Innovation, Sciences et Innovation, Science and CA 2906480 C 2022/07/26

I*I Développement économique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (1 1)(21) 2 906 480
12 BREVET CANADIEN
CANADIAN PATENT
13 C
(86) Date de dépdt PCT/PCT Filing Date: 2014/03/12 51) ClInt./Int.Cl. GOTR 27/00(2006.01),

(87) Date publication PCT/PCT Publication Date: 2014/09/25 GOTR 27/22(2006.01), GOTR 27/26(2006.01)
(72) Inventeurs/Inventors:

(45) Date de délivrance/lssue Date: 2022/07/26 HERB, GLENN T., US;
(85) Entrée phase nationale/National Entry: 2015/09/14 HERB, CRAIG A, US;
86) N° demande PCT/PCT Application No.: US 2014/024226 JARVA, CURTW., US
(87) N° publication PCT/PCT Publication No.: 2014/150785 | (73) Propriétaire/Owner:

e ILIUM TECHNOLOGY, INC., US
(30) Priorité/Priority: 2013/03/15 (US61/790,668)
(74) Agent: NORTON ROSE FULBRIGHT CANADA

LLP/S.EEN.CR.L, S.RL.

(54) Titre : APPAREIL ET PROCEDE PERMETTANT DE MESURER DES PROPRIETES ELECTRIQUES D'UNE
MATIERE
(54) Title: APPARATUS AND METHOD FOR MEASURING ELECTRICAL PROPERTIES OF MATTER

(57) Abrégé/Abstract:

Method and apparatus for measuring electrical conductivity of liquids, including a waveform generator module configured to
generate a first waveform signal and to supply the first waveform signal to a sensor; a phase adjustment module configured to
receive the first waveform signal from the waveform generator module and to generate a phase-shifted signal from the first
waveform signal; and a signal combination module configured to receive a return signal from the sensor and the phase-shifted
signal from the phase adjustment module and to sum the return signal and the phase-shifted signal to produce an adjusted return
signal containing information associated with the electrical property of the liquid.

C an a dg http:vopic.ge.ca » Ottawa-Hull K1A 0C9 - aup.:/eipo.ge.ca OPIC

OPIC - CIPO 191



wo 2014/150785 A3 [N 000000 OO O R

(43) International Publication Date

CA 02906480 2015-09-14

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/15078S5 A3

25 September 2014 (25.09.2014) WIPO I PCT
(51) International Patent Classification: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
GOIR 27/26 (2006.01) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
. .. i DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(21) International Application Number: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
PCT/US2014/024226 KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
(22) International Filing Date: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
12 March 2014 (12.03.2014) OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
. ) SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
(25) Filing Language: English TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
(26) Publication Language: English ZW.
(30) Priority Data: (84) D.esignated. States (unle.ss othefﬂwise indicated, for every
61/790.668 15 March 2013 (15.03.2013) Us kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(71) Applicant: ILIUM TECHNOLOGY, INC. [US/US]; 242 UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
East Border Road, Medford, Massachusetts 02155 (US). TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(72) Inventors; and EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
o
(71) Applicants (for US only): HERB, Glenn, T. [US/US]; /o ¥[RC %E;FTB’FNE’J NCOI; PCLéPgi RCOI\;[R&SEG’NSL GSK 8\1\)([,
Ilium Technology Inc., 242 East Border Road, Medford, Kl\/% ML M(R IifE ,SN :FD :FG), > > - GQ, >
Massachusetts 02155 (US). HERB, Craig, A. [US/US]; ? ? P e '
¢/o Tlium Technology Inc., 242 East Border Road, Med- Published:
ford, Massachusetts 02155 S). JARVA, Curt, W. S .
[US/US]: cfo Iium Technolo(gy )Inc. 242 ’East B’or dor with international search report (Art. 21(3))
Road, Medford, Massachusetts 02155 (US). —  before the expiration of the time limit for amending the
(74) Agents: COHEN, Jerry et al; Burns & Levinson, LLP claim; and to ble repul;llished in the event of receipt of
: ’ N > > ts (Rule 48.2
125 Summer Street, Boston, Massachusetts 02110 (US). amendments (Rule )
A L (88) Date of publication of the international search report:
(81) Designated States (unless otherwise indicated, for every 13 November 2014

kind of national protection available). AE, AG, AL, AM,

(54) Title: APPARATUS AND METHOD FOR MEASURING ELECTRICAL PROPERTIES OF MATTER

26

(57) Abstract: Method and apparatus for measuring electrical conductivity of liquids, including a waveform generator module con-
figured to generate a first waveform signal and to supply the first waveform signal to a sensor; a phase adjustment module con -
figured to receive the first waveform signal from the waveform generator module and to generate a phase-shifted signal from the first
waveform signal; and a signal combination module configured to receive a return signal from the sensor and the phase-shifted signal
from the phase adjustment module and to sum the return signal and the phase-shitted signal to produce an adjusted return signal con -
taining information associated with the electrical property of the liquid.



5

i0

25

CA 02906480 2015-09-14

WO 2014/150785 PCT/US2014/024226

APPARATUS AND METHOD FOR MEASURING ELECTRICAL PROPERTIES OF
MATTER

TECHNICAL FIELD
The present disclosure relates to an apparatus and a method for measuring the
slectrical conductivity, dislectric constant, and related properties of matter and includes
apparatus and a method for precisely measuring the electrical conductivity of liquids
with conductivities ranging from extremely low (~107° S/om) to moderately high (=107

Sfom).{(S/cm = Siemens per centimeter).

RELATED ART

Measuring very low conductivity in liguids (< 1 n8/cm} {nano-Siemens per cm)
has historically posed a problem for instrumentation. In addition fo the obvious issues
with resistive leakage paths, liquids have a tendency to polarize under an electric fisld
and can form double layers at electrode interfaces that can mask the bulk of the sample
from the measurement field. To compensate for this polarization, most conductivity
measurements of liquids are done using an alternating polarity (AC) waveform. The
frequency of this waveform is chosen fo be fast enough so that no appreciable field
masking due to double layer polarization occurs in the sample being measured before
the polarity of the measuring field switches. Typical frequencies for these AC
measurements can range from much greater than 10KHz for aqueous systems to less
than 1Hz for some non-aqusous systems.

