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SYSTEM AND METHOD FOR
NON-INVASIVE CONTINUOUS REAL-TIME
BLOOD GLUCOSE MONITORING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is claims the benefit of U.S. Pro-
visional Application No. 62/584,379, filed Nov. 10, 2017,
which application is hereby incorporated by reference in its
entirety.

TECHNOLOGICAL FIELD

[0002] The present application is directed to a system and
method for a wearable device that noninvasively monitors
the blood glucose level of a user. In particular, the invention
is directed to a wearable device for continuous, real time
in-vivo monitoring of blood glucose levels using micro-
waves.

BACKGROUND OF THE INVENTION

[0003] All body parts need energy to live and work and
this needed energy is produced from the food humans eat.
Once the food is digested in the stomach, it is converted into
glucose, or sugar, and it is immediately released into the
bloodstream. In order for the body’s cells to absorb and
utilize the glucose to produce energy, the cells need a
hormone called insulin, usually produced by the pancreas.
Without insulin, glucose stays in the bloodstream and thus
raises the blood’s glucose level above the normal level.
[0004] Diabetes is a disease which impairs the body’s
ability to produce or respond to the hormone insulin, which
regulates the body’s blood glucose levels. It is subdivided
into two types, Type 1 and Type 2. In Type 1 diabetes, the
pancreas either produces very low levels of insulin or does
not produce insulin at all, resulting in the diabetic individual
having to inject insulin manually into his/her body. In Type
2 diabetes, either an insufficient amount of insulin is released
into the blood stream or the cells becomes insulin resistant
and thus cannot properly use the insulin produced by the
pancreas. Type 2 diabetics have to either inject insulin or use
medication that works to reduce the insulin-resistivity of the
cells.

[0005] If diabetes is not diagnosed or well-treated, the
glucose level in the blood gets too high and the patient may
suffer from symptoms of hyperglycemia, such as extreme
thirst, fatigue, dizziness, and eventually loss of conscious-
ness. For patients who have to inject insulin manually,
unplanned physical activity, unhealthy eating habits, or
alcohol consumption can reduce the amount of insulin
needed and can result in dangerously low levels of glucose
in the patient’s blood (hypoglycemia) due to the injection of
too much insulin. A patient can then suffer from irregular
heart rhythm, shakiness, anxiety, confusion, seizures, and
eventually loss of consciousness, especially during their
sleeping time, as a result of this imbalance.

[0006] These challenges make it difficult for persons with
diabetes who are required to control their blood glucose
levels manually, via synthetic insulin or other medication. To
prevent hypoglycemia (i.e., blood glucose levels are too low,
which may cause e.g. symptoms from disorientation to
unconsciousness) or hyperglycemia (i.e., blood glucose lev-
els are too high, which may cause emergency care and/or
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long term complications and other issues), a person with
diabetes must measure their blood glucose levels on a
regular basis.

BRIEF SUMMARY

[0007] The present application is directed to systems and
methods for a wearable device that noninvasively and con-
tinuously monitors the blood glucose level of a user using
microwaves. The wearable device includes a resonator sen-
sor as a passive component that is a part of an oscillator
circuit, a frequency detection circuit, a main control board
including an algorithm for the detection and measurement of
blood glucose levels, and auxiliary sensors for compensation
and calibration of glucose level estimation and prediction of
hyperglycemia and hypoglycemia. The device may include
a display and/or may be in wired or wireless communication
with an external display device or any smart device. To
continuously monitor blood glucose levels in the blood
stream of the user, the oscillator, which is loaded by the
resonator, radiates electromagnetic waves in the RF/micro-
waves range (C-band range) into the user’s body, preferably
at a location above an artery or any region with high
vascularization under the skin.

[0008] In an example embodiment, a blood glucose moni-
toring device configured to be worn by a user proximate a
blood vessel provided. The blood glucose monitoring device
includes an oscillator assembly. The oscillator assembly
includes a resonator configured to resonate at a resonator
frequency based on a permittivity of blood in a user’s blood
vessel. The resonator is configured to provide an input
impedance to the oscillator assembly. The oscillator assem-
bly also includes an oscillator configured to transmit micro-
waves at an oscillator frequency based on the input imped-
ance. The blood glucose monitoring device of an example
embodiment includes a frequency detection circuit config-
ured to detect the oscillator frequency. The blood glucose
monitoring device also includes at least one auxiliary sensor
configured to detect a condition of the user. The blood
glucose monitoring device may further include a main
control board configured to compare a first oscillator fre-
quency detected by the frequency detection circuit at a first
time with a second oscillator frequency detected by the
frequency detection circuit at a second time to determine a
frequency drift. The main control board may be further
configured to calibrate the frequency drift based on an input
received from the at least one auxiliary sensor and determine
a blood glucose level of the user based on the calibrated
frequency drift.

[0009] The blood glucose monitoring device of an
example embodiment also includes a coating layer config-
ured to be disposed between the oscillator assembly and the
user. In such embodiments, the coating layer is configured to
restrict sweat from reaching and interacting with the oscil-
lator assembly. In an example embodiment of the blood
glucose monitoring device, the resonator is a slot line
resonator. In some embodiments of the blood glucose moni-
toring device, the oscillator is a negative resistance oscilla-
tor.

[0010] In an example embodiment of the blood glucose
monitoring device, the frequency detection circuit includes
at least one of a frequency discriminator, a fractional fre-
quency divider, or a reference clock. In some embodiments
of the blood glucose monitoring device, the main control
board includes at least one of a frequency drift calculator, a
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calibration algorithm, a glucose level estimator, or a hyper-
glycemia/hypoglycemia predictor.

[0011] In some embodiments of the blood glucose moni-
toring device, the microwaves transmitted by the oscillator
assembly are continuously transmitted. In various embodi-
ments of the blood glucose monitoring device, the oscillator
frequency detected in in a range from 1 gigahertz to 10
gigahertz. In some embodiments of the blood glucose moni-
toring device, the oscillator frequency that is detected is in
a range from 4 gigahertz to 8 gigahertz.

[0012] The blood glucose monitoring device of an
example embodiment also includes a user output component
configured to provide an output. In such an embodiment, the
output is indicative of the determined blood glucose level. In
some such embodiments, the output is at least one of an
audible output, a visual output, or a tactile output. In an
example embodiment of the blood glucose monitoring
device, the oscillator frequency is detected in a regular
interval of time. In various embodiments of the blood
glucose monitoring device, the condition of the user that is
detected includes at least one of a sweat amount of the user,
a physical activity level of the user, a sleeping time and habit
of the user, or a heart rate of the user.

[0013] In another embodiment, an apparatus is provided
that includes at least one processor, the at least one processor
having computer-coded instructions therein, with the com-
puter-coded instructions configured to, when executed,
cause the apparatus to measure a blood glucose level. The
computer program instructions are configured to, when
executed, cause the apparatus to detect an oscillator fre-
quency of microwaves transmitted by an oscillator. In such
cases, the oscillator frequency is based on an input imped-
ance associated with a permittivity of blood in a user’s blood
vessel. The computer program instructions are also config-
ured to, when executed, cause the apparatus to receive an
indication of a condition of the user. The computer program
instructions are further configured to, when executed, cause
the apparatus to compare a first oscillator frequency detected
at a first time with a second oscillator frequency detected at
a second time to determine a frequency drift. The computer
program instructions are still further configured to, when
executed, cause the apparatus to calibrate the frequency drift
based on the received indication of the condition of the user.
The computer program instructions are also configured to,
when executed, cause the apparatus to determine a blood
glucose level of the user based on the calibrated frequency
drift.

[0014] In an example embodiment, the microwaves are
continuously transmitted. In some embodiments, the oscil-
lator frequency that is detected is in a range from 1 gigahertz
to 10 gigahertz. In another example embodiment, the oscil-
lator frequency that is detected is in a range from 4 gigahertz
to 8 gigahertz.

[0015] In an example embodiment, the computer program
instructions are configured to, when executed, cause the
apparatus to provide an output. In such cases, the output is
indicative of the determined blood glucose level. In some
embodiments, the output is at least one of an audible output,
a visual output, or a tactile output. In various embodiments,
the indication of the condition of the user that is received
includes an indication of at least one of a sweat amount of
the user, a physical activity level of the user, a sleeping time
and habit of the user, or a heart rate of the user.
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[0016] In still another example embodiment, a method is
provided for measuring a blood glucose level. The method
includes transmitting, via an oscillator assembly, micro-
waves at an oscillator frequency based on an input imped-
ance of its load. In such cases, the input impedance is
associated with the permittivity of blood in a user’s blood
vessel. The method also includes detecting a first oscillator
frequency at a first time. The method still further includes
detecting a second oscillator frequency at a second time. The
method also includes receiving an indication of a condition
of the user. The method further includes comparing the first
oscillator frequency with the second oscillator frequency to
determine a frequency drift. The method still further
includes calibrating the frequency drift based on the
received indication of the condition of the user. The method
also includes determining a blood glucose level of the user
based on the calibrated frequency drift.

[0017] In an example embodiment, the microwaves at the
oscillator frequency comprises continuously transmitting
microwaves at the oscillator frequency. In some embodi-
ments, the oscillator frequency that is detected is in a range
from 1 gigahertz to 10 gigahertz. In various embodiments,
the oscillator frequency that is detected is in a range from 4
gigahertz to 8 gigahertz.

[0018] In an example embodiment, the method also
includes providing an output via a user output component,
wherein the output is indicative of the determined blood
glucose level. In some embodiments, the condition of the
user that is detected includes at least one of an ambient
temperature, a sweat amount of the user, a physical activity
level of the user, a sleeping time and habit of the user, or a
heart rate of the user.

