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Title
Sensor For Measuring Moisture And Salinity

(Docket Number AST-003PCT)

Technology Field

[0001] The present invention related to a sensor for measuring the moisture
content and salinity of a material. More specifically, the present invention
relates to a sensor for measuring the moisture content and salinity of soil.

Background Art

[0002] The prior art discusses several soil monitoring sensors.

[0003] There have been several sensor approaches to measuring the moisture
and salinity of soil. One such approach is described by U.S. Patent Number
5479104 (the ‘104 patent). The sensor of the ‘104 patent uses one oscillator
and one frequency, a bridge type scheme with two resistors functioning as
reference bridge elements, and three AC meters to measure the unknown
capacitance of the soil (Cs) and resistance of the soil (R;), where the
capacitance can be directly related to soil moisture and the resistance to
salinity. The use of such a sensor requires the following steps: powering the
sensor (which turns on the oscillator); reading the three AC meters;
performing numerous calculations to determine Cs and Rg; applying calibration
equations to convert C; to soil moisture measurements and R; to salinity
measurements; and turning off the sensor.

[0004] The difficulty with such a sensor scheme is that the calculations to
determine Cs and R, are very complex relations of two ratios: (1) AC Meter
3/AC Meter 1 and (2) AC Meter 2/AC Meter 1. These calculations are
particularly complex in actual systems with higher order effects present, thus
requiring the use of complex number equations.

[0005] A further difficulty is that AC meters that operate at such high
frequencies are difficult and expensive. This problem is often addressed by

using simple diode detectors in place of standard AC meters. Diode detectors,
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however, become highly non-linear when the AC voltage lowers to around 0.2
volts such that it becomes difficult to relate the DC meter voltage reading to
the actual AC voltage level being measured. At such voltages, the detectors
also become increasingly sensitive to variations in the components used.
Further, the diode detectors display a significant temperature dependence that
requires correction.

[0006] Referring to the ‘104 patent, the basic scheme is shown in figure 2 of
the ‘104 patent. To begin with, in the ‘104 patent, one frequency is used, 50
MHz in the built version of that sensor. It employs a bridge type scheme with
R1 and R2 as known reference bridge elements, along with three AC meters to
measure the unknown capacitance and resistance of the soil (element 24). The
capacitance can be directly related to soil moisture and the resistance to
salinity. The calculations to determine Cs and Rs are very complex
(particularly in actual systems with higher order effects present) relations of
two ratios- (AC Meter 3/AC Meter 1) and (AC Meter 2/AC Meter 1).
Essentially there are two measured ratios which are then used to solve for two
unknowns-Cs, Rs. The simpler first order calculations are shown in the patent
(column 6, near line 50).

[0007] The actual steps in the measurement process are as follows: power the
sensor ( which activates the oscillator), read the three AC meters, perform the
calculations to obtain the Cs value to soil moisture and Rs value to salinity,
and then deactivate the sensor.

[0008] Because AC meters that operate at these high frequencies are difficult
and expensive, simple diode detectors are used as a proxy for AC meters.
These are shown in figure 3 of the ‘104 Patent. The output of these meters is a
DC voltage read by the DC Meters. The DC meters are inexpensive, but have
problems. Once the AC voltage gets low (around 0.2 volts or so), the detectors
stop working well. Even at AC voltages around 0.3V, the detectors become
highly non-linear ( i.¢. it is not easy to relate the DC Meter to the actual AC

voltage level being measured) and the detectors become increasingly sensitive
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to component variations ( the diode, resistor, and capacitor used). In addition,
these detectors also display a significant temperature dependence that needs to
be corrected for in the measurement. At the end of the line, the calculations
needed to correct for detector temperature effects and non-linearity, as well as
calculating Cs and Rs including the higher order effects, which becomes very
complicated.

[0009] To provide accurate moisture and salinity measurements, therefore,
current sensors must calculate capacitances and resistances, including higher
order effects, using very complicated complex number equations that can also
correct detector temperature effects and detector non-linearity.

[00010] Thus, there is need for a sensor to measure the capacitance and
resistance of soil that uses simpler calculations, provides improved detector
performance, and, ultimately, provides more accurate moisture and salinity

measurements.

Summary of the Invention

[00011] The present invention relates to a sensor monitor and a method thereof
to resolve the issues associated with the sensor monitors of the prior art.

[00012]  One aspect of the present invention is a method of determining a
moisture content value and a salinity value of a soil, the method begins with
providing a sensor. The sensor includes a probe conducting structure to be
placed in the soil to form a capacitor, a soil moisture circuit and a soil salinity
circuit. The soil moisture circuit includes a high frequency oscillator for
applying a first electrical stimulus to the probe structure, a reference capacitor
connected in series to the high frequency oscillator, and a first voltage meter
located between the high frequency oscillator and the reference capacitor. The
soil salinity circuit includes a low frequency oscillator for applying second
electrical stimulus to the probe structure, a reference resistor connected in
series to the low frequency oscillator, and a second voltage meter located

between the low frequency oscillator and the reference resistor. The low
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frequency oscillator is substantially lower in frequency than the high
frequency oscillator. The soil salinity circuit and the soil moisture circuit are
connected between the reference capacitor and the reference resistor, at which
point the soil moisture circuit and the soil salinity circuit are connected to the
probe structure and a third voltage meter.

