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Abstract

Permittivity is an important property of dielectrimaterials. By measuring the
permittivity of a material, it is possible to obtanformation about the material’s physical and
chemical properties, which are of great importattcenany applications. In this study, a real-
time control system for a frequency-response (FRingtivity sensor was developed. The core
of the hardware was a kitCON167 microcontroller YHIEC America, LLC), which controlled
and communicated with peripheral devices. The aystensisted of circuits for waveform
generation, signal conditioning, signal processit@a acquisition, data display, data storage,
and temperature measurement. A C program was gmelin the TASKING Embedded

Development Environment (EDE) to control the system

The control system designed in this study embodigorovements over a previously
designed version in the following aspects: 1) iedis printed circuit board (PCB); 2) the
measurement frequency range was extended from 120 tdl 400 MHz; 3) the resolution of
measured FR data was improved by using programngdile amplifiers; 4) a data storage
module and a real-time temperature measurement Imadire added to the system; 5) an LCD
display and a keypad were added to the systemdolagi the FR data with corresponding

frequencies and to allow users to enter commands.

Impedance transformation models for the sensoreprtite coaxial cable that connects

the control system with the sensor probe, and itfreakprocessing circuit were studied in order



to acquire information on the permittivity of meesti materials from measured FR data. Coaxial
cables of the same length terminated with differeatds, including an open circuit, a short
circuit, a 5@ resistor, and a %D resistor paralleled by a capacitor, were testdee flesults
indicated that the models were capable of predjdtie impedances of these specific loads using
the FR data. Sensor probes with different sizes aoaxial cables with two different lengths

terminated with the same sensor probe were alsedteEhe results were discussed.

Additional tests for the gain and phase detectorewsmnducted to compare FR data
measured by the gain and phase detector with thbserved on an oscilloscope. The results

were discussed.
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CHAPTER 1 - Introduction

Permittivity is a physical quantity that descrilibe dielectric and conductive properties
of dielectric materials. It is determined by theligbof a material to polarize in response to an
electric field, and thereby reduce the total eledield inside the material. When an external
electric field is applied to a dielectric materidipole molecules in the material tend to align up
in the opposite directions. This process of aligninealled polarization, hinders current flow.
The response of a material to an external altergagiectric field typically depends on the
frequency of the electric field. Therefore, permity of dielectric materials is frequency-

dependent.

Permittivity is an important characteristic of a tevéal. By knowing the dielectric
property of a material, it is possible to obtaifommation about its physical and chemical
properties, which are of great importance to mapyplieations in industry, agriculture,
production of food, and biological materials, anddmcine. For example, dielectric property was
used to study the moisture content in grain ane@rothaterials, and to measure fruit maturity
(Nelson 1991; Nelson et al., 1995). During microevdweating, reflection, transmission, and
absorption of microwave energy are controlled bg thelectric properties of the materials.
Therefore, dielectric property plays an importamer in studying the absorption of
electromagnetic energy (Tanaka et al., 2002). Maeodielectric properties of materials are
important in the design of electrical and electcomguipment where they are used as insulating
components, in studying biological substances, al as thin plates of semiconductor and

magnetic materials (Nelson 2003; Stuchly et al74)9 Because of the wide application areas of



dielectric properties, there is an increasing dedrfan various dielectric materials. As a result,
more and more researchers have proposed manyedifferethods for measuring the permittivity

of dielectric materials.

Since the permittivity of a dielectric material & function of frequency, study of
permittivity should be conducted in a wide rangdrefjuencies. However, the frequency range
of dielectric spectroscopy covers nearly 21 oraémiagnitude from 10 to 1d°Hz; no single
method of permittivity measurement is able to cowbhis range. Therefore, different
measurement techniques are adopted for differgplicapions, depending on the frequency of
interest, the nature of the dielectric materidbéomeasured, and the degree of accuracy required.
Normally, at the low frequency range of $610° Hz, time domain measurement is frequently
used. Frequency domain measurement is adequatthdofrequency range of 19-10° Hz.
Reflective coaxial methods and transmission coarm@thods are frequently used for the
frequency ranges of $010'° Hz and 18~10'" Hz, respectively. Fourier-transform methods are

working in the frequency range of 1610 Hz (Chen et al., 2004).

Some measurement techniques can cover a relatweéyfrequency range. For example,
conventional bridges are used over a frequencyerafg@pproximately 50Hz to 25MHz. A Q-
meter is suitable for a rather higher band of fesgues, from 100 kHz to 100 MHz. The
principle of the bridge and Q-meter is to meashesdapacitance and conductance of a material,
because a material can be modeled electrically sevias or parallel equivalent circuit at any
given radio frequency. If the circuit parameterctsias impedance or admittance, can be

measured appropriately, the dielectric propertieshe material can be determined at that



particular frequency (Nelson 1999).

Many researchers have been conducting researchherddvelopment of dielectric
property measurement instruments based on diffemegdsurement principles. Stoakes and
Brock (1973) designed a permittivity sensor usingcapacitor method to determine the
permittivity of oil and its lubricating ability. Tib oil permittivity sensor obtained a United States
Patent. A dielectric sensor using the principleedonant cavity was developed by Fort Motor
Co in early 1990s to measure alcohol concentratiomethanol or ethanol-gasoline blends
(Meitzler and Saloka, 1992). Hewlett Packard (H&yeadoped impedance, spectrum or network
analyzers with high accuracy to measure permigtivilowever, these analyzers are very

expensive and need complicated calibrations.

A permittivity sensor using a frequency-responsd&)(Fmethod for simultaneous
measurement of multiple properties of dielectricterials in real time has been developed by
researchers in the Instrumentation and Control tatboy of the Biological and Agricultural
Engineering Department at Kansas State Universitges2000. The sensor was originally
developed to measure soil properties (Fan, 2002ndlet al., 2004; Lee, 2005; Lee et al., 2007a;
Lee and Zhang, 2007b). Since 2005, the sensor dé&s Imodified to measure other dielectric
materials — water, biofuel, and air (Zhang et2006; Zhang et al., 2007). In 2005, a control box
was developed to control the modified sensor. is $study, a new control box was developed to
improve the performance of the sensor. This thésscribes the hardware and software of the
new control box. Studies on impedance transformatmmdels for the sensor probe and the

control box are also reported in this thesis.



CHAPTER 2 - Objectives

The overall objective of this research is to deped real-time control system with

improvements over a previously developed versioafBR permittivity sensor.

Specific objectives are as follows:

1. Develop an integrated, microcontroller-based systeiuding circuits for waveform
generation, signal conditioning, signal processidgta collection, data display, data

storage, and temperature measurement.

2. Develop a C program to control the system.

3. Investigate impedance transformation models forst#resor probe, the coaxial cable that
connects the control system with the sensor prabe,the signal processing circuit with
a goal of obtaining information on the permittivitf measured materials from measured

FR data.



CHAPTER 3 - Literature Review

3.1 Theory of permittivity

The term “permittivity” used in this thesis impligke relative complex permittivity,

which is the permittivity of a material relative tiwat of free space (Equation 3.1).

E=EE, (3.1)

£ =€ —j€. (3.2)

where & is permittivity,
&, is relative permittivity,
£, = 8.85x10™ F mi* (permittivity of free space),

£ is dielectric constant, and

r

£ is dielectric loss factor.

r

The real part of the relative permittivity is diefiec constant, which describes energy
storage in the material. The imaginary part is Ifz&gor, which describes the rate of energy
dissipation in the material (Nelson, 2003). Didliectonstant and dielectric loss factor can be

expressed by the following equations:



£, =€, + 7a)£0 (3.3)

' _gur
€= Amd (3.4)

where &, is dielectric loss,

o is electrical conductivity,

w Is angular frequency,

o . .
A}:O is conductive loss, and

O is loss angle.

Permittivity is a good indicator of multiple matariproperties and is frequency-

dependent. Both the real and imaginary parts atix& permittivity are dependent on frequency.

At low frequencies, the energy dissipation procé/’:zéE caused by ionic conduction is
0

inversely proportional to frequency and becomescati for energy loss. The polarity of the
electric field changes slowly enough at such fregies to allow dipole molecules in the
material to reach equilibrium before the electi®d has changed. For frequencies at which
dipole orientation can not follow the applied etecfiield due to the binding force between
atoms, absorption of the field’s energy leads tergy dissipation, in the form of dielectric
relaxation (Robinson et al., 2003; Topp et al.,®0T herefore, dipolar energy dissipation is the
predominant loss at high frequencies. The comtnatif polarization, relaxation, and ionic

conduction makes the interpretation of dielectnoperties of materials complex. Changes of



any of these three properties caused by changesatarial composition can be detected by

complete measurement of permittivity (Lee, 2005).

3.2 Permittivity measurement techniques

Many papers reporting diverse methods for pernifigtimeasurement can be found in the
literature. Many researchers all over the worla aidied on different methods for permittivity
measurement. Many types of permittivity sensors arsfruments have been developed as
modern electronics fast evolving. Choices of meam@nt methods for particular applications
depend upon the physical and electrical propedig¢ke material under test, the frequency range
of interest, and the operative constraints. Thetrmnommmonly used techniques - time domain
reflectometry (TDR), capacitance probe, transmissiize, resonator, open-ended coaxial probe,

and free-space method, are reviewed in this section

3.21TDR

The TDR method was developed in the 1980s and besnte a major technique for
permittivity measurement since then (Afsar et H986). This method covers a wide frequency
range from radio frequency to microwave (Nozaki &wde, 1990). The basic principle of TDR
measurement is to measure the time difference leetilee reflected and the incident pulse,
which was produced by a step voltage pulse gernethtough a coaxial line. The recorded time

difference can be related to the dielectric propsmf materials.

Topp and Davis (1985) used the TDR method to meagolumetric water content of
unsaturated soils. A strong relationship between wtblumetric water content and dielectric

constant for a wide range of soils was reported.Ranjan and Domytrak (1997) measured



effective volume of soils using different TDR mirmybes with three and five rods, respectively.
The result showed that the three-rod miniprobesveasier to install. However, orientation of
the three-rod miniprobes easily influenced the atife volume measured in saturated soils.
Robinson et al. (1999) adopted the TDR method iagueng relative permittivity of sandy soils.
Payero et al. (2006) used TDR to continuously nuortihe nitrate-nitrogen in soil and water.
Good correlation, between the bulk electrical catidity measurements by TDR in water and

nitrate-nitrogen concentrations, was achieved.

3.2.2 Capacitance probe

Robinson et al. (1999) adopted a surface capaetarsertion probe (SCIP) to measure
relative permittivity of sandy soils. The SCIP cisitss of two parallel stainless steel electrodes
which define a capacitor. The capacitance is ationof the relative permittivity of the material

where the probe is embedded and the geometricgeoafion of the probe:

C=¢0¢, (3.5)

where C is the capacitance,
&, is relative permittivity, and

g is a geometric constant.

The capacitor formed by the probe and an inductomfan oscillator circuit. The
frequency of oscillation is a function of both theductance and capacitance in the circuit
(Equation 3.6) (Dean et al., 1987). Therefore, pitirrity of the material embedding the probe

can be derived by measuring the oscillation freqyen
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F=—— (3.6)

where L is the circuit inductance, and

C is the capacitance of trebp embedded in the material to be measured.

Lee (2005) developed a frequency-response perityttsensor, with a four-electrode
probe arranged in a Wenner-array structure, forukameously measuring multiple soll
properties. The sensor probe consisted of fouangttlar metal plates. In order to increase the
capacitance effect, a relatively large plate anea@ a relatively small separation between the
plates were chosen. Impedance of the probe insirtbé materials to be tested can be related to

the relative permittivity of the material to betexk

£ =—¢g (3.7)
SO
; G
= 3.8
" 2nfe, g (38)

where C is the capacitance between the plates,
G is the conductance between the plates,

g is the geometric factor of the sensor.



The geometric factor was determined from the cotidtic o of the medium surrounding

the sensor probe (material to be tested) and thé tesistance R measured between sensor

electrodes.
1
R=pg=—g (3.9)
o
g=Ro (3.10)

wherep is the resistance of the material, and

o is the conductivity of the material.

3.2.3 Resonator

Depending on the type of transmission line usedyrowave resonators have different
names such as coaxial, microstrip, slotline, andtgaesonator (Nyfors, 2000). In general, a
microwave resonant cavity is a box fabricated froigh-conductivity metal. The shape of the
cavity is always rectangular or cylindrical so ttia distribution of electric and magnetic inside
is easily calculated. The size of the cavity iseirsely proportional to the desired frequency. That

is, for higher frequencies, the cavity should belssn.

The basic principle of the resonant method is thatresonant frequency shifts and the
energy absorption characteristics change whenomaésr is filled with a sample. Changes in the
resonant frequency provide information that canubed to calculate the real part of material

permittivity - dielectric constant. Changes in #v@ergy absorption, which can be expressed as

10



Q-factor (ratio of energy stored to energy disggdatare used to estimate the imaginary part of

the material permittivity - dielectric loss (Venkah and Raghavan, 2005).

As early as 1960s, the resonant cavity technique fneqjuently used for studying the
dielectric properties of materials at microwaveqtrencies. This technique still has a unique
place now, owing to its high sensitivity and retatsimplicity. Especially when data are required
at only one microwave frequency, the resonant gaméthod is probably the most logical choice
(Bussey, 1967). Yu et al. (2000) proposed an agprasing a cylindrical cavity resonator to

measure the complex permittivity of lossy liquids.

Matytsin et al. (1996) proposed a method of dielegermittivity measurement based on
a slotted coaxial resonator with decimeter wavedlesgvhich can be applied in industry for non-
destructive testing of sheet materials. Raveenthagiaal. (1996) used an open-ended coaxial
resonator to measure the complex permittivity ofewavithin the frequency range from 0.6 GHz
to 14 GHz. Dudorov et al. (2005) developed a methsithg a spherical open resonator at
millimeter wavelengths for dielectric constant measent of thin films on optically dense

substrates.

Many researchers developed sensors based on theantstechnique. Dionigi et al.
(2004) designed a resonant sensor for dielectricnipievity measurements of powdered,
granular and liquid materials. The results on meagusilica sand are of good accuracy.
Fratticcioli et al. (2004) developed a microstrgsonant sensor, its equivalent circuit, and the

driving electronic circuitry for the measuremennadterial permittivity.
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3.2.4 Open-ended coaxial probe

The coaxial probe method is a modification basethan transmission line method. It
measures the reflected signal from a material tiin@icoaxial line ending with a tip, which is in
contact with the material being tested. The tifpcated at the center of a probe. For measuring
solid materials, the probe needs to touch a fld#asa of the material. For liquid, on the other
hand, the probe needs to be immersed in the liduithg measurement. The measured reflection
coefficient is related to the sample permittivitgheen and Woodhead, 1999). The coaxial
probe method is easy to use because it does noirgeq particular sample shape or special
containers. Moreover, it is possible to measurediedectric properties over a wide range of
frequencies, from 500 MHz to 110 GHz. However, tmsthod requires elaborate calibration
procedures. It is also of limited accuracy with thaterials with low relative permittivity values

(Venkatesh and Raghavan, 2005).

3.2.5 Transmission line

Transmission line techniques based on one-portune@&nts or two-port measurements
have been broadly used over the past 50 yearslé3aitzera et al., 2003). Transmission lines
have many different forms: coaxial cable, waveguated microstrip lines. The principle of the
transmission line technique is that when an indigggnal in an electromagnetic field transmits
through a sample, which is precisely fully filled an enclosed transmission line, the related
measured S-parameters for the reflection and trissgmn can provide the information on the

permittivity of the materials (Baker-Jarvis et 41990).