[0019] The above summary is provided merely for pur-
poses of summarizing some example embodiments to pro-
vide a basic understanding of some aspects of the invention.
Accordingly, it will be appreciated that the above-described
embodiments are merely examples and should not be con-
strued to narrow the scope or spirit of the invention in any
way. It will be appreciated that the scope of the invention
encompasses many potential embodiments in addition to
those here summarized, some of which will be further
described below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1A is a block diagram of the non-invasive,
wearable blood glucose monitoring device of an example
embodiment of the present disclosure;

[0021] FIG. 1B illustrates a graph charting the oscillator
frequency drift as it relates to the blood glucose level
difference using a curve fitting model in accordance with an
example embodiment of the present disclosure;

[0022] FIG. 2Ais a diagram of a planar slot-line resonator
used in an example embodiment of a blood glucose moni-
toring device in accordance with the present disclosure;
[0023] FIG. 2B illustrates an example magnetic field pro-
duced by a slot line resonator used in an example embodi-
ment of the present disclosure;

[0024] FIG. 3 illustrates a stack view of a slot-line reso-
nator as used in an example embodiment of the present
disclosure applied to a two layered substrate (skin/artery);
[0025] FIG. 4 illustrates the resonance for an example
non-superstrated slot-line resonator used in an example
embodiment of the present disclosure, showing the real and
imaginary parts of the input impedance (Z,,);
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[0026] FIG. 5illustrates a graph charting measured imped-
ance of a resonant frequency at different levels of blood
glucose as measured by an example embodiment of the
present disclosure;

[0027] FIG. 6 illustrates a stack view of a slot-line reso-
nator as used in an example embodiment of the present
disclosure in an example configuration including a water
repellent coating to account for the effects of sweat;

[0028] FIG. 7A illustrates a graph charting resonance
frequency at different levels of blood glucose with sweat on
a user’s skin as measured by an example embodiment of the
present disclosure;

[0029] FIG. 7B illustrates a graph charting measured reso-
nance frequency of the resonator superstrated by a stacked
layer including a water repellent coat, dry skin, and wet skin,
fat and blood with three glucose levels as shown in the
graph, in accordance with the present disclosure;

[0030] FIG. 8 is a schematic of an example negative
resistance oscillator as used in an example embodiment of
the present disclosure, such as a wearable blood glucose
monitoring device;

[0031] FIG. 9 is a block diagram of a frequency detection
circuit as used in an example embodiment of the present
disclosure, such as a wearable blood glucose monitoring
device;

[0032] FIG. 10 is a block diagram of the main control
board as used in an example embodiment of the present
disclosure, such as a wearable blood glucose monitoring
device;

[0033] FIGS. 11A and 11B illustrates an exploded view of
a wrist watch implementation of an example embodiment of
the present disclosure, such as a wearable blood glucose
monitoring device, showing the main components such as
display unit, buttons, NRO-resonator PCB, water repellent
coating, vibrator, coaxial cable and connectors;

[0034] FIG. 11C illustrates a compact view of a wrist
watch containing an example embodiment of the present
disclosure;

[0035] FIG. 11D is a side view of the wrist watch shown
in FIG. 11C;
[0036] FIG. 11E is a top view of the wrist watch shown in

FIG. 11C showing the display unit and main display views
such as time, date, glucose level, and button functions;

[0037] FIG. 11F illustrates an exploded view of the
assembled PCB and electronic conponents connected to the
PCB in accordance with the present disclosure;

[0038] FIG. 11G illustrates the contact area of the watch
with the volar part of the wrist along with the resonator and
the humidity sensor mounted on the bottom strap in accor-
dance with an example embodiment of the present disclo-
sure;

[0039] FIG. 11H illustrate the position of the auxiliary
sensors for physical activity and sleep tracking in accor-
dance with an example embodiment of the present disclo-
sure;

[0040] FIG. 111 illustrates the dimensions of an example
wrist watch in accordance with an example embodiment of
the present disclosure;

[0041] FIG. 12 is a block diagram of an apparatus con-
figured in accordance with an example embodiment of the
present disclosure; and
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[0042] FIG. 13 is a flowchart illustrating the operations
performed. such as by the apparatus of FIG. 12, in accor-
dance with an example embodiment of the present disclo-
sure.

DETAILED DESCRIPTION

[0043] Some embodiments will now be described more
fully hereinafter with reference to the accompanying draw-
ings, in which some, but not all, embodiments are shown.
Indeed, various embodiments may be embodied in many
different forms and should not be construed as limited to the
embodiments set forth herein; rather, these embodiments are
provided so that this disclosure will satisfy applicable legal
requirements. Like reference numerals refer to like elements
throughout. As used herein, the terms “data,” “content,”
“information,” and similar terms may be used interchange-
ably to refer to data capable of being transmitted, received
and/or stored in accordance with embodiments of the present
disclosure. Likewise, the terms “dielectric constant,” “rela-
tive permittivity,” and similar terms may be used inter-
changeably. Thus, use of any such terms should not be taken
to limit the spirit and scope of embodiments of the present
disclosure.

[0044] As noted above, diabetes is a serious problem for
many individuals, and a person with diabetes must measure
their blood glucose levels on a regular basis to guard against
hypoglycemia or hyperglycemia. The earliest attempts to
measure the level of glucose in a person’s body focused on
urine, as the glucose levels in a person’s urine correspond to
those in a person’s blood. These measurement techniques
included tablets (such as those developed by Miles Labo-
ratories in 1941) or dipsticks that change colors, allowing an
estimation of the level of glucose in a person’s urine. These
tests have limitations as they result in qualitative measure-
ment only and have difficulty measuring low or normal
blood glucose levels.

[0045] Further attempts focused on direct measurement of
the level of glucose in blood through a patient taking a small
blood sample (e.g., lancing blood from his or her finger). In
1964, Ernest Adams of Ames developed the first test strips,
Dextrostix, which allowed a person to measure the level of
glucose in his blood. These first test strips required manual
manipulation and assessment and only produced a measure-
ment after a sixty-second waiting period. The measurement
required the user to make a visual comparison of the test
strip to reference tools to identify an estimated blood glu-
cose level. Later, electronic meters, which eliminated the
need for a visual comparison and allowed for a numeric
indication of blood glucose levels, were introduced. These
electronic meters were not always reliable, and the detection
techniques shifted to meters and testing strips that elimi-
nated requirements that a user must wipe, blot, or wash his
or her blood before testing. Measurement techniques requir-
ing user-provided blood samples remain in wide use today
and rely on electrochemical techniques to measure the level
of glucose in a blood sample.

[0046] These measurement techniques requiring blood
samples are limited in several ways. First, users are required
to invasively extract blood samples several times per day.
This traditional method is both painful and inconvenient,
which can lead to non-compliance with the recommended
frequency of testing. Second, the tests provide limited
data—a person with diabetes has no insight as to any
changes in their blood glucose between these tests. There is
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thus a desire for both a method of effectively measuring
blood glucose in a more continuous and non-invasive man-
ner.

[0047] Other researchers have focused on using radio
frequency (RF) detector circuitry to transmit high-frequency
RF waves into the body and measure properties of received
signals indicative of the glucose present in blood. However,
it has been shown that using this approach decreases the
SNR (signal-to-noise ratio) and thus decreases the device’s
accuracy. Moreover, current techniques using RF measure-
ments lack the ability to account for influencing parameters
internal or external to a user’s body, such as sweat, heart
rate, age, gender, Diabetes Type, blood type, anbient humid-
ity and temperature.

[0048] Further, some of these techniques use high fre-
quency millimetric waves that cannot penetrate deep enough
to target the blood vessels (such as arteries and veins) and
instead target the interstitial fluid lying just underneath the
skin. In this way, the glucose measurement doesn’t reflect
the real-time glucose level in the bloodstream, but instead
reflects a measurement with a time-lag of at least 20-30
minutes.

[0049] Thus, existing devices implementing these RF
measurement techniques do not produce accurate results in
comparison to techniques relying on drawn blood, are not
suitable for continuous monitoring, and further may not be
practical for implementation on a wearable device.

[0050] There thus remains a need for a method for non-
invasively measuring blood glucose in a diabetic person that
can reliably and continuously monitor blood glucose levels,
in the blood stream, and predict diabetes complications
resulting from low and high blood glucose levels.

[0051] The present disclosure is directed to a device, an
apparatus, and a method for continuously and noninvasively
measuring the blood glucose level of a user. In an example
embodiment, the device may include an oscillator assembly,
a frequency detection circuit, and a main control board. The
oscillator assembly may include an oscillator (e.g., negative
resistance oscillator (NRQO)) and a resonator (e.g., a slot-line
resonator). In various embodiments, the oscillator may be
loaded by the resonator. The device may further include
auxiliary sensors, vibro-tactile alarming components, and a
display. The resonator, which may be proximate to or in
contact with the user’s skin at an area above a blood vessel,
such as an artery, or any other well vascularized area under
a low-thickness skin, may be a part of the oscillator assem-
bly.

[0052] As the blood glucose levels in the user’s blood
stream change, the resonant frequency of the resonator will
also change. The change in resonant frequency will cause
the oscillator to drift its fundamental oscillation by a certain
amount (e.g., there may be a shift of few MHz as shown in
Table 2 corresponding to FIG. 7B), which is detected by the
frequency detection circuit and transmitted to the main
control board. In some embodiments, the main control board
may perform a frequency drift calculation, and based on this
calculated frequency drift, may determine an estimated
measurement of the blood glucose levels in the user’s blood.
As the frequency drift is continuously sensed by the fre-
quency detection circuit and transmitted to the main control
board, the device is able to continuously monitor a user’s
blood glucose levels in real-time.

[0053] The present disclosure is aimed at creating a wear-
able blood glucose monitoring device, apparatus, and
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method that overcomes the challenges present when
attempting to non-invasively measure blood glucose level.
Human sweat is a conductive material, and its accumulation
on a resonator may distort the physical characteristics of the
resonator and prevent accurate readings. To reduce this
problem, embodiments of the present invention provide for
insulation of the resonator by a coating layer, such as a
solder mask, a water repellent coat, and/or an insulator
material. Additionally, accumulating sweat between the
resonator and skin may lead to false frequency shifts.
Therefore, in some embodiments, a humidity sensor may be
added on the bottom strap touching the skin to detect the
existence of sweat. The resonator may be mounted on the
bottom strap such that it touches the skin without any air gap
or space, as shown in FIG. 11G. Since each patient will have
unique body parameters such as tissue thickness, metabo-
lism, or hydration level and will be in a different environ-
ment (e.g., different ambient temperature and humidity), a
calibration algorithm may be provided based on Artificial
Intelligence (Al) tools such as Neural Networks and/or
combined with curve fitting techniques. In order to over-
come the effects of temperature and humidity variation on
the dielectric constant of the resonator, a substrate material,
such as R04003 or R03010, which offers a high stability of
dielectric constant over temperature and humidity may be
used.

[0054] An example embodiment of the present disclosure
may be implemented as a wearable device. Such wearable
devices may be implemented in the form of a bracelet, wrist
watch, wrist band, or strap, allowing the resonator to be in
direct contact with the user’s skin at a location above a blood
vessel, such as an artery or vein. In various embodiments,
the resonator may be configured to be placed in contact with
the user’s wrist. In some embodiments, the casing profile of
the device may also be chosen to conform to other body
parts with high vascularization, such as a user’s wrist or
forearm, or above the user’s ankle, to allow the device to
have direct contact with the user’s skin above such body
parts.

[0055] Through wireless communication, the device may
relay information to the external notification device, which
would provide the user with audible and visual information
and alerts regarding the monitored blood glucose levels. The
device can use the features found in the connected smart
device to alert the caregiver, such as SMS messaging service
or GPS, to send the location of the user to the caregiver in
an instance in which medical attention is required based on
the determined blood sugar of the user.

[0056] Additional auxiliary sensors may be a part of or in
communication with the wearable device. In various
embodiments, the information from the auxiliary sensor(s)
may be used for error compensation, calibration, complica-
tions prediction, and the like. Example auxiliary sensors
may include humidity sensors, heart rate sensors, peripheral
capillary oxygen saturation (SpO2) sensors, and 9-axis
inertial motion sensors (3-axis gyroscope, 3-axis magnetom-
eter, 3-axis accelerometer). The device may include auxil-
iary sensors that track user conditions such as the physical
activity of the user, sleeping time, heart rate, SpO2, and
humidity to detect the existence of sweat.

[0057] In an example embodiment, the watch may com-
prise a main compartment, display, and strap. The strap may
be formed from a flexible material, such as rubber, to help
maintain an appropriate grip and contact between the device
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and the user’s skin. The main compartment may be formed
with a transparent protective cover, such as an external bezel
holding a transparent plastic or glass cover. A digital display,
such as an LCD display, may be included beneath the
transparent cover. In some embodiments, the main compart-
ment of the wearable device may include internal molded
plastic assemblies, one or more printed circuit boards, one or
more processors ot microprocessors 14, one or more
optional sensors, rechargeable battery, alarming vibrators,
and/or detection circuitry.

