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DESCRIPTION

NON-INVASIVE SAMPLE-INTERROGATION DEVICE

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to United States Provisional Patent Application
No. 62/395,218 filed September 15, 2016, and to United States Provisional Patent
Application No. 62/382,104 filed August 31, 2016, the contents of all of which applications

are incorporated by reference.
FIELD OF INVENTION

[0002] The present disclosure is generally directed to non-intrusive materials analysis
techniques, and more particularly to liquid component analysis and characterization using

scattering parameters and/or Smith charts.
BACKGROUND

[0003] Typically, testing of liquids and other materials to determine the contents thereof
is performed using chemically-reactive processes. Such processes introduce new substances
into the sample being tested, which may cause a tested sample to become unfit for additional
testing. In such scenarios, a different sample is needed for each different type of test to be

performed, and is typically performed manually.
SUMMARY

[0004] The present disclosure provides systems, methods, and computer-readable storage
media operable to analyze an unknown material to identify one or more characteristics of the
material. In some embodiments, a material (e.g., an unknown material) may be placed in a
volume (e.g., an interior channel of a body) that is surrounded by one or more coils. While
the material is within the volume, the one or more coils may be excited, and the behavior of
the one or more coils while excited may be monitored to observe one or more parameters
associated with the behavior of the one or more coils. For example, the one or more
parameters observed during the monitoring may be scattering parameters or S-parameters.
The one or more parameters may be used to generate one or more signatures for the unknown

material, which may then be compared to signatures of known materials to identify the
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presence of one or more of the known materials in the unknown material. For example, some
embodiments may detect the presence of a first liquid, such as vodka, and may be operable to
distinguish when the first liquid is present in its pure form and when the first liquid has been
diluted by a second liquid, such as water. In some embodiments, the signature may be an
Smith Chart generated based on the one or more parameters that were observed during
excitement of the one or more coils.

[0005] In some embodiments, a plurality of signatures, such as a plurality of Smith
Charts, may be generated. In embodiments, some of the plurality of signatures may be
generated by exciting the coils at different frequencies, which may alter the behavior of the
coils for a particular observation of the one or more parameters (e.g., the one or more
parameters may exhibit different values at different frequencies). This may provide a
plurality of signatures that may be used to identify the liquid. For example, a plurality of
Smith Charts representing the behavior of the one or more coils when excited at different
frequencies may be generated. Increasing the number of signatures for a liquid may increase
the reliability of a system configured to identify a liquid according to embodiments.

[0006] The term “coupled” is defined as connected, although not necessarily directly, and
not necessarily mechanically. The terms “a” and “an’ are defined as one or more unless this
disclosure explicitly requires otherwise. The term “substantially” is defined as largely but not
necessarily wholly what is specified (and includes what is specified; e.g., substantially
90 degrees includes 90 degrees and substantially parallel includes parallel), as understood by
a person of ordinary skill in the art. In any disclosed embodiment, the terms “substantially”
and “approximately” may be substituted with “within [a percentage] of” what is specified,
where the percentage includes 0.1, 1, 5, and 10%.

[0007] Further, a device or system that is configured in a certain way is configured in at
least that way, but it can also be configured in other ways than those specifically described.
[0008] The terms “comprise” (and any form of comprise, such as *“comprises” and
“comprising”), “have” (and any form of have, such as “has” and “having”), “include” (and
any form of include, such as “includes” and “including”), and “contain” (and any form of
contain, such as “contains” and “containing”) are open-ended linking verbs. As a result, an
apparatus that “comprises,” “has,” “includes,” or “contains” one or more elements possesses
those one or more elements, but is not limited to possessing only those elements. Likewise, a
method that “comprises,” “has,” “includes,” or “contains” one or more steps possesses those

one or more steps, but is not limited to possessing only those one or more steps.
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[0009] Any embodiment of any of the apparatuses, systems, and methods can consist of
or consist essentially of — rather than comprise/include/contain/have — any of the described
steps, elements, and/or features. Thus, in any of the claims, the term “consisting of” or
“consisting essentially of”” can be substituted for any of the open-ended linking verbs recited
above, in order to change the scope of a given claim from what it would otherwise be using
the open-ended linking verb.

[0010] The feature or features of one embodiment may be applied to other embodiments,
even though not described or illustrated, unless expressly prohibited by this disclosure or the
nature of the embodiments.

[0011] Some details associated with the embodiments described above and others are

described below.
BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The following drawings illustrate by way of example and not limitation. For the
sake of brevity and clarity, every feature of a given structure is not always labeled in every
figure in which that structure appears. Identical reference numbers do not necessarily indicate
an identical structure. Rather, the same reference number may be used to indicate a similar
feature or a feature with similar functionality, as may non-identical reference numbers.

[0013] FIG. 1 is a block diagram of a system for identifying an unknown material
according to embodiments of the present disclosure;

[0014] FIG. 2 is an illustrative embodiment of an interrogator device according to
embodiments of the present disclosure;

[0015] FIG. 3A is a diagrams illustrating a side view of a body and coil arrangement
according to an embodiment of the present disclosure;

[0016] FIG. 3B is a diagrams illustrating a top view of a body and coil arrangement
according to an embodiment of the present disclosure;

[0017] FIG. 3C is a diagrams illustrating a schematic view of a body and coil
arrangement according to an embodiment of the present disclosure;

[0018] FIG. 4 is a flow diagram of an exemplary method for identifying an unknown
material according to embodiments of the present disclosure;

[0019] FIG. 5 is a graph illustrating various characteristics of different liquids that have

been interrogated according to embodiments of the present disclosure;
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[0020] FIG. 6 is a chart illustrating characteristics observed during interrogation of
liquids containing alcohol at different concentrations according to embodiments of the
present disclosure;

[0021] FIG. 7 is a diagram illustrating a plot of resonant frequencies observed during
interrogation of liquids containing alcohol at different concentrations;

[0022] FIG. 8 is a diagram illustrating a plot of the minimum IS11l peaks observed during
interrogation of liquids containing alcohol at different concentrations;

[0023] FIG. 9 is a diagram illustrating Smith charts generated based on observations
during interrogation of liquids containing alcohol at different concentrations;

[0024] FIG. 10 is a chart illustrating characteristics observed during interrogation of
liquids containing milk at different concentrations according to embodiments of the present
disclosure;

[0025] FIG. 11 is a diagram illustrating a plot of resonant frequencies observed during
interrogation of liquids containing milk at different concentrations;

[0026] FIG. 12 is a diagram illustrating a plot of the minimum IS11| peaks observed
during interrogation of liquids containing milk at different concentrations;

[0027] FIG. 13 is a diagram illustrating Smith charts generated based on observations
during interrogation of liquids containing milk at different concentrations;

[0028] FIG. 14 is a chart illustrating characteristics observed during interrogation of
liquids containing different milk/alcohol mixes according to embodiments of the present
disclosure;

[0029] FIG. 15 is a diagram illustrating a plot of resonant frequencies observed during
interrogation of liquids containing different milk/alcohol mixes according to embodiments;
[0030] FIG. 16 is a diagram illustrating a plot of the minimum IS11| peaks observed
during interrogation of liquids containing different milk/alcohol mixes;

[0031] FIG. 17 is a diagram illustrating Smith charts generated based on observations
during interrogation of liquids containing different milk/alcohol mixes;

[0032] FIG. 18A is a diagram illustrating aspects of an embodiment of an interrogator
comprising a plurality of coils according to the present disclosure;

[0033] FIG. 18B is a diagram illustrating aspects of an embodiment of an interrogator
comprising a plurality of coils according to the present disclosure;

[0034] FIG. 19 is a diagram illustrating aspects of an embodiment for performing

classification of a liquid using a signature generated according to embodiments;
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[0035] FIG. 20 is a diagram illustrating additional aspects of an embodiment for
performing classification of a liquid using a signature generated according to embodiments;
[0036] FIG. 21 is a diagram illustrating an embodiment of an interrogator device having a
body surrounded by 2 coils;

[0037] FIG. 22 is a diagram illustrating an embodiment of an additional technique for
identifying an unknown liquid using Smith Charts and the related resonant frequencies
according to the present disclosure.

[0038] FIG. 23 1s a diagram illustrating an embodiment of an additional technique for
identifying an unknown liquid using a different arrangements of the coils according to the
present disclosure

[0039] FIG. 24 is a diagram illustrating an embodiment of an additional technique for
identifying an unknown liquid using a plurality of coils according to the present disclosure
[0040] FIG. 25 is a chart of the observed parameters measured during various
arrangements.

[0041] FIG. 26 is a chart showing the use of parameters of several liquids to cross check
the observed parameters in order to generate more signatures. FIG. 27 is a flow diagram of
exemplary method for identifying an unknown material in accordance with embodiments of
the present disclosure;

[0042] FIG 28 is a diagram that illustrates additional aspects of frequency ranges that
may be used to identify a material according to embodiments;

[0043] FIG. 29 is a diagram illustrating aspects of a graphical user interface (GUI) for
configuring a system for interrogation of a sample of an unknown material;

[0044] FIG. 30 is another diagram illustrating aspects of a graphical user interface (GUI)
for configuring a system for interrogation of a sample of an unknown material;

[0045] FIG. 31 is another diagram illustrating aspects of a graphical user interface (GUI)
for configuring a system for interrogation of a sample of an unknown material;

[0046] FIG. 32 is a diagram illustrating aspects of functional relationships and software
modules that may be implemented in an interrogation system configured according to
embodiments;

[0047] FIG. 33 is a diagram illustrating aspects of functional relationships and software
modules that may be implemented in an interrogation system configured according to
embodiments; and

FIG. 34 is a diagram illustrating aspects of functional relationships and software modules that

may be implemented in an interrogation system configured according to embodiments.

-5-
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DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0048] Referring now to the drawings, and more particularly to FIG. 1, an embodiment of
a system operable to perform interrogation of a material (e.g., an unknown material) and to
identify one or more characteristics of the material is shown as a system 100. For example,
various components of system 100 may cooperate to allow an unknown material to be
identified. In some embodiments, the material comprises water, alcohol, coffee, a soft drink,
milk, oil, blood, or a combination thereof. It is noted however, that the exemplary materials
described in the various embodiments of the present disclosure are provided for purposes of
illustration, rather than by way of limitation. Thus, the present disclosure is not to be limited
to the particular materials described herein, as the concepts of the various embodiments of the
present disclosure can be readily applied to identification of other materials.

[0049] Where the unknown material is a liquid, the system 100 may interrogate a sample
of the unknown liquid, and, as described in more detail below, based on the analysis, may
identify one or more characteristics of the liquid, such as one or more types of liquid
contained within the sample. For example, an exemplary system 100 configured according to
embodiments of the present disclosure has been demonstrated to be operable to detect and/or
identify the presence of various concentrations of alcohol in de-ionized water, as described in
more detail below with reference to FIGs. 6-9. In some embodiments, other types of analysis
may be performed by the system 100, such as to determine the moisture content of soil or
when a liquid changes from a first state (e.g., a liquid) to a second state (e.g., a solid).
Additional types and description of the analysis that may be performed using the system 100
are described below.

[0050] As shown in FIG. 1, interrogator device 110 comprises one or more coils 112, a
volume 114, a body 116, and one or more input/output (I/O) interfaces 118. In alternate
embodiments one or more single strip antenna(e) may be used in combination or as a
replacement for the coils 112. Body 116 may define an interior channel, and volume 114
may be the space within the interior channel. A material that is to be tested/interrogated by
system 100 may be placed directly within volume 114 (e.g., in the interior channel). In some
embodiments, the material may be placed inside a container, such as a bottle, and the
container placed in the volume 114. Interrogating a sample that has been placed in a
container may allow the sample to be analyzed without corrupting or altering the sample,
such by contamination of the sample with residue within the interior channel. This may

result in analysis of samples with a higher degree of integrity and reduce the likelihood that
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the contents of the sample are incorrectly identified. This may also enable system 100 to be
utilized for testing samples that need to remain sealed, as described in more detail below. In
some embodiments, the volume 114 may be sized and dimensioned to accommodate a variety
of container sizes. In an additional or alternative embodiment, the volume 114 may be sized
and dimensioned to accommodate a single container size, such as a test tube or another type
of container specifically sized and dimensioned to be received in the interior channel of body
116. Additionally, it is noted that utilizing samples placed in containers may reduce the
upkeep and maintenance of the system 100. For example, if the material is placed directly
within the volume 114, the interior channel of the body 116 may need to be cleaned prior to
interrogating/analyzing an additional sample of material, whereas when the material is placed
in a container, the interior channel of the body 116 may not need to be cleaned prior to
interrogating/analyzing an additional sample of material. This may increase the speed at
which different samples may be analyzed by system 100, which may provide performance
enhancements in some applications of system 100, as described in more detail below.

[0051] In some embodiments, each of coil(s) 112 may be coupled to body 116. For
example, each of coil(s) 112 may be wrapped around an exterior surface of body 116. In
some embodiments, an insulating material or cover may be placed over or around the outer
surface of body 116 and coil(s) 112. The insulating material or cover may help maintain
coil(s) 112 in a desired alignment and prevent damage to the coil(s). In some embodiments,
the coil(s) 112 may comprise two or more coils. In some embodiments, at least one of coil(s)
112 comprises two or more turns (e.g., four or more turns). In some embodiments, a
maximum transverse dimension of volume 114 may be about or substantially 4 centimeters
(cm) or larger. In some embodiments, body 116 comprises a pipe through which the material
flows. For example, in an industrial liquid treatment or processing facility, such as a
wastewater treatment facility or a chemical processing or manufacturing facility, body 115
may be a pipe through which a liquid or liquids flow, and coil(s) 112 may be wrapped around
the pipe to perform analysis of the liquid flowing through the pipe.

[0052] As shown in FIG. 1, one or more I/O interfaces 118 may communicatively couple
the interrogator device to device 130 and/or the one or more signal generators/receivers 120.
More particularly, in some embodiments, I/O interface(s)118 may couple each of coil(s) 112
to a respective one of the signal generators/receivers 138 of electronic device 130, or, in an
additional or alternative embodiment, I/O interface(s) 118 may couple each of the one or
more coils 112 to a respective one of the one or more signal generators/receivers 120. The

one or more signal generators/receivers may be configured to excite each of coil(s) 112 with
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a respective source signal, as described in more detail below. The exciting of coil(s) 112 may
induce a behavior at each of the one or more coils, and the behavior of each of coil(s) 112 in
response to the excitement may be monitored by the respective ones of the one or more signal
generators/receivers. One or more parameters representative of the behavior of each of
coil(s) 112 may be monitored during the exciting of the coils. For example, exciting the
coil(s) 112 with the respective source signal(s) may induce electromagnetic fields for each of
the coil(s), and one or more parameters associated with coil(s) 112 and their respective
electromagnetic field(s) may be observed, as described in more detail below.

[0053] In some embodiments, a matching circuit 122 may be coupled in series with the
coil(s). The matching circuit 122 may be used to match the impedance between two points of
the interrogator device 100, such that power transfer is optimized to the coil(s) 112.
Optimizing power transfer to the coils(s) 112 may increase the sensitivity of the signatures by
generating more precise parameters. For example, a Pi matching circuit may be used to
generate higher quality factors in resonance when identifying de-ionized water. The
matching circuit 122 may enhance sensitivity to other parameters used by the interrogator
100, as described in more detail below.

[0054] Electronic devices 130 may include a processor(s) 132, a memory 134, I/O
devices 136, and the one or more signal generators/receivers 138. In some embodiments,
memory 134 may store instructions that, when executed by the processor(s) 132, cause
processor(s) 132 to perform operations to analyze a material, for example, as described in
more detail below. In some embodiments, the instructions comprise a software program that
may be executed by processor(s) 132 to control operations of system 100 during interrogation
and/or analysis of an unknown material in accordance with embodiments of the present
disclosure, as described in more detail below. For example, the software program may
provide one or more graphical user interfaces (GUISs) that allow a user to configure one or
more aspects of the interrogation and/or analysis, such as to configure one or more
frequencies utilized to excite coil(s) 112 during interrogation and/or analysis of a sample of
unknown material. Additionally, the one or more GUIs may include GUIs that enable the
user to view one or more aspects of the analysis, such as to view information representative
of one or more parameters observed during the analysis, as described in more detail below.
Thus, the software program may provide a suite of tools and functionality that enable analysis
of a material in accordance with embodiments of the present disclosure.

[0055] In some embodiments, signal generators/receivers 138 may be configured to

excite coil(s) 112 and to generate information representative of one or more parameters of
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coil(s) 112 observed during the excitement of the coil(s) 112. In other embodiments the
coil(s) may be used in addition to or replaced with antenna(e). In an additional or alternative
embodiment, electronic device 130 may not include signal generators/receivers 138, and
instead, may be communicatively coupled to one or more external signal generators/receivers
120 that is/are configured to excite coil(s) 112 and to provide to electronic device 130
information representative of one or more parameters of coil(s) 112 during the excitement. In
some embodiments, signal generator(s)/receiver(s) 138 and/or signal generator(s)/receiver(s)
120 may comprise a vector network analyzer (VNA) configured to excite coil(s) 112 and
provide information representative of observed parameters to electronic device 130. In some
embodiments, irrespective of whether the signal generator(s)/receiver(s) are integral with or
external to the electronic device, they may operate under control of electronic device 130.
For example, the software program stored as instructions at memory 134 may provide one or
more GUIs and tools to configure the analysis and interrogation of the material within
interrogator device 110.

[0056] During the interrogation/monitoring of a material within interrogator device 110,
one or more parameters may be observed for each of coil(s) 112 (e.g., based on the
electromagnetic fields induced by the exciting of each of coil(s) 112). For example, in some
embodiments, the one or more parameters observed during the monitoring may include: a
self-resonance frequency, a reflection coefficient, a transmission coefficient, or a
combination thereof. In some embodiments, the resonant frequencies may be indicated by
the reflection and transmission coefficients. In some embodiments, the one or more signal
generators/receivers may generate a data set that represents the one or more parameters
observed during the monitoring as scattering parameters (S-parameters), as described in more
detail below. The data set may be stored at a database, such as database 140, as unknown
signature data 144, and may include values for each of the one or more parameters observed
during the monitoring. For example, where the monitoring is performed with respect to
scattering parameters, the data set may include a plurality of scattering parameters values
observed over a range of frequencies, thus, providing a plurality of data points in a frequency
range of interest (e.g., a frequency range at which the coils are excited during a particular
analysis of a material or a particular portion of the analysis). It is noted that one or more of
the observed parameters may vary depending on the configuration of each of coil(s) 112
(e.g., the number of wraps, dielectric materials proximate to each of the one or more coils
112, etc.) and the frequency of the source signal. In embodiments where the material is

placed within volume 114 while inside a container, the container may be required to be a
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container specially purposed for use with system 100 (e.g., because interrogation of the same
liquid in different containers comprised of different materials may cause coil(s) 112 to exhibit
different parameters). Processor 132 of electronic device 130 may analyze the data set to
determine a signature associated with a material within volume 114. For example, in some
embodiments, the signature may be determined based on the one or more parameters
observed during the monitoring. After determining the signature for the material undergoing
interrogation, the processor 132 may retrieve one or more candidate signatures (e.g., from a
data set of candidate signatures 142) from the data base 140, and compare the signature for
the material undergoing interrogation to the one or more candidate signatures to identify one
or more characteristics of the material. In some embodiments, the data set of candidate
signatures may comprise signatures generated by observing the behavior of coil(s) 112 during
interrogation of known materials. Thus, comparing the candidate signatures of the data set of
candidate signatures 142 may enable a signature for an unknown material to be matched with
a signature of a known material in order to identify the material. In some embodiments, the
data set of candidate signatures may comprise a plurality of signatures for each known
material. For example, multiple candidate signatures for a known material may be generated,
where at least two of the candidate signatures are generated by interrogating a sample of the
known material at different frequencies. The behavior of coil(s) 112 may vary depending on
the frequency, and generating more candidate signatures at different frequencies may increase
the reliability of material identifications performed by system 100. Additionally, in some
embodiments, multiple signatures for a known material may be generated at a single
frequency, which may provide more reliable analysis under conditions where other variables
may affect the analysis, such as changed in the temperature of liquid and/or the ambient
environment where the testing is performed. In some embodiments, the one or more
characteristics may include an alcohol content of the material, a moisture content of the
material (e.g., a moisture content of a sample of soil), a solids content of the material (e.g., a
liquid material is transitioning to a solid, when the transition is complete, and the like), a
plasma content of the material (e.g., a plasma content of a sample of blood), a temperature of
the material, another characteristic, or a combination thereof.

[0057] In an embodiment, statistical analysis techniques may be utilized to perform the
comparison of the unknown signature data 144 to the one or more candidate signatures 142.
Such techniques may be utilized to determine whether the unknown signature data 144
matches a particular one of the one or more candidate signatures 142 to within a threshold

tolerance or to within a threshold confidence interval. In an embodiment, the threshold
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tolerance and/or threshold confidence interval may be configured to provide a desired degree
of certainty with respect to identifying the material. For example, testing of samples of
different liquid materials using a device configured according to the embodiment illustrated
in FIG. 1 has demonstrated that the system of FIG. 1 can identify a material as being pure
(e.g., contains only one liquid) or contaminated (e.g., contains a primary liquid or material,
such as milk, and one or more additional and different liquids and/or materials, such as
alcohol, that have been mixed within primary liquid or material) with almost 100% accuracy.
In an embodiment, the threshold tolerance and/or confidence interval may be configurable
depending on a particular application of, and accuracy requirements for, the interrogation
system.

[0058] In some embodiments, the one or more candidate signatures may correspond to
signatures representative of at least one known material that were determined based one or
more parameters observed while the at least one known material was disposed within volume
114 of interrogator device 110. In some embodiments, the one or more candidate signatures
may be selected based at least in part on the frequency or frequencies used to excite coil(s)
112. For example, when coil(s) 112 is/are excited using a first set of frequencies, candidate
signatures that were generated for known materials based on exciting the one or more coils at
the first set of frequencies may be selected for comparison to the signature of the unknown
material. In some embodiments, the frequency or frequencies at which the one or more coils
are excited may be varied during the monitoring. For example, data representative of the
behavior of the induced electromagnetic fields may be observed at a first set of one or more
frequencies, and then the one or more frequencies may be modified and additional data
representative of the behavior of the induced electromagnetic fields may be observed.
Obtaining data at multiple frequencies may enable a more accurate identification of the
material undergoing interrogation, such as to rule out known signatures that do not exhibit
similar behaviors at one or more of the frequencies used to interrogate an unknown material
and/or to identify known signatures that exhibit similar behaviors at one or more of the
frequencies used to interrogate an unknown material. This may provide a coarse level of
filtering that reduces the pool of known or candidate signatures that may correspond to the
signature of the material undergoing interrogation. In some embodiments, comparing, at
each of the set of frequencies, the determined parameter (or behavior) with the corresponding
known parameter (e.g., known signature) comprises comparing a Smith chart of the
determined parameter with a Smith chart of the corresponding known parameter, as described

in more detail below. Additional aspects of embodiments for interrogating a material and
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techniques for identifying the material (and/or characteristics of the material) based on
parameters observed during the interrogating are described below.

[0059] From the foregoing it is shown that embodiments of system 100 provide
techniques for non-invasively interrogating and identifying a material (e.g., an unknown
material) and/or characteristics of the interrogated material. That is, embodiments of the
present disclosure enable interrogation and analysis of a sample of a material without
corrupting or altering the sample, such by contamination of the sample with residue within
the interior channel of body 116. This can result in analysis of samples with a higher degree
of integrity and reduce the likelihood that the contents of the sample are incorrectly
identified. Further, as described in more detail below, embodiments of system 100 have been
demonstrated to identify materials with a high degree of reliability. Thus, the present
embodiments may, for example, provide an improved technique for identifying unknown
materials.

[0060] FIG. 2 depicts an embodiment of the present interrogator devices and is shown as
an interrogator device 210 (and may, for example, correspond to or be used in place of
interrogator device 110 in system 100 of FIG. 1). In the embodiment shown, interrogator
device 210 may comprise a housing 220, a coil 212, a body 222 defining an interior channel
within a volume 214, and one or more I/O interfaces 216. In some embodiments, a stabilizer
material 224 may be utilized to stabilize the orientation of body 222 within housing 220.
Coil 212 may be wrapped around the body 222, and may be coupled to I/O interface(s) 216.
During analysis, a sample of a material may be disposed within volume 214 (e.g., within the
interior channel defined by body 222), coil 212 may be excited, and one or more parameters
associated with an electromagnetic field associated with coil 212 may be observed. The
unknown material may then be identified based on the observed parameters of the induced
electromagnetic field of coil 212, as described in more detail below.

[0061] FIGs. 3A-3C illustrate respectively side, top, and schematic views of a body and
coil arrangement according to one of the present embodiments. As shown in FIGs. 3A and
3B, the body (e.g., body 116 of FIG. 1) may have a height of approximately 9.7 centimeters
(cm) and a width of approximately 4.2 cm. As shown in FIG. 3A, the coil (e.g., a coil 112 of
FIG. 1) may comprise a plurality of wraps that surround the body and are spaced
approximately 1.9 cm apart. It is noted that in additional or alternative embodiments, a
plurality of coils may be provided, and each of the plurality of coils may have the same
number of wraps or a different number of wraps. For example, an embodiment illustrating a

body surrounded by two coils is illustrated with reference to FIG. 22, described in more detail
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below. In some embodiments, each of the plurality of coils may have a different spacing
between consecutive wraps. As illustrated in FIG. 3C, the coil may be coupled to an I/O
interface (e.g., I/O interface 118 of FIG. 1). The I/O interface may communicatively couple
the coil to a signal generator/receiver (e.g., one of signal generator/receivers 138 of FIG. 1 or
one of the signal generator/receivers 120 of FIG. 1).

[0062] Referring to FIG 3D, the plurality of coils (e.g., 312a, 312b, and 312c) may each
have a different radius. The plurality of coils may be arranged such that the plurality of coils
each encircle the body 116, while, in alternate embodiments, the body 116 may encircle the
plurality of coils. The plurality of coils may be arranged such that the coil with the largest
radius will encircle the other coils in the plurality of coils. Different arrangements may be
utilized by increasing or decreasing the number of coils in the plurality of coils, along with
the distance from the plurality of coils to the body. The different arrangements can generate
multiple signatures and may enable a more accurate identification of the material undergoing
interrogation, such as to rule out known signatures that do not exhibit similar behaviors at a
particular arrangement used to interrogate an unknown material and/or to identify known
signatures that exhibit similar behaviors at a particular arrangement used to interrogate an
unknown material. The parameters for a certain material determined at an arrangement may
be used to cross check the parameters found in the material at other arrangements in order to
generate more signatures. Generating more signatures at different arrangements may increase
the reliability of material identifications performed by system 100.

[0063] Referring to FIG. 4, a flow diagram of an exemplary method for identifying an
unknown material according to embodiments of the present disclosure is shown as a method
400. In some embodiments, method 400 may be stored as instructions in a memory (e.g.,
memory 134 of FIG. 1), and the instructions, when executed by a processor (e.g., processor
132 of FIG. 1), may cause the processor to perform the operations of method 400. At step
410, the method includes exciting one or more conductive coils with a source signal. As
described above with reference to FIGs. 1-3, in some embodiments, the one or more
conductive coils may surround a body defining an interior channel having a volume, and an
unknown material may be retained within the volume during the interrogation/analysis. At
step 420, the method includes monitoring one or more parameters associated with each of the
one or more conductive coils during the exciting. As described above with reference to FIG.
1, and in more detail below with reference to FIGs. 5-20, in some embodiments, the one or

more parameters associated with each of the one or more conductive coils may comprise: a
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scattering parameter (e.g., one or more S11, S12, S21, S22 parameters), a resonance
frequency, or a combination thereof.

[0064] In some embodiments, a frequency of the source signal used to excite the coil(s)
may be between approximately 200 megahertz (MHz) and approximately 400 MHz. In
additional or alternative embodiments, the frequency range of the source signal may include
frequencies below 200 MHz and/or frequencies above 400 MHz. In some embodiments, step
410 may further comprise varying a frequency of the source signal at which at least one of
the one or more coils is excited, and step 420 may further comprise determining, during the
monitoring, a resonance frequency associated with each of the one or more conductive coils.
In some embodiments, the resonance frequency associated with each of the one or more
conductive coils may be determined at least by: setting the frequency of the source signal at
which each of the one or more conductive coils is excited to each of a set of frequencies;
determining, for each frequency of the set of frequencies, one or more scattering parameters
associated with each of the one or more conductive coils; and identifying, as the resonance
frequency, the frequency of the set of frequencies at which the magnitude of scattering
parameters are the smallest. For example, the source signal may be swept from a first
frequency to a second frequency and one or more parameters may be observed as the
frequency is swept. In some embodiments, multiple frequency sweeps may be performed,
such as sweeping from the second frequency to a third frequency and one or more parameters
may be observed as the frequency is swept. It is noted that embodiments may sweep the
frequency of the source signal two or more times, or not at all depending on a particular
configuration of the interrogation system. Thus, embodiments of the present disclosure
should not be limited to a particular number of frequencies or frequency sweeps that may
occur during interrogation/analysis of a material.

[0065] At step 430, the method includes determining one or more signatures associated
with a material within the volume based on the one or more parameters, and, at step 440, the
method includes comparing the one or more signatures to one or more candidate signatures to
identify the material. In some embodiments, the one or more signatures may be represented
as Smith Charts. In an additional or alternative embodiment, the signatures may correspond
to plots of observed resonant frequencies of various scattering parameters (e.g., resonant
frequencies observed based on one or more S11, S12, S21, S22, and/or the like parameters).
In some embodiments, the amplitude and phase of the one or more parameters (e.g., one or
more S-parameters) are measured over a range of frequencies during the monitoring (e.g., at

420), and then the one or more signatures are generated by plotting the measurements in a
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Smith Chart. In some embodiments, when the measurements are plotted in the Smith Chart,
the shape and location of the curve of the Smith Chart may be used to determine whether the
one or more signatures of the material within the volume can be identified as a particular
known material. For example, if the unknown material is purported to be milk, the Smith
Chart or Smith Charts generated by interrogation of the unknown material may be compared
with one or more signatures corresponding to Smith Charts generated from liquid known to
be milk. Because the shape and location of the curves of different materials on the Smith
Chart are different, a person may be able to identify the unknown material as milk (e.g., when
the shape and location of the curves of the different Smith Charts match) or determine that
the unknown material is not milk (e.g., when the shape and location of the curves of the
different Smith Charts do not match). Further, in some embodiments, an electronic device
(e.g., the electronic device 130 of FIG. 1) may be programmed to perform pattern recognition
operations that compare the shape and location of the curve in one or more signatures of the
unknown material to one or more candidate signatures (e.g., signatures of known materials).
Utilizing an electronic device programmed to perform pattern recognition on the shape and
location of curves present in different Smith Charts may provide a finer degree of certainty
(e.g., the pattern recognition performed by the electronic device may distinguish differences
that may be too subtle for the human eye to catch). This may increase the accuracy of
material identifications performed in accordance with embodiments.

[0066] In some embodiments, identification of the material may indicate one or more
characteristics of the material. In some embodiments, the one or more characteristics of the
material may include a temperature of the material. In an additional or alternative
embodiment, the one or more characteristics of the material includes a moisture content of
the material. For example, where the unknown material is a soil sample, the method may be
operable to determine a moisture content of the soil. The moisture content of the soil may be
determined by observing the one or more parameters representative of the behavior of the
coils in response to excitation (e.g., the one or more parameters may change as the moisture
content of the soil changes). It is noted that in some applications of embodiments of the
present disclosure, the interrogator device may not include the body. For example, where the
unknown material is a soil sample, the coil(s) may be placed at a desired depth within the soil
to monitor the moisture content of the soil. In such an embodiment, the coils may be coated
to prevent damage to the coils. It is noted that such configurations may provide improved
performance over comparable technologies suitable for performing similar applications. For

example, moisture sensors for measuring soil moisture content are limited to a small area
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local to the moisture sensor, whereas moisture sensors constructed according to embodiments
of the present disclosure may provide for detection of soil moisture content over a much
larger area, reducing the number of sensors required to cover a desired area. In another
example, moisture sensors for measuring soil moisture came become inaccurate when the soil
has other material; other material may include but is not limited to, organic matter, other
types of soil and/or air. This may provide improved performance in applications where the
moisture sensors are utilized to control sprinkler systems. Additionally, the cost to deploy a
soil content moisture monitoring system configured according to embodiments may be
significantly lower than existing moisture sensor systems.

[0067] In an additional or alternative embodiment, the one or more characteristics of the
material may indicate a solids content of the material. For example, where the material
comprises a liquid and solid, the method may be operable to determine a solids content of the
material. The solids content may be determined by observing the one or more parameters of
a liquid and generating a signature known to be of the liquid only, and then comparing the
known signature to the signature of the liquid containing solid particles. Such techniques
may be suitable for analysis of liquids containing nanoparticles, such as certain medications.
For example, nanoparticles utilized in certain medicines must be thoroughly mixed to ensure
an even distribution of the nanoparticles. The even distribution of the nanoparticles may be
important for the medication to be effective, such as by ensuring that each dose contains a
sufficient quantity of the nanoparticles. However, if the medication is not mixed effectively,
nanoparticle concentrations at the top of the liquid may be lower than nanoparticle
concentrations at the bottom of the liquid. Embodiments of the present disclosure may
enable a signature of a liquid containing nanoparticles that is known to have been mixed to
provide an even distribution of the nanoparticles to be generated. Subsequent mixtures of the
liquid may be interrogated according to embodiments and the signature of the subsequent
mixtures may be compared to the signature of the sufficiently mixed liquid to determine
whether the subsequent mixtures comprise an even distribution of the nanoparticles. For
example, mixtures comprising an uneven distribution of nanoparticles may exhibit different
signatures than the mixture comprising the even distribution of the nanoparticles.

[0068] In an additional or alternative embodiment, the one or more characteristics of the
material may indicate a plasma content of the material. For example, where the material
comprises blood, the method may be operable to determine a plasma content of the blood.
For example, samples of blood containing different plasma concentrations may exhibit

different signatures when analyzed using method 400. Signatures of samples of blood
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containing an unknown plasma concentration may be compared to samples of blood
containing known plasma concentrations to determine the plasma concentration of the
unknown samples. Additionally or alternatively, embodiments may be utilized to determine
whether blood is suitable for use in medical procedures. For example, donated blood is
generally believed to have a particular shelf-life when stored under particular storage
conditions, and after the particular shelf-life has passed, the blood is either disposed of or
expensive and time consuming chemical processes must be performed to see if the blood is
suitable for use in a medical procedure. Embodiments of the present disclosure may enable
donated blood to be interrogated at the time the blood is stored to generate a signature for that
particular blood, and when the blood is to be used, the blood could be interrogated a second
time and the signature generated during the second interrogation may be compared to the
signature generated when the blood was initially stored. If the signatures match, or match to
within a threshold tolerance, the blood may be determined suitable for use in a medical
procedure without requiring the costly and time consuming chemical analysis. This may
enable blood to be stored for longer than the particular shelf-life presently utilized today,
which may help ease the demand for blood donations and increase the supply of blood
available for medical procedures. Further, the interrogation provided by embodiments of the
present disclosure may be performed quickly (e.g., within a few seconds), allowing the
determination that the blood is suitable for medical use to be performed quickly.

[0069] In an additional or alternative embodiment, the one or more characteristics of the
material may be used to identify a liquid. For example, as described in more detail below, a
device operating in accordance with the method has been demonstrated to be operable to
identify unknown liquids containing water, alcohol, coffee, a soft drink, milk, oil, blood, or a
combination thereof. Identification of liquids may provide useful applications in many
industries. For example, at airports, mothers often try to bring breastmilk onto an airplane,
but are forced to throw the breastmilk out when passing through airport security.
Embodiments of the present disclosure enable a signature for milk to be generated, and then
the signature known to be milk may be compared to a signature generated from a sample of
breastmilk in order to confirm that the sample is indeed breastmilk. In some embodiments,
the breastmilk may be required to be in a specialized container specially purposed for being
analyzed by an interrogation system configured according to embodiments. This allows the
sample to be interrogated non-intrusively, allowing the breastmilk to remain suitable for
feeding a child (e.g., the container does not need to be opened during the analysis). Further,

as described below, embodiments enable identification of whether a liquid, such as milk, has
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been diluted with another liquid. Thus, the analysis techniques of embodiments are
sophisticated enough to detect attempts to conceal one type of liquid in another type of liquid,
such as milk. Additional aspects of methods for interrogating and identifying an unknown
material in accordance with embodiments of the present disclosure are illustrated and
described below with reference to FIGs. 23-30.

[0070] Referring to FIG. 5, a graph illustrating various characteristics of different liquids
that have been interrogated according to embodiments of the present disclosure is shown. As
illustrated in FIG. 5, S-parameters, and in particular the IS11l parameter, have different
minimum peaks for different liquids. For example, in FIG. 5, minimum peaks for deionized
(DI) water 510, alcohol 520, coffee 530, a soda 540, milk 550, a sports drink 560, and vodka
570 are shown. As illustrated in FIG. 5, each of these liquids exhibits a minimum peak that is
distinguishable from the minimum peaks of the other liquids in terms of the frequency at
which the IS11] minimum peak occurs and/or the magnitude of the minimum peak. During
interrogation of an unknown liquid according to embodiments of the present disclosure, an
unknown liquid may be identified as one of the listed types of liquids by observing the
minimum IS11] peak at different frequencies.

[0071] For example, the unknown liquid may be placed within volume 114 of
interrogator device 110 and coil(s) 112 may be excited at one or more frequencies by the
signal generator/receiver 138 of the electronic device 130. signal generator/receiver 138 of
electronic device 130 may monitor the behavior of coil(s) 112 during the excitement to
determine one or more parameters, such as one or more S-parameters, representative of
coil(s) 112 during the excitement. If the one or more determined parameters includes an IS11|
min peak having a magnitude of approximately 0.11 at an interrogation frequency of
approximately 2.71, the unknown liquid likely contains a soda drink, such as soda drink 540,
and electronic device 130 of FIG. 1 may identify the liquid as containing a soda drink. In
some embodiments, the liquid may be identified as containing a soda drink by creating a
signature based on the observed parameters, and then compare the signature observed during
interrogation of the unknown liquid (e.g., during the exciting of coil(s) 112 by signal
generator/receiver 138) to one or more signatures of known liquids to determine whether the
signature generated based on parameters observed during interrogation of the unknown liquid
matches any of the one or more signatures of the known liquids. In some embodiments, the
one or more signatures of the known liquids may be stored in a database (e.g., as known
characteristic data 142 at database 140 of FIG. 1). It is noted that the liquid identification

techniques of embodiments are capable of identifying additional liquids than those shown in
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FIG. 5, and that the liquids and their corresponding minimum [S11| peaks are shown for
purposes of illustration, rather than by way of limitation.

[0072] Referring to FIG. 6, a chart illustrating characteristics observed during
interrogation of liquids containing alcohol at different concentrations according to
embodiments of the present disclosure are shown. In some embodiments, the information
illustrated in FIG. 6 was observed using the system 100 of FIG. 1 and illustrates a plot of
values representing the log magnitude for various observed values of an S-parameter (e.g.,
S11) during interrogation of a liquid by a device configured according to the embodiment
illustrated in FIG. 1, as described in more detail below. For example, liquids containing
different concentrations of alcohol may be placed within volume 114 of interrogator device
110 and coil(s) 112 may be excited at one or more frequencies by signal generator/receiver
138 of electronic device 130. Signal generator/receiver 138 of electronic device 130 may
monitor the behavior of coil(s) 112 during the excitement to determine one or more
parameters, such as one or more S-parameters, representative of coil(s) 112 during the
excitement, as described above with reference to FIGs. 1-4. In FIG. 6, observed IS111 values
for various concentrations of alcohol are shown at a range of frequencies (e.g., from
approximately 2 Hz to approximately 4Hz). The various concentrations of alcohol include a
5% concentration of alcohol 610, a 15% concentration of alcohol 620, a 25% concentration of
alcohol 630, a 50% concentration of alcohol 640, a 75% concentration of alcohol 650, a
100% concentration of alcohol 660. As shown at box 602, minimum IS11l peaks for the
different concentrations of alcohol 610-660 are observed at frequencies of approximately 2.7-
2.8 Hz and have an IS11l magnitude ranging from approximately 0.1 to 0.27. In some
embodiments, this information may be used to generate one or more signatures that may be
stored (e.g., as part of known characteristic data 142 of FIG. 1) at a database (e.g., database
140 of FIG. 1). Once stored, these signatures may be compared to signatures of an unknown
liquid to determine whether the liquid contains alcohol at one of the various concentrations
illustrated in FIGs. 6-9.

[0073] Referring to FIG. 7, a diagram illustrating a plot of resonant frequencies observed
during interrogation of liquids containing alcohol at different concentrations is shown. In
some embodiments, the information illustrated in FIG. 7 was generated based on information
observed using system 100 of FIG. 1 (e.g., placing liquids containing different concentrations
of alcohol within volume 114 of interrogator device 110, exciting coil(s) 112 at one or more
frequencies by signal generator/receiver 138 of electronic device 130, and monitoring the

behavior of coil(s) 112 during the excitement to determine one or more parameters). In some
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embodiments, the points plotted in FIG. 7 correspond to the different concentrations of
alcohol illustrated with reference to FIG. 6. In some embodiments, the resonant frequencies
illustrated in FIG. 7 may be utilized to generate signatures representative of the various
concentrations of alcohol and the signatures generated based on the resonant frequency data
illustrated in FIG. 7 may be stored (e.g., as part of known characteristic data 142 of FIG. 1) at
a database (e.g., database 140 of FIG. 1). Once stored, these signatures may be compared to
signatures of an unknown liquid to determine whether the liquid contains alcohol at one of
the various concentrations illustrated in FIGs. 6-9.

[0074] Referring to FIG. 8, a diagram illustrating a plot of the minimum IS11| peaks
observed during interrogation of liquids containing alcohol at different concentrations is
shown. In some embodiments, the information illustrated in FIG. 8 was generated based on
information observed using system 100 of FIG. 1 (e.g.. placing liquids containing different
concentrations of alcohol within volume 114 of interrogator device 110, exciting coil(s) 112
at one or more frequencies by signal generator/receiver 138 of electronic device 130, and
monitoring the behavior of coil(s) 112 during the excitement to determine one or more
parameters). As illustrated in FIG. 8, a liquid containing an approximately 5% concentration
of alcohol will exhibit a minimum IS11l peak having a magnitude of approximately 0.25 at a
frequency of approximately 2.69 Hz, a liquid containing an approximately 15% concentration
of alcohol will exhibit a minimum IS11l peak having a magnitude of approximately 0.24 at a
frequency of approximately 2.7 Hz, a liquid containing an approximately 25% concentration
of alcohol will exhibit a minimum IS11l peak having a magnitude of approximately 0.22 at a
frequency of approximately 2.69 Hz, a liquid containing an approximately 50% concentration
of alcohol will exhibit a minimum IS11l peak having a magnitude of approximately 0.19 at a
frequency of approximately 2.72 Hz, a liquid containing an approximately 75% concentration
of alcohol will exhibit a minimum IS11l peak having a magnitude of approximately 0.15 at a
frequency of approximately 2.71 Hz, and a liquid containing an approximately 100%
concentration of alcohol will exhibit a minimum IS11l peak having a magnitude of
approximately 0.06 at a frequency of approximately 2.78 Hz. In some embodiments, the
minimum [S11I peaks illustrated in FIG. 8 may be utilized to generate signatures
representative of the various concentrations of alcohol and the signatures generated based on
the resonant frequency data illustrated in FIG. 8 may be stored (e.g., as part of known
characteristic data 142 of FIG. 1) at a database (e.g., database 140 of FIG. 1). Once stored,
these signatures may be compared to signatures of an unknown liquid to determine whether

the liquid contains alcohol at one of the various concentrations illustrated in FIGs. 6-9.
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[0075] Referring to FIG. 9, a diagram illustrating Smith charts generated based on
observations during interrogation of liquids containing alcohol at different concentrations is
shown. In some embodiments, the information illustrated in FIG. 9 was generated based on
information observed using system 100 of FIG. 1. As illustrated in FIG. 9, each of the
different concentrations of alcohol is uniquely represented on a Smith chart, and the resonant
frequencies (e.g., the resonant frequencies illustrated in FIG. 7) are illustrated as circles
having labels corresponding to their counterpart concentrations with an “r”” appended to the
end of the label (e.g., the circle 610r represents the resonant frequency corresponding to a 5%
concentration of alcohol 610, etc.). In some embodiments, the various Smith charts for each
concentration of alcohol illustrated in FIG. 9 may be utilized to generate signatures
representative of the various concentrations of alcohol, and the signatures generated based on
the Smith charts illustrated in FIG. 9 may be stored (e.g., as part of known characteristic data
142 of FIG. 1) at a database (e.g., database 140 of FIG. 1). Once stored, these signatures may
be compared to signatures of an unknown liquid to determine whether the liquid contains
alcohol at one of the various concentrations illustrated in FIGs. 6-9. As shown in FIG. 9,
Smith chart 660 corresponding to a sample of pure alcohol can be visually distinguished from
samples of alcohol that have been diluted. In some embodiments, when determining whether
a liquid purported to be alcohol is analyzed, a Smith chart known to be generated from pure
alcohol and a Smith chart of the sample purported be alcohol may be displayed at a display
device, and an operator may be able to determine whether the sample is what it is purported
to be simply by viewing the displayed Smith charts. In additional or alternative
embodiments, a system, such as the system 100 of FIG. 1, may compare the Smith charts and
provide an output that indicates whether the sample 1s what it is purported to be.

[0076] Referring to FIG. 10, a chart illustrating characteristics observed during
interrogation of liquids containing milk at different concentrations according to embodiments
of the present disclosure are shown. In some embodiments, the information illustrated in
FIG. 6 was observed using the system 100 of FIG. 10 and illustrates a plot of values
representing the log magnitude for various observed values of an S-parameter (e.g., S11)
during interrogation of a liquid by a device configured according to the embodiment
illustrated in FIG. 1, as described in more detail below. For example, liquids containing
different concentrations of milk may be placed within volume 114 of interrogator device 110
and coil(s) 112 may be excited at one or more frequencies by signal generator/receiver 138 of
electronic device 130. Signal generator/receiver 138 of electronic device 130 may monitor

the behavior of coil(s) 112 during the excitement to determine one or more parameters, such
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as one or more S-parameters, representative of coil(s) 112 during the excitement, as described
above with reference to FIGs. 1-4. In FIG. 10, observed IS11l values for various
concentrations of milk are shown at a range of frequencies (e.g., from approximately 2 Hz to
approximately 4Hz). In some embodiments, the information illustrated in FIG. 10 was
observed using system 100 of FIG. 1. The various concentrations of milk include a 5%
concentration of milk 1010, a 15% concentration of milk 1020, a 25% concentration of milk
1030, a 50% concentration of milk 1040, a 75% concentration of milk 1050, a 100%
concentration of milk 1060. As shown at box 1002, minimum IS11l peaks for the different
concentrations of milk 1010-1060 are observed at frequencies of approximately 2.6-2.7 Hz
and have an S11] magnitude ranging from approximately 0.03 to 0.2. In some embodiments,
this information may be used to generate one or more signatures that may be stored (e.g., as
part of known characteristic data 142 of FIG. 1) at a database (e.g., database 140 of FIG. 1).
Once stored, these signatures may be compared to signatures of an unknown liquid to
determine whether the liquid contains milk at one of the various concentrations illustrated in
FIGs. 10-13.

[0077] Referring to FIG. 11, a diagram illustrating a plot of resonant frequencies
observed during interrogation of liquids containing milk at different concentrations is shown.
In some embodiments, the information illustrated in FIG. 11 was generated based on
information observed using system 100 of FIG. 1 (e.g., placing liquids containing different
concentrations of milk within volume 114 of interrogator device 110, exciting coil(s) 112 at
one or more frequencies by signal generator/receiver 138 of electronic device 130, and
monitoring the behavior of coil(s) 112 during the excitement to determine one or more
parameters). In some embodiments, the points plotted in FIG. 11 correspond to the different
concentrations of milk illustrated with reference to FIG. 10. In some embodiments, the
resonant frequencies illustrated in FIG. 11 may be utilized to generate signatures
representative of the various concentrations of milk and the signatures generated based on the
resonant frequency data illustrated in FIG. 11 may be stored (e.g., as part of known
characteristic data 142 of FIG. 1) at a database (e.g., database 140 of FIG. 1). Once stored,
these signatures may be compared to signatures of an unknown liquid to determine whether
the liquid contains milk at one of the various concentrations illustrated in FIGs. 10-13.

[0078] Referring to FIG. 12, a diagram illustrating a plot of the minimum IS11| peaks
observed during interrogation of liquids containing milk at different concentrations is shown.
In some embodiments, the information illustrated in FIG. 12 was generated based on

information observed using system 100 of FIG. 1 (e.g., placing liquids containing different
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concentrations of milk within volume 114 of interrogator device 110, exciting coil(s) 112 at
one or more frequencies by signal generator/receiver 138 of electronic device 130, and
monitoring the behavior of coil(s) 112 during the excitement to determine one or more
parameters).  As illustrated in FIG. 12, a liquid containing an approximately 5%
concentration of milk 1010 will exhibit a minimum IS11l peak having a magnitude of
approximately 0.21 at a frequency of approximately 2.68 Hz, a liquid containing an
approximately 15% concentration of milk 1020 will exhibit a minimum IS11l peak having a
magnitude of approximately 0.28 at a frequency of approximately 2.65 Hz, a liquid
containing an approximately 25% concentration of milk 1030 will exhibit a minimum IS11I
peak having a magnitude of approximately 0.15 at a frequency of approximately 2.67 Hz, a
liquid containing an approximately 50% concentration of milk 1040 will exhibit a minimum
[S111 peak having a magnitude of approximately 0.14 at a frequency of approximately 2.69
Hz, a liquid containing an approximately 75% concentration of milk 1050 will exhibit a
minimum IS111 peak having a magnitude of approximately 0.33 at a frequency of
approximately 2.64 Hz, and a liquid containing an approximately 100% concentration of milk
1060 will exhibit a minimum IS11l peak having a magnitude of approximately 0.46 at a
frequency of approximately 2.68 Hz. In some embodiments, the minimum I[S11l| peaks
illustrated in FIG. 12 may be utilized to generate signatures representative of the various
concentrations of milk and the signatures generated based on the resonant frequency data
illustrated in FIG. 12 may be stored (e.g., as part of known characteristic data 142 of FIG. 1)
at a database (e.g., database 140 of FIG. 1). Once stored, these signatures may be compared
to signatures of an unknown liquid to determine whether the liquid contains milk at one of the
various concentrations illustrated in FIGs. 10-13.

[0079] Referring to FIG. 13, a diagram illustrating Smith charts generated based on
observations during interrogation of liquids containing milk at different concentrations is
shown. In some embodiments, the information illustrated in FIG. 13 was generated based on
information observed using system 100 of FIG. 1 (e.g., placing liquids containing different
concentrations of milk within volume 114 of interrogator device 110, exciting coil(s) 112 at
one or more frequencies by signal generator/receiver 138 of electronic device 130, and
monitoring the behavior of coil(s) 112 during the excitement to determine one or more
parameters). As illustrated in FIG. 13, each of the different concentrations of milk is
uniquely represented on a Smith chart, and the resonant frequencies (e.g., the resonant
frequencies illustrated in FIG. 11) are illustrated as circles having labels corresponding to

(A3

their counterpart concentrations with an “r”” appended to the end of the label (e.g., the circle
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1010r represents the resonant frequency corresponding to a 5% concentration of milk 1010,
etc.). In some embodiments, the various Smith charts for each concentration of milk
illustrated in FIG. 13 may be utilized to generate signatures representative of the various
concentrations of milk and the signatures generated based on the Smith charts illustrated in
FIG. 13 may be stored (e.g., as part of known characteristic data 142 of FIG. 1) at a database
(e.g., database 140 of FIG. 1). Once stored, these signatures may be compared to signatures
of an unknown liquid to determine whether the liquid contains milk at one of the various
concentrations illustrated in FIGs. 10-13. As shown in FIG. 13, Smith chart 1060
corresponding to a sample of pure milk can be visually distinguished from samples of milk
that have been diluted. In some embodiments, when determining whether a liquid purported
to be milk is analyzed, a Smith chart known to be generated from pure milk and a Smith chart
of the sample purported be milk may be displayed at a display device, and an operator may be
able to determine whether the sample is what it is purported to be simply by viewing the
displayed Smith charts. In additional or alternative embodiments, a system, such as system
100 of FIG. 1, may compare the Smith charts and provide an output that indicates whether the
sample is what it is purported to be.

[0080] Referring to FIG. 14, a chart illustrating characteristics observed during
interrogation of liquids containing different milk/alcohol mixes according to embodiments of
the present disclosure is shown. In some embodiments, the information illustrated in FIG. 6
was observed using the system 100 of FIG. 14 and illustrates a plot of values representing the
log magnitude for various observed values of an S-parameter (e.g., S11) during interrogation
of a liquid by a device configured according to the embodiment illustrated in FIG. 1, as
described in more detail below. For example, liquids containing different milk and alcohol
percentages may be placed within volume 114 of interrogator device 110 and coil(s) 112 may
be excited at one or more frequencies by signal generator/receiver 138 of electronic device
130. Signal generator/receiver 138 of electronic device 130 may monitor the behavior of
coil(s) 112 during the excitement to determine one or more parameters, such as one or more
S-parameters, representative of coil(s) 112 during the excitement, as described above with
reference to FIGs. 1-4. In FIG. 14, observed IS11l values for liquids containing various milk
and alcohol percentages are shown at a range of frequencies (e.g., from approximately 2 Hz
to approximately 4Hz). As shown in FIG. 14, the magnitude of the observed minimum IS11|
peaks ranged from approximately 0.02 to approximately 0.08, as shown in box 1402, and
occur approximately between 2.6 Hz and 2.8 Hz. As illustrated in FIG. 14, a liquid

containing a 5% milk/alcohol mix is represented at 1410, a liquid containing a 15%
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milk/alcohol mix is represented at 1420, a liquid containing a 25% milk/alcohol mix is
represented at 1430, a liquid containing a 50% milk/alcohol mix is represented at 1440, a
liquid containing a 75% milk/alcohol mix is represented at 1450, and a liquid containing a
100% milk/alcohol mix is represented at 1460.

[0081] Referring to FIG. 15, a diagram illustrating a plot of resonant frequencies
observed during interrogation of liquids containing different milk/alcohol mixes according to
embodiments is shown. In some embodiments, the information illustrated in FIG. 15 was
generated based on information observed using system 100 of FIG. 1 (e.g., placing liquids
containing different milk/alcohol mixes within volume 114 of interrogator device 110,
exciting coil(s) 112 at one or more frequencies by signal generator/receiver 138 of electronic
device 130, and monitoring the behavior of coil(s) 112 during the excitement to determine
one or more parameters). In some embodiments, the points plotted in FIG. 15 correspond to,
and represent the resonant frequencies of, the liquids of different milk/alcohol mixes
illustrated with reference to FIG. 14. In some embodiments, the resonant frequencies
illustrated in FIG. 15 may be utilized to generate signatures representative of the various
liquids containing the different milk/alcohol mixes. These signatures may then be compared
against signatures of liquids containing known milk/alcohol mixes to identify the components
of the liquids under observation (e.g., identify liquids containing particular milk/alcohol
mixes).

[0082] Referring to FIG. 16, a diagram illustrating a plot of the minimum IS11l peaks
observed during interrogation of liquids containing different milk/alcohol mixes is shown. In
some embodiments, the information illustrated in FIG. 16 was generated based on
information observed using system 100 of FIG. 1 (e.g., placing liquids containing different
milk/alcohol mixes within volume 114 of interrogator device 110, exciting coil(s) 112 at one
or more frequencies by signal generator/receiver 138 of electronic device 130, and
monitoring the behavior of coil(s) 112 during the excitement to determine one or more
parameters).  As illustrated in FIG. 16, a liquid containing an approximately 5%
concentration of milk/alcohol mix 1410 will exhibit a minimum IS11l peak having a
magnitude of approximately 0.18 at a frequency of approximately 2.66 Hz, a liquid
containing an approximately 15% concentration of milk/alcohol mix 1420 will exhibit a
minimum [S11] peak having a magnitude of approximately 0.15 at a frequency of
approximately 2.67 Hz, a liquid containing an approximately 25% concentration of
milk/alcohol mix 1430 will exhibit a minimum IS11] peak having a magnitude of

approximately 0.16 at a frequency of approximately 2.66 Hz, a liquid containing an
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approximately 50% concentration of milk/alcohol mix 1050 will exhibit a minimum IS11I
peak having a magnitude of approximately (.14 at a frequency of approximately 2.69 Hz, a
liquid containing an approximately 75% concentration of milk 1050 will exhibit a minimum
[S111 peak having a magnitude of approximately 0.33 at a frequency of approximately 2.64
Hz, and a liquid containing an approximately 100% concentration of milk 1060 will exhibit a
minimum [S11I peak having a magnitude of approximately (.46 at a frequency of
approximately 2.68 Hz. In some embodiments, the minimum [S11| peaks illustrated in FIG.
16 may be utilized to generate signatures representative of the various milk/alcohol mixes
and the signatures may be stored (e.g., as part of known characteristic data 142 of FIG. 1) at a
database (e.g., database 140 of FIG. 1). Once stored, these signatures may be compared to
signatures of an unknown liquid to determine whether the liquid contains a milk/alcohol
mixture corresponding to one of the various milk/alcohol mixes illustrated in FIGs. 14-17.

[0083] Referring to FIG. 17, a diagram illustrating Smith charts generated based on
observations during interrogation of liquids containing different milk/alcohol mixes is shown.
In some embodiments, the information illustrated in FIG. 17 was generated based on
information observed using system 100 of FIG. 1 (e.g., placing liquids containing different
milk/alcohol mixes within volume 114 of interrogator device 110, exciting coil(s) 112 at one
or more frequencies by signal generator/receiver 138 of electronic device 130, and
monitoring the behavior of coil(s) 112 during the excitement to determine one or more
parameters). As illustrated in FIG. 17, each of the different milk/alcohol mixes is uniquely
represented on a Smith chart, the resonant frequencies (e.g., the resonant frequencies
illustrated in FIG. 15 that are the frequencies when the S-parameters curves pass the
horizontal axis) and the S-parameter locations at the original resonant frequency of 272 MHz,
which are illustrated as circles having labels corresponding to their counterpart
concentrations with an “r” appended to the end of the label (e.g., the circle 1410r represents
the resonant frequency corresponding to a 5% milk/alcohol mixes 1410, etc.). As shown in
FI1Gs. 15-17, the resonant frequency observed for milk shifts as the concentration of alcohol
in the milk/alcohol mix increases. This can be observed by comparing the resonant
frequency of milk illustrated by the curve 1760 of FIG. 17 (e.g., the resonating frequency of a
milk in a mixture containing 50% milk and 50% alcohol) with the resonating frequency
represented by the curve 1770 (e.g., the resonating frequency of a 100% concentration of
milk) of FIG. 17. Comparing the locations of the circle 1770r (e.g., the resonating frequency
of a milk in a mixture containing 100% milk) with the locations of the same frequency of 272

MHz on the Smith Chart may be used to identify the liquid content. In some embodiments,
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the various Smith Charts for each milk/alcohol mix illustrated in FIG. 17 may be utilized to
generate signatures representative of the various milk/alcohol mixes and the signatures
generated based on the shape of the Smith Chart curves illustrated in FIG. 17 may be stored
(e.g., as part of known characteristic data 142 of FIG. 1) at a database (e.g., database 140 of
FIG. 1). Once stored, these signatures may be compared to signatures of an unknown liquid
to determine whether the liquid contains a milk/alcohol mix corresponding to one of the
mixes illustrated with reference to FIGs. 14-17.

[0084] Referring to FIG. 18A, a diagram illustrating aspects of an embodiment of the
present sample-interrogators comprising a plurality of coils according to the present
disclosure is shown. In FIG. 18A, body 222 of FIG. 2 is shown, and, as described above with
reference to FIGs. 1 and 2, the body 222 may define an interior channel or opening that
provides a volume, such as volume 214 of FIG. 2. In the particular embodiment illustrated in
FIG. 18A, body 222 has a height of approximately 9.7 centimeters (cm) and a diameter of
approximately 4.2 cm. A first coil 1810 and a second coil 1820 may be provided, and each of
the coils 1810, 1820 may surround the body 222. For example, and referring briefly to FIG.
21, a diagram illustrating an embodiment of an interrogator device having a body surrounded
by two coils is shown. As illustrated in FIG. 21, the different coils may comprise a different
number of wraps (e.g., may wrap around body 222 a different number of times), and may
have a different spacing between wraps. It is noted however, that the particular configuration
of coils 1810, 1820 shown in FIG. 21 is provided for purposes of illustration, rather than by
way of limitation, and in some embodiments, more than two coils may be used, a plurality of
coils with the same number of wraps with the same or different spacing between two or more
of the plurality of coils may be used, or other configurations depending on a particular
purpose or configuration of the interrogation device. Thus, embodiments of the present
disclosure are not to be limited to a particular number of coils, a particular number of wraps,
or a particular spacing between wraps.

[0085] Additionally, as shown in FIG. 21, each of the coils may provide a port. The port
may provide an I/O interface for coupling the coils to an interrogation device, such as
electronic device 130 of FIG. 1 which includes the one or more signal generators/receivers
138. Signal generator(s)/receiver(s) 138 may provide a respective source signal to each of
coils 1810, 1820 via the respective ports to excite the coils, and may measure one or more
parameters characteristic of the behavior of coils 1810, 1820 in response to the exciting of the
coils, such as scattering parameters with representative reflection coefficients (e.g., S11 and

S22 parameters), and transmission coefficients (e.g., S12 and S21), and resonance
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frequencies, the curve shapes and locations on the Smith Chart, or a combination thereof for
each of coils 1810, 1820. These parameters may be used to generate signatures that may be
stored in a database (e.g., database 140 of FIG. 1) as either sample data 144 (e.g., when the
liquid within volume 214 is an unknown liquid to be identified) or known characteristics data
142 (e.g., when liquid within volume 214 is a known liquid or mixture of liquids).

[0086] In a similar embodiments to the interrogator having a plurality of coils as shown
in FIG 18, an alternative embodiment may include a plurality of coils such that each coil is
positioned at a different lateral distance from a body 222. Alternatively, one or more single
strip antenna(e) may be used in combination or as a replacement for the coils 112. Referring
to FIG 3D, the plurality of coils (e.g., 1812a, 1812b, and 1812c) may have a different radius
then the rest of the plurality of coils. The plurality of coils may be arranged such that the
plurality of coils each encircle the body 222, while, in alternate embodiments, the body 222
may encircle the plurality of coils. The plurality of coils may be arranged such that the coil
with the largest radius will encircle the other coils in the plurality of coils. Different
arrangements may be utilized by increasing or decreasing the number of coils in the plurality
of coils, along with the distance from the plurality of coils to the body. As described in more
detail above, signal generator(s)/receiver(s) may provide a signal to excite the coils, and may
measure one or more parameters of the coils to generate signatures that can be stored in a
database. It is noted however, that the particular configuration of coils 1812a, 1812b, and
1812¢ shown in FIG. 18B is provided for purposes of illustration, rather than by way of
limitation, and in some embodiments, more or less than three coils may be used, a plurality of
coils with the same or different spacing between the plurality of coils may be used, or other
configurations depending on a particular purpose or configuration of the interrogation device.
Thus, embodiments of the present disclosure are not to be limited to a particular number of
coils or a particular spacing between coils. It is noted that in additional or alternative
embodiments, a plurality of antenna(e) may be provided, and each of the plurality of
antenna(e) may have a different radius and may be encircle the body in increasing distances
relative to their radii. In other embodiments, the plurality of antenna(e) are encircled by the
body.

[0087] Additionally, as shown in FIG. 18B, a switch 1840 may be used to selectively
activate one or more coils of the plurality of coils. For example, switch 1840 may selectively
activate coil 1812a to generate a signature as described above. In another example, switch
1840 may selectively activate coils 1812a, and 1812¢ to generate a signature. The switch

may be configures such that it can selectively activate and deactivate any coil in the plurality

-28-



10

15

20

25

30

WO 2018/044517 PCT/US2017/046024

of coils to act individually or in combination with any other coil(s) in the plurality of coils.
In some embodiments, not pictured, phase matching the plurality of coils may occur. In some
embodiments a matching circuit may be coupled in series with the coil(s). The matching
circuit may be used to match the impedance between two points of the interrogator device
100, such that power transfer is optimized to the coil(s) 112. Optimizing power transfer to
the coils(s) 112 may increase the sensitivity of the signatures by generating more precise
parameters. For example, a Pi matching circuit may be used to generate higher quality
factors in resonance when identifying de-ionized water. The matching circuit may enhance
sensitivity to other parameters used by the interrogator 100, as described in more detail below
[0088] Referring back to FIG. 18A, as illustrated at 1830 and 1840, each of coils 1810
may have multiple resonant frequencies, shown at 1830 with respect to first coil 1810 and
1840 with respect to second coil 1820. As shown in FIG. 18A, first coil 1810 may have
resonant frequencies at f011 and {012, as shown at 1830, and second coil 1820 may have
resonant frequencies at f021 and f022, as shown at 1840 when the known material is
deionized water. One or more signatures may be generated based on these observed
parameters, and then those signatures may be used to identify an unknown liquid (e.g.,
determine whether the unknown liquid is deionized water). For example, and referring to
FIGs. 19 and 20, when an unknown liquid is interrogated using the coil configuration
illustrated in FIG. 18A, the first coils 1810 may have resonant frequencies 1834 and the
second coil 1820 may have resonant frequencies of 1844. As shown in FIGs. 19 and 20,
when the unknown liquid is interrogated, the resonant frequencies of the coil 1810 illustrated
at 1834 may be shifted by {11 and {12 relative to those of 1832 (e.g., the resonant frequencies
of the first coil 1810 as observed during interrogation of DI water), and the resonant
frequencies of the coil 1820 illustrated at 1844 may be shifted by 21 and {22 relative to those
of 1842 (e.g., the resonant frequencies of the second coil 1820 as observed during
interrogation of DI water). In some embodiments, these frequency shifts and the
corresponding magnitudes of the S-parameters at the resonant frequencies may be used to
identify the unknown liquid by comparing this data to information stored in a database (e.g.,
the database 140 of FIG. 1). In some embodiments, the comparison of the frequency shifts
and corresponding magnitudes of the S-parameters at the resonant frequencies may be
performed using Smith Charts, as described below with reference to FIG. 22.

[0089] Referring to FIG. 22, a diagram illustrating an embodiment of an additional
technique for identifying an unknown liquid according to the present disclosure is shown. In

some embodiments, the Smith Charts illustrates in FIG. 22 may be generated using an
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interrogation device configured according to the embodiments illustrated with reference to
FIGs. 18A and 21 (e.g., an interrogation device comprising two coils, such as the coils 1810
and 1820 of FIGs. 18A and 21). In FIG. 22, a first Smith chart 2210, a second Smith chart
2220, a third Smith chart 2230, a fourth Smith chart 2240 are shown. First Smith chart 2210
may represent the resonant frequency observed at f011 during excitement of first coil 1810
and/or second coil 1820 of FIG. 18A, second Smith chart 2220 may represent the resonant
frequency observed at f012 during excitement of first coil 1810 and/or second coil 1820 of
FIG. 18A, third Smith chart 2230 may represent the resonant frequency observed at f021
during excitement of first coil 1810 and/or second coil 1820 of FIG. 18A, and fourth Smith
chart 2240 may represent the resonant frequency observed at {022 during excitement of first
coil 1810 second coil 1820 of FIG. 18A. In some embodiments, {012 may depend on or be
effected by excitation of coil 2, and/or f021 may depend on or be effected by excitation of
coil 1. In some embodiments, Smith charts associated with the resonant frequencies observed
during interrogation of an unknown liquid may be compared to the Smith charts illustrated in
FIG. 22 to identify the unknown liquid. If the shapes and locations of the curves in the Smith
Charts and/or resonant frequencies match to within a threshold tolerance, the unknown liquid
may be identified as the known liquid used to produce Smith charts 2210-2240. If the shapes
and locations of the curves in the Smith charts and/or resonant frequencies generated for the
unknown liquid do not match Smith charts 2210-2240 to within the threshold tolerance, the
Smith charts generated for the unknown liquid may be compared to Smith charts generated
for additional known liquids to identify the unknown liquid. Embodiments utilizing a
plurality of coils, such as the embodiments described with reference to FIGs. 18-22, may
provide improved accuracy when identifying unknown liquids. For example, using two coils
may enable more features or parameters to be observed during interrogation of the liquid,
providing more points of comparison for signature identification and matching purposes.

[0090] Referring to FIG. 23, charts illustrating characteristics observed during
interrogation of a material using coil(s) according to the present disclosure are shown. In
some embodiments, the charts illustrated in FIG. 23 may be generated using an interrogation
device configured according to the embodiment illustrated in FIG. 18B (e.g., an interrogation
devices having three coils each encircling the body and a switch configured to selectively
activate the coil(s)). In FIG. 23, a first chart 2310, a second chart 2320, a third chart 2330,
and a fourth chart 2340 are shown, where each chart represents a different arrangement of
coils in the system. The charts may display the a plot of various observed parameter values

(e.g., values of an S-parameter—S11) during interrogation of a liquid across a range of
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frequencies (e.g., from approximately 300 MHz to 600 MHz). First chart 2310 may represent
the S11 parameters observed during interrogation of a liquid at an arrangement using the coil
1812a of FIG 18B. Second chart 2320 may represent the S11 parameters observed during
interrogation of a liquid at an arrangement using the coil 1812b of FIG 18B. Third chart
2330 may represent the S11 parameters observed during interrogation of a liquid at an
arrangement using the coil 1812c of FIG 18B. Forth chart 2340 may represent the S11
parameters observed during interrogation of a liquid at an arrangement using coil 1812b and
1812¢ of FIG 18B. As described above, parameters may be observed at one or more
frequencies during interrogation. In some embodiments the use of switch 1840, of FIG 18B,
may allow generation of multiple charts possible without removal or reconfiguration of the
interrogator. The interrogation may be performed for several liquids using each arrangement
of the interrogator. For example, liquids containing different alcohol percentages may be
placed within the interrogator device and the measured parameters of each liquid may be
charted for each arrangement. More specifically, DI water 2302, may be plotted with several
other liquids containing alcohol (50% alcohol 2304, 100% alcohol 2306, and gasoline 2308).
As FIG. 23 shows, the resonant frequencies for each liquid can be distinguished by the
interrogator using the methods described above for each arrangement 2310, 2320, 2330, and
2340. In other embodiments, characteristics observed during interrogation may also be
configured to display Smith charts

[0091] Referring to FIG. 24, charts illustrating characteristics observed during
interrogation of a material using a plurality of coils according to the present disclosure are
shown. In some embodiments the charts illustrated in FIG. 24 may be generated using an
interrogation device configured according to the embodiment illustrated in FIG. 18B (e.g., an
interrogation devices having three coils each encircling the body). In FIG. 24 a first chart
2410 and a second chart 2420 are shown. First chart 2410 may represent the S11 parameters
observed during interrogation of a liquid at an arrangement using the plurality of coils 1812a,
1812b and 1812¢ of FIG 18B. In some embodiments phase matching may be used to increase
the sensitivity of the coils. Second chart 2420 may represent the S11 parameters observed
during interrogation of a liquid at an arrangement using the plurality of coils 1812a, 1812b
and 1812c¢ of FIG 18B using a phase matching device. For example, a pi matching circuit
may be coupled in series with the sensor coils 1812a, 1812b and 1812c¢ of FIG 18B. Phase
matching may be used to increase the accuracy of the signatures generated by the
interrogator. For example, a matching circuit may improve the S11 parameters, thus

improving the signatures, by generating high quality factors when using multiple coils.

-31-



10

15

20

25

30

WO 2018/044517 PCT/US2017/046024

[0092] The different arrangements of the plurality of coils can generate multiple
signatures and may enable a more accurate identification of the material undergoing
interrogation, such as to rule out known signatures that do not exhibit similar behaviors at a
particular arrangement used to interrogate an unknown material and/or to identify known
signatures that exhibit similar behaviors at a particular arrangement used to interrogate an
unknown material. For example, as illustrated by FIG. 25, six resonance frequencies can be
generated from the six arrangements in accordance with the embodiment illustrated in FIG.
18. The new signatures may be added to the data base to increase the reliability of material
identifications performed by the interrogator.

[0093] Referring to FIG 26, the parameters for a certain material determined at an
arrangement may be used to cross check the parameters found in the material at other
arrangements in order to generate more signatures. The parameters for a liquid measured in
certain arrangements may be used as a reference point to generate signatures based on the
observed parameters of other liquids in the same arrangement. For example, using the
parameters found in FIG. 25, the resonant frequency of gasoline generated for all six
arrangements (2310, 2320, 2330, 2340, 2410, 2420) may be set as a reference point and the
relative frequency shifts of the other liquids (DI water 2302, 50% Alcohol 2304, and 100%
Alcohol 2306) may be used as a signature for those arrangements.

[0094] Referring to FIG. 27, a flow diagram of exemplary method for identifying an
unknown material in accordance with embodiments of the present disclosure is shown as a
method 2700. In some embodiments, the method 2700 may correspond to step 440 of
method 400 illustrated and described above with reference to FIG. 4. At step 2710, method
2700 includes checking for the presence of a minimum peak within a particular narrowband
frequency range. At step 2720, a determination is made as to whether the minimum peak is
present within a particular narrowband frequency range (e.g., a narrowband frequency range
where a known material exhibits a minimum peak). If the minimum peak is present within
the particular narrowband frequency range, the unknown material is identified as the material
corresponding to the particular narrowband frequency range (e.g., the known material that
exhibits a minimum peak at the particular narrowband frequency range), otherwise, the
method 2700 continues to step 2730 where the presence of a minimum IS11| peak within a
particular narrowband frequency range is checked. At step 2740, a determination is made as
to whether the minimum IS11| peak is present within a particular narrowband frequency range
(e.g., a narrowband frequency range where a known material exhibits a minimum IS11] peak).

If the minimum IS11I peak is present within the particular narrowband frequency range, the
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unknown material is identified as the material corresponding to the particular narrowband
frequency range (e.g., the known material that exhibits a minimum IS111 peak at the particular
narrowband frequency range), otherwise the method 2700 continues to step 2750. At step
2750, the method 2700 checks an absolute frequency range for the presence of a minimum
peak, and, at step 2760, if the minimum peak is found within a particular absolute range, the
material is identified. Otherwise, the material cannot be identified (e.g., because the material
does not exhibit characteristics of a known material or combination of materials). In FIG. 27,
a minimum peak total frequency range 2770 for various materials is shown and includes a
minimum peak total frequency range for DI, alcohol, and vodka.

[0095] FIG. 28 is a diagram that illustrates additional aspects of frequency ranges that
may be used to identify a material according to embodiments. For example, in FIG. 28, a
minimum peak frequency narrow range 2810, a minimum [S11] peak narrow range 2820, a
minimum peak frequency total range 2830, and a minimum IS11| peak total range 2840 are
shown. Minimum peak frequency total range 2830 may be the same as minimum peak total
frequency range 2770 illustrated in FIG. 27. Minimum peak frequency narrow range 2810
may be utilized in steps 2710 and 2720 of the method, minimum IS11| peak narrow range
2820 may be utilized in steps 2730 and 2740 of the method, and minimum IS11| peak total
range 2840 may be utilized in steps 2750 and 2760 of the method. Thus, method 2700 may
utilize the different frequency ranges to filter characteristics of an unknown material to
identify the unknown material, such as to classify an unknown liquid as DI, alcohol, or
vodka. For example, the various frequency ranges illustrated in FIG. 28 demonstrate that
different liquids consistently exhibit certain properties when interrogated in accordance with
embodiments of the present disclosure. This indicates that embodiments of the present
disclosure are operable to identify liquids with a high degree of accuracy.

[0096] Referring to FIGs. 29-31, various aspects of a graphical user interface (GUI) for
configuring a system for interrogation of a sample of an unknown material are shown. FIG.
29 illustrates an exemplary operations interface that may be utilized to execute the
interrogation of a sample and compare signatures of the sample to one or more signatures in
an existing database, such as the database 140 of FIG. 1. FIG 30 illustrates an exemplary
interface for configuring various parameters, such as the frequency ranges, S-parameters, port
impedance, and sampling data points, for interrogating a sample. The exemplary interface
illustrated in FIG. 30 also facilitates configuration of a desired Smith chart format. FIG 31
illustrates various aspects of the exemplary interface illustrated in FIG. 30, and includes

labels that identify the different functions provided by the exemplary interface. In FIGs. 32
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and 33, diagrams illustrating various functional relationships of software modules that may
be implemented in an interrogation system configured according to embodiments to provide
the GUTIs illustrated with reference to FIGs. 29-31 are shown. In some embodiments, the
software modules may be stored as an application and/or instructions in a memory, such as
memory 134 of FIG. 1. Fig. 30 is a flow diagram illustrating an exemplary method for
identifying an unknown liquid according to an embodiment of the present disclosure.

[0097] Testing has shown that an interrogation system according to embodiments of the
present disclosure is operable to noninvasively recognize or identify milk, milk mixed with
water, milk mixed with alcohol, water, DI water, alcohol, liquor, coffee, carbonated drinks,
such as sodas, and the like. Blind testing was also performed and resulted in accurate
identification of one or more of these liquids. Additionally, testing has demonstrated that an
interrogation system according to embodiments of the present disclosure is operable to
recognize chemical reactions of two or more solutions within a container undergoing
interrogation by an interrogation device according to embodiments of the present disclosure.
For example, the signatures of the individual original solutions may be different from the
solution that results after they are mixed together. Once the chemical reactions have
completed, the changes in the S-parameters and/or in the Smith Chart become stable and the
temporal variations can be used to identify the completion of chemical reactions. The similar
principle is applied for detection of temperature changes in a liquid. For example, the
signatures in the s-parameters and/or Smith Chart are different between water and ice. Thus,
the temporal variations of the measurement can be used to identify the temperature changes
in a solution. Further, monitoring has demonstrated that an interrogation system according to
embodiments of the present disclosure is operable to test soil conditions, test solid particles in
a solution, identify whole blood and plasma, test lubricants and oil, and the like, as explained
above. For example, testing of soils conditions has been demonstrated by placing coils
directly in samples of different soils and connected the coils to an electronic device (e.g., to
form an interrogation system similar to the system 100 of FIG. 1). When water was applied to
the soils, the signatures in the S-parameter and Smith Chart changed to indicate the moisture
content of the soil samples. Additionally, analysis of whole blood and plasma with different
viscosity and biochemical contents, such as glucose and iron, results in different signatures,
thereby allowing conditions of blood or plasma to be identified by embodiments of the
present disclosure. Further, signatures for lubricants and oils with various moisture contents
and impurity particles may also be used to monitor the quality of the lubricant/oil in order to

determine if they should be replaced (e.g., to protect mechanical components that utilize the
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lubricant/oil). The embodiments of the present disclosure enable such applications to be
performed continuously in situ, thus, providing a real-time monitoring system. Embodiments
of an interrogation system according to the present disclosure may further be constructed to
receive a finger and detect pulses, pulse rates and/or blood chemistry. For example, as blood
travels through the blood vessels and veins in the finger, changes in signatures generated by
an interrogation system of embodiments configured to interrogate a finger may be observed
and may be used to determine the pulse. In some embodiments, interrogation systems may
be formed on flexible substrates that may be deformed to wrap around a cylinder or body
part, such as a finger, or may be formed as a solid object, such as a ring, that may be worn to
provide real-time pulse monitoring.  Additionally, some embodiments of the present
interrogation systems may be extended to frequency rages in microwaves or millimeter waves

for miniature containers (e.g., micro or nano-droplets).

EXAMPLES

[0098] The present invention will be described in greater detail by way of specific
examples. The following examples are offered for illustrative purposes only and are not
intended to limit the invention in any manner. Those of skill in the art will readily recognize
a variety of noncritical parameters that can be changed or modified to yield essentially the
same results.

[0099] An interrogator 100, having one coil with 5 turns wrapped around the body 116
was used to calculate the moisture content of three different soil samples: ASTM fine graded
soil 3200, top soil 3210, and potting soil 3220. A commercial TDR sensor was also used to
calculate the moisture content of the soils. The results for each sensor were generated and
then compared. The sensors calculated the moisture content of each soil for five target
moisture concentrations. The soil was dried in an oven to eliminate water content and then
prepared by mixing water to the soil based on the weight ratio of the target water content.
The mixed soil was then loaded into a compaction mold 3230 and compressed using a soil
compaction hammer 3240. For the TDR soil calculations, data was recorded four times at the
same soil location using Insitu MRP Test software. For the interrogator soil calculations,
data was recorded ten times at the same soil location using VNA. After the calculations were
made by the sensors, the water content of the soil was then measured again using dry density
measurement to verify the target moisture concentration. The process was repeated for each

soil at the five different target moisture concentrations.
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SOIL 1: ASTM FINE GRADED (50-70) SAND
[0100] ASTM fine graded (50-70) sand was used to generate the test results at five target
moisture concentrations: 2%, 5%, 8%, 11%, and 14%. The results of the moisture content
calculations for the interrogator and TDR are shown below in Table 1. Taking the average
for all five target concentrations, the interrogator results have approximately a twelve percent
error when calculating the target water percentages. The TDR results are less accurate
having, on average, approximately forty one percent error when calculating the target water
percentages. The more accurate results of the interrogator are at least in part due to the
frequency verification values. The frequency shift of the first, second and third feature
verification can indicate the water percentages in the soil. The feature verification values can

be used as parameters or signatures to verify the moisture content as described above.

