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Project Objective: The objective of this project isto develop a prototype microwave-based
moisture sensor to be used in hardwood lumber drying kilns. The sensor should be accurate from
about 60% dry-weight basis moisture content (MC) down to 7% MC. The moisture sensor will be
combined with spread-spectrum wireless telemetry to provide continuous readings during the entire
drying cycle.




Background: Existing electronic moisture sensors for use in dry kilns are accurate only over the
range of 25 to 6% MC. Weight sensors work over the full MC range but do not read MC directly
and cannot be mounted in the lumber stack (they are usually mounted in the kiln plenum) and so are
not measuring the MC of boardsin the lumber stack. Resistance based MC sensors are only
accurate from 25% MC to 8% MC and suffer from long term drift during the drying run. The
predominate method of MC monitoring in current use is the daily manual weighting of kiln samples
and the estimation of MC from an

initial M C-weight determination. In-Kiln Receiving —

This method is slow, labor D _
intensive, and does not provide
adequate MC datain terms of
accuracy or MC distribution within
the load.

| Spread-Spectrum

) Telemetry Sienal
The €electronic sensors we have TF

developed in this project are sized
so that they may be inserted into
the lumber pack, illustrated in
Figure 1, in various locations in the
kiln.

" Electronics Box

Microwave I ilt:l;lrnlllugllt..'lic Field
Applicator

Figure 1. lllustration of a wireless moisture sensor inserted in a
Figure 2 illustrates the use of a stack of lumber.
distribution of wireless sensorsin a
kiln. These sensors can provide better information about the average MC and the distribution of
moisture within the kiln load than it is current possible to obtain. Thisincreased knowledge of MC,
particularly at the critical region of 35 to 25% MC, allows kiln operators to greatly increase the
drying rate
without risk of
excessive lumber
degradati on. Radio waves
These sensors being received
can be will
interface with
existing PLC-
based control
systems used in
the hardwood
and softwood
drying industry.
During this phase
1 project we
identified and '

Intermittent data transmission Wireless microwave sensors
demonstrated a

suitable Figure2. lllustration of the use of multiple wir eless moistur e sensors distributed
microwave throughout a kiln load of lumber, allowing better deter mination of the average and
moisture distribution of the moisture content within thekiln.

measurement

system and demonstrated wireless telemetry in adry kiln.

Antenna

<= PLC

Host Computer




Theinitial sensor development focused on evaluating two different types of microwave
measurements. The first method involves measuring the change in the frequency and quality factor,
Q, of aresonant microwave structure positioned next to aboard. The second method is an
interferometric measurement in which the phase and amplitude of a microwave signal transmitted
through the board are measured. The resonant microwave structure could be, for example, aparallel
plate capacitor with the board between the two plates, an open-ended waveguide cavity with the
board positioned over the open end of the cavity, or aparallel conductor transmission line
positioned on top of the board or bent into a*U’ shape to surround the board. The interferometer
method requires alaunching antenna on one side of the board and a receiving antenna on the other
side of the board. Both methods appeared to meet the criteria of being able to fit within the sticker
space of a stack of lumber in the dry kiln. However, the resonant circuit approach suffered from
significant influences from lumber stacked above and below the board being tested. This
interference made the measurement unreliable for use in acommercial lumber stack.

The interferometer measurement proved to be localized and robust. Microwave launchers were
designed to clamp around a board with their apertures in contact with the board. The launchers were
designed to minimize the impedance mismatch between the launcher and the board. Impedance
matching is accomplished by filling the launchers with a dielectric material having a dielectric
constant similar to that of the dry lumber. Specifically, the launchers were formed from waveguide-
to-coaxial adapters and filled with Teflon.

