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METHODS AND SYSTEMS FOR
NON-INVASIVE MEASUREMENT OF BLOOD
GLUCOSE CONCENTRATION BY
TRANSMISSION OF MILLIMETER WAVES
THROUGH HUMAN SKIN

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority to U.S. Pro-
visional Patent Application No. 62/041,447, filed on Aug. 25,
2014, the disclosure of which is incorporated herein by ref-
erence in its entirety.

TECHNICAL FIELD

[0002] The invention relates to a method for measuring
blood glucose concentration using non-invasive transmission
of millimeter waves through human skin.

BRIEF DESCRIPTION OF DRAWINGS

[0003] The accompanying drawings, which are incorpo-
rated into and constitute a part of this specification, illustrate
one or more embodiments of the present disclosure and,
together with the description of example embodiments, serve
to explain the principles and implementations of the disclo-
sure.

[0004] FIG. 1 illustrates a block diagram with elements of
the method for performing the non-invasive measurement of
glucose concentration by applying MMWs to human skin.
[0005] FIG. 2 illustrates various embodiments of the
MMW antenna/waveguide for the non-invasive measurenent
of glucose concentration system.

[0006] FIG. 3 depicts a sample setup for MMW transmis-
sion through a rat’s ear.

[0007] FIG. 4 illustrates a panel of representative changes
for the MMW power transmitted through the rat’s ear follow-
ing the intraperitoneal injections of glucose, insulin, and
saline solution.

[0008] FIG. 5 illustrates exemplary raw data.

[0009] FIG. 6 illustrates an exemplary measurement.
[0010] FIG. 7 illustrates exemplary simulations of glucose
measurements.

[0011] FIG. 8illustrates exemplary transmitter and receiver
chips.

[0012] FIG. 9 illustrates die photographs of exemplary

transmitter and receiver chips.

[0013] FIG. 10 illustrates an exemplary antenna attached to
a chip.

[0014] FIG. 11 illustrates an exemplary clamp transceiver.
[0015] FIG. 12 illustrates a block diagram of an exemplary

millimeter wave (35-39 GHz) CMOS transceiver.

SUMMARY

[0016] In a first aspect of the disclosure, a device is
described, the device comprising: an electromagnetic wave
transmitter, configured to be attached to biological tissue and
transmit electromagnetic waves through biological tissue;
and an electromagnetic wave receiver, configured to receive
the electromagnetic waves transmitted through the biological
tissue.

[0017] In a second aspect of the disclosure, a method is
described, the method comprising: applying electromagnetic
waves at a frequency in the range of 20 to 300 GHz to bio-
logical skin containing blood vessels; receiving the electro-
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magnetic waves transmitted through the biological skin; ana-
lyzing the received electromagnetic waves for changes in
magnitude or phase; and estimating a chemical concentration
or a change in the chemical concentration in blood within the
blood vessels, based on the analyzed electromagnetic waves.

BACKGROUND

[0018] Measuring glucose is an important medical tech-
nique. Glucose is found in blood, tissue, interstitial fluid,
intraocular fluid, tears and sweat. Levels in blood may lag
levels in interstitial fluids, such as tears, by 5 to 30 minutes.
Daily variations result from food intake, circadian rhythm,
activity level, temp., etc. Current commercial devices for
human blood glucose concentration measurements are inva-
sive. These devices require permanent or temporary embed-
ding under the skin or skin-pricking to draw blood from the
subject, see for example Ref. [1]. The discomfort and incon-
venience of the invasive approaches lead to poor compliance
with the required testing frequency (atleast3 times a day), see
Ref. [2]. A noninvasive device for measuring blood glucose
would allow more frequent testing, leading to better manage-
ment of diabetes and other metabolic disorders. Non-invasive
measurement of blood glucose concentration has been
attempted using visible, near-infrared and mid-infrared light,
reverse iontophoresis, electrical impedance (of skin), ultra-
sound, and electromagnetic waves, see Refs. [3, 4]. Other
techniques also include optical polarimetry (measuring the
eye) and Raman spectroscopy. However, none of the current
non-invasive techniques available have been proven to be
effective. The visible and near infrared light approaches have
low sensitivity for glucose due to weak glucose absorption,
confounding absorption and scattering by other blood and
tissue biomolecules, see Ref. [5]. Methods utilizing the trans-
mission ofinfrared light, e.g. Ref. [6, 7], are preferential to the
methods utilizing the reflection of infrared light, as they do
not require measuring the spectrum of diffusely reflected
light. Nonetheless, the transmission-mode infrared-based
techniques for measurement of glucose concentration are
vulnerable to high scattering in the tissue and slight changes
in the physical position of the source and detector, making it
very difficult to separate these artifactual changes from the
actual changes in the glucose level. The mid-infrared region
(at9.7 um) provides a prominent glucose absorption band, but
suffers from strong water absorption, limiting the penetration
depth to 0.1 mm, see Refs. [8, 9]. The acceptance of the
reverse iontophoresis devices has been low due to a com-
monly observed skin irritation, see Refs. [3, 10]. The electri-
cal impedance and ultrasound devices have been difficult to
calibrate, resulting in their poor accuracy, see Ref. [3].