[0058] In an example embodiment, the resonator sensor
can be superstrated directly by the wrist. The wrist may be
composed of different layers of tissues, such as wet and dry
skin, fat, and a blood vessel (e.g., a vein, such as a cephalic
vein, a basilica vein, or any perforating vein). The input
impedance (Z,,) of the load (resonator sensor+superstrate)
depends on the fixed dielectric properties (relative permit-
tivity) of the resonator+the varying dielectric properties of
the tissues present above the resonator. The permittivity of
the dispersive tissues changes according to changes in the
constituents of each tissue. For the most part, these con-
stituents remain relatively fixed when compared with the
blood constituents in the blood stream. The variation of
blood glucose level, however, is a fast changing parameter,
relative to the other tissues superstrated with the resonator,
and has a direct and significant effect on the overall permit-
tivity of the superstrate of the resonator. In an example
embodiment, where the permittivity is monitored, the glu-
cose present in the blood is the main contributor to the shift
of the resonant frequency of the resonator.

[0059] In other words, when the glucose level in blood
varies, the permittivity of blood changes. In some embodi-
ments, the change in permittivity of the blood affects the
total overall permittivity of the wrist sensed by the resonator
and causes the input impedance of the resonator to change
and thus shifts the resonant frequency of the resonator. In an
example embodiment, the resonant frequency is defined as
the zero-crossing of the imaginary part of the input imped-
ance (Z,,) of the resonator.

[0060] In an example embodiment, microwaves in the
C-Band range of frequency (e.g., 4 to 8 gigahertz) at a power
level of around -40 to 0 decibel-milliwatts (dBm) penetrate
the body. Such penetration may be a few centimeters. In an
example embodiment, these microwaves are produced by an
electrical circuit of the oscillator assembly, where the oscil-
lator assembly includes a negative resistance oscillator
loaded by a resonator, which may be a slot line resonator. A
water repellent coat may be applied on the resonator (e.g.,
between the device and the wearer’s skin to protect the
resonator from sweat or moisture present on the skin). A
magnetic field may be generated by the oscillator and
resonator which extends through the water repellent coat and
the wearer’s skin and into an artery or a vein carrying blood.
As the amount of glucose in a patient’s blood changes, the
dielectric constant of the blood changes.

[0061] The change in the dielectric constant of the blood
causes a drift in the oscillation frequency of the oscillator. As
described in further detail below, a frequency detection
circuit may be electrically coupled to the oscillator assem-
bly. The frequency detection circuit may include phased
locked loop (PLL) circuit with a frequency discriminator
included in it. The frequency discriminator may compare the
divided oscillator frequency of the oscillator and the fre-
quency of the reference clock to produces an error signal.
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The error signal may then be minimized, such as by the
processor 14. To minimize the error signal, the control board
may vary the division factor of the oscillation frequency
repeatedly until the error signal tends to zero. Once this is
achieved, the control board may use the frequency of the
reference clock and the last division factor to calculate the
oscillation frequency of the oscillator

[0062] The main control board may also determine
whether user’s conditions unrelated to a change in blood
glucose contribute to any change in the calculated frequency
drift (e.g., accumulation of sweat layer between the resona-
tor and the user’s skin, detected by the humidity sensor
integrated on the bottom strap touching the skin). These
contributions may be used for calibrating the detected oscil-
lator frequency so that it corresponds to the correct value of
glucose level in blood.

[0063] Referring now to FIG. 1A, a block diagram of an
example embodiment of the present disclosure, such as a
wearable blood glucose monitoring device, is provided. The
wearable device may be a hand watch, wrist band, bracelet,
or the like. The wearable device may include a display, for
example when it is implanted as a wrist watch. Alternatively
or additionally, the wearable device may include a commu-
nication interface, allowing it to communicate with external
devices. This communication interface may be wired, wire-
less, or a combination thereof. For example, the wearable
device may include near-field communication, Bluetooth,
radio, Wi-Fi, or cellular components allowing it to commu-
nicate with another user device, such as a smartphone, tablet,
or computer. The wearable device may also include a port
for a wired connection to be made between the wearable
device and external devices and may be used for charging
the battery (e.g., a USB connector may be included that
allows a connection to an external battery or wall port).
[0064] The device 100 may comprise an oscillator assem-
bly 105. The oscillator assembly 105 may include an oscil-
lator 110 and a resonator 120. In an example embodiment,
the oscillator may be a negative resistance oscillator (NRO)
110. In some embodiments, the negative resistance oscillator
may be connected to a resonator 120, such as a microwave
slot line resonator. The resonator may be manufactured on
the same board as the NRO or may be manufactured
separately on a different board and connected to the NRO.
In an example embodiment, the resonator is connected to the
oscillator by a transmission line 830 (shown in FI1G. 8). The
resonator may be manufactured on a substrate material
different than that of the NRO. The slot line resonator may
rest on or near a user’s skin 130, such that coupling is
maintained between the resonator and a blood vessel, such
as an artery or a vein, in the user’s body. For example, the
slot line resonator may be incorporated into a strap of the
wearable device, allowing the user to tighten the strap to
maintain effective coupling between the slot line resonator
and the user’s skin superstrate the blood vessel. In various
embodiments, the oscillator may be loaded by the resonator.
In such embodiments, the resonator when superstrated with
a user’s skin, may have a change in resonant frequency due
to the change in relative permittivity of the blood. Such a
change in resonant frequency will have an effect on the
oscillator frequency as the resonator loads the oscillator.
[0065] The oscillator frequency is determined by the input
impedance of the load connected to it (e.g., the resonator).
If the device is not worn by the user, the load is the resonator
alone. However, as soon as the device is worn by the user,
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the load of the oscillator becomes (the resonator+wrist
superstrating the resonator), where the wrist is composed of
all underlying tissue layers including blood which contains
glucose. Therefore, when the resonator is superstrated with
the user’s skin, changes in the blood glucose level will result
in change in the input impedance of the load which induces
a drift in the oscillating frequency of the oscillator.

[0066] In various embodiments, the oscillator (e.g., NRO)
may also be electrically coupled to a frequency detection
circuit 140. The frequency detection circuit 140 may be
configured to detect the oscillator frequency of the micro-
waves transmitied at a given time. In some embodiments,
the frequency detection circuit may detect the oscillator
frequency continuously or may detect the oscillator fre-
quency over a certain interval of time (e.g., every 5 minutes).
Additionally or alternatively, a user may place the device
into a manual mode where the frequency detection circuit
only detects the oscillator when the user desires.

[0067] In various embodiments, each oscillator frequency
detected by the frequency detection circuit may be provided
to the main control board 150. The main control board 150
may comprise a frequency drift calculator 151, a calibration
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Sine of order 6, where the resulting mathematical relation
that is represented by the red curve is a sum of sine function
multiplied by a determined coeflicient or weight that may be
derived from training data.
[0072] The training data (dotted in blue) is an example of
an experimental data obtained for pair values (change in
oscillator frequency detected by the device, change in glu-
cose level measured invasively). The red line represents a
smooth curve of a mathematical relationship or expression
based on a Sum of sine of order 6 curve fitting method that
estimates the relationship of the data in each pair without
overfitting the data, so as to make it as generalized and
global as possible.
[0073] An example General model Sin 6 function may be
as follows:
fix)=al*sin(b1*x+cl)+a2*sin(b2*x+c2)+a3*sin
(b3*x+e3)+ad*sin(b4* x+cd)+a5*sin(b5*x+c5)+
ab*sin(b6*x+c6)
[0074] The distribution and sparsity of the data in this
example determines the coefficients a, b, and ¢ of the
above-noted mathematical expression. For the data shown in
FIG. 1B, the values of coefficients are:

Coeflicient
al bl cl a2 b2 c2 a3 b3 3
Value 0.086  0.011 0,262 0,041 0.022 231 0013 0028 5255
Coeflicient
ad b4 c4 a5 b5 c5 ab b6 cb
Value -0.0017 0.158 3.046 0.0006 0397 3.191 0.0015 05536 -1.555
algorithm 153, a glucose level estimator 153, and a hyper- [0075] The hyperglycemia/hypoglycemia predictor 152

glycemia/hypoglycemia predictor 152. The main control
board may be embodied as one or more sub control boards
attached to one another through a wired connection, a
wireless connection, or a combination thereof.

[0068] In certain embodiments, the frequency detection
circuit may calculate the frequency drift of the oscillator
according to the following equation:

A~fufeo

[0069] where f, is the oscillator frequency at a specific
measurement time and £, is the initial oscillator frequency
at the first moment the device was turned ON or put into
operation.

[0070] Incertain embodiments, the glucose level estimator
and calibration algorithm 153, either together or separately,
may use the frequency drift calculated by the frequency drift
calculator 151 and a mathematical model to estimate the
current value of the glucose level. The mathematical model
may be pre-stored, such as in a memory device of the main
control board. In some embodiments, the mathematical
model may be based on an Artificial Neural Network and/or
curve fitting methods in the algorithms implemented on the
glucose level estimator 153 on the main control board 150.
[0071] Insome embodiments, the glucose estimation algo-
rithm 153 may relate the change in the oscillator frequency
of the oscillator to the change in glucose level of the user’s
blood. FIG. 1B shows an example of performing such an
estimation using curve fitting techniques based on Sum of

may monitor the glucose level estimator and/or the auxiliary
sensors to predict any expected complications that may
occur for a user. In some embodiments, the monitoring by
the hyperglycemia/hypoglycemia predictor may be continu-
ous, while the device is in operation. Alteratively, the
monitoring may occur at a set interval of time (e.g., every 5
minutes) or manually completed (e.g., by user input). The
prediction of any expected complications may be based on
auser’s predefined thresholds. Additionally or alternatively,
there may be predetermined thresholds of the device that
would also result in a prediction of complications.

[0076] In some embodiments, the Hyper/Hypoglycemia
predictor algorithm 152 may be based on a decision tree,
maximum likelihood algorithms, or Naive Bayesian network
based on conditional probability calculations that can take a
decision as a prediction of diabetes complications. The input
parameters of this algorithm may be the current and previous
glucose levels and data taken from the auxiliary sensors 160.
The speed and direction of change of the estimated glucose
level and the user’s environmental, physical, and/or physi-
ological conditions may help the algorithms 152 determine
whether the user is going toward a hypoglycemia or hyper-
glycemia complication. This prediction of whether a user is
experiencing, or may be about to experience, hypoglycemia
or hyperglycemia may be done by a device in accordance
with the present disclosure in real time.

[0077] The main control board may be connected to or in
communication with auxiliary sensors 160, which may
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comprise sensors for measurement of heart rate, SpO2,
physical activity tracking, sleep tracking, and humidity. Data
from the auxiliary sensors 160 may be sent to the main
control board 150, such as to the glucose level estimator, the
calibration algorithm, or both, and to the hyperglycemia and
hypoglycemia predictor 152. The calibration algorithm 153
may use the readings from the various auxiliary sensors to
compensate for the effect of various conditions on the real
frequency shift in order to prevent false detection of the
user’s glucose level. The calibration algorithm and the
glucose level estimator may be separate or together in a
component as a part of the main control board.