We decided to use a swept-frequency approach to the measurement. By sweeping the frequency,
we were able to measure the phase and amplitude change of the microwave signal across the
frequency band, and therefore the slopes as well. Wefirst tried 7.0 to 9.0 GHz using X-band
waveguide. Measurements were performed using a Hewlett Packard Network Analyzer. This
proved to work well to make the MC determination. Subsquent evaluation showed the cost of
building a custom electronics circuit of the type that we wanted to us at these frequencies was
prohibitive. Upon evaluation of the availability and cost of microwave electronics, we determined
that 4.5-6.0 GHz was the a cost—effective frequency at which to operate that would still provided
sufficient amplitude and phase change for dry lumber. It was then determined that Teflon-filled
launchers using WR-137 would operate in this frequency range. This resulted in the prototype
sensor design used in the final year of this project.

The data analysis developed for this sensor uses a regression model for estimating the MC. Features
generated from this complex frequency-dependent signal are average magnitude, average
unwrapped phase, slope of unwrapped phase, and a normalized sum of complex values. These
features are combined with other available features such as temperature, board thickness, and
density. Statistical learning techniques are applied to these features to develop a regression model
for estimating MC. Regression techniques used include least-square modeling, support vector
regression, and a least-square model tree. The use of aleast-square model tree allows least-square
modeling to be used in a step-wise manner so that different models are used for different subsets of
the input space.

Microwave L auncher Development: Initial development work focused on comparing two types
of measurement techniques. The first was a measurement of the change in the Q and frequency of a
resonant structure placed against or around aboard. The second technique was a transmission
interferometer measurement of the amplitude and phase of the microwave signal after propagation
through a board. Figure 3 shows the resonant parallel plate capacitor used in these tests; Figure 4
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shows the folded parallel transmission line used. In both cases, the board was placed between active
areas of the applicator, and the
change in the Q and resonant
frequency was measured using a
network analyzer. Thistechnique
proved to be successful, but the
measurement also proved to be very
sensitive to where the board was
positioned in the applicator and to
boards placed above or below the
applicator. Because of this
sensitivity, this technique was
dropped.

The interferometer technique
required microwave launchers that
would go on each side of the board,
would fit in the <1-in. space between
each board (the “ sticker” space), and
would provide a good impedance match
to the board. We decided that modified
waveguide-to-coax adapters could fit in
the sticker space and be easily aligned and
held in place with a simple clamping
mechanism. But the impedance match of
these air-filled launchers proved not to be
as good than desired. We therefore tried
improving this match by filling the
adapter with Teflon and tuning the height
to minimize the internal reflections. This
proved to be very successful. Thefirst
launchers built this way used WR-90

A A A T LA e NN N S e .
on-filled waveauide launcl

waveguide adapters (see Figure 5).

After demonstrating the efficacy of the Teflon-filled waveguide launchers, we decided to use a
lower frequency range so that cheaper solid-state microwave electronics could be used in the
detection circuit. We determined that operating over the frequency range of 4.5 to 6.0 GHz would
allow utilization of commercial off-the-shelf microwave electronics components. Using WR-137
waveguide-to-coax adapters, we fabricated new launchers optimized for this frequency range. These
are shown in Figure 6. One drawback to these launchersis their height. Each launcher is 1.1 in. tall
and so will not fit in a sticker space. We therefore devel oped a second design for the waveguide
launchers using WR-159 waveguide-to-coax adapters and a waveguide taper. In these launchers, the
microwaves are launched into the air-filled waveguide-to-coax adapter. The waveguide then tapers
down to the dimensions of a WR-137

waveguide. In thistaper isa Teflon

cone tapering up to fill the WR-137 section of the waveguide. The Teflon-filled waveguide then
undergoes a 90° H-plane bend, and then a 90° E-plane bend, to launch the microwaves into the
board. These launchers are shown in Figure 7. These launchersfit in the standard 3/4-in. sticker



space.. We demonstrated that both launcher designs can be used to make accurate MC
measurements, although we prefer the simple design of the launchers shown in Figure 6.