Abdulnour et al. (1995) proposed to use discontynin a rectangular waveguide to

measure the permittivity of dielectric materialsoif et al. (1999) reported a permittivity
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measurement technique that uses dielectric pludebatwo-port transmission line to measure
the dielectric property of granular and liquid nmatks, such as cement powder, corn oil,
antifreeze solution, and tap water. Ocera et @062 reported a technique for measuring

complex permittivity based on a four-port devicengsmicrostrip.

The transmission line method is of good accurad semsitive, but it is difficult to use
and time consuming. It covers a narrower rangeaeaxfuencies, compared to the coaxial probe
method. Moreover, the thickness of the sampleHerttansmission line method should be one-
guarter of the wavelength of the signal source peatetrated the sample. Therefore, at lower

frequencies, the sample size has to be quite large.

3.2.6 Free-space method
The free-space method is also based on transmidsientechniques. It is a non-

destructive and contact-less measuring method. mbibod uses two antennas, one transmitting
and the other receiving. The principle is to meastite attenuation and phase shift of a
microwave signal, which transmits through the mateunder test along the path from the
transmitting antenna to the receiving antenna. mieasured attenuation and phase shift can be
used to compute the permittivity of the materiaho@gaonkar et al. (1990) used the free-space
method to measure the complex permittivity of vasiomaterials, such as teflon, sodium
borosilicate glass, and microwave-absorbing mdteriaabelsi and Nelson (2003) also used the

free-space transmission method to measure thecttielproperties of cereal grain and oilseed.

13



CHAPTER 4 - Design of a Real-time Control System fahe

Permittivity Sensor

A real-time control system for the FR permittiviégnsor was developed in this study.
This control system was developed based upon dagmewversion (Zhang et al., 2006). In this
thesis, the previously developed control systenm kel referred to as the “old control box”,
whereas the control system developed in this stul\ybe referred to as the “new control box”

hereafter.

A functional block diagram of the old control baxshown in Figure 4.1. It consisted of a
microcontroller, a signal generator, and a gain@mase detector. The signal generator generated
sinusoidal waves with frequencies up to 120 MHz $ignal from the signal generator was sent
to channel A of the gain and phase detector. Tdreasifrom the output of a voltage divider that
consisted of a constant resistangg &d impedance Zin was sent to channel B. Thusgaire

and phase detector measured FR of the followingstea function:

Va - Net Ton (4.1)
VB

The output signals for gain (Mc) and phase (Mi9 from the gain and phase detector
were sent to the microcontroller for processingcdese # can be related the sensor probe

impedance 4.4 through impedance transformationg.d at given frequencies can be derived
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from the measured gains and phases at these fr@gaemhe old control box is shown in Figure

4.2.

Figure 4.1 Block diagram of the old control box

A

kitCON-167
Microcontroller

F N

AD9854 _,i‘, AD8302 Vias

Signal Generatof R Gain & Phase
Evaluation ef 1l B Detector Veus
Board Evaluation Board
Zin J_ J_
= = Zload

Sensor probe

Figure 4.2 OId control box (Zhang et al., 2006)
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The new control box embodied improvements overaldebox in many aspects. Detall

descriptions of hardware and software improvemargseported in the following sections.

4.1 System Hardware Design

Figure 4.3 gives an inside view of the new conba. The core of the hardware was a
kitCON167 microcontroller (PHYTEC America, LLC). &o peripheral modules - analog
module (A/D), digital I/O module (DI/O), serial conunication module (RS232), and
synchronous serial interface module (SPI) - wereduto control and communicate with
peripheral devices. Two direct digital synthesizéBDS) with analog outputs (AD9858
evaluation board and AD9833, Analog Devices, Ineeye used for waveform generation; A
multiplexer (AD8186, Analog Devices, Inc.) was ugedsignal conditioning; A gain and phase
detector (AD8302, Analog Devices, Inc.), two pragmaable gain amplifiers (MCP6S21,
Microchip Technology Inc.) and a buffer amplifi@§925, STMicroelectronics) were used for
signal processing; A LCDKBD1 (Micro/Sys Inc.) infi@gee, a keypad (Keypadl6, Micro/Sys
Inc.), and a 2-line, 40-character LCD display (L@02 Micro/Sys Inc.) were used for data
display; A serial EEPROM (25AA1024, Microchip Tedhogy Inc.) was used for data storage;
A thermistor and a type-T thermocouple were useddimperature measurement. The functional

diagram of the system is shown in Figure 4.4.
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Figure 4.3 The new control box

Figure 4.4 Functional diagram of the control system

AD9858
Signal Generator Programmable
> Evaluation R Pl
Soard B \V; Amplifier
ADS186 %  AD8302 MAG
» Multiplexer| R Gain & Phase v
el A Detector PHS
Programmable
AD9833 . o
7 = Amplifier
Generator Z o T

Z, 0adl | SENSOr
probe

Temperature | themocouls 25AA1024
Measurement Buffer |[——> kitCON-167 ﬁ Serial EEPROM
Unit v Microcontroller

thermistor <:>
ﬁ LCD & keypad

17



4.1.1 Microcontroller

A kitCON-167 microcontroller (PHYTEC America, LLC,999) was the core of the
hardware, which controlled and communicated withrigheral devices. The connections

between 1/O ports of the microcontroller and peenath devices are shown in Figure 4.5.

Figure 4.5 Connections between the 1/O ports of miocontroller and peripheral devices

I gain Iphase thermistor | thermocouple |
Iyl Iyl Iyl

P5.0 P5.1 P5.2 P5.3
High Freq
LCD P8.0-P8.7 : P6.3-P6.7 :
Kevpad K= P3.0-P3.3 kitCON167 P7.0-P7.7 Signal
ypP P3.5 P2.8-P2.15 generator
P3.8-P3.9
313 P2.3 P2.4 P25 P2.6 P2.7

5 e

l Low Freq Signal
generator Select

l Programmable
> amplifier

' Flash memory

I multiplexer

The kitCON-167 was an evaluation board for an kdim C167CR microcontroller,
which was one of the C16x-microcontroller family nmgers in a MQFP-144 package (Infineon
Technologies, 2001). C167CR was a high performagekit CPU that combined many on-chip

peripheral modules, including a 16-channel, 1004 converter with programmable conversion
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time of 7.8us, two 16-channel capture and compaits,u4-channel PWM units, two serial

channels, and a CAN interface with 15 message thjg€167CR can achieve 80/60 ns
instruction cycle time at 25/33 MHz CPU clock. Themory space of the C167CR was
configured in a Von Neumann architecture so thdeamemory, data memory, registers, and 1/0
ports were organized within the same 16 MByte lirseldress space. C167CR has a 16-priority-
level interrupt system and up to 111 general puepi3 lines, of which 47 1/O ports were used

in this study.

The kitCON-167 featured 256 kByte flash, 64 kBytBRABA and 512 Byte serial
EEPROM on the evaluation board. It allowed on-dioptstrap loader, which was controlled by
a bit of an 8-bit DIP-switch. The DIP-switch on teealuation board allowed executions of
different functions. In this study, switches 1,aPd 3 were used. Switch 1 (Table 4.1) was used
to control program online debugging or programin&lexecuting. When switch 1 was on, the
kitCON-167 was in program online debugging or dawading mode, otherwise, it was in the

program execution mode.

Table 4.1 Boot-switch S3 (switch 1)

Boot-jumper S3 switch L

Bootstrap mode On*

Normal program execution  Off

The C167CR provided up to five chip-select sigratisPort P6 for easy selection of
external peripherals or memory bank. For exam@&0/ (P6.0) was used to control the Flash

devices on U8 and U9, whereas /CS1 (P6.1) was taseohtrol the RAM on U10 and Ull. By
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default, P6.0-P6.4 can not be used for generalgserpHowever, in this study, P6.3 and P6.4
were used as a part of control ports for AD9858ictvtwas used for waveform generation.
Thereby, switches 2 and 3 (Table 4.2) had to bessefjl to the “on” state so that P6.3 and P6.4

can be used for general purpose.

Table 4.2 Chip-select signals S3 (switch 2 and 3)

Chip-Select Signals S3 switch 2 S3 switch 3
Five (/CS0-/CS4) OFF* OFF*
Three (/CS0-/CS2 ON ON
Two (/CS0-/CS1) OFF ON
none ON OFF

All the I/O ports, as well as the data and addliees, extended from the microcontroller
to the pins located at the center of the kitCON-&&&luation board for convenient use. Each 1/0O
port consisted of a data register, a direction rodbmegister and an open drain control register.
The direction register was used to configure the @e input or output. The open drain control
register was used to set the output driver in tghfpull or open drain mode. For the push/pull
mode (Figure 4.6 (a)), a port output driver hadupper and a lower field-effect transistor; thus,
it can actively drive the line either to a highaolow level. For the open drain mode (Figure 4.6
(b)), a port output can be connected with an egtaraltage through a pull-up resistor so that the
high level can be controller by the external vadtatn this study, some of the kitCON-167 I/O
ports were used to control AD9858 through a pdraiterface. The kitCON-167 adopted 0-5V
CMOS logic while the AD9858 used 0-3.3V with a mmaxim input current of 12uA. Therefore,

the open-drain mode with an external voltage o¥/3y&s used.

20



Figure 4.6 Output Drivers in Push/Pull and Open Dran Modes
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4.1.2 Signal generator

Two digital direct synthesizers were used for wauef generation. In order to increase
the frequency range, an AD9858 (Analog Devices,, 18003a) evaluation board, which can
generate up to 400 MHz sinusoidal signals was a&dopt this study. The output signal of the
AD9858 was found noisy at frequencies below 1 MMa.solve this problem, another digital
direct synthesizer - AD9833 (Analog Devices, I003b) - was used to generate sinusoidal

signals with frequencies below 1MHz.

4.1.2.1 Low frequency signal generator

An AD9833 was adopted for generating sine wave aggwith frequencies below 1
MHz. The output frequency was software programmable frequency registers was 28 bits
and the frequency resolution was 0.1Hz. AD9833 edeml 25 MHz clock supplied to pin 5 -

MCLK (Figure 4.7).
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Figure 4.7 Connection diagram of AD9833
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Commands for AD9833 were written via a standardir@werial interface compatible
with the SPI. The connection between AD9833 an@®N-167 microcontroller is shown in
Figure 4.8. P3.9 and P3.13 on port P3 of the kit€kBX were operated in alternate functions so
that port P3.9, which was Synchronous Serial CHai8%®C) with master transmit/slave receive
(MTSR), drove the serial data line SDATA. Port B3(8CLK) was a clock signal, which was
set through the SSC Baud Rate register - SSCBRFBN&NC pin was controlled by P2.6. When
data was ready to be transmitted to AD9833, P26 sed to low; otherwise, P2.6 was always

high.

Figure 4.8 Connections between kitCON-167 and AD983

kitCON167 AD9833
P2.6 FSYNC
MTSR SDATA
SCLK SCLK

The desired frequency of the analog output sigmahfAD9833 is determined by:
foraren = fuak /222 X FREQTREG (4.2)
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where f,, . =25 MHz, and

FREQTREG is the value loaded into the selected frequencigtiegy

Thus, the value loaded into the selected frequergyster can be derived from the

following equation:

FREQTREG = f__qney X 22/ f004 ®.3

4.1.2.2 High frequency signal generator

An AD9858 DAC-output evaluation board was used denerating sine wave signals
with frequencies higher than 1 MHz. The AD9858 awatibn board had three functions: direct
digital synthesizer (DDS), analog mixer, and phlas&ed loop (PLL). The latter two functions
were not used in this study. The AD9858 board earetate analog sine waves of up to 400MHz
when referenced to an external 1GHz clock input AD9858 also featured a divide-by-2 on
the clock input, allowing the external clock to bBs high as 2GHz. In this study, a 1GHz
oscillator (Crystek Crystals Corporation, 2005) weed as an external reference clock. The
minimum output power of the oscillator was 10dBnuor Rhe reference clock, the input
sensitivity was from -20dBm to +5dBm. Thereforel@dBm attenuator was connected to the

output of the 1GHz reference clock oscillator.

AD9858 featured a 32-bit frequency tuning wordpwaihg a fine tuning resolution. The
frequency tuning and control words can be loadéal ime AD9858 via parallel (8-bit) or serial
communication format. In this study, parallel conmeation format was selected. The interface

consisted of 21 pins featuring an 8-bit data bud-{0), a 6-bit address bus (A0-A5), RD, WR,
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SPMODE, RESET, PSO0O, PS1 and FUD. The I/O port gondition of the kitCON167 for the

AD9858 is shown in Table 4.3.

Table 4.3 1/0 port configuration of kitCON167 for AD9858

kitCON-167 1/O port| Direction | Pins on interface Function
P7.0-P7.7 Output DO-D7 Data bus
P2.8-P2.13 Output AO0-A5 Address Bus
P2.14 Output WR Write bit
P2.15 Output RD Read Bit
P6.3 Output PSO Profile select
P6.4 Output PS1 Profile select
P6.5 Output RESET Reset
P6.6 Output FUD Frequency update
P6.7 Output SPMODE Serial/Parallel communication

AD9858 had four user profiles (0-3), each of whiaim be selected by PS0O and PS1. The
user can load different frequency tuning words uhiféerent profiles. Each profile may have its
own frequency tuning word, which made it possiblethange the frequency of the output signal
at a high speed. In this study, only one user jgrofas used. Thus, a new frequency needed to
be repeatedly written into the frequency tuning dvieggister. The sine wave signal with the new

frequency was then produced by strobing the freqpepdate pin (FUD).

AD9858 had an integrated 10-bit current output DA@Ge full-scale currentolr was

determined by an external resistoéR} connected between the DACISET pin and the analog

ground. The relationship between thg-fand byr is:
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Rer =39.19/ 5 r (4.4)

In order to provide the best spurious-free dynamicge performance, the AD9858
evaluation board limited the output to 20mA so tinet value of Berwas 1.98K. By observing
output signals of AD9858, it was found that the &mge of the output sinusoidal signal can
reach 1V at some frequencies. However, the gain @rabe detector following the signal
generator allowed an input voltage range from -A3d& -13dBV, which can be converted to
0.3 mV~ 320 mV. Therefore, the output amplitudéhef AD9858 had to be attenuated to satisfy
the input range requirement of the next stagehis $tudy, the 1.98K resistor on the AD9858
evaluation board was replaced by a 6K resistohab byt was reduced. The amplitude of the
output signal, which was controlled byt was then decreased to satisfy the input requiremen

of the gain and phase detector.

4.1.3 Multiplexer
AD8186 (Analog Devices, Inc., 2003c) is a high shesngle-supply and triple 2-to-1
multiplexer (Figure 4.9). An AD8186 was used instluircuit to select from the two signal

generators, AD9833 and AD9858.

Figure 4.9 Pin Diagram of AD8186
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In this circuit, only one of the three 2-to-1 chehwas used. The output-enable control
pin (OE) was connected to a high level. An inpuswalected via the logic pin (SR B). The

input signal for INOA or INOB was selected when SELB was set to high or low, respectively.

Both input and output of the AD8186 can swing tdhwm ~1.3V of either rail. This
allowed the user 2.4V of dynamic range (1.3V~ 3.7dr)both input and output signals. For the
output signals from both signal generators, theldénde was lower than 1.3V. Therefore, an
external reference voltage of 2.5V was appliedh® Yrer pin of AD8186. This reference
voltage raised the level of the input signal taséathe input requirement of AD8186. The 2.5V
reference voltage was provided by a micropoweragatreference diode LM185-2.5 (National

Semiconductor, 2008). Figure 4.10 is the schenfiatithe AD8186 multiplexer circuit.

Figure 4.10 Schematic for the AD8186 multiplexer ctuit
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4.1.4 Gain and phase detector

AD8302 (Analog Devices, Inc., 2002) is a gain amége detector, which was used to
measure the magnitude ratio and phase differentveeba two input signals in channel A and
channel B (Figure 4.11). The signal in channel B fam the signal generator selected by the
multiplexer. The signal in channel A was the outptita voltage divider that consisted of a
constant resistance,/Rand impedance Zin (Figure 4.11). It should be t@oinout that this
connection was reversed from that used in the ofdrol box (Figure 4.1). Thus, in the new
control box, the gain and phase detector measuRedfRhe following transfer function, which

was different from that shown in Equation 4.1.