[00013] The method also includes measuring voltages V1, V2, and V3, wherein
V1 is the output voltage measured by the first voltage meter when the low
frequency oscillator and the high frequency oscillator are inactive, V2 is the
output voltage measured by the second voltage meter when the low frequency
oscillator and the high frequency oscillator are inactive, and V3 is the output
voltage measured by the third voltage meter when the low frequency oscillator
and the high frequency oscillator are inactive. The method also includes
measuring voltages V2’ and V3’, wherein V2’ is the output voltage measured
by the second voltage meter when the low frequency oscillator is active and
the high frequency oscillator is inactive, and V3’ is the output voltage
measured by the third voltage meter when the low frequency oscillator is
active and the high frequency oscillator is inactive. The method also includes
measuring voltages V1’ and V3°’, wherein V1’ is the output voltage measured
by the first voltage meter when the low frequency oscillator is inactive and the
high frequency oscillator is active, and V3’’ is the output voltage measured by
the third voltage meter when the low frequency oscillator is inactive and the
high frequency oscillator is active. The method also includes calculating a
capacitance of the soil as a function of (V3’’-V3)/(V1’-V1) to obtain a soil
moisture content value. The method also includes calculating a resistance of
the soil as a function of (V3°-V3)/V2’-V2) to obtain a soil salinity value.

[00014] The critical difference between the sensor of the present invention and
the sensor of the ‘104 Patent lies in the fact that two separate bridge circuits
and frequencies are used and that the soil moisture leg uses a capacitor for a

reference element while the soil conductivity leg uses a resistor.
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[00015] There are a number of advantages. By using a capacitor as the bridge
element in measuring the capacitance (soil moisture) and a resistor in the
bridge circuit for measuring soil conductivity (or resistance- related to
salinity), the bridge circuit should be “tuned” appropriately. By using the
appropriate bridge element in each leg, there are two benefits: 1) better
resolution and accuracy in the measurement of the unknown value; and 2)
greatly simplified mathematical algorithms to calculate the desired quantities.
Third, the AC meter of the present invention is vastly improved.

[00016] The measurement process is as follows ( note that, while not shown, in
the sensor of the present invention there is a digital signal processor ( a
microcontroller) that can turn on and off the oscillators as well as measure the
DC voltages produced by the detectors). First, both oscillator 1 and 2 are
turned off and the voltage of all the detectors is measured ( referred to as V1,
V2, and V3 for AC meters] through 3 respectively). The low frequency
oscillator 2 is turned on and the detector voltages for AC meter 3 and 2 are
measured ( V3’ and V2°). Oscillator 2 is then turned off, and the high
frequency oscillator 1 is turned on and the voltages of AC meter 1 and 2 are
measured ( V1’ and V2°). It can then be shown that, due to the carful design of
the circuit, that:

[00017] Cs=f(Ratio HF), Rs=g(Ratio LF)

[00018] Where: Ratio HF= (V2”-V2)/(V1’-V1) Ratio LF=(V2’-v2)/(V3’-V3)

[00019] In general these functions are simple polynomials that include all the
higher order effects. This data reduction is much simpler than in the sensor of
the ‘104 Patent. Also note that the measurement of capacitance is not affected
by the resistance present within the soil (within typical ranges) and similarly,
the resistance is not affected by the capacitance present. This is achieved by
the “tuned” bridge circuit and careful choice of component values.

[00020] Returning to the AC meter embodiment used in the sensor of the
present invention, it should be noted that the biasing that has been added

dramatically improves the detector performance. The presence of the bias
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voltage allows the detector output to be measured in the absence of any AC
signal being present in the circuit. This allows the sensors to be “tared” and
captures the variation in components in the detector and temperature drifts. It
18 not possible to do this with the sensor of the ‘104 Patent, the diodes must be
carefully matched (i.e. have the same critical properties which isn’t easy and
can be a manufacturing nightmare) and complicated and somewhat uncertain
temperature corrections applied. In addition, the biased detectors have the
advantage of being able to respond to very small AC signals and are much
more accurate at low AC signal levels. Since the individual detectors are tared,
they don’t require carefully matched parts as well making manufacturing
casier.

[00021] The invention overcomes difficulties encountered in the prior art by
using two separate bridge circuits and frequencies to measure the moisture and
salinity of soil, where a soil moisture bridge circuit uses a capacitor for a
reference element and a soil salinity bridge circuit uses a resistor for a
reference element.

[00022] Having briefly described the present invention, the above and further
objects, features and advantages thereof will be recognized by those skilled in
the pertinent art from the following detailed description of the invention when

taken in conjunction with the accompanying drawings.

Brief Description of the Drawings
[00023] Figure 1 illustrates a preferred embodiment of the circuitry of the
sensor of the present invention.
[00024] Figure 1A is a block diagram of a sensor of the present invention.
[00025] Figure 2 illustrates an embodiment of a biased diode detector used by
the invention as an AC meter.
[00026] Figure 3 is a perspective view of a sensor apparatus of the present

invention.



WO 2009/094324 PCT/US2009/031412

[00027] Figure 4 is a table of experimental results on sand showing measured
values in a drying experiment with water percentage as expressed percentage
by volume of water in a sand sample.

[00028] Figure 5 is a graph of a calibration curve illustrating water content as a
function of RP.

