 | 1.655 | 0.042 | 1.2 | 0.033
19 1.754 1 0.058 | 1.718 | 0.135 | 1.95 | 0.122 | 1.674 | 0.051 | 1.367 | 0.073
3.151 25 1.794 1 0.049 | 1.766 | 0.124 | 1.915 | 0.117 | 1.683 | 0.046 | 1.195 | 0.032
33 1.804 | 0.06 | 1.788 | 0.122 | 2.007 | 0.128 | 1.684 | 0.036 | 1.391 | 0.083
Coffee powder 1.5 GHz 3.0 GHz 7.0 GHz 10.0 GHz 15.0 GHz
Moisture
Temperature| . o . o . o . o . o
content () E £ £ E E £ £ £ £ E
(%w.b.)
17 1.468 0.0624| 1.38 [0.0989| 1.316 [0.1356| 1.399 |0.0573| 1.394 |0.0295
2.7562 24 1.473 [0.0605| 1.396 [0.1018| 1.311 [0.0158| 1.445 |0.0544| 1.418 |0.0255
29 1.476 0.0546| 1.407 [0.0952| 1.329 |0.0485| 1.44 |0.0516]| 1.423 |0.0204
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Table 9. Determination coefficient of the model for moisture density.

Determination coefficients

Samples Indep.endent Model

variable 15 G| 30 G| 70 G |100 G150 G

0= a1 dA+ a, 0.9812 [ 0.9605 | 0.9005 | 0.9824 | 0.9398

Attenuation | p,,= a,dA*+ a; A+ a, 0.9813 | 0.9633 | 0.9643 | 0.9896 | 0.9569

Wheat 0= azAA° + ay AA* + a; A+ a, |0.9813| 0.9635 | 0.9844 | 0.99 |0.9755
flour o= a4+ a, 0.9603 | 0.9625 | 0.9637 | 0.951 | 0.8618
Phase shift | o,,= a,4¢° + a, 4+ a, 0.9603 | 0.9626 | 0.9671 |0.9603 | 0.9385

0= a3 A6° + ay 4>+ a, Ap+ ay | 0.9609 | 0.9634 | 0.9723 [0.9916 | 0.9671

0= a1 dA+ a, 0.8655 | 0.9403 | 0.8749 | 0.946 |0.9634

Attenuation | p,,= a,dA*+ a; A+ a, 0.9698 | 0.9449 | 0.902 |0.9864|0.9767

Milk 0= a3 AA° + ay AA* + a; A+ a, | 098 |0.9647 | 0.946 [0.9921[0.9843
powder o= a, b+ a, 0.9386 | 0.9102 | 0.9255|0.9731|0.9855
Phase shift | o,,= a,4¢° + a, 4+ a, 0.9656 | 0.9509 | 0.9567 |0.9813(0.9871

Om= a3A> + ay AP* + a; Ap+ a; | 0.9675 | 0.9516 | 0.9574 [0.9813 [0.9872

0= a1 dA+ a, 0.8318 [ 0.7274 1 0.9222 | 0.921 | 0.96

Attenuation | p,,= a,dA*+ a; A+ a, 0.8645 | 0.8226 | 0.9256 |0.9293|0.9737

Coffee 0= azAA° + ay AA* + a; AA+ ay | 0.8653 | 0.8318 | 0.9258 |0.9311 |0.9755
powder o= a, b+ a, 0.9446 | 0.9449 | 0.8794 | 0.9105 | 0.9422
Phase shift | p,,= a,4¢° + a, 4+ a, 0.9543 0.9525 |0.9774|0.9506 | 0.9644

0= a3’ + ay A0* + a; A+ a,  |0.9543 [0.9536 |0.9744|0.9507 [0.9929

o= a1 dA+ a, 0.7851 | 0.431 |0.1378|0.6731 | 0.9391

Attenuation | p,,= a,dA*+ a; A+ a, 0.8789 | 0.4748 | 0.1761 | 0.8578 | 0.9622

All o= asdA*+ ay AA* + a, AA+ aq | 09143 | 0.7214 | 0.4544 |0.9525 |0.9667
samples 0= a1 b+ ay 0.8917 | 0.8332 | 0.0663 | 0.1868 | 0.0005
Phase shift | o,,= a,4¢° + a, 4+ a, 0.9015 | 0.8333 | 0.2064 | 0.1939 | 0.0652

0= a3 A6° + ay 4>+ a1 Ap+ay | 0.9021 | 0.8339 | 0.502 | 0.1956 | 0.1315
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Fig. 1. Design concept of moisture content measurement system
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Fig. 17. Operation point of class B amplifier and output waveform
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Table 1. DC Bias point of some operation at Fig.18.
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o]-&3ato] & portoll A ThE stHe] portZRF HEEAS ZEHE § 3o
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Fig.23. Characteristic of 3-port isolator

A% olol&dolH: AP 5ES @& WPoEW 524 nAstnd @ o
AHEH = Z}E]-L Aot Wby o & ofol& o= 3%Al circulatorg o] &gttt
Ak %A 99 A F el
Ark, A e E el A AL
Se nASL AL Ao wol A
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Fig. 24. Microstrip transmission line (a) configuration and (b) expression of

(b)

electromagnetic fields.
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oH oA, | dir:(er_l)%l +0 (86)
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Fig. 25. Structure of microstrip patch antenna
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sin(%ﬂﬁ sin fcos ¢) sin(LZeQ sin @sin ¢)

F(6,0)= i sin @ (89)
AZL sin fcos ¢ 9 sin #sin ¢

F(¢)= i (90)

XV

|

Dielectric ~ Microstrip
Substrate  Patch

(a) (b)

Fig. 26. Microstrip antenna expressed by 2 radiation slots. (a) transmission model

and (b) rectangular coordinate of radiation slot.

