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DESCRIPTION OF THE INVENTION

Government Rights

[0001] . This invention was made with government support under Contract No.
CTS-0301178 awarded by the National Science Foundation, and Contract No. NAG
10-316 awarded by the National Aeronautics and Space Administration. The

government may have certain rights in the invention.

Field of the Invention

[0002] This invention relates generally to gas sensing systems, and, more

particularly, to a wireless, low power gas sensing system.

Background of the Inventions

[0003] Recently, hydrogen has attracted attention as an energy source for a
wide variety of industrial and scientific uses, in particular, as a clean fuel substitute
for fossil fuel. Because hydrogen is an extremely flammable and explosive gas,
hydrogen sensors must be employed to monitor the environment where hydrogen is
utilized. This can not only safeguard the apparatus and associated operating
personnel, but can also ensure the efficiency and operational integrity of the
hydrogen powered apparatus. Hydrogen sensors, for example, for use with coal-
derived gas and hydrogen fuel cells, require low power consumption and a short
response time in the range of 1-2 seconds

[0004] Conventional hydrogen sensors, however, use high operating bias
voltage which requires high power levels. Another drawback of conventional
hydrogen sensors is that they monitor the conductivity change of the sensing
element upon exposure to the hydrogen. This results in detection times typically in

-

the range of minutes at room-temperature. A conventional solution for decreasing
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the response time is to heat up the sensing element. However, this adds weight and
dramatically increases the power requirements of the sensor. In addition,
conventional hydrogen sensors trigger a detection signal simply by sounding-off an
alarm. In some cases, it may be desirable to send indication of detection to a remote
location and/or to locations out of hearing range of the alarm.

[0005] Thus, there is a need to overcome these and other problems of the
prior art and to provide a system for hydrogen sensing with low power consumption,
fast response, and signal transmission to a remote location. It is further desirable to

provide a system that can operate by harvesting energy.

SUMMARY OF THE INVENTION

[0006] According to various embodiments, the present teachings include a
system for gas sensing. In the system, a gas sensor with a low power consumption
of less than 30 nano-watts is configured to provide a response to a gas. The
response to the gas can be an electrical signal amplified by a differential detection
interface (DDI) connected to the low power gas sensor. A microcontroller is
connected and programmed to process the electrical signal, which is then wirelessly
transmitted by a transmitter.

[0007] According to various embodiments, the present teachings also include
a method for gas sensing. In the method, an analyte gas is detected with a sensing
component disposed in a gas sensor with a low power consumption of less than
about 30 nano-watts. An electrical signal is outputted by a differential detection
interface (DDI) in response of the detected analyte gas. The electrical signal is then

processed and wirelessly transmitted by a microcontroller and a transmitter.
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[0008] According to various embodiments, the present teachings further
include a system for remote hydrogen sensing. The system includes a sensor
device including a low power hydrogen sensor providing sensor data in response to
hydrogen, a differential detection interface connected the hydrogen sensor with the
microcontroller to amplify and process the sensor data, and a wireless transmitter
connected to the microcontroller to transmit the processed sensor data. The system
also includes a central monitoring station including a wireless receiver configured to
receive the sensor data signal from the wireless transmitter of the sensor device. .
The system further includes a power source to power the sensor device. The power
source includes at least one of vibrational energy harvesters, solar energy
harvesters and the battery.

[0009] Additional objects and advantages of the invention will be set forth in
part in the description which follows, and in part will be obvious from the description,
or may be learned by practice of the invention. The objects and advantages of the
invention will be realized and attained by means of the elements and combinations
particularly pointed out in the appended claims.

[0010] It is to be understood that both the foregoing general description and
the following detailed description are exemplary and explanatory only and are not

restrictive of the invention, as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The accompanying drawings, which are incorporated in and constitute
a part of this specification, illustrate several embodiments of the invention and

together with the description, serve to explain the principles of the invention.
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[0012] FIG.1 depicts an exemplary system for a self-powered wireless gas
sensor in accordance with the present teachings.

[0013] FIG. 2 depicts an exemplary gas sensor using multiple ZnO nanorods
as sensing components in accordance with the present teachings.

[0014] FIG. 3 depicts an exemplary result from the gas sensor shown in FIG.
2 with a relative (or transient) response to various levels of hydrogen concentrations
in accordance with the present teachings.

[0015] FIG. 4 depicts an exemplary sensor interface circuit for a differential
detection interface (DDI) in accordance with the present teachings.

[0016] FIG. 5 depicts exemplary sensing results for a gas sensor with an
active and a non-active (i.e., passivated) ZnO nanorods upon exposing to hydrogen
in accordance with the present teachings.

[0017] FIG. 6 is an exemplary state flow diagram for a level monitoring mode
of operation of a microcontroller in accordance with the present teachings.

[0018] FIG. 7 is an exemplary state flow diagram for a data transmission
mode of operation of a microcontroller in accordance with the present teachings.