[00029] Figure 6 is a table of experiments in aqueous saline solutions of known
conductivity ranging from 0.1 to 4.96 dS/m and replicated for four different
Sensors.

[00030] Figure 7 is a continuation of the Table in Figure 6.

[00031] Figure 8 is a graph of a calibration curve showing variation in 1/RC
with increasing sample conductivity.

[00032] Figure. 9 is a schematic of an embodiment of a sensor apparatus of the
present invention.

[00033] Figure 10 is a circuit schematic of an embodiment of the sensor
apparatus of the present invention.

[00034] Figure 10A is an isolated circuit diagram of a preferred voltage meter

of the present invention.

Best Mode(s) For Carrying Out The Invention

[00035] FIG. 1 illustrates a circuit diagram of a preferred embodiment of the
circuit 40 of the sensor apparatus 20 of the present invention. FIG. 2
illustrates a detailed circuit diagram of a preferred section of the circuit 40.
FIG. 1A is a block diagram of the sensor apparatus 20. As shown in FIG. 1A,
the sensor apparatus 20 preferable includes a digital signal processor 35
connected to a moisture circuit 22 and a salinity circuit 23, which are both
connected to a probe structure 21.

[00036] The probe structure 21 is placed in the soil which is to be measured.
The probe structure 21 forms an effective coaxial capacitor within the soil.

Such probe structures are well known in the art, and typically include a base
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and elongated conductors extending from the base and disposed around a
central elongated conductor. The digital signal processor 35 or
microprocessor, facilitates the process, allowing for multiple conducting
structures to be inserted into the soil (or other media of interest) as well as
cabling to provide power and transfer measurement results to recording or
control instrumentation. The probe structure 21, which when placed in soil
forms, electrically, the circuit elements Cg 21a and Rs 21b as shown in FIG. 1,
and are referred to as forming a “capacitor.” The probe structure 21 can be
arranged in a variety of different geometries many of which are shown in U.S.
Patent Numbers 2870404, 4288742, and 4540936, all of which are hereby
incorporated by reference in their entireties. The conducting structures of the
afore-mentioned ‘104 patent can also be included in the present invention a
probe structure 21. The probe structure 21 can be made of metal, printed
circuit board, or other electrically conductive materials. Depending on the
media of interest, the range of expected Cg and R, to be measured and
frequencies employed, many different geometries and sizes can be employed
as the probe structure 21 in sensor.

[00037] FIG. 1 shows an embodiment of the circuit 40 of the sensor 20 of the
present invention. As illustrated in FIG. 1A, the sensor 20 uses two separate
bridge circuits and frequencies that coexist together without significantly
perturbing each other. The soil moisture circuit 22 preferably includes, as
shown in FIG. 1, a high frequency oscillator 24, a first voltage meter 26, and a
reference capacitor Cr 29 of a known value. The soil salinity circuit 23
preferably includes, as shown in FIG.1, a low frequency oscillator 25, a third
voltage meter 28, and a reference resistor Rg 30 of a known value. The
circuits 22 and 23 share a second voltage meter 27, as well as the probe
structure 21 positioned in the soil, the electrical equivalent of which is
represented by the lower circuitry of FIG. 1 and designated Cg 21a and Rs21b.
In this embodiment of the invention, each of the first voltage meter 26, the

second voltage meter 27 and the third voltage meter 28 is preferably an
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alternating current (“AC”) voltage meter. As shown in FIG. 2, on one end a
diode 80 is connected to a resistor Rp 83 and capacitor Cp 84, as well the
voltage meter 26. On another end, the diode 80 is connected to a bias resistor
81 with a biased output voltage 82.

[00038] The measurement process is as follows. First, the oscillators 24 and 25
are deactivated and voltages V1, V2, and V3 are measured, where V1, V2, and
V3 are the voltages at the first voltage meter 26, the second voltage meter 27
and the third voltage meter 28, respectively, when the oscillators 24 and 25 are
deactivated. Next, the low frequency oscillator 25 is activated and voltages
V2’ and V3’ are measured, where voltages V2’ and V3’ are the voltages at the
second voltage meter 27 and the third voltage meter 28, respectively, when
only the low frequency oscillator 25 is activated. Next, the low frequency
oscillator 25 is deactivated, and the high frequency oscillator 24 is activated,
and voltages V1’ and V3 ’are measured, where voltages V1’ and V3’ are the
voltages at the first voltage meter 26 and the third voltage meter 28,
respectively, when only the high frequency oscillator 24 is activated.

[00039] The capacitance of the soil is a function of the ratio of the high
frequency (“HF”) voltage measurements, and the resistance of the soil is a
function of the ratio of the low frequency (“LF”) voltage measurements:

[00040] The following equations demonstrate the afore-mentioned:

[00041] C,=f(Ratio HF)

[00042] R, = f(Ratio LF)

[00043] Where: Ratio HF = (V3”’-V3)/(V1’-V1)

[00044] and  Ratio LF =(V3’-V3)/(V2’-V2)

[00045] Note that, while not shown, a person of ordinary skill would
understand to use devices such as a digital signal processor 35 or a
microcontroller to activate and deactivate the oscillators 24 and 25, as well as
measure the voltages produced by the first voltage meter 26, the second

voltage meter 27 and the third voltage meter 28.
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[00046] The present invention provides multiple advantages over the prior art.
For example, when attempting to measure soil moisture, the present invention
uses a high frequency oscillator 24, but when measuring soil salinity the
present invention uses a low frequency oscillator 25.