F(9)= sin (91)

Lot Wolzl F &3ol vjste] E-w ¥AL d€le bt gk
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sin(%ﬂﬁ cos @)

%0@ cos ¢

F ;= cos ( kgL cos @) (92)

AR AHE parel Wt v Ao mddnh

2
P, AL (93)

~ U0 1’

oJ71A 1= fo"sin 2(%&:%1 2fsin 0d0,

Vi 1204 4
R,= = (94)
2P, T ()’
24
Ast | A2 Z7FE(a7)el HE FdozRY THHEE AAEHE g9 2o
AN e,
¢ Z, (95)
A7IM, z,= melAR2EY Adme 54 ¢dvdzola ce FHolrh. HALR A9
Y oErEAE o xddT
G+ B+ Y jtan L) (%6)

Yiu=GHiB+ Yy 5 (Gt iB) tan AL

A7, G=—d, petitlen gy g 2les qan oy Loy,
r 0 0

o] mdeo] FrislR= 19 277 2o wEbA wpolaR~ER HHUE FFEH] 9
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(97)

2
0

2Y B
tanfl="pa  qe_

Microstrip Radiator

G

Fig. 27. Equivalent circuit of microstrip antenna
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Fig. 28. Structure of microstrip patch
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A ,=[Acos(k x)+ B sin(k ,x)] (98a)
- [A ycos(k )+ B ysin(k )] (98b)
- [A 5cos(k .z) + B 3sin(k ,2)] (98¢c)

AN, kb, kS Xy, z WEFS Wave numbers ZH7f vEbfaL glom AAxA

o oA A MY WA 4 o BAste] Fx7] el AAA BeE

_ 1 ,9* 2 _
E.==ipu (A7 TkIA, H.=0 (99)
_ .1 9*A, _ 1 0A,
E,=—j one 923y H,= v oz (99b)
_ .1 A, _ 1 0A, 99
E="7"0ue 9x%2 H-=""%y (93c)
AAZAY BAs
E (=0,0<y'<L,0<z2’<W
=(x'=h 0<y<L,0<z<W=0 (100a)
H,(0<x'<L,0<y<L,z =0)
=(x'=h0<y<LzZ=W=0 (100b)
H (0<x'<L,y=0,0<z'<W
=(0<x'<h, v =L0<zZ<W=0 (100c)
A7IA, Zetd FHE (yyz)e 317 U 225 el =d AREE AT
2] (100a) 2] BAZA E (x=0,0<y<L,0<z<W=0%
E (' =h0<y<L0<z<W=0% °l-43 B =00l 5, whetx
k=" m=0,1,2,... (101)

h ’
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W o R 4 (100b)e] dAIZ=AE ol&std p,=07F HaL

=
o
<

k=" 5=0,12,...

mA Y AAZA, 4 (100008 o434 B,=(07F Hol

=

Z}7}e]l wave numberE T F Uvh wEbA X7 el HFAQ
A% FH=

A=A ,,,cos(kx)cos(k y)cos(k 2")
o2 FdH

ANA A= 7

k=), m=0,1,2,...
ky=(TF),n=0,1,2, ...m=n=p=#0

k=10, 0=0,1,2, ...

19

oA71A, & m, n, pv 27 x, y, z WY wh
k2x+k2y+kiz(%l)%(%f)“(%f)kk%:wipe

A FAeE et gol 7@ 7 Ak

Qs

of
o
ol

A7) 2do 9

() =gz | P25 4 (2 24 ()

,95,

7] = variationd F

(102)

(104)

Zkel mnpREe] A7) AeE ded s ko kL

(105)

£ vhepuin,

(106)
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A A0NAE A4 A0)A el ddstd &x17] WellM o] dAA 28 va3t 2ol 7

@ #7b vk

_(R*—Fk%) , , ,
E. . =—j e A upcos(k x')cos(k v cos(k,z") (108)
. kR ) N , ,
Ey:_]*lw/ze A psin(k x')sin(k ') cos(k,z") (109)
Kk p (e Yein(hoz” (110)
E,=—; e A psin(k x")cos (k) sin(k,z")
H,.=0 (111)
k. , . ,
Hyz—jTAmnpcos(/erx)cos(/eyy)sm(kzz ) (112)
H,= —j% A pcos(k x)sin(k ") cos(k,2") (113)

BE volaR2EY U o Fol mlsiA Eol7b vl Huh (hL B
W, WeF L > W> h olgpd 7Hg e Fubg (VIRERE)s Ty ,RETh A

a3 Faee et 2o

_ 1 _ c

71 A, & AfrEIFAe Wl o)t}

L>W>L/2>h o g 2AREE 7, 7F Hal a3 Fae 4 (115)9

_ 1 _ c
D)= ZWTE =5 /?7 (115)

t}) ofdle] e Y

dutzow @e SFRAZHNE & AP o5& Ze SHHUIL &

THAW o]E REEHAIZIZ] flalM = of#le] <tHIUrF Fasith ofgo] ShEluE
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ofel Ao QrELbE Fol zztel cheluelA WAE AL Fste] L o5 A
ek ofdo] stelvbe] HA e zhzbe] erEuel A WAlEE "] wE Fom
Aotk ol e RE 4k rHUY] AFEEA 2T oldo] 1tAe] ofaN A
A AR 248 5 gor mebd ekt wakel s HelAa dekd @i w4
N2 a7t 9IRS AT 5 k. AAR ool tHUel dHe =A% 5 ol
Ae 5744 @Ak 9om 7 @zl oA AA sEe] Asct

1. odele AARYG (HE, 938, ALY, 73)
2. ojelo] Abolel 77
3. Z+ 2 2 (element)oll <17}st= =7]
4. 7+ Q2 (element)ol <A7}sl= Y4
5. ZF 2% (element)?] =¥l
(1) HH ofgo] <t
27 0% EAe) 249l W4 el delusl 9 W o] shelbelA
WALE AA 2=+
E,= E,+ E,
— kI, =ik r1—(8/2) — ik ry—(B/2))
= a7 472(_) [—€ ’ cos 6+ v cos 05,] (116)
oA71A, g 7 FtEIUREe] Aol 7 QtElve] ¥ Av)E Z2oha pdEd 9
HdEoA+=
B1= By=8
r1==r—d/2cosf
r9==7r—df2cosf (1)
Y= V=7 (=71
—_ — klje ™
E,=jaym Ay cos 0x2cos[1/2cos (kdcosd+ B)] (117)
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Fig. 29. 2 elements antenna.