Adding to the measurement problems is that when using an AC measurement
waveform, parasitic capacitance shunting the sample being measured can cause large
out-of-phase return signals. When the conductivity being measured is very low, these
out-of-phase currents can be orders of magnitude larger than the in-phase return signal
of interest. Not only can these out-of-phase signals overload input ampilifier stages, but
since the value of shunt capacitance is usually a strong function of the dieleclic
constant of the liguid being measured, for a general purpose liquid conductivity meter,
the shunt capacitance itself can vary by greater than 50 to 1 depending on the sample

being measured. Some prior art systems have worked to compensate for the external
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wire capacitance, but have assumed that the parasitic capacitance shunting the sample
is only a function of measurament cell geometry and is a fixed value. See, for example,
.S, Patent No. 7.850,979 to Zhou et al, entitted SYSTEM AND METHOD FOR
MEASURING CONDUCTIVITY OF FLUID and U.8. Patent No. 6,232,786 {o Bamet},
entitled APPARATUS AND METHOD FOR MEASURING CONDUCTIVITY. Other prior
art systems have fried to minimize this shunting capacitance at the expense of reduced
cell constant and/or limiting the types of liquids that can be measured. See, for example,
U.S. Patent No. 8,552,750 to Fougere, entitied APPARATUS AND METHOD FOR THE
MEASUREMENT OF FLECTRICAL CONDUCTIVITY AND DIELECTRIC CONSTANT
OF HIGH IMPEDANCE FLUIDS.

it is usually desirable to use a sine wave drive to sense the conductivity since this
allows for extremely narrow band discrimination of the return signal, which aids in
eliminating noise from harmonics, near drive frequency cross-talk, and other unwanted
interfering signals. See, for example, U.S. Patent No. 6,232,786 to Barnett, entitled
APPARATUS AND METHOD FOR MEASURING CONDUCTIVITY. This can work well
for systems where the out-of-phase return signals are manageable, but as the ratio of
out-of-phase to in-phase return components bscomes very large, errors tend to
increase rapidly, dramatically reducing the accuracy of the measurement.

[0008] Liquid conductivity meters using sine wave drive have historically tried to
deal with this large out-of-phase return component by attempting o sublract out a
specific amount of quadrature phase signal from the return signal (see, for example,
Operator Manual for Model 627 Conductivity Meter, which was commercially available
from Scientifica, Princeton, NJ and referenced in U.S. Patent No. 6,265,883). However,
because the out-of-phase return signal, and therefore the compensating subtraction
signal, can be orders of magnitude larger than the in-phase return signal of interest,
sxtremely small phase errors in the compensating quadrature phase subtraction signal
can cause relatively large measurement accuracy erors,

Non-sine wave (for example square wave) drive signals are also used to
measure conductivity in liquid systems. See, for example, U.S. Patent No. §,265,883 to
Clark, entitled APPARATUS AND METHOD FOR COMBINING MEASUREMENT OF
ELECTRICAL PROPERTIES AND DEPTH OF A FLUID, and U.S. Patent No. 4,683,435
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to Blades, entiled CIRCUIT FOR COMPENSATING NON-LINEARITIES N
FLECTROLYTE CONDUCTIVITY MEASUREMENT SYSTEM. With sample systems
that have extremely low conductivities and substantial shunt capacitance, using a non-
sine wave drive can isolate the capacitive return signal and remove some of the
difficulty of dealing with the large accuracy errors that can ocour when attempting to
resolve the very small phase angles involved in separating out the in-phase return
signal component. When using a non-sine wave drive, much of the signal {o noise
improvement gained by the use of narrow band drive signals can be lost. In addition, the
frequency used is no longer just a function of what is required to prevent double layer
formation at the electrodes. The frequency must be kept low enough for the current
spike at the waveform transition adges caused by the parasilic shunt capacitance o
decay away before a measurement can be taken. This can limit the frequencies that can
be used on some sysiems.

With an instrument capable of determining the conductivity and dielectric
constant of fluids with conductivities ranging from about 1 fS/cm (femto-Siemans per
centimeter) {e.g., 14-dioxane or toluene) up o about 1 mS/cm {milli-Siemens per
centimeter) (e.g., 5mM aqueous KCI solution) and dielectric constants ranging from 1.8
{(e.g.,, pentane or hexane) to almost 200 {(eg, n-mathviacetamide or n-
methyiformamide), it is also desirable to have probes for which the cell constant
(definad as A/L, the Area to gap-Length ratio) does not change over the entire range of
fluid parameters that might be encountered. Due to fringing of the slectric field at the
edges of the slectrodes, the effective area of the electrodes is always larger than would
be calculated from the geometric area based on the electrode dimensions. Since the
extent of the fringing of the electric field is a function of the sample properties, it is
desirable to use a cell design for which the effect of the fringing on the cell constant is
small and for which the change in effective cell constant is negligible for all samples
ranging from the smallest to the largest possible dielectric constant or conductivity.
Such a cell aliows the cell constant to be determined at any one point in the covered
range, rather than requiring the use of conductivity standards very close to the valus for
the unknown sample and requiring multiple calibration constants even for a modest

range of conductivities and dielectric constants. Although guarded, paralle! plate cells
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with both fixed and adjustable cell constants have been described (Dikarev, B.N. et al,,
Dielectric Materials, Measurements and Applications Conference Publication No. 473, ©
2000, *Design Features of the Test Cells for Conductivity Measurement in Diglectric
Liquids™), most conductivity cells currently available are not guarded and require
multiple calibration fluids to define multiple calibration constants, which must be stored
in the meter. Although cumbersome, this method is possible in the higher (s.g.
aquecus) conductivity ranges (>10 uS/cm (micro-Siemens per centimeter)) since there
are several well-known standards available in this region. However, in the entire region
helow 1 uSicm there are currently no reliable calibration fluids available.  This is
particularly problematic since the dielectric constants in this region cover a much larger
range of 2 to 80. Clearly fully guarded cells would be an improvement for liguids in this
range. Because cells with high A/L ratios are required in this lower conductivity region,
soncentric cylinders are often the geometry of choice since they are more cormpact and
the electrode alignment is less error prone than parallel plates. However, we are not
aware of concentric cylinder probes for which the signal electrode is fully guarded by
guard electrodes placed af both ends of it.

Prior art probes also maintain the concentricity of the cylinders with supports at
hoth ends of the cylinders, supports at multiple peints along the oylinder {see, for
example, Operator Manual for Model 627 Conductivity Mster, which was commercially
available from Scientifica, Princeton, NJ), or by screwing the outer cylinder to a flat stop
(see, for example U.S. Patent No. 8,552,750 to Fougere, entitied APPARATUS AND
METHOD FOR THE MEASUREMENT OF ELECTRICAL CONDUCTIVITY AND
DIELECTRIC CONSTANT OF HIGH IMPEDANCE FLUIDS). Two end support and
mutltiple point support methods are difficult to disassemble for cleaning or are difficult to
clean assembled without compromising the reproducibility of the cell constant. The
method of screwing the outer cylinder to a flat stop allows disassembly, but is prone {o
loss of reproducibility of the cell constant following each disassembly/reassembly cycle
as well as with extended use and wear. Except as otherwise stated herein, "liguids” or
“fluids” as used herein include single or mixed chemical species, single or multi-phase

organic or inorganic chemicals or bivlogics, and including e.g. suspensions, dispersions,
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emulsions, liquids with gas bubbles (.. liquid as a continuous phase). The liquid to be
tested can be static or dynamic (flowing and/or turbulent).
SUMMARY

The present disclosure provides (at assembly, sub-assembly, and component,
hardwarefsoftware levels) an apparatus, a system, and a method that enable
measurement of electrical properties of liquidsfiuids in a way to compensate for the
problems encountered in the prior art.