[00047] To accommodate both measurements, other sensors use a compromise
middle frequency. Such a compromise, however, limits the accuracy and
range of measurement of the sensor. The dual circuits 22 and 23 of the present
invention avoid this compromise by enabling the application of both high and
low frequencies. Second, by using a capacitor as the bridge element in
measuring the soil’s capacitance (Cs) and a resistor as the bridge element in
measuring soil’s resistance (R;), the bridge circuit is “tuned” appropriately in
that the soil capacitance can be determined with the least error introduced by
the soil resistance, and conversely, the soil resistance can be determined with
the least error introduced by the soil capacitance. That is, the bridge elements
provide that the C, and R, can be compared to a comparable Cr and Rg.

[00048] By using the appropriate bridge element in each circuit, the invention
provides better resolution and accuracy in the measurement of the unknown
values and greatly simplified mathematical algorithms to calculate the desired
quantities. Higher order effects in practical sensors such as stray capacitance,
can be handled using relatively simple polynomials. The simplicity of this
sensor, as opposed for example to the embodiment described in the ‘104
patent, arises from the “tuned” nature of the circuits which allow soil
capacitance and resistance effects to be separately determined without any
mutual interaction. Thus, the functions described above are simple
polynomials that include all the higher order effects, and therefore enable
significantly simpler data reduction.

[00049]  Further, the tuned bridge circuit and a careful choice of component
values ensures that the measurement of capacitance does not affect the
resistance present within the soil (within typical ranges) and, similarly, the

measurement of resistance does not affect the capacitance present.
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[00050] FIG. 2 illustrates an embodiment of a biased diode voltage meter used
by the invention as an AC voltage meter. The diode voltage meters measure a
peak voltage present in the circuit 40 (subject to some correction and
temperature compensation) and are related to the root mean square (RMS)
voltage present in the case of sinusoidal voltages. Standard RMS AC meters
that operate at the frequencies necessary for soil moisture and salinity
measurements are typically bulky, require extensive calibration, expensive,
and electrically invasive in that their presence greatly perturbs the desired
measurement through stray capacitance and other effects.

[00051] Thus, the invention preferably uses diode voltage meters in their place.
Diode voltage meters provide an output that is a direct current (“DC”) voltage
read by a DC voltage meter. The diode voltage meters are typically
inexpensive and work well at high frequencies. Those of ordinary skill in the
art are familiar with using diode detectors as AC voltage meters. In one
embodiment of the sensor 20, diode voltage meters are used as they produce
an easily measured DC output voltage, are inexpensive, work well at both high
and low frequencies, and do not significantly perturb the measurement.

[00052] The diode voltage meter utilized in one embodiment of the present
invention is unique because it is biased, adding a bias voltage Vi 82 and bias
resistor Rp 81 to the standard diode voltage meter circuit, as shown in FIG. 2.
This biasing dramatically improves the voltage meter performance by
improving the linearity of the sensor 20, allowing for smaller AC voltages to
be measured, and by removing the effects of variations in individual diodes
and temperature effects. The presence of the bias voltage allows the output of
the voltage meter 26, 27 or 28 to be measured in the absence of any AC signal
being present in the circuit 40. The bias voltage, which is present at all times
when the sensor 20 is powered, allows for the output of the voltage meter 26,
27 or 28 to be measured with no AC signal present, and the effects of
temperature drift and variation in individual diode drop are determined by the

fixed output level.
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[00053] When the output of the diode voltage meter, is measured again, this
time with an AC signal present, the difference in the outputs of the voltage
meters 26, 27 and/or 28 essentially represents the AC signal value present
without any errors introduced by variations in diode drop and temperature.
Because of this difference approach, diodes do not need to be carefully
characterized and matched within the circuit 40, thereby simplifying sensor
manufacturing and reducing cost.

[00054] In addition, to obtain a separate temperature measurement, correction
algorithms do not need to be used to account for temperature effects. Diode
voltage meters in the absence of biasing do not allow for the measurement of
AC signals much below 0.2V due to the voltage drop across the diode. The
presence of the bias voltage allows AC voltages down to around 0.01V to be
accurately measured which allows the sensor 20 to respond to a larger
variation in Cg and R;. This allows the sensor 20 to be “tared” to capture the
variation in components in the voltage meter and temperature drifts. The bias
voltage also enables the voltage meters 26, 27 and 28 to respond to very small
AC signals, and provide much more accurate measurements at low AC signal
levels. Further, since the voltage meters 26, 27 and 28 are preferably tared,
the individual voltage meters do not require carefully matched parts, thus
making manufacturing casier.