2 (1172 242 1708 <teluve] WArE =9k ofglo] factore] w o= YERI A= A

A~

ATk 71 ofelel HAE AF=2cos[1/2cos (kdcosd+ f)1°1 . Bt atat FE

(AF) ,,= cos[1/2cos (kdcos6+ B)] (118)

A (118l A ofele] e = reuzte] A deb fdAkel osiM E=E A of o]
AA s o] ool HAHdl oM ddES & 5 vk 2 kel & 5 3
5ol AA B=E ode] AHS 24 (element) W] wow HE & 5 Slrh

il ojgelel efx = o] HEaA ool HEE Lofrm 274 Y
olglel7} xS wet Fol lvka AN ddojeele] ofde] HAEE FHEF
g w2 (119)9F el drt

AF= ZIN In[ Im 2 Ne/'(WL71)kdxsim9cos¢+ /:?X] ej(n*l)kdvsin6c05¢+ By (119)
n= n=

1

29 302 MNASl R4 belvhel Mg e Yev mawAl el ojrl| 27
£ L= 1,1,°2% % 5
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Fig. 30. MxN elements antenna
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il
L
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5 2o oleo] HE e

AF: Io N ej(n*l)kdysinﬁcos¢+ By ZlN ej(m*l)/edxsinﬁcosqur By (120)
=

ol 4o AFald Wele thes 2o,

(.1 sin(M¢,/2)\( 1 sin(N¢,/2)
AF, (6, ¢)_{ M sin( ¢, /2) }{ N sin( ¢, /2) (12D

A71M, ¢ .=k d sinfcos¢+ B, ¢,=Fkd, sinfcosg+ B,

FH ofeelal = A ofeolet ol FHI e A=

My =L o, =cam m012.. (122)
o wo]a 9SS vA] 2™

kd sinfcos¢+ B.=2mr m=0,1,2,.... (123)

kd,sinfcos ¢+ B ,=2nn n=0,1,2,.... (124)
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9 HellM FHe A= x5 BFAAM g, vy BFAA g ol o =dd 5 )
v & F Utk BE FEe x FH oy FolA Wlo] g BEFo s yrprlE dstr=
ol FFOR g= g, ¢= ¢, FhA 2 (123)7 A (124)°l dPshA
B,=—Fk d,sin 0,cos ¢, (125)
B,=—Fkd,sin G cos ¢, (126)
T ASs Ed
B, d
My *x
tan ¢,= 5.d. (127)
2
i 2 _ Bx ﬁv
sin ¢ 0= [(kdx) +(kdy) (128)
o] & whESelke Aol F W] Wakolal Alolm 2HO Xk e WHoR
kS g ok W ool A AFYS ALt A
U o A U oy
Dmax_ DO_ UU Pmd (129)
o714, D= A& (directivity)
Do= ZFH A A (maximum directivity)
U="Al % (radiation intensity(w/unit solid angle))
Umax= @A WAL A9 (total radiation power(w))
D= 47r[2f1F( 00, DN AF(0,, ¢y)] "‘max (130)
[, [tarco, 91 AFCo, 91 " sinbdods
21 (1306l A S AlLst7] vl o5 7] wiio] sty A2 Wy Ee] Bl
AR AT 2 Tl shbes v #Zo] Ao HREE Aloj= Hbgke] djsfjA 2 &
1 ZF gddetH YR EojrteE U7 2S W AFgEE Wl
Dy=rncos 8D, D, (131)
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714 p.ot  pj= BEE Alel= W ddelgele waAelrh i
cos 0, U7t g BB AgolRowA AT ABH FED s 9,0

R

(2) nlo]AR~EY o] o] <re Lt
nto] AR ~E Y of#o] dEluE AE Al~Fd wel o]H A oHo]E T
det=vke wl Sag EAolt ¥E v=, A8 = dFTE TR B
AA] FAL FHE F e oA tEHUe Rl ool Atele] 1HA T oY
7HAE aEEjoF gtk oldl @A4E AMuste AL dEUe] o5, dAE, AYs

’

4,

W7k 2] e, A Solut.

ojglolo] M= meFe A WHE Heo g FEF Yol Y w==
g I =9} out-of line A8 =2 ro]Xt) in-line &
HAS A= Aol FHolAvk Hup 24 WAk o

=

A% WA 2 BHe AT Yk g Fe] e 10t 4 N9E 54
GERlEE o e 4 weld ke Ak 9 welA Be g A e Fo
Mol g ggwale /197t dEne FAFoel9e] Fuhsel A 9ol

EEEm

Fig. 31. Serial feed with out of-line

- 101 -



A

Fig. 32. Parallel feed
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ofelol 1170l lajn AFHE A ofdol Ete] AFH, WE, ¥ oW
Solth of ELbE FREYE 5 Aoz AAE dEz Hue AP

eN
& A7) A oldole 1AL AU

O:

7F, @717
IR o7 FAA T A= Fus AYE (QU7F ¥ 2= 54 2 #e
EAo] 53 FAA TR AT xS A

delste] AAstolof ghrh. 7] ¢
E#WX2HE  AgilentAte]  ATF-137869F  ofo]al e =2 ALe]  IT-series Dielectric
Resonator Oscillator (DRO)E AF&3t3 2w AgilentAte] EDA AZE¢o¢l ADS
ver. 20032 AREste] AT 7 GHz 2 105 GHzAl A wvlolazsyl w7 & 7242t
AASEA T EgE S-parameterg ©]-&3te] A¥ AlEdH oA 2w A&l 3
ATk BT A ARgE HEZE 79 #dE 252, 77 054 mm, 53 T
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B9 e 5de NAder] skl A FVIE AR A
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¥R equivalent