The system of the present disclosure is generally a measurement apparatus
connected to & probe, sample holding device, or sensor. The measurement apparatus
generally comprises a signal-driving-unit that is capable of exciting the sample in
contact with the probe or sample holding device and a return-signal-processing-unit.
The signal-driving-unit further comprises a programmable waveform generator that is
capable of producing waveforms of various wave shapes, amplitudes, frequencies
(including DC), and phase. The return-signal-processing-unit further comprises one or
more amplifiers, filters whose characteristics can be dynamically changed, signal
modification elements capable of adding to or subtracting from the signal, and other
signal processing componeants.

The programmable waveform generator within the signab-driving-unit may
produce wave shapes such as sine, square, triangle, efc., in single or multiple forms
(e.g. square wave pulsing superimposed on a sine, square, triangle slc. waveform).
When the signal-driving-unit is producing a sine wave, the system of the present
disclosure uses the return-signal-processing-unit to detect the out-of-phase component
of the return signal and dynamically compensates for it by sublracting out an
appropriate amount of out-of-phase signal at the input amplifier. This ensures that the
in-phase component of the return signal can be amplified without clipping due o the
out-of-phase signal. Since any phase emor in the compensation signal can cause
undesirable degradation in accuracy, the system of the present disclosure is
constructed to seif calibrate the phase of its compensation signal at all used frequencies
and, if necessary, gains.

The system can then determine the conductivity of the sample from the in-phase

component of the return signal, and as an added benefi, can determine the
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system/sample shunt capacitance from its monitoring of the out-of-phase return signal
and the required leve! of compensation signal. This capacitance information can be
used to calculate other sample properties such as dielectric constant. 1t should also be
noted that in systems with high conductivity and low shunt capacitance {(e.g. high
conductivity fluids being measured with probes using low Area/gap-Length ratios) where
the in-phase return signal is much larger than the out-of-phase (quadrature) returmn
signal, the system of the present disclosure can be used to find the dielectric constant
with higher accuracy by having the compensation section subtract out the in-phase
component allowing for larger amplification of the guadrature return signal.

The system of the present disclosure also dynamically determines what kind of a
waveform is optimal for measuring the conductivity of the sample that is presented. it
can, for example, make (or be adjusted to make) a first estimate of the conductivity and
shunt capacitance using a sine wave drive, and based on that first estimate, determine
the best frequency and wave shape to use to measure the sample. During on-going
measurements, it continues to check for the optimum frequency and drive wave shape.
it does this sither as an ongoing check using its current measurement parameters, or by
switching in and out of its current measurement parameters 10 an alternate set of
parameters that are more oplimal for sensing capacitance and other "setting
determining” functions. This allows it to track slowly changing sample characteristics as
well as dramatic sample changes. if the system determines that a non-sine wave drive
is more appropriate due to the range of conductivity and shunt capacitance present, it
uses its measured values of conductance and shunt capacitance to choose the best
wave shape, and frequency for the measured sample in order to maximize accuracy
and performance,

After the wave shape and frequency have been chosen, the system constantly
adjusts the amplitude of the drive waveform and the gain of the input amplifier chain fo
optimize the measured return signal and its signal to noise characteristics.

The external signal and drive wires connected to the conductivity measurement
cell or probe are both independently shislded and the shields are connected so as fo
electrically guard the return signal in such a way that there is effectively no capacitive

ioad or shunt on the signal return wire and little or no resistive leakage between the
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signal return wire and the guard. This allows for a wide range of cable lengths to be
used without causing any effect to the measurement circuitry and is an improvement
over the prior art where cable and connection capacitance caused major issues (see,
for example, U.S. Patent No. 7,550,979 to Zhou et al., entitled SYSTEM AND METHOD
FOR MEASURING CONDUCTIVITY OF FLUID and U.S. Patent No. 6,232,786 to
Barnett, entitled APPARATUS AND METHOD FOR MEASURING CONDUCTIVITY.

Both before and after the system has processed the return signal and digitally
separated out the in-phase and out-of-phase return signals, it applies various adaptive
filters to the signal to further improve signal to noise.

The present disclosure provides adaptive compensation and wave shape, which
allows for a very wide range of conductivity measurements with auto ranging
capabilities; the wide range of shunt capacitance that can be tolerated by the disclosed
apparatus allows for measurement cells ranging from small to very large A/L (Area /
gap-Length) ratios, i.e. the probe’s cell constant; adaptive filters provide more stable
readings at the extremes of the system's ranges; and self calibration, including the self
calibration of the phase of the compensating out-of-phase signal over all used gains and
frequencies, dramatically increases accuracy of measurements over an extremely large
range of conductivities, dielectric constants and probe cell constants.

The instrument described in this disclosure is capable of determining the
conductivity and dielectric constant of fluids with conductivities ranging from about 1
fS/cm (e.g., 1,4-dioxane or toluene) up to about 1 mS/cm (e.g., 5mM aqueous KCI
solution) and dielectric constants ranging from 1.8 (e.g., pentane or hexane) to almost
200 (e.g., n-methylacetamide or n-methylformamide). A short list of example liquids that

fall within this range are given in Table 1 below:

Date Regue/Date Received 2020-06-29



CA 02906480 2015-09-14

WO 2014/150785 PCT/US2014/024226

Table 1
Examples of liquids which ars all within the measurement range of the disclosed apparatus

Solvent Conductivity Relative
(Slom) permittivity
(dislectric
1 4-Dioxane 5 OE-15] 2.2
1.2-Dichiorogthane 40.0E-12 10.4
Nitrobenzens 200.0E-12 34.8
Acetonitrile 800 08121 359
‘Methanol 1.5E-09 327
Civethyl suifoxide 2009 45 5
Acelone 5.0E-08 20.8
Nitromethane 5.0FE-09 38,7
Water 60.0E-08 78.4
N-Methylformamide 800.0E-00 1824
1 mM Ag. KCI solution 147.0E-08 COTRAN

Notes:

(1 Alf values at 25 degrses Centigrade

@ Uniess otherwise noted, data is from "Electrochemistry in Nonaqueous Solutions”, Kostike
lzutsy, Wiley-VCH, 2008

3y From "Physical Chemistry®, Third Edition, Daniels & Alberly, John Wiley & Sons, 1566

Because of the wide range of values that can be measured by this instrument, it
is also desirable to have probes for which the cell constant (defined as A/L, the Area fo
gap-Length ratio) does not change over the entire range of fluld parameters that might
he encountered. The current disclosure also provides a probe design utilizing a fully
guarded signal electrode as well as incorporating a taper mechanism fo accurately
maintain the concentricity batween the outer cylinder electrode and the inner cylinder
electrodes. The taper design further enables the ability to easily remove the outer
slectrode to facilitate cleaning while providing a robust method of ensuring that the cell

constant remains unchanged even after many removalfre-attachment cycles,

BRIEF DESCRIPTION OF THE DRAWINGS
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The various features and advantages of the present disclosure may be more
readily undersiood with reference to the following detailed description taken in
conjunction with the accompanying drawings, wherein like reference numarals
designate like structural elements, and in which:

Figure 1 illustrates a schematic circuit diagram according to an embodiment of
the present disclosure;

Figure 2 illustrates a schematic circuit diagram according o an aiternate
embodiment of the programmable phase adjustment function of the present disclosure;

Figure 3 illustrates a schematic circuit diagram showing an embodiment of the
calibration function of the present disclosure;

Figures 4A and 48 illustrates schematic diagrams of an unguarded and fully
guarded concentric cylinder conductivity cell; and

Figures 5 and 5B Hflustrate a cross section diagram of a fully guarded concentric

cylinder conductivity cell of the present disclosure.