[0019] FIG. 8 depicts an exemplary power source in accordance with the

present teachings.

DESCRIPTION OF THE EMBODIMENTS

[0020] Exemplary embodiments provide a low power, wireless gas sensor
system. In particular, the system can be used to detect and constantly track a
presence of various gases, and remotely transmit the sensing signal. The system
can be powered through a power source including vibrational energy harvesters,

solar energy harvesters and/or batteries. As a result, the system can detect



WO 2008/041983 PCT/US2006/038758

hydrogen at about 10 ppm, utilize less than 30 nano-watts to power the gas sensor,
and provide a response time of about 1 to about 2 seconds. In addition, the system
can be physically small and packaged with all components assembled as a single,
lightweight, compact unit.

[0021] Reference will now be made in detail to exemplary embodiments of the
invention, an example of which is illustrated in the accompanying drawings.
Wherever possible, the same reference numbers will be used throughout the
drawings to refer to the same or like parts. In the following description, reference is
made to the accompanying drawings that form a part thereof, and in which is shown
by way of illustration specific exemplary embodiments in which the invention may be
practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention and it is to be understood that other
embodiments may be utilized and that changes may be made without departing from
the scope of the invention. The following description is, therefore, merely exemplary.
[0022] Notwithstanding that the numerical ranges and parameters setting forth
the broad scope of the invention are approximations, the numerical values set forth
in the specific examples are reported as precisely as possible. Any numerical value,
however, inherently contains certain errors necessarily resulting from the standard
deviation found in their respective testing measurements. Moreover, all ranges
disclosed herein are to be understood to encompass any and all sub-ranges
subsumed therein. For example, a range of "less than 10" can include any and all
sub-ranges between (and including) the minimum value of zero and the maximum
value of 10, that is, any and all sub-ranges having a minimum value of equal to or

greater than zero and a maximum value of equal to or less than 10, e.g., 1t0 5.
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[0023] FIG.1 depicts an exemplary wireless gas sensor system 100. As
shown, the system 100 can include a sensor device 110, a central monitoring station
160, and a power source 170. Although the power source 170 is depicted as an
energy harvesting device in FIG. 1, one of ordinary skill in the art will understand that
power source 170 can be a battery or another power source. The sensor device 110
can wirelessly transmit a detected signal to the central monitoring station 160. The
power source 170 can connect to and power one or more component of the sensor
device 110. In various embodiments, the system 100 can be assembled in a single
compact module.

[0024] In various embodiments, the system 100 can be used for any
environment that needs gas detection and/or constant gas monitoring/tracking.
Detectable gases can include, but are not limited to, hydrogen, ozone, or any
hydrocarbon gas, such as, for example, ethylene.

[0025] As shown in FIG. 1, the sensor device 110 can include a gas sensor
120, a differential detection interface (DDI) 130, a microcontroller 140, and a
transmitter module 150. The sensor device 110 can be exposed to detect an analyte
gas, for example, hydrogen with a concentration of, for example, 5, 10, 200, or less
than 500 ppm.

[0026] The gas sensor 120 can be a low power gas sensor and include
various sensor components to selectively respond to the analyte gas with a low
power consumption. The sensor components can be formed of, but are not limited
to, one or more of ZnO nanorods, ZnO or GaN Schottky diodes, AlIGaN/GaN HEMT
(high electron mobility transistors) and/or MOS (metal-oxide semiconductor)

transistors.
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[0027] In various embodiments, metal catalysts, for example, Pt, Pd, Ni, Au,
Ag, Ti, or their alloys can be coated on or doped in those sensor components. The
metal catalysts can provide good catalytic activity at room temperature and can
dissociate the hydrogen molecule adsorbed to the surface into hydrogen atoms. A
portion of the hydrogen a\toms can then diffuse through the metal catalysts and be
adsorbed to the interface between the metal and the sensing components (e.g., ZnO
or GaN). Accordingly, the metal coatings or dopings can improve the sensing
selectivity of gas and provide a response timé of 2 seconds or less. In various
embodiments, the response time for the system 100 to sense hydrogen or other
gases can be at a variety of ranges. For example, the GaN based sensing
components in HEMT (high-electron mobility transistor) or Schottky diode can
provide a sensing response time in a range of such as about 1-2 seconds, while the
ZnO nanorods based sensing components can provide a sensing response time in a
range of such as about 1-3 minutes.

[0028] ZnO nanorods can be used as a sensing component in the gas sensor
120. As used herein, the term “ZnO nanorod” refers to any cylindrical shaped ZnO
structure with a diameter of about 100 nanometers or less. The ZnO nanorods can
include, for example, single ZnO nanorods and multiple ZnO nanorods.

[0029] In addition, the term “nanorods” also refers to nanowires, nanotubes,
such as, for example, single wall nanotubes, multiwall nanotubes, and their various
functionalized and derivatized fibril forms, which include nanofibers. The nanofibers
can be fibrils with diameters of 100 nm or less in at least one form of thread, yarn,
fabrics, etc.