Interferometer Electronics Development: Once we had settled on afrequency range for the
measurement and proved the validity of the measurement by recording data with a microwave
vector network analyzer, we designed and
implemented a custom electronics circuit to provide
the 4.5 t0 6.0 GHz microwave signal and then detect
the phase and amplitude of the transmitted microwave
signal. Two concerns with making measurementsin
the kiln are the effects of temperature variations on
the electronics and the long-term stability of the
electronics. To allow both these effects to be
calibrated out, we implemented a bypass |oop as part
of the electronics circuit, illustrated in Figure 8. Two
solid-state switches were used to switch between the
measurement loop and the bypass loop. When MC
measurements are made, the microprocessor obtains a
wood measurement and a bypass loop measurement,
and then subtracts the two to get the contribution from
just the board

(launcher contribution is also included but does not affect MC determination regression analysis).

Figure6. WR-137 teflon-filled waveguide Ia-IUnchers.

As shown in Figure 9, the moisture sensor consists of two antennas, two synthesized signal
generators, a downconvert mixer, a synchronous |& Q signal detector, two solid-state switches, a
bypass loop, an embedded computer for controlling the system, and a power supply system (not
shown). A reference oscillator provides the time base signal for the two signal generators and the
synchronous detector so that the generators and detector will have the same phase. The differencein
the two generator frequenciesis equal to the frequency of the reference oscillator for purposes of
operating the synchronous detector. One of the generatorsis fed to the transmitting antenna, and the
receiving antenna receives this signal after it has propagated through the wood sample. The other
generator and the received signal are fed to the downconvert mixer to produce the signal for the
detector. The detector senses the amplitude and

phase of the received signal with respect to the

e

‘“‘f??m R

micro-
processor

auncher sn"@ﬁé%fﬁf
ingto i

glth air, of approximately 250 MHz and a Q wfR0137.

coaxial cable

switch
Figure8. Illustration of the moisture sensor showing the use of a
bypass loop.



reference oscillator. Depending on the characteristics of the wood sample, the received signal will
be attenuated and shifted in phase; thus the characteristics of the wood can be determined from the
amplitude and phase signal.

This system used a
transmitting signal

1&Q Detector H ut i—» Transmit
_>| Q compueer Signal

R; 2 generator stepped in 10-

Signal MHz increments

S operating at frequencies
| Reference Oscillator of 451t06.0 GHz. The
e e _ reference signal
generator operated at 10

MHz below the transmit
signal generator, or
4.490 to 5.990 MHz. The
mixer converted the
received signal to 10 MHz for the 1& Q detector. The reference oscillator frequency was 10 MHz.
The computer controlled the transmit and reference signal generators, the switches, and the analog-
to-digital converters. Once the & Q data were converted to digital signals, they were passed to a
laptop computer for analysis. The onboard computer could eventually do this data analysis, but this
was not implemented in the prototype system. Figure 10 shows the prototype el ectronics board.

Figure 9. Simplified block diagram of the moisture sensor system.

Algorithm Development:
A number of previous
works consider the
problem of estimating MC
using microwave
aquametry [i][ii][iii]. Most
previous work consider a
single frequency point,
although [iii] usestwo
frequency points. These
previous works attempt to
fit magnitude and phase
microwave measurements
towood MC using simple
equations. In thiswork, we
use a magnitude and phase
microwave measurement
for arange of frequencies.
Average parameters were
extracted from this data and used to fit to a model, for which three approaches were explored. The
best results were obtained with the use of amodel tree that chooses a different |east-squares model
depending on the input data. This enables the piece-wise linear nature of the data to be best
exploited.

To enable data-fitting, the magnitude and phase response vectors are reduced to scalar features. The
features considered were average magnitude, average unwrapped phase, slope of unwrapped phase,
and anormalized sum of complex values. Average magnitude was simply calculated as
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1 N-1
Hy :Wza(n) !
n=0

where a(n) is the amplitude at frequency point n, and N is the number of frequency sampling points.
The average unwrapped phase was calculated as

1 N-1
H, :_zu(n) ’
N n=0

where u(n) is the phase obtained by unwrapping the measured phase. The unwrapping occurs by
indexing through the phase sample points starting at point n = 0, and at each point adding an offset
of r360°, wherer is chosen to reduce the difference between the current and previous phase values.
Another phase feature is o, the slope of the unwrapped phase, which is obtained by performing a
least-squares fit on the slope of u(n). It was generally found that phase slope helped more than
average phase, and it was used to replace average phase. Finally, the normalized sum of complex
values was calculated as

N-1
za(n)ejﬁ(n)
5 — n=0

N-1
a*(n)
n=0

where & (n) isthe phase.