DETAILED DESCRIPTION

The present disclosure provides a method for measuring the electrical
conductivity, dielectric constant, and related properties of liquids and an apparatus that
implements said method. The present disclosure also provides a guarded probe for
use with the measurement apparatus.

Figure 1 shows a schematic circuit diagram according to an embodiment of the
present disclosure, the circuit comprising major compenents indicated below as being
coupled to a liquid sample sensor {cell or probe) and to a processor. The processor
(10) can be of standard form, e.g., & Texas Instruments TME320F2808 microprocessor
controfler for transmitting manual and/or programmed instructions to the circutt
components and storing and managing data obtained. It is programmed to implement
the process steps described below.

The return-signal-processing-units amplifiers and filters whose characteristics
can be dynamically changed are schematically represented by amplifier (1), feedback
network (2), programmable filter section (3), and Programmable Voltage Gain Amplifier

(4) as shown in Figure 1. The sensor retumn signal is connected to the summing
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junction {(12) of an amplifier (1) [which can be implemented with a component such as
Analog Devices, Inc. ADB627], which is connected to perform as a transimpedance
amplifier. The feedback network (2} around the amplifier (1) is controlled by the
processor {10) and in one embodiment can vary the gain of the amplifier (1) from about
10,000 V/A to about 100 million WA, The output of the transimpedance amplifier (1) is
connected fo a programmable filter section (3) [which can be implemented with
components such as a Maxim MAX7424 and MAX7405 connected so that the
processor can control both and select which one is being used],

The processor {10) controls the characteristics of the filter (3) to optimize the
band-pass fo produce the best wave shape and signal to noise performance for a given
expected return signal. For example, in one embodiment, if the expected return signal is
a low frequency sine wave, the programmable filter (3} is adjusted to provide a linear
phase characteristic with a high frequency cut off, which is a precise small multipie of
the expeacied frequency. That insures that the return sine wave is passed on with a well-
kxnown caloulated phase shift and that the noise bandwidth of the return signal is
minimized.

As another example, if the expected return waveform is a square wave, the
fiter's high frequency cut off is set much higher than the fundamental frequency of the
square wave so as not to distort the edges of the waveform and the characteristics of
the filter are changed from a linear phase type filter to a fast roli off elliptical type filter
since sine wave phase shift is no longer an important issue.

The Programmable Filter (3) is connected fo a Programmable Voltage Gain
Ampilifier (4), which in one embodiment has gains ranging from 1x to 100x {which can
be implemented with a component such as a Linear Technology LTCE912] The
processor {10) controls the gain of this amplifier to make the processed return signal as
large as possible without causing signal clipping or distortion. The output of the
programmable ampiifier (4) is connected to an Analog to Digital converter (ADC) (8)
fwhich can be implemented with a component such as an ADC integrated into the
microprocessor], which in turn is connected to the processor (10}

in one embodiment, the processor {10) controls the ADC sampling rate to be an

axact multiple of the stimulus frequency (regardiess of wave shape) and conlrols its

10
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detection algorithm to be in phase with the output stimulus signal. The synchronous
nature of the detector is able to measure the in-phase and out-of-phase components of
the return signal in a sine stimulus drive and is also able to automatically adjust for the
polarity reversals of a square wave stimulus signal.  The synchronous nature of the
detector results in a very narrow band filter for noise reduction. Both beforg and after
the system has processed the return signal and digitally separated out the in-phase and
out-of-phase return signals, it applies various adaptive filters to the signal to further
improve signal to noise.

The signaldriving-unit in accordance with one embodiment is schematically
represented by the Programmable Waveform Generator (5) and Programmabile Voltage
Gain Amplifier (8) as shown in Figure 1. To control the sensor's drive electrode, the
orocessor {10) sets the Programmable Waveform Generator (5) [which can be
implemented with a component such as an Analog Devices AD837] to a waveform
type and frequency that is appropriate for the sample being measured. This waveform
generator (5} is not only used to change frequency based on the sensed characteristics
of the sample being measured, but also used to change the wave shape based on
range and type of characteristic being measured. For example, for a sample with a very
low value of conductivity (e.g., 100 fS/iom) and a relatively high system shunt
capacitance {(e.g., 750 pF), it might be best to measure the conductivity with a square
wave at 1 Hz. The optimum frequency for the square wave, however, is a function of
both the speed at which the double layer forms at the electrodes and the system shunt
capacitance. it is therefore necessary to periodically check the value of the system’s
shunt capacitance as well as its conductivity to insure that the frequency range is
correct. While a 1 Hz square wave may be optimum for the conductivity measurement,
the capacitance may be best measured with a sine wave at 100 Hz. in this example, the
processor {10) can periodically switch the drive from the 1 Hz square wave to a 100 Hz
sine wave, make the appropriate capacitance measurement, set the new conductivity
drive parameters if necessary, and then switch back to those conductivity drive
parameters. Waveforms other than sine and square can of course be generated and
used as appropriate, for example, triangle waves, trapezoidal waves, modified trapezoid

waves (e.g., truncated sine wave), compound waves (e.g.. superimposition of sine

11
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wave, square wave, efc.), and other arbitrarily shaped waveforms. This ability aliows the
systern to be used to measure arbitrary liquids and liuids with changing characteristics,
for example, titration experiments or production mixing measurements.

The waveform generator (5) is connected to a Programmable Voltage Gain
Amplifier (8). The processor (10} adjusts the gain of this amplifier (8) to put enough
drive amplitude on the sensor's drive electrode to maximize signal to noise without
causing return signal clipping or over stressing the sample being measured. The output
of this amplifier (8) is connected to the sensor's drive electrode.