ﬁ = —Zin (45)
VB Rref + Zin

Figure 4.11 Two input signals for the gain and phasdetector
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The ac-coupled input signal of AD8302 can rangenfré0dBm to 0dBm in a 5@
system, from low frequencies up to 2.7GHz. The oufpovided an accurate measurement of
gain over at30 dB range scaled to 30mV/dB, and the phase oV@r18C range scaled to
10mV/degree. The gain and phase output voltageg sienultaneously available at ground
referenced outputs over the standard output rah@e\oto 1.8 V. The gain and phase output

voltagesV,,,; andv,,,s can be calculated by:

VMAG = RF I SP IOg(\/INA /VINB) +VCP (46)

Veus :_RFICD(|CD(\/INA)_¢NINB)|_9G)+VCP (4.7)

whereR:14, is 600mV/decade or 30mV/dB,
Ve 1 900mV, and

R:1,is 10mV/degree.

For the gain function (Equation 4.6), a range @fdB to +30dB covered the full-scale
swing from OV to 1.8V, with a center point of 900nidt 0dB gain. For the phase function
(Equation 4.7), with a center point of 900mV for° 98 range of Dto 180° covers the full-scale
swing from 1.8 V to 0 V. The range of 0° to —180@Vers the same full-scale swing but with the

opposite slope (Figure 4.12).
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Figure 4.12 Idealized transfer characteristics fothe gain and phase measurement mode

(Analog Devices, Inc., 2002)
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The gain function (Equation 4.7) indicated tNgf, was determined B¥,, Vis. From
Figure 4.11, it can be seen that the amplituddefsignal sent to channel A was always lower
than that to channel B. Thus, the measwgd V,; /would always be less than 1. As a result,
the measured magnitude ratio would be in the rafig80 dB to 0dB and/,,,, would be in the

range of OV to 900mV.

Configurations of the two single-ended inputs of8D2 are identical. Each consists of a
driving pin (INPA or INPB), and an ac grounding gl@FSA or OFSB) (Figure 4.13). For the
grounding pins, the coupling capacitor @ G;) has two functions: it provides ac grounding and
sets the high-pass corner frequency for an intasffaét compensation loop. An internal 10pF
capacitor sets the maximum corner frequency to aqpmately 200MHz. The corner can be

adjusted according the equation below:
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fup (MHz) = 2/C: (nF) (4.8)

where gs the total capacitance from OFSA or OFSB to gdouimcluding the
internal 10pF capaciidnich is parallel with the capacitor connected lestw
OFSA or OFSB to grouadd

Hb is the corner frequency of the high pass filter @IH

In this study, 22uF capacitors were used far add G, which lowered the corner
frequency to 98Hz. To avoid measurement errorsethby mismatching external capacitances

to the two signal inputs, 22uF capacitors were atsd for ¢ and G (Lee, 2005).

Figure 4.13 Basic connections in measurement modeétlv30mV/dB and 10mV/degree

scaling (Analog Devices, Inc., 2002)
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4.1.5 Programmable gain amplifier
In this study, to improve the resolution of the swead FR data, two single-ended, rail-

to-rail input and output, and low gain analog pesgmable gain amplifiers MCP6S21
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(Microchip Technology Inc., 2003) (Figure 4.14) wersed to amplify the magnitude ratio and
phase difference signalsuc and \bus respectively. Reversing the input signals togam and
phase detector in the design of the new control(Bggure 4.11) from that of the old control box
(Figure 4.1) reduced the range ofyAé to 0-900mV, thus allowing the wc signal to be

amplified to achieve a higher resolution.

Figure 4.14 Pin connection diagram of MCP6S21 (Miachip Technology Inc., 2003)

Vour ] ~ [B]Voo
CHo [Z] 7]sCK

Vaer [2] 6] 51
Vas [4] HEE

In this study, MCP6S21 PGA used a standard SPI-atibip serial interface to receive
instructions from the kitCON-167 microcontrollerigire 4.15). P3.9 and P3.13 on Port P3 of
the kitCON-167 microcontroller were operated ireaiaite functions so that port P3.9 (MTSR),
which was SSC with master transmit/slave receiveyal the serial data line SI. Port P3.13
(SCLK) was a clock signal, which was set throughrégister SSCBR. Ports P2.3 and P2.4 were

used for chip select.

Figure 4.15 Interface connections between kitCON-IBand MCP6S21

kitCON167 MCP6S21
P2.3/4 ICS
MTSR SI
SCLK SCK
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4.1.6 LCD and keypad
A keypad (Keypadl6, Micro/Sys Inc., 2001) and dangsl 40-character LCD display
(LC0240, Micro/Sys Inc., 2001) were added to thetey to allow users to enter commands and

to display the frequency response data with coarging frequencies (Figure 4.16).

Figure 4.16 LCD and keypad

The LCD display and keypad were connected to aerfate board (LCDKBD1,
Micro/Sys Inc.), which was powered by +5V. Botle thCD and keypad were controlled by 26
digital I/O lines from the kitCON-167 microcontreil through a ribbon cable. Of the 26 lines,
eight were used for a bi-directional data bus awel fior additional control lines (Table 4.4). All

keys on the keypad are de-bounced (Wang 2002).
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Table 4.4 1/0O function of kitCON-167 for the LCDKBD1

kitCON-167 1/O port Function
P8.0-P8.7 Data & Address bus
P3.0 Write
P3.1 Strobe
P3.2 ACK
P3.3 ADDR
P3.5 BUSY

The instruction register and data register of t@DLdisplay could be directly accessed
by the digital I/O port of the microcontroller. Theontrol signals were used to cause the
LCDKBDL1 to latch the data lines into various regist to determine the direction of data

transfer and to select operations as indicatedalrier4.5.

Table 4.5 LCDKBD1 address bus latch

Address Bus _

Latch Contents Operation
0000 Read LCD status
0001 Read LCD data
0010 Write LCD command
0011 Write LCD data
0110 Read keypad data
0111 Write acknowledgement to keypad
1000 Write LCD data latch
1111 Idle/standby pattern
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4.1.7 Temperature measurement

The real-time temperature measurement module dedsisf a thermistor, a type-T
thermocouple, and an amplifier. The thermistor walgbrated using a voltage divider formed by
the thermistor and a 10k resistor. The Steinhart-Biguation (Equation 4.9) was used to obtain
the temperature from measured thermistor resistanagder to determine the three coefficients
constant A, B and C, the thermistor was measurdtiraé temperatures: icepoint’(@, room

temperature (2&), and boiling point (10TC).

= A+BInR+C(nR)° (4.9)

|

where R is the resistance of thermig&r
T is the temperature to Easured (K), and

A, B and C are the coeffitge

The type-T thermocouples used in this study weegpensive, rugged and reliable. They
can be used over a wide temperature range from 480850 °C. The temperature-emf
relationship of a thermocouple was not linear. Hoe type-T thermocouple, a"7order

polynomial provided a good fit for this relationgl{Equation 4.10).

T=g,+ax+ax’ +...+ax’ (4.10)

where x is measured emf (V),
T is the measured tempeeafi), and

a,=0.100860910p, =25727.94369a,=-767345.8295a,=78025595.81

a,=-9247486589p,=6.97688E+11a,=-2.66192E+13a,=3.94078E+14
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The sensitivity of a type-T thermocouple was ab48uV/°C. In this study, the emf
signal from the thermocouple was to be sent to @itt@®A\DC module of the kitCON-167
microcontroller. With a 5V measurement range fagk-ended analog signals, the resolution of
the ADC was 4.9mv, which did not fit the small sa¢g from the type-T thermocouple.
Therefore, an amplifier AD623 (Analog Devices, |nd999) was used to amplify the

thermocouple signal.

ADG623 is an integrated instrumentation amplifieattidelivers rail-to-rail output swing
(Figure 4.17). The +yand -\sterminals were connected to +5V and 0V, respegtivEhe input
signal, which can be either single-ended (tie 4INID to ground) or differential, was amplified
with a programmed gain. The amplified signal was\tbltage difference between the OUTPUT

pin and the externally applied reference voltagéhenREF input.

Figure 4.17 Pin connection diagram of AD623 (Analo®evices, Inc.)

~Ra [1] 2] +Ra
—IN E—Tl\ 7] +Vy
A L{s] outpur

& | REF

+IN []
—Vy [£]

ADG23

In this study, single +5V power was supplied. Adiog to Table 4.6, the REF pin
should be 2.5V. The 2.5V reference voltage was lgeghpy a micropower voltage reference
diode LM185-2.5 (National Semiconductor, 2008). Tden of the amplifier was set by a
resistor R, which was connected between Pins 1 and 8 (Fig® 4For a gain below 118,cR

can be calculated using the following equation:
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Table 4.6 Maximum attainable gain and resulting ouyput swing for different input

R, =100kQ /G - 1)

(4.11)

In this study, Rwas chosen as 1 k so that the gain was 101.

conditions (Analog Devices, Inc., 1999)

Supply Max Closest 1% Resulting Output
Vem Vorwr REF Pin Voltages Gain Gain Resistor, () Gain Swing
oV zlimy 2V N 118 866 116 212y
ov 1100 mV 25V 5V 11.8 031k 11.7 1.1V
ov 10 mV ov 5V 490 205 488 48V
ov 1100 mV ov 5V 49 21k 48.61 48V
ov =l Y ov 5V 49 26.1k 4.83 48V
25V 10 mV 25V 5V 242 422 238 2.3V
25V 100 mV 25V 5V 242 432k 24.1 124V
25V =l Y 25V 5V 2.42 715k 2.4 24V
1.5V 10 mV 1.5V +3V 142 715 141 14V
1.5V 100 mV 1.5V +3V 14.2 7.68k 14 14V
oV 10 mV 1.5V +3V 118 866 116 1.1V
ov 1100 mV 1.5V +3V 11.8 031k 11.74 1.1V

4.1.8 Buffer amplifier

In this study, four voltage signals, including thain and phase detector outputs, and
signals from the thermistor and the thermocoupéeded to be delivered to the ADC of the
kitCON-167 microcontroller. During circuit testingt was found that the voltage signals
delivered at the ADC ports were always lower thassé observed at the previous stage in the
signal conditioning circuit. For example, when theasured thermocouple signal at the output of
the amplifier AD623 was 2.510V, the voltage meaduat port P5.3 of the ADC was 2.497V.
Similar reduction could be observed on other tlwa@tage signals. This was probably caused by
the fact that the output impedances of the ampdifigere not sufficiently low and the input
impedance of the ADC module of kitCON167 was ndticently high. To solve this problem, a

voltage buffer TS925 (STMicroelectronics, 1999) waasled on each ADC channel. TS925 is a
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rail-to-rail, quad BICMOS operational amplifier gtire 4.18). It featured high output current

which allowed driving load with input impedanceasf low as 3Q.

Figure 4.18 Pin connection diagram of TS925 (STMiaelectronics, 1999)
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4.1.9 Serial EEPROM

A 512 Byte serial EEPROM on the kitCON-167 microitolter evaluation board was
too small to store the frequency response datarefdre, a serial EEPROM 25AA1024
(Microchip Technology Inc., 2006) with 1Mbit wasdetl to the system. The 25AA1024 serial
EEPROM allowed 20MHz maximum clock speed and adttigdow-power CMOS technology.
The memory was accessed via a SPI compatible dasmlwhich can be controlled by the
kitCON-167 microcontroller. The SPI signal consist# a clock input (SCK) and separate data-
in (S1) and data-out (SO) lines. Access to the ckewas controlled by a chip select (CS) input.
The connection between kitCON-167 and serial EEPR®KBhown in Figure 4.19. P3.8, P3.9
and P3.13 on Port P3 of the kitCON-167 microcolgralere operated in alternate functions so
that port P3.9 (MTSR), which was SSC with mastangmit/slave receive, drove the serial data

line SI. Port P3.8, which was SSC with master ragslave transmit (MRST), was driven by the
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serial data line SO. Port P3.13 (SCLK) was a clsigkal, which was set through the register

SSCBR.

Figure 4.19 Connections between kitCON-167 and 25A824

kitCON167 25AA1024
P2.5 ICS
MTSR Sl
MRST SO
SCLK SCK

4.2 System Software Design

A C program was written for the kitCON-167 microtatier to control the system. The

program was complied, debugged and downloadeckiii éisking EDE.

4.2.1 Low frequency signal generator
An AD9833 was used to generate sinusoidal signdtswger selected frequencies below
1MHz. The frequency of signal was determined by #®i2 frequency tuning word and a system
clock. The frequency tuning word is related tofitegjuency by:
FTW x SYSCLK

F, = o (4.12)

where §= selected frequency,
FTW = frequency tuning wdpr
SYSCLK= system clock (25K)Hand

N= 28.
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AD9833 contains a 16-bit control register and ®@sbit frequency registers. Table 4.7

describes functions of the control bits. Tableid.8 description of the frequency register.

Table 4.7 Function of Control Bits of the control egister in AD9833

(Analog Devices, Inc., 2003b)

CY
[0

|Se

Bit | Name Function
D15 0 To inform the AD9833 that the contents of the cointegister will be altered, D15
D14 0 and D14 must be set to 0.
B28=1 allows a complete word to be loaded inteegdency register in two
consecutive writes. The first write contains theL5Bs of the frequency word, and
D13 B28 the next the 14 MSBs. _ _ _ N
B28=0, the 28-bit frequency register operates asldvbit registers, one containing|
the 14 MSBs and the other 14 LSBs. The 14 MSBhefrequency word can be
altered independent of the 14 LSBs, and vice versa.
This control bit allows the user to continuouslgdahe MSBs or LSBs of a frequen
register while ignoring the remaining 14 bits. OB28) must be set to 0 to be able
D12 HLB change the MSBs and LSBs separately. When D13 (B28his control bit is
ignored.
HLB=1 allows a wirte to the 14 MSBs of the addrelssequency register
HLB=0 allows a wirte to the 14 LSBs of the addressequency register
D11 | ESELECT The bit defines whether the FREQO register or tRE®1 register is used in the pha
accumulator.
D10 | PSELECT The bit defines whether the PHASEO register ofHASEL register data is added
the output of the phase accumulator.
D9 | Reserved| This bit should be setto 0
RESET = 1 resets internal registers to 0, whichesmonds to an analog output of
D8 RESET | midscale.
RESET =0 disables RESET.
D7 | SLEEP1 SLEEP1 =1, the internal M_CLK clock is disabled, BwC output will remain at its
present value as the NCO is no longer accumula8h§EP1 =0, MCLK is enabled.
SLEEP12 = 1 powers down the on-chip DAC.
D6 | SLEEP12 SLEEP12 = 0 implies that the DAC is active.
This bit, in association with D1 (MODE), is to coritwhat is output at the VOUT
pin. When OPBITEN=1, the output of the DAC is nadavailable at the VOUT pin.
D5 | OPBITEN| Instead, the MSB (or MSB/2) of the DAC data is oected to the VOUT pin.
When OPBITEN=0, the DAC is connected to VOUT. Th@®DE bit determines
whether it is a sinusoidal or a ramp output.
D4 | Reserved| This bit must be set to 0.
DIV2 is used in association with D5 (OPBITEN)
D3 DIV2 When DIV2=1, the MSB of the DAC data is passeddiyego the VOUT pin
When DIV2=0, the MSB/2 of the DAC data is outputra VOUT pin.
D2 | Reserved| This bit must be set to 0.
D1 MODE This bit is used in association with D5 (OPBITEMjhen MODE=1, the output fron
the DAC is a triangle signal. When MODE=0, the omifig a sinusoidal signal.
DO | Reserved| This bit must be set to O.
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Table 4.8 Frequency Register Bits in AD9833 (AnaloBevices, Inc., 2003b)

D15| D14 | D13 DO
0 1 | MSB 14 FREQO REG Bit LSB
1 0 | MSB 14 FREQ1 REG Bitd.SB

AD9833 allowed two write operations to load a coetel16-bit word into either of the
frequency registers selected by bit DB13. WhenDi#8tl3 was set to 1, it allowed a complete
word to be loaded into a frequency register in twasecutive writes. The first write contained
the 14 LSBs of the frequency word, and the nexteatie 14MSBs. The first two bits D15 and
D14 of each 16-bit word (Table 4.8) decide to whidguency register the word was loaded
and, therefore, they should be the same for bothetonsecutive writes. When bit DB13 was
set to O, it indicated the 28-bit frequency registan be operated as two 14-bit registers, one
containing the 14 MSBs and the other one contaitiiegl4 LSBs. Thus, the 14 MSBs of the
frequency word can be altered independently froenl#h LSBs, and vice versa. In this study, the
two consecutive writes mode was selected. There@B4 3 was set to 1. The control bit DB12
allowed users to continuously load the MSBs or L&Ba frequency register while ignoring the
remaining 14 bits. It is only useful when DB13 & ® 0. Therefore, DB12 was ignored in this
study. The control bit DB11, which is named FSELE@#&fines whether the FREQO register or
the FREQL1 register is used. In this study, it wetste O to select the frequency register 0. Bits

DB10, DB7, DB6, DB5, DB3 and DB1 were set to Ohrststudy.