" — O

h —Lil

FRAA FH71E AAS] fste] WA A

105 GHzollA 27+ Al Eeol A a3t 1

FAA 7] T 2ol (b)E 105 GHzo FAA 537 S743 2 olth. 19

3BE AlEHeld H 1A FH7Y JE WA Go|th AlEd oA A, ZH7te]
)8

Fagol A $48 Bd 4L GEEE B A6 e AgEe o

&

++f Term L 1 T 1 Term
Term?2 MLIN Termt
Num=2 TL6 PRLC Num=1
Z=51 Ohm  Subst="MSub1" PRLC1 Z=50 Ohm
T W=1.37 mm R=3000 Ohm -}
L L=11 mm L=0.517469 nH —
Mod=Kirschning c=10 pF
(a)
s Tem ] T i1 Term
Term2 MLIN Term1
Num=2 TL6 PRLC Num=1
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Fig. 34. Equivalent circuit of dielectric resonator for simulation. (a) 7 GHz and (b)
105 GHz.
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Fig. 35. Reflection coefficients of input and output of dielectric resonator. (a) 7
GHz and (b) 105 GHz.
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Fig. 37. Oscillation condition of series feedback dielectric resonator. (a) 7 GHz and
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Fig. 38. Power spectrums of dielectric resonance type oscillator. (a) 7 GHz and (b)
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(a)
Fig. 40. Photo of fabricated dielectric resonance type oscillator. (a) 7 GHz, (b) 10.5

GHz.
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Fig. 41. Experimental apparatus to measure the characteristics of oscillator

718 Fabg 27] vfojol s 23S Vds = 5 VE Al&d oA

fo

Vds =

9 V AedlA sk A7tsEE vl WEE Y

Vds = 9 V o 2 A5t AEgoldy fAE AR A8
T34 7 GHz 9+ 105 GHz ©l| A <]

L

.

Hhololz 9 VoA

4

- 109 -

A A
A

1
Fgshe



ot A F217) wR7IE 7 GHzel A 115 dBme] &3 105 GHzellA 12.667

dBme =¥5& 747 fd3dd

= | T

E o]

o = 1

= £

| {a

7 ™ 5 -

& | 3 =

i« 8

] | # : e ? {
=TT B LR | _|l_|"_l_: ; ': B 5 . K b a b :;
B BUE  BE RSOT  ADO06 00 4B g ¥ t E F E ¥ E E 4

Frmguency [GHZ] Freguenoy [GHz
(a) (b)

Fig. 42. Frequency response of dielectric resonance type oscillator. (a) 7 GHz and
(b) 105 GHz

A Z4 A g AEgelA ghe] HlaE HoFa k. xoA B F
Bylo)ld gy AA ZFAHX Aloloi= oFzte] o]zt yrebdtl 7 GHzoll A
Z%o] 1129 dBmol¥ =4 A= 127 dBmeli 105 GHz A& o]
o] 11.03 dBmoli =% ZA¥+ 1056 dBm= YEFSLTE

Table 3. Simulation results of oscillator.

Simulation Measurement
frequency (GHz) 7 GHz 105 GHz 7 GHz 105 GHz
Output (dBm) 11.29 dBm | 11.03 dBm | 12.7 dBm 10.56 dBm
2nd Harmonic (dBc) -23.18 dBc | —23.99 dBc - -
Phase noise @ 100kHz 99 5dBe/Ll 977 dBe/H
- - -99. z | -97. z
(dBe/Hz) © ©
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Fig. 44. S2P file for ADS simulation
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Fig. 45. Circuit for simulation and results.
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Fig. 46. A/4 open stud circuit (a) and simulation results (b).
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Fig. 48. Circuit diagram for 10.5 GHz of power amplifier.
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Fig. 49. Gain of 105 GHz power amplifier. (a) result at Smith chart for verifying

the impedance matching of input and output and (b) result of s—parameter

simulation
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Table 4. Description of selected detector

Product name Description

Excellent broadband flatness
Low broadband SWR

High burnout protection

Agilent
8473B LBSD (Low
Barrier Schottky
Diode Detectors)

Environmentally rugged

Field replaceable diode elements
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Table 5. Characteristics of the isolators.

Items 2.5 GHz 7 GHz 10.5 GHz
Frequency range 2.3~25 4~8 10~12
Company Rartron Narda Raditek
Insertion loss dB (max) 0.7 0.4 0.6
Isolation dB (min) 13 20 18
VSWR 16 :1 1251 13:1
Rating power, W (forward) 2.5 (max) 15 (ave) 25 (ave)
Operating Temp. C -35~85 -20~65 0~70
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Table 6. Design of the array antenna

Items Specifications
Frequency 7 GHz 10.5 GHz
Reflection coefficient <-10 dB@100MHz <-15 dB@100MHz
Gain >11 dBi >11 dBi
VSWR 151 1.1:1
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Fig. 59. Structure of T-junction power divider
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Fig. 60. Input reflection coefficient of T-junction power divider.
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Fig. 61. Structure of single patch antenna.
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Fig. 62. Input reflection coefficients of single patch antenna.
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Fig. 63. VSWRs of single patch antenna.
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Fig. 64. Beam patterns of single patch antenna.
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Fig. 65. Configurations of patch array antenna.
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Fig. 69. Photo of fabricated 2x2 array antenna
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and (b) 105 GHz.

- 131 -



# 72 olglo] eelvkel MANSE ZAXE wme Aok,

Table 7. Comparison of array antenna between measured and simulation results

Antenna 1 Antenna I
Items
Simulation Measurement Simulation |Measurement
Frequency (GHz) 7 10.5
Reflection coefficient
-10 -9.14 -15 -13
(dB)@ 100MHz
Gain (dBi) 11 11.54 11 11.42
VSWR 15:1 1.02:1 1.1:1 1.61:1
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Source Test Positioner
Control Positioner Control
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Data Storage

Fig .72. Experimental setup for measurement of beam pattern of antenna
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Fig. 2. 2.25 GHz patch antenna. (a) photograph and (b) beam pattern.