To implement the signal modification element, which is capable of adding to or
subtracting from the sensor return signal, the waveform generator (5) is also connected
to a programmable Phase Adjuster (7). This function can also be accomplished with two
separate Programmable Waveform Generators (5) and (11) that are set to he a
programmed phase apart from each other (see Figure 2}, The processor (10) adjusts
the phase of this path (Fig. 1 item 7 or Fig. 2 item 11) so that it is equal to and opposite
in sign from (i.e., 180 degrees out of phase with) the detected out-of-phase component
of the return signal. This phase adjusted signal is connected to a Programmable gain
Transconductance Amplifier (8) the output of which is connected to the summing
junction (12) of the Transimpedance amplifier (1).

The processor (10) controls the gain of the Transconductance Amplifier 8 to
convert its input voltage waveform to the appropriate amplitude current waveform to
subtract out most of the incoming cut-of-phase component. This reduces or eliminates
the out-of-phase component the input transimpedance amplifier sees and can prevent
signal clipping in systems with very low conductivities and high shunt capacitance. In
such cases, the return signal component from the shunt capacitance (out-of-phase) can
be orders of magnitude larger than the component from the conductivity (in-phase}.
Because of this, small phase errors in the compensating subtracted current can cause
large measurement errors as these phase errors project some of the compensation
signal onio the return signal's in-phase component.

The apparatus of the present disclosure can internally calibrate the phase of this
compensating signal. in one embodiment, (referring to Figures 1 & 3) as part of the

calibration cycle, the sensor is disconnected from the signal retwn input and a sine
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wave of known phase is introduced into the input transimpedance amplifier (1) via the
programmable transconductance amplifier (8). The phase of the signal being measured
at the ADC (9) is then used to determine the system’s phase error through that path.
Next, the transconductance amplifier gain is set to zero and an internal calibration
precision resistor {13) is connected between the output of the drive amplifier (8) and the
signal return input. A sine wave signal is then applied to the output sensor drive line and
the phase of the return signal is measured at the ADC (9). The processor (10} now
knows the internal phase errors in all of the signal paths and uses this information
properly set the phase adjustments used in the compensating signal as well as any
algorithmic correction.  This process is repeated for all used drive frequencies and, ¥
necessary, gains.

in snother embodiment, as part of the calibration cycle, the sensor is
disconnected from the signal return input and an internal calibration capacitor (14) is
connected between the output of the sensor drive amplifier (8) and the signal retumn
input. A sine wave signal is then applied to the output sensor drive fine. The capacitive
connection causes a 90-degree out-of-phase signal to appear on the input of the
transimpedance amplifier (1). The transconductance amplifier (8) gain is set so as {0
minimize the out-of-phase component at the output of the transimpedance amplifier {1
8% in normatl operation. In an ideal system, this should provide an in-phase component
of zero amplitude, but in a real system, there is a residual in-phase component.

The waveform driving the transconductance amplifier (8) is then swept through a
phase range, with the ADC synchronous detection algorithm synchronized to gach
phase. When the detected in-phase amplitude crosses from a negative to positive
value, the optimal phase is found by interpolating between the closest negative and
positive reading phase values. The system uses this information to properly set the
phase adjustments used in the compensating signal as well as any further aigorithmic
correction.  The algorithmic correction is used by the system’s processor to further
correct the phase induced error beyond the resolution capabiliies of the hardware
programmable phase adjuster. This process is repeated for all used drive frequencies

and, if necessary, gains.
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The absolute values of the various input adjustable gain blocks are also
calibrated using an on-board precision resistor (13).  In addition, any scaling
requirements between sine, square, and any other used waveform are also calibrated.

To aid in minimizing unwanted system capacitance, the external signal return
and drive wires connected to the conductivity measurement cell, sensor, or probe are
both independently shielded and the shields are connected so as o electrically guard
the return signal in such a way that thers is effectively no capacitive load or shunt on the
signal return wire and little or no resistive leakage between the signal return wire and
the guard. This allows for a wide range of cable lengths fo be used without causing any
effect to the measurement circultry and is an improvement over the prior art where
cable and connection capacitance caused major issues. With an instrument capable of
determining the conductivity and dielectric constant of fluids with conductivities ranging
from about 1 fS/cm (e.g., 14-dioxane or toluene) up to about 1 mS/em (e.g.. SmM
agueous KCI solution) and dielectric constants ranging from 1.8 (e.g., pentane or
hexane) to almost 200 (e.g., n-methylacetamide or n-methyliformamide), it is also
desirable to have probes for which the cell constant {(defined as A/, the Area to gap-
Length ratio) does not change over the entire range of fluid paramelers that might be
encountered.

The probe in one embodiment comprises a concentric cylinder design. The probe
can include guarded, unguarded, or only partially guarded signal electrodes. As can be
seen in Figure 4(A), the field lines (28) between the outer cylinder electrode (22) and
the signal electrode (21), although uniform in the center of the probe, fringe at the ends
of the signal electrode. This fringing causes the effective cell constant (A/L) to be larger
than that calculated from the geometry of the probe. The extent of this fringing is a
function of the physical properties of the sample under fest (e.g., dielectric constant),
thus causing the effective cell constant to vary significantly over the wide range of
sample properties measurable with the system disclosed.

in one embodiment, the probe employs a fully guarded signal slectrode. As can
be seen in Figure 4(B), the guard electrodes (24), which are kept at essentially the
same potential as the signal electrode (23), cause the field lines (26) between the outer

eylinder electrode (25) and the signal electrode (23) to remain essentially uniform over
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substantially the entire length of the signal electrode. Moreover, with sufficiently thin
insulator rings (27) between the signal electrode and the guard electrodes, the variation
of the slight non-uniformity near this area causes a negligible change in the cell
constant over the full range of liquid properties encountered.

The probe in one embodiment also uses a taper to accuratsly maintain the
concentricity between the outer cylinder electrode and the inner cylinder electrodes.
Figure 5(A) shows an external view of this probe and Figure 5(B) shows a sectional
view of this probe. The use of a taper (30) to maintain the concentricity of the inner
oylinder assembly and outer electrode (31) eliminates the need for any mechanical
support at the far end or any other point along the cylinders, allowing for ease of fiuid
flow and clean-out. It also enables the ability to easily remove the outer electrode to
facilitate cleaning while providing a robust mathod of ensuring that the cell constant will
remain unchanged even after many removalfre-attachment cycles.

The inner electrode assembly comprises a central (signal) electrode (32)
separated from an upper guard electrode (33) and a lower guard electrode (34) by thin,
insulating bushings (35). An insulator (36) separates the upper guard elactrode {33}
from the taperad hub (37) that makes contact with the outer (drive) cylindrical glectrode
{31). By using insulators between the signal and guard electrodes that are very thin
compared fo the length of the signal electrode, the effective cell constant can be kept
very close to the geometric cell constant for all sample liquids. If the width of the
insulators are on the order of the gap-length between the two concentric electrodes, or
more preferably equal to or less than the gap length, it is possible to keep the change in
cell constant below 0.1% as the dielectric constant changes from 1.8 to 200. Both guard
clectrodes shield the signal electrode from external noise signals, and the upper guard
slectrode effectively eliminates any leakage current from the drive electrode. This
design resuits in a probe for the measurement of conductivity that is well shielded from
external electrical noise and has a cell constant that is effectively independent of the
sample material being measured. Cabling and slectrical connections have been partially
removed from Figure 5(B) for clarity.