Both the control and frequency register bits wereeased via a standard 3-wire serial
interface compatible with SPI. Port P3.9 and P2i&kitCON-167 were set to the alternate

functions, which provided flexible, high-speed akrcommunication with SPI-compatible
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devices. The operation mode of the serial chanmaeal @ontrolled by its bit-addressable control

register SSCCON (Table 4.9).

Table 4.9 SSCCON register for the synchronous setimterface of C167CR

(Infineon technologies, 2000)

Bit Name Function (Programming mode, SSCEN = ‘0’
0-3| SSCBM | SSC data width selection

4 SSCHB | SSC heading control bit
SSCPH | SSC clock phase control bit

5

6 SSCPO | SSC clock polarity control bit
7 -
8

9

SSCTEN | SSC transmit error enable bit
SSCREN | SSC receive error enable bit
10 | SSCPEN| SSC phase error enable bit
11 | SSCBEN| SSC baudrate error enable bit
12 | SSCAREN SSC automatic reset enable bit
13 -
14 SSCMS | SSC master select bit
15 SSCEN | SSC enable bit

The serial channel was disabled by setting SSCHN wehich provided access to a set of
control bits for programming. In this study, whenitializing serial communication, the register
SSCCON was set to 0x407F, which selected the fatigwettings: 16 bit transfer data width (bit
0,1,2 and 3), transmit/receive MSB first (bit 4tch receive data on leading clock edge, shift on
trailing edge (bit 5); idle clock line is high, iag clock edge is high-to-low transition (bit 6);
ignore transmit errors, receive errors, phase &ramd baud rate errors (bit 8,9,10 and 11);
master mode, which generated shift clock and ouitpuia SCLK (bit 14). After setting the

control register, the SSCEN bit was set to 1 tdkenserial communication.
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In this study, 25 frequencies were selected within range of 200 Hz to 1 MHz: five
frequencies in a linear scale from 200 Hz to 1 ld@d200Hz intervals, twenty frequencies in a
base-10 log scale from 1 kHz to 1 MHz. After thaeswave signal was generated at each
frequency, a wait command with a waiting period m88c was issued to allow the generated

signals to be stabilized. The flow chart for AD983#htrol is shown in Figure 4.20.

Figure 4.20 Flow chart for the AD9833 signal genetar
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4.2.2 High frequency signal generator

An AD9858 evaluation board was used to generatgssidal signals with user-selected
frequencies within the range of 1 MHz to 400 MHeeduencies of generated sinusoidal signals
were determined by a 32-bit frequency tuning wond a 1 GHz system clock. The desired
frequency was converted into the frequency tunimgdMFTW), which can be written to the

FTW register followed by a frequency update. THatienship between the desired frequency
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and the frequency tuning word was identical withttfor the low frequency signal generator

AD9833 (Equation 4.12)

In this study, 499 frequencies were selected ineat scale from 1.6 MHz to 400 MHz
with a 0.8 MHz interval. The waiting period betwea®m frequencies was 100ms. AD9858 had
three modes of operation: single tone, frequencgepmg, and full sleep. In this study, the
single tone mode was used by programming frequémnuyng word at parallel addresses from

OxOA to OxOD (Table 4.10).
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Table 4.10 Register map for AD9858 (Analog Devicelic. 2003)

Register | Address (MSB) (LSB) | Default
Name Ser Par Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bitl Bit0 value Pro-
file
0x00 Not ZGhz SYNCLK | Mixer Phase Power SDIO LSB
<7:0> Used D!V|der O_ut PwrDown | Detect Down input First 0x18 N/A
Disable | Disable PwrDwn Only
Freq. Enable | Charge Phase Detector Charge Phase Detector
0x01 | Sweep | Sine Pump Divider Ratio (N) Pump Divider ratio(M) 0x00 N/A
<15:8> | Enable | Output | Offset Polarity
Control Bit
Fungtion 00x00 AutoClIr | AutoCIr | Load Clear Clear Open Fast- Don't
Register Freqg. Phase | Delta- Freq Phase Lock Use
(CFR) 0x02 | Accum | Accum | Freq Accum Accum Enable FTW 0x00 N/A
<23:16> Timer For
Fast-
Lock
0x03 Frequency Detect | Final Closed-Loop Charge Wide Closed-Loop Charge
. Charge Pump Pump Current Pump Current 0x00 N/A
<31:24>
Current
Delta- 0x01 0x04 Delta Frequency Word <7:0> -
Freq 0x05 Delta Frequency Word <15:8> -
Tuning 0x06 Delta Frequency Word <23:16> -
Word 0x07 Delta Frequency Word <31:24> -
DERRW 0x02 0x08 Delta Frequency Ramp Rate word <7:0> -
0x09 Delta Frequency Ramp Rate word <15:8> -
Frequency 0x0A Frequency Tuning Word No.0 <7:0> 0x00 0
Tuning 0x03 0x0B Frequency Tuning Word No.0 <15:8> 0x0p 0
Word 0x0C Frequency Tuning Word No.0 <23:16> 0xdo [i
No.0 0x0D Frequency Tuning Word No.0 <31:24> 0x00 i
Phase O0xO0E Phase offset Word No.0<7:0> 0x0p 0f
onset | 29| oxor T e Phase offset Word No.0 <13:8> 0x00 0
Frequency 0x10 Frequency Tuning Word No.1 <7:0> - 1
Tuning 0X05 0x11 Frequency Tuning Word No.1 <15:8> - 1
Word 0x12 Frequency Tuning Word No.1 <23:16> - 1
No.1 0x13 Frequency Tuning Word No.1 <31:24> - 1]
Phase 0x14 Phase Offset Word No.1 <7:0> - 1
\(/)vfgsrgtl 0x06 0x15 Bgé d l’\Jlg(ta d Phase Offset Word No.1 <13:8> - 1
Frequency 0x16 Frequency Tuning Word No.2 <7:0> - 2
Tuning 0x07 0x17 Frequency Tuning Word No.2 <15:8> - 2
Word 0x18 Frequency Tuning Word No.2 <23:16> - 2
No.2 0x19 Frequency Tuning Word No.2 <31:24> - 2
Phase 0x1A Phase Offset Word No.2 <7:0> - 2
\(/)Vfcf)srgtz 0x08 0x1B ng d sgg d Phase Offset Word No.2 <13:8> i 2
Frequency| 0x1C Frequency Tuning Word No.3 <7:0> - 3
Tuning 0x09 0x1D Frequency Tuning Word No.3 <15:8> - 3
Word Ox1E Frequency Tuning Word No.3 <23:16> - 3
No.3 Ox1F Frequency Tuning Word No.3 <31:24> - 3
Phase 0x20 Phase Offset Word No.3 <7:0> - 3
\/O\/Efgt3 OX0A 0x21 ng d ng d Phase Offset Word No.3 <13:8> i 3
Reserved OXOB 0x22 | Reserved, Do Not Wr?te, Leave at OxFF OxFF N/A
0x23 | Reserved, Do Not Write, Leave at OXFF OxFF N/A
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A flow chart for the section of the control progrdnat generates 499 frequencies using

the AD9858 signal generator is shown in Figure 4.21

Figure 4.21 Flow chart for the AD9858 signal genetar
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4.2.3 A/ID module

The C167CR microcontroller provided an Analog/DagitConverter with 10-bit
resolution and an on-chip sample & hold circuit,ichhcan be accessed via Port 5 set to the
alternate functions. The analog data from the wstpf the gain and phase detector were sent to
the A/D converter in the “auto scan, single congrsnode”, which automatically converted a
sequence of analog signals beginning at port Pad3eading at P5.0. The converted data were
recorded when an interrupt request flag was sét aighe end of A/D conversion. The result of
a conversion was stored in bit field ADRES of ti&eHhit result register ADDAT, as shown in
Table 4.11. The higher four bits of the registerD¥Y (CHNR) are used to identify the analog

channels.
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Table 4.11 ADC result register of C167CR (Infineoriechnologies, 2000)

Bit Name Function
00 | ADRES A/D conversion result
The 10-bit digital result of the most recent cosuan.
10 -
11 -

12-15| CHNR | Channel number (identifies the converted analmnnel

4.2.4 Programmable gain amplifier

To improve the resolution of measured FR data, psagrammable gain amplifiers
MCP6S21 were used to amplify the outputs of the gaid phase detector. The amplifiers were
controlled via standard, SPI compatible serial camication. The communication initialization
was similar to that for the low frequency signahgetor (Section 4.2.1). The amplifiers were
programmed using a 16-bit word, which was sent th® amplifier through the pin (SI) of
MCP6S21 (Section 4.1.5). The first byte of the iBalmrd was the instruction byte, which went
into the instruction register. The second byte determined by the indirect address bit AO in the

instruction register (Table 4.12).

Table 4.12 Instruction register of MCP6S21 (Microclip Technology Inc., 2003)

Bit | Name Function

Bit7| M2 | M2-MO are the command bits that determine the ¥alg functions:

Bit6 | M1 000=NOP (Default); 001= PGA enters Shutdown Modeeamfull 16-bit word
5 is sent and /CS is raised; 010= Write to regigtgt; and 1xx= NOP

Bit5| MO

Bit 4 -

Bit 3 - . )

Bit 2 - Unimplemented: read as O

Bit 1 -
_ A0 is the indirect Address Bit: 1=Addresses the itieh Register

Bit0 | A0 =Addresses the Gain Register (Default)
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In this study, bits M2 to MO were asgd 001, which let the program gain amplifier
enter the shutdown mode as soon as a full 16-kitl vgosent and the chip select pin (/CS) is set
to high. The shutdown mode puts the amplifier tova power mode. In this mode, the internal
registers maintain their values until either ad@ommand is sent to the device or the device is
powered down and backed up again. Bit AO was sét $o0 that the second byte of the 16-bit

word goes to the gain register (Table 4.13).

Table 4.13 Gain register of MCP6S21 (Microchip Tecahology Inc., 2003)

— — — — — G2 Gl GO
bit 7 bit O

In the gain register, bits G2 to GO are gain sdiédb define the gain whereas bits 3 to 7
were not used. The gain of the amplifier can be bsttveen +1V/V and +32V/V through

programming bits GO - G2 (Table 4.14).

Table 4.14 Gain selected bits of MCP6S21 (Microchipechnology Inc., 2003)

G2 Gl GO Gain
0 0 0 1
0 0 1 2
0 1 0 4
0 1 1 5
1 0 0 8
1 0 1 10
1 1 0 16
1 1 1 32
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4.2.5 Serial EEPROM

A serial EEPROM 25AA1024 was added to the systanddta storage. It contains an 8-
bit instruction register and a 24-bit address, vadven MSBs being “don’t care” bits. The

instruction set is listed in Table 4.15.

Table 4.15 Instruction set (Microchip Technology Irc., 2006)

Instruction Name | Instruction Format Description
READ 0000 0011 Read data from memory array begqatrselected addresd
WRITE 0000 0010 Write data to memory array begigrahselected address
WREN 0000 0110 Set the write enable latch (enabite wperations)
WRDI 0000 0100 Reset the write enable latch (desabite operations)
DRSR 0000 0101 Read STATUS register
WRSR 0000 0001 Write STATUS register
PE 0100 0010 Page Erase-erase one page in memayy ar
SE 1101 1000 Sector Erase-erase one sector in memay
CE 1100 0111 Chip Erase-erase all sectors in mearoay
RDID 1010 1011 Release from Deep power-down and egectronic signaturg
DPD 1011 1001 Deep Power-Down mode

For reading data from the serial EEPROM, the cklpd pin needed to be pulled low so
that the device is selected. Then the 8-bit REA®ructtion was sent to the 25AA1024 followed
by a 24-bit address. After the correct READ indinrcand address were sent, the data stored in

the memory at the selected address was shiftedmotlite SO pin (Figure 4.22).

For writing data into the memory, the write enaldech must be set prior to a write
command. Once the write enable latch was set, hipe select pin needed to be set low. The
WRITE instruction was sent to the 25AA1024, follaay the 24-bit address, and then the data

was written via the SPI serial data input S| (Fegdr23).
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Figure 4.22 Read sequence of 25AA1024 (Microchip @lenology Inc., 2006)

— —

CS | /
01 2 3 4 5 6 7 8 9101 29 30 31 32 33 34 35 36 37 38 39
SCK
~— insfruction - 24 Bit Address ———
SI_jo o o o o ofs 2723232120 -----( 2 1]
high-impedance L_ —_— Di’t?_{:}u,t_ —_—
SO HoHDoB00

Figure 4.23 Byte write sequence of 25AA1024 (Micrbg Technology Inc., 2006)

Ts |\
Tt Twc

0 1 2 3 4 5 6 7 8 9 10 11 29 30 31 32 33 34 35 36 37 38 38
SCK -

~— instruction - - 24-bit address - data byte
si o o 0 o o of3\ o222 (21T, Tn-:?ﬁ.ﬁfm?ﬁ:@!*

|

high-impedance
S0 e

4.2.6 Microcontroller

A C program in machine-readable format was dowrddatb the flash memory of
kitCON-167 microcontroller using the FlashTools 1644 serial interface. The program was set
to run three times for each measurement. The meas$tR data were delivered to a PC through
RS232 serial interface. The HyperTerminal tool Edé under the windows operation system
was responsible for accepting the data and savimgtext files in the PC. The flow chart for

control program written for the kitCON-167 micro¢anler is shown in Figure 4.24.
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Figure 4.24 Flow chart of the microcontroller program
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CHAPTER 5 - Impedance Transformation Models

Permittivity is a property of dielectric materialBermittivity relates to a material’s
ability to conduct AC currents. When a probe is iensed in a dielectric material, the
permittivity and corresponding admittance of thelg becomes a measure of how easily a
current can flow through the dielectric materialthin the probe. Thus, permittivity of the
dielectric material can be found by measuring tmittance of a probe immersed in the material
and then removing the geometric factor. Impedarsdhe reciprocal of admittance and,
therefore, permittivity of the dielectric materato can be found by measuring the impedance of

the probe immersed in the material and then rengotfia geometric factor.