Table 1. Specifications of the 2.25 GHz patch antenna

Electrical Data Specifications
Model HIF-2400
Type of antenna Patch
Frequency range 24725 GHz
Bandwidth 100 MHz
Nominal impedance 50 ohm
Polarization Vertical
VSWR Less than 1.5
Gain 8.5 dBi
Radiation pattern Directional
Half power beamwidth Azimuth:70° Elevation:55°
Power input 50 W
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Fig. 4. Configuration of voltage controlled oscillator

Table 2. Specifications of voltage controlled oscillator

Part. No VE0OME10
Frequency Range 160073200 Mtz
Tuning Voltage 0.5720 Vdc

Power Output 10+2 dBm
Load Impedance 50 &
Supply Voltage 5 Vdc
Supply Current 35 mA

a 2 4 1] ] I 12 14
TUNING VOLTAGE (V]

[
=

Ia

Fig. 5. Plot for output frequency vs. input voltage of VCO.
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Fig. 7. Configuration of 2.5 GHz isolator
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Table 3. Specifications of the isolator

Company PARTRON CO., LTD
Frequency Range 2.3 ~25 Mk
Operating Temp. -35 ~ +85 C

Insertion Loss 0.70 dB max
Isolation 13 dB max
VSWR 1.6 dB max

Impedance 50 &

i)

O3 82 B AFdA ALEHE ololEH ol e EAS Network analyzerZ 37
HEAM SpE ZE 104 whAbE = AE5AS, Sy TE 1AM ZE 28 AdEH s
NG 58E, Spe XE 204 WA E = AS5A4S 747 dekdiv, 2gedA yebd
Hpel Zo] Fal Qteluel AAE = olo]&HolE e X E 2049 25 (] Ase] of
g ofol& o] 5Ao] wig ¥ F Aom YEyith

b

“CHA Pads

Fig. 8. Characteristics measurement of 2.25(fz isolator
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Fig. 9. Printed pattern on Teflon substrate (a) and fabricated circuit (b)

Detector

FRAGHURTE FAHE Ase] HFES dEste] AFuEe FEoR
Wty i E A8 797] (Power detector)7t E2&tth wEka] B Ao
Agilent AF2] 8473B LBSD (Low Barrier Schottky Diode) =2<S tlelE 2 Al-83}%]
th AlzE]l ik A QtElUEEE dgd 4srt A8 A7) (Power detector)ell
THEH webd A8 7137] (Power detector)?] & tAE AASAIE ol &
st SAHToEA 418l RFASE ARFeE= Wty 54T 5 A Ak &2

AT AGR U519 AGe E 404 mintsh gom A3F 280 /EE )
§3} Bt

Table 4. Description of selected detector

Product name Description
Agilent Excellent broadband flatness
8473B LBSD (Low | —zow broadband SWR
High burnout protection
Barrier Schottky Environmentally rugged
Diode Detectors) Field replaceable diode elements
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Apilest 247IE

Fig. 10 Photo of power detector

Table 5. Specifications of power detector

Frequency Range 10 Mz ~ 18 Gz
Frequency Response -35 ~ +85
. 1.2 ~ 4 (i,
Maximum SWR 15 ~ 180k
Maximum Operating 200 mW
Input Power
Input Connector 3.5 mm male
Output Connector BNC female
2) 7.0 % 1050k A A]~H=
700 BO1050k A Al=Re 250k Al v R @] ofe] &y
olH, s x| ofglo] ¢teElL, HEHZE FAHAeH FFAT7]HAA MEtE yEo=
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Table 6. Specification of the OP-Amp.

Model : TLO72C

Symbol Parameter Value Unit
Vee Supply Voltage +18 \%
Vi Input Voltage £15 \%
Via Differential InputVoltage +30 \%
Piot Power Dissipation 630 mW

Output Short-circuit Duration infinite

Toper Operating Free Temperature Range 0 to 70 T
Tetg Storage Temperature Range -65 to 150 T

2 Aol AMEE OP-Amp®] @ H&EExw 19 11004 Hewkeh gow 19 129
22 W SE JREE TS R B RS AdHs 2Ast dshe SH5E
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Fig. 11. Configuration of OP-Amp. Fig. 12. Circuit diagram of inverting OP-Amp.
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Table 6. Gain and output voltage of OP-Amp

Frequency Ry Ro Gain Output voltage
2.5 (i 1k& 100k& 100 1~2V
7.0 Gz 1kQ 50k 50 1~2V
10.5 Gz 1kQ 100k 100 2~3V

=
el 24 Fu Aadel FAHE 2EA4E A/D Waee faZi
KN

AR o FEEE AAZIeR vhehily] $13te] CPUZ Ul

H AE AEEHE o] & AHEE HE HEEZ = PICBASICOZ4 PBM-R5
A5 ALEIATHIYEL3). =3 A8 AEEH 9 AASY dre = de] Fo
[e3]

9+ PICBASIC 7|2g HEZ o]&3lo] AA Alx

@ 1 2
183 olfre B ATA ABaud s L8l FREYFAE AFAO
-

Heg A A
2 Fof7]dell A sEste] Fgsta|of ah ofoldlo] 7] wiie] HE MEREE o] &
Froma zke d7 MAel wE Alz=de] JEn g Fol7] fFtoldth B AN
oA AFRHE Hg iR Eo g 2 IRk a9 [3~1504 KW= ukel 2

EEims
E-FESETS

1K
CERRT LR RN LEEEL LR RN |

JEEIEEER
k
R

FEEkEE

'.
1%,
= RS i

I TEEXl PRI TR LR |
EHEEYEEY

Fig. 13. Layout of the PICBASIC module
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Fig. 17. 3-D AutoCad image for on-line measurement system for moisture content
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Fig. 19. Photo of conveying system and microwave measurement system
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Fig. 20. Conveying motor

Table 7. Specification of the induction motor

Model S9160GBL-V12
Pole 4
Output(w) 60
Voltage(v) 1%220
Frequency(Hz) 60
Current(A) 1.35
Rate load Speed(rpm) 1600
Torque (kg—cm) 3.80
(N-m) 0.380
) (kg—cm) 4.80
Starting Torque N-m) 0.4%0
Capacitor(uF) 4.0

Table 8. Specification of gear motor

Model SO9KC90BL
Gear Ratio 90
Rpm 20
kg-cm 200
N-m 19.60
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Fig. 24. Output voltage vs. moisture content at indicated measuring frequencies
and 5.8cm/s of sample speed. (a) wheat flour (b) coffee powder, and (c) milk

powder.
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[Single frequency 2nd order model]