[0078] In some embodiments, information indicative of a
user’s blood glucose level, after being calculated by the
glucose level estimator 153, may be passed to a user output
component, such as a smart watch or mobile device. In such
a case, the information, or output, may be provided to a user.
In an example embodiment, the output is provided via a
display 170. The information provided may include the
current blood glucose level, a change in blood glucose level,
a relationship to a normal blood glucose level, and/or the
like. The information may be provided to the user visually,
audibly, or in the form of haptic feedback. For example,
there may be an alarm, discussed below, provided that alerts
the user when there is a problem. In some embodiments, the
display may comprise an LED or quartz display liquid
crystal display, or other form of display and may also be a
touchscreen. Additionally or alternatively, the device may be
in communication with an external display device. For
example, the main control board may be in communication
with a mobile application running on an external user
device, such as a smartphone or tablet. The mobile appli-
cation may receive information related to the estimated
blood glucose levels, desired alerts, determined blood glu-
cose threshold level crossings, or desired displays, which it
may then convey to the user.

[0079] The output may include an alert relating to the
estimated blood glucose level. For example, the alert may
engage when the blood glucose level may be dangerously
high or low. In an example embodiment, the alert may be
communicated to a user or a designated caregiver. The alerts
conveyed to a user or caregiver for estimated current glucose
values or predictions of complications may be based on the
user’s pre-defined threshold values. In some embodiments,
the alerts are based on predetermined ranges of glucose
values. For example, an average person may be in critical
danger when a glucose level is above a certain level and
therefore an alert is created if a reading is made. The
designated caregiver (e.g., a family member) may be manu-
ally entered by the user (e.g., a user may enter a relative as
a caregiver when they register the device), or the alert may
be sent to a predetermined emergency number, such as 911.
In some embodiments, the device may have an override that
allows the user to instruct the device to not notify the
caregiver even when the alert 1s triggered (e.g., the user may
already be getting treated).

[0080] Referring now to FIG. 2A, a planar slot line
resonator 200, which may be included as the resonator in an
example embodiment of the present disclosure, is provided.
The slot line resonator 200 may be configured to provide
high magnetic coupling from the slot line to the user’s
exposed skin and all underlying tissue proximate the reso-
nator. In some embodiments, the slot line resonator 200 may
act as a passive load to the oscillator, such as the NRO 110
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shown in FIG. 1, and its input impedance may be determined
by the permittivity of the superstrate (e.g.. the proximate
body part). In various embodiments, the slot line resonator
200 may include a substrate 210, slot line 220, and copper
ground plane 230. The substrate 210 may be covered by the
copper ground plane 230, and the slot line 220 may be a
double-sided shorted slot in the ground plane 230. The slot
line resonator may be coupled to a feed line, which may be
an etched microstrip line formed on the opposite side of the
substrate, as explained in more detail below. The length of
slot line resonator 200, substrate material 210, and the feed
line 310 (shown in FIG. 3), in combination with the per-
mittivity of the blood in the user’s blood vessels, may
determine the resonant frequency of the resonator 200.

[0081] In an example embodiment, a bracelet or watch
device with the resonator integrated into a strap may require
the configuration of the slot line to be changed due to size
restrictions or cosmetic preferences. For example, in order to
integrate the slot line resonator into the strap of the device,
the slot line may be made more compact by curving or
winding its structure, while keeping the same impedance
properties of the straight slot line illustrated. When a user
wears the device, the resonator 200, which may be config-
ured to be susceptible to significant permittivity, may thus be
positioned adjacent and parallel to the user’s skin and
preferably located near a blood vessel, such as an artery or
a vein. Alternatively, other types of resonators that work in
similar ways may be substituted for the resonator 120 of
FIG. 1.

[0082] In various embodiments, the resonator 120 may
project a magnetic field, as shown in FIG. 2B. The magnetic
field 250 may be generated by the oscillator 110 (e.g., a
NRO). The magnetic field may be in the form of micro-
waves. In some embodiments, the microwaves may have
frequencies from 1 gigahertz to 10 gigahertz. The micro-
waves may be based on the resonant frequency of the
resonator. As discussed above, the resonator may be posi-
tioned proximate to or in contact with an area of a person’s
skin that has a large amount of access to blood vessels near
the skin. The microwaves may be transmitted into the blood
vessel, such as an artery or vein 240, and are impeded by
human tissue, including skin, muscle, fat, blood vessel, and
the blood inside the blood vessel, including the glucose
present in the blood. As discussed above, the relative per-
mittivity of the blood contents affects the frequency of the
resonator and, in turn, the oscillator frequency detected by
the frequency detection circuit. The frequency detection
circuit may, for example, detect the oscillator frequency of
the oscillator and provide such frequency to the main control
board. In some embodiments, the main control board may
then compare the oscillator frequency received from the
frequency detection circuit with a second oscillator fre-
quency received from the frequency detection circuit at an
earlier time, such as when the device is initially powered on.
The main control board may then determine the blood
glucose level based on the difference in the two oscillator
frequencies.

[0083] Referring now to FIG. 3, a stack view of a slot line
resonator of an example embodiment as implemented on the
skin of a user is provided. One skilled in the art would
understand that there are other ways to configure the reso-
nator in accordance with the present disclosure. As shown in
FIG. 3, a microstrip feed line 310 may be connected to the
slot line resonator substrate 320. The microstrip feed line
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may be etched onto the bottom side of the substrate 320.
This feed line may be configured to feed the slot line
transmission line with electromagnetic waves. As shown, the
substrate 320 may be covered by a ground plane 330, such
as a copper ground plane. In some embodiments, a slot 340,
which may be a double-sided shorted slot, may be included
in the ground plane 330. In an example embodiment, the
ground plane may be positioned adjacent to the user’s skin
350, such that the slot line 340 may be superstrated to a
blood vessel, such as an artery 360, under the skin 350. The
slot line resonator may be connected to the oscillator using
a coaxial connector (e.g.. an SMP connector) and a coaxial
cable as a transmission line 830 (as shown in FIG. 8).

[0084] As used in an example embodiment, the slot line
resonator acts as the sensor when superstrated by the user’s
skin and a blood vessel. The resonant frequency of the
resonator will shift to a certain frequency after contact with
the skin is made. For example, a shift of 1.9 megahertz
(MHz) may indicate a blood glucose level difference of 2
milligrams per deciliter (mg/dl)). In some embodiments, the
oscillator frequency is related to the resonant frequency of
the resonator, and may change as the dielectric constant of
the blood in the blood vessel changes. As the dielectric of the
blood changes, the drifts in the resonant frequency of the
resonator will cause exactly the same amount of drift in the
oscillator frequency. In an example embodiment, the differ-
ence between an oscillator frequency detected at a first time,
such as when the device is powered on, and a second time,
such as a current or instantaneous reading, may determine
the frequency drift. In an example embodiment, and as
discussed herein, the frequency drift may be used to deter-
mine the blood glucose level of a user.

[0085] The resonator in an example embodiment of the
device may be formed using a radio frequency (RF) sub-
strate 320. The RF substrate may be made out of a material
to allow for high frequency performance. In some example
embodiments, the substrate may be made out of hydrocar-
bon ceramic laminates, such as R04003 or R03010. In
various embodiments, the substrate may be selected based
on the substrate’s ability to be incorporated into the strap of
a watch or bracelet (e.g., practical manufacturing consider-
ations). By tightening the strap of the watch or bracelet,
appropriate coupling between the resonator and the artery
may be established and maintained. As discussed above, in
various embodiments the oscillator may be a negative resis-
tance oscillator NRO. In other embodiments, the oscillator
may be a voltage controlled oscillator (VCO). In various
embodiments, the oscillator may be included in a compart-
ment on the watch or bracelet. The resonator may be on the
same electronic board of the oscillator, or manufactured
separately and stacked on the oscillator board. For example,
if the wearable device is implemented as a watch, the
oscillator assembly may be incorporated into the bottom
strap touching the volar part of the wrist, while the fre-
quency detection circuit and the main control board may be
placed in the central portion under the dial along with the
display.

[0086] Referring now to FIG. 4, the depicted graph shows
the input impedance (Z,,,) of the resonator 120, as used in an
example embodiment of the present disclosure when simu-
lated alone without being superstrated to the user’s skin or
connected to an oscillator. In an example embodiment, the
resonator, when excited by a Gaussian signal in a computer
simulation, may be driven to resonate depending on the
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characteristics and dimensions of the resonator. The graph
shown in FIG. 4 includes both the real and imaginary part of
the input impedance of the resonator when not superstrated
by a user’s skin. The resonant frequency may be detected
when the real part of the input impedance has a peak, and/or
the imaginary part has a zero crossing, which is 10.506 GHz
as shown in the figure. In an example embodiment, the
resonator, when superstrated with a user’s skin, may have a
change in the resonant frequency. This change in the reso-
nant frequency may be related to the permittivity, or dielec-
tric constant, of the blood in a user’s blood vessel (e.g., a
change in the permittivity of the blood changes the imped-
ance of the resonator). As discussed in more detail below, the
frequency drift between the oscillator frequencies at two
given times may be affected by the resonant frequency of the
resonator at a given time. As discussed below, the resonant
frequency relates directly to the oscillator frequency.

[0087] Referring now to FIG. 5, a graph shows the mea-
sured impedance at a given frequency of microwaves gen-
erated by resonator 120 of an example embodiment when
superstrated to a user’s skin and all underlying tissues
including blood at three different glucose levels. FIG. 5
provides an illustration showing the variation of the zero
crossing of the imaginary part of input impedance of the
resonator as a function of glucose variation. The zero
crossing of the input impedance indicates the resonant
frequency. Therefore, the resonator in the figure resonates at
frequencies (10.263 gigahertz (GHz), 10.281 GHz, and
10.296 GHz) for the glucose level 100 mg/dl, 120 mg/dl, and
140 mg/dl respectively. A change in blood glucose levels
causes a drift in frequency. A corresponding shift in the
oscillator frequency may occur which is detected by the
frequency detection circuit. When the resonator 200 oper-
ates as a stand-alone component, it may resonates at a
specific frequency (for example around 10 GHz). However,
when the resonator 200 is connected by a transmission line
830, to the oscillator 110, the length of the transmission line
830 will lower the operating frequency of the oscillator and
drive it to operate within the C-band (e.g., 4-8 GHz).

[0088] As discussed above, certain conditions may affect
the accuracy and reliability of the device. In various embodi-
ments, these conditions may include environmental condi-
tions (e.g. temperature, humidity), physical (e.g., physical
activity conditions of the user), or physiological conditions
(e.g., heart rate, Sp0O2). For example, as discussed above,
sweat or moisture may form on or near the resonator (e.g,,
when the user performs physical activity or in certain humid
conditions). In such situations, the slot line may be in direct
contact with the conductive sweat or moisture, thus degrad-
ing the performance of the oscillator and resonator. In some
embodiments, to mitigate the effects of sweat or moisture
accumulation on the skin of the user, a coating layer may be
introduced between the resonator and the user’s skin. In an
example embodiment, such as the one shown in FIG. 6, the
coating layer may include a water repellant coating between
the resonator and the user’s skin. As shown, a microstrip
feed line 610, which receives an electromagnetic field from
the oscillator and transmits microwave RF waves, may be
connected to the bottom of the slot resonator substrate 620.
The microstrip feed line 610 may be etched into the bottom
surface of the substrate 620. A substrate 620 may be posi-
tioned on the ground plane 630, which includes a slot line
640.
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[0089] In an example embodiment, the water-repellent
coating may be made out of silicone rubber. The watet-
repellant coating may also be made out of other materials
that have the characteristic of repelling any accumulating
sweat or moisture between the resonator and the user’s skin.
In some embodiments, the water-repellant coat 650 may be
sprayed on the ground plane, and may act to separate the
resonator from sweat or moisture 660 that may form on a
user’s skin layer 670 in an area overtop a user’s blood vessel.
The water-repellant coating may restrict sweat or other
moisture from reaching and interacting with the resonator.
This restriction by the water-repellant coating may be in
whole or in part.