In this study, impedance of the sensor probe waisetk from measured FR data. To
study the probe impedance, impedance transformatiotels for the sensor probe, the coaxial
cable that connects the control system with thes@eprobe and the signal processing circuit

were investigated.
5.1 Transmission line theory

5.1.1 Introduction of transmission line theory

A transmission line is used to guide energy in tben of electromagnetic waves,
acoustic waves, or electric power, from the souméehe receiver. In many electric circuits,
transmission wires connecting various components lma generally neglected, because the

voltage at each point along the wire can be consil@lentical at a given time due to the short
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lengths of the wires. However, if the wires arefisigntly long and the frequency is sufficiently
high so that voltages along the wire at a giveretcan no longer be considered identical, the
transmission line becomes important (Coleman, 2084)le-of-thumb commonly used is that,
when the length of a wire is greater than 1/1thefwavelength, the wire should be treated as a
transmission line. If a design ignores the transiorsline effect when it should be considered,
signal reflection along the wires and cables worddult in significant variations in the
impedance present at different points on the linethe transmission line theory, models for
coaxial cables and twin parallel wires are the nmeshmon models in circuit analysis. In this

study, a coaxial cable connecting the control bdk the permittivity sensor probe was studied.

5.1.2 Coaxial cable

Coaxial cables (C1166 RG 58/U) of different lengthere used to connect the control
box with the sensor probe. The shortest cable usethis study was 33cm. The highest
frequency of the signal from the signal generatas w00 MHz. One tenth of its wavelength was
5cm after accounting for a relative propagatioroey of 0.66. Therefore, it was necessary to

study the transmission line losses along the cable.

To simplify the analysis, a coaxial cable can bestdered as a distribution of discrete

capacitances and inductances, as shown in Figlre 5.

Figure 5.1 Distributed impedance model for a transnssion line (Coleman, 2004)
L
CT T T
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The inductances and capacitances in Figure 5.beaetermined by Equation 5.1 and

5.2, respectively.

L= n®) (5.1)
2T a
in(2)
a

where L is the inductance per unit length of thielea
C is the capacitance per unit lengtthefcable,
£ is the permittivity of the medium between the cactdrs,

M is the permeability of the medium between the cetats,

b is the outer diameter of the cabl&, an

a is the inner diameter of the cable.

The characteristic impedance of the transmissioechn be derived from the inductance

and capacitance per unit length of the cable.

Z, = % (5.3)

where % is the characteristic impedance of the transnmstne
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For a transmission line of lengtherminated with a load, if a sinusoidal with vgiaV
is launched into an end of the line, a portionhe power will be absorbed by the load and the
remaining power will be reflected back through line. The voltage of the reflected sinusoidal

can be expressed by:

Vo =rv* (5.4)

where V is the input voltage,
V is the reflected voltage, and

[ is the reflection coefficient.
In Equation 5.4, all quantities are complex. Thhath phase changes and amplitude information

are included.

The reflection coefficient | at a general load Zan be acquired by:

ZL _Zo
ZL +ZO

.= (5.5)
wherel" is the reflection coefficient at a general loadand

Z\ is the impedance of the load.

Power will not be reflected back whén = 0. Under this conditionZ, =Z,, and the
load is said to be matched to the line. HowevegeneralZ, # Z, and a portion of the signal is

reflected. Moreover, due to phase variation aldrgyline, which is caused by time delays in

signal propagation, the ratio of o V' changes in phase. Thuse reflection coefficient
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looking into the transmission linE is different from that looking into the lodd . The

relationship betweefi,, and ", is

Mo =T expt28) (5.6)

where £ is the propagation constant, and

| is the length of the transmission line.

From Equation 5.6, it can be seen that the magaitidhe reflected wave remains the

same, while the phase changes. Sihges different fronT |, the impedance looking into the

transmission lineZ, is also different from the impedance of the Iagd(Figure 5.2).

Figure 5.2 Transmission line of length terminated with a load

A
v

z

L
=

According to transmission line theory, the relasioip between Z and Z, can be

expressed as:

_Z +jZ,tangl
" z,+jZ tangl "’

(5.7)
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From Equation 5.7Z, can also be derived frofd , using the following equation:

z = Z, - ‘jZO tan/l z, (5.8)
Z,-jZ, tangl

Equation 5.8 is critical to the measurement systente the electronics measuring

impedance is not at the probe. Rather, it is adcl away.

In real transmission lines, the wavelengthof the signal transmitted through the
transmission line is different frody, which is the wavelength of electromagnetic wavelee
space./ is influenced by the propagation velocity, andelsted tq3 (Coleman, 2004). In this
study, the velocity of propagation for RG 58/U @ald 0.66. Therefore the real part 8fcan be

acquired by

ﬁ:z_ﬂ': 27t
A 0.66xc

(5.9)

wheref is the frequency of the signal transmitted throtightransmission line, and

c is velocity of light3x 10’ m/s).

The imaginary part ofs can be obtained from the fact that signal atteangper unit
length of the transmission line is 8.686ag{8}| (dB/m) (Coleman, 2004). According to data

sheet of RG 58/U coaxial cable, the signal atteanas related to frequencies (Table 5.1).
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Table 5.1 Signal attenuation in coaxial cable C1168G 58/U

Frequency (MHz) 1 10 50 100 20C 500 1000
Attenuation (dB/100") 0.40 1.20 2.90 4.20 6.00 10.17 16.%0
Attenuation (dB/m) | 0.013120.03937| 0.09514| 0.1378| 0.1969| 0.33371| 0.5413

Several regression models, including a linear moagdolynomial model, and a power
model, were developed based on the data shownhle Bal to predict signal attenuations in the
cable at various frequencies. The result showetttiespower model had the highest\Rlue of

0.9975 (Figure 5.3). Therefore, the power model wsesl to calculate the attenuation.

Figure 5.3 Models for attenuation per unit length ér the coaxial cable C1166 RG 58/U
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5.2 Sensor probe model

The sensor probe consisted of six aluminum platased in parallel, with identical

spacing between adjacent plates. Two sensor pitieslifferent size are shown in Figure 5.4.
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The larger probe (Figure 5.4 (a)) was 7.%3rbcm in size, with 4mm spacing. The smaller
probe (Figure 5.4 (b)) was 5crB.5cm in size, with 4mm spacing. In this thesigsthprobes

will be referred to as the “7.5cm” and “5cm” probesspectively.

Figure 5.4 Sensor probes

(&) The 7.5cm probe (b) The 5cm probe

On each probe, alternating plates were electricadiynected to form a capacitor that
looks similar to the old-fashioned air capacitoecBuse each pair of adjacent plates forms a
simple two-plate capacitor, the six plates on thmebe form five capacitors in a parallel

connection. Thus, the total capacitance of thegamn be estimated as:

C, :SBEI(%:SB'%G&‘ (5.10)

where C is the capacitance (F),

A is the area of each plate {m
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&' is the dielectric constant of the material,

&, is the permittivity of free space (8.854*¥0F/m), and

d is the spacing betwega@eht plates (m).

When the probe is immersed in a dielectric mediarpart of the imaginary component
of the permittivity of the medium (Equations 3.2ah3) between adjacent plates also forms a
parallel resistor. Due to the alternating eleatpanections among the plates, the total resistance
of the probe can be viewed as a parallel connedfoiive identical resistors. Thus, the total

resistance of the probe can be estimated as:

R -LdP

e (5.11)

where A is the area of each platé)(and

p is the resistivity of the material.

With both capacitive and resistive effects con®derthe probe can be viewed as a

parallel connection o, andR_. Thus, the total impedance of the probe can beesspd as:

1

R O—
2, =701z, =— A% - R (5.12)
RL+ - 1 1+JaCLRL
JaCy

where is the angular frequency of the external eledieid.
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5.3 Circuit model

The signal processing circuit in the new controx beas different from that in the old
control box. Thus, the circuit models for FR measugnt were investigated for the new and old

control boxes, respectively.

5.3.1 Circuit mode for the new control box

The circuit schematic for FR measurement usinghéwe control box is shown in Figure
5.5. The circuit consisted of three parts: parsAar analog-to-digital conversion, part B is for
the transformation between the input and outputagyof the gain and phase detector, and part
C is for impedance transformation between the igmyrtals of the gain and phase detectar, V

and V; , and Z%,.

The parallel connection ofsR3kQ) and G (2pF) in part B is the input impedance of the
gain and phase detector. In part G,i€a ceramic capacitor of 22uF; bothsRnd R are thin

film chip resistors of 5@.

Figure 5.5 Circuit schematic for FR measurement usig the new control box
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For part A, the two outputs\c and \bus of the gain and phase detector can be derived
from the measured FR datayk and Dns respectively. Assuming the gain of each ampliier

M and N, respectively, Mac and \bpscan be calculated as:

Viuo = (Dyyas X5000/1024) M (5.13)

Vo = (Do X5000/1024) N (5.14)

For part B, the relationship between the input aligin\Vs and V4, and the output signals,

Vmac and \bys of the gain and phase detector can be acquirestb@s Equation 4.6 and 4.7

(Section 4.1.4):

20Iog\%‘ =V, /30~ 3( (5.15)
4
BV,) = B(V,) =V, /10~ 180 (5.16)

Therefore,\% can be derived from the following equation:
4

sinp ¥, reV,), (5.17)

cos® ¥,)- 0 V) i1,

v,/ _
v, ”

V3
V4

For part C, the goal of modeling was to expregsaZ a functio% . To achieve this
4

goal, several impedances in the transmission pegéd to be defined.
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1

R e,
Zoe, = — 2 = i (5.18)
R3+ - 1 J(")R302+1
jaC,

where Z . is the total parallel impedance of &d G.

(5.19)

whereZ. is the impedance of,C

The relationship between,\and \4, Vi1 and \, can be expressed as follows:

Z 7 +z (5-20)
R3CZ R3CZ Cl

zV4 7 Viz (5-:21)
ReC, RC, Cy

where V, is the signal from the signal generator, and
\4 is the signal measured at thg &nd of the cable that connects the control box
and the sensor probe. It can aéseiéwed as output of a voltage divider that

consisted of resistor &d impedance;Z

The following equation can be derived by combingpations 5.20 and 5.21.
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(5.22)

<|<
1
<<

Applying the Kirchhoff's current law to the,Zend of the cable, the relationship between

V; and \, can be expressed by:

2 4 V24 (5.23)
Rref Zln RZ ZRSC + ZC
Therefore,Zcan be expressed as:

(5.24)

, - Re
", ‘R%JR%ZP& +2,) 7

By substituting equation 5.22 into 5.Z4 can be estimated from the two input signals,

V3 and \, of the gain and phase detector.

(5.25)

- Re

Combining models for parts A, B, and G, @an be derived from measured digital FR

data. The probe impedance @an be obtained from Equation 5.8.
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5.3.2 Circuit modée for the old control box
The circuit schematic for FR measurement usingotdecontrol box is shown in Figure
5.6. The circuit also consisted of three parts. flimetion of each part is the same as that of the

new control box, as described in Section 5.3&.iRpart C is a metal film resistor of 229

Figure 5.6 Circuit schematic for FR measurement usig the old control box
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For part A, the outputs of the gain and phase tlmte®yac and \bys can be derived

from the measured FR dataf and Dbus respectively.

Vs = Dyag X5000/102¢ (5.26)

Vo = Dpys X5000/102 (5.27)
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For part B, the relationship between the input aligin\Vs and V4, and the output signals,

Vmac and \bps, of the gain and phase detector are identical & ¢ the new control box

(Equations 5.15-5.17).

For part C, the relationship betweepand \4, V, and \, can be expressed as follows:

zV3 7 Viz (5.:28)
ReC, RLC, Cy

zV4 7 Viz (5:29)
ReC, RLC, Cy

The following equation can be derived by combiriggiations 5.28 and 5.29.

1
<<

(5.30)

<I<

Therefore, by substituting equation 5.30 into 5.24,can be estimated from the two

input signals, ¥ and \j of the gain and phase detector:

Zin =

Ra (5.31)
%‘R%‘R%z% +z)7h

Combining models for parts A, B, and G, @an be derived from measured digital FR

data. The probe impedance @an be obtained from Equation 5.8.
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CHAPTER 6 - Experiment

The laboratory experiment conducted in this studgluded: tests of the impedance
transformation models using sensor probes witledsfit sizes, coaxial cables of the same length
terminated with different loads, and coaxial caldédifferent lengths terminated with the same

load.

6.1 Sensor probes with different sizes

FR data were acquired using different sensor prabastructed with the same material
and structure, but different sizes. A test wasgiesi to examine if the sensor probe model,
which was described in Section 5.2, can be usecenwve the effect of probe size on the

measurement.

In this test, a deionized water sample was meadwyyrede 7.5cm and 5cm sensor probes,
respectively. The FR data were measured using Itheamtrol box. FR data measured by the
7.5cm sensor probe were used to calculate the ilnpddance Z7scm using the impedance

transformation models (Equations 5.31 and 5.8).

Based on the sensor probe model (Equations 5.10, @and 5.12), the relationship
between the impedance of the 7.5cm sensor probest4 and that of the 5cm sensor probe

(Z._scm) can be expressed in the following equation:

ZL_SCm =1.5- ZL_?.Scm (6.1)

67



The calculated Zscm was substituted into Equation 5.7 to calculatg 20 that
relationship between the input signals of the gaid phase detector can be predicted using the
analysis for part C in the circuit model (Sectio8.8). The FR data by the 5cm sensor probe can
be then predicted using the analysis for part A Bndhe measured and predicted FR data for
the 5cm sensor probe were compared to examinedilndity of the impedance model for the
probes. Similarly, the measured and predicted FRa tta the 7.5cm sensor probe were also

compared.

6.2 Coaxial cable of the same length with differerbads

This test was designed to examine if the impedarasesformation models was capable

of predicting the impedances of several “standérdds.

6.2.1 Standard loads

The “standard” loads tested were open circuit, tsbiocuit and a 5Q resistor. One end
of the coaxial cable was connected to the load,redsethe other end was connected to the
control box through a BNC connector. For each |&dridata were measured by both the old and

new control boxes. The length of the cables wasn33c
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Figure 6.1 Coaxial cable with open, short and 3@ loads

open 50 ohm

The measured FR data were converted tasing the impedance transformation models.
The measured Zwas then compared with the known impedance oldhds. The real part of
the known £ should be, theoretically, very large for the opacuit, 0 for the short circuit,
and 5@ for the 5@ resistor. The imaginary part of the known should be, theoretically, very

large for the open circuit®for both the short and $Dloads.

6.2.2 Parallel capacitor-resistor load

In order to further verify the load impedance madal 5@ resistor connected in parallel
with a capacitor was used as the terminating Iddtdeocoaxial cable. Because the impedance of
a capacitor Zvaries with the frequency (Equation 6.2), diffareapacitors were selected to

match the impedance of the®@esistor within different frequency ranges.

.1 _ 1
° " jaC  j2mfC

(6.2)

wherew is the angular frequency of the signal,

fis the frequency of the signal, and
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C is the capacitance.

The capacitors used for the frequency ranges ofbélkHz, between 1 kHz and 1 MHz,

and above 1 MHz were 10uF, 0.33uF and 68pF, rasphct

The actual impedance of the load.{4u.s) can be calculated by:

S50xZ,
50+Z

(6.3)

L-actual —
C

The FR data measured by the old control box wenwexbed to the load impedance Z

using the models. Zderived from the FR data was then compared wehattiual load.

6.3 Coaxial cables of different lengths with the sae load

This test was designed to investigate the possibif removing the effect of cable
lengths on permittivity measurement. Coaxial cablis lengths of 37cm and 141cm, which
will be referred to as the “short” cable and thenty” cable in this thesis, respectively, were used

for the test (Figure 6.2).
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Figure 6.2 Coaxial cables

Short cable Long cable

FR data of a 5Q load were measured by the old control box usirgtito cables. A
similar test was also conducted using the 7.5cra@gmrobe to measure the frequency responses
of air. FR data measured by the old control bokwhe short and long cables, respectively, were
used to calculate the load impedangeiging impedance transformation models. Differefiea
lengths were substituted into Equation 5.8 for ¢hkeulation. The calculated, Zvith the short

cable was compared to that with the long cable.
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CHAPTER 7 - Results and Discussions

Results of the impedance transformation model testse reported in this chapter.
During the tests, the gain and phase detector wasdfto give unexpected readings. Several

additional tests were conducted to evaluate the gad phase detector.