[0019] Recently, electromagnetic waves in the microwave
and millimeter wave (MMW) regions have been used for
measuring blood glucose concentrations in test tubes, see
Refs. [11-29]. In all of these studies, a blood sample was taken
from thebody and placed in a small glass or plastic tube rather
than performing the measurements directly in the human
subject by transmitting the microwaves or MMWs through
the skin. These prior-art approaches cannot be applied for in
vivo transdermal measurement of the blood glucose concen-
tration due to low coupling between the transmitting and
receiving antennas/waveguides and/or poor sensitivity to
changes in glucose concentration. In fact, only changes 10-to-
100x greater than the naturally occurring variation in human
blood have been observed so far by direct transmission mea-
surements, see Refs. [12-14, 24]. In Refs. [30-33], the pro-



US 2016/0051171 Al

posed methods utilize low frequencies (from 10 MHz to 18
GHz) and a detection mechanism involving a resonant
antenna. Design and fabrication of the resonant antenna is
tailored to a specific resonant frequency that cannot be tuned,
therefore providing a single measurement for a given antenna
geometry. Using a single measurement for estimating the
glucose concentration makes the resonant antenna method
very susceptible to small changes in the device coupling with
the skin and to environmental changes at the skin/antenna
interface.

DETAILED DESCRIPTION

[0020] It has been found that transmission of microwave
and millimeter waves (MMW) through biological tissue con-
taining blood vessels alters the magnitude and phase of the
MMW signal (see FIGS. 3 and 4, discussed below). The
present disclosure describes methods for non-invasive mea-
surement of blood glucose concentration by transmission of
MMWs through the skin.

[0021] In contrast to known methods, the methods of the
present disclosure use low-loss, closely-spaced, tightly-
coupled (in the near-field), co-aligned waveguides and/or
matched low-loss, high-directivity, tightly-coupled (in the
mid-field) antennas straddling thin, loosely-folded skin, ear
lobes, skin folds (webbing) between fingers or other regions
wherein MMW energy can be easily transmitted non-inva-
sively through the skin tissue. By tight coupling, it is intended
herein to mean that the antennas or waveguides in the trans-
mitter and receivers are co-aligned and in close proximity
relative to each other. This close physical proximity entails
then their electromagnetic coupling. By near-field, it is
intended herein to mean that the distance between the anten-
nas or waveguides is less than one wavelength of the electro-
magnetic waves used. By mid-field, it is intended herein to
mean that the distance between the antennas or waveguides is
between one and two wavelengths of the electromagnetic
waves used. For example, the distance will be less than 1 cm
in air fora 30 GHz electromagnetic wave, and even shorter for
skin tissue.

[0022] Using these methods, the present disclosure
describes changes in the transmitted signals with sensitivity
sufficient to track glucose level shifts in rodents consistent
with normal extremes associated with diabetic monitoring.
The non-invasive nature of the proposed methods allows con-
tinuous 24-hour tracking of glucose levels in a human subject
with the ability to issue a warning whenever the level falls
above or below a predetermined threshold. Continuous track-
ing of glucose levels during different phases of physical activ-
ity, mental state, and caloric consumption, allows the device
to correlate the glucose metabolism with overall metabolic
state of the body. Thus, providing more meaningful analysis
of the glucose metabolism and reducing the incidence of false
positives and false negatives in issuing the hypoglycemia or
hyperglycemia warnings.

[0023] Therefore, in some embodiments, the methods of
the present disclosure comprise continuously monitoring
(over the course of many days, for example, at least seven
days) an individual’s microwave absorption signature (col-
lecting data every few minutes), and then correlate glucose
levels directly with an absolute scale (such as a blood test) in
order to fully characterize the normal range of microwave
signatures for each person, individually. In this way, it is
possible to evaluate changes from the normal range, even
under unusual circumstances or for individuals that do not fall
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within an established range. This will allow a reduction of
false positives and tailoring of the sensor to fit specific indi-
vidual lifestyles and daily variations.

[0024] The methods of the present disclosure calculate the
glucose concentration based on averaging over a wide range
of frequencies (e.g. 35-39 GHz for the CMOS device and
27-40 GHz for the waveguide demonstration), thus reducing
the effects of frequency mismatch and time-varying changes
in coupling. Another difference from previously proposed
methods is the built-in source and detection circuits and
smaller transmit/receive elements for the proposed shorter
wavelengths, jointly allowing a high degree of miniaturiza-
tion to be implemented. Additionally, the methods of the
present disclosure use the changes in the whole received
electromagnetic signal rather than in a small portion of the
signal, such as in the case for the methods using a resonant
antenna, due to its high quality factor (Q factor). The methods
of the present disclosure also allow tailoring the frequency,
sensitivity, bandwidth, and power level to match the particu-
lar subject or application without having to change the
antenna geometry or placement.

[0025] In one embodiment of the present disclosure, a
method is described for diagnosing diabetes mellitus and
other metabolic disorders of carbohydrate metabolism, char-
acterized by either high blood glucose level (hyperglycemia)
or low blood glucose level (hypoglycemia). The method can
comprise: applying MMWs at a frequency in the range of 20
to 300 GHz using a first (transmitting) waveguide applied to
the skin of a subject, in an amount sufficient to penetrate full
thickness of the tissue and be detected by the second (receiv-
ing) waveguide; measuring the signal magnitude and phase
changes of the received MMWs; and diagnosing the meta-
bolic disorder based on estimated blood glucose level. In
several embodiments of the method, the applying of the
MMWs can comprise applying several MMW amplitudes,
base frequencies, or modulation frequencies, or applying
MMWs in a duty cycled manner. The skin target, in several
embodiments, can be on the ear, neck, arm, leg, or other parts
of the body, or a combination thereof.