[0090] An insulator material may be used (e.g., polyvi-
nylalkohol polymes (LPA) used as a solder mask) can
protect the resonator (e.g., the ground plate) from any
moisture that can affect the conductivity of the material (e.g.,
copper). This insulator material may be used in conjunction
or in place of a water repellant coating to form the coating
layer. The insulator material may be of varying thickness,
including thicknesses on the order of a few micrometers. As
noted above, in various embodiments, the insulator material
may be used in conjunction with the water-repellant coating
to create the coating layer.

[0091] Referring now to FIG. 7A, a graph is provided that
shows the impedance at a given frequency of microwaves
generated by an oscillator 110 of FIG. 1 as a result of loading
by a resonator 120 of FIG. 1, according to an example
embodiment of the present disclosure, when superstrated to
a user’s skin with all underlying tissues including blood with
a 100 mg/dl blood glucose level, and when that skin has
sweat or moisture on its surface. In these tests, both lines
(blue and green) are measurements according to an example
embodiment of the present disclosure. This graph compares
the measured resonant frequency of a resonator, such as the
one shown in FIG. 3, with (blue line) and without a layer of
sweat between the skin and the resonator (green line). The
blue line on the graph shown in FIG. 7A is a measurement
of the imaginary part of the input impedance of an example
embodiment of a slot-line resonator when sweat is present,
similar to the resonator shown in FIG. 3 with a layer of sweat
between the ground plate 330 and the skin 350. The green
line is a measure of the imaginary part of the impedance of
an example embodiment of a slot-line resonator when no
sweat is present, such as the resonator shown in FIG. 3. The
results show that the sweat causes a major frequency shift of
34 MHz from 10.263 GHz (green line) to 10.297 GHz (blue
line) at a glucose level of 100 mg/dl.

[0092] The existence of sweat or moisture may be com-
pensated for and corrected using a calibration algorithm to
ensure accurate estimation of glucose once measured
through an appropriate auxiliary sensor. This calibration
allows for a reduction in false alarms relating to the blood
glucose level. In an example embodiment, an auxiliary
sensor, such as moisture detection sensor, may be placed in
the bottom strap that is in contact with user’s skin. In some
embodiments, additional auxiliary sensors may be used to
determine additional conditions of the user. For example,
one or more sensors may be provided that determine the
user’s physical activity level, sleeping time and habit, or
heart rate.

[0093] Referring now to FIG. 7B, the measured resonant
frequency of a resonator in accordance with an example
embodiment superstrated by a stacked layer of, such as the
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one shown in FIG. 6, is provided. In this example, the
stacked layers include a silicone rubber coating layer, dry
skin, wet skin, fat, and a blood vessel. Four resonant
frequencies of the resonator are generated when the reso-
nator is superstrated with four different values of blood
glucose levels (100, 101, 102, 105 mg/dl). In this example,
the resonant frequency for 100 mg/dl, 101 mg/dl and 102
mg/dl, 105 mg/dl, respectively, were 10.2629 GHz, 10.2639
GHz, 10.2648 GHz and 10.2675 GHz. The results are shown
in Table 1 and discussed in more detail below. Additionally,
the corresponding oscillator frequency is also shown in
Table 1. The oscillator frequency drift, as shown in table 2,
corresponds to the resonator frequency drift. The oscillator
frequency is generally proportional to the resonant fre-
quency, but is lower due to transmission loss between the
resonator and the oscillator, as discussed herein.

[0094] For the simulations, the slot-line resonator and its
substrate were designed in order to operate around 10 GHz.
The simulations were used to determine the value of the
detected frequency drift produced by the resonator for four
different values of glucose.

[0095] In the simulation sessions for the interaction of
magnetic waves produced by the resonator and body tissues,
the slot-line resonator and the superstrating layers (water
repellent coat, dry skin, wet skin, fat, and blood vessel) were
modeled as lossless materials. The type and thickness of the
tissue layers were taken from the anatomy of the wrist. The
water repellent coat and all other tissues had permittivity
values that are frequency dependent according to Debye
second order relaxation formula. The permittivity values of
blood was frequency dependent as well as glucose depen-
dent according to the curve fitted modified Cole-Cole model
of second order. The results produced by the simulation
session are shown in Tables 1 and 2 and FIG. 7B.

[0096] Inthe simulations, the relative permittivity value of
the blood was varied to simulate a change in the glucose
level in blood, where the relative permittivity of all other
tissue were kept unchanged. The tissues was modeled as
superstrating the resonator alone as shown in FIG. 6, and the
resonator was excited by a Gaussian signal to start the
simulation. In response, the input impedance of the resona-
tor which determines its resonant frequency changes mainly
due to the variation of the relative permittivity of the
superstrate (e.g., the blood).

[0097] The simulation session was done on four different
blood sugar levels in the range of 100-105 mg/dl, where the
resonator was operating at around 10 GHz. The resonant
frequency for 100 mg/dl, 101 mg/dl and 102 mg/dl, 105
mg/dl were 10.2629 GHz, 10.2639 GHz, 10.2648 GHz and
10.2675 GHz respectively.

[0098] Further, when the resonator and its load (tissue
layers with varying glucose level) was put as a part of the
NRO, a co-simulation session tested the oscillator frequency
of the NRO for each glucose level. The oscillating frequency
of the NRO for 100 mg/dl, 101 mg/dl and 102 mg/dl, 105
mg/dl were 4.6137 GHz, 4.6147 GHz, 4.6156 GHz and
4.6183 GHz respectively.

[0099] As shown, when the resonator is operating at
around 10 GHz, a 5 mg/dl difference in blood glucose
concentration, varying from 100 mg/dl to 105 mg/dl, results
in a detected frequency drift of 4.6 MHz (10.2675-10.2629
GHz). Also, as shown in Table 1, a 1 mg/dl, 2 mg/dl, 3 mg/dl
difference in blood glucose concentration results in a
detected frequency drift of 1 MHz (10.2639-10.2629), 1.9
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MHz (10.2648-10.2629) and 2.7 (10.2675-10.2648) MHz
respectively. The graphs resulting from this simulation ses-
sion is shown in FIG. 7B. We can also observe that the shifts
in resonance frequency of the resonator, when simulated as
standalone component, are identical to the drifts in oscillator
frequency of the oscillator assembly (e.g., NRO-resonator).
The results are compared in Table 1 below

TABLE 1

Resonance frequency of  Oscillator frequency of

Glucose level the slot line resonator the NRO
100 mg/dl 10.2629 GHz 4.6137 GHz
101 mg/dl 10.2639 GHz 4.6147 GHz
102 mg/dl 10.2648 GHz 4.6156 GHz
105 mg/dl 10.2675 GHz 4.6183 GHz
[0100] Table 2 compares the shift in resonance frequency

of the loaded resonator (tissue layers with varying glucose
levels) and that of the oscillator frequency of the loaded
oscillator (resonator+tissue layers with varying glucose lev-
els).

TABLE 2

Resonance frequency

shift of the slot-line  Oscillator frequency

Difference of Glucose level resonator drift of the NRO
5 mg/dl (100-105 mg/dl) 4.6 MHz 4.6 MHz
3 mg/dl (102-105 mg/dl) 2.7 MHz 2.7 MHz
2 mg/dl (100-102 mg/dl) 1.9 MHz 1.9 MHz
1 mg/dl (100-101 mg/dl) 1 MHz 1 MHz

[0101] When the resonator 200 operates as a stand-alone
component, it may resonate at a specific frequency (for
example around 10 GHz). However, when the resonator 200
is connected by a transmission line 830, to the oscillator 110,
the length of the transmission line 830 will lower the
oscillator frequency and drive it to, typically, operate within
the C-band (e.g., 4-8 GHz). In some embodiments, the
oscillating frequency may be in the range of 1-10 GHz.

[0102] By implementation, the minimum frequency drift
detectable by the frequency detection circuit may be
between 1 KHz and 50 KHz. As provided in the results
shown in Table 2 and FIG. 7B, this detection resolution is
more than adequate to detect a change of 1 mg/dl difference
in glucose level that produces a frequency drift of 1 MHz.
[0103] Referring now to FIG. 8, a circuit schematic of a
negative resistance oscillator (NRO) 110 used in an example
embodiment of the present disclosure is provided. In an
example embodiment, an NRQO 110 may be used as the
oscillator, as its oscillator frequency is varied in accordance
with the change in dielectric constant of the blood. Thus, the
NRO is sensitive to a change in the material properties (e.g.,
blood) of the superstrate of the resonator coupled to the
NRO. The NRO and slot line resonator may provide mag-
netic coupling with the superstrate (e.g., blood vessel),
allowing for accurate measurements to be obtained. In
various embodiments, the negative resistance oscillator 110
may include an RF transistor 810 coupled to slot line
resonator 120. In various embodiments, the entire circuit is
coupled to a ground 850. In some embodiments, the tran-
sistor 810 and resonator 120 are electrically coupled to a DC
Bias circuit 820. In some embodiments, the NRO may be
connected through a coaxial cable to the frequency detection
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circuit 140. The main control board 150, described in detail
with respect to FIGS. 1 and 11E herein, may be composed
of the bare board which holds all the electronic components
including the microprocessor. In some embodiments, the
main control board may be connected to the battery and the
vibrator. In various embodiments, the NRO and the resona-
tor may be on the same circuit board connected to the
frequency detection circuit 140 which is in turn connected to
the main board 150. Additionally or alternatively, any por-
tions of the oscillator assembly, the frequency detection
circuit, and/or the main control board may share a circuit
board and/or housing. For example, the oscillator assembly,
the frequency detection circuit, and the main control board
could all be connected to the same circuit board within a
wearable device, such as a watch or a wrist band.

[0104] The negative resistance oscillator shown in FIG. 8
may be implemented by an RF transistor and appropriate
circuitry. The resonator 120 (e.g., a slot-line resonator) may
serve as a load with negative resistance, and the resonant
frequency of the resonator may determine the oscillator
frequency of the oscillator. In some embodiments, a change
in the resonant frequency of the resonator may cause a
corresponding change to the oscillator frequency of the
oscillator. In some embodiments, the oscillator may be
interconnected to other detection circuits by appropriate
connections either wirelessly (e.g., including but not limited
to near field communication (NFC) or Bluetooth™), wired
(e.g., a coaxial cable), or a combination therein.