Table 1: Results of ASTM Soil Calculations

Target Interrogator TDR Feature Feature Feature

Soil Water Resultsg(o/) Results |Verification|Verification|Verification
Percentage 0 (%) 1 2 3

ASTM sail 2 1.87 4.9 334.5 484.65 665.39
ASTM sail 5 4.48 6.46 301.95 441.6 593.5
ASTM sail 8 6.97 7.97 261.7 386.65 513.28
ASTM sail 11 8.81 9.94 250.5 370.2 494.1
ASTM sail 14 12.54 10.73 226 333.8 440.9

SOIL 2: TOP SOIL
[0101] Top Soil was used to generate the test results at five target moisture
concentrations: 2%, 7%, 12%, 17%, and 22%. The results of the moisture content
calculations for the interrogator and TDR are shown below in Table 2. Taking the average
for all five target concentrations, the interrogator results have approximately a fourteen
percent error when calculating the target water percentages for top soil. The TDR results are
less accurate having, on average, approximately forty three percent error when calculating the
target water percentages. The results for the top soil are similar to those found to the ASTM
soil; however, a soil containing other materials such as organic matter will cause the TDR

results to become inaccurate.
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Table 2: Results of Top Soil Calculations

Target Water Interrogator TDR Feature Feature Feature
Soil 9 9 Results |Verification|Verification|Verification
Parcentage | Results (%)
(%) 1 2 3

Top Soil 2 2.61 5.71 342.2 510.8 693.2
Top Soil 7 7.93 7.39 314.6 473.42 638.96
Top Soil 12 13.41 12.36 302.6 451.34 608.6
Top Soil 17 18.44 15.2 291.1 429.7 580.48
Top Soil 22 23.44 24.75 257.99 381.4 508.8

SOIL 2: POTTING SOIL
[0102] Potting Soil was used to generate the test results at five target moisture
concentrations: 2%, 7%, 12%, 17%, and 22%. The results of the moisture content
calculations for the interrogator and TDR are shown below in Table 1. Potting soil contains a
lot of different materials; some common ingredients used in potting soil are peat,

composted bark, sand, perlite and recycled mushroom compost. Potting soil is also aerated

making calculation of the moisture content difficult. As a result, the Interrogator results have,
on average, approximately a forty five percent error when calculating the target water
percentages for potting soil. The TDR results fair much worse having over one thousand
percent error when calculating the water percentage in potting soil. The introduction of new
materials and air have a less harmful effect of the interrogator results partly because the
feature verification values can still be used to cross check the results of the interrogator, as

described above.

Table 3: Results of Potting Seil Calculations

_ Terget i terrogator| [ [OR _ |, Feature | Feature | Feature

Soil Water b cults (%) Results |Verification|Verification|Verification
Percentage (%) 1 2 3
Potting soail 2 5.12 55.07 238.6 409.4 597.7
Potting soil 7 8.11 108.8 233.7 405.06 580.2
Potting soail 12 10 202.17 228.1 399.32 570.19
Potting soil 17 19.89 11.85 214.1 374.19 536.1
Potting soil 22 26.75 9.81 209.27 361.38 532.8
* * *
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[0103] The above specification and examples provide a complete description of the
structure and use of illustrative embodiments. Although certain embodiments have been
described above with a certain degree of particularity, or with reference to one or more
individual embodiments, those skilled in the art could make numerous alterations to the
disclosed embodiments without departing from the scope of this invention. As such, the
various illustrative embodiments of the methods and systems are not intended to be limited to
the particular forms disclosed. Rather, they include all modifications and alternatives falling
within the scope of the claims, and embodiments other than the one shown may include some
or all of the features of the depicted embodiment. For example, elements may be omitted or
combined as a unitary structure, and/or connections may be substituted. Further, where
appropriate, aspects of any of the examples described above may be combined with aspects
of any of the other examples described to form further examples having comparable or
different properties and/or functions, and addressing the same or different problems.
Similarly, it will be understood that the benefits and advantages described above may relate
to one embodiment or may relate to several embodiments.

[0104] The claims are not intended to include, and should not be interpreted to include,
means-plus- or step-plus-function limitations, unless such a limitation is explicitly recited in a

given claim using the phrase(s) “means for” or “step for,” respectively.
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CLAIMS

1. A method for determining one or more characteristics of a material, the method
comprising:
exciting one or more conductive coils with a source signal, where the one or more
conductive coils surround a volume;
monitoring one or more parameters associated with each of the one or more
conductive coils during the exciting;
determining one or more signatures associated with a material within the volume
based on the one or more parameters; and
comparing the one or more signatures to one or more candidate signatures to identify

the material.

2. The method of claim 1, where the one or more parameters associated with each of the
one or more conductive coils comprise: one or more scattering parameters, a resonance

frequency, a shape and location of curves in a Smith Chart, or a combination thereof.

3. The method of claim 2, further comprising varying a frequency of the source signal at

which at least one of the one or more coils is excited.

4, The method of any of claims 2-3, where the one or more candidate signatures
correspond to signatures representative of at least one known material, and where the
signatures representative of the at least one known material are determined based one or more
parameters determined while the at least one known materials was disposed within the

volume.

5. The method of claim 4, where comparing the one or more signatures to the one or
more candidate signatures comprises comparing, at each of a set of frequencies, a determined
parameter corresponding to the material with a corresponding known parameter

corresponding to the at least one known material.

6. The method of claim 5, where comparing, at each of the set of frequencies, the
determined parameter with the corresponding known parameter comprises comparing a Smith

chart of the determined parameter with a Smith chart of the corresponding known parameter.
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7. The method of any of claims 1-6, where the one or more coils comprise two or more
coils.
8. The method of any of claims 1-7, where at least one of the one or more coils

comprises two or more turns.

9. The method of any of claims 1-8, where at least one of the one or more coils

comprises four or more turns.

10. The method of any of claims 1-9, where a maximum transverse dimension of the core

volume is approximately 4 centimeters (cm) or larger.

11. The method of any of claims 1-10, where:
each of the one or more coils is coupled to a body that defines an interior channel
within the volume; and

the material is disposed within the interior channel.

12. The method of claim 11, where the material is disposed within a container that is

disposed within the interior channel.
13. The method of claim 11 or 12, where the body is flexible.

14. The method of claim 11, where the body comprises a pipe through which the material

flows.

15. The method of any of claims 1-14, where the material comprises water, alcohol,

coffee, a soft drink, milk, oil, blood, or a combination thereof.

16. The method of any of claims 1-15, where the one or more characteristics of the

material includes an alcohol content of the material.

17. The method of any of claims 1-16, where:
the material comprises soil; and

the one or more characteristics of the material includes a moisture content of the soil.
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18. The method of any of claims 1-16, where:
the material comprises a liquid and a solid; and
the one or more characteristics of the material includes a solids content of the

material.

19. The method of any of claims 1-16, where:
the material comprises blood; and

the one or more characteristics of the material includes a plasma content of the blood.

20. The method of any of claims 1-19, where the one or more characteristics of the

material includes a temperature of the material.

21. A system for determining one or more characteristics of a material, the system
comprising:
one or more conductive coils surrounding a volume;
one or more signal generators, each configured to be coupled to a respective one of
the one or more coils and to excite the respective coil with a respective source
signal;
one or more signal receivers, each configured to be coupled to a respective one of the
one or more coils and to monitor one or more parameters associated with the
respective conductive coil during the exciting; and
a processor configured to:
determine one or more signatures associated with a material within the
volume based on the one or more parameters; and
compare the one or more signatures to one or more candidate signatures to

identify the material.

22. The system of claim 21, where the one or more parameters associated with each of the
one or more conductive coils comprise: one or more scattering parameters, a resonance

frequency, a shape and location of curves in a Smith Chart, or a combination thereof.

23. The system of claim 22, where at least one of the one or more signal generators is
configured to vary the frequency of the respective source signal at which the respective coil is

excited.
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24. The system of claim 23, where the frequency of the respective source signal used to
excite the respective coil is between approximately 200 megahertz (MHz) and approximately

400 MHz.

25. The system of claim 23 or 24, where the processor is configured to determine a
resonance frequency associated with at least one of the one or more coils at least by:
determining, for each frequency of a set of frequencies at which the at least one coil is
excited, a reflection coefficient, a transmission coefficient, and/or a scattering
parameter that is associated with the at least one coil; and
identifying, as the resonance frequency, the frequency of the set of frequencies at
which the magnitude of the reflection coefficient and/or the magnitude of the
scattering parameter is smallest and/or at which the magnitude of the

transmission coefficient is largest.

26. The system of any of claims 22-25, where the one or more candidate signatures
correspond to signatures representative of at least one known material, and where the
signatures representative of the at least one known material are determined based one or more
parameters determined while the at least one known materials was disposed within the

volume.

27. The system of claim 26, where the processor is configured to compare the one or
more determined parameters with the one or more corresponding known parameters at least
by comparing, at each of a set of frequencies, a determined parameter corresponding to the
material with a corresponding known parameter corresponding to the at least one known

material.

28. The system of claim 27, where the processor is configured to compare, at each of the
set of frequencies, the determined parameter with the corresponding known parameter at least
by comparing a Smith chart of the determined parameter with a Smith chart of the

corresponding known parameter.

29. The system of any of claims 21-28, where the one or more coils comprises two or
more coils.
30. The system of any of claims 21-29, where at least one of the one or more coils

comprises two or more turns.
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31. The system of any of claims 21-30, where at least one of the one or more coils

comprises four or more turns.

32. The system of any of claims 21-31, where a maximum transverse dimension of the

core volume is approximately 4 cm or larger.

33. The system of any of claims 21-32, where each of the one or more coils is coupled to
a body that defines an interior channel within the core volume, the interior channel

configured to receive the material.

34. The system of claim 33, where the body is flexible.

35. The system of claim 33, where the body comprises a pipe configured to convey the
material.
36. The system of any of claims 21-35, where the material comprises water, alcohol,

coffee, a soft drink, milk, oil, blood, or a combination thereof.

37. The system of any of claims 21-36, where the one or more characteristics of the

material includes an alcohol content of the material.

38. The system of any of claims 21-37, where:
the material comprises soil; and

the one or more characteristics of the material includes a moisture content of the soil.

39. The system of any of claims 21-37, where:
the material comprises a liquid and a solid; and
the one or more characteristics of the material includes a solids content of the

material.

40. The system of any of claims 21-37, where:
the material comprises blood; and

the one or more characteristics of the material includes a plasma content of the blood.

41. The system of any of claims 21-40, where the one or more characteristics of the

material includes a temperature of the material.
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42. A non-transitory computer-readable storage medium storing instructions that, when
executed by a processor, cause the processor to perform operations for determining one or
more characteristics of a material, the operations comprising:
exciting one or more conductive coils with a source signal, where the one or more
conductive coils surround a volume;
monitoring one or more parameters associated with each of the one or more
conductive coils during the exciting;
determining one or more signatures associated with a material within the volume
based on the one or more parameters; and
comparing the one or more signatures to one or more candidate signatures to identify

the material.

43. The non-transitory computer-readable storage medium of claim 42, where the one or
more parameters associated with each of the one or more conductive coils comprise: a
reflection coefficient, a transmission coefficient, a scattering parameter, a resonance

frequency, or a combination thereof.

44. The non-transitory computer-readable storage medium of claim 43, the operations
further comprising varying a frequency of the source signal at which at least one of the one or

more coils 1s excited.

45. The non-transitory computer-readable storage medium of claim 44, where the
frequency of the source signal used to excite the coil is between approximately 200

megahertz (MHz) and approximately 400 MHz.

46. The method of claim 44 or 45, further comprising determining, during the monitoring,
a resonance frequency associated with each of the one or more conductive coils at least by:
setting the frequency of the source signal at which each of the one or more conductive
coils is excited to each of a set of frequencies;
determining, for each frequency of the set of frequencies, a reflection coefficient, a
transmission coefficient, and/or a scattering parameter associated with each of
the one or more conductive coils; and
identifying, as the resonance frequency, the frequency of the set of frequencies at

which the magnitude of the reflection coefficient and/or the magnitude of the
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scattering parameter is smallest and/or at which the magnitude of the

transmission coefficient is largest.

47. The method of any of claims 43-46, where the one or more candidate signatures
correspond to signatures representative of at least one known material, and where the
signatures representative of the at least one known material are determined based one or more
parameters determined while the at least one known materials was disposed within the

volume.

48. The method of claim 47, where comparing the one or more signatures to one or more
candidate signatures comprises comparing, at each of a set of frequencies, a determined
parameter corresponding to the material with a corresponding known parameter

corresponding to the at least one known material.

49. The method of claim 48, where comparing, at each of the set of frequencies, the
determined parameter with the corresponding known parameter comprises comparing a Smith

chart of the determined parameter with a Smith chart of the corresponding known parameter.
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