7.1 Sensor probes with different sizes

The same deionized water sample was measured midhentrol box with the 7.5cm
and 5cm sensor probes, respectively. Comparisongeabured gain and phase responses by the
7.5cm and 5cm sensor probes are shown in Figuteand 7.2. The probes gave similar trends
in both gain and phase within the measurement &necyirange. However, shifting in frequency
of gain response patterns can be observed witkifiréguency range from 10 MHz to 65 MHz.

Similar shifting can be observed on phase responses
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Figure 7.1 Comparison of gains measured by the 7.&cand 5cm probes
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Figure 7.2 Comparison of phases measured by the @b and 5¢cm probes
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The measured gain and phase by the 7.5cm sensbe pvas used to calculate the
impedance of the 7.5cm sensor probe. The impedahtlee 5cm sensor probe can be then
derived by Equation 6.1. From the derived probeadgmce, the gain and phase responses of the
5cm sensor were predicted using the impedanceforamstion model. Comparisons between the

predicted and measured FR data for the 5cm prabshawn in Figures 7.3 and 7.4.

Figure 7.3 Comparison between the predicted and meared gain for the 5cm probe
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Figure 7.4 Comparison between the predicted and meared phase for the 5cm probe
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From Figures 7.3 and 7.4, the measured and predgdaen and phase responses were
different. Shifting in frequency of gain responsgterns can be observed. Similar shifting can be

observed on phase responses as well.

The measured gain and phase by the 5cm sensor wrabeused to calculate the
impedance of the 5cm sensor probe. The impedandbeo?.5cm sensor probe can be then
derived by Equation 6.1. From the derived probedadgmce, the gain and phase responses of the

7.5cm sensor were predicted using the impedanosftianation model. Comparisons between

the predicted and measured FR data for the 7.50bemre shown in Figures 7.5 and 7.6.
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Figure 7.5 Comparison between the predicted and meared gain for the 7.5cm probe
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The result indicted that the simple sensor probealigh R-C model for the actual probe
does not describe the probe impedance accuratdbjitiBnal inductance caused by the bolts and

wires in the container (Figure 5.4) should probdi#yconsidered in the model.

7.2 Coaxial cable of the same length with differerbads

Several simple loads were connected with a 33cmiabeable during the tests. Results

of these tests were discussed in this section.

7.2.1 Standard loads

Gain and phase responses measured by the old Idootréor open, short and 80loads
plotted against linear and logarithm frequency aaee shown in Figures 7.7 and 7.8,

respectively.

Figure 7.7 Gain responses measured by the old cootrbox for open, short and 5@ loads
on (a) linear and (b) log scales
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The measured gain and phase responses were @ht@rthe real and imaginary parts

of the impedance of the load using the impedararestormation models.

The result for the open circuit load is shown igufe 7.9. Both the real and imaginary
parts of the measured Zvere relatively large, except for the low frequgmegions (below 1
kHz), where the measured #ere close to 0. A possible cause for this dzamney was that the
system was not stable during the beginning secahés the low frequency data were collected.

This assumption was supported by the measured &R da

Figure 7.9 Real and imaginary parts of £ for the open circuit load measured by the old

control box
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Results for the short circuit and @0esistor loads are shown in Figures 7.10 and 7.11,
respectively. For the short circuit load, both tkal and imaginary parts of the measured Z
were close to Q at frequencies below 50 MHz. For the(bfesistor load, the real part was close
to 502 and the imaginary part was close t@ @t the frequencies higher than 1 kHz. For
frequencies below 1 kHz, measured imaginary parZofdeviated from the actual values

probably due to signal instability as discussedipresly.

Figure 7.10 Real and imaginary parts of £ for the short circuit load measured by the old
control box
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Figure 7.11 Real and imaginary parts of Z for the 50 resistor load measured by the old

control box
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Gain and phase responses measured by the new Icbaxdor open, short and 8D
loads plotted against linear and logarithm freqyesxes are shown in Figures 7.12 and 7.13,

respectively. The measured gain and phase respamsesobviously different among the open,

short and 50Q resistor loads.

Figure 7.12 Gain responses measured by the new casitbox for open, short and 5@ loads
on (a) linear and (b) log scales
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Figure 7.13 Phase responses measured by the newtcolnbox for open, short and 5@2

loads on (a) linear and (b) log scales
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The measured gain and phase were converted toettieand imaginary parts of the

impedance of the load using the impedance transfioom models.

Z, of 500 resistor as calculated from the FR data is shawrigure 7.14. Both the real
and imaginary parts were quite different from tlocéual load. Z of open and short circuits as
calculated from the FR data are shown in Figuré$ @nd 7.16, respectively. Both the real and

imaginary parts were quite different from the attl@ad. A possible reason for these
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discrepancies was that wiring of the new control mas more complicated than the old box so

that additional factors may need to be taken intmant.

Figure 7.14 Real and imaginary parts of £ for the 50Q resistor load measured by the new

control box
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Figure 7.16 Real and imaginary parts of £ for the short load measured by the new control

box
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In summary, relatively good results were obtainedthe open, short and G0resistor
loads measured by the old control box. The impeelaramsformation models developed for the
old control box were capable of predicting the iogueces of these special loads. However, the

results obtained for the new control box were rootact.
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7.2.2 Parallel capacitor-resistor load

This section reports the results of frequency respdests with parallel R-C loads. Only

the old control box was tested for these loads.

The real and imaginary parts of the load impedasceneasured by the old control box
are compared with the actual loads in Figures @arid’ 7.18, respectively. Three different loads
were used within different frequency ranges. BelokHz, the load was a parallel connection of
a 5@ resistor and a 10uF capacitor. While the samastmsivas used for the higher frequency
regions, the capacitor used for 1 kHz — 1 MHz abdva 1 MHz were 0.33uF and 68pF,

respectively.

The results showed that the real part of the logmbdance measured by the old control
box was close to the actual value within the fremyerange of 350 Hz — 50 MHz. For
frequencies below 350 Hz, the measured values gute different from the actual loads. As
described in Section 7.2.1, difference between aoredsand actual impedances at the low
frequencies was probably due to the instabilityhef control box during the first few seconds of
measurement. Giving a “warmup” time at the begigrof measurement may help alleviate this
problem. The result showed that the measured imagipart of load impedances was close to

the actual load at most frequencies, except fauieacies above 50 MHz.
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Figure 7.17 Comparison of real part of the load impdance measured by the old control

box with that calculated for the actual loads
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Figure 7.18 Comparison of imaginary part of the lod impedance measured by the old

control box with that calculated for the actual loals
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In summary, the impedance transformation model®wabte to predict the impedance of
parallel R-C loads at frequencies below 50 MHz. eer, the models needed to be further

improved to reduce the predicted error.

7.3 Coaxial cables of different lengths with the sae load

Gain and phase responses measured by the old Icboiowith the short (37cm) and
long (141cm) cables, both terminated with &5@sistor, are shown against linear and logarithm
frequency axes in Figures 7.19 and 7.20, respégtifée results showed that both gain and
phase responses measured with the short and tlgeclsles were very similar within the
measurement frequency range, indicating that thasarement was not affected by the cable
length. This is probably due to the fact that tharacteristic impedance of both cables wa?,50

which matched the load impedance.
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Figure 7.19 Gain responses measured using the sh@87cm) and long (141cm) cables, both

terminated with a 50Q resistor, on (a) linear and (b) log scales
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Figure 7.20 Phase responses measured using the si87cm) and long (141cm) cables,

both terminated with a 5QQ resistor, on (a) linear and (b) log scales
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The real parts of the load impedance calculatesch fitke FR data for the short and long
cables are shown in Figure 7.21. The values arg ®ese to 5@ throughout the frequency

range.

Figure 7.21 The real part of measured 5 load using the short (37cm) and long (141cm)
cables on (@) linear and (b) log scales
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The imaginary parts of the load impedance calcdlfétem the FR data measured using
the short and long cables are shown in Figure 7B¥ow 20 MHz, the imaginary parts
measured using the two cables were very similaov&®20 MHz, the imaginary part of the load
impedance measured using the short cable waslgligifferent from that using the long cable.

However, the differences were less thaf10

Figure 7.22 The imaginary part of measured 5Q load using the short (37cm) and long

(141cm) cables on (a) linear and (b) log scales
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The short and long cables terminated with the 7.5emsor probe were also tested.
Measured gain and phase responses are shown alga#astand logarithm frequency axes in
Figures 7.23 and 7.24, respectively. The gain dra$@ responses measured using the short cable
was different from that using the long cable. Tlangand phase responses measured with the
long cable displayed more peaks. For example, thea#s showed up at 23 MHz, 62 MHz and
106 MHz in the gain response for the long cablalemnly one peak showed up at 40 MHz for

the short cable (Figure 7.23 (a)). It is obvioust tine cable length influenced the measurements.

Figure 7.23 Gain responses measured using the sh@87cm) and long (141cm) cables, both

terminated with the 7.5cm sensor probe, on (a) liree and (b) log scales
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Figure 7.24 Phase responses measured using the si87cm) and long (141cm) cables,

both terminated with the 7.5cm sensor probe, on (djnear and (b) log scales
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The real parts of the load impedance calculatesch fitke FR data for the short and long
cables are shown in Figure 7.25. Below 20MHz, neiais difference was observed. At
frequencies higher than 20MHz, peaks were obseavetifferent frequencies for the short and

long cables.

Figure 7.25 The real part of load impedance of thé.5cm sensor probe measured using the

short (37cm) and long (141cm) cables, on (a) lineand (b) log scales
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The imaginary parts of the load impedance calcdl&i®m the FR data for the short and

long cables are shown in Figure 7.26. Differencas be observed within the entire test

frequency range.

Figure 7.26 The imaginary part of load impedance ofhe 7.5cm sensor probe measured

using the short (37cm) and long (141cm) cables, ¢a) linear and (b) log scales
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In summary, the impedance transformation model® wapable of describing the effect
of cable length on the measurement of the real glalbad impedance below 20 MHz. This
model was not effective for the real parts whemjdencies were above 20 MHz. It was not

effective in describing the imaginary part of tlead impedance within the entire frequency

range.
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7.4 Problem with the gain and phase detector

During the experiment, the measured phase andlésdlah the 0°~90° range. A general
trend was to bounce between 0° and 90° as frequecoyased. This trend did not agree with
the model. To investigate this discrepancy, a sesfetests were conducted on gain and phase

detector. Results of these tests are discussédkisdction.

7.4.1 Test on a gain and phase detector evaluation board

An evaluation board for the 8302 gain and phasectiet (Analog Devices, Inc.) was
used in the test. A signal generator (Agilent 3322@as used to generate sine wave signal,
which was sent to channel B (INPB) of the gain phdse detector. An RC circuit formed a low-
pass filter with a corner frequency of 1 MHz. Thiter generated a delayed sine wave, which
was sent to channel A (INPA) of the gain and plutector (Figure 7.27). Thus, the phase delay
generated by the RC circuit was measured by the gyadl phase detector. Twelve frequencies,
including 500 Hz, 1, 10,100 and 500 kHz, and 15,23, 10, 15, and 20 MHz, were selected for

the test. Test at each frequency was repeated.twice

Figure 7.27 An RC circuit generated phase delays

INPB
G/P
INPA
e
0.01uF
\Y
GND

98



The phase output from the gain and phase detectgs Was read with a digital
multimeter (HP 34401A). The phase delay (in degoee be calculated from measuregyy

using Equation 7.1.
Phase delay’] = 180 -V, /10 (7.2)

The two input signals sent to channels INPA andBN#? the gain and phase detector
were also monitored by an oscilloscope (Agilent Z4%) set at the XY horizontal mode. The
XY horizontal mode gave a volts-versus-time disptaya volts-versus-volts display (the
Lissajous graph) for the two input signals (Figar28). The phase delay between the two signals

can be calculated using the following equation:

siné?:é or sin9:g (7.2)
B D

Figure 7.28 Lissajous graph between two signals (Agnt 54621A, User’s Guide, 2000)
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The phase delay observed from the oscilloscopegutiile Lissajous method was
compared with that measured by the gain and phetsetdr. The results are shown in Figures

7.29 and 7.30 on logarithmic and linear frequenm@sarespectively.

Figure 7.29 Phase delay observed from the oscillage and measured by the gain and

phase detector on a logarithmic frequency axis
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Figure 7.30 Phase delay observed from the oscillage and measured by the gain and

phase detector on a linear frequency axis
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The results showed that the phase delay obsereed lfissajous method had the same
trend with that measured by the gain and phasetdetas the frequencies increased, although
larger discrepancies took place at the frequenisigger than 5 MHz. The errors may have
resulted from inaccuracy in data reading on Ligssjplot. At 20 MHz, the phase delay angle
observed from Lissajous plot was -213°. Howeveg,dhin and phase detector gave -41° at this
frequency. This was because that the range ofithegoreading from the gain and phase detector
was from -180° to 0° (or 0°~180°). Due to the pditity of the arctangent function, -41° was
adjusted to -221° to remove the 180° jump and tinta@ the continuity of measured phase

delay.
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7.4.2 Test on the old control box at single frequencies

In this part of the experiment, signals on the cleds A (INPA) and B (INPB) of the gain
and phase detector in the old control box were toozdl and recorded by an oscilloscope
(Agilent 54621A). The 7.5cm probe was connectedh® old control box through the short
(37cm) coaxial cable. The probe was placed inTdie system ran at frequencies between 20
MHz and 110 MHz with 10 MHz interval. From Figure2Z (Section 7.3), the phase responses
measured with the long cable displayed severalgaa#l valleys at various frequencies. In order
to study this trend, frequencies selected wereettddgse to the turning points of the phase

response measured with the long cable.

Signals on the INPB and INPA inputs at 50, 60, d 80 MHz recorded by the
oscilloscope are shown in Figure 7.31. The reslitsved that the phase delay between INPA
and INPB continuously increased with frequency wiitb peaks and valleys observed.
Obviously, this result was different from the phassponse data measured using the old control

box.
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Figure 7.31 Signals on the INPA and INPB inputs athe gain and phase detector recorded

by an oscilloscope at (a) 50MHz, (b) 60 MHz, (c) MHz, and (d) 80 MHz
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(c) (d)

7.4.3 Testsin single-frequency and frequency-sweep modes

The objective of this test was to further compaRe data observed on an oscilloscope
(Agilent infinilum MSO8104A, 1GHz) with that measut by the gain and phase detector, and to
detect if the FR data measured at single frequeneere consistent with those measured in a

frequency-sweep mode.
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7.4.3.1 Comparison of measurements by the control box and oscilloscope at the single
frequency mode

For the single frequency test, signal at each sdcequency was run for 3.5min so that
the oscilloscope (Agilent infiniium MSO8104A, 1GHaad sufficient time to record the signals
at INPA and INPB. Frequencies selected were thbse @round the turning points of the phase
response measured with the long cable, includifg 44.8, 50, 55, 62, 70, 75, 82.6, 87, 90, 95,
100, 104.8, and 110MHz (Figure 7.24). The measunérateeach frequency was repeated 10

times. Both the short and long cables were us¢adisrtest.