[0030] Generally, the metal oxide ZnO can be an attractive material for

specific sensing application because of its wide bandgap of 3.2 eV, the ease of

8
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synthesizing nanostructures, the availability of heterostructures and the bio-safe
characteristics. Accordingly, ZnO can be a material currently used in the detection of
gas, for example, hydrogen, pH, humidity, UV light and chemicals. For example,
when ZnO is exposed to hydrogen and/or temperature change, the resistance (or
conductivity) of the material ZnO can be changed, showing a presence or a change
of the hydrogen and/or the temperature.

[0031] The ZnO nanorods can have a length of, for example, about 2 nm to
about 10 um and a diameter of about 30-150 nm. The ZnO nanorods can be
synthesized by various methods known to one of ordinary skill in the art, such as, for
example, site-selective molecular beam epitaxy disclosed as in “Hydrogen-Selective
Sensing at room Temperature with ZnO Nanorods”, Applied Physics Letters, Vol. 86,
page 243-503, 2005, and “Hydrogen and Ozone Gas Sensing using Multiple ZnO
Nanorods”, Applied Physics A, Vol. 80, page 1029-1032, 2005.

[0032] The ZnO nanorods can be placed in an array for the low power gas
sensor 120. The ZnO nanorods in an array can create a large chemically sensitive
surface-to-volume ratio which is needed for high sensitivity in hydrogen sensing.
Moreover, ZnO nanorods can also be produced cost-wisely, and highly compatible
with other microelectronic devices. For example, multiple ZnO nanorods can be
grown on very cheap substrates such as glass and can be simply processed into
sensors, such as the gas sensor 120.

[0033] Catalytic coatings or dopings (e.g., Pt, Pd or Ni) can be used to further
increase the ZnO nanorods hydrogen sensing mechanisms and to enhance the
device's sensitivity to hydrogen. Low power gas sensor 120, for example single ZnO
nanorods coated with P/Pd clusters, can provide the benefit of operating at nano-

watt power levels, for example, less than about 30 nano-watts. In various

9
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embodiments, the gas sensor can operate at about 10 to about 30 nano-watts.
Multiple ZnO nanorods can also be coated with Pt/Pd cluster providing increased
hydrogen sensing selectivity and a low power consumption of about 0.2-0.6 pW.
Moreover, if desired, the Pt/Pd cluster can be coated on multiple ZnO nanorods by
only one level of metal deposition using a simple shadow mask.

[0034] FIG. 2 depicts an exemplary gas sensor 200 using multiple ZnO
nanorods as sensing components. The gas sensor 200 can include a substrate 210,
an active layer 220, sensing components 230 and contacts 240.

[0035] As shown, the active layer 220 can be formed on the substrate 210,
which can be, for example, an alumina Al,O3 substrate. The active layer 220 can
include sensing components 230, which can be, for example, multiple ZnO nanorods
250 coated with metal catalyst Pt 260. The sensing components 230 can be
configured between the contacts 240. The contacts 240 can be, for example,
sputtered Al/Ti/Au electrodes with a separation of, for example, less than 30 pm.
[0036] In the gas sensor 200, the measured electrical signal, for example, the
measured currents can be only due to the transport through the sensing components
230 themselves (i.e., the Pt 260 coated multiple ZnO nanorods 250). For example,
the current-voltage characteristics of the Pt 260 coated multiple ZnO nanorods 250
can be linear with exemplary currents of such as 0.8 mA at an applied bias of such
as0.5V.

[0037] FIG. 3 depicts an exemplary result from the gas sensor 200 with a
relative (or transient) response to various levels of hydrogen concentrations. As
shown, the Pt coated ZnO nanorods can detect hydrogen of about less than10 ppm

with relative responses (i.e., AR/R in FIG. 3, where R is a resistance of the sensing

10
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components and AR is a resistance change of the sensing components) of more
than 2.6% at 10ppm and more than 4.2% at 500ppm for a 10-minute hydrogen-
exposure. As also can be shown, the relative transient response can be a function
of hydrogen concentration, that is, the transient response can increase as the
hydrogen concentration increases.

[0038] In some embodiments, metal catalysts coated ZnO can be fabricated in
a Schottky diode for the gas sensor 120. In other embodiments, Ili-V compound
semiconductor materials can be used to form the sensing components. Examples of
the group Ill element can include Ga, In or Al, while examples of the group V
element can include As, Sb, N, or P. Thus, llI-V semiconductor alloy compositions
can be described by the combination of Ill-V elements, such as, for example,
InGaAs, AlGaAs, AlGalnAs, GaNAs, InGaAsP, or GalnNAs. Exemplary sensing
components from the group Ill-V can include GaN for Schottky diodes, AlGaN/GaN
for high electron mobility transistors (HEMT) and/or metal-oxide semiconductor
(MOS) transistors. The IlI-V sensing components can provide unique properties, for
example, the GaN based devices can be used in harsh environments such as with a
high temperature of more than 550 °C. In other embodiments, 11-VI compound
semiconductor materials, for example CdS, can be used as the sensing component
for the gas sensor 120.