[0026] In another embodiment of the present disclosure, a
method of monitoring (including self-monitoring) a meta-
bolic disorder progression or an efficacy of treatment is pro-
vided. The method can comprise: applying MMWs at a fre-
quency in the range of 20 to 300 GHz using a first
(transmitting) waveguide or integrated planar antenna
applied to the skin of a subject, in an amount sufficient to
penetrate full thickness of the tissue and be detected by the
second (receiving) waveguide or integrated planar antenna;
measuring the signal magnitude and phase changes over time
for the received MM Ws; administering glucose or a drug for
a metabolic disorder to the subject; and monitoring a meta-
bolic disorder progression or an efficacy of treatment based
on an estimated change in the blood glucose level over time.
Examples of drugs include, but are not limited to, quick-
acting and long-acting insulins, sulfonylureas, alpha glucosi-
dase, synthetic amylins, DPP-IV inhibitors, biguanides,
sodium-glucose co-transporter 2 inhibitors, angiotensin-con-
verting enzyme inhibitors, and angiotensin receptor blockers.
In several embodiments of the method, the applying of the
MMWs can comprise applying several MMW amplitudes,
base frequencies, or modulation frequencies, or applying
MMWs in a duty cycled manner. The skin target, in several
embodiments, can be the ear, neck, arm, leg, or other parts of
the body, or a combination thereof. A particularly prescient
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and widespread application for the methods of the present
disclosure is the monitoring of patients during sleep, since
these techniques do not perturb sleep and can detect changes
in blood glucose level requiring a doctor’s or nurse’s atten-
tion. No other known techniques can be used in a similar
non-invasive way for continuous monitoring of glucose.
[0027] Inseveral embodiments, the MM Ws can: be applied
in the range from 20 to 300 GHz, either fixed or tunable; be
applied as a continuous wavelength (CW) or pulsed; be
modulated from 0 to 100 MHz; have an incident power den-
sity of within specified MPE (maximal permissible exposure)
of 1 mW/em? such as, for example, in Ref. [34], or a combi-
nation thereof; be applied until they exceed a predetermined
upper MMW exposure limit, such as the specific absorption
rate of 1 W/kg; be applied as several amplitudes; be applied in
a duty cycled manner, for example, by interrupting MMW
exposure for a predetermined time interval, and resuming the
exposure after the predetermined time interval. The operating
parameters of the MMW exposure system can be set accord-
ing to the specific characteristics, described above, of the
MMWs.

[0028] Referring to FIG. 1, a MMW source (105) is used to
generate the MMW energy for transmission through human
skin. The MMW source can be a device known in the art, such
as, for example: a backward-wave oscillator, orotron, Gunn
diode oscillator, IMPATT Diode, Solid State Gunn Diode,
synthesizer and upconverter, oscillator and discrete or MMIC
amplifier, silicon or silicon germanium CMOS oscillator and
power amplifier, YIG tuned oscillator, dielectric resonator,
vacuum tube oscillator, clinotron, gyro-klystron, gyrotron,
traveling wave tube, gyro traveling wave tube, or pulsed mag-
netron. In some embodiments, the control unit can be housed
together with a power supply for providing power to, for
example, the MMW source and an amplifier. In other embodi-
ments, the power supply can be housed separately from the
control unit.

[0029] FIG. 1 illustrates elements of the method for per-
forming the non-invasive measurement of glucose concentra-
tion by applying millimeter waves (MMWs) to human skin.
[0030] Referring to FIG. 1, the MMW antennas or
waveguides (110, 120) can be devices known in the art, such
as, for example: a planar or 3D waveguide, direct source to
antenna coupled radiators, planar antenna coupled oscillators
and amplifiers, wire or planar rectenna or any known source-
coupled RF radiator. As known to the person of ordinary skill
in the art, a rectenna is a rectifying antenna, a type of antenna
that is used to convert MMW energy into direct current elec-
tricity. Rectennas are used in wireless power transmission
systems that transmit power by radio waves.

[0031] The antenna or waveguide (110) can be used for
transmitting the MMWs into the skin, while the antenna or
waveguide (120) can be used for receiving the MMWs after
passage through the skin.

[0032] The delivery device can be single or multimode,
rectangular, round, square, ridge, elliptical, or the like. In
some embodiments, the MMW antennas or the MMW
waveguides can be used for direct skin contact or for non-
contact application, being separated from the skin by a layer
of clothing or another dielectric. The first MMW antenna/
waveguide (110) can be connected to the MMW source (105)
and is used for transmitting the MMW energy, while the
second MM W antenna/waveguide (120)is used to receive the
MMW energy transmitted through the human skin (115). The
MMW waveguides and antennas can be either planar or three-
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dimensional in structure. In some embodiments, the same
antenna or waveguide can be used for both receiving and
transmitting MMWSs. An analyzer (self-mixing or heterodyne
MMW detector) (125) can be used to analyze MM Ws, either
before transmission or after reception. Results from the ana-
lyzer (125) can be displayed on a display, for example (130).
[0033] Referring to FIG. 2, which illustrates some embodi-
ments of the present disclosure, MMW waveguides can take
the form of simple 3D open ended structures (hollow or
dielectrically loaded) (205), or conical (210), pyramidal
(220) or ellipsoidal horns. Also referring to F1G. 2, MMW
antennas can be single wire or multi-wire antennas, or planar
shaped dielectric backed antennas (230). The planar antennas
can be made, for example, from a polymer substrate, such as
polyimide, LCP, polytetrafluoroethylene, SU-8 photoresist,
polyethylene, polypropylene, TPX, polystyrene, or parylene.
The planar antennas can be manufactured, for example, using
different metal machining or lithographic technologies
known in the art, such as for example: nanoimprint lithogra-
phy (either thermoplastic/hot embossing or photo/UV-
based), optical lithography, electron beam lithography, X-ray
lithography, or synchrotron radiation etching. These planar
substrates can be patterned with metal features, using differ-
ent microfabrication procedures known in the art, such as for
example: electroplating, liftoff, spinning, plasma etching,
sputter deposition. Single or multiple layers of polymer sub-
strates and metal patterns can be used in combination. The
MMW antenna/waveguide can be coupled to the skin through
an optional beam shaping element that can comprise for
example convex, concave, or collimating lenses (215, 225) or
spherical, parabolic, elliptical or conical minors, optionally
movable for depth and lateral focusing.