Hereafter, apparatus and method for measuring electrical properties of matter in

accordance with the present disclosure are described in further detail,
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AGC CORRECTIONS FOR OPERATING ENVIRONMENT

The above described instrument rapidly measures conductivity in a wide range of
fluld specimens having a large range of base conductance and dielectric properties that
require automatic gain control (AGC) correction.  As a result of the large range of
intended measurement targets, the instrument must encompass a very large dynamic
range of gain in order to be able fo digitize input signals large enough to perform
calculations and small enough to not saturate amplifiers andior the analog to digital
converter. Furthermore, the dielectric property of a given specimen presents itself as a
bulk capacitance in parallel with the resistive conductivity measurement.

Along with needing to operate over the described large signal dynamic range, the
instrument also operates over a range of frequencies, typically from DC or near DC to
several thousand Hz. This means that any fiuid capacitance presents as an input
current proportional to frequency and with a 90 degree phase shift in addition to the
resistive measurement current. The AGC deals with these properties using several gain
adjustment devices, programmable filters, capacitive current subtraction devices,
variable frequency and phase waveform direct digital synthesis (DDS) devices, and an
analog to digital converter (ADC).

in a typical measurement task, the AGC provides an output stimulus driving
voltage (e.g., sine or square wave) at a frequency in some range. The resuiting
resistive and capacitive (quadrature) currents are input to a variable gain
fransimpedance (current to voltage) amplifier. In order to not saturate the
fransimpedance amplifier with quadrature signal proportional to specimen capacitance
and stimulus frequency, the AGC is configured to calculate and apply a quadrature
cutrent 180 degrees out of phase with the specimen capacitive current at an amount
needed fo nearly cancel it. In the case of square wave stimulus this quadrature current
is not present.

Following the transimpedance amplifier, the signal is conditioned with out of band
analog low pass fiters (to filter any high frequency noise) followed by a variable
bandwidth programmabile filter {e.g. 5 pole Bessel for sine wave signals, or 8 pole
butterworth for square wave signals). The filters are followed by a programmable gain

amplifier (PGA) and finally the analog to digital converter. The dynamic range of the
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AGC is a function of the available output and input gains. The output stimulus is
generated by a fixed gain DDS of adjustable frequency and phase waveform (e.g., sine
or square) followed by a 14 bit gain adjustment digital to analog converter (DAC). The
DAC thus has an adjustment resolution of 1/16383. The transimpedance amplifier
accepting the resulting input current has selectable gain ranges of nominally, e.g., 10K
VIA, M VA, TOM VA, and 100 M VA

in the case of sine wave stimulus, a current pump circuit using, for example, a
transconductance amplifier can provide an adjustable quadrature subtraction current via
a second DDS (adjustable frequency and phase) and a second 14 bit DAC channel.
Following the transimpedance amplifier and filters, the PGA has programmable nominal
gain selections from, e.g., TV to 100 V/V. The ADC is, e.g., & 12 bit converter having
a resolution of 1/4095.  Gain adjustment range thus is, e.g., from 1M V/A * 1/16383 to
1000M VA or (20 log(16383*100710))=164 dB. In addition to the gain range, the ADC
of course has a range over which signals are large enough for computation and small
enough to insure no saturation. If this range is something like 50 ADC counts to 3500
ADC counts then the dynamic range is further increased by another 37 dB for a total of
201 dB.

The AGC is configured to find the appropriate signal gain and quadrature
subiraction over this enormous range to achieve optimal signal levels for conductivity
and dielectric constant measurement. Further, the system has the capability to
synchronize the ADC process with the stimulus waveform. This synchronization allows
the ADC process to provide an ouiput that is proportional {o an in-phase representation
(with respect to stimulus voltage phase) of input current and in the case of sine wave
mode, an output that is proportional to the quadrature (80 degrees phase shifted)
current resulling from specimen capacitance.

For instance, since the ADC process knows that it is in phase with the stimulus
voltage and it has a fixed number of data acquisition events per stimulus period, f it
sums the readings for the first half of the period and subfracts the readings for the
second half, a result that is proportional to an in phase sine wave and independent of
any 80 degree phase shifled sine wave can be achisved. Similarly, the amount of

quadrature signal independent of any in-phase signal can be calculated by sumMmming
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and subtracting the appropriate samples during the period. A second feature is that, to
achieve higher results resolutions, the ADC process can be commanded (o accumulate
muiltiple periods of stimulus frequency before reporting a new result for computation.

IDEAL AGC OPERATION

The AGC can function, as necessary, in an iterative process that may take many
instances to achieve the final settings. Since new information required for the AGC
takes some time o be acquired, the AGC typically performs an operation and returns
control to other processes while new ADC data is acquired in the background. To aliow
iterative operation and to know at what state in the process it is and what the history of
adjustment has been it keeps some static flags and valugs that indicate whether the
AGC has been already in process and some information about the effects of what has
been previously done. If this is the first iteration of a new AGC process, these flags
and values are initislized and the ADC accumulation count is setup.  Higher
accumulation numbers provide higher ADC signal oulput resolution and noise immunity
at the expense of fime of acquisition, so this value can range from 1 for lower
frequencies fo many periods for higher frequencies and faster periods. The AGC
identifies to external processes via a globally accessible flag that it is active. On each
iteration of the AGC, it waits for the ADC to indicate it has acquired a new set of data
{typically this acquisition has been occurring in the background while some other
process has been running and so is available to the AGC when it is invoked). The AGC
first chacks for ADC saturation. If there is saturation, but only either high or low level
but not both, a routine to null input offset is called since any DC level not at ¥ the ADC
input voltage range could result in such a symptom even if the overall gain is
satisfactory. This process will only occur once and on further iterations of the AGC any
saturation is considered equally. If saturation is seen the PGA setling is examined and
if greater than 1V/V is lowered one step (the gains are arranged in 1, 2, 5, 10, 20, 50,
and 100 V/V steps) and control retumns to external processes. On the next AGC
iteration if the saturation is still seen and the PGA has reached 1 V/V then the
fransimpedance amplifier gain is examined and ¥ higher than 1 MV/A is lowered a
decade on each AGC fteration until it reaches 1 MV/A. f after lowering the input gains a

subsequent AGC iteration is still seeing saturstion the output signal level DAC is
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lowered by a factor of 2. If sine wave mode is active the quadrature subtraction cuent
DAC is also lowered by a factor of 2. If the AGC cannot achieve a viable signal afler
terations of this process it will indicate to other processes that it is limited low and end.