[0039] In various embodiments, the gas sensor 120 can further include
passivated (i.e., non-active) sensing components as a reference for gas detections,
which can eliminate other effects such as a temperature effect on the detection.
That is, the reference can provide unchangeable characteristics upon exposure to
analyte gases. For example, the passivated ZnO nanorods encased in glass can be

used as a reference for ZnO nanorods. In various embodiments, the gas sensor 120
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can provide high sensitivity, rapid response to stimuli, reversibility and also be
lightweight.

[0040] Turning to FIG. 1, the differential detection interface (DDI) 130 can be a
sensor interface between the gas sensor 120 and the digital signal processing
device in the microcontroller 140. Specifically, the DDI 130 can be used to detect
the resistance changes of the sensing components (e.g., the ZnO nanorods) in the
gas sensor 120, amplifier the signal, and then output an electrical signal for example
a voltage sensing signal to the A/D Converter (ADC) in the microcontroller 140. In
addition, the DDI 130 can be a low power and portable sensor interface for gas
detections.

[0041] FIG. 4 shows an exemplary sensor interface circuit for the DDI 130. As
shown, the DDI 130 can be a combination of a Wheatstone Resistive Bridge 132, a
gain amplifier stage 136, and a difference amplifier 138. The Wheatstone Resistive
Bridge 132 and the gain amplifier stage 136 can output an amplified electrical signal
from the response of hydrogen sensor 120 to the analyte gas. The amplified signal
can be outputted from the difference amplifier 138.

[0042] The Wheatstone Resistive Bridge 132 can include a standard
Wheatstone bridge and a resistive bridge known to those of ordinary skill in the art.
As shown, the resistive bridge can be connected to the exposed (i.e., active) and the
reference (i.e., passivated or non-active) sensing components in the gas sensor 120,
for example, the exposed ZnO nanorods and the passivated ZnO nanorods. With
this reference resistor, only the resistance changes caused by the exposure to the
gas can be detected, which can exclude those caused from the working

environment, such as the ambient temperature. When exposing ZnO nanorods to an
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analyte gas, the resistance of the exposed ZnO nanorods can vary with respect to
how much and how long the device has been exposed to.

[0043] FIG. 5 depicts exemplary sensing results from a DDI 130 for a gas
sensor 120 with an active and a non-active (i.e., passivated) ZnO nanorods upon
exposing to hydrogen. The gas sensor 120 can be exposed to air with 1% hydrogen
at, for example, room temperature. In various embodiments, the gas sensor 120 can
be used in various temperature environments, such as, for example, with a higher
temperature of about 50 °C (not shown). During the measurement, the gas sensor
120 can be biased at, for example, about 2.5V. As shown in FIG. 5, the active ZnO
nanorods can provide a change in current indicating a response to the hydrogen
exposure, while the non-active ZnO nanorods can provide no changes in current.
[0044] Referring back to FIG. 4, the gain amplifier stage 136 can be a non-
inverting gain amplifier to buffer, amplify, and/or provide a high impedance input to
the Wheatstone Bridge of 132, before the signal from the Resistive Bridge of 132 can
be processed by the amplifier 138. The gain amplifier stage 136 can also be an
instrumentation amplifier. The gain amplifier stage 136 can include Op-Amps, which
can be selected by their power requirements and their typical input offset voltage.
For example, the instrumentation amplifier can be designed using MAX 4289 Op-
Amps supplied from Maxim-IC (Sunnyvale, CA), which can provide low power
réquirements of about 1.0V/90pA and a low input offset voltage of about 200 pV.
[0045] The amplifier 138 can be a difference amplifier with low noise, which
can amplify the electrical signal outputted from the Wheatstone Resistive Bridge 132
and the gain amplifier stage 136. The amplified signal from the amplifier 138 can

then be transmitted to the digital signal processing device ADC in the microcontroller
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140. For example, in the case where there is no gas present, the passivated and
exposed sensing components such as ZnO nanorods can be similar in resistance for
the Wheatstone Resistive Bridge 132, and the output sensing voltage of the gas
sensor 120 through the gain amplifier stage 136 and the amplifier 138 should be
approximately O volts.

[0046] Referring back to FIG. 1, the microcontroller 140 of the sensor device
110 can further include an ADC (i.e., A/D Converter) 142, an encoder 144, a memory
146, a decoder 148 and other components. The proper selection of these elements
for the microcontroller 140 is within the discretion of one of ordinary skill.

[0047] The ADC 142 can be configured for conditioning and processing the
sensing data received from the sensor interface DDI 130, particularly from the
amplifier 138. In addition, the ADC 142 can be used to provide enough resolution to
track the signal changes of the gas sensor 120. In various embodiments, the ADC
142 can be an onboard 10-bit ADC of the MSP 430.