[0105] In an example embodiment, the oscillator assem-
bly, which may include an oscillator 110 and a resonator
120, may be mounted in the strap of the watch. Once the
device is worn by the user and put in operation, the oscillator
110 will start operating at an initial oscillator frequency f.
Once, the glucose level in the blood changes, the overall
permittivity of the load connected to the oscillator assembly
(e.g., due to the resonator and superstrated tissues and blood)
will change. The change in the permittivity may cause the
oscillator to shift its oscillator frequency to L. The continu-
ously changing oscillator frequency of the oscillator will be
detected by the frequency detection circuit 140.

[0106] In an example embodiment, the oscillator fre-
quency at a given point in time may be compared to the
oscillator frequency at another point in time (e.g., the initial
oscillator frequency). In such a case, a relative change in the
blood glucose level may be determined. The relative change
in the blood glucose level may be used by the glucose level
estimator 153, which may use information relating to the
blood glucose level of others based on certain parameters to
determine the blood glucose level. In some embodiments,
this is done based on mathematical models that can deduce
a change in glucose levels based on calculated oscillator
frequency drifts, such as the example of curve fitting method
described above in connections with FIG. 1.

[0107] Referring now to FIG. 9, a block diagram of a
frequency detection circuit 140 as used in an example
embodiment of the present disclosure is provided. The
oscillator 110 (e.g., an NRO) is electrically coupled to a
frequency discriminator 920 based on PLL technology.
[0108] In some embodiments, a reference clock 930 may
be connected to the frequency discriminator 920. For
example, a reference clock 930 may be an additional oscil-
lator, such as a Temperature Compensated Crystal Oscillator
TCXO of fixed frequency within, but not restricted to, the
range of 10-40 megahertz. In an example embodiment, the
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frequency discriminator may compare the oscillator fre-
quency of the oscillator 110 and that of the reference clock
930. In such an embodiment, the comparison by the fre-
quency discriminator of the oscillator frequency of the
oscillator and frequency of the reference clock 930 may
produce an error signal. The error signal may be in the form
of a pulse width modulation (PWM) signal 910. In an
example embodiment, the signal 910 is sent to a portion of
the main control board 150, such as to the frequency drift
calculator 151.

[0109] In various embodiments, the frequency of the
PWM signal 910 of an example embodiment corresponds to
the frequency difference between the oscillator frequency of
the oscillator 110 and the frequency of the reference clock
930. In an example embodiment, the frequency drift may be
calculated by the algorithm in the unit 151. In some embodi-
ments, the frequency discriminator 920 may include a frac-
tional frequency divider, such as an N-divider unit 950,
which may be controlled by the main control board 150. In
some embodiments, in order for the frequency discriminator
to compare two input frequencies, such as the frequencies of
the oscillator 110 and the reference clock 930, the frequen-
cies need to be within the a certain range (e.g., both need to
be in terms of megahertz). For example, the frequency of the
oscillator 110 may be in gigahertz, while the reference clock
is in megahertz. In such an example, the frequency of the
oscillator may be divided by the fractional frequency divider
(e.g., N-divider 950) in order for the frequency to be in
megahertz. In an example case, as long as the error signal
produced by the comparison of the oscillator frequency and
the frequency of the reference clock is not close to zero, the
main control board 150 may continue sweeping frequencies
by sending a frequency divider value 940 from the fractional
frequency divider to the discriminator 920 until the fre-
quency of the PWM signal approaches zero (e.g., the oscil-
lator frequency when combined with the appropriate fre-
quency divider value equals the frequency of the reference
clock 930), indicating that the error signal converged to zero.
In an example embodiment where the error signal has
converged to zero, the frequency of the reference clock
when the frequency integer is incorporated is the same as the
oscillator frequency.

[0110] In an example embodiment, at the moment the
error signal approaches zero, the unit 151 calculates the
oscillating frequency of the oscillator 110 using the fre-
quency of the reference clock and the last frequency divider
value sent by the control board 150. In various embodi-
ments, the values of the calculated oscillator frequency of
the oscillator is streamed and/or stored in the memory of the
main control board 150. The stored values are then used by
the unit 151 to calculate the frequency shift of the oscillator
as explained in the description of FIG. 1.

[0111] Referring now to FIG. 10, a block diagram of a
main control board 150 as used in an example embodiment
of the present disclosure is provided. The main control board
150 may comprise a controller 1000 which may be, but is not
restricted to, a field programmable gate array (FPGA),
microcontroller, or System on Chip (SOC) or other similar
device. The main control board 150 may also comprise
firmware 1010. Firmware 1010 may include drivers to
enable the controller 1000 to interface with the frequency
detection circuit 140 and the auxiliary sensors 160. The
controller 1000 may use inputs from the frequency detection
circuit 140 and the auxiliary sensors 160 to calculate a blood
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glucose level of a user. In various embodiments, the firm-
ware 1010 also may facilitate operation of application
software 1020, which may allow a user to configure, cali-
brate, and change settings of the device. In some embodi-
ments, firmware 1010 may provide the blood glucose level
calculated by the controller 1000 to the application software
1020. The application software 1020 may format the blood
glucose level for output on display 170. Referring back to
FIG. 1, an example embodiment of the main control board
may be composed of 3 cores—a frequency drift calculator
151, a calibration and glucose estimation algorithm 152, and
a hyper/hypoglycemia predictor algorithm 153.

[0112] In an example embodiment, at the device initial-
ization, the calibration section 153 may perform a routine
that receives initial parameters, such as humidity, heart rate,
or other parameters from auxiliary sensors. In some embodi-
ments, the calibration routine further includes determining
the initial oscillator frequency of the NRO which is used as
a reference frequency. After the calibration routine is per-
formed, the wearable device may operate to monitor a user’s
blood glucose levels in real time, by continuously measuring
and processing detected frequency drifts.

[0113] In various embodiments, the glucose level estima-
tor, which may comprise a mathematical model based on an
artificial intelligence technique or curve fitting method,
takes the data from the sensors and the frequency drifts into
consideration for calibration or error compensation, before
estimating the glucose level. After the blood glucose level is
calculated, it is compared to predetermined thresholds to
determine if the user should be alerted. For example, if the
calculated value is below a lower threshold or above an
upper threshold, an alarm in the wearable device may be
activated to alert the user. The alarm may be audible, visual,
or tactile. For example, upon the calculated blood glucose
level falling below a lower threshold, a vibrator in the
wearable device may vibrate as an alert and the main control
board may send a status to an external user device linked to
the wearable device through wired or wireless communica-
tion. Further, a display on the wearable device or an external
device in communication with the wearable device may
show a display of the current blood glucose value along with
an alert indication. In some embodiments, the main control
board may send calculated blood glucose levels to an
internal memory for storage, or may send information relat-
ing to the calculated blood glucose levels to an external
memory, such as an external user device or server.

[0114] In an example embodiment, the glucose estimation
algorithm may be in communication with a database. The
database may include information taken from clinical trials,
where every glucose level is related to an oscillator fre-
quency of the oscillator. During the clinical trials, the blood
glucose level of patient may be measured in vitro using
conventional invasive techniques, while the oscillator fre-
quency that corresponds to each glucose value detected by
the device may be related to each measured glucose level.
These clinical trials may take into account different param-
eters of the patient. These patient parameters may include
Diabetes Type, age range, gender, blood type, etc. The user
may input one or more of these patient parameters into the
device (e.g., at the time he/she initiates the device for the
first time). Consequently, once the initial oscillating fre-
quency is detected, the device may automatically relate the
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oscillating frequency with the corresponding glucose level
in the database stored, thereby determining a baseline glu-
cose level for the user.

[0115] FIGS. 11A-111 illustrate views of an example wear-
able device in accordance with the present disclosure imple-
mented as wrist watch. The present disclosure may be
embodied in various ways and the discussion below should
not be taken to limit the scope of the present disclosure.

[0116] FIGS. 11A and 11B illustrate an exploded view of
the wrist watch, while FIG. 11C illustrates a compact view
and FIG. 11D provides a side view. FIG. 11E illustrates a
view of a user interface portion of the wrist watch, including
user control buttons and a display. FIG. 11F illustrates an
exploded view of the printed circuit board (PCB) assembly
that may be used in the wrist watch. The PCB may include
a main control board, a frequency detection circuit, and an
oscillator assembly, as described above. FIG. 11G illustrates
an example contact area between the wrist watch and the
volar part of the wrist along with the resonator mounting and
the humidity sensor mounted on the bottom strap. FIG. 11H
shows example auxiliary sensors, such as a heart rate sensor,
SpO2 sensor, and 9-axis motion detection sensor, mounted
on the bottom of the upper part of the watch. FIG. 111
illustrates the dimensions of the different parts of the wrist
watch.

[0117] Inan example embodiment, the watch may include
a protective screen or bezel 1103 overtop a watch housing
1101 that includes a display 1123. The watch housing 1101
may have one or more openings allowing for user controls,
such as buttons 1129, 1130, and 1131, to interact with and
connect to the watch housing 1101 and display 1123. A
watch strap 1106 and 1107, which may be made of rubber,
fabric, or other flexible biocompatible material, may connect
to either side of the watch display housing 1101. The band
straps 1106 and 1107 of the wrist watch may provide a grip
of the watch on the wrist, which may be configured to
establish and maintain proper grip and positioning of the
resonator below the target area. This compactness may allow
for more accuracy and stability of the readings.

[0118] In various embodiments, a resonator unit strap
1109 may be provided. In such embodiments, the resonator
unit strap 1109 is included at a position where it would
overlay the blood vessels on a user’s wrist when the watch
is worn. A resonator unit 1141 may be mounted on the sensor
PCB 1127 (e.g., an NRO-resonator PCB) and may be
covered by an insulating solder mask, such as an LPA
material, and sprayed by a water repellent coating 650. The
sensor unit 1127 may be sandwiched between two plastic
covers 1110 and 1111 to tightly hold the PCB 1127 in place
and prevent any physical interference or tampering with the
electronic components on the PCB.

[0119] As shown in FIGS. 11A and 11G, one or more
additional auxiliary sensors 1144, such as a humidity sensor,
may be included. The auxiliary sensor(s) 1144 may be
placed in the proximity of the resonator 1141 in order to
accurately determine the existence of any humidity or sweat
accumulating at the contact area of the resonator at the
moment of the wearable device is conducting blood glucose
measurement activities, allowing for a more precise calibra-
tion to account for the presence of such factors.

[0120] In some embodiments, the resonator 1141 may be
formed in a recess on the watch bottom strap 1109, such that
the resonator unit 1141 and insulating coating material 650
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may be positioned within the recess so as to form a con-
tinuous, flat surface with the rest of the watch band, as
shown in FIG. 11G.

[0121] In various embodiments, a radio frequency (RF)
connection 1128, which may be a coaxial cable 1128,
connects the sensor unit (oscillator assembly) 1127 to the
frequency detection board 1126 in the upper case 1101 as
shown in FIGS. 11B and 11F. The coaxial cable 1128 may
also be positioned within a recess in the watch band 1106.
[0122] The watch band or watch housing 1101 may further
include an external connector slot 1132, such as a micro
USB slot. A corresponding connector port 1132 may be
included in the Control board PCB 1125 that underlies the
display 1123. The connector slot 1132 may allow the user to
recharge the battery and/or download all or a portion of the
history of the glucose levels saved over a specific period of
time, such as when needed by the user or a healthcare
professional. In various embodiments, other types of charg-
ing ports may be used in place of the micro USB slot to
allow the user to recharge the battery and/or download all or
a portion of the history of the glucose levels saved over a
specific period of time.