MATLAB programs were created to view, process, and analyze the data. For example, aMATLAB
graphical user-interface (GUI) tool for plotting microwave responsesis shown in Figure 11.
Additionally, a program was created for
fitting different models to the data for
the prediction of MC. This program
uses least-sguares fitting, support vector
regression, and amodel tree. The least-
squares is a pseudo-inverse solution of
the equation Ax = b, where A is a matrix
in which each column is afeature for
many training samples, x is a column
vector containing the over-constrained
coefficients, and b is a column vector
containing the MC for the samples
corresponding to the featuresin A. The
last-used feature row-vector was

[ e -

Figure 11. Image of microwaveresponse GUI.

[yay§y2002035é‘263tt21],

wheret is the measured board thickness, and the 1 is used as a constant offset in the |east-squares
fit. The least-squares approach was very robust, but generally not accurate enough.
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Support vector regression (SVR) was explored briefly for modeling the MC. The freely available
libsvm library was used to make this approach quickly accessible. SVR was somewhat difficult to
usein that it requires choosing the type of kernel function, as well as parameter tweaking. Also,
given the technique’ s flexibility, there was a fear of over-fitting the data.

The last and best-performing approach was a model tree. In the model tree approach, the data are
sequentially partitioned. The tree consists of a number of nodes, of which there are two types:
splitting and terminal nodes. The splitting nodes are points at which the datawill be divided into
two groups. In this application, and asis the case for most decision trees, the splitting nodes are
binary in that they divide the data into two groups. Principal component analysis (PCA) is used to
determine the best splitting direction in the data when each splitting node isinserted. A terminal
node represents afinal partition for the data. Generally, in this application, only four terminal nodes
are generated. In the terminal nodes, aleast-squaresfit is applied to the data using the following
feature row-vector:

[,ua u o o’ 5 6% t t? 1].

The MATLAB program that fits the data plots the results in an interactive window that allows a
researcher to parse through the results. Thisis shown in Figure 12.

Results: Sensor development has R

focused on southern hardwoods, -

although the sensor system will 198 ‘ ‘ ‘ T p o
function on any hardwood or Species opp - % A N
softwood. For development and gp  Sensor=wa? | e
testing, we used red oak and

poplar. The algorithm devel opment

proceeded simultaneously with the

maghvg:  -15.26

phaseSlope:  -0.23
60 T |phaseavg: 12189
complexSum:  12.61

Estimated Moisture Content

. . 40t xw
microwave applicator and d
electronics development. As new : /
sensor designs were devel oped, “r P
vector network analyzers were
used to record the amplitude and % 20 w0 e 20 100

. Correct Moisture Content

phase data of the microwave
signal. These data were then Figure 12. Interactive plotting of results. Information for
processed to determine the highlighted data points (red data point) are displayed in the text

measured MC for comparison with ~ box at theright.

the “true” dry-weight basisMC.

The true MC was determined by cutting out the sample area from the board and then weighing,
drying, and re-weighing. The true MC was then calculated as

Myet = Mary
MCype= ———

Mary

where mye is the weight of the wet wood sample, and myry iS the weight of the sample after drying.
The first MC measurements were made using the WR-90 applicators (shown in Figure 5) operating
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from 7 to 9 GHz. The analysis algorithm used the average values of the phase and amplitude and
their average slopes, plus a complex average value. During theinitial tests, we found that the
electric field orientation with respect to the grain direction had a significant impact on the measured
values. An orientation having the electric field parallel to the grain resulted in amplitude and phase
changes of about twice those of measurements with the electric field perpendicular to the grain.
This showed that we must design the launchers to ensure that we always have the desired electric
field orientation.