Results of these tests are shown in Figures 7.835: For the short cable, the measured
gain response had a similar trend with that obskee the oscilloscope. However, the gain
measured by the control box was in general highan that observed on the oscilloscope by
about 10dB (Figure 7.32). Similar trend can be tbtor the data obtained via the long cable at
frequency higher than 70 MHz (Figure 7.33). Thesgheesponses measured by the control box
and the oscilloscope were almost identical below{z and started to deviate from each other
when the phase angle reached @Bigure 7.34 and 7.35). An effort to correct thegd angle

based on the periodicity of the arctangent funcéilsio failed to yield a reasonable result.
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Figure 7.32 Comparison of gain measured by the olcbntrol box with that observed on the

oscilloscope. The short cable was used in the test.
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Figure 7.33 Comparison of gain measured by the olcbntrol box with that observed on the

oscilloscope. The long cable was used in the test.
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Figure 7.34 Comparison of phase measured by the otantrol box with that observed on

the oscilloscope. The short cable was used in trest.
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Figure 7.35 Comparison of phase measured by the otntrol box with that observed on

the oscilloscope. The long cable was used in thatte
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7.4.3.2 Comparison between single-frequency and frequency-sweep modes
Comparisons of gain and phase measured at sirggl@dncies with that measured in a

frequency-sweep mode for the short and long cabykeshown in Figures 7.36 — 7.39.

For the short cable, the gain responses measusiaghe frequencies were different from
that measured in the frequency-sweep mode. Theidrexy-sweep mode gave smoother gain
responses than the single frequency mode (Fig@@.7A relatively similar trend can be found
for the data obtained via the long cable (Figu@¥)Y. The phase responses measured at single
frequencies were quite different from that measumnethe frequency-sweep mode for the short
cable (Figure 7.38). However, for the long cablsjmailar trend can be observed for the phase
responses within the frequency range from 44.8 M#lzZ5 MHz and 95 MHz to 110 MHz

(Figure 7.39).
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Figure 7.36 Comparison of gain measured at the sifgfrequency and the frequency sweep
modes. The short cable was used in the test.
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Figure 7.37 Comparison of gain measured at the sifgfrequency and the frequency sweep
modes. The long cable was used in the test.
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Figure 7.38 Comparison of phase measured at the gjie frequency and the frequency

sweep modes. The short cable was used in the test.
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Figure 7.39 Comparison of phase measured at the gjie frequency and the frequency

sweep modes. The long cable was used in the test.
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In summary, the issues with the gain and phasectetavere not solved through this
experiment. One of the possible reasons for therefiancy in gain and phase measurement is
that the signal from the sensor probe (INPB inpua¥ noisy. The discrepancy between signals
measured at the single frequency and frequencypsweles may indicate that, for frequency
sweeping, a longer waiting time is needed betwesguency changes. More tests are needed to

solve these issues.
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CHAPTER 8 - Conclusions

Conclusions drawn from each stage of this studyanemarized as follows:

8.1 Control system

A real-time control system for a frequency respofise)-based permittivity sensor was
developed. A C program was developed in the TASKE@bedded Development Environment
to control the system. The new control system endabdmprovements over a previously
designed system in the following aspects:

» The system used a printed circuit board.

= The measurement frequency range was extended 20nviHz to 400 MHz.

= The resolution of measured FR data was improvedudigg programmable gain

amplifiers.

= A data storage module was added to the system.

= A temperature measurement module was added tys$hens.

= An LCD display and a keypad were added to the syste display the frequency

response data with corresponding frequencies aalliow users to enter commands.

8.2 Impedance transformation models tests

Impedance transformation models for the controltespswith (1) sensor probes of
different sizes, (2) coaxial cables of the samatlerierminated with different loads, and (3)

coaxial cables of different lengths terminated wile same load were developed and tested.
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Several additional tests for the gain and phasectst were also conducted to evaluate its

performance.

Tests on 7.5cm and 5cm probes indicated that alsipgrallel R-C model did not

describe the probe impedance accurately.

Tests on the old control box and a coaxial cabtmiteated with three “standard”

loads - an open circuit, a short circuit, and & 5@sistor - indicated that the
impedance transformation models were capable afigineg the impedances of these
loads. However, the results obtained for the nemirob box were not satisfactory.

Test results also showed that the impedance ofll@af-C loads at frequencies
below 50 MHz can be predicted by the impedancestoamation models. However,

the models needed to be further improved to retlue@rediction error.

Tests on coaxial cables with different lengths c¢atkd that the impedance
transformation model were capable of describing dffect of cable length on the
measurement of the real part of load impedance anfyequencies below 20 MHz.
The model was not effective in describing the imagy part of the load impedance
within the entire frequency range tested.

Issues with the gain and phase detector need adalitstudy.
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CHAPTER 9 - Recommended Future Research

The following technical issues need to be furtheestigated:

1. Signals from the thermocouple were not stabkhiwithe frequency range tested. A
greater signal drop can be observed at frequebeatgeen 20 and 110MHz. Causes for signal

drop need to be further investigated.

2. Software for saving FR data to the newly addizshfmemory needs to be completed.

3. Tests on sensor probes of different sizes hadieated that the impedance model for
sensor probe was not accurate. An improved moda ithcorporates impedances of the
connecting wires and bolts needs to be studiedeMa@r, a new, simple sensor probe with only
two parallel plates is recommended. This probebmnsed to test “standard” dielectric liquids
with known permittivities and compare permittivgieerived from the FR data with the known

values.

4. Issues with the gain and phase detector neaticardd study. The following procedure
is recommended to identify the factors that limited measured phase difference to 8-90
Repeat the test described in Section 7.4.1 withsitpeal generator (Figure 7.27) replaced with
an AD9854 evaluation board. Results of this test loa used to explain whether the issue is

related to the AD9854 evaluation board. 2) If phadéerences of above 90can still be
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measured, replace the RC circuit in Figure 7.2°h\®ts (Figures 4.1, 4.3, 5.5, and 5.6) and a

sensor probe with a coaxial cable, and then obgbermeasured phase difference range.

5. Discrepancies in gain and phase responses nedastithe single-frequency and the

frequency-sweep modes need to be further studredigh tests. A longer waiting time may be

added during frequency switching.
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Appendix A - Circuit schematic of the Control System

Figure A.1 Circuit schematic of the control board n the new control box
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Appendix B - Circuit layout of the Control System

Figure B.1 Circuit layout of the control board in the new control box
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Appendix C - Microcontroller Program

#include <stdio.h>

#include <stdlib.h>

#include <math.h>

#include <regl167.h>

#include "serio.h"

#include "LCDKEY167.h" //for Icd&keypad
#include "amplifier.n"

unsigned int data0=0; //digital data for gain
unsigned int datal=0; //digital data for phase
unsigned int data2=0; //digital data for thermisto
unsigned int data3=0; //digital data for thermqueu

unsigned int gain=0; // gain and phase are ¢\drdable
unsigned int phase=0; // gain and phase are lglalbable
unsigned int T=0;

double Temp=0.0;

unsigned char Instruction=0x40;
unsigned char Gain=0x02; //Gain is set "4 times"
unsigned char Phase=0x01; //Phase is set "2 times"

unsigned int control=0x2800; // command for loedguency register
unsigned int control_reset=0x0100; // commanddarfrequency register

unsigned int LSB=0; // for low freugncy register
unsigned int MSB=0; // for low freugncy register
unsigned int LSB_send=0; //for low freugncy regpist
unsigned int MSB_send=0; //for low freugncy regpist

void P6_init(void); //I/O port of kitCON for cordl bus of signal generator
void P7_init(void); //I/O port of kitCON for dataus of signal generator
void P2_init(void); //I/O port of kitCON for addss bus of signal generator

/[For low frequency generator

void InitDDSCommunication(void);

void InitDDS(void);

void frequency_low(double d_freq, double r_freq);
int *ftw_to_deci_low(double d_freq, double r_freq);
void WriteDDSLow(unsigned int SPI);

void ToggleChipSelect_LowFreq(void);

void WriteLowFreq (unsigned int word);
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/[For high frequency generator

void null_cal(void);

void timer_init(void);

void delay_time(unsigned int value);

void io_up(void);

void control_register_init(void);

void frequency(double d_freq, double r_freq);
int *ftw_to_deci(double d_freq, double r_freq);

/[For data collection

void collect_data(void);
void collect_data_T(void);
void adc_control(void);

void main(void)

{
unsigned char k; /lindex for thrads of collecting data
unsigned char j,m,n; /lindex for theds of collecting data
double freq_desir=0; /ltarget frequency
unsigned int freq_index;  //index for tar§reguency
int freq;
int freql,

unsigned char key;

/linitializing 1/O ports of kitCON
P6_init();
P7_init();
P2_init();

/linitializing serial communication
/lincluded in "serio.c"
init_serio();

/finitializing LDCKBD1
P3_init();

init LCDKBD1();
clear_LCD();

printf("1111\n");
collect_data_T();

while(1)

{
clear_LCD();

printchar_LCD("OK?"); //display "ok?" in LCD
delay_time(500);
key=read YESNO(); /lwait for the keypad

if (key=="y")
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{
printchar_LCD("OK!);
delay_time(500);

for(k=0;k<3;k++)

clear_LCD();
control_register_init(); //initializgncontrol register of high freq generator board

[lintializing programmable amplifiercaretting gain
for(j=0;j<4;j++)

InitAmplifierCommunication();
WriteGainAmplifier(Instruction, Gain)
WritePhaseAmplifier(Instruction, Pags

}

SSCCON &= Ox7FFF;
InitDDSCommunication();
InitDDS();

for(freq_index=0;freq_index<574;freq_déxd+)
{
if(freq_index<50)
freq_desir=freq_index;
else if(freq_index<55)
freq_desir=(double)200*(freq_indeX}:4
/llinear scaldle freq. range of 200Hz to 1kHz
else if(freq_index<75)
freq_desir=pow(10,(double)(0.15*¢réindex-54)+3));
/Nlog scale in tineg. range of 1.41kHz to 1MHz
else if(freq_index<574)
freq_desir=(double)800000*(freq_index-74)+{dlz)800000;
/Nlinear scale e tireq. range of 1.6MHz to 400MHz

key=read YESNO();
if(key=="n")
break;

if(freq_index>=50)
if(freq_desir<=1000000.0)
InitDDSCommunication();
INitDDS();
frequency_low(freq_desir, 25000000.0); //chiagdreq. of the signal generator

delay_timeqQ);
}
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else if(freq_desir>1000000.0)
{
frequency_low(0, 25000000.0);
frequency(freq_desir, 2000000000.0);
lale time(100);
P2_7=0;

fredint)(freq_desir/100000.);
printf("%d,%d, ",freq_index,freq);
colledata();

key=read_YESNO();
if(key=="n")
break;

freql = (int)(freq_desir/100000.);
if (freindex>50 && freq_index%10==0)
{
printchar_LCD("frequency:");
printint_LCD(freql);
printchar_LCD("*100KHz");
for(m=0;m<3;m++)

{

}

delay_time(10);
printchar_LCD("gain:");
printint_LCD(gain);

for(n=0;n<3;n++)

{

}

delay_time(10);
printchar_LCD("phase:");
printint_LCD(phase);

delay_time(500);

clear_LCD();

write_control_LCD(0xc0);

write_control_LCD(0x14);

}
if(key=="n")
break;
frequency(0.0, 1000000000.0);
printf("5555\n");

}
}
printf("9999\n");
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/************************************************** *%k%

* Wire connection between AD9858 and kitCON167 *
* *
*  (AD9858) (kKitCON167) *
* D7 _— P7 . 7 *kkkkkkkkkkkkkkkkk
* D6 - P7.6 *
* D5 - P75 *
* D4 - P74 *
* D3 - P7.3 *
* D2 - P7.2 *
* D1 - P7.1 *
* DO - P7.0 *
* *
* A5 - P2.13 *
* A4 - P2.12 *
* A3 - P211 *
* A2 - P2.10 *
* Al - P29 *
* AO - P2.8 *
* *
* (WRB)' -- P2.14 *
* (RDB)' -- P2.15 *
* SPMODE -- P6.7 *
* FUD -- P6.6 *
* RESET -- P6.5 *
* PSO -- P6.3 *
* PS1 - P64 *
*kkkkkkkhkhhkkkhhkkhhkhkhhkhhhhhhhhhhhhhhhhhhhhhhhhirhirk **/
/********~k~k~k*************************************** *kkkkkk
* Function: P6_init (P6.3, P6.4, P6.5,6P8nd P6.7) *
* P6.3=PS0, P6.4=PS1, P6.5=RESET, P6.6=FUD, PENIDE *
* Return value: none *
* Description: initialize port 6 *
*kkkkkkkkkkkkkkkkkkkkkhkkkkkhkkkkkkkkkkkhkkkkkkkhkkkkkkk ******/
void P6_init(void)
{
ODP6=0xF8;

P6=0x80; //SPMODE=high, Parallel programmingdey PSO0=low,PS1=low
DP6=0xF8;

/********~k~k~k*~k~k~k~k********************************** *k*k
* Function: P7 _init

* P7.0 - P7.7: data bus
* Return value: none
* Description: initialize port 7

* % x *
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*kkkkkkkkkkkkkkkkkkkkkhkkhkkkkhkkkkkkhkkkkkhkkkkkkkkkkkkk **/
void P7_init(void)
{
ODP7=0xFF;
P7=0x00;
DP7=0xFF;
}

/************************************************** kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

Function: P2 _init *
P2.8 - P2.16: address bus *
P2.14:(WRB)', P2.15:(RDB)' *
P2.3-P2.7: chip select, P2.6-AD9833, P2.7-AD81B6or chA, 0 for chB, P2.3- Gain, P2.4- Phase, *
P2.5-25AA1024 *
Return value: none *
Description:  initialize port 2 *
P2.14((WRB)") and P2.15((RDB)") are high. *
*kkkkkkkhkhhkhhkkhhkhkhhkhhhhhhhhhhhhhhhhhhhhhhhhirhirk *********************************/

void P2_init(void)

{

ODP2=0xFF00; // push-pull is 0, open drain is 1

P2=0xCOFS8;

DP2=0xFFFF; // direction 1 is output

}

L . T I T

/************************************************** kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

* Function: DDS communication initializati (AD9833) *
* Return value: none *
* Description:  SSC *

kkkkkkkkkkkkkkkkkkkkhkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkk *********************************/

void InitDDSCommunication(void)//only used for AD38

P2_6=1; [/l setportdata register
DP2 6 =1; // output direction

/l SSC baudrate generator/reload register
SSCBR = 0x0347; //set-up the baud rate genetratbt904.7

I ==meeeeee- SSC Control Register ----------

/Il Master Mode

/Il transfer data width is 16 bit

/Il transfer/receive MSB first

/Il latch receive data on leading clock edbédt en trailing edge

/Il idle clock line is high, leading clock edigdow-to-high transition
/Il ignore receive error

/Il ignore phase error
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/ISSCCON = 0x4037; //try SSCCON = 0xA01

SSCCON = 0x407F;

P3 9=1; I/ set high since it is ended with $elda

P3 13 =1;

DP3_ 9 =1; //output
DP3 13 =1; // SCLK output

SSCCON |= 0x8000;

/**************************************************

* Function: DDS initialization (AD9833)
* Return value: none
* Description:  reset

kkkkkkkkkkkhkhkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkk

void InitDDS(void)

{
ToggleChipSelect_LowFreq();

WriteLowFreqg(control_reset);

P2_6=1,
}
/**************************************************
* Function: frequency
* Input: desired freq(Hz), referencedtHz) *

* Return value: none

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

*********************************/

*kkkkkkkkkkkkkkkkkkkkkkkkkkx

*

* Description:  display the sinusoidal sigmath the desired frequency *

* *ftw_to_deci function is used

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkx

void frequency_low(double d_freq, double r_freq)

{

int *ftw_freq;

*

***************************/

ftw_freq=ftw_to_deci_low(d_freq, r_freq), //weert desired frequency to FTW

LSB = ftw_freq[0];
MSB = ftw_freq[1];