[0123] As shown in FIG. 11E, the watch may include an
interactive display 1123. In such embodiments, the display
may be a touch sensitive display, an LCD screen, LED
screen, OLED screen, or any other form of monitoring
screen allowing the user to select options and navigate
through the functions of the watch. Additionally or alterna-
tively, the device may include user operable buttons 1129,
1130 and 1131, which connect to the display unit and allow
the user to operate the device. The buttons and the USB port
1132 may be covered by a rubber pad 1121 for waterproof-
ing, where the rubber pad is in turn held by a side cover 1120
made of the same rigid material as the case.

[0124] The display 1104 may include corresponding indi-
cators 1133, 1134, 1135 on the display for the set, menu, and
rest functions. Among other features, the display may
include indicator areas for one or more of the date 1140, time
1139, current blood glucose level from the last measurement
1137, warning indicator 1136, and alarm indicator 1138.
Through navigating the display, the user may be able to view
past blood glucose levels, previous alerts, or previous warn-
ings. For example, the display may show a warning symbol
1136 whenever the glucose level crosses the pre-defined
maximum and minimum thresholds. In addition to the
display, the crossing of these thresholds may trigger a
vibrator 1142 within the wearable device to provide the user
with a tactile alert. Audible warnings may also be provided
through a speaker within the watch. The inclusion of a tactile
alert, such as the vibrator, may be useful so that the user is
alerted in situations where they cannot see the display or
hear an audible alert. For example, the watch will trigger the
vibrator 1142 to operate, so that it can wake up the user or
alert him/her if the thresholds were crossed during sleep,
exercise, or if the patient is busy or distracted. The display
may also show the alarm indicator 1138 as an alarm symbol
to indicate that the vibrator or audible alerts are active.
[0125] As noted, an example embodiment of the watch
may include user controls, such as buttons 1129, 1130 and
1131. These buttons may connect to or make contact with the
watch housing 1101 and display unit through openings in the
watch housing 1101. The buttons or user controls may
include a set button 1129 that may be used to choose to view
the current results or request a measurement to be taken at
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a given time. A reset button 1131 may be included to switch
off the display, switch off the alarm, or reset the measure-
ment taken if an invasive calibration is needed. A menu
button 1130 may also be included to allow the user to choose
many functions that help the user view and manage his data
and results. The buttons may also be used as navigation
buttons to select options on the display.

[0126] In various embodiments, the functions of the wear-
able device may include:

[0127] A page that enables the user to enter his personal
information, such as name, age, diabetes type, physician
name, address, type and doses of medications if any, amount
and number of insulin doses if any, and any other helpful
information for the responsible physician;

[0128] An S.O.S. option that enables the user to ask for
help from a caregiver (e.g., a relative or friend) in case of
emergency, including automatically contacting the caregiver
through the smart device connected to the watch or wrist
band;

[0129] An option that enables the user to display a graph
of all the glucose levels taken for a whole day or during a
specified duration of time; and

[0130] An option to specify the allowable maximum and
minimum thresholds of the glucose levels before an alarm
can be initiated, as these thresholds may sometimes vary
from patient to patient.

[0131] As shown in FIG. 11F, electronic components may
be provided within the watch housing 1101, underneath the
display 1123. The display unit 1123 may be held in place
between an assembler 1122 and the crystal 1104. A printed
circuit board assembly of the main control board 1125
connected to a battery 1124, microprocessor/controller, or
micro-USB connector 1132 may be included. The assembler
1122 may have a pocket to hold the battery and help hold the
display in place. In some embodiments, there may be
attachment points (e.g., A-Holes) to mount the main control
board PCB on its bottom face. In some embodiments, the
main control board 1125 may also be connected to the
underlying frequency detection circuit 1126 which is also
placed in the upper part of the watch case 1101, as shown in
FIG. 11F. The frequency detection circuit PCB 1126 may in
turn be connected to the sensor PCB (e.g., the NRO-
resonator PCB 1127) through an RF cable 1128 that passes
through the cable strap 1106. The sensor PCB 1127 may be
mounted in the bottom strap 1109 and sandwiched between
two covers 1110 and 1111 that hold the PCB in place and
avoid any physical interference or tampering of the elec-
tronic components soldered on the PCB.

[0132] In an example embodiment, the electronics may
further include a memory connected to the microprocessor/
controller. The memory may provide the microprocessor/
controller access to data and program information that is
stored in the memory and executed by the microprocessor/
controller to implement the display features and control
operation of the, glucose estimation and calibration unit,
frequency detection circuit to detect the oscillator frequency
of the oscillator, and the hyper/hypoglycemia prediction
algorithm. Typically, the memory may include random
access memory (RAM) circuits, read-only memory (ROM),
flash memory, or a combination thereof.

[0133] The memory may also store previously calculated
blood glucose levels, alerts, warnings, and user’s physical
activity, sleeping time or other vital parameters such as heart
rate or SpO2 levels recorded by the wearable device. These
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auxiliary sensors 1143 may be mounted in the bottom part of
the upper case 1101 as shown in FIG. 11H.

[0134] In an example embodiment, the processor may be
configured to execute instructions stored in the memory
device or otherwise accessible to the processor. Alterna-
tively or additionally, the processor may be configured to
execute hard coded functionality. As such, whether config-
ured by hardware or software methods, or by a combination
thereof, the processor may represent an entity (for example,
physically embodied in circuitry) capable of performing
operations according to an embodiment while configured
accordingly. Thus, for example, when the processor is
embodied as an ASIC, FPGA or the like, the processor may
be specifically configured hardware for conducting the
operations described herein. Alternatively, as another
example, when the processor is embodied as an executor of
software instructions, the instructions may specifically con-
figure the processor to perform the algorithms and/or opera-
tions described herein when the instructions are executed.
However, in some cases, the processor may be a processor
of a specific device (for example, the computing device)
configured to employ an embodiment by further configura-
tion of the processor by instructions for performing the
algorithms and/or operations described herein. The proces-
sor may include, among other things, a clock, an arithmetic
logic unit (ALU) and logic gates configured to support
operation of the processor.

[0135] Further, communication interfaces within the wear-
able watch may transmit this recorded data to external user
devices, such as smartphones, tablets, or personal comput-
ers. For example, the data may be sent to a mobile device
through Wi-Fi or Bluetooth communication units embedded
on the circuit board. In some embodiments, a mobile appli-
cation running on the mobile device may receive this data,
and may provide the user with a display of information
related thereto. In various embodiments, the mobile appli-
cation may further provide a user interface allowing the user
to adjust settings and control the wearable device. When a
user selects a command or adjusts a setting in the mobile
application, a signal including information regarding the
user instructions may be sent to the wearable device where
it is received by communication units on the circuit board.
The microprocessor/controller in the wearable device may
then receive these instructions, and control the wearable
device accordingly.

[0136] In an example embodiment, the mobile application
may further provide guidance, recommendations or instruc-
tions to the user based on the monitored blood glucose levels
and alerts, such as by advising the user to consult with a
physician or take an insulin shot. The mobile application
may also store contact information for a user’s health care
providers and emergency contacts, and can include select-
able instructions to automatically alert the health care pro-
viders or emergency contacts under certain conditions. For
example, automatic contact may be implemented when the
measured blood glucose limit falls above or below selectable
thresholds, or when the number of alerts or alarms issued
within a given time period is above a selected threshold.
[0137] FIG. 12 is a schematic diagram of an example
apparatus configured for performing any of the operations in
accordance with an example embodiment as described
herein. Apparatus 10 may be embodied by or associated with
any of a variety of computing devices that include or are
otherwise associated with a device configured for non-
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invasive continuous blood glucose monitoring. The appara-
tus may be embodied by or associated with a plurality of
computing devices that are in communication with or oth-
erwise networked with one another such that the various
functions performed by the apparatus may be divided
between the plurality of computing devices that operate in
collaboration with one another.

[0138] The apparatus 10 may include, be associated with,
or may otherwise be in communication with a processing
circuitry 12, which includes a processor 14 and a memory
device 16, a communication interface 20, and a user intet-
face 22. In some embodiments, the processor 14 (and/or
co-processors or any other processing circuitry assisting or
otherwise associated with the processor) may be in commu-
nication with the memory device 16 via a bus for passing
information among components of the apparatus. The
memory device 16 may be non-transitory and may include,
for example, one or more volatile and/or non-volatile memo-
ries. In other words, for example, the memory device 16 may
be an electronic storage device (for example, a computer
readable storage medium) comprising gates configured to
store data (for example, bits) that may be retrievable by a
machine (for example, a computing device like the proces-
sor). The memory device may be configured to store infor-
mation, data, content, applications, instructions, or the like
for enabling the apparatus to carry out various functions in
accordance with an example embodiment of the present
invention. For example, the memory device could be con-
figured to buffer input data for processing by the processor.
Additionally or alternatively, the memory device could be
configured to store instructions for execution by the proces-
SOr.

[0139] The processor 14 may be embodied in a number of
different ways. For example, the processor may be embodied
as one or more of various hardware processing means such
as a coprocessor, a microprocessor, a controller, a digital
signal processor (DSP), a processing element with or with-
out an accompanying DSP, or various other processing
circuitry including integrated circuits such as, for example,
an ASIC (application specific integrated circuit), an FPGA
(field programmable gate array), a microcontroller unit
(MCU), a hardware accelerator, a special-purpose computer
chip, or the like. As such, in some embodiments, the
processor may include one or more processing cores con-
figured to perform independently. A multi-core processor
may enable multiprocessing within a single physical pack-
age. Additionally or alternatively, the processor may include
one or more processors configured in tandem via the bus to
enable independent execution of instructions, pipelining
and/or multithreading.

[0140] In an example embodiment, the processor 14 may
be configured to execute instructions stored in the memory
device 16 or otherwise accessible to the processor. Alterna-
tively or additionally, the processor may be configured to
execute hard coded functionality. As such, whether config-
ured by hardware or software methods, or by a combination
thereof, the processor may represent an entity (for example,
physically embodied in circuitry) capable of performing
operations according to an embodiment of the present inven-
tion while configured accordingly. Thus, for example, when
the processor is embodied as an ASIC, FPGA or the like, the
processor may be specifically configured hardware for con-
ducting the operations described herein. Alternatively, as
another example, when the processor is embodied as an
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executor of software instructions, the instructions may spe-
cifically configure the processor to perform the algorithms
and/or operations described herein when the instructions are
executed. However, in some cases, the processor may be a
processor of a specific device (for example, the computing
device) configured to employ an embodiment of the present
invention by further configuration of the processor by
instructions for performing the algorithms and/or operations
described herein. The processor may include, among other
things, a clock, an arithmetic logic unit (ALU) and logic
gates configured to support operation of the processor.
[0141] The apparatus 10 of an example embodiment may
also include or otherwise be in communication with a user
interface 22. The user interface may include a touch screen
display, a speaker, physical buttons, and/or other input/
output mechanisms. In an example embodiment, the pro-
cessor 14 may comprise user interface circuitry configured
to control at least some functions of one or more input/
output mechanisms. The processor and/or user interface
circuitry comprising the processor may be configured to
control one or more functions of one or more input/output
mechanisms through computer program instructions (for
example, software and/or firmware) stored on a memory
accessible to the processor (for example, memory device 16,
and/or the like). The user interface may be embodied in the
same housing as the processing circuitry.