Figure 13 shows an example of early data taken for red oak and poplar lumber. Note that the
vertical axisis given as a measured microwave parameter, which can be converted to MC by
appropriate calibration. The line overlaid on the data is a two-part linear fit with abreak at 26% MC
(the approximate moisture saturation point). Additionaly, little difference is seen between the
poplar and red oak data. Later measurements at lower frequencies showed more significant
dependence on species and a much smaller change in the fit at the moisture saturation point. The
scatter in the data appeared to be due to variations in the wood samples, such as thickness, density,
and grain size.

These results indicated that the microwave

E STD = 0.00023 | transmission measurement approach could
3 ! - =% provide asatisfactory method of
F | et | | measuring the board MC. We therefore
3 | el \ oorar | proceeded with designing a custom sensor
2 0.002f e et o |°PET | system. Solid state electronics at 7-9 GHz
= : | | werenot available at thetime, or at |east
"""""" 20 s a0 =0 a0 werevery expensive. We therefore chose
Moisture Content (%) .
Figure 13. Microwave measured MC versusthetrue to go to lower frequencies. Based on
MC for 1.1-in. nominal poplar and red oak lumber. laboratory tests, we determined that we
Microwave data was recorded using a vector network could operate at 4.5-6 GHz and obtain
analyzer. sufficient amplitude and phase changes for

accurate MC measurements. A key point hereisthat the lower the measurement frequency, the
smaller the amplitude and phase changes and so the more difficult the detection problem. By using
an electric field orientation paralel to the grain, we maximized the amplitude and phase changes so
that, even for very dry boards, we had measured amplitude and phase values well above the noise
level of the instrument
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Once this new frequency range was determined, new microwave applicators were devel oped.
Figures 14 and 15 show MC data obtained for poplar and red oak using the new frequency range
and the new microwave applicators (shown in Figure 6). These data were recorded using the vector

100, e.
90-  5td dev of err = 0.80% ot
Species = PP

80r  Sensor = wr137 1
Tor 1
60r 1
50r 1

407 ¥

307

207

1w &

DU & GDIrG:.lDMOiSILIrG g.:ntanl . ik
Figure 14. MC data for poplar measured with

the WR-137 microwave launchersusing the

least-squares model tree. Note that the standard

deviation of this data set is0.8% MC. This data set

contains approximately 500 measurements.

Estimaied Moisture Conlant

100

90 Std dev ol err= 1.20%
Species = RO
80 Sensor = wr137
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60} M
501 ‘J: &
40} ¥
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0

0 20 40 60 80 10(
Correct Moisture Content

Figure 15. MC data for red oak measured
with the WR-137 microwave launchers and the
custom electronics and analyzed using the least-
squares model tree. Note, the standard deviation
of thisdataset is 1.2% MC. This data set contains
over 500 measurements.

network analyzer, and then the measurements were repeated using the new custom electronics. All
board samples were between 1.0 and 1.2 in. in thickness. Thickness datawere included in the |east-

sguare model treefit to the data.

The results with the custom electronics are shown in Figure 16. The datain Figures 15 and 16 were
recorded at the same measurement locations on the same set of boards; i.e., measurements were first
made with the network analyzer and then repeated with the custom electronics. Note that the

100

90F 51d dev of err = 1.35%
Species = RO

B0F Sensor = sk137

T0F

50} f

S50

¥
il

Estimated Moisture Contant

20 410 60 80
Caorrect Moisture Content

Figure 16. M C data measur ed using the custom

electronics. Note that the standard deviation of thisdataset is
1.35% MC. Data were recorded at the same board locations as
shown in Figure 13, but Figure 13 data were recorded with the

vector network analyzer.

standard deviation with the custom
electronics was only slightly higher than
that recorded with the network analyzer.