[0034] FIG. 2 illustrates various embodiments of the
MMW antenna/waveguide for the non-invasive measurement
of glucose concentration system. The first MMW antenna/
waveguide is connected to the MMW source and is used for
transmitting the MMW energy, while the second MMW
antenna/waveguide is used to receive the MMW energy trans-
mitted through the human skin.

[0035] In some embodiments, the system can also com-
prise, for example: a capacity for detecting local temperatures
by radio frequency (RF) or optical (visible, infrared) ther-
mometry; a capability for detecting tissue pressure using
piezoelectric or ultrasound sensors; a capability to tune the
applied power, frequency, modulation, and localization of
applied irradiation; a telemetry circuit for wireless commu-
nication with an external controller/programming device; ora
combination thereof. In addition, MMWSs can be delivered
either automatically through a pulse generator built into the
stimulation system, or using commands from an external
controller that can communicate with the stimulation system.
[0036] The system can include a safety protection feature
that discontinues MMW stimulation in the event that the
MMWs are applied in a manner that exceeds a safety limit.
Safety limits can be defined based upon the output of the
MMW source (such as the incident power density within
specified MPE of 1 mW/cm?, as in Ref. [34], or the specific
absorption rate within 1 W/kg) or upon the detection of physi-
ological responses (body temperature, blood pressure rate,
blood oxygenation, respiration) exceeding the normal limits.
[0037] The present disclosure may be better understood by
referring to the accompanying examples, which are intended
for illustration purposes only and should not in any sense be
construed as limiting the scope of the invention.
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EXAMPLE 1

[0038] With reference to the changes in the MMW signal
during transmission through the human tissue containing
blood vessels, both MMW magnitude and phase may be
altered by blood glucose concentration. Such a method could
be used for non-invasive diagnosis and monitoring of treat-
ment in various metabolic disorders of carbohydrate metabo-
lism characterized by either high blood glucose level (hyper-
glycemia) or low blood glucose level (hypoglycemia). At low
MMW power, the MMW magnitude and phase transmitted
through the rat’s ear were differentially altered by intra-peri-
toneal injections of physiologically-relevant doses of insulin
and glucose but not by equivalent saline injections.

Materials and Methods

[0039] Inthisexample, the applied MMW energy was irra-
diated from one open-ended unloaded single-mode
waveguide into another waveguide. With reference to FIG. 3,
both waveguides had a rectangular aperture (7.112x3.556
mm) and were loosely (without constricting) clamped
together around a rat’s ear using a small magnet (305). The
small gap between the two waveguides enabled strong cou-
pling of MM Ws from the transmitted waveguide, through the
ear, and into the receiving waveguide with minimal MMW
leakage to the sides. The MMW power was directed perpen-
dicular to the ear to give the strongest and most uniform
coupling of transmitted power. Reflected MMW energy from
the transmitting waveguide was collected and measured
simultaneously with the transmitted MMW energy using a
standard commercial 2-port MMW network analyzer. The
MMW source was operated in continuous wave mode at 25%
duty cycle (a 7-sec long on-period followed by a 21 sec-long
off-period). The MMW frequency was swept from 27 to 34
GHz, and the power levels at the output of the waveguide were
measured to be 1.5 mW across the band. Using the published
data for the same frequency, similar tissue and a Beer’s law
(I=le™™) for the intensity drop with penetration depth x, it
was estimated that the loss tangent for MM W absorption by
skin was 1.48, translating into the absorption coefficient of 52
em™, and power drop of 99.5% at 1 mm. Using a further
approximation that the energy in the MMW beam is uni-
formly distributed over the tissue within the half-power
ellipse, the maximal power of 1.5 mW exiting the waveguide
port produces an incident power density of approximately 6
mW/cm® incident on the skin surface. Since the reflection
coefficient on the skin at these wavelengths was measured to
be approximately 90%, only 0.6 mW/cm® of the MMW
power is transmitted into the skin, which is 1.7 times lower
than the most conservative current safe exposure level of 1
mW/cm? according to Ref. [34].

[0040] FIG. 3 illustrates a sample setup for MMW trans-
mission through a rat’s ear. The rat’s left ear is loosely
clamped between two rectangular waveguides held in posi-
tion by small magnets embedded in the flanges. The
waveguides are coupled to the coaxial cables for connection
with the vector network analyzer (E8363B, Agilent).

Results

[0041] Following the intraperitoneal injection of glucose (2
g per kg of body weight), we observed a 0.2 to 0.25 dB
increase in the MMW power transmission (i.e. lower absorp-
tion loss) across all examined frequencies from 27 to 34 GHz.
This is consistent with Cole-Cole models predicting a
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decrease in conductivity of blood with increasing glucose
levels as in Ref. [35], and hence a decrease in the MMW
power absorption. In contrast, following the intraperitoneal
injection of insulin (2 U perkg of body weight), a 0.1 to 0.15
dB decrease in the MMW power transmission (i.e. higher
absorption loss) was observed across all examined frequen-
cies (see FIG. 4).

