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ABSTRACT

Laser-based atmospheric trace-gas sensors have great
potential for long-term, real-time, maintenance free
environmental monitoring in distributed Wireless Sensor
Networks (WSN). We are developing a laser based
chemical sensing technology with wide-area autonomous
wireless sensor networking as the final target. Our
prototype  sensor  measures  atmospheric  oxygen
concentration in the form of a battery powered, handheld
unit with power consumption <0.3W, sensitivity of 0.02%
in 1 sec, weight of <0.4kg without batteries, low cost, high
specificity, and the robustness required for long term
sensing applications. We demonstrate gas plume
localization and quantification using a prototype three-node
sensor network. The technology is modular and can be used
for different environmentally important molecules such as
CO,, NOx, and methane with exceptionally high
specificity.

Categories and Subject Descriptors

C.3 [Special-Purpose and Application-Based Systems]
Real-time and embedded systems e J.2 [Physical Sciences
and Engineering] Earth and atmospheric sciences

General Terms
Measurement, Performance, Design, Experimentation

Keywords
Laser Spectroscopy, Trace-Gas Sensing, Sensor Networks,
Plume Detection

1. INTRODUCTION

Trace-gas sensing has been difficult to implement with an
adequate sensitivity, size, power consumption, and cost
suitable for distributed real-time environmental sensor
networks. A number of methods such as gas
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Figure 1: Photograph of a complete battery operated wireless
sensor for O, equipped with a Telos WSN module. The sensor
can be operated continuously on 4 rechargeable AA batteries
for 16 hours.

chromatography, mass spectrometry, and Fourier transform
infrared spectroscopy provide the sensitivity and specificity
required for environmental sensing, but typically have
considerable tradeoffs between size, cost, and power
consumption vs. performance, robustness, simplicity, and
autonomy. Electrochemical sensors can fulfill size and cost
requirements, but their sensitivity and, more importantly,
specificity is often inadequate for many environmental
sensing applications. Methods which require frequent
calibration with reference gases are undesirable in field
deployments, since consumables are not easily replaced.
Laser spectroscopy provides a sensor which is capable of
self-calibration, can achieve part-per-million to part-per-
trillion concentration sensitivities, in a robust, compact,
autonomous, low cost package.

Several important issues exist in regards to direct
integration of laser based sensors into sensor networks
which we addressed previously in Ref. [23]. We have
significantly improved our platform in terms of the
following:



1) Optimized algorithms, software and hardware have been
implemented, which allowed for significant improvements
in terms of accuracy and precision as well as for more
effective utilization of the available computation resources
of the microcontroller.

2) We achieved significant improvements in terms of total
power consumption requiring <0.3W including the laser,
temperature control, and wireless transmission. These
sensors are intended to be deployed with batteries. This
would be difficult with other available instrumentation
platforms suitable for laser spectroscopy [12, 27, 30] since
power consumption typically ranged from >3W-1kW.

3)We have implemented custom optics and opto-
mechanical construction to achieve a lightweight, robust,
and compact footprint which matches WSN modules. This
allows deployment anywhere without the high cost of
designing and developing a dedicated infrastructure.

4)We optimized the cost and made the design replicable, as
spatial resolution for real-time mapping of gas
concentration data is directly dependent on node density.
To-date, laser based sensors have required >$20k+ for
research platforms, mostly custom manufactured for ultra-
high sensitivity. In contrast, our platform uses mostly off-
the-shelf, high volume, low cost components.

Figure 1 shows the complete sensor we have developed for
networked trace-gas sensing. We will describe the
improvements we have made to our embedded systems (see
Figure 2) in order to lower power consumption while
increasing performance, especially in regards to a digital
lock-in amplifier designed specifically for compact, low
cost, and low power, while still maintaining performance
comparable to standalone laboratory instrumentation.

In this work, we specifically address: 1) development of
high efficiency code, which enables low power
methodologies allowing maximum processor sleep mode
time, and 2) improvement of sensor stability to avoid any
post-processing and data corrections.

We furthermore demonstrate a WSN deployment of a three
node network measuring oxygen in the atmosphere, with an
example detection of a plume released from a gas cylinder.