[0048] The encoder 144 can be configured to encode the sensing data
sampled by the ADC 142 and then store the data in the memory 146. The memory
146 assembled in the microcontroller 140 can hold software and firmware used for
programming the operation of the microcontroller 140 along with other measurement
circuits. The memory 146 can also retain the runtime code. The encoded data
stored in the memory 146 can then be sent to the transmitter 150.

[0049] The decoder 148 can be connected to the central monitoring station
160 to process and decode the sensing data after the receiver of the central
monitoring station 160 receives the signal.

[0050] The microcontroller 140 can be programmed to run as a state machine

and provide two different reprogrammable modes of operation, which can include a
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level monitoring mode and a data transmission mode. Specifically, the level
monitoring mode can be used for a detection of a gas presence, while the data
transmission mode can be used for a constant tracking of gas levels. In each mode
of operation, the microcontroller 140 can operate within states including, but not
limited to, initialize, collect data, transmit data, and sleep.

[0051] The level monitoring mode of operation can be used for sensing the
presence of the analyte gas. FIG. 6 is an exemplary state flow diagram for the level
monitoring mode of operation for the microcontroller 140. As shown, this mode can
run through every state described above, for example, initialize at 610, sleep at 620,
collect data at 630, and analyze data at 640, until a discernable threshold of
hydrogen can be detected at 650. The discernable threshold can be a
predetermined level of the gas (e.g. hydrogen) for detection. The threshold level of
hydrogen can be a level of hydrogen with a concentration not to pose any serious
danger. At 660, once the hydrogen can be detected, the microcontroller 140 can
force the transmitter module 150 (e.g., for RF front-end) to transmit an emergency
pulse to the central monitoring station 160. During the operation of this mode, a
timer can be set at 670 to monitor the time for such as sample taking in FIG. 6.
[0052] The data transmission mode of operation of the microcontroller 140
can be used for a constant data transmission. FIG. 7 is an exemplary state flow
diagram for the data transmission mode of operation including an operation process
705. As shown, the operation process 705 can be a similar process as for a level
monitoring mode shown in FIG. 6 running through every state, for example, initialize
at 710, sleep at 720, collect data at 730, and analyze data at 740, until a discernable
threshold of hydrogen can be detected at 750. In comparison to the level monitoring

mode in FIG. 6, an extra process 780 can be added for the data transmission mode
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in FIG 7. The operation process 780 can queue the collected data and transmit
them at 760 in FIG. 7 to the central monitoring station 160 (see FIG. 1). For
example, under a constant data transmission operating mode, the sensor interface
DDI 130 can detect a rising amount of the gas such as hydrogen and thus show a
change in the transmitted data pattern.

[0053] The microcontroller 140 can return back to an idle mode after each
operation mode. Generally, a constant data transmission mode can have a higher
power requirement than the level monitoring operation mode. In various
embodiments, a minimum energy coding program can be configured for the data
transmission mode to further decrease the power consumption for data transmission.
[0054] Thus, the microcontroller 140 can be reprogrammable and consume a
low or minimal amount of power. An exemplary microcontroller 140 can be Texas
Instrument’s MSP430F1232IPW (Dallas, TX), since it éan provide pertinent features
of, for example, a program memory of about 8kB, a supply voltage ranging about 1.8
V to 3.6 V, an active mode of 200 pA at 1MHz and 2.2 voltage supply, and a standby
mode at 0.7 pA with a number of power saving modes of about 5.

[0055] Table 1 shows sensing results of an exemplary system 100 configured
with an exemplary low power microcontrolier for hydrogen detection using ZnO
nanorods as the sensing components. Specifically, the exemplary microcontroller
can include an onboard 10-bit ADC of the MSP 430 with a supply voltage of 2 volts.
The ADC used can provide a resolution of about 2 mV with 1024 voltage levels
between 0 and 2V.

Table 1

| Supply voltage | ZnO Resistance | ppm of Hydrogen | Sensor Output
2v 1565 Q 0 80uVv

16
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2v 1521 Q 10 138 mV
2v 1500 Q) 500 240mV
[0056] As shown in Table 1, the resistance for the sensing components ZnO

nanorods can be detected by the sensor interface DDI 130. In addition, since the
ADC 142 resolution can be 2 mV, the output of the sensor interface DDI 130 can
provide at least a 2 mV per ohm (i.e., output voltage per resistance change of the
sensing components) output. Comparing this voltage output with the “sensor
outputs” in Table 1, the exemplary system 100 can detect a hydrogen presence of
about 10 ppm.

[0057] After the signal processing from the microcontroller 140, the sensor
data can be sent by the transmitter module 150 configured with an antenna
operating at a certain frequency, such as 916 MHz, to a remote wireless link. The
antenna can be designed as a low-cost low-profile printed loop antenna. The
antenna can also be fabricated on the circuit board. In various embodiments, the
antenna can be located in the transmitter module 150.