Ornce a signal that is in range has been acquired (i.e., saturation is not indicated
by the ADC), any input DC offset is nulled (as it is likely that & previous AGC fteration
has changed a gain} and a reading indicating the peak fo peak input as measured by
the ADC is made. If the peak to peak value is larger than some limit {foo close to
saturation) it is deemed that the gain needs to be lowered. First, if the drive voltage
output DAC is greater than 1000 it is halved. [f this is not the case and the PGA is
greater than 1 VNV, it is lowered one level. f the PGA is at 1 V/V then the
transimpedance gain is lowered.  After each change the AGC returns to external
DFOCESSES,

If the peak to peak signal is less than the lower limit of an acceptable range then
it is deemed that the gain needs to be increased. If the value is less than half of the
upper limit of the range, the output voltage drive DAC is increased by a factor of 1.5, If
the value is greater than ¥ of the upper limit of the acceptable range, but below the
lower limit of the range then the DAC is increased by a factor equal to .85 times the
upper limit divided by the peak to peak value. Any increases are of course limited to the
full scale value of the DAC. Furthermore, since the quadrature subtraction current will
also need to increase by the same muliiplicative factor, any change is limited to the
amount that would saturate the quadrature subtraction current output DAC as well. In
square wave mode the quadrature DAC is not an issue and is held at 0. Any time a
change is made to an output DAC in sine wave mode the next iteration of the AGC wil
run the quadrature current subtraction process which measures the amount of
guadrature input from the ADC and adjusts the subtraction current oulput DAC
accordingly.

Once the output DAC has been increased as high as it can be, if the peak to
peak input is still too low, the input gains need o be increased. I the peak to peak
signal is less than 1/10 of the acceptable range upper limit and the transimpadance gain
is at 1 MV/A, the gain is increased to 10 MV/A.  If on a subsequent AGC iteration, the
peak to peak value is still less than 1/10 of the upper acceptable limit or the PGA gain is
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SV or greater the transimpedance gain is increased to 100 MV/A. If the peal to peak
level was greater than 2/10 of the upper acceptable range limit then the PGA gain is
iowered two increments. If the value was greater than 1/10 but less than 2/10 of the
upper limit the PGA gain is only lowered one increment. After transimpedance gain
adjustments, if the peak to peak signal is still too low, then the PGA gain is 10 be
increased. The peak to peak value is scaled up according to how much a PGA setting
increment would increase gain (either 2x or 2.5x) o calculate what the next expected
peak to peak reading will be. If this value is greater than the upper limit of the
acceptable range then the output DAC voltage is lowered in concurrence with the PGA
increase to adjust the net gain lower by an amount expected 1o keep the peak to peak
value in the acceptable range. In the case where the expected peak to peak increase
will not exceed the upper limit of the acceptable change, the PGA gain is increased one
level without any output DAC adjustmenis. Once the maximum value of the PGA (100
V) is reached, if the input signal is still too low, then a globally accessible flag is set
that indicates the AGC is at maximum, unless the quadrature current subtraction output
DAC is at full scale in which case a flag indicating that the AGC gain is capacitance
limited is set.

POSSIBLE COMPLICATIONS AND RESOLUTION

The above algorithm works well with ideal signals. However, in actual
measurement circumstances thera can be complications. One such complication is the
presence of non-synchronous noise signals which can range from high frequency
switching noise to 80 Hz pickup. Measurement noise is exacerbated by the presence of
capacitance in the target sample. Capacitance can provide an impedance path for
noise current that is orders of magnitude less than the sample resistance. For instance
a capacitance of 100 pF has an impedance at 18 Hz of 88 MOhm which could be in
parallel with a resistive measurement of 10’s of GOhm. One notable effect of non-
synchronous noise is that the measured resulting ADC signal level is a function of input
gain {Le. increasing the PGA gain increases the noise level accordingly), but decoupled
from output gain (i.e. changing the output DAC level changes the signal level but not the
noise level). The AGC infers the presence of noise by detecting ADC saturation in

cases where it expected no such saturation due to a change. For instance in the case
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as described in the previous section where the PGA is to be increased, but the increase
would be expected to produce an ADC oulput that is too large, the increase is
accompanied by a reduction in the output voltage DAC to bring the expected signal
back into range. This of course doesn’t work in the case where a large part of the signal
is noise and not signal, since the PGA increase increases the noise level, but the DAC
adjustment does not lower it. So in the case where the AGC sees ADC saturation, in
cases where it isn't expecting i, it lowers the acceptable ADC range and it limits PGA
increases to those which won't require a concurrent reduction in output DAC voltage.
Other considerations come into effect regarding the noise composition. The sine and
square wave modes of operation each have a programmable filter associated with their
signal paths. In the sine mode case the filter breakpoint is set {o be the output signal
frequency divided by .456 which along with filtering provides a precise 30 degree phase
shift that is easily accounted for in the ADC acquisition process. At 18 Hz and lower this
breakpoint results in very good noise discrimination at 80 Hz and above.  Of course at
higher signal frequencies the ability to attenuate 60 Hz noise ie reduced or nonexistent.
Square mode cannot tolerate a filter breakpoint so close to the operating frequency
because of the resulting signal distortion as the filter decays from the square mode step
changes. Because of this the square mode filter is set to be at the operating frequency
divided by .14. With this sefting no appreciable 60 Hz discrimination ocours until the
stimulus frequency is at or below 4.5 Hz

Another complication is that square wave mode never runs in isolation, but is
instead accompanied by interludes of sine wave mode so that system capacitance can
be measured. This is useful for instance in distinguishing open probefempty probe
conditions (very high resistance and low capacitance) from very high impedance
samples, where square mode would normally be in effect (this open probe/empty probe
detection could optionally be reported to the user). it is also useful for determining, due
to capacitance, what a good square wave frequency would be in order o discriminate
against noise. For higher capacitances it is desirable to run at lower frequencies where
the 8 pole butterworth filter can attenuate 60 Hz pickup as described above. Because
of the differing noise environments as well as the presence of quadrature current in sine

mode, the two modes generally operate at largely different AGC setlings. To
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accommadate this, the AGC runs independently in both modes generating an optimal
set of settings for each. These values are memorized in holding registers so that upon
switching from one mode to the other the proper values can be restored. Each mode
gets stable signals where the AGC does not have to be continually adjusting (and
throwing step changes into the input circuitry), however initial step changes where
circuitry commeon fo both modes such as output voltage level, quadrature current
subfraction setting, and transimpedance gain that must be adjusted, do exist. This
requires a waiting period after each mode switch fo allow the associated filters to settle.
The result is that after this initial waiting period on a mode change, the AGC does not
have further adjustments to make.

For the purpose of better describing and defining the present disclosure, it is
noted that terms of degree (e.g., “substantially,” “about,” and the like) may be used in
the specification and/or in the claims. Such terms of degree are utilized hersin to
represent the inherent degree of uncertainty that may be attributed to any guantitative
comparison, value, measurement, and/or other representation. The terms of degres
may also be utilized herein to represent the degree by which a guantitative
representation may vary {e.g., and not as a limit, £10%) from a stated reference without
resulting in a change in the basic function of the subject matter at issue.