[00055] FIG. 3 illustrates a preferred embodiment of a sensor apparatus 20 of
the present invention. The sensor apparatus 20 is preferably pre-calibrated for
typical sand, silt, or clay soils. The sensor apparatus 20 may need to be
adjusted for other soils due to a possible difference in composition and
placement. The sensor apparatus 20 has excellent accuracy and reliability.
The sensor apparatus 20 can preferably provide a reading of +/- 1.0% of a
moisture reading from 0 to saturate at < 5dS/m conductivity and +/- 3.0% of a
moisture reading from 0 to saturation at > 5dS-10dS/m conductivity. As for
salinity, the sensor apparatus 20 of the present invention has a +/- 2% of

conductivity reading up to 5dS/m (5dS/m = 30% seawater). The temperature
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reading is +/- 1 degree Celsius from -10 degrees Celsius to +50 degrees
Celsius. The measurement repeatability is preferably <<1%. The sensor
apparatus 20 preferably includes a housing 50, a probe structure 21 and a cable
51 for power and communications with a control center. As shown in FIG. 9,
the housing 50 preferably contains the circuit 40 and digital signal processor
35. The probe structure 21 extends from the housing 50, and cable 51 allows
for connections to the circuit 40 and digital signal processor 35.

[00056] The present invention may be utilized with the system and method of
Glancy, et al., U.S. Patent Publication Number 2006/0178847, published on
August 10, 2006, for an Apparatus And Method For Wireless Real Time
Measurement And Control Of Soil And Turf Conditions (U.S. Patent
Application Number 11/350,328 filed on February 8, 2006), which is hereby
incorporated by reference in its entirety.

[00057] The present invention provides a sensor apparatus 20 having a circuit
40 that allows for measuring the electrical conductivity and dielectric
permittivity of a wide range of media. Specifically, these media include soils,

water, grain, brackish waters, ices, and the like media.

[00058] As shown in FIG. 9, the housing 50 protects the circuitry from
moisture and other hazards. The circuit 40 produces analog signals that are
used to determine dielectric permittivity (and temperature if desired). A data
reduction circuitry is optionally included and includes a microcontroller to
measure the analog voltages and perform the calculations to
determine the electrical properties and relate them if desired to other
properties (such as soil moisture and soil salinity). A probe structure 21
preferably includes electrically conducting surfaces that can be inserted
into the media of interest. The cable 51 allows for the calculated
outputs to be sent to other instruments Alternatively, wireless or other
communication protocols can be used without departing from the scope and

spirit of the present invention.
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[00059] The housing 51 is preferably composed of stainless steel or PVC.
However, those skilled in the pertinent art will recognize that the housing 51
may be composed of other materials without departing from the scope and

spirit of the present invention.

[00060] The circuit 40 converts the media's dielectric permittivity and
conductivity to analog voltage signals that are used to calculate the
electrical properties. These calculations are performed using the digital
signal processor 35 in the sensor 20, or alternatively the analog
voltage signals are transferred to an external instrument for the required

calculations.

[00061] The digital signal processor 35 is used to measure the raw
analog signals, convert them to a digital format, calculate electrical
properties, calculate related properties (such as soil moisture and
salinity) as well as control the oscillators (discussed below). The digital
signal processor 35 can be used to output the calculated parameter
digitally or in an analog format over the cable 51, or alternatively

through the use of additional circuitry, wirelessly.

[00062] The probe structure 21 connects electrically to the circuit 40 and
preferably includes at least two electrically conducting surfaces or
structures. The probe structure 21 is inserted into the media to form a
capacitor. The probe structure 21 is preferably composed of metal,

printed circuit board material (with copper layer), or other materials.

[00063] The cable 51 allows power to be supplied externally as well as
allowing for the output of the analog signals of the circuit 40. In an
embodiment with the digital signal processor 35, the oscillators 24 and
25 are directly controlled and the cable 51 can be used to transmit the

calculated electrical properties.

[00064] As shown in FIG. 10, the sensing electronic circuitry 40 converts
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the soil dielectric permittivity and conductivity into analog signals as

described below.

[00065] The circuit 40 preferably employs two oscillators, a high
frequency oscillator 24 (125 MHz for example) and a low frequency
oscillator 25 (10 MHz for example) powered by +V (a DC voltage), and
which can be controlled (turned off and on) by a capacitor Cy and a
capacitor Cio, respectively. Those skilled in the pertinent art will
recognize that oscillators with a wide range of operating frequencies can
be used with the present invention without departing from the scope
and spirit of the present invention. The oscillating electrical outputs
appear at "OUT.” A filter 57, which is connected to high frequency
oscillator 24 is preferably a bandpass filter centered at the primary
frequency of the high oscillator 24 and removes higher order harmonics
to preferably produce a nearly sinusoidal output. Capacitor C2 69 and
resistor R4 70 are connected to the low frequency oscillator 25 to form
a low pass filter 55 (designated by dotted lines) which removes any
higher order harmonics, specifically if the low oscillator 25 is a square

wave oscillator.

[00066] A plurality of voltage meters 26, 27 and 28 are used to measure the AC
level present at various points 26a, 27a and 28a in the circuit 40. As shown in
FIG. 10A, each of plurality of meters 26, 27 and 28 preferably comprises a
diode 93 connected with a capacitor 95 and resistor 97 in parallel( FIG. 10A
only shows a voltage meter 26). The output “O” of each of the plurality of
meters 26, 27 and 28 is preferably a direct current (“DC”) voltage (measured
between the diode and the capacitor and resistor) and is indicative of the
amplitude of the AC stimulus present at the point 26a, 27a and 28a in the

circuit 40 to which the other end of the diode 93 is connected.