The least-square model tree fit includes
board thickness and board temperature, in
addition to the measured microwave
parameters, in determining the MC. We
performed several sensitivity studiesto
determine how important thickness and
temperature were in determining the
moisture content. In the thickness test, we
recorded data (poplar data are shown

""" below) at board thicknesses of 0.8, 1.0,

12,14,16,1.8and2.0in. Shownin
Figure 17 are MC values determined for
boards 1.0 and 1.8 in. thick but analyzed
using dataat 1.4 in. to train the least-
squares fit algorithm. Note the thinner

boards appear to be dryer, while the thicker boards appear to be wetter. Shown in Figure 18 are the

13



same measured data for boards 1.0 and 1.8 in. thick but analyzed using all of the datafrom 0.8 to
2.0in. to train the least-squares fit algorithm. These values clearly show the improved accuracy
when board thicknessisincluded as one of the parametersin the algorithm. Note that these datain
Figures 17 and 18 were processed using a straight least-squares fit model, not the least-square
model tree developed later in this project.

Least-squares fit to 1.4"

100;
[ #1.80" p
£ 80 i L
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Correct Moisture Content

100

Figure 17. Poplar data recorded using the WR-137
launchersfor board thickness of 1.0 and 1.8 in. but
analyzed using a least-squar esfit to 1.4 in. thickness

data.
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Figure 18. Poplar data recorded using the WR-137
launchersfor board thickness of 1.0 and 1.8 in. but
analyzed using a least-squar esfit to data for board
thicknesses of 0.8to0 2.01in.

In addition to the thickness sensitivity test, a temperature sensitivity test was performed.
Temperature sensitivity is critical to determine since we expect this system to operate in adry kiln.
We measured boards (1.0-in-thick red oak shown here) at temperatures of 40°, 50°, 60° and 70° C.
This test was conducted by heating boards to 75° C in the kiln with a thermocouple inserted into the
end of each board. Once a board was at temperature, it was removed from the kiln and allowed to
cool. At each measurement temperature, the board was placed in the microwave applicator and a
measurement made. The board was removed from the microwave applicator after each
measurement to prevent the applicators from being heated. It is expected that this calibration would
eventually be done with both the board and the sensor in the kiln, so temperature affects on the

sensor would be calibrated out.

As shown in Figure 19, we first compared high-temperature data with room-temperature data; that
is, we used aleast-squares fit to room-temperature data to analyze higher-temperature data (40° and
60° data shown in Figure 19). Then we retrained the least-squares fit using both high-temperature
and room-temperature data, and then reanalyzed the same 40° and 60° data (shown in Figure 20).
As with thickness, temperature shows a clear effect on the measurement of MC.
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Figure 19. Red oak data recorded using the WR- Figure 20. Red oak data recorded using the WR-
137 launchersfor board temperatures of 40° and 60°, | 137 launchersfor board temperatures of 40° and
analyzed using a least-squar es fit to room- 60°, analyzed using a least-squar esfit to high-
temperatur e data. temperatur e and room-temper atur e data.

Wireless Telemetry: Wireless telemetry was planned for thisinstrument to alleviate the need for
running signal cablesin akiln. Commercial use of other types of sensors has shown that cables are
continually damaged or broken in dry kiln use and so are a weak point for in-kiln sensors. Our plan
was to use a communication system that ORNL is developing on a separate project. This project
was delayed because of funding constraints, and we therefore first attempted to use acommercial
system.

For in-kiln communication, we decided that a spread-spectrum waveform is required to overcome
the problems of multipath (signal bouncing off walls, etc.) and high attenuation (wet lumber will
significantly absorb the signal). Our initial plans were to use a hybrid spread-spectrum (HSS)
system we were building for Navigational Sciences, Inc. (a partner on this project). Unfortunately,
the schedule for that system was delayed by 18 months. So we attempted to use direct sequence
spread-spectrum (DSSS) hardware purchased from a commercial vendor. This hardware proved to
be difficult to use and unreliable as a data telemetry system. Therefore, we dropped the commercial
DSSS system and waited on the HSS system we were developing for Navigational Sciences. In
April of 2004, we were able to test two HSS communication nodes. Each node was a transceiver
and included a temperature sensor. These nodes did not have the capability to accept an external
data stream (such as the stream from the moisture sensor). These two nodes were tested in the
University of Tennessee kiln. One node was placed inside the kiln, and the other was placed outside
the kiln but with an antennainside the kiln door. High-reliability communication was achieved with
both line-of-sight and non-line-of-sight between the antennae.