[0058] The transmitter module 150 can accept the encoded data from the
microcontroller 140 via a serial output port, which can also source enough power to
drive and power the transmitter module 150. In various embodiments, the
transmitter module 150 can connected to the energy harvesting device for a power
use.

[0059] The transmitter module 150 can serve as for example a RF front end
for the remote wireless link of the system 100. The transmitter module 150 can be
selected with an ultra-low power consumption operation without sacrificing the

transmission distance. The modulation scheme of the transmitter 150 can use a
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technique known as “carrier present, carrier absent”, which can also be known as
“On Off Keying” (OOK). An OOK transmitter can function such that the OOK
transmitter can be “on” and consuming power only when the RF front end is
transmitting a “high” or a “1” level. On the other hand, if the transmission is with a
“low” or a “0” level, a very small amount or no power can be consumed by the OOK
transmitter.

[0060] The architecture of the transmitter module 150 can be selected based
on its colpitts oscillator design, which can be known to those skilled in the art and
can include a single transistor and a LC tank to tune the transmitter to oscillate at a
specific frequency. In various embodiments, the transmitter module 150 can be
selected using a Ming TX-99 transmitter supplied from WZ Micro at San Leandro,
California. For example, the Ming TX-99 can serve as the RF front end when it is
tuned to 300 MHz. In this case, if biased at 0.6 V, the transmitter 150 can drain 850
pA, which can translate a power requirement of 510 pW to transmit a constant 50%
duty cycle 580 mV peak to peak square pulse train of 1 kHz. In addition, a ¥4 wave
22 gauge copper monopole antenna tapped at one of the inductors of LC tank can
be used to increase the transmission distance. In various embodiments, the
transmitter module 150 can be assembled including the gas sensor 120.

[0061] The transmitter module 150 can further communicate to the central
monitoring station 160. The central monitoring station 160 can include a receiver
162 connected to a data acquisition device 164 and a display device 166.

[0062] The receiver 162 can be a LC (where L represents an inductor and C
represents a capacitor known to one of ordinary skill in the art) baéed receiver
module tuned to a desired frequency. For example, the receiver 162 can be a Ming

RE-99 receiver module tuned to 300 MHz, which can be consistent with the
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frequency used by the transmitter module 150. The receiver 162 can include an
antenna as the radio frequency interface, which can be consistent with the antenna
used for the transmitter module 150. The receiver 162 can be further connected to
the decoder 148 in the microcontroller 140 to process and decode the sensor data
after the receiver 152 receives the signal and down-converts the signal to a low
frequency.

[0063] The data acquisition device 164 can be tied to the transmitter module
150 through the receiver 162. The data acquisition device 164 can decipher the
output of the receiver 162 and display the information onscreen in a graphical user
interface (GUI) written, for example, in Labview code. The data acquisition device
164 can be selected using a Labview USB-6008 data acquisition (DAQ) device from
National Instruments (Austin, TX).

[0064] The display device 166 can be used to display results from the system
100 including, for example, the voltage reading shown the detected voltage at the
remote gas sensor 120 and the change of the sensed voltage indicating the
detection of hydrogen leakage. The display device 166 can be a conventional LCD,
LED or other conventional display that can be driven by the data acquisition device
164 or the microcontroller 140. In various embodiments, the display device 166 can
be configured with a laptop computer, where the receiver 152 and the data
acquisition device 154 can be powered from the USB port of the laptop computer.
[0065] The power source 170 can be used to provide energy primed for use
by one or more of the gas sensor 120, the sensor interface DDI 130, the
microcontroller 140, and the transmitter module 150 in the sensor device 110. In
va;'ious embodiments, the power source 170 can extract energy from various energy

sources, for example, vibrational energy sources, solar energy sources, or batteries.
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[0066] FIG. 8 depicts an exemplary power source 170 using energy
harvesting techniques to self power the sensor device 110. As shown, the power
source 170 can include an energy source 175 connected to a power processor 176
and users 178. Accordingly, the energy can be harvested from the energy source
175 and processed by the power processor 176 and then provided to the users 178.
The energy source 175 can include multiple energy sources, such as, for example, a
PZT device 171, a solar panel 172 or other energy sources.

[0067] The power processor 176 can be configured to manage all harvested
energy from the multiple energy sources in 175. In various embodiments, various
power processors can be included in 176 to process their respective energy source.
For example, the power processor 176 can include a vibrational power processor
173, and a solar power processor 174. In this case, the vibrational energy collected
from a PZT device 171 can be connected and managed by the vibrational power
processor 173. Likewise, the solar energy collected by the solar panel 172 can be
connected and managed by the solar power processor 174. The harvested vibration
and/or solar energy can then be consumed by the users 178.

[0068] The users 178 can be one or more component of the sensor device
110 in the system 100, including the low power gas sensor 120, the DDI 130, the
microcontroller 140, and/or the transmitter module 150. In various embodiments, the
users 178 can also power any other possible users onboard.