MC=a 0+a1T+d2AVi+a3AV2i (6)

[Dual frequencies model]

MC=a y+a,T+a,AV ;+a,AV; (7
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MC=a,+a,T+a,AV +a AV ;+a,4V, (8)
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Table 10. Result of multiple linear regression model for measurement of moisture

content of wheat flour

Regression Frequency ((liz) Regression coefficients ,
R
Ean. i j k o)) a az as a4
) 25 3.807 | -0.256 | 39.820 0.9356
5) 7.0 10.142 | -0.345 | 25.666 0.9058
) 10.5 8.409 | -0.197 | 9.050 0.9451
(6) 25 18541 | -0.249 | -62.18 | 167.11 0.9689
(6) 7.0 14.497 | -0.377 | -0.381 | 41.932 0.9233
(6) 10.5 11.181 | -0.177 | -1.941 | 7.865 0.9726
(7) 25 7.0 4512 | -0.267 | 35199 | 3.096 0.9359
(7) 25 105 | 6876 | -0.216 | 12812 | 6.197 0.9478
(7) 7.0 105 | 8616 | -0.220 | 4.082 7.687 0.9464
®) 25 7.0 105 | 7.118 | -0.220 | 11.298 | 1.204 6.132 0.9479
20
= 18| R'=0.9726
= | SEC=0.449(% w.b)
2 161 No. of data=22 .
g 14t g
o
§ 12 + 9
o 10F
z 8 3
g o
8 4f
s 2f
o
o O

0 2 4 6 8 10 12 14 16 18 20
Measured moisture content(%w.b.)

Fig. 31. Relationship between moisture content by oven method and predicted by
single frequency 2nd order model at 10.50z for the calibration data of 22 wheat

flour samples.
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Fig. 32. Relationship between moisture content by oven method and predicted by
single frequency 2nd order model at 10.5(Hz for the validation data of 26 wheat

flour samples.
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Table 11. Result of multiple linear regression model for measurement of

content of coffee powder

moisture

Measured moisture content (%w.b.)

Regression Frequency () Regression coefficients -
Eqn. i J k a a a: as a
5) 2.5 8193 | -0.372 | 28.776 0.9377
) 7.0 11.144 | -0.428 | 21.343 0.9346
) 10.5 9.698 | -0.424 | 12.332 0.9461
(6) 2.5 7644 | -0.363 | 32.915 | -10.67 0.9382
(6) 7.0 10.959 | -0.425 | 23.489 | -6.161 0.9350
(6) 10.5 10.931 | -0.445 | 7.251 6.661 0.9516
(7) 2.5 7.0 9.484 | -0.490 | 15.551 | 10.098 0.9476
(7) 2.5 105 | 8939 | -0.400 | 12525 | 7.169 0.9565
(7) 7.0 10.5 | 10.174 | -0.425 | 8.284 7712 0.9531
®) 2.5 7.0 10.5 | 9.320 | -0.401 | 9.873 3.824 6.120 | 0.9576
10
~ o[ R’=09576
< | SEC=0.462(% w.b.)
2 8} No.ofdata=14
g 7r o
2 8
g
9 5 I (¢]
g 4T 8
o
€ 3 ]
8 21
s 1)
2
n_ 0 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
o 1 2 3 4 5 6 7 8 9 10

Fig. 33. Relationship between moisture content by oven method and predicted by

triple single frequencies model for the calibration data of 14 coffee powder samples
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Fig. 34. Relationship between moisture content by oven method and predicted by
triple frequencies model for the validation data of 16 coffee powder samples.
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order model®] 7-¢- F37F 1050 W Rl AHAF7E 0963824 7HE =7
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z%d AS wde AAALI 09726524 2 Fuke 23] 9% Ay By &
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Table 12. Result of multiple linear regression model for measurement of moisture

content of milk powder

Regression Frequency (Glfz) Regression coefficients R
Ean. i J k ap ai az as [eZ]
5) 25 1471 | -0.280 | 66.463 0.9544
5) 7.0 -2.155 | 0.009 | 32.001 0.9524
5) 105 3.687 | -0.142 | 11.620 0.9638
(6) 25 -0.149 | -0.359 | 102.11 | -84.51 0.9617
(6) 7.0 -3.951 | -0.069 | 54.730 | -30.93 0.9608
6) 10.5 3.836 | -0.275 | 20.306 | -5.728 0.9856
(7 25 7.0 -0.598 | -0.135 | 34.875 | 15.739 0.9689
(7 25 105 | 2562 | -0.196 | 27.680 | 6.934 0.9725
(7) 7.0 105 | 2.004 | -0.099 | 8.783 8.492 0.9656
) 25 7.0 10.5 1.642 | -0.168 | 26.186 | 5.121 5.365 0.9731
20

= 18| R’=0.9856

s [ SEC=0.750(% w.b.)

X 16 [ No. of data=22 8

Z 14+t 8
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Fig. 35. Relationship between moisture content by oven method and predicted by
single frequency 2nd order model at 10.50#z for the calibration data of 22 milk

powder samples
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Fig. 36. Relationship between moisture content by oven method and predicted by
single frequency 2nd order model at 10.5(fz for the wvalidation data of 24 milk

powder samples
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frequency model®] A% 1050k F35E o] & A Rdo AAYA T 0.92482 A4
71 s A7E YJeE Sl oY single frequency 2nd order model®] 74 ZiE Al
E o=z 3t Ayl nprA 2 10560k 35 o8 49 ZAAAS7 09364

2 7} =4 YeERgtl Dual frequencies model® 7 9-250z¢F 105022 Z&oA 2
AAF7F 095560 2 YEFE Y triple frequencies model®] A A 471 0.9569= 717
=7 vElsth a9 372 AAFASIT 71 =2 triple frequencies modelS ©]-831¢
ndo] G g o Sek Aol 17l 382 A HolE T IARD ol Al
A @2 64719 AF HolHE o] &dto] JiEE RAS HSI AdE dEkdth
o =3 5 Q A} (standard error calibration)+= 0.750%w.b., HAEZF2 A+ 0.650%w.b.,

biasi= 0413%w.b.& WERHO] & A& AR #2354 Foert dodes
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Table 13. Result of multiple linear regression model for measurement of moisture

content of all samples.