[0042] With reference to FIG. 4, curves grouped between
(405) and (410) refer to injection of glucose at different
frequencies, curves grouped between (415) and (420) refer to
injection of saline at different frequencies, and curves
grouped between (425) and (430) refer to injection of insulin
at different frequencies.

[0043] As visible in FIG. 4, the MMW power transmission
changes peaked at 20-30 minutes post-injection, consistent
with the absorption rate of glucose and insulin from the peri-
toneal cavity into the blood stream. Since both the glucose
and insulin were dissolved in saline, the possibility of non-
specific effect from intraperitoneal injection was examined
with an equivalent amount of saline (0.5 ml). At 20-30 min
post-injection, a less than 0.05 dB decrease in the MMW
power transmission was observed. Therefore, neither the
effect of glucose injection nor the effect of insulin injection
can be fully reproduced by a non-specific action of saline. In
summary, the experimental data from the rat’s ear provide a
strong support for specificity of changes in the MMW power
transmission during experimental manipulation of the blood
glucose concentration. This example provides the first
example of using the MMW transmission through the skin for
directly measuring the blood glucose concentration changes.
[0044] FIG. 4 illustrates representative changes in the
MMW power transmitted through the rat’s ear following the
0.5 ml intraperitoneal injections of glucose (1 g/kg, blue
lines), insulin (2 U/kg, green lines), and saline (0.9%, black
lines). The MMW frequencies range from 27 to 34 GHz. The
injections were performed at 0 min time-mark.

EXAMPLE 2

[0045] In a clinical setting (e.g. at a hospital bed side), a
patient receiving the nutrients through an intravenous glucose
line is equipped with a MMW glucose-sensing device opet-
ating at 20 to 300 GHz. The blood glucose concentration is
recorded with the device for continuous monitoring of the
patient’s metabolic state.

[0046] Inexperiments measuring glucose with the methods
of the present disclosure, in some embodiments the measur-
ing apparatus comprised a HP83650 with 83554 A X2 doubler
head generating up to 280uW or 2.2 mW/cm? RF power at the
ear; a diode detector with a DC amplifier with a sensitivity of
275 uW/V. The power loss measuring through a rat ear was
about 18 dB. The diodedetector (0.1-50 GHz, Agilent 8474F)
was attached to a Ka band waveguide-to-coax transition.
Input was via coaxial cable from the 83554 A into Ka band
coax-to-waveguide transition and Ka band rectangular
waveguide. FIG. 5 illustrates exemplary raw data captured
with the measuring apparatus (trans. amp vs time and fre-

quency).

[0047] FIG. 6 illustrates the measurements of changes in
MMW transmission through rat ear with a clear distinction
between signals originating from glucose (605), saline (610)
or insulin (615). The frequency-dependent variations in the
graph of FIG. 6 represent the standing wave in the waveguides
of the measuring apparatus.
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[0048] 1In FIG. 6, the power levels are calculated from raw
voltage measurements using the detector calibration factor
(approximately 0.28 mV/uW). The signals collected after 0.5
ml injections of following solutions: 1 g/kg glucose, 2 U/kg
insulin, and 0.9% saline. Measurements were taken with a
network vector analyzer Anritsu 37397C with a Ka band
waveguide magnetically clamped around a sealed 10 ml fluid
chamber (OptiCell, Thermo Fisher Scientific, Rochester,
N.Y.). Additional details of the measurement setup are
described in Ref. [36]. Similar results were obtained, when
measuring saline versus glucose plus glucose solutions in
vitro in Ref. [25].

[0049] FIG. 7 illustrates exemplary simulations of glucose
measurements according to the methods of the present dis-
closure. Plots (705) shows transmission and reflection vs.
frequency for the circuit structure (710). Nominal bandwidth
was 35-39 GHz. HFSS simulation set up (710) comprises
front/front antennas and surrounding media during measure-
ments. Biological tissue is assumed to be 1 mm thick with a
Kapton matching layer on chip. Capture gel was Locktite 349
(715, €,=1.5), while the antenna is a folded dipole on 4 layer
PCB (stacked Rogers 4350B) with €,=3.5. The antenna
ground plane is 1 mm below the top surface.

[0050] FIG. 8 illustrates exemplary transmitter (805) and
receiver (810) composed of monolithic silicon CMOS MMW
transmit and receive integrated circuit chips coupled with a
highly directive radiating antenna element. These chips are
assembled together using a flexible soft-clamping coupling
clip. The measuring area is visible in (820). In this embodi-
ment, the chips are encapsulated in Locktite 349 UV cure
epoxy. In this embodiment, RF power on chip was about 5
mW, while radiated power was about 0.5 mW. Detection was
by self-mixing (not via heterodyne process), and a signal to
noise of approximately 15 dB was measured after transmis-
sion through the skin fold between the thumb and the index
finger. This is sufficient to measure signal levels through the
skin folds between other fingers or the ear lobe. The compact
closely-spaced, and tightly-coupled antenna configuration is
unique and the first implementation of this circuit concept in
silicon CMOS. Unique feature of this design, in contrast to
the use of resonant antennas, is that the electromagnetic wave
can be electronically tuned from 35 to 39 GHz. The current
configuration uses wired connections for signal control and
data output, but can readily be configured with wireless con-
trol and wireless data transmission to an electromagnetic
wave analyzer. Additional signal gain of more than 10,000
can be implemented by using a heterodyne receiver configu-
ration rather than a self-mixing detector utilized in the current
configuration.