Final Statusof Project: We have successfully demonstrated a microwave-based moisture sensor
capable of performing MC measurements from 6 to 100% M C with a standard deviation of 1.5%
MC or less. The next step in the sensor development would be to implement a proposed new design
for the microwave electronics that will reduce the per-unit cost of the sensor to less than $400. This
new design uses a novel method of phase and amplitude detection, but achieved with the fewest
possible components allowing for the lowest possible cost. This novel technique has been proved in
a benchtop experiment and would be capable of operating in akiln while the kiln is operating.
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Wireless communication in the dry kiln has been tested. Thistest successfully demonstrated that the
ORNL-developed HSS (provided by Navigational Sciences, Inc.) can reliably transmit data between
two nodesin akiln. The next step would be to obtain next-generation systems from Navigational
Sciences and demonstrate full telemetry operation in akiln during kiln operation.

Finally, the decision to use 4.5-6.0 GHz signals for this prototype measurement was based on the
availability of microwave components for designing and building the custom microwave
electronics. This frequency range cannot be used for commercial sensors, as the Federal
Communications Commission (FCC) has designated two forbidden frequency bands (4.5-5.15 GHz
and 5.35-5.46 GHz) in this frequency range. The moisture sensor microwave emissions would have
to be aimost zero (fully contained) to operate in these forbidden frequency bands. However, the
FCC does alow operation in the 5.46—7.25 GHz band with restrictions on the maximum radiated
power. The moisture sensor can readily be designed to operate within this frequency band as a result
of the new simplified microwave circuit design. Designing new launchers for this frequency range
is straightforward. The amount of microwave power emitted during moisture measurements is well
within the permissible levels for this band. Consequently, the FCC restrictions affecting the
potential commercialization of this prototype moisture sensor are readily overcome by a
straightforward redesign of the electronics and launchers.

We are now exploring potential partners for entering into a Phase Il project, or companies that can

fund atechnology transfer project directly. We have received several seriousinquiries but have not
received any commitments for future funding.

Milestone Status Table:

Planned Actual
ID Number Task/ Milegstone Description Completion __Completion _Comments

First quarter, 1° year (project
started Jan., 2001)

Task  Develop guidelines and begin sensor testing March, 01 March, 01

Task  Develop sensor testing technique Mach, 01 March, 01

st

Second quarter, 1” year

Task  Detailed testing of sensor design June, 01 July, 01

H st
Third quarter, 1° year
Milestone Demonstration of capability to determine average September 31,  September 31, We have successfully demonstrated
#1 moisture content of the lumber at various stages of the 2001 2001 the measurement of MC over a
drying process using microwaves. range of 6% mc to 80% mc on
lumber samples.

Fourth quarter, 1% year

Task  Develop lower-frequency sensor prototypes, which will ~ December, 01  December, 01 We have successfully tested 2
have alower cost and will measure the average MC over different launcher designs both
alarger volume. working at alower frequency band

than that of the first measurements.

First quarter, 2" year (Jan.-Mar., 2002)
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1D Number

Planned

Task / Milestone Description Completion

Actua
Completion

Comments

Milestone Test the lower-frequency sensor designs for sensitivity to March 31, 2002 March 29, 2002

#2 temperature, species (density), and MC distribution.

Task  Design and build prototype microwave electronics March, 02 microwave electronics system
system for MC measurement. designed and parts ordered.
Second quarter, 2™ year

Task  Select best sensor design from the two candidate designs May, 02 May, 02
tested in previous quarter.

Task  Integrate microwave electronics with sensor. Test June, 02 September, 02
assembly in the laboratory.

Task  Begin evaluation of kiln environment for wireless June, 02 June, 02 The UT kilns were examined to
telemetry system. determine the basic path lengths for

the multipath signals.

Task  Develop and evaluate a surface MC sensor which can be June, 02 June, 02 Surface moisture evaluated and
integrated with the microwave MC sensor (volume promising results obtained. Sensor
averaged measurement) to allow determination of the development suspended due to
MC profile. Determine whether to incorporate surface insufficient funds
MC sensor into the sensor system.