2. MOTIVATION
2.1 Applications

Trace-gas sensors based on laser spectroscopy find use in
environmental, industrial, and security applications.
Environmental sensors for methane, CO,, carbon
monoxide, and water vapor [17, 31, 32] currently provide
scientifically valuable data for atmospheric carbon cycle
and greenhouse effects. Other sensors that perform
measurements of molecules important for atmospheric
chemistry such as formaldehyde [13] or nitric oxide [33]
have also demonstrated very high sensitivities and deliver
important data. Various industries have implemented laser
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Figure 2: Real-time embedded systems based on MSP430
developed for laser based spectroscopic trace-gas sensing.

spectroscopic chemical sensing for monitoring applications
such as natural gas leak detection in the oil and gas industry
[29]. There has been significant research towards security
applications e.g. for detection of explosives and chemical
warfare agents [28], or in space exploration science e.g.
spectroscopic sensors installed on Mars rovers [7, 30].

Chemical sensing is infrequently implemented in sensor
networks, mainly due to the size, cost, and complexity of
useful chemical sensors. Additionally, few sensors
implemented into sensor networks have required high
precision control, acquisition, and processing [1], which
makes the adaptation of available gas sensing technology
into sensor networks difficult.

2.2 Impact on Environmental Sensing

Sensor networks allow for acquisition of spatially resolved
long-term real-time data which is not possible with other
types of sensing technologies. For environmental science,
the current research on greenhouse gas monitoring focuses
on the overall carbon cycle and on identification of
greenhouse gas fluxes, sources, and sinks [3] (especially for
methane, CO,, and NO,). Oxygen is also measured with
CO, to determine biotic respiration rates.

A common method currently used to generate chemical
emissions maps is based on self reporting by industry,
which does not provide information about natural sources,
and is prone to human sources of error. This method has
been used for mapping CO, emissions in the United States
within Project Vulcan [8].

Satellites are used for wide area sensing, but real-time
spatial resolution and sensitivity are limited, and
deployment costs are exceptionally high. The Orbiting
Carbon Observatory [14] was designed specifically for this
purpose, but recently failed to achieve orbit.

Another commonly used method to collect emissions
source information is based on ultra-high sensitivity
instrumentation installed into vehicles (e.g. airplanes,
trailer based laboratories), and with data acquired in cross
patterns [11, 20]. This method requires operation and



maintenance personnel, with spatial monitoring limited to a
point measurement at the current location of the vehicle,
and is extremely limited temporally by operational
schedules. Additionally, for airborne platforms the
sensitivity must be extremely high (ppt level) to detect
ground emissions at high altitudes after the gases have
diffused considerably from the sources.

There exist field deployed long-term carbon sensing
networks deployed to measure long term chemical flux
[16], but these sensors are very few in number and sparsely
located.

The standard method of achieving real-time continuous
spatial resolution is construction of ultra-high sensitivity
standoff sensors with area coverage provided by opto-
mechanical scanning, which provide only path averaged
information with limited spatial resolution and can have
infrastructure, maintenance, and line-of-sight issues.

Integration of chemical sensors into WSNs become
necessary in monitoring hundreds of sq. km with <0.5 sq.
km resolution in such applications as leak detection around
geological carbon sequestration sites, industrial and natural
emissions (especially methane) monitoring, agricultural
monitoring, or volcanic emissions monitoring [19].
Furthermore, application of networks for unauthorized
industrial emissions monitoring or implementation of an
exact carbon credit trading system (e.g. the successor to the
Kyoto Protocol) will require measurement precision, high
temporal (second time scales) and spatial resolution
capabilities, which are not available with currently
available trace-gas monitoring methods.

3. METHODS
3.1 Laser Spectroscopy

We are developing laser spectroscopy based trace-gas
sensors. Each molecule exhibits a unique absorption
spectrum, which in most cases is well documented in terms
of absorption strength vs. frequency, temperature, and
pressure in spectroscopic databases [10, 21, 22] . The
molecular structure determines at which frequencies the
incident light will be absorbed by the molecule. Even
molecular species with different isotopic components
(isotopologues) can be distinguished with the proper
selection of absorption spectral lines and adequate
sensitivity [7].

The basic sensor architecture consists of a tunable single
frequency laser, a volume of the gas sample, and a
photodetector which detects the radiation transmitted
through the sample. This architecture is commonly called
Tunable Diode Laser Absorption Spectroscopy (TDLAS)
[4]. Usually individual molecular gas species require lasers
operating at different wavelengths. The modular design of
our platform allows for the integration of various types of
lasers directly.
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Figure 3: Simplified block diagram of major sensor sub-
systems. Blocks with dotted outlines are part of the optical
system. Dashed outlines are integrated into the sensor board.