[0069] Thus, the power source 170 can include various energy harvesters, for
example, the vibrational energy harvester, the solar energy harvester or other energy
harvesters.

[0070] To harvest vibrational energy, the PZT device 171 can be used as an

energy source with no light required. In the PZT device 171, the collection of energy
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(i.e., vibrational energy) can be proportional to the volume of the devices, while the
limiting factors can be the magnitude and frequency of the vibrations. In various
embodiments, the PZT device 171 can be selected from commercial PZT bimorph
beams. In an exemplary energy harvesting device, four PSI D220-A4-203YB Double
Quick Mounted Y-Pole Benders from Piezo System, Inc. (Cambridge, MA) can be
selected for the PZT device.

[0071] The power processor 176 or the vibrational power processor 173 in
176 can be used to manage the collected vibrational power, which can include power
management circuits. For example, the vibrational power processor 173 can include
a direct charging circuit for power management. The direct charging circuit can
include, for example, a full-bridge rectifier and a shunt capacitance, which are known
to those skilled in the art. By adjusting the proof mass on the PZT device 171, the
resonant frequency of the device can be changed.

[0072] In various embodiments, the vibrational energy harvester can be tested
under lab conditions. For example, a mechanical shaker tuned to 1 Gys at 130 Hz
(which can be a resonant frequency of the selected bimorph beam) can be used as a
vibration source. As a result, such design can be sufficient to provide a power of 250

uW to drive the sensor device 110, i.e., the users 178.

[0073] To harvest solar energy, the solar panel 172 can include photovoltaic
devices, which can offer the availability of high energy density per area. The
photovoltaic devices can be an off the shelf item, such as, IXOLAR™ solar cells, for
example, IXOLAR XOD 17-04B solar cell, as an input of energy to the solar power
processor 174.

[0074] The power processor 176 or the solar power processor 174 in 176 can

also include a power management circuits. For example, the solar power processor
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174 can include a power IC device, which c;e\h be described as a Pulse Resonant
Power Converter designed to be self-powered and self-controlled for maximum
power point tracking and low switching loss. In addition, the Pulse Resonant Power
Converter can convert an input voltage of, for example, about 0.8-1.2 volts to a
steady out voltage of for example about 2 volts, which can be used to power the
users 178 for the system 100.

[0075] In various embodiments, the solar power harvester can also be tested
in lab conditions using a flash light as the energy source. As a result, using the
flashlight as solar energy source can deliver a sufficient amount of power energy to
power all users 178 of the system 100.

[0076] In some embodiments, an alarm can be configured in the system 100.
In other embodiments, the alarm can be connected to the gas regulator (or valve) of
gas sources (not shown). For example, a programmed threshold level can trigger
the alarm and/or shut off the gas regulator or valve of the gas sources.

[0077] In various embodiments, the resulting system 100 can consume a low
level of power. The power analysis can be conducted by examining the power
requirements for the users 178. First, the power consumption for the gas sensor 120
can be very low and determined by the configured sensing components. For
example, a gas sensor with sensing components of single ZnO nanorods can
consume a power of such as less than about 30 nano-watts, as an additional
example, in the range of 10-30 nano-watts.

[0078] Second, the power consumption for the microcontroller 140 can be
examined. For example, the power consumption for the microcontroller 140, such as
for remaining idle, for outputting data via serial power, and for scanning the ADC's

input, can be as low as 2.5 yW. Generally, the most power consumed by the
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microcontroller 140 at any time can be in the microcontroller’s initialization state,
which can occur only once during an initial power up of the microcontroller 140. For
example, the average power consumption for the initialization state can be 3.07 mW
with a peak power of 7.3 mW, while the initialization time for the microcontroller 140
can be as short as 12.5 ms.

[0079] Third, the power consumption of the transmitter 150 attached to the
serial oufput port of the microcontroller 140 can also be examined. The transmitter
module 150 can not consume power for the transmission of a logic “0” level. When
the transmission is with a “high” or “1” level, for example, with about 500 us pulse
width for the Ming TX-99 transmitter, the average power can be consumed, for
example, of about 261 pW with a peak of about 522 pW. As a result, the energy
harvesting techniques used for the system 100 can provide energy for both modes of
operation.

[0080] In addition, the power consumption analysis can also be conducted by
examining the power use of the sensor interface DDI 130. This power analysis can
include the power to drive the instrumentation amplifier 136 as well as the biasing
circuit for the resistive bridge of 132. For example, when no detectable gas such as
hydrogen is present, the sensor surface DDI 130 can consume an exemplary power
of 84 pyW. When the hydrogen with exemplary concentrations of about 10 ppm and
500 ppm, the sensor interface DDI 130 can consume 88.4 uyW and 88.6 uW,
respectively.