[0142] The apparatus 10 of an example embodiment may
also optionally include a communication interface 20 that
may be any means such as a device or circuitry embodied in
either hardware or a combination of hardware and software
that is configured to receive and/or transmit data from/to
other electronic devices in communication with the appara-
tus, such as by near field communication (NFC) or other
proximity-based techniques. Additionally or alternatively,
the communication interface may be configured to commu-
nicate via cellular or other wireless protocols including
Global System for Mobile Communications (GSM), such as
but not limited to Long Term Evolution (LTE). In this
regard, the communication interface may include, for
example, an antenna (or multiple antennas) and supporting
hardware and/or software for enabling communications with
a wireless communication network. Additionally or alterna-
tively, the communication interface may include the cir-
cuitry for interacting with the antenna(s) to cause transmis-
sion of signals via the antenna(s) or to handle receipt of
signals received via the antenna(s). In some environments,
the communication interface may alternatively or also sup-
port wired communication.

[0143] Referring now to FIG. 13, the operations per-
formed by the apparatus 10 of an example embodiment of
the present invention includes means, such as the processing
circuitry 12, the processor 14 or the like, for measuring a
blood glucose level. In an example embodiment, detailed
above, the wearable device, apparatus, and method could be
used in relation to wearable smart technology. As shown in
block 1300 of FIG. 12, the apparatus 10 includes means,
such as the processing circuitry 12, the processor 14 or the
like, for transmitting microwaves at an oscillator frequency
based on an input impedance. In an example embodiment,
the transmission may be done by the oscillator assembly
105.

[0144] Referring now to block 1310 of FIG. 13, the
apparatus 10 includes means, such as the processing cir-
cuitry 12, the processor 14 or the like, for detecting a first
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oscillator frequency at a first time. In an example embodi-
ment, this detection may be made by the frequency detection
circuit 140. Referring now to block 1320 of FIG. 13, the
apparatus 10 includes means, such as the processing cir-
cuitry 12, the processor 14 or the like, for detecting a second
oscillator frequency at a second time. In an example embodi-
ment, the detection may be done by the frequency detection
circuit. Referring now to block 1330 of FIG. 13, the appa-
ratus 10 includes means, such as the processing circuitry 12,
the processor 14 or the like, for receiving an indication of a
condition of the user. In an example embodiment, the main
control board 150 may be the recipient of the indication.

[0145] Referring now to block 1340 of FIG. 13, the
apparatus 10 includes means, such as the processing cir-
cuitry 12, the processor 14 or the like, for comparing the first
oscillator frequency with the second oscillator frequency to
determine a frequency drift. In an example embodiment, the
comparison may be completed by a portion of the main
control board 150. Referring now to block 1350 of FIG. 13,
the apparatus 10 includes means, such as the processing
circuitry 12, the processor 14 or the like, for calibrating the
frequency drift based on the received indication of the
condition of the user. In an example embodiment, the
calibration may be done by a portion of the main control
board. Referring now to block 1360 of FIG. 13, the appa-
ratus 10 includes means, such as the processing circuitry 12,
the processor 14 or the like, for determining a blood glucose
level of the user based on the calibrated frequency drift. In
an exaniple embodiment, the blood glucose level may be
determined by a portion of the main control board 150.

[0146] As described above, FIG. 13 illustrates a flowchart
of an apparatus 10, wearable device, and method according
to example embodiments of the invention. It will be under-
stood that each block of the flowchart, and combinations of
blocks in the flowchart, may be implemented by various
means, such as hardware, firmware, processor, circuitry,
and/or other devices associated with execution of software
including one or more computer program instructions. For
example, one or more of the procedures described above
may be embodied by computer program instructions. In this
regard, the computer program instructions which embody
the procedures described above may be stored by the
memory device 16 of a software development test platform
employing an embodiment of the present invention and
executed by the processing circuitry 12, the processor 14 or
the like of the software development test platform. As will
be appreciated, any such computer program instructions
may be loaded onto a computer or other programmable
apparatus (e.g., hardware) to produce a machine, such that
the resulting computer or other programmable apparatus
implements the functions specified in the flowchart blocks.
These computer program instructions may also be stored in
a computer-readable memory that may direct a computer or
other programmable apparatus to function in a particular
manner, such that the instructions stored in the computer-
readable memory produce an article of manufacture the
execution of which implements the function specified in the
flowchart blocks. The computer program instructions may
also be loaded onto a computer or other programmable
apparatus to cause a series of operations to be performed on
the computer or other programmable apparatus to produce a
computer-implemented process such that the instructions
which execute on the computer or other programmable
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apparatus provide operations for implementing the functions
specified in the flowchart blocks.

[0147] Accordingly, blocks of the flowchart support com-
binations of means for performing the specified functions
and combinations of operations for performing the specified
functions for performing the specified functions. It will also
be understood that one or more blocks of the flowchart, and
combinations of blocks in the flowchart, can be imple-
mented by special purpose hardware-based computer sys-
tems which perform the specified functions, or combinations
of special purpose hardware and computer instructions.
[0148] In some embodiments, certain ones of the opera-
tions above may be modified or further amplified. Further-
more, in some embodiments, additional optional operations
may be included. Modifications, additions, or amplifications
to the operations above may be performed in any order and
in any combination.

[0149] The foregoing disclosure and description of the
disclosed embodiments is illustrative and explanatory of the
embodiments of the invention. Various changes in the details
of the illustrated embodiments can be made within the scope
of the appended claims without departing from the true spirit
of the disclosure. The embodiments of the present disclosure
should only be limited by the following claims and their
legal equivalents.

That which is claimed:

1. A blood glucose monitoring device configured to be
worn by a user proximate a blood vessel, the device com-
prising:

an oscillator assembly comprising a resonator configured

to resonate at a resonator frequency based on a permit-
tivity of blood in a user’s blood vessel, wherein the
resonator is configured to provide an input impedance
to the oscillator assembly, wherein the oscillator assem-
bly further comprises an oscillator configured to trans-
mit microwaves at an oscillator frequency based on the
input impedance;

a frequency detection circuit configured to detect the

oscillator frequency;

at least one auxiliary sensor configured to detect a con-

dition of the user; and

a main control board configured to compare a first oscil-

lator frequency detected by the frequency detection
circuit at a first time with a second oscillator frequency
detected by the frequency detection circuit at a second
time to determine a frequency drift, the main control
board being further configured to calibrate the fre-
quency drift based on an input received from the at least
one auxiliary sensor,

wherein the main control board is configured to determine

ablood glucose level of the user based on the calibrated
frequency drift.

2. The device of claim 1 further comprising a coating
layer configured to be disposed between the oscillator
assembly and the user, wherein the coating layer is config-
ured to restrict sweat from reaching and interacting with the
oscillator assembly.

3. The device of claim 1, wherein the resonator is a slot
line resonator.

4. The device of claim 1, wherein the oscillator is a
negative resistance oscillator.

5. The device of claim 1, wherein the frequency detection
circuit includes at least one of a frequency discriminator, a
fractional frequency divider, or a reference clock.
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6. The device of claim 1, wherein the main control board
includes at least one of a frequency drift calculator, a
calibration algorithm, a glucose level estimator, or a hyper-
glycemia/hypoglycemia predictor.

7. The device of claim 1, wherein the microwaves trans-
mitted by the oscillator assembly are continuously transmit-
ted.

8. The device of claim 1, wherein the oscillator frequency
that is detected is in a range from 1 gigahertz to 10 gigahertz.

9. The device of claim 1, wherein the oscillator frequency
that is detected is in a range from 4 gigahertz to 8 gigahertz.

10. The device of claim 1 further comprising a user output
component configured to provide an output, wherein the
output is indicative of the determined blood glucose level.

11. The device of claim 10, wherein the output is at least
one of an audible output, a visual output, or a tactile output.

12. The device of claim 1, wherein the oscillator fre-
quency is detected in a regular interval of time.

13. The device of claim 1, wherein the condition of the
user that is detected includes at least one of a sweat amount
of the user, a physical activity level of the user, a sleeping
time and habit of the user, or a heart rate of the user.

14. An apparatus for measuring a blood glucose level
comprising at least one processor, the at least one processor
having computer-coded instructions therein, with the com-
puter-coded instructions configured to, when executed,
cause the apparatus to:

detect an oscillator frequency of microwaves transmitted

by an oscillator, wherein the oscillator frequency is
based on an input impedance associated with a permit-
tivity of blood in a user’s blood vessel;

receive an indication of a condition of the user;

compare a first oscillator frequency detected at a first time

with a second oscillator frequency detected at a second
time to determine a frequency drift;

calibrate the frequency drift based on the received indi-

cation of the condition of the user; and

determine a blood glucose level of the user based on the

calibrated frequency drift.

15. The apparatus of claim 14, wherein the microwaves
are continuously transmitted.

16. The apparatus of claim 14, wherein the oscillator
frequency that is detected is in a range from 1 gigahertz to
10 gigahertz.

17. The apparatus of claim 14, wherein the oscillator
frequency that is detected is in a range from 4 gigahertz to
8 gigahertz.

18. The apparatus of claim 14 further comprising com-
puter-coded instructions configured to, when executed,
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cause the apparatus to provide an output, wherein the output
is indicative of the determined blood glucose level.
19. The apparatus of claim 18, wherein the output is at
least one of an audible output, a visual output, or a tactile
output.
20. The apparatus of claim 14, wherein the indication of
the condition of the user that is received includes an indi-
cation of at least one of a sweat amount of the user, a
physical activity level of the user, a sleeping time and habit
of the user, or a heart rate of the user.
21. A method of measuring a blood glucose level, the
method comprising:
transmitting, via an oscillator assembly, microwaves at an
oscillator frequency based on an input impedance,
wherein the input impedance is associated with the
permittivity of blood in a user’s blood vessel;

detecting, via a frequency detection circuit, a first oscil-
lator frequency at a first time;

detecting, via the frequency detection circuit, a second

oscillator frequency at a second time;

receiving, via a main control board, an indication of a

condition of the user;

comparing, via the main control board, the first oscillator

frequency with the second oscillator frequency to deter-
mine a frequency drift;

calibrating, via the main control board, the frequency drift

based on the received indication of the condition of the
user; and

determining, via the main control board, a blood glucose

level of the user based on the calibrated frequency drift.

22. The method of claim 21, wherein transmitting micro-
waves at the oscillator frequency comprises continuously
transmitting microwaves at the oscillator frequency.

23. The method of claim 21, wherein the oscillator
frequency that is detected is in a range from 1 gigahertz to
10 gigahertz.

24. The method of claim 21, wherein the oscillator
frequency that is detected is in a range from 4 gigahertz to
8 gigahertz.

25. The method of claim 21 further comprising providing
an output via a user output component, wherein the output
is indicative of the determined blood glucose level.

26. The method of claim 21, wherein the condition of the
user that is detected includes at least one of an ambient
temperature, a sweat amount of the user, a physical activity
level of the user, a sleeping time and habit of the user, or a
heart rate of the user.
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