[00067] A biasing network is formed by resistor R1 62, resistor R2 64, resistor
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R3 65, resistor RS 67 and capacitor C1 66. The biasing network ensures that
even in the absence of any AC stimulus in the circuit 40, each of the voltage
meters 26, 27 and 28 has a DC voltage present, thus providing a non-zero
output for each of the voltage meters 26, 27 and 28. In addition, resistor R2 64
is also a conductivity reference element, which is described in greater detail
below.

[00068] Two capacitors CB 61 and 68 ensure that the bias voltages are drained
through the filter 57as well as preventing any DC voltages from being present
on the probe structure 21, which can result in deleterious galvanic reactions
and electrode polarization. Capacitor CB 61 is selected to have a
sufficiently high capacitance to have a negligible impedance at both the
high and low frequencies employed so as to negligibly affect the
measurements.\

[00069] A capacitor CR 63 is preferably a precision capacitor used to form a
reference element for the dielectric permittivity measurements.

[00070] The sensor 20 preferably has two main paths through which the
electrical measurements are made. First, the high frequency path of the soil
moisture circuit 22 (used to measure the dielectric permittivity) is through the
high frequency oscillator 24, the filter 57, the capacitor CB 61, by the first
voltage meter 26, the capacitor CR 63, by the second voltage meter 27, the
capacitor CB 68 and into the probe structure 21. Second, the low frequency
path, or the soil salinity circuit 23, is through low frequency oscillator 25, the
resistor R4 70, the capacitor C2 69, by the third voltage meter 28, resistor R2
64, by the second voltage meter 27, capacitor CB 68 and into the probe
structure 21. By judicious choice of the elements of the circuit 40, the high
and low frequency paths can share many elements of the circuit 40 as well as
the probe structure21, while having very little effect on the other pathway.

[00071] A preferred measurement can be made in the following manner
and the tables of FIGS. 4 and 6 list the measurement values. Those

skilled in the pertinent art will recognize that different procedures are
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possible without departing from the scope and spirit of the present invention.
First, with both the high frequency oscillator 24and the low frequency
oscillator 25 deactivated, the outputs of the first voltage meter 26, the
second voltage meter 27, and the third voltage meter 28 are measured, at
points 26a, 27a and 28a respectively, and referred to respectively as
01, 02, O3. The high frequency oscillator 24 is then activated and
the first voltage meter 26 and the second voltage meter 27 are measured,
at points 26a and 27a respectively, and referred to respectively as O1'
and O2'. The high frequency oscillator 24 is then deactivated and the
low frequency oscillator 25 is activated and the second voltage meter 27
and the third voltage meter 28 are measured, at points 27a and 28a
respectively, and referred to respectively as O2" and O3". In the case
where an oscillator24 or 25 is deactivated, the voltage meter output is
indicative of a "baseline"” voltage meter output. When an oscillator 24 or
25 is activated, the voltage meter is indicative of the baseline level plus the

AC stimulus amplitude present at the measurement point 26a, 27a and/or 28a.

[00072] The measured voltages can then be used to
calculate the following ratios: RP = (02'— 02)/(01' -
O1) and RC = (02" - 02)/(03" - O3).

[00073] The probe structure 21forms a capacitance CS and
conductivity CONDS determined by the dielectric permittivity and
electrical conductivity of the sample the conducting structure is placed in
as well as geometrical factors (spacing, size, geometry, etc. of
conducting surfaces). The two circuit pathways form bridge circuits
(CR and CS on the high frequency path) and (R2 and CONDS on the

low frequency path). To the first order it can be shown that:

[00074] CS /(CS+ CR)=RP and CONDS /(CONDS +R2) =
RC



WO 2009/094324 PCT/US2009/031412
18

[00075] This allows one to solve for the dielectric permittivity of the
sample and its conductivity when the scaling factor introduced by the
geometrical factors of the sensing structure are determined, as CR and R2
ar¢c known values. Furthermore, these calculations can be refined to
remove high order effects (finite electrical length, pathway coupling,

etc.) through calibration with known samples.

[00076] Data reduction circuitry can be used to automate this
procedure as well as perform the required calculations. A suitable data

reduction circuit has been developed and tested.

[00077] The circuit 40 contains many novel features that greatly
improve accuracy, cost, and practicality. They include novel biased
detectors, a novel biasing scheme, a novel differential measurement scheme, a
novel dual frequency scheme, novel matched reference elements, and novel

power supply variation rejection.

[00078] In a preferred embodiment, the diode based voltage meters 26,
27 and 28 are always forward biased regardless of the signal level.
Depending on diode type, at forward drops of less than about 0.3V or
so, little or no current flows. Small AC signals with amplitudes less
than 0.3V in amplitude would be undetectable without the biasing
employed.

[00079] The circuitry has been designed to allow the biasing to be
provided to the voltage meters 26, 27 and 28 while simultancously
allowing an affected measurement to be made. This is accomplished
through the use of blocking capacitors and selected values for the biasing

circuitry.

[00080] Because the outputs of the voltage meters 26, 27 and 28 are
measured with and without AC stimulus being present non-matching

diodes 85 are used, as the ratios RP and RC are essentially independent of
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the individual diode drops. Furthermore, the temperature drift of the

diodes is automatically nulled-out by this procedure.