LSB_send = (LSB & OxBFFF)+0x8000;
MSB_send = 0x8000+MSB;

WriteDDSLow(control);
delay_time(5);
WriteDDSLow(LSB_send);
WriteDDSLow(MSB_send);



/**************************************************

* Function: DDS initialization (AD9833)
* Return value: none
* Description:  reset

kkkkkkkkkkkkhkkkkkkkkhkkkkkkkkhkkkhkkkkkkkkkkkkkkkkkkkk

void WriteDDSLow(unsigned int SPI)
{
ToggleChipSelect_LowFreq();
WriteLowFreq(SPI);
P2_6=1,;
}

void WriteLowFreq (unsigned int word)

{
SSCTIR = 0; //clear transmit interrupt flag

SSCTB = word;

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk

*********************************/

while(!SSCTIR); //wait for transmission buffer be empty
while(SSCBSY); /lwait for transmission to bergqueted

}

void ToggleChipSelect_LowFreq(void)

{
inti;
P2 _6=1,; // disable chipesel
for(i=1;i<30;i++) P2_6 = 1;// wait here at t&#00 nsec
P2 6=0; /l enable chip skle

}

/**************************************************

* Function: *ftw_to_deci

* Input: desired freq(Hz), referenceditHz)

*kkkkkkkkkkkkkkkkhkkkkk

* Return value: 4 decimal values(4 arraies)vested from ftw  *
* Description:  change ftw to decimal values ffegisters OA-OD *

kkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkx

int *ftw_to_deci_low(double d_freq, double r_freq)

{
int i=0, j=0;
int rem[7]={0};
int a_rem[9]={0};
int b_rem[2]={0};
int *de_rem;
double intpart=0.;
double c_intpart=0.;
double c_frac=0.;
double new_int[7]={0.};
double c_ftw=0.;
double ftw=0.;
double n=28.;
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de _rem=b_rem;

for(i=0;i<2;i++)
de_rem([i]=0;

ftw=(d_freg*(double)pow(2,n))/(r_freq);

c_frac=modf(ftw,&c_intpart); // return the fithan, leave the intpart into &c_intpart

c_ftw=c_intpart; /I intpart
new_int[0]=c_ftw; // put intpart in the new_|id}

for(i=0,j=6;i<7;i++,j--)

{
rem[i]=(intyfmod(new _int[i],16.); // the remmder
a_rem[j]=reml[i]; //a_rem[6] is the lowest bi
new_int[i+1]=new_int[i]/16.;
modf(new_int[i+1],&intpart);
new_int[i+1]=intpart;

a_rem[7]=(a_rem[3]&0x3)+0x4;
a_rem[8]=a_rem[3]>>2;

de_rem[0]=(int)(4096*a_rem[7]+256*a_rem[4]+16tam[5]+a_rem[6]); // for LSB
de_rem[1]=(int)(1024*a_rem[0]+64*a_rem[1l]+4*amf2]+a_rem][8]); //for MSB

return (de_rem);

/**************************************************
* Function: null_cal *
* Return value: none *

* Description:  null calculation to delay sotirae *

kkkkkkkkkkkkkhkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkk

void null_cal(void)

double i=0;
i=(0.123456*0.123456)+(0.123456*0.0123456);
}

/**************************************************

* Function: adc_control *
* Input ports for analog signals: P5.0, P5.1, Rthd P5.3
* Return value: none *

* Description:  Analog to Digital Convert  *

kkkkkkkkkkkkkkkkkkkkhkkhkkkkkkhkkkkkkkkkkkkkkkkkkkkkx

void adc_control(void)

{

extern unsigned int datao;
extern unsigned int datal,;
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extern unsigned int data2;
extern unsigned int data3;

ADCON=0XF023; //ADC conversion time control(ADCJ=11
/I -> Conversion clock(t_BC)=fcfu/
//ADC sample time control(ADSTC}1
I/l -> Sample clock(tsc)=t_BC*64
/IADC wait for read control(ADWR)=
/IADC start bit(ADST)=0
//IADC mode selection(ADM)=10
/I -> Auto scan single conversion
/IADC Analog channel input selection(8B)=0011, sampling sequence of Channels 3,2,1 and 0

ADCIC=0; /finitializing ADC interruupt cortl
ADST=1; /IADC starts
while(ADCIR==0);
data3=ADDAT; /lread an ADC result for theroaple(P5.3)
ADCIR=0;
while(ADCIR==0);
data2=ADDAT; /lread an ADC result for thestoir(P5.2)
ADCIR=0;
while(ADCIR==0);
datal=ADDAT,; /lread an ADC result for pha&®(l)
ADCIR=0;
while(ADCIR==0);
dataO=ADDAT; /lread an ADC result for gaiB(@®
}
/************************************************* *kkk
* Function: timer_init *
* Return value: none *
* Description: initialize timer 3 *
* Timer 3 is used for the delay *
* This function was modified from Dr. Nelison's*
*kkkkhkkkkkhkkkhkhhkhkhhhkkhkhhkhhhhhhhhhhhhhhhhhhhhirk ** /

void timer_init(void)

T3CON=0x0087; //T3UDE=0,T3UD=1 -> count down
/[Timer 3 run bit(T3R)=0
/[Timer 3 mode control(T3M)=000TFimer Mode
/[Timer 3 Input Selection(T31)=14419.531kHz
T3=0; /[Timer 3 register
T3IC=0; /lInterrupt Request Flag(T3IR)=0
/lInterrupt Enable Bit(T3IE)=0
/lInterrupt Priority Level(ILVL)=@0
/IGroup Level(GLVL)=00
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/************************************************** kkkkkkkkkkkkkkkkkkkkkkkkkk

* Function: delay_time *

* Input: time to be delayed with thatwf msec *

* Return value: none *

* Description:  delay time with the unit of ets(about 3000msec max.) *

* Timer 3 is used for the delay *

* This function was modified from Dr. Nelison's *
*kkkkkkkkhkkhkhkhhkhhkhhhkkhhkhhhhhhhhhhhhhhhhhhhkhrhird *************************/

void delay_time(unsigned int value)

{

timer_init();

if(value < 1) value=1,
if(value > 3355) value=3355;

T3=value*19;
T3R=1;
while(T3IR==0);
T3R=0;
}
/************************************************** *kkkkkkkkkkkkkkkk
* Function: io_up *
* Return value: none *
* Description:  active I/O update clock andlo *
* null_cal function is used. *
*kkkkkkkkhkkkkhkhhkkhhkhhhkkhkhhkhhhhhhhhhhhhhhhhhhrhiix ****************/

void io_up(void) // for AD9858, it's the similairpwith FUD
{

P6=0XCO0; // P6.6(FUD update) active (higP§,7(SPMODE) high
null_cal();
null_cal();
null_cal();
P6=0X80; // P6.6(FUD update) low, P6. W&MDE) high
}
/************************************************** kkkkkkkkkhkkkkkkkkhk
* Function: control_register_init *
* Return value: none *

* Description:

initialize MRESET and contralgisters *

* jo_up function is used. *

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkk ****************/

void control_register_init(void)

{
P6=0XA0;
null_cal();
P6 = 0x80;

P2=0XCOFS8;
P7=0x58;

I/ Profile 0, P6.5(RESET) activégfh), P6.6(1/O update) low, P6.7(SPMODE) high
// null calculation to delay shairne for writing
/I Profile 0, P6.5(RESET) low,&B0 update) low, P6.7(SPMODE) high

// address 00 and P2.6((WRByhhiP2.7((RDB)’) high
/[ 2GHz Divider disabled, mixer githse detect power down active
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P2=0X80F8; // P2.7(RDB)" high, P2.6(WR&jtive (low) to move the data to I/O buffer
null_cal();  // null calculation to delay shairne for writing

P2=0XCOF8; /I P2.6(WRB)" high to stop wrifjP2.7((RDB)") high

io_up();

P2=0XC1F8; // address 01 and P2.6((WRByhhP2.7((RDB)") high
P7=0x40; /I Freq.sweep disabled, sine owpabled
P2=0X81F8; // P2.7(RDB)" high, P2.6(WRBY}& (low) to move the data to I/O buffer
null_cal();  // null calculation to delay shdirhe for writing
P2=0XC1F8; [/ P2.6(WRB)' high to stop wrifjriP2.7((RDB)") high
io_up();
}

/************************************************** kkkkkkkkkkkkkkkkkkkkkkkkkkkk

* Function: frequency *

* Input: desired freq(Hz), referencedtHz) *

* Return value: none *

* Description:  display the sinusoidal sigmath the desired frequency *
* *ftw_to_deci function is used *

*kkkkkkkkhkkkhkhhkhhkhhhkkhkhhhhhhhhhhhhhhhhhhhhhhhird ***************************/
void frequency(double d_freq, double r_freq)

int *ftw_freq;

ftw_freq=ftw_to_deci(d_freq, r_freq); // convelesired frequency to FTW

P2 = OxCA78;// address OA (ftw 1[7:0]), P2.6@B)’) high, P2.7((RDB)") high
P7=ftw_freq[3]; // data for ftw 1[7:0]

P2 = 0X8A7S; I P2.7((RDB)") high, P2.6(WRB)tige (low) to move the data to 1/0O buffer
null_cal();  // null calculation to delay shdirne for writing

P2 = 0XCA7S; I P2.6(WRB)'" high to stop writirg2.7((RDB)") high

io_up();

P2 = 0xCB78;// address 0B (ftw 1[15:8]) andGP@VRB)") high

P7=ftw_freq[2]; // data for ftw 1[15:8]

P2=0X8B78; // P2.7((RDB)") high,P2.6(WRBjtige (low) to move the data to 1/O buffer
null_cal();  // null calculation to delay shdirne for writing

P2=0XCB78; // P2.6(WRB)" high to stop wrigjrP2.7((RDB)") high

io_up();

P2 = OxCC78;// address 0C (ftw 1[23:16]) andbRRVRB)") high

P7=ftw_freq[l]; // data for ftw 1[23:16]

P2=0X8C78; I P2.7((RDB)") high,P2\WEB)' active (low) to move the data to I/O buffer
null_cal();  // null calculation to delay shdirne for writing

P2=0XCC78; /I P2.6(WRB)' high to stop wrifjiP2.7((RDB)") high

io_up();

P2 = OxCD78; /I address 0D (ftw 131) and P2.6((WRB)") high

P7=ftw_freq[0]; // data for ftw 1[31:24]

P2=0X8D78; I P2.7((RDB)") high,P2M&RB)' active (low) to move the data to I/O buffer

null_cal();  // null calculation to delay shdirne for writing

136



P2=0XCD78; /I P2.6(WRB)" high to stop wrgjP2.7((RDB)") high
io_up();

/************************************************** *kkkkkkkkkkkkkkkkkkkkk
* Function: *ftw_to_deci *
* Input: desired freq(Hz), referencedtHz) *

* Return value: 4 decimal values(4 arraies)vested from ftw  *
* Description:  change ftw to decimal values ffiegisters OA-OD *

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkx *********************/

int *ftw_to_deci(double d_freq, double r_freq)
{
int i=0, j=0;
int rem[8]={0};
int a_rem[8]={0};
int b_rem[4]={0},
int *de_rem;
double intpart=0.;
double c_intpart=0.;
double c_frac=0.;
double new_int[9]={0.};
double c_ftw=0.;
double ftw=0.;
double n=32;

de _rem=b_rem;

for(i=0;i<4;i++)
de_rem([i]=0;

ftw=(d_freg*(double)pow(2,n))/(r_freq);
c_frac=modf(ftw,&c_intpart);

c_ftw=c_intpart;
new_int[0]=c_ftw;

for(i=0,j=7;i<8;i++,j--)

{
rem[i]=(intyfmod(new_int[i],16.);
a_rem[j]=rem(i];
new_int[i+1]=new_int[i]/16.;
modf(new_int[i+1],&intpart);
new_int[i+1]=intpart;

}

de_rem[0]=(int)(16*a_rem[0]+a_rem[1]);
de_rem[1]=(int)(16*a_rem[2]+a_rem[3]);
de_rem[2]=(int)(16*a_rem[4]+a_rem[5]);
de_rem[3]=(int)(16*a_rem[6]+a_rem[7]);

return (de_rem);
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/************************************************** kkkkkkkkkkkkkkkkkkkkkkk

* Function: collect_data *

* Input: none *

* Return value: none *

* Description:  collecting data of gain,pha&serent *

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkx *********************/

void collect_data(void)

{

unsigned char rt;

unsigned int tgain[3]={0};
unsigned int tphase[3]={0};
unsigned int tthermistor[3]={0};
unsigned int tthermocouple[3]={0};

double thermistor=0;

double thermocouple=0;
unsigned int thermistor_1=0;
unsigned int thermocouple_1=0;
double V_thermistor=0;

double R_thermistor=0;

double T_thermistor=0;

long double T_thermocouple=0;
double V_thermocouple=0;
double V_thermocouple_1=0;
int T_thermocouple_P=0;

int T_thermistor_P=0;

double A=1.92E-3;
double B=9.86315E-5;
double C=6.6032E-7;

double D=0;

double F=0;

for(rt=0;rt<3;rt++)

{
adc_control(); //A/D conversion
tgain[rt]=data0; /ldigitized value foriga

tphase[rt]=(datal-4096); //digitized value phase
tthermistor[rt]=(data2-8192);
tthermocouple[rt]=(data3-12288);

}

gain=(int)((tgain[0]+tgain[1]+tgain[2])/3);

/[calculating the average valtithoee digital values for gain
phase=(int)((tphase[0]+tphase[1]+tphase[2])/3);

//calculating the average valughoée digital values for phase
thermistor=(float)((tthermistor[0]+tthermistolftthermistor[2])/3);
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/[calculating the average value of thdiggtal values for thermistor
thermocouple=(float)((tthermocouple[0]+tthermopte[1]+tthermocouple[2])/3);
/[calculating the average value of threetdigialues for thermocouple
thermistor_1=(int)thermistor;
thermocouple_1=(int)thermocouple;

V_thermistor=thermistor*5.075/1024;
R_thermistor=10000*V_thermistor/(5-V_thermistor)
F=log(R_thermistor);
T_thermistor=1/(A+B*F+C*pow(F,3))-274.4;

V_thermocouple_1=thermocouple*5.075/1024;

V_thermocouple=(thermocouple*5.075/1024-2.5085%p-0.007)/101;

D=V_thermocouple;

T_thermocouple=0.100860910+25727.94369*D-76 /@2 *pow(D,2)+78025595.81*pow(D,3)-
9.247486589E9*pow(D,4)+6.97688E11*pow(D,5)-2.66192fow(D,6)+3.94078E14*pow(D,7);

T=(int)((T_thermistor+T_thermocouple)*10);

printf(" %d, %d, %d, %d, %d \n",gain,phase,thistor_1,thermocouple_1,T);
//downloagidata for gain, phase, and current

/*********************************************-k**** *kkkkkkkkkkkkkkkkkkkkkkk

* Function: collect_data *
* Input: none *
* Return value: none *
* Description:  collecting data of gain,phalsemistor, thermocouple *
*kkkkhkkkkkhkkkhkhhkhhkhhhkkhkhhkhhhhhhhhhhhhhhhhhhhhirx ***********************/

void collect_data_T(void)

unsigned char rt;
unsigned int tthermocouple[3]={0};

double thermocouple=0;
double V_thermistor=0;
double V_thermocouple=0;

for(rt=0;rt<3;rt++)

{
adc_control(); /IA/D conversion
tthermocouple[rt]=(data3-12288);

}

thermocouple=(float)((tthermocouple[0]+tthermaopte[1]+tthermocouple[2])/3);

/[calculating the average value of threetdigialues for thermocouple
V_thermocouple=thermocouple*5.075/1024;
Temp=(double) (2.509-V_thermocouple);
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