[0051] Several in vitro measurements, such as those
described above, show that MMW permittivity changes
caused by physical parameters (hydration, temperature,
chemical composition etc.) are large enough to be detected
both in skin and in blood with Tx/Rx techniques.

[0052] Frequency can be selected based on: sampling area,
penetration into the skin, reflection coefficient, absorption
loss, absolute value of the permittivity or conductivity, sen-
sitivity to hydration, and style of measurement.

[0053] Results on anesthetized rats show that changes in in
vivo glucose concentration are directly correlated with
changes in MMW transmission through the skin at incident
power levels within the safe limits for humans (1 mW/cm? for
6 minutes).
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[0054] 1In vitro studies of saline and saline plus sugar solu-
tions show that measured changes in absorption and reflection
correlate directly with changes in sugar concentration and
follow the same inverse relation: increasing sugar (glucose)
=decreasing absorption.

[0055] The positive results of these experiments allow the
design of a simple direct detection Ka band CMOS trans-
ceiver chip set to demonstrate a practical monitoring instru-
ment. Subsequent testing can focus on showing that: MMW
absorption is not sensitive to changing skin conditions sweat-
ing, hydration levels, temperature, ointments and contami-
nants etc.; MMW transmission changes are specific to the
blood glucose level, or at least related to the glucose metabo-
lism or other metabolic processes including the breakdown of
fatty acids and proteins; Diurnal changes in signal levels that
are not directly related to glucose concentration, can be prop-
erly subtracted out using continuous monitoring and indi-
vidually established baselines. In other embodiments, if addi-
tional sensitivity is required, a full heterodyne detection
scheme can be used, with an improved additional 40 dB of
signal to noise ratio.

[0056] FIG. 9 illustrates die photographs of exemplary
transmitter (910) and receiver (905) chips with overall dimen-
sions in microns. In some embodiments, the transmitter is
designed to generate up 3.1 mW of tunable RF CW energy
between 33 and 37 GHz. The receiver uses a non-coherent
self-mixing detection circuit with an input referred detection
limit of 1 nanowatt (-60 dBm). The expected loss through the
tissue is between 20 and 30 dB, leaving plenty of detection
headroom even at 1 mW/cm? input power density providing a
final signal to noise of 30-40 dB. When higher losses are
encountered the gain can be increased substantially by reduc-
ing the transmitter duty cycle without exceeding any SAR
safe limits in the tissue. Modulation is applied to the trans-
ceiver through a standard TTL input port.

[0057] In some embodiments, The transmit and receive
chips are integrated onto the ends of separate printed circuit
boards (PCB) composed of a 1.5 mm thick RO4350B/bond-
ply sandwich. Appropriate dielectric and metal ground plane
regions are pre-etched into the PCB. Each RFIC must be
coupled to an RF antenna that can radiate into the tissue
(transmitting antenna) and pick up the power on the other side
(receiving antenna). A small folded dipole was designed and
placed on the PCB close to the RFICs and coupled to the
output/input port via short wire bonds (1005, as visible in
FIG. 10).

[0058] In some embodiments, the power, data and control
tabs on each RFIC are wire bonded to pads that lead to a small
10 pin connector on the opposite end of the PCB. The antenna
and RFICS are then coated with a BCB protection layer (Dow
Chemical). Matching to the tissue is accomplished by sanding
the BCB layer down to a flat half-wavelength thick sheet and
then adding (gluing) a quarter wavelength thick matching
layer composed of low loss glass on top. A diagram of the
antenna structure and EM simulation results using HFSS
showing the predicted power transfer characteristics through
1 mm of tissue are given in FIG. 7.

[0059] In some embodiments, the two PCBs are tied
together in a clothes-pin type of arrangement using rubber
bands and a small cylinder as a pivot for the clamp (FIG. 11).
Once in place the antennas are in intimate contact with the
tissuie on both the transmitter and receiver sides, and continu-
ous measurements can be performed on either animals or
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humans while the subjects are in an active state. In some
embodiments, the wire tether can be replaced by a battery and
wireless transceiver system.

[0060] In some embodiments, the transceiver chip operates
at a frequency between 35 and 39 GHz.

[0061] As visible in FIG. 11, in some embodiments the
receiver and transceiver chips form the two sides of a clamp
(1105), whose tension is regulated by for example a spring
(1110). Wires (1115) can connect the measuring probe to the
rest of the system. Antennas (1122) and related chips (1120)
are joined by interconnects (1125) and a connector, for
example a 10 pin connector (1130).

[0062] With reference to the exemplary transmitter and
receiver chips of FIG. 9, FIG. 12 illustrates an exemplary
block diagram of a millimeter wave (35-39 GHz) CMOS
transceiver.