[00081] The present invention measures conductivity at low frequencies so that
capacitive effects do not distort the measurement and dielectric permittivity
at high frequencies so that conductive effects do not distort the
measurement. This design allows the use of two frequencies in one
sensor with the same probe structure 21 allowing for improved accuracy in a

wide range of media.

[00082] The bridge element in the dielectric permittivity measurement
is a capacitor, CR. It can be shown that using a capacitor as a reference
element offers superior rejection of distortion due to conductivity effects.
Likewise, the bridge element in the conductivity measurement is a resistor
which offers superior rejection of distortion due to capacitive effects.

[00083] As the measurements is "ratio metric", the output level of
oscillators 24 and 25 is essentially linear with power supply voltage, and
the baseline voltage meter level is measured (and accounted for in the
calculations) the calculations of electrical parameters is highly insensitive to
variations in power supply voltage over a significant range allowing for a low
cost, simple power supply to be used.

[00084] As shown in FIG. 4, a table 200 lists values for voltage meter
measurements O1, 02, 03, 01°, 02°, 02 and O3”. Also listed are values for
the calculations RP and RC as well as a percentage of moisture (water %) in
the media. FIG. 5 illustrates a graph 202 with a calibration curve of the water
% (Y axis) as a function of RP (X axis). RP is used to calculate capacitance
and is correlated to soil moisture.

[00085]  As shown in FIGS. 6, a table 300 lists values for voltage meter
measurements 02, O3, 02 and O3”. Table 300 also lists values for RC and
the type of media sensors for four different sensors. The type of media is

aqueous saline solutions of known conductivity spanning 0.1 to 4.96 dS/m.
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Each sensor set is for a different type of media. Each sensor set includes
values for each of the four different sensors designated 3, 5, 8 and 11 in the
table 300. As shown in FIG. 7, a table 301 lists the average RC value and the
standard deviation value from the values in table 300 of FIG. 6. FIG. 8§
illustrates a graph 302 showing a calibration curve of the variation in 1/RC (X

axis) with increasing sample conductivity (Y axis).
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Claims

1. A sensor for measuring the moisture and salinity of a material, the sensor

comprising:

a probe conducting structure to be placed in the material forming a

capacitor connected to a soil moisture circuit;

a soil moisture circuit comprising a high frequency oscillator for applying
electrical stimulus to the probe structure, a known reference capacitor
connected in series to the high frequency oscillator, and a first voltage
meter located between the high frequency oscillator and the reference

capacitor; and

a soil salinity circuit comprising a low frequency oscillator for applying
electrical stimulus to the probe structure, a known reference resistor
connected in series to the low frequency oscillator, and a second voltage
meter located between the low frequency oscillator and the reference

resistor;

wherein the respective circuits connect between the reference capacitor and
the reference resistor, at which point the circuits are connected to the probe

structure and a third voltage meter.

2. The sensor according to claim 1 wherein the probe structure forms an effective

coaxial capacitor within the material

3. The sensor according to claim 1 wherein each voltage meter comprises a bias

resistor in series with a diode detector in series with a DC voltage meter.
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4. The sensor according to claim 1 wherein each voltage meter comprises a bias
resistor connected on one side to a biasing voltage and the other side to the anode of a
diode which has the cathode connected, in series, to a resistor and capacitor in parallel
connection to ground and the voltage across the capacitor is measured with a DC

meter and the AC signal to be measured is introduced between the bias resistor and

the diode.

5. The sensor according to claim 3 wherein said diode detector comprises a diode

in series with a grounded resistor connected in parallel to a capacitor.

6. The sensor according to claim 3 wherein said diode detector comprises a diode
cathode connected to a resistor and capacitor in parallel connection to ground, a DC
meter measuring the voltage across the capacitor, and the AC signal measured is

introduced at the diode anode.

7. The sensor according to claim 1 wherein said probe structure includes a base
and elongated conductors extending from the base and disposed around a central

clongated conductor.

8. A method of determining the moisture and salinity of a material, the method

comprising:

measuring voltages V1, V2, and V3, from a sensor comprising a probe
conducting, a soil moisture circuit and a soil salinity circuit, wherein V1, V2, and V3
are the DC output voltages of biased diode detectors at a first voltage meter, a second
voltage meter, and a third voltage meter, respectively, when a low frequency
oscillator of the soil salinity circuit and a high frequency oscillator of the soil moisture

circuit are both off;
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measuring voltages V2’ and V3’, wherein voltages V2’ and V3’ are the
DC output voltages of the biased diode detectors at the second voltage meter and third

voltage meter, respectively, when only the low frequency oscillator is on;

measuring voltages V1’ and V3’’, wherein voltages V1’ and V3’ are the
DC output voltages of the biased diode detectors at the first voltage meter and third

voltage meter, respectively, when only the high frequency oscillator is on;

calculating the capacitance of the soil as a function of (V3’’-V3)/(V1’-
V1); and

calculating the resistance of the soil as a function of (V3’-V3)/V2’-V2).

9. A sensor device comprising:
a housing;
a sensing circuitry positioned within the housing;
a data reduction circuitry positioned within the housing;
a sensing structure positioned within the housing; and

means for transmitting calculated output values from the sensor.

10.  The sensor device according to claim 9 wherein the transmitting means is a

cable attached to a second device.

11.  The sensor device according to claim 9 wherein the transmitting means is a
wireless communication circuit.
12.  The sensor device according to claim 9 wherein the sensing circuitry generates

analog signals for determining dielectric permittivity.

13.  The sensor device according to claim 9 wherein the data reduction circuitry

comprises a microcontroller to measure analog voltages and perform calculations to
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determine the electrical properties and correlate the electrical properties to soil

moisture and soil salinity.

14.  The sensor device according to claim 9 wherein the sensing structure

comprises electrically conducting surfaces for contact with a material.

15.  The sensor device according to claim 14 wherein the material comprises soil,

water, grain, brackish water and ices.

16. The sensor device according to claim 9 wherein the housing is composed of

stainless steel.

17. The sensor device according to claim 9 wherein the housing is composed of
PVC.
18.  The sensor device according to claim 9 wherein the sensing circuitry

comprises biased detectors.

19.  The sensor device according to claim 9 wherein the sensing circuitry

comprises blocking capacitors.

20.  The sensor device according to claim 9 wherein the sensing circuitry

comprises means for dual frequency measurement.

21.  The sensor device according to claim 9 wherein the sensing circuitry

comprises matched reference elements.

22.  The sensor device according to claim 9 wherein the sensing circuitry

comprises means for power supply variation rejection.
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23. A device for determining a moisture content value and a salinity value of a

soil, the device comprising:

a probe conducting structure to be placed in the soil to form a

capacitor;

a soil moisture circuit comprising a high frequency oscillator
for applying a first electrical stimulus to the probe structure, a reference capacitor
connected in series to the high frequency oscillator, and a first voltage meter located

between the high frequency oscillator and the reference capacitor;

a soil salinity circuit comprising a low frequency oscillator for
applying second electrical stimulus to the probe structure, a reference resistor
connected in series to the low frequency oscillator, and a second voltage meter located
between the low frequency oscillator and the reference resistor, wherein the low
frequency oscillator is substantially lower in frequency than the high frequency

oscillator;
a third voltage meter; and

a processor, the processor capable of calculating a capacitance
of the soil as a function of (V3’’-V3)/(V1’-V1) to obtain a soil moisture content
value wherein V1 is the output voltage measured by the first voltage meter when
the low frequency oscillator and the high frequency oscillator are inactive, V3 is
the output voltage measured by the third voltage meter when the low frequency
oscillator and the high frequency oscillator are inactive, V1’ is the output voltage

measured by the first voltage meter when the low frequency oscillator is inactive
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and the high frequency oscillator is active, and V3’ is the output voltage
measured by the third voltage meter when the low frequency oscillator is inactive
and the high frequency oscillator is active, and the processor capable of
calculating a resistance of the soil as a function of (V3’-V3)/V2’-V2) to obtain a
soil salinity value wherein V2 is the output voltage measured by the second
voltage meter when the low frequency oscillator and the high frequency oscillator
are inactive, V2’ is the output voltage measured by the second voltage meter when
the low frequency oscillator is active and the high frequency oscillator is inactive,
and V3’ is the output voltage measured by the third voltage meter when the low

frequency oscillator is active and the high frequency oscillator is inactive.

24. A method of determining a moisture content value and a salinity value of a

soil, the method comprising:
providing a sensor, the sensor comprising

a probe conducting structure to be placed in the soil to form a

capacitor,

a soil moisture circuit comprising a high frequency oscillator
for applying a first electrical stimulus to the probe structure, a reference capacitor
connected in series to the high frequency oscillator, and a first voltage meter located

between the high frequency oscillator and the reference capacitor, and

a soil salinity circuit comprising a low frequency oscillator for
applying second electrical stimulus to the probe structure, a reference resistor
connected in series to the low frequency oscillator, and a second voltage meter located
between the low frequency oscillator and the reference resistor, wherein the low
frequency oscillator is substantially lower in frequency than the high frequency

oscillator,
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wherein the soil salinity circuit and the soil moisture circuit
connect between the reference capacitor and the reference resistor, at which point the
soil moisture circuit and the soil salinity circuit are connected to the probe structure

and a third voltage meter;

measuring voltages V1, V2, and V3, wherein V1 is the output voltage
measured by the first voltage meter when the low frequency oscillator and the high
frequency oscillator are inactive, V2 is the output voltage measured by the second
voltage meter when the low frequency oscillator and the high frequency oscillator are
inactive, and V3 is the output voltage measured by the third voltage meter when the

low frequency oscillator and the high frequency oscillator are inactive;

measuring voltages V2’ and V3’, wherein V2’ is the output voltage
measured by the second voltage meter when the low frequency oscillator is active and
the high frequency oscillator is inactive, and V3’ is the output voltage measured by
the third voltage meter when the low frequency oscillator is active and the high

frequency oscillator is inactive;

measuring voltages V1’ and V3°’, wherein V1’ is the output voltage
measured by the first voltage meter when the low frequency oscillator is inactive and
the high frequency oscillator is active, and V3’ is the output voltage measured by the
third voltage meter when the low frequency oscillator is inactive and the high

frequency oscillator is active;

calculating a capacitance of the soil as a function of (V3°’-V3)/(V1’-V1)

to obtain a soil moisture content value; and

calculating a resistance of the soil as a function of (V3’-V3)/V2’-V2) to

obtain a soil salinity value.
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