[0081] In various embodiments, the duty cycle of the wireless transmission
and the operation of the electronic loads from such as the sensor device 110 can

vary in accordance with the power availability from the power source 170.
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[0082] In various embodiments, the system 100 can be used to sense various
gases including, but not limited to, hydrogen, ozone, ethylene or other hydrocarbon
gases. In various embodiments, multiple gas sensors 120 can be monitored and
located at various locations for the system 100. The wireless network can be
realized for remote detection of these various locations of the gas sensors 120 with
various multiple access techniques, such as, for example, code-division multiple
access (CDMA).

[0083] Other embodiments of the invention will be apparent to those s_killed in
the art from consideration of the specification and practice of the invention disclosed
herein. It is intended that the specification and examples be considered as
exemplary only, with a true scope and spirit of the invention being indicated by the

following claims.
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WHAT IS CLAIMED IS:

1. A system for gas sensing comprising:

a gas sensor configured to provide a response to a gas, wherein a power
consumption of the gas sensor is less than about 30 nano-watts;

a differential detection interface connected to the gas sensor to provide an electrica
signal based on the response to the gas;

a microcontroller connected to the differential detection interface and programmed t
process the electrical signal; and

a transmitter connected to the microcontroller to wirelessly transmit the processed

electrical signal.

2. The system of claim 1 further comprising a central monitoring station, wherei
the central monitoring station comprises a wireless receiver configured to receive the

processed electrical signal from the transmitter.

3. The system of claim 1, wherein the gas comprises one or more of hydrogen,

ozone, and any hydrocarbon gas.

4, The system of claim 1, wherein the sensing component of the gas sensor
comprises one or more of ZnO nanorods, ZnO Schottky diodes, GaN Schottky diodes,
AlGaN/GaN high electron mobility transistors (HEMT) and metal-oxide semiconductor

(MOS) transistors.
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5. The system of claim 4 further comprising one or more of Pt, Pd, Ni, Au, Ag, T

and their alloys deposited on the sensing component.

6. The system of claim 4 further, wherein the sensing component is doped with

one or more of Pt, Pd, Ni, Au, Ag, Ti, and their alloys.

7. The system of claim 1, wherein the gas sensor further comprises a passivate
sensing component as a reference, and wherein the passivated sensing component is

isolated from exposure to the gas.

8. The system of claim 1, wherein the electrical signal from the differential

detection interface comprises an amplified voltage signal.

9. The system of claim 1, wherein the microcontroller comprises a level

monitoring mode and a data transmission mode.

10.  The system of claim 1, wherein the microcontroller further comprises a

minimum energy coding program.

11.  The system of claim 1, wherein a gas concentration is determined based on

the processed electrical signal.

12.  The system of claim 1, wherein the gas sensor, the differential detection

interface, the microcontroller, and the transmitter are configured as a single unit.
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13.  The system of claim 1 further comprising a plurality of gas sensors configure

to sense gas in different locations.

14.  The system of claim 1 further comprising a power source that provides powe
to one or more of the gas sensor, the differential detection interface, the microcontroller,

and the transmitter.

15.  The system of claim 1, wherein a response time to the detection of the gas is

about 1 to about 2 seconds.

16. A method for gas sensing comprising:

detecting an analyte gas with a sensing component, wherein the sensing componer
is disposed in a low power gas sensor with a power consumption of less than about 30
nano-watts;

outputting an electrical signal through a sensor interface to a microcontroller in
response to the detected analyte gas;

processing the electrical signal by the microcontroller; and

wirelessly transmitting the processed electrical signal using a transmitter.

17. The method of claim 16 further comprising wirelessly receiving and displayin

the processed electrical signal.

18. The method of claim 16, wherein the analyte gas comprises one or more of

hydrogen, ozone, and any hydrocarbon gas.

27



WO 2008/041983 PCT/US2006/038758

19.  The method of claim 16; wherein a detectable hydrogen gas concentration is

about 10 ppm.

20. The method of claim 16, wherein processing the electrical signal by the
microcontroller comprises a level monitoring mode of operation that transmits an

emergency pulse for gas detection.

21.  The method of claim 16, wherein processing the electrical signal by the
microcontroller comprises a data transmission mode of operation that transmits constant

sensing data for the analyte gas.

22.  The method of claim 16, wherein a response time to the detection of analyte

gas is about 1 to about 2 seconds.

23.  The method of claim 16 further comprising a power source to power one or
more of the low power gas sensor, the sensor interface, the microcontroller and the

transmitter.

24. The method of claim 23, wherein the power source comprises at least one o

a vibrational energy harvester and a solar energy harvester.

25. A system for remote hydrogen sensing comprising:
a sensor device comprising a low power hydrogen sensor configured to provide
sensor data in response to detection of hydrogen, a differential detection interface

connected the low power hydrogen sensor with a microcontroller to amplify and process t
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sensor data, and a wireless transmitter connected to the microcontroller to transmit the

processed sensor data;

a central monitoring station comprising a wireless receiver configured to receive the
sensor data signal from the wireless transmitter of the sensor device; and
a power source to power the sensor device, wherein the power source comprises a

least one of harvested vibrational energy, harvested solar energy, and a battery.
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