Regression Frequency (Glfz) Regression coefficients R
Ean. i J k ap ai az as Qa4
5) 25 7438 | -0.388 | 41.051 0.7725
5) 7.0 4420 | -0.154 | 26.857 0.8781
5) 105 3.811 | -0.105 | 11.257 0.9248
(6) 2.5 4.014 | -0.388 | 74.274 | -68.96 0.7900
(6) 7.0 4376 | -0.157 | 27.745 | -1.441 0.8782
6) 10.5 3.377 | -0.157 | 16.898 | -3.831 0.9364
(7 25 7.0 4848 | -0.259 | 17.897 | 18.366 0.9369
(7 25 105 | 4.319 | -0.198 | 13.850 | 8.463 0.9556
(7) 7.0 105 | 3.829 | -0.111 | 3.503 9.875 0.9258
) 2.5 7.0 105 | 4.343 | -0.206 | 13.931 | 4.052 6.848 | 0.9569
20

S 181 R%*=0.9569

= 16 SEC=0.845(% w.b.) 5

& "l No.of data=58
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Fig. 37. Relationship between moisture content by oven method and predicted by

triple frequencies model for the calibration data of 58 all data samples

- 166 -



20

o i
(mm)
im]
mo\ °
ao
A~~~ m T
dsg -
22} o J
%%w
o2 E 4
B2o 2 @
AT
wP.EO_ = -
o~ W 'o o u}
Xxommz
PURN TSR (NN TN NN SN SR [T S N SR NN S N
WV O© I N O 0 © < N O
T~ - - T
("g"m9,)usiuoo ainjsiow pajoipald

18 20

8 10 12 14 16

6
Measured moisture content(%w.b.)

Fig. 38. Relationship between moisture content by oven method and predicted by

triple frequencies model for the validation data of 66 all data samples
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by = wyx; T wWypxy + 00 Wy, 1)

cov(x;, vy)

2 2
2, cov(xy, 1)

Wy; =

SRR 71 WA FAR oE ol dkel WA v e & Qe e P
e 4 AL TAR F ANRAL FAAT
Vi, = Cztz + %) (12)

A7, y2 = yioll g A E
c2 = A 2 FAE Wt FAAS

A7)0 £ oA FgRor FAE AN 23 yol B Aol kg A
7 2

2 (9 ~12)ell A A3k whel 22 s
FAES SHHs RSt JdE 3F4 e A (EE 2
3 o2 MATLAB 2ZE¢ o] o] &3] FAE
At & AFd A= PCR FAED /M-S 93] NIPALS(nonlinear iterative partial
least squares)d @& A&t on, ndo HA FAR JEES AAGY] 5
S 83 rt. =, PRESS(prediction residual error
5

bol aHeAh)e] ghol Havt B e FHR A%

WA Z(cross validation) "4
sum of squares)?] W3lE 3z
7V A FAE MR AAEY ol PCR ¢algFel FadTh

FAE IARAE A sHHETFEE T NEA AR 2% 9 250, 7.00k,
1050 Fapaoll A o] wiolamal Fxqte] Wtz At o] A Rl =3
e 2gWiso $2 42 B8 s tEAdsARd F triple frequencies

model®] As¥ vluslr] 9] sho] 9tk

o]

(1) 2715
7R gk FAAE B4

A1 532l 2|8t
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S Twdl AYE s Bew wdbEnh NIPALS &gl o 372 &
2% HA FAL e VIEA AAHOR 49 FAELS BF AT 49 2l
o ARAF7E =A deEbdth a9 395 AAASF Mg B AF 2957 44Y
) R mdo] ASwE o3 Adrx ZAAAFE 0929, SECE 0/.783%w.b.
olm 19 40 A dlolE F 3|ARE] el AL&3HA] S 26719 AF o]
BHE olgsty /e REAS AT AdE e f3ol dig AAAFE
0.897, SEPE 0.912%w.b., bias -0.132%w.b.2 UElfo] T3 ZYHFS AF&3
& YER AT

Table 14. Eigne values and eigen vector of principal components of wheat flour

and percentage proportion

Principal Eigen Percentage Eigen vector
component value proportion T AVosm AV om AV 050
1 12046.30 99.9804 0.9993 0.0139 0.0141 0.0323
2 2.36 0.0195 0.0373 -0.2169 -0.3069 -0.9260
3 0.01 0.0001 0.0042 -0.1516 -0.9270 0.3429
4 0.01 0.0001 -0.0054 0.9643 -0.2150 -0.1548
i
18 o
ZEC =078
_ 16 Foctor o = &
ERT ot
E 13 ok
'E mn :-__
£ £
= 5
g8 g
3
L |
1
By 5 i il B ] |I;| TR m X

isihind diniend by Esgiiivssi

Fig. 39. Relationship between moisture content by oven method and predicted by

PCR model for the calibration data of 22 wheat flour samples
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Fig. 40. Relationship between moisture content by oven method and predicted by

PCR model for the validation data of 26 wheat flour samples

2) A

-
28 AA FARY = 4] A W wde) ARAFA BA et 29 e 2
AAFT A we AR 8Q5} 44 W FREY wde] FYEE 53 A

= 9ol

24 AAATE 0899, SEC= 0.820%w.b.ol™ 17 42+ A dHoly F 3K
Mboll AbgshAl S 16709 A3 dHeolHE ol &3t ridd RdS AT ZIdE
etttk HZ3d digk 2 A5= 0942, SEP+= 0.648%w.b., biasv -0.163%w.b.&
UEtol s gel 7] mle] Ayt Gt nlad WA WERs)