It is to be understood that the above-described embodiments are merely
Hustrative of some of the many specific embodiments that represent applications of the
principles discussed above. Clearly, numerous and other arrangements can be readily
devised by those skilled in the art without departing from the scope of the claims.

What is claimed is:
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CLAIMS

1. An apparatus for operation with a sensor contacting a liquid to measure an
electrical property of the liquid, the apparatus comprising:

a waveform generator module configured to generate a first waveform signal and
to supply the first imposed waveform signal to the sensor and to generate further
waveforms, for sensing and adjusting phase, frequency, amplitude and wave shape to
optimize measured return signals and signal to noise characteristics;

a phase adjustment module configured to receive the first waveform signal from
the waveform generator module and to dynamically generate a phase-shifted signal from
the first waveform signal, said phase-shifted signal having a phase that is adjusted via
the phase adjustment module and an amplitude that is adjusted via a programmable
transconductance amplifier, both in response to expected or measured properties of the
liquid and further adjusted to compensate for apparatus hardware phase error induced
inaccuracies in the measurement;

a signal combination module configured to receive a return signal from the sensor
and the phase-shifted signal from the phase adjustment module and to sum the return
signal and the phase-shifted signal to produce an adjusted return signal containing
information associated with the electrical property of the liquid, and
the combination of said apparatus modules as a whole configured to enable for adaptive
compensation and shaping arbitrary waveforms measurement of electrical conductivity
over a continuous spectrum utilizing different waveforms and compensating for phase

error induced inaccuracies in the measurements.
2. The apparatus of claim 1, further comprising a filter module configured to receive
the adjusted return signal from the signal combination module and to frequency filter the

adjusted return signal.

3. The apparatus of claims 1 or 2,
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wherein the return signal from the sensor comprises an in- phase component and an out-
of-phase component, and the phase-shifted signal comprises an inverse of the out-of-

phase component of the return signal.

4. The apparatus of claim 2 or 3, wherein the filter module comprises:

a programmable amplifier and a programmable filter component; or
a programmable voltage gain amplifier and an analog-digital converter.

. The apparatus of any one of claims 1-4, wherein the waveform generator module
is configured to periodically alternate the first waveform signal between a sine wave and

square waves and the return signal is a sine wave or a square wave.

6. The apparatus of any one of claims 1-5, in combination with a sensor, the sensor
comprising:

an electrode section comprising inner and outer cylindrical electrodes;

a base portion upon which one of the inner and outer cylindrical electrodes is
mounted, the base portion having a first tapering section, and the other of the inner and
outer cylindrical electrodes having a second tapering section configured such that the first
and second tapering sections engage with each other to maintain precise concentricity
between the inner and outer cylindrical electrodes; and

a fastener configured to hold the first and second tapering sections.

7. The apparatus of any one of claims 1-6, further comprising a sample holding cell
for engaging the liquid, and having a signal electrode fully electrically guarded to reduce
electrical field fringing at edges of the signal electrode, such that a cell constant of the
apparatus is maintained with respect to a range of the electrical properties of the liquid,
that comprise liquid conductivity, wherein the range is between 1 fS/cm and 1 mS/cm,

and dielectric constant, wherein the range is between 1.8 to 200.
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8. The apparatus of claim 1 combined with a sensor configured to contact the liquid,
comprising

an outer cylindrical electrode,

an inner signal electrode concentric with the outer electrode, and

two cylindrical guard electrodes respectively disposed adjacent an end of the inner
signal electrode and electrically isolated from the signal electrode by intermediate
insulating rings with widths equal to no more than the gap between the inner and outer
concentric guard electrodes, wherein the guard electrodes arc configured to cause
electric field lines between the outer cylinder electrode and the inner signal electrode to
remain uniform over an entire length of the inner signal electrode and reduce electric field

fringing at the edges of the signal electrode.

9. The apparatus of claim 8, further comprising:

a base portion upon which the inner cylindrical electrode is mounted, the base
portion having a first tapering section, the outer cylindrical electrode having a
corresponding second tapering section configured such that the first and second tapering
sections engage with each other to maintain precise concentricity between the inner and
outer cylindrical electrodes; and

a fastener configured to hold the first and second tapering sections.

10. The apparatus of claim 8 or 9, wherein the guard electrodes have an electric

potential same as that of the signal electrode.

11.  The apparatus of any one of claims 1-10, constructed and arranged so that the
first generated waveform can be selected based on properties of the liquid being

analyzed.

12. The apparatus of claim 7, constructed and arranged so that the cell constant
change is less than 0.1 % over a first range of sample dielectric constants and with

respect to a range of the electrical properties of the liquid.
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13. A method of operating with a sensor to measure an electrical property of a liquid

contacted by the sensor, the method comprising:

applying to a liquid sample contacted by the sensor a first imposed waveform
signal and generating further waveforms responsive to below related steps differing as

to the phase, frequency, amplitude and wave shape;

receiving a return signal from the sensor’s response to a liquid sample contacted

thereby;

dynamically generating a phase-shifted signal from the first imposed waveform
signal by adjusting a phase of the first imposed waveform signal and adjusting amplitude
by a programmable transconductance amplifying action in response to expected or
measured properties of the liquid and further adjusting the phase to compensate for

apparatus hardware phase error induced inaccuracies; and

adding the phase-shifted signal to the return signal to provide an adjusted return

signal containing information associated with the electrical properly of the liquid,

the combination of said steps, as a whole, enabling adaptive compensation and
arbitrary form wave shaping to enable measurement of electrical conductivity and to
maintain measurements over a continuous spectrum or portions thereof, utilizing different

waveforms and compensating for phase error induced inaccuracies in the measurements.

14.  The method of claim 13, further comprising frequency filtering the adjusted return
signal to obtain a final signal containing said information associated with the electrical

property of the liquid.

15. The method of claim 13 or 14, wherein, the return signal comprises an in-phase
component and an out-of-phase component, and the phase-shifted signal is an inverse

of the out-of-phase component of the return signal.

16.  The method of claim 13 or 14, further comprising applying a square wave to the
liquid sample before or after applying the first imposed waveform signal to the liquid, the

first imposed waveform signal comprising a sine wave or a square wave.
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17.  The method of claim 16, further comprising alternating the first imposed waveform

signal between the sine wave and square wave.
18.  The method of any one of claims 13, 14 or 15-17, further comprising:

choosing a first imposed waveform of a wave-shape to he optimum for measuring

electrical properties of the sample liquid; and

periodically changing the wave-shape to optimize the first imposed waveform in
response to dynamically changing values, combinations, and measurement conditions of

the electrical property of the liquid to be measured.

19. A computer readable storage medium having instructions stored therein, the
instructions being executable by a computer apparatus and, when executed, causing a
measurement apparatus according to any one of claims 1-12 to perform the method

according to any one of claims 13-18.
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