The laser used in our prototype sensor is a Vertical Cavity
Surface Emitting Laser (VCSEL, a technology that is used
in mass production i.e. laser mice for PCs) operating at
wavelength of 766nm. The laser emits single frequency
radiation tunable over 10 absorption lines of oxygen via
temperature control from -10.0°C to 40°C. The line
PQ1o(18) is targeted with the laser stabilized near room
temperature to perform sensitive O, spectroscopy.

Mass produced telecom lasers and VCSELSs in the 760 nm
to 2.7 micron near-IR wavelength region show high Wall-
plug Power Efficiency (WPE) and are available at
relatively low cost. VCSELs provide 10% WPE, usually
producing about 0.5 mW of maximum optical power.
Output powers of microwatts can provide sufficient
TDLAS spectroscopic information. The excess power
allows for sensitivity enhancement methods such as
multipass mirror cells, which are lossy due to reflection off
non-ideal mirrors. Telecom diode lasers are mass produced
in the near-IR for the telecommunications industry, and
provide ~7% WPE at 85mW of maximum optical power,
but typically run at much lower powers for absorption
spectroscopy.

Quantum and Interband Cascade Lasers (QCL, ICL) in the
3-12 micron mid-IR region can target the strongest ro-
vibrational molecular absorption bands, thus providing the
highest sensitivity typically required for atmospheric
applications. These lasers are still under development, but
at the current rate of improvement of wall-plug efficiency,
spectral quality, and cost, these sources are expected to
prove essential in the field of spectroscopic trace-gas sensor
networks. Single frequency QCLs suitable for gas sensing
typically achieve 1mW optical power with 0.1% WPE at
room temperature [2] [5], but offer up to two orders of
magnitude better trace-gas concentration sensitivity than
the near-IR telecom wavelengths using equivalent sensor
parameters.

3.2 Embedded Control and Signal Processing
We have designed the custom embedded control system to
perform autonomous laser spectroscopic sensing (see
Figure 3). It provides a interface to any mote with a



standard Universal Asynchronous Receiver Transmitter
(UART) or Inter-Integrated Circuit (I2C) interface, which
presently is configured for direct interface to a Telos [18]
communication module.

The embedded system is based on a single 8MHz TI
MSP430F1611 system controller. The controller
continuously performs a digital 32-bit fixed point PID
servo loop at ~1 kHz on the laser temperature to keep the
laser stable within 0.001°C. The laser temperature is
stabilized using a Peltier thermoelectric cooler module
driven by an embedded PWM switched H-bridge for high
efficiency.

The laser is driven with an onboard current source with
additional sinusoidal modulation at 16 kHz using a
reference multiplying Digital-to-Analog Converter (DAC).
A 16-bit 200kSPS Analog-to-Digital Converter (ADC)
samples a low noise analog front end to the photodetector,
and the MSP430 implements real-time lock-in amplifier
demodulation. The output low pass filter for the lock-in
detection is implemented digitally.

The complete sensor using a VCSEL as the spectroscopic
source consumes <0.3W of electrical power. In the
following subsections details on the signal processing and
embedded systems development will be given.

3.2.1 Automatic Endian Changes

The system power consumption, size, and cost decrease if
the internal 12-bit ADC of the MSP430 is used for
sampling. However, the dynamic range (the standard
measure of lock-in amplifier performance) is directly
related to the number of bits, and trace-gas sensing requires
the highest dynamic range possible. In this case, the
system required high speed digital acquisition of a 16-bit
SPI ADC peripheral in order to achieve low noise, high
bandwidth, and high dynamic range.

MSP430 is a little-endian processor; unfortunately, most
multi-byte SPI peripherals provide big-endian output. The
ADC we chose for our lock-in was the 16-bit TI ADS8317
with big-endian output. In one of our preliminary versions
of the DSP lock-in firmware, we acquired a buffer of data
(720 points of two byte sections = 16-bits of data) in big-
endian format, then swapped the bytes in memory as
efficiently as possible. Initially we tried to minimize the
overhead by 1) performing all of the byte swapping
collectively in a single function, 2) using a processor
intrinsic  swap-bytes function, and 3) unrolling the
processing loop 24 times. This method provided adequate
performance; however, we determined a more efficient
method of data transport to eliminate all byte swapping.

We updated the firmware so the Direct Memory Access
(DMA) performed Serial Peripheral Interface (SPI) to
memory buffer transfers in reverse order into the buffer
(see Figure 4). This changes the endianness of the data
automatically; saving 12623 cycles of processing out of
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Figure 4: Programming the DMA to acquire SPI byte data
to the memory buffer in reverse order eliminates byte
swapping time for little-endian processing of our lock-in
amplifier.