Third quarter, 2" year
Milestone Demonstrate operation of the prototype microwave MC  September 30, October 14,  Short delay in meeting milestone
#3 sensor in aKiln during a drying charge. 2002 2002 due to problems with the microwave
electronics.

Task  Perform design study for the spread-spectrum wireless September, 02 September, 02

telemetry system.
Fourth quarter, 2" year
Task  Order hardware for wireless telemetry system and start December, 02  December, 02
fabrication of telemetry system.
First quarter, 3" year (Jan.-Mar., 2003)
Milestone Perform laboratory testing of wirelesstelemetry system.  June 30,2003  June 15,2003 Delay Milestone date by 1 quarter
#4 dueto delay in funding.

Task  Complete evaluation of first generation microwave June, 03 June, 03
electronics circuit and design of second generation
microwave electronics circuit
Second quarter, 3" year

Task  Perform testing of prototype wireless telemetry systemin September, 03 postponed  Thistest planned on using
the UT kiln. commercially available prototyping

modules for the telemetry system.
These modules have proven
unreliable and so kiln test postponed
until new telemetry system available
in June, 2004.

Task  Fabricate and test the second generation microwave September, 03 September, 03 System works. Will need to do 3
electronics circuit. iteration to attain a design that can

be used for commercial applications.

Task  Identify industry requirements for acommercial MC September, 03 Initiated Industry requirements defined.
sensor and investigate methods to integrate MC sensor Integration methods explored. Will
into existing kiln control systems. need to do further programming

when actual output of sensorsis
available.
Second quarter, 4" year (Ari.-Jun., 2004)
Milestone Field test wireless telemetry system in UT Kilnat room  June 30,2004  June 30,2004 Telemetry system sends and
#5 temperature. receives signals. Telemetry system
will not yet interface to data steam
from wireless sensors

Task  Test custom moisture sensor electronicsin UT kiln at June 30, 2004 June 30, 2004 Tested sensors for shot periods of

kiln high temperature. time to 180 degrees F.
Third quarter, 4" year (Sep.-Dec., 2003)
Milestone Prepare report detailing future work required to September 30,  September 30,
#6 commercialize prototype MC sensor. 2004 2004

Budget Data This data represents the University of Tennessee portion of the budget. ORNL is
budgeted separately for this project:
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Approved Spending Plan Actual Spent to Date
Phase / Budget Period DOE Cost Share Total DOE Cost Share Total
Amount Amount
From To

Year 1 101 9/01 28,000 48,000 76,000 28,000 48,000 76,000
Year 2 10/01 9/02 40,000 70,000 110,000 40,000 70,000 110,000
Year 3 10/02 9/03 55,000 75,000 130,000 55,000 100,000 155,000
Year 4 10/03 9/04 7,000

Oak Ridge National Laboratory budget (all cost share shown inthe UT budget).

Approved Spending Plan Actual Spent to Date
Phase / Budget Period DOE Cost Share Total DOE Cost Share Total
Amount Amount
From To

Year 1 1/01 9/01 130,000 130,000 130,000 130,000
Year 2 10/01 9/02 235,000 235,000 235,000 235,000
Year 3 10/02 9/03 235,000 235,000 204,000 204,000
Year 4 10/03 9/04 60,000

[[] R.J.King, D. R. Dunn, and B. W. Maxfield. Measurement of moisture content and density of wood products using
microwaves. Technical report, U.S. Department of Agriculture, Jan. 1989.

[ii] Andrzg) W. Kraszewski. Microwave aguametry: Introduction to the workshop. Microwave Aquametry:
Electromagnetic Wave | nteraction with Water-Containing Materials, pp. 3-34, 1996.

[iii] Yangjun Zhang and Seichi Okamura. New density-independent moisture measurement using microwave phase
shifts at two frequencies. IEEE Transactions on I nstrumentation and Measurement, 48(6), Dec. 1999.
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