[0063] The methods of the present disclosure utilize
MMWs because of their advantage over other ranges of the
spectrum in detecting changes in glucose levels. For example,
optical techniques (in the optical range of electromagnetic
spectrum) that measure amplitude transmission through the
skin from a single frequency laser diode source are not as
sensitive as MMW techniques. In fact, the MMW band has a
natural sensitivity to very small changes in index of refraction
(real and imaginary) of fluids, and by a natural coincidence
these changes are strongly coupled to glucose levels in the
blood and in tissue. Glucose changes of only a few percent
can be detected as a shift in the magnitude and phase of the
transmitted microwave power. Unlike in the optical regime,
the index of refraction of blood and tissue at MMW frequen-
cies is quite high and small shifts can be easily detected using
simple transmitter and receiver circuits. In addition, compact
antennas or waveguide structures can be used to direct and
focus the microwave energy directly into the tissue and
directly towards the detector, unlike the optical range tech-
niques. With MMWs, it is also possible to adjust the fre-
quency to enhance the signal to noise ratio through decreased
absorption or through increased volume of tissue being
sampled. Due to the long wavelengths at MMW range, there
is much less scattered energy than in the optical or infrared
ranges, allowing more consistent measurements over time.
Finally, MMWs (unlike optical and infrared techniques) can
operate at very low exposure levels, well below the safe limit,
continuously and with a low RF duty cycle in order to estab-
lish an individual baseline for every person and then look for
changes from that baseline. In some embodiments, measure-
ments according to the methods of the present disclosure are
carried out over a range of frequencies, so that for each
measurement estimating a chemical concentration (such as
glucose), a plurality of frequencies are transmitted and mea-
sured, and a measurement is carried out at each frequency of
the plurality of frequencies in the specified range.

[0064] A number of embodiments of the disclosure have
been described. Nevertheless, it will be understood that vari-
ous modifications may be made without departing from the
spirit and scope of the present disclosure. Accordingly, other
embodiments are within the scope of the following claims.
Although the present invention has been described in connec-
tion with the preferred embodiments, it is to be understood
that modifications and variations may be utilized without
departing from the principles and scope of the invention, as
those skilled in the art will readily understand. Accordingly,
such modifications may be practiced within the scope of the
invention and the following claims.
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[0065] The examples set forth above are provided to those
of ordinary skill in the art as a complete disclosure and
description of how to make and use the embodiments of the
disclosure, and are not intended to limit the scope of what the
inventor/inventors regard as their disclosure.

[0066] Modifications of the above-described modes for
carrying out the methods and systems herein disclosed that
are obvious to persons of skill in the art are intended to be
within the scope of the following claims. All patents and
publications mentioned in the specification are indicative of
the levels of skill of those skilled in the art to which the
disclosure pertains. All references cited in this disclosure are
incorporated by reference to the same extent as if each refer-
ence had been incorporated by reference in its entirety indi-
vidually.

[0067] Itis to be understood that the disclosure is not lim-
ited to particular methods or systems, which can, of course,
vary. It is also to be understood that the terminology used
herein is for the purpose of describing particular embodi-
ments only, and is not intended to be limiting. As used in this
specification and the appended claims, the singular forms “a,”
“an,” and “the” include plural referents unless the content
clearly dictates otherwise. The term “plurality” includes two
or more referents unless the content clearly dictates other-
wise. Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which the
disclosure pertains.

[0068] The references in the present application, shown in
the reference list below, are incorporated herein by reference
in their entirety.
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What is claimed is:

1. A device comprising:

an electromagnetic wave transmitter, configured to be

attached to biological tissue and transmit electromag-
netic waves through biological tissue; and

an electromagnetic wave receiver, configured to receive the

electromagnetic waves transmitted through the biologi-
cal tissue.

2. The device of claim 1, wherein the electromagnetic
waves are in the microwave or millimeter wavelength range.

3. The device of claim 2, wherein the biological tissue is
human skin.

4. The device of claim 3, further comprising an electro-
magnetic wave analyzer, configured to analyze the electro-
magnetic waves before or after transmission.

5. The device of claim 4, further comprising a display for
displaying results from the electromagnetic wave analyzer.

6. The device of claim 5, wherein the electromagnetic wave
transmitter is configured to modulate, and the electromag-
netic wave receiver is configured to detect, a magnitude and
phase of the electromagnetic waves.
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7. The device of claim 6, wherein the electromagnetic wave
transmitter comprises an electromagnetic wave source and a
waveguide or antenna.

8. The device of claim 7, wherein the electromagnetic wave
source is chosen from the group comprising: a backward-
wave oscillator, an orotron, a Gunn diode oscillator, an
IMPATT diode, a solid state Gunn diode, a synthesizer with
upconverter, an oscillator and discrete amplifier, a MMIC
amplifier, a silicon or silicon germanium CMOS oscillator
and power amplifier, a YIG tuned oscillator, a dielectric reso-
nator, a vacuum tube oscillator, a clinotron, a gyro-klystron, a
gyrotron, a traveling wave tube, a gyro-traveling wave tube, a
pulsed magnetron.

9. The device of claim 8, wherein the electromagnetic wave
transmitter comprises an antenna, the antenna comprising a
polymer substrate.

10. The device of claim 9, wherein the polymer substrate is
chosen from the group comprising: polyimide, LCP, polytet-
rafluoroethylene, SU-8 photoresist, polyethylene, polypropy-
lene, TPX, polystyrene, parylene.

11. The device of claim 10, wherein the antenna further
comprises a metallic pattern.

12. The device of claim 7, wherein the electromagnetic
wave transmitter comprises a waveguide, the waveguide cho-
sen from the group comprising: a 3D open ended hollow
structure, 3D open ended dielectrically loaded structures, a
conical structure, a pyramidal structure, an ellipsoidal horn
structure.

13. The device of claim 7, wherein the waveguide or
antenna comprises a planar or 3D waveguide, a coupled radia-
tor, a planar antenna coupled oscillator and amplifier, a wire
or planar rectenna, or an RF radiator.

14. The device of claim 7, further comprising at least one
sensor chosen from the group comprising: a thermometer
configured to detect a temperature of the human skin, a piezo-
electric or ultrasound sensor configured to detect tissue pres-
sure at the human skin.