Table 1: Cycle counts (Rowley compiler) and
corresponding maximum loop rates for core functions.

MSP430 Max Loop
Functionality Cycle Rate,
Count 8MHz
PI Digital Controller, 32-bit fixed point 581 13.8kHz
Filter, 64 point 4-pass moving average 774
Swap bytes (endian change, 720 points, 12623
with 24x loop unrolling)
Lock-in 2 channel, 1 buffer + filter 14003 571Hz
Lock-in 3 channel, 1 buffer + filter 21008 308Hz
Swap + Lock-In 2 channel 26626 300Hz
Swap + Lock-In 3 channel 39249 203Hz
8*16384Hz sampling rate 43956 182Hz

26626 of the original lock-in amplifier algorithm (see Table
1). This allows the MSP430 to sleep, rather than wasting
processor cycles to swap the bytes. The overhead saved at
182Hz buffer acquisition rate (8x16384Hz / 720 points) is
about 30% of the total SMHz processing capability.

Thus, only a few changes to buffer pointers and DMA
settings were necessary, while providing greater reserve
processing capability and/or more idle time. This method
can reduce overhead whenever an MSP430 or any other
little-endian microcontroller requires a data sourcing serial
peripheral of 2 bytes or higher per data point with MSB
first (most board level integration serial peripherals) with a
serial port only capable of 1 byte per transfer.

3.2.2 Digital Lock-In Amplifier for MSP430

Derivative techniques based on wavelength modulation
provide substantial improvement in terms of sensitivity for
laser based trace-gas sensing [15]. Demodulation of
spectroscopic information is usually performed by Lock-In



Amplification (LIA), which is essentially a homodyne
detector coupled with a detection-bandwidth limiting low
pass filter.

Digital  Signal Processing (DSP) based lock-in
amplification is the method of choice in commercial lock-in
amplifiers for laboratory use [25]. This method performs
local oscillator multiplication and filtering in the digital
domain.In order to free up resources to perform DSP lock-
in amplification on an 8MHz microcontroller, we used the
automatic endian change described in the previous section,
coupled with a great deal of optimization to the
programming algorithm to achieve high speed synchronous
data acquisition and processing on a low power budget.
Table 1 lists the processor cycle counts of various
functions.

In order to meet real-time processing constraints, we
adapted the methods normally used for Finite Impulse
Response (FIR) filters [26] on MSP430 into an efficient
lock-in technique. This method involved implementing the
algorithm around the hardware multiply-accumulate
command, hardware integrated timers, and extensive use of
DMA.

The method is relatively universal and can be implemented
on different platforms. The required components are an SPI
port to control reference modulation frequency, 2 timers to
synchronously clock the ADC and modulation, and a slave
SPI port for the ADC data. We implemented the control
systems on the MSP430 processor because it is the same
processor family found in many WSN modules such as
TelosB/TmoteSky, tinynode, and EyesIFX v2, to name a
few [6, 9, 18]. By providing some optimizations we were
able to implement high bandwidth performance.

The basic lock-in algorithm is the following: 1) Modulate
the laser, 2) Provide analog gain and anti-aliasing filtering
for the photodetector signal, 3) Sample the ADC, 4)
Multiply the ADC data points by a sine wave in the look-up
table with a frequency and phase of interest, 5) low pass
filter the mixed signal.

3.2.3 Lock-in amplifier advantages in sensors

A lock-in amplifier is a widely implemented piece of
equipment in precision sensors and other measurement
systems. Lock-in amplifiers outperform Fast Fourier
Transform (FFT) based measurements for single frequency
demodulation situations since no processing is wasted
outside of the frequency of interest, and the detection
bandwidth becomes particularly narrow. The advantages in
moving the signal above 1/f flicker noise and producing
narrow bandwidth detection far outweigh any power or cost
concerns for high sensitivity applications similar to trace-
gas sensing.

A lock-in amplifier based method is especially useful for
laser spectroscopic measurements, because it is capable of
two critical functions of the sensor system: laser line-
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Figure 5: Two channels of the lock-in tuning over an O, line.
Each channel can change phase or harmonic. The controller
locks the line to the 3f zero crossing (near 60 seconds) at the
90 second point.
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Figure 6: Simulation of a lock-in amplifier digital low pass
filter transfer function. Final implementation used a 4-pass
moving average filter to keep algorithm loop speed high.

locking (stabilