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FLECTRIC FIELD DETECTOR SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority under 35 U.S.C. § 119%{e) to U.S. Provisional Application
Serial No. 62/237.841, titled “ELECTRIC FIELD DETECTOR SYSTEM,” filed on October 6,
2015, which is hereby incorporated herein by reference in its entircty. This application also
claims priotity under 35 U.S.C. § 119(e) to U.S. Provisional Application Serial No. 62/370.454,
titled “ELECTRIC FIELD DETECTOR SYSTEM,” filed on August 3, 2016, which is hereby

incorporated herein by reference in its entirety.

BACKGROUND

Equipment that is electrically operated, or that incorporates moving structures containing
clectrically conductive materials or charged diclectrics, will generate static and time-varying
electromagnetic {ields during operation. These fields may be faint even in close proximity to the
source, and will attenuate as the distance from the source is increased. Nevertheless, detectable
components of these signals may exist at great distances {rom the source. Often great care is
taken to design equipment, such as military equipment, to minimize the likelthood that
unintended electromagnetic emissions will reveal the location of the equipment. Despite the care
taken to reduce such emissions, low level electromagnetic signals may still exist at great
distances and can be measured. Weak electromagnetic signals may also be utilized in numecrous
other applications, such as in communication systems, natural resource exploration, scientific
rescarch, meteorological monitoring. localization, and navigation.

Simtlarly, various bio-physical signals are generated by the homan body. For example,
ionic currents within neurons of the brain will generate voltage {luctuations and magnetic fields
during synaptic transmission. Although these signals may be weak, they can be measured and
used in various diagnostic applications. Conventionally, numerous highly sensitive
magnetometers are employed during magnetocephalography to detect magnetic fields, and

numerous electrodes are employed during electroencephalography to detect electrical activity.
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SUMMARY

Aspects and embodiments are directed to systems and methods for exploiting the electric
component of electromagnetic signals. There is a need for improved detectors which enhance the
ability to measure small fields emitted by equipment or natural processes. Systems may include
one or more electric field detectors capable of detecting an electric ficld generated by equipment
that has been designed to reduce unintended electromagnetic emissions, or that naturally
generates very small or attenuated electric and magnetic field signals. In further aspects and
embodiments, one or more electric field detector described herein permits the detection and
analysis of weak bio-physical signals, such as electric fields of a brain or heart of a patient or
user. Such aspects and embodiments allow non-invasive and non-contact observation of the
user’s state or condifion.

The performance of an electric field detector is generally limited by the noise that
contributes to its measurement. Operation of the detector and environmental conditions both
contribute to the noise, which affects the resolution of the system. With shielding or removal of
background woise, conventional detectors still experience severe difficulty measuring weak
clectric field signals due to the sensor noise. Accordingly, there is a need for an improved
electric field detector capable of observing weak electric fields, and certain aspects and
embodiments are directed to meeting this need.

According to certain aspects, an improved clectric field detector systern is provided. In
one example, the system inchides a proof-mass inclading a source of concentrated charge, a
plurality of supports, cach individual support of the plurality supports being coupled to the proof-
mass, a plurality of sensors, each individual sensor of the plurality of sensors positioned to
measure a resonant frequency of a corresponding support of the plurality of supports, and a
countroller coupled to each individual sensor of the plurality of sensors, the controller configured
to measure a characteristic of an electric field imparted on the proof-mass based on at least a first
resonant frequency of the measured resonant frequencies.

In certain examples, the controller is further configured to determine a linear force
imparted on the proof-mass, in a first direction, based on at Ieast the first resonant frequency of
the measured resonant frequencies. According to one example, the controller is further
configured to determine a temperature based on a common mode signal generated from a
comparison of each of the measured resonant {frequencies. In one example, the characteristic of

the electric field includes an electric field strength, and wherein in measuring the characteristic
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of the electric field the controller is configured to compare at least the first resonant frequency to
a first frequency reference to measure a torque on the proof-mass. According to some examples,
the resonant frequency of each support includes a natural {requency.

According to onc example, the plurality of supports includes a first support coupled to a
first side of the proof-mass and having the {irst resonant {requency, a second support coupled to
a second side of the proof-mass and having a second resonant frequency. a third support coupled
to the f{irst side of the proof-mass and having a third resonaunt frequency, and a fourth support
coupled to the second side of the proof-mass and having a fourth resonant frequency. In some
examples, the controller is {urther configured to determine a first linear force imparted on the
proof-mass, in a first direction, and a second linear force imparted on the proof-mass, in a second
direction, based on the first resonant frequency, the second resonant frequency, the third resonant
frequency, and the fourth resonant frequency, and determiine a temperature based on a common
mode signal generated from a comparison of ecach of the first resonant frequency, the second
resonant {requency, the third resonant frequency, and the fourth resonant frequency.

According to one example, the source of concentrated charge includes a polarized ferro-
electric material including Lithiwm Niobate. In some examples. the source of concentrated
charge includes an electret. In one example, the electret includes a plurality of stacked electrets.

According to some examples, each sensor of the plurality of sensors includes a comb
drive including a first electrode configured to apply a voltage to a comb positioned on the
corresponding support, and a second electrode configured to measure a change in a capacitance
between the {irst electrode and the second electrode, wherein the controller is further configured
to infer the resonant frequency of the corresponding support based at least in part on the change
in the capacitance.

In one example, the system may further include a ficld concentrator located adjacent a
side of the proof-mass, the ficld concentrator positioned so as to focus the electric field on the
proof-mass. According to certain examples, the system may further include a housing, the system
is disposed within the housing. In one example, the housing includes at least one attachment to
secure the system to a mobile platform. According to another example, the housing includes at
lcast one attachment to sccure the system to a stationary platform.

According to certain examples, the system further includes a plurality of geometric

isolation structures interposed between the proof-mass and each of the plurality of supports, each
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geomeltric isolation structure being positioned to isolate a respective support from a differential
thermal strain between the proof-mass and the respective support. In one example, the system
further includes an internal isolation structure extending through the proof-mass and configured
to suspend the proof-mass relative to a system substrate, the internal isolation structure being
positioned to isolate the plurality of supports from a differential thermal strain between the
proof-mass and the plurality of supports.

Certain aspects are direcied to an electric field transduction method. In one example, the
method includes generating an electric dipole at a proof-mass coupled to a plurality of supports,
receiving an electric field at the proof-mass, measuring a resonant frequency of each individual
support of the plurality of supports, and determining a characteristic of the electric ficld based on
at least one resonant frequency of the measured resonant frequencies.

According to some examples, determining the characteristic of the electric field further
includes comparing the at least one resonant frequency to a frequency reference and determining
a torque imparted on the proof-mass. In one example, determining the characteristic of the
electric field includes determining the strength and variability of the electric field. According to
somme examples, the transduction method may {urther include determining a linear {orce imparted
on the proof-mass, in a first direction, based on the at least one resonant frequency of the
measured resonant frequencies. In another example, the transduction method may further include
determining a temperature based on a common mode signal generated from a comparison of each
of the measured resonant {requencies. In some examples. the method may further inchude
determining a force of acceleration imparted on the proof-mass based on the at least one resonant
frequency of the measured resonant frequencies of the individual supports. In certain examples,
the method may further 1oclade optically sensing a displacernent of the proof-mass responsive (o
receiving the electric field.

According to one example, the measured resonant frequency of each individual support
of the plurality of supports includes a natural frequency. In one example, the method further
includes sensing a variation in a capacitance between the proof-mass and a reference structure
responsive to receiving the electric field.

According to one example, the plurality of supports includes a first support having a first
resonant frequency, a second support having a second resonant {requency, a third sapport having

a third resonant frequency, and a fourth support having a fourth resonant frequency, and wherein



WO 2017/105596 PCT/US2016/055584

the method may further include determining a first linear force imparted on the proof-mass, in a
first direction, based on the first resonant frequency. the second resonant frequency, the third
resonant frequency, and the fourth resonant frequency, determiming a second linear force
imparted on the proof-mass, in a second direction, based on the first resonant frequency, the
second resonant frequency, the third resonant frequency, and the fourth resonant frequency, and
determining a teraperature based on a common mode signal generated from a comparison of each
of the first resonant frequency, the second resonant frequency, the third resonant frequency, and
the fourth resonant frequency.

According to one aspect, a transduction method may include generating an electric dipole
at a proof-mass coupled to a plurality of supports, receiving a bio-physical signal at the proof-
mass, measuring a resonant frequency of each individual support of the plurality of supports, and
determining a characteristic of the bio-physical signal based on at least one resonant frequency of
the measured resonant {requencies. In one cxample, the bio-physical signal includes an electric
field of a body of a patient. In certain examples, the electric field of the body of the patient
includes an electric field of a brain, heart, nerve, or muscle, of the patient.

According to one aspect, a transdoction method may include generating a souwrce of
concentrated charge on a structure, and imparting a forque on the structure responsive (o
receiving a field.

In one example, the structure includes a proof-mass coupled to a plurality of supports,
and the method may further include measuring a resonant frequency of at least one support of the
plarality of sapports to determine the torgue imparted on the proof-mass. In certain examples, the
field includes an clectric field, and the mcthod may further include determining the strength and
variability of the electric field. In one example, the method may further include determining an
ambient temperature based on a common mode signal generated from a comparison of measured
resonant frequencies of each individual support of the plurality of supports. According to one
example, the method may further include determining a linear force imparted on the proof-mass
in a first direction based on at least one resonant frequency of at least one of the plurality of
supports. In some examples, the method may further include determining isolating the plurality
of support from a differential thermal strain between the proof-mass and the plurality of
supports. In certain examples, the method further includes measuring a displacement of the

structure by measuring a change in capacitance between the structure and a reference structure.

()]
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According to onc example, the method may further include measuring displacement of the
structure to infer the torque imparted on the proof-mass.

According to an aspect, provided is a transduction method. In one example, the method
includes gencrating an electric dipole at a proof-mass coupled to a plurality of supports,
receiving an electric field at the proof-mass, optically sensing a displacement of the proof-mass
responsive (o receiving the electric field, and determining a characteristic of the clectric field
based on at least on the displacement of the proof-mass.

According to another aspect, provided is another transduction method. In one example,
the method includes generating an electric dipole at a proof-mass coupled to a plurality of
supports, receiving an electric field at the proof-mass, sensing a variation in a capacitance
between the proof-mass and a reference structure responsive to receiving the electric field, and
determining a characteristic of the electric field based on at least the variation 1n the capacitance
between the proof-mass and the reference structure,

Still other aspects, embodiments, and advantages of these exemplary aspects and
embodiments, are discussed in detail below. Moreover, it is to be understood that both the
foregoing information and the following detailed description are merely illustrative examples of
various aspects and embodiments, and are intended to provide an overview or framework for
understanding the pature and character of the claimed aspects and embodiments. Any
embodiment disclosed herein may be combined with any other embodiment in any manner
consistent with at least onc of the objectives, aims, and needs disclosed herein, and references to

RT3

“an embodiment,” “some embodiments,” “an alternate embodiment,” “various embodiments,”
“onc embodiment” or the like are not necessarily mutually exclusive and are intended to indicate
that a particular feature, structure, or characteristic described in connection with the embodiment
may be included in at least one embodiment. The appearances of such terms herein are not
necessarily all referring to the same embodiment. Various aspects, embodiments, and
implementations discussed hergin may include means for performing any of the recited features

or functions.

BRIEF DESCRIPTION OF THE DRAWINGS
Various aspects of at least one embodiment are discussed below with reference to the

accompanying figures, which are not intended to be drawn to scale. The figures are included to

6
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provide illustration and a further understanding of the various aspects and embodiments, and are
incorporated 1o and constitute a part of this specification, but are not intended as a delinition of
the himits of the disclosure. In the figures, each identical or nearly identical component that is
illustrated in various figures is represented by a like nomeral. For purposes of clarity, not every
component may be labeled in every {igure. In the figures:

FIG. 1 is a block diagram of one example of an electric field detector system according to
aspects of the present disclosure;

FIG. 2 is a side view of the block diagram of an electric field detector system illustrated
in FIG. 1, according to aspects of the present disclosure;

FIG. 3 is a graph demonstrating the relationship between resonant frequency and support
tension according to aspects of the present disclosure;

FIG. 4 is a graph demonstrating the improved noise sensitivity of an electric field
detector system according to aspects of the present disclosure;

FIG. 5 is a block diagram of one example of a controlier according to aspects of the
present disclosure;

FIG. 615 a perspective view of an example of an arrangement of an electric field detector
according to aspects of the present disclosure;

FIG. 7 is another perspective view of an example of an arrangement of an electric ficld
detector according to aspects of the present disclosure;

FIG. 8 is a perspective view of one example of an electric field detector system including
geometric isolation structures, according to aspects of the present disclosure;

FIG. 9A is a perspective view of one example of an clectric field detector system
including geometric 1solation structures, according to aspects of the present disclosure;

FIG. 9B is a plan view of the electric field detector system illustrated in FIG. 9A,
according to aspects of the present disclosure; and

FIG. 10 is diagram of an example of an electric {ield detector system packaged within a

housing. according to aspects of the present disclosure.

DETAILED DESCRIPTION
Aspects and embodiments are generally directed to systems and methods for exploiting

the electric component of electromagnetic signals. Systems may include one or more electric

~
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field detectors capable of detecting an electric field generated by equipment or natural processes
that generate electromagnetic fields. Systems may also include one or more electric field
detectors capable of detecting bio-physical signals generated by the body of a patient or user,
such as the electric field of his or her brain, heart, nerves or muscles.

Current electric field detectors include high noise sensors that inhibit the observation of
weak electric field signals at low frequencics. While other solutions {o detecting weak clectric
field components have been proposed, these solutions are large in size and physically restrictive.
For example, large detectors are not practical in most military or mobile applications.
Furthermore, large detectors make accuorate rocasurement of gradients in potential of a patient’s
scalp challenging. Typically, a dense measurement of the potential distribution s necessary for
accurate measurements. For instance, this often requires EEG electrodes placed on the scalp of
the patient separated by short distances. The large number of sensors required makes calculation
imprecise, and often impractical in situations where electrical contact is poor {e.g.. the patient
has very thick hair) or inconsistent due to movement, sweating, or other factors. Accordingly,
certain embodiments are directed to providing a weak electric field and/or weak bio-physical
signal detector that is substantially resistant to noise, while remaining coropact enough for
mobile and medical applications. Accordingly, certain aspects and embodiments provide
improved electric field detection systems and methods, as discussed {orther below.