Table 15. Eigne values and eigen vector of principal components of coffee powder

and percentage proportion

Principal Eigen Percentage Eigen vector
component value proportion T AVosm AVzoa AV 050
1 6850.78 99.9760 0.9998 0.0080 0.0069 0.0172
2 1.62 0.0236 0.0200 -0.3457 -0.4600 -0.8176
3 0.02 0.0003 -0.0016 -0.4250 -0.7200 0.5736
4 0.01 0.0001 -0.0021 0.8365 -0.5459 -0.0456
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Fig. 41. Relationship between moisture content by oven method and predicted by
PCR model for the calibration data of 14 coffee powder samples

el ETH)
SR =0
Evwa = {1 1HZED

Fig. 42. Relationship between moisture content by oven method and predicted by
PCR model for the validation data of 16 coffee powder samples
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FEA Bag HH FALY U UIE W 25 A Fe o] AAAS
7 =A vEbsth 29 432 AAASTE 7P =2 AH T Rl W 25
A mde] JAow=g o F3 AazA AAAG= 0973, SEC= 0.893%w.b.oj™ 17
44= AA Holg T AR Fdo] ARgshA] @2 24709 HE HlolHE o3}

ok AZol dg ZAASFE 0970, SEP=
1.015%w.b., bias¥= -0.251%w.b.= of & Alge Ao} wpAE e
P37 2o Ay Agwrt vad vA e T

Table 16. Eigen values and eigen vector of principal components of milk powder

and percentage proportion

Principal Eigen Percentage Eigen vector
component value proportion T Wosm, AV 706 Vo5
1 10629.83 99.8255 0.9992 0.0099 0.0168 0.0359
2 14.76 0.1386 0.0406 -0.1586 -0.3387 -0.9266
3 3.58 0.0336 0.0040 -0.1673 -0.9163 0.3637
4 0.24 0.0023 -0.0029 0.9730 -0.2129 -0.0889
a
18 o ] 7
SEC =088 0o,
] Factor bin. = & 2
= f
i‘ 14 . o
E 13 o
E 0 &
E 8
5
g . B
3 e
1 o
3 =)
By 5 i il B ] |I;| TR m X

Wlisihiss LEniend by Erginerssn

Fig. 43. Relationship between moisture content by oven method and predicted by

PCR model for the calibration data of 22 milk powder samples
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Fig. 44. Relationship between moisture content by oven method and predicted by

PCR model for the validation data of 24 milk powder samples

Osdds]7aA mde] Ada mprbAE A4 Asd e FAE 245
AAE A % 17904 Bisvkeh 2ok AA FARE T oA 1 FARE D oA 2 74
Fo] A8k Bl Eo] oF 99.97%2A Al 1 FAEI A 2 FAEWMORE X8
TS TR AW F JdS Ao dAdHn a¥ 455 AAAFTIE M =S
HA a7t ViYW FESH Rde] HIRE 45 AREA AFAATE

0.950, SEC= 0.970%w.b.o]l™ 1% 462 A dlol¥ T 3|7mde] o] AR&stA

e Aol A7 dolEE ol uE mAg AZd A%E dudd. A%

gk AR AT 0944, SEP= 1.142%w.b., biasv= -0.273%w.b.2A o & A5e A
oF MPRTHA R gAY E ] e AvRu el vl viA yEbstith

Table 17 Eigne values and eigen vector of principal components of all samples

and percentage proportion

Principal Eigen Percentage Eigen vector

component value proportion T AVosm AVzoa AV 050
1 29510.73 99.8732 0.9994 0.0111 0.134 0.0301
2 29.71 0.1005 0.0344 -0.1859 -0.3629 -0.9125
3 7.53 0.0255 -0.0046 0.9783 -0.1541 -0.1382
4 0.25 0.0008 0.0018 -0.0905 -0.9189 0.3840
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Fig. 45. Relationship between moisture content by oven method and predicted by
PCR model for the calibration data of 58 all samples

Fig. 46. Relationship between moisture content by oven method and predicted by
PCR model for the validation data of 66 all samples
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Fig. 47. Basic structure of the artificial neural network

- 176 -



3

A5

¥

Ko
o

dlej el o

SRS

o)
H

Al
ol

B

——
o

o

¢

o

Tor

ol

10e-5,

e
37}

34 oAe B

3
oA =

o~
T

=)

Egk ol

tangent sigmoid

1
.

Abole] A4

shelet.

£ A8

A

oH

1

linear

K

(1) 27k

% 48 A K= nhe}

Al 09846, SEC+ 0.3543%w.b. 2

A=

?l_

at7] <l

e
FE A4

gol el o

g

A *

s

S 2~
st

o) wEZst 6709

3}
<1

7F 670 €]

Foll AFEHA ek 2671 WA e dHolH =
A3 27 49004 B npel ol A A 09843, SEP 0.3574%w.b.,

<
= T

dehhh wetd edBe)

stel o

&

2 ol

T7F 6702 JhE

1
J I—

bupel

S

Bias -0.0151%w.b.®2 Z+Z} YyEhY

Standard error of calibration

viariables

O
><)
@) O

o
5 5
pwc
0o £ Yw
X w 0
[ 31 .
0 ooo 0
z | |
1 1 1 1 1 1
@ «© © ¥ o 9
— o o o o o

UOIJBUIWIB}OP JO JUBIOIS0D

18 20 22

10 12 14 16

8
Number of hidden node

Fig. 48. The coefficient of determination and standard error of calibration for

predicting the moisture content of wheat flour as a function of the number of

hidden neurons.
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Fig. 49. Relationship between moisture content by oven method and predicted by

artificial neural network for the validation data of 26 wheat flour samples
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Fig. 50. The coefficient of determination and standard error of calibration for
predicting the moisture content of coffee powder as a function of the number of

hidden neurons.
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Fig. 51. Relationship between moisture content by oven method and predicted by

artificial neural network for the validation data of 16 coffee powder samples
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Fig. 52. The coefficient of determination and standard error of calibration for
predicting the moisture content of milk powder as a function of the number of
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(a) (b)
Fig. 3 PCB pattern (a) and photo of wireless transmitting unit.
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Fig. 5. Connection between computer and receiver via RS232C and display of

received moisture content and temperature
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Fig. 8. Photo of prototype moisture meter with patch antenna
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Fig. 11. Circuit diagram of the receiving unit of the wireless prototype moisture

meter
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Fig. 12. Photo of the wireless prototype moisture meter
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