15. The device of claim 1, wherein the electromagnetic
waves are microwaves or millimeter waves.

16. The device of claim 15, wherein the electromagnetic
waves have a frequency between 20 and 300 GHz.

17. The device of claim 1, further comprising an electro-
magnetic beam shaping element between the electromagnetic
wave transmitter and the biological tissue.

18. The device of claim 17, wherein the electromagnetic
beam shaping element is chosen from the group comprising:
a convex lens, a concave lens, a collimating lens, a spherical
minor, a parabolic minor, an elliptical mirror, a conical mirror.

19. The device of claim 1, wherein a distance between the
electromagnetic wave transmitter and receiver is less than one
wavelength of the electromagnetic wave.

20. The device of claim 1, wherein a distance between the
electromagnetic wave transmitter and receiver is between one
and two wavelengths of the electromagnetic wave.

21. A method comprising:

applying electromagnetic waves at a frequency in therange

of 20 to 300 GHz to biological skin containing blood
vessels;

receiving the electromagnetic waves transmitted through

the biological skin;

analyzing the received electromagnetic waves for changes

in magnitude or phase; and
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estimating a chemical concentration or a change in the
chemical concentration in blood within the blood ves-
sels, based on the analyzed electromagnetic waves.

22. The method of claim 21, wherein applying electromag-
netic waves comprises applying several electromagnetic
waves frequencies, amplitudes, and modulation rates.

23. The method of claim 21, wherein applying electromag-
netic waves comprises applying the electromagnetic waves in
a duty cycled manner.

24. The method of claim 21, wherein the chemical concen-
tration is of blood glucose is estimated based on decreased
absorption of electromagnetic waves.

25. The method of claim 24, further comprising diagnosing
or monitoring metabolic disorders of carbohydrate metabo-
lism characterized by hyperglycemia or hypoglycemia, based
on the blood glucose concentration.

26. The method of claim 25, wherein the metabolic disor-
der is diabetes mellitus.

27. The method of claim 26, wherein the biological skin is
on an ear, neck, arm, or leg.

28. The method of claim 27, wherein applying electromag-
netic waves is through an electromagnetic wave transmitter
comprising an electromagnetic wave source and a first
antenna or waveguide.

29. The method of claim 28, wherein the electromagnetic
wave source is chosen from the group comprising: a back-
ward-wave oscillator, an orotron, a Gunn diode oscillator, an
IMPATT diode, a solid state Gunn diode, a synthesizer with
upconverter, an oscillator and discrete amplifier, a MMIC
amplifier, a silicon or silicon germanium CMOS oscillator
and power amplifier, a YIG tuned oscillator, a dielectric reso-
nator, a vacuum tube oscillator, a clinotron, a gyro-klystron, a
gyrotron, a traveling wave tube, a gyro-traveling wave tube, a
pulsed magnetron.

30. The method of claim 29, wherein the electromagnetic
wave transmitter comprises a first antenna, the first antenna
comprising a polymer substrate chosen from the group com-
prising: polyimide, LCP, polytetrafluoroethylene, SU-8 pho-
toresist, polyethylene, polypropylene, TPX, polystyrene,
parylene.

31. The method of claim 29, wherein the electromagnetic
wave transmitter comprises a first waveguide, the first
waveguide chosen from the group comprising: a 3D open
ended hollow structure, 3D open ended dielectrically loaded
structures, a conical structure, a pyramidal structure, an ellip-
soidal horn structure.

32. The method of claim 30, wherein the first antenna is
fabricated by nanoimprint lithography, optical lithography,
electron beam lithography, X-ray lithography, or synchrotron
radiation etching.

33. The method of claim 32, wherein the first antenna
further comprises a metallic structure, the metallic structure
fabricated by electroplating, liftoff, spinning, plasma etching,
or sputter deposition.

34. The method of claim 28, wherein applying electromag-
netic waves further comprises applying an electromagnetic
beam shaping element between the electromagnetic wave
transmitter and the biological skin.

35. The method of claim 34, wherein the electromagnetic
beam shaping element is chosen from the group comprising:
a convex lens, a concave lens, a collimating lens, a spherical
mirror, a parabolic minor, an elliptical mirror, a conical mir-
ror.
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36. The method of claim 21, further comprising:
monitoring over at least seven days an individual’s absorp-
tion signature of the electromagnetic waves, based on
the estimating;
evaluating normal day-to-day variability for the individu-
al’s absorption signature, based on the monitoring;
correlating levels of the chemical concentration directly
with an absolute value for the individual; and
evaluating changes in the chemical concentration deviating
from normal chemical concentration levels, based on the
monitoring, evaluating and correlating.
37. The method of claim 36, wherein the absolute value is
determined through a blood test.
38. The method of claim 37, wherein the chemical concen-
tration is of glucose.
39. The method of claim 21, wherein applying electromag-
netic waves at a frequency in the range of 20 to 300 GHz
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comprises applying the electromagnetic waves at a plurality
of frequencies for each estimating.

40. The method of claim 36, wherein evaluating changes is
in response to a change in a diet or activity pattern.

41. The method of claim 28, wherein receiving the electro-
magnetic waves is through an electromagnetic wave receiver
comprising a second antenna or waveguide and a distance
between the first antenna or waveguide and the second
antenna or waveguide is less than one wavelength of the
electromagnetic waves.

42. The method of claim 28, wherein receiving the electro-
magnetic waves is through an electromagnetic wave receiver
comprising a second antenna or waveguide and a distance
between the first antenna or waveguide and the second
antenna or waveguide is between one and two wavelengths of
the electromagnetic waves.
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