In certain examples, systems described herein are enabled by the use of one or more
sources of concentrated charge (e.g., concentrated electrical charge) coupled to a proof mass
which can be measured to infer the characteristics of an electric field. The source of
concentrated charge gencrates an clectric dipole, which produces a torque when exposed to an
clectric field. The torque iroparted on the proof-mass can be determined (e.g., direcily or
indirectly measured) to infer the electric field characteristics, for example, an electric field
strength or variability. In one embodiment, the proof-mass is coupled to ove or more mechanical
supports each having a resonant frequency which can be measured to determine the torque and
strength of the electric field. In various embodiments, the system further measures acceleration
(c.g., linear acceleration or rotational acceleration) and temperative in addition to, or
simultancously with, the strength or variability of an electric ficld.

It is to be appreciated that examples and/or embodiments of the methods and systems

discussed herein are not hmited in application to the details of construction and the arrangement
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of components set forth in the following description or illustrated in the accompanying drawings.
The methods and systems are capable of implementation in other embodiments and of being
practiced or of being carried out in various ways. Examples of specific implementations are
provided herein for illustrative purposes only and are not intended to be himiting. In particular,
acts, elements and features discussed in counection with any one or more examples and
embodiments arc not intended to be excluded from a similar role in any other cxample or
embodiment. Also, the phraseology and terminology used herein is for the purpose of description
and should not be regarded as limiting. The use herein of “including,” “comprising,” “having,”

9

“containing,” “iovolving.” and vanations thercof is meant to encompass the items listed
thereafter and equivalents thereol as well as additional items. References to “or” may be
construed as inclusive so that any terms deseribed using “or’” may indicate any of a single, more
than one, and all of the described terms. Any references to front and back, left and right, top and
bottom, upper and lower, and vertical and horizontal are intended for convenience of description,
not to limit the present systems and methods or their components to any one positional or spatial
orientation.

The accompanying drawings are included to provide illustration and a further
understanding of the various aspects and examples, and are incorporated in and constitute a part
of this specification. The drawings, together with the remainder of the specification, serve to
explain principles and operations of the described and claimed aspects and examples.

FIG. 1 illustrates a block diagram of one example of an electric field detector system 100
according to various aspects and embodiments. The system 100 is shown as including a proof
mass 102 including a source of concentrated charge, a plurality of supports {(e.g.. first support
104, second support 106, third support 132, and fourth support 138), a plurality of sensors each
including a first electrode and a second electrode (i.e., a first sensor including first electrode 108
and second electrode 109, a second sensor including fivst electrode 110 and second electrode
111, a third sensor including first electrode 134 and second electrode 135, and a fourth sensor
including {irst elecirode 140 and secound electrode 141) a controller 112, a displacement sensor
114, field concentrators 116, and a housing 118. While shown as including four supports, in
further cmbodiments the system 100 may include any number of supports and electrode
configurations. In particular, while each of the first support 104, second sapport 106, third

support 132, and fourth support 138 are illustrated as a single beam in FIG. 1, in various other
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embodiments each support 104, 106, 132, 138 may be split into a double-beam fork to further
reduce damping losses. In FIG. 1 the proof-mass 102 is shown as being formed from the source
of concentrated charge; however, in other implementations the proof-mass 102 may be coupled
{(c.g., adhered or connected) to the source of concentrated charge.

As shown in one embodiment, the first support 104 is coupled between a first side 120 of
the proof-mass 102 and a first mechanical ground 124. The first support 104 may include a first
comb interposed between the proof-mass 102 and the mechanical ground 124, In such an
embodiment, the {irst comb of the first support 104 may be positioned between and in electrical
communication with the first electrode 108 and second electrode 109 of the [rst sensor.
Similarly, the second support 106 is coupled between a second side 122 of the proof-mass 102
and a second mechanical ground 126. The second support 106 may include a second comb
interposed between the proof-mass 102 and the second mechanical ground 126. In such an
embodiment, the second comb of the second support 106 may be positioned between and in
electrical communication with the {irst electrode 110 and the second electrode 111 of the second
sensor. The third support 132 is coupled between the first side 120 of the proof-mass 102 and a
third mechanical ground 136. The third support 132 may include a third corob imterposed
between the proof-mass 102 and the third mechanical ground 136. In such an embodiment, the
third comb of the third support 132 may be positioned between and in electrical communication
with the first electrode 134 and second electrode 135 of the third sensor. Simiarly, the fourth
support 138 is coupled between the second side 122 of the proof-mass 102 and a fourth
mechanical ground 142. The fourth support 138 may include a fourth comb interposed between
the proof-mass 102 and the fourth mechanical ground 142. In such an embodiment, the fourth
comb of the fourth support 138 may be positioned between and 1o electrical communication with
the first electrode 140 and the second electrode 141 of the fourth sensor. The second side 122 of
the proof-mass 102 is shown substantially opposite to the first side 120 of the proof-mass 102.
Fach mechanical ground may be further coupled to, or formed on, a shared substrate.

Io various examples, the first support 104, secound support 106, third support 132, and
fourth sapport 138 act like springs. Movement of the proof-mass 102 is constrained by the spring
force of each support, damping forces, and inertial forces. FIG. 1 shows the first support 104,
second support 106, third support 132, and fourth support 13§, coupled to the proof-mass 102 at

an angle substantially perpendicular to the respective surfaces of the proof-mass 102, In certain
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embodiments, any or all of the first support 104, the second support 102, the third support 132,
and the fourth support 138, may be coupled to surfaces of the proof-mass at predetermined
angles. Such a configuration may permit detection of axial forces in two linear directions. The
ghost-line 144 shown in FIG. 1 demonsirates an illustrative angle « at which the first support 104
may be attached. The second, third, and fourth sapport 106, 132, 138 may be attached in a
similar manner. As the proof-mass 102 may have a plurality of surfaces, in varying
embodiments, supports may be attached to any suitable surface of the proof-mass 102, FIG. 2
illustrates an example of a side view of the system 100 according to various embodiments. Views
of the second support 106, second sensor, fourth support 138, and fourth sensor are obscured by
the first support 104, the {irst sensor, the third support 132, and the third sensor.

As shown in FIG. 2, the proof-mass 102 may be defined by a length (not shown in FIG.
2), width (w}, and height (h). For example, in one implementation the length may be 2000 um,
the width (w) may be 500 pm, and the height (h) may be 500 um. Similarly, the one or more
field concentrators 116 may be positioned at a predetermined distance d; from the proof-mass
102, and defined by a length (not shown), width (x}, and height (v). In one implementation, the
one or more concentrators 116 may have dimensions of 50 mm by 2 mm by 4 mum, and a gain of
75. In such an arrangement, the concentrators 116 may be arranged at a distance of 200 um from
the prool-mass 102, It is appreciated that variations in the diroensions of the proof-mass 102 may
affect the characteristics of the source of concentrated charge. For example, increasing the size of
the proof-mass 102 (i.c., also increasing the dimensions of the source of concentrated charge)
imay result in an increase in the sensitivity of the system 100 to an imparted electric field.

Returning to FIG. 1, the source of concentrated charge generates an clectric dipole which
produces a torque on the proof-mass 102 when exposed to an electric field. The torque imparted
on the proof-mass 102 generates an axial force on the plurality of supports (i.e., first support 104,
the second support 106, the third support 132, and the fourth support 138). The torgue may be
determined directly or indirectly to determine one or more characteristic of the electric field,
such as an electric field strength. For example, such axial forces will modify a resonant
frequency {(e.g., natural frequency) of each support. This may include a first resonant frequency
of the first support 104, a second resonant {requency of the second support 106, a third resonant
{requency of the third support 132, and a {ourth resonant frequency of the fourth support 138.

Each support resonates at a particular mechanical resonance when no force is applied. In various

11
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embodiments, the controller 112 is coupled to the first electrode 108 and the second electrode
109 of the first sensor, the first elecirode 110 and the second elecirode 111 of the second sensor,
the first elecirode 134 and the second electrode 135 of the third sensor, and the first electrode
140 and the second clectrode 141 of the fourth sensor. Each sensor is positioned to measure the
resonant frequency of the adjacent support and provide a corresponding signal to the controller
112

For example, the first sensor measures the fivst resonant frequency of the first support
104, the second sensor measures the second resonant frequency of the second support 106, the
third sensor measures the thivd resonant frequency of the third support 132, and the fourth sensor
measures the fourth resonant frequency of the fourth support 138. The controller 112 is coupled
to and in communication with cach sensor, and configured to cxecute a serics of operations to
determine the electric field strength of the electric field imparted on the proof-mass 102 based on
the measured resonant frequency of at least one support.

In varions embodiments, the plarality of sensors (e.g., the first sensor, second sensor,
third sensors, and fourth sensor) may each include a comb drive including a motor component
and a sense component positioned on either side of the lustrated comb of a corresponding
support. However, in various other embodiments, the sensors may include any other capacitive
actuator. For example, the first electrode (e.g., electrodes 108, 110, 134, 140) of each sensor may
inclade the motor component and the second electrode (e.g., electrodes 109, 111, 135, 141) may
include the sensc component. Alternatively, the second electrode of cach sensor may include the
motor component and the first electrode may include the sense component.

Each of the motor component and sense component are coupled to and in communication
with the controller 112, as shown in FIG. 1. A voltage applied by the motor component causes
the motor component, comb, and sense component to be drawn together. The resonant frequency
of each support {(e.g., first support 104, second support 106, third support 132, and fourth support
138) is proportional to the force developed by the respective sensor. A comb drive capacitance of
cach sensor may be used to measure the resonmant frequency of the support. In particular
examples, the controller 112 manages a gain and phase between the motor component and the
sense component of each sensor to realize an oscillator which resonates the respective support. In
certain other examples, the controller may also manage each sensor to rebalance the system 100

and null changes in the resonator natural frequency.
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The axial force exerted on each support as a result of the torgue on the proof-mass 102
will cause the support to expand or compress. Stretching will increase the resonant frequency
and compression will decrease the resonant frequency. In several embodiments, the controller
112 receives measured signals from the plurality of sensors and the resonant frequency is

measured according to:

where, f,, corresponds to the initial resonant frequency of the support at a predetermined value,
L, corresponds to the dimensions of the proof-mass, E. corresponds to the applied voltage, I,
corresponds to the dimensions of the support, and B, corresponds to the strength of the electric
field generated by the source of concentrated charge. In various embodiments, the controller 112
operates in concert with the rootor component and sense component of each sensor as an
oscillator loop with the resonant {requency as the ountput.

Various cmbodiments of the sensors discussed herein may further include a force
multiplier positioned to increase the {orce experienced by each particalar sensor. While in one
embodiment, changes in resonant frequency may be used to detect the strength of an clectric
field. 1o other embodiments, they may be used to detect an acceleration or a change in
temperature. As shown in FIG. 1, in one embodiment, the supports may be arranged such that
when one support is compressed {(e.g., first support 104 is compressed), a second support is
expanded (e.g., second support 106 is expanded), or vice versa.

In various embodiments, the controller 112 compares at least one measured resonant
frequency, such as the first resonant {frequency, to a resonant {requency reference. The frequency
reference may include the initial resonant frequency of the particular support, as mentioned
above. Based on the comparison, the controller 112 determines the change in resonant frequency
to ascertain the torque on the proof-mass 102. The torgue on the proof-mass 102 induces the
axial force at the end of the respective supports, as also discussed above. Accordingly, the

resonant frequency changes as a function of the force during operation of the system 100.
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FIG. 3 shows a plot of the relationship between the resonant frequency and the tension in
a support, according to various embodiments. As indicated by trace 302, the resonant frequency
increases as the tension increases, and decreases as the tension decreases. Accordingly, the
torque determined from the resonant frequency, and in particular the change in resonant
frequency, may be used by the controller 112 to determine the strength of the electric field. In
vartous embodiments, the resonant frequency includes the natural frequency of the respective
support. In one exarople, the controller 112 may execute a series of mstructions to determine the

electric field strength according to:

=pxE

where, p is the strength (C-m) of the electric dipole generated by the source of concentrated
charge, 1 is the torque (N-m) on the proof-mass, and E is the electric field strength (V-m).

Similarly, the controlier 112 may determine the force of acceleration on the proof-mass
102 based on at least one resonant frequency of the plurality of supports. As described above,
with oo stress or force on the plurality of supports (i.e.. first support 104, second support 106,
third support 132, and fourth support 138), the resonant frequency of each support will be a
predetermined value {e.g., a resonant frequency reference). However, an axial force imparted on
cach support will either push or pull the support, thereby increasing or decreasing the resonant
frequency of the respective support. The difference between the resonant frequency and the
resonant frequency reference represents the force of the acceleration. While in one example, the
determined acceleration may include a linear acceleration, in certain other examples the
determined acceleration may include a rotational direction.

In further embodiments, a variance in ambient temperature can Cause an expansion ofr
compression of the plurality of support members (e.g.. support 104, 106, 132, and 138). Such a
vartance acts like an axial force imparted on the plurality of supports and causes an increase or
decrease 1o the resonand {requency of each respective support. While i some instances,
embodiments may include supports that are largely insensitive to temperatore changes, in other
embodiments, the resonant frequency from one or more supports may be compared to generate a
common mode signal. The common mode signal may include a component of an analog signal

that is common to the plurality of supports {e.g., the support 104, the second support 106, the
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third support 132, and the fourth support 138). It is appreciated that ambient temperature changes
will have an equal effect on each of the plarality of supports. Therefore, various embodiments of
the controller 112 discussed herein may be configured to determine a temperature, and/or one or
more temperature changes, based on the common mode signal.

Accordingly, in certain examples, such as the example llustrated in FIGS. 1 and 2, the
resonant frequencies of four supports may be measured to determine a torque on the proof mass,
a first linear force in a first direction, a second linear force 1n a second linear direction, and a
temperature. It is appreciated that additional supports may be added to determine additional
degrees of freedom. In one example, the torgue (1), first linear force {a;), second linear force (a,),
and temperature (1), may be determined based on calibration coefficients and the measured

resonant frequencics of the plurality of supports (fa, £y, fr, and {p) according to:

A & & S Yo b
Ry "By &op A, s €
2 . 2, X o -
oh EC C3 T e
%Qm ;&hs‘:‘,}: Folo g 3o ’b‘“nx FE _ “A
feex 3 Fem rf = P T i
R a 3’9.\5}-&\ Hodgpan R{“{'E.;}*' ?’S 3
o el % §ef £ T
R o e K Rl n

Higher order equations and compensation routines may leverage external stimuli such as
auxiliary sensors {e.g., gyroscopes, accelerometers, and thermistors) to mmprove the fidelity of
the determinations. The auxiliary sensors may reduce the contribution from error sources and can
be used to isolate the received electric {ield signal {rom interference effects and error sources.

FI(3. 1 shows the proof-mass 102 as having a substantially rectangular profile and having
a plurality of planar surfaces. While this may be advantageous for some applications, in other
applications the proof-mass 102 may be defined by non-planar surfaces, and may have any
suifable shape. According to various embodiments, the proof-mass 102 and the plurality of
supports {e.g., supports 104, 106, 132, and 138), are made of silicon material; however, in other
embodiments the proof-mass 102 and the plurality of supports may be made of any appropriate
malerial including multiple materials coupled together. Each mechanical ground 124, 126, 136,
and 142, may be further coupled, or formed on, a shared substrate, such as a glass (i.e., silicon
dioxide) substrate. However, in other embodiments, the mechanical grounds may be attached to
any other appropriate material {e.g., silicon). F1G. 2 shows the {irst mechanical ground 124 and
the third mechanical ground 136 coupled to a shared substrate 210, While FIG. 2 illustrates one

arrangement of the {irst mechanical ground 124 and the third mechanical ground 136, in certain
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other examples, each of the first mechanical ground 124 and the third mechanical ground 136
may have a height which 1s substantially the same as a distance between the prool-mass 102 and
the shared substrate 210 and a height of the respective support {e.g., {irst support 104 or third
support 132), when combined.

o various embodiments, the source of concentrated charge includes a highly resistive
dielectric embedded with charge carriers (shown as + and -). According to one cmbodiment, the
source of concentrated charge includes a polarized ferro-electric material including Lithium
Niobate. In certain examples, the source of concentrated charge may include an electret;
however, in certain other embodiments the source may include other sources of concentrated
charge such as one or more capacitor plate having embedded charge carriers. As used herein, the
term “electret” refers to the dielectric equivalent of a permanent magnet. For example, an clectret
configured for use in the system may be formed by: (a) applying heat to the electret material, (b}
in response to obtaining a predetermined temperature, applying a voltage to the electret material,
at which point the electret material acts like a capacitor and stores the applied charge, and (¢}
cooling the electret material to a predetermined temperature. Thereafter, the clectret maintains a
residual charge. As an additional example, the electret material may be bombarded with radiation
to generate a residual charge. Accordingly, real surface charges or aligned dipoles are
imnmobilized in the bulk of the dielectric material. Various embodirnents of electrets discussed
herein may include, but should not be limited to: Thermo-electrets, MPEs (metal-polymer
electrets), Radio-electrets, and Mechanoelectrets.

Further embodiments may include a series of two or more slacked electrets or a plurality
of electrets arranged in a predetermined order. In order to increase the strength of the electric
dipole, and increase the sensitivity of the system to electric fields, micron thick layers of electrets
may be stacked. Metal layers may be interposed between the electret layers to increase the gain
of one of more field concentrators positioned adjacent the proof-mass 102. For example, the
metal layers of some embodiments may include layers of gold or platinum.

Various embodiments discassed herein may include one or more field concentrators
located adjacent the proot-mass 102. For example, FIG. 1 shows the field concentrators 116
located proximate a third side 128 and fourth side 130 of the proof-mass 102. Field concentrators
116 may include various flux concentrators, such as electric {lux concentrators positioned and

arranged to focus the electric field on the proof-mass 102. In somc embodiments, field
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concentrators 116 are formed {rom a conductive material, such as copper, and are defined by a
long and slender profile having a flare at an end. However, in {urther embodiments feld
concentrators 116 may inclade any appropriate structure, material, and shape.

As shown in FIG. 1, the system 100 may include a housing 118. Various components of
the system 100 are located within the housing, which protects the components during handhing
and operation. In one particular embodiment, the housing 118 may include a cryogenic dewar.
The cryogenic dewar serves as a cold shield, within which the system components may be
cooled, for example, to cryogenic temperatures. Operating the system 100 at cryogenic
temperatures reduces Brownian motion and further enhances the signal to noise ratio. In one
implementation, the housing 11¥ is composed of a metal exterior coupled to an electrical ground.
It 1s appreciated that in addition to the numerous benefits discussed herein, embodiments
including electrical shielding offer numerous advantageous over traditional magnetic field
shielding devices. Generally, magnetic field detector shielding is heavy, cumbersome, and costly.
These characteristics make magnetic field delection impractical in many wmilitary, covert
applications, and medical applications.

While described above as detecting electric field charactenistics through the resonance
frequency of one or more supports, other embodiments of the system shown in FIG. 1 may
inclade one or more displacement sensors configured to directly measure displacement of the
proof-mass. As shown in FIG. 1, one or more sensors 114 may be electrically or optically
coupled to the proof-mass 102. For example, an optical sensor may direct optical radiation to and
detect reflected radiation {rom the surface of the proof-mass 102. Movement of the proo{-mass
102 may vary reflections of the radiation and cnable the optical sensor to track the movement of
the proof-mass 102. Although described in one implementation as including an optical sensor, in
vartous embodiments the displacement sensor 114 may include any laser sensor capable of
detecting movement of the proof-mass 102.

In other embodiments, movement of the proof-mass 102 may be determined capacitively
or using any other method that indirectly determines position and/or forces imparted on the
proof-mass 102. For example, the controller 112 may be configured to receive a signal {rom one
or more reference structures, positioned proximate a surface of the proof-mass 102 (e.g., one or
more capacitive sensors positioned proximate one or more of the sides 120, 122, 128, 130 and/or

a top or bottom surface of the proof-mass 102}, indicating a variation in a capacitance between
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the proof-mass 102 and the one or more reference structures. The conirolier 112 may then
determine the discussed electric {ield charactleristic(s) based on the received signal. While
discussed with reference to FIG. 1 as including each of a displacement sensor 114, a capacitive
reference structure, and a plurality of sensors positioned to measure a resonant frequency of a
corresponding support, in several embodiments the system 100 may include the displacement
sensor 114, and/or reference structure, as an alternative to the plurality of sensors.

Accordingly, aspects and embodiments discassed above are generally directed to a
system 100 for exploiting the electric component of electromagnetic signals. As discussed, the
system 100 may include one or more electric field detectors capable of detecting an electric field
generated by the body of a patient, equipment that has been designed to reduce unintended
electromagnetic cmissions, or equipment that naturally generates very small or attenuated
electric and magnetic field signals.

FIG. 4 provides a graph demonstrating the improved noise insensitivity of various
embodiments when compared with known electric field detectors. In particular, FIG. 4
demonstrates the noise at 10 Hz. The vertical axis 402 represents the system resolution
(Vim/ VHz), and the horizontal axis 404 represents the volume (cc). As discussed above, electric
field detectors are typically limited by the total noise that contributes to the measurement of the
electric field. The detector itself, and the natural and human environment, all coniribuie to total
noise. Total noise determines the system resolution, in Vim/NHz. In contrast to conventional
detectors, various cmbodiments provide an ultra-low noise scnsor which can observe weak
electric field signals of interest. The same result is challenging to achieve with high noise
detectors, because the signal of interest is often indistinguishable from noisce in the system. As
demonstrated in FIG. 4, not only do varions embodiments exhibit improved sensitivity (e.g.,
electric field detector system with a field concentrator data point 406}, for equivalent levels of
sensitivity, emobodiments are volumetrically mouch smaller (e.g., electric field detector system
data point 40¥) than known detectors. Comparatively, examples of the noise sensitivity of
various known detectors are represented by data points 410 — 420.

Though the components of several views of the drawings herein may be shown and
described as discrete elements in a block diagram unless otherwise indicated, the electronic
components {e.g., the controller 112} may be implemented as one of, or a combination of, analog

circuitry, digital circuitry, or one or ore microprocessors cxecuting software instructions, For
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example, the software instructions may include digital signal processing (DSP) instructions.
Unless otherwise indicated, signal lines may be implemented as discrete analog or digital signal
lines with appropriate signal processing, or as elements of a wireless communication systen.
Some of the processing operations may be performed by other analog or digital signal processing
techniques and are included within the scope of this application. Unless otherwise indicated,
control signals may be encoded in either digital or analog form. Conventional digital-to-analog
or analog-to-digital converters roay not be shown i the figures.

Referring to FIG. 3, there is illustrated a block diagram of an example of a controller, in
which various aspects and functions are practiced. As shown, the controller can include one or
more system components that exchange information. More specifically, the controller 500 can
include at least onc processor 302, a power source 314, a data storage 510, a user interface 308, a
system interface 512, a memory 504, and one or more interconnection mechanisms 506, The at
lcast one processor 502 may be any type of processor or multiprocessor. The at least onc
processor 3{(2 is connected to the other system componeunts, including one or more memory
devices 504 by the interconnection mechanism 506. In varicus embodiments, the controiler 500
can further include any appropriate signal processing circuifry, such as circuitry configured to
execute signal conditioning and electronic control and feedback.

The memory 504 stores programs (e.g., sequences of instructions coded (o be executable
by the processor 502) and data during operation of the countroller 500. Thus, the memory 504
may be a relatively high performance, volatile, random access memory such as a dynamic
random access memory (“DRAM”) or static memory (“SRAM”). However, the memory 304
may include any device for storing data, such as a disk drive or other nonvolatile storage device.
Various examples may organize the memory 504 into particolarized and, in some cases, unique
structures to perform the functions disclosed herein. These data structures may be sized and
organized to store values for particolar data and types of data.

Components of the controller 500 are coupled by an interconnection mechanism such as
the interconnection mechanism 306. The interconvection mechanisto 506 mway inclode any
communication coupling between system components such as one or more physical busses in
conformance with specialized or standard computing bus technologies. The interconnection
mechanism 506 enables communications, including instructions and data, to be exchanged

between system components of the controller 300.
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The controller 500 can also include one or more user interface devices 508 and system
interface devices S12 such as input devices, output devices and combination input/output
devices. Interface devices may receive input or provide output. More particularly, output devices
may render information for external presentation. Input devices may accept information from
external sources. Examples of user inlerface devices include keyboards, mouse devices,
trackballs, microphones, touch screens, printing devices, display screens, speakers, network
interface cards, etc. Interface devices allow the controller to exchange information and to
communicate with external entities, such as users and other systems via digital or analog input or
output streams,

The data storage element 510 includes a computer readable and writeable data storage
medium configured to store non-transitory instructions and other data, and can include both
nonvolatile storage media, such as optical or magnetic disk, ROM or flash memory, as well as
volatile memory, such as RAM. The instructions may include executable programs or other code
that can be executed by the at least one processor 502 to perform any of the {unctions described
herein.

Although not illustrated in FIG. 5, the controller 500 may ioclade additional coroponents
and/or interfaces, such as a communication network interface (wired and/or wireless), and the at
least one processor 502 may include a power saving processor arrangement,

Referring now to FIG. 6, and with continuing reference to FIG .1, illustrated is one
example of an electric field detector 600 including a separated proof-mass {(e.g., proof-mass 102
illustrated in FIG. 1) and source of concentrated charge (e.g., source of concentrated electrical
charge). The detector 600 may be included in one or more of the examples of systems described
herein, such as the electric field detector system 100 illustrated in FIG. 1. That is, the detector
600 may be coupled with the controller 112, displacement sensor 114, and field concenirators
116, among other components of the system 100 tHustrated in FIG. 1.

As discussed with reference to FIG. 1, in certain examples, the source of concentrated
charge may include a plorality of sources stacked or separated in a predetermined arrangement.
The example of FIG. 6 illustrates a separated proof-mass including a first portion 602 and a
second portion 604 divided by an isolation structure 606. Accordingly, in certain examples the
source of concentrated charge may include a {irst portion that 1s formed on or attached to the first

portion 602 of the proof-mass, and a second portion that is formed on or attached to the second
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portion 604 of the proof-mass. In certain other examples, the proof-mass may be formed {rom
the source of concentrated charge. That is, the proof-mass {e.g., first and second portion 602,
604) may be composed of an electret, for example.

As further discussed below with reference to at least FIGS. § and 9A — 9B, various
embodiments may include one or more isolation restructures, such as a geometric isolation
structure and/or an internal isolation structure. Each of the isolation structures may be positioned
to isolate the supporis 608, 610 from a differential thermal strain between the proof-mass (e.g.,
first portion 602 and second portion 604) and the supports 608, 610. Such an arrangement may
improve the noise performance and/or electric field sensitivity of the electric field detector 600.

In the example of FIG. 6, each support structure 608, 610 is coupled to the internal
isolation structure 606, which is arranged as a bridge between the first portion 602 of the proof-
imass and the second portion 604 of the proof-mass. Each portion 602, 604 may include a source
of concentrated charge arranged in a common direction with the other source of concentrated
charge. In particular implementations, the each portion 602, 604 of the proof-mass may be
mounted onto a substrate 612, 614, As will be appreciated by those skilled in the art, given the
benefit of this disclosure, FIG. 6 shows oue example of an arrangeruent of a separated proof-
mass, and other variations in size, shape, and location of the proof-mass can be implemented and
are within the scope of this disclosure.

For example, FIG. 7 illustrates another arrangement of an example of an electric field
detector 700 in which the proof-mass is separated into four portions 702, 704, 706, 708. Similar
to the detector 600 illustrated in FIG. 1, the detector 700 may be included within one or more of
the electric ficld detector systems described herein. Much like the portions 602, 604 of the proof-
mass iHustrated in FIG. 6, each of the portions 702, 704, 706, 708 shown in FIG. 7 may wnclade a
source of concentrated electric charge in a common direction relative to the other source of
concentrated charge. Each portion 702, 704, 706, 708 of the proof-mass may be coupled to a
shared substrate 710 which is common to each of the portions 702, 704, 706, 708 of the proof-
mass. As further Hustrated, in such an arrangement a plorality of supports 712, 714 may be
interposed between the portions 702, 704, 706, 708 of the proof-mass, and coupled to the shared
substrate 710,

Referring to FIG. 8, there is illustrated an example of an electric field detector system

800 including a plurality of geometric isolation structures 812, 814, As discussed above, in
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vartous embodiments the geomefric isolation structures 812, 814 may isolate a plurality of
supports 804, 806, 808, 8§10 from a differential thermal strain between a proof-mass 802 and the
plurality of supports 804, 806, 808, 8§10. In particular, FIG. 8§ demonstrates an example of an “H-
shaped” arrangement which may reduce the sensitivity of the system 800 to errors by
substantially isolating the plurality of supports 804, 806, 808, 810 {rom thermal deformations. In
the cxample of FIG. 8, a first gecometric isolation structure 812 is interposcd between a first
support 804 and the proof-mass 802, and a second support 806 and the proof-mass 802.
Similarly, a second geometric isolation structure 814 is interposed between a third support 808
and the proof-mass 8§02, and a fourth sepport 810 and the proof-mass 802. Each support 812, 814
may suspend the proof-mass 802 relative to a mounting surface, such as a shared substrate 8§16
(e.g., silicon substrate). The shared substrate §16 may support additional components of the
system 800, and may provide routing for electrical contacts 818. Electrical contacts 818 may be
used to electrically couple various components of the system 800, such as a first, second, third,
and fourth sensor and a controller.

In the illustrated example, the first geometric isolation structure 812 and the second
geometric isolation structure 814 suspend the proof-mass 802 in an opening 820 defined by the
shared substrate 816. The opening 8§20 in the substrate may allow access to a backside of the
proof-mass 802, which may make altaching the source of concentrated charge easier. As
iflostrated, each geometric isolation structure 812, 814 inclades a first arm (e.g., fork-shaped
arm) coupled to the proof-mass 802 and a sccond arm {c.g.. serpentine-shaped arm) coupled to
the respective supports. As shown, each of the geometric isolation structures 812, 814 extend in a
direction across the opening that is substantially parallel to a direction of extension of the
respective supports. Accordingly, the geometric isolation structores 812, 814 position each
support 804, 806, 808, 810 in an orientation that is substantially orthogonal to a direction of
thermal expansion of the proof-mass 802. Accordingly. the system 800 includes one or more
geomeltric isolation structures 812, 814 o geometrically reduce the thermal sensitivity of each of
the supports 804, 806, 308, 810. In the shown exaraple, each of the support beams 804, 806, 808,
810 1s split into a fork to further reduce damping losses.

As also discussed herein, certain embodiments of an electric field detector system may
also include one or more internal isolation structures positioned to isolate a phirality of sapports

{(c.g., supports 104, 106, 132, 138 shown in FIG. 1) from a differential thermal strain between a
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proof-mass {(e.g., proof-mass 102 shown in FIG. 1) and the respective supports. Referring to
FIGS. 9A — 9B, illustrated 1s an example of an electric field detector systemn 900 including an
internal isolation structure 912, In particular, FIG. 9A shows a perspective view of the electric
field detector system 900, and FIG. 9B shows a plan view of the clectric field detector system
900. In the example of FIGS. 9A and 9B, the internal 1solation structure 912 is interposed
between a {irst support 904, a second support 906, a third support 908, a {fourth support 910, and
a proof-mass 902. Moreover, FIGS. 9A and 9B dersonstrate an example of an “X-shaped”
arrangement in which each of the supports 804, 806, 808, 810 has a reduced size to maximize a
scale factor and improve the performance of the system 900.

As illustrated in FIG. 9B, the internal isolation structure 912 extends through the proof-
mass 902 and suspends the proof-mass 902 within an opening 914 defined in a mounting surface,
such as a shared substrate 916 (e.g., silicon substrate). In pasticular, the internal isolation
structure 912 may define an aperture along an cxterior (e.g., perimeter) of the proof-mass 902
{(e.g., llustrated as groove 918). The aperture provides an air gap between the proof-mass 902
and the supports 804, 906, 908, 910, and allows the proof-mass 902 to expand and/or contract
without an effect on the respective supports 904, 906, 908, 910. Accordingly, the system 900
includes one or more internal isolation structure 912 which reduce the thermal sensitivity of each
of the supports 904, 906, 908, 910. As discussed with reference (o the system 800 illustrated i
FIG. §, each of the support beams 504, 806, 808, 810 may be split into a fork to further reduce
damping losses. Further, the shared substrate 916 may support additional components of the
system 900, and may provide routing for electrical contacts 920. Electrical contacts 920 may be
used to electrically couple various components of the system 900 {(c.g., the first, second, third,
and fourth sensors and the controller 112 shown in FIG. 1),

Referring now to FIG. 10, illustrated is one example of an electric field detector system
1000 packaged within a housing. In certain examples, the housing may facilitate a vacuum
environment or cryogenic environment to further reduce damping effects within the system
1600, In the shown example, the housing includes a top cover 1002, an intermediate mounting
surface 1004, and a bottom cover 1006. However, in certain other examples the housing may be
arranged in other appropriate configurations. In particular implementations, the housing includes

one ot more attachments which secure the housing to a mobile platform, such as a vehicle. In
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certain other implementations, the housing may include one or more attachments which secure
the housing to a stationary platform.

In various embodiments, the system 1000 may include many of the same components as
the systermn 100 illustrated in FIG. 1 (e.g., the proof-mass 102, the sensors, the plurality of
supports, the controller 112, ete.), which are not explicitly described with reference to FIG. 10
for the convenience of description. As illustrated, components of the systern 1000 may be
mounted on a shared substrate, such as the iHaostrated printed circuit board 1008. The printed
circuit board 1008 may be attached to the botiom cover 1006 of the housing. An internal shield
1010 may extend {rom the bottom cover 1006 to shield portions of the printed circuit board 1008
and reduce noise interference from electronic components of the system 1000. In certain
examples, the internal shicld 1010 may be composed of a non-conductive material with a high
electric field permeability.

As illustrated, in certain embodiments the system 1000 may include one or more ficld
concentrators 1012 positioned and arranged to focus the electric field on the proof-mass. For
example, the field concenirators 1012 may include various flux concentrators, such as any
suitable electrically conductive material (e.g., copper). The {ield concentrators 1012 may be
positioned on the intermediate mounting surface 1004 which is configured to rest on a top
surface of the intersal shielding 1010, Wheo coupled with the juternal shielding 1010, an
opening 1014 defined in the intermediate mounting surface 1004 rests substantially proximate
the proof-mass so as to permit the receipt of electromagnetic radiation at a proof-mass of the
system 1000, As further illustrated 1o FIG. 10, 1 certain examples the system 1000 may be
enclosed by a top cover 1002.

Having described above several aspects of at least one embodiment, i is to be
appreciated various alterations, modifications, and improvements will readily occur to those
skilled in the art. Such alterations, modifications, and improvements are intended to be part of
this disclosure and are intended to be within the scope of the disclosure. Accordingly, the
foregoing description and drawings are by way of example only, and the scope of the disclosure

should be determined from proper counstruction of the appended claims, and their equivalents.
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What is claumed 15
CLAIMS

I An electric field detector system comprising:

a proof-mass including a source of concentrated charge;

a plurality of supports, each individual support of the plorality supporis being coupled to
the proof-mass;

a plurality of sensors, each individual sensor of the plurality of sensors positioned to
measure a resonant frequency of a corresponding support of the plurality of supports; and

a controller coupled to each individual sensor of the plurality of sensors. the controller
configured to measure a characteristic of an electric field imparted on the proof-mass based on at

least a first resonant frequency of the measured resonant frequencies.

2. The electric field detector system of claim 1, wherein the controller is further configured
to determine a linear {orce imparted on the proof-mass, in a first direction, based on at least the

first resonant frequency of the measured resonant frequencies.

3. The electric field detector system of claim 1, wherein the controller is farther configured
to determine a temperature based on a common mode signal generated from a comparison of

each of the measured resonant frequencies.

4. The electric field detector systern of claim 1, wherein the characteristic of the electric
field includes an electric field strength, and wherein in measuring the characteristic of the
clectric ficld the controller is configured to compare at least the first resonant frequency to a first
frequency reference to measure a torgue on the proof-mass.

3. The electric field detector system of claim 4, wherein the resonant frequency of each

support includes a natural frequency.

6. The electric field detector system of claim 1, wherein the plurality of supports includes a
first support coupled to a first side of the proof-mass and having the {irst resonant frequency, a

second support coupled to a second side of the proof-mass and having a second resonant
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frequency, a third support coupled to the first side of the proof-mass and having a third resonant
frequency, and a fourth support coupled to the second side of the proof-mass and having a fourth
resonant frequency.

7. The electric field detector system of claim 6, wherein the controller is further configured
to determine a first lincar force imnparted on the proof-mass, in a first direction, and a second
lincar force imparted on the proof-mass, in a second direction, based on the first resonant
frequency, the second resonant frequency, the third resonant frequency, and the fourth resonant
frequency. and determine a temperature based on a common mode signal generated from a
comparison of each of the first resonant frequency, the second resonant frequency, the third

resonant frequency, and the fourth resonant frequency.

g. The electric field detector system of claim 1, wherein the source of concentrated charge

inclades a polarized ferro-electric material including Lithium Niobate.

9. The electric field detector system of claim 1, wherein the source of concenirated charge

includes an electret.

1. The electric field detector system of claim 9, wherein the electret includes a plarality of

stacked electrets.

1t The clectric field detector system of claim 1, wherein each sensor of the plurality of
sensors includes a comb drive jncluding a first electrode configured to apply a voltage to a comb
positioned on the corresponding suppoit, and a second electrode configured to measure a change
in a capacitance between the first electrode and the second electrode, wherein the controller is
further configured to infer the resonant frequency of the corresponding support based at least in

part on the change in the capacitance.

12. The clectric field detector system of claim 1, further comprising a field concentrator
located adjacent a side of the proof-mass, wherein the field concentrator is positioned so as {o

focus the electric ficld on the proof-mass.
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13. The electric field detector systern of claim 1, forther comprising a plurality of geometric
isolation structures interposed between the proof-mass and each of the plurality of supports, each
geometric isolation structure being positioned to isolate a respective support from a differential

thermal strain between the proof-mass and the respective support.

14. The electric field detector system of claim 1, further comprising an internal isolation
structure extending through the proof-mass and configured to suspend the proof-mass relative to
a system subsirate, the internal isolation strocture being positioned to isolate the plurality of

supports from a differential thermal strain between the proof-mass and the plurality of supports.

15. An electric field transduction method comprising:

generating an electric dipole at a proof-mass coupled to a plurality of supports;

receiving an electric field at the proof-mass;

measuring a resonant frequency of each individual support of the plurality of supports;
and

determining a characteristic of the electric field based on at least one resonant frequency

of the measured resonant frequencies.

16. The method according to claim 15, wherein determining the characteristic of the clectric

field further comprises comparing the at least one resonant frequency to a frequency reference

and determining a torque imparted on the proof-mass.

17. The method according to claim 16, wherein determining the characteristic of the electric

field includes determining the strength and variability of the electric field.
18. The method according to claim 15, further comprising determining a hinear force

imparted on the proof-mass, in a first direction, based on the at least one resonant frequency of

the measured resonant frequencies.
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19. The method according to claim 15, further comprising determining a temperature based
on a common mode signal generated from a comparison of cach of the measured resonant

frequencies.

20 The method according to claim 15, further comprising determining a force of acceleration
imparted on the proof-mass based on the at least onc resonant frequency of the measured

resonant frequencies of the individual supports.

21 The method according to claim 13, further comprising optically sensing a displacement

of the proof-mass responsive to receiving the electric field.

22. The method according to claim 15, wherein the measured resonant {requency of each

individual support of the plurality of supports includes a natural frequency.

23. The method according to claim 15, further comprising sensing a variation in a
capacitance between the proof-mass and a reference structure responsive to receiving the electric

field.

24, The method according to claim 15, wherein the plorality of supports includes a first
support having a first resonant frequency, a second support having a sccond resonant frequency,
a third support having a third resonant frequency, and a fourth support having a fourth resonant
frequency, and wherein the method further comprises:

determuining a {irst linear force imparted on the proof-mass, in a {irst direction, based on
the first resonant frequency, the second resonant frequency, the third resonant frequency. and the
fourth resonant frequency;

determining a second linear force imparted on the proof-mass, in a second direction,
based on the first resonant frequency, the second resonant frequency, the third resonant
frequency, and the fourth resonant frequency; and
determining a teraperature based on a common mode signal generated from a comparison of each
of the first resonant frequency, the second resonant frequency, the third resonant frequency, and

the fourth resonant frequency.
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An electric field transduction method comprising:

[\
hn

generating an electric dipole at a proof-mass coupled to a plurality of supports;
receiving an electric field at the proof-mass;
optically sensing a displacement of the proof-mass responsive to recetving the electric

field; and
determining a characteristic of the electric field based on at least the displacernent of the

proof-mass.

26. An electric field transduction method comprising:

generating an electric dipole at a proof-mass coupled to a plurality of supports;

recelving an electric field at the proof-mass;

sensing a variation in a capacitance between the proof-mass and a reference structure

responsive to receiving the electric field; and
determining a characteristic of the electric field based on at least the variation in the

capacitance between the proof-mass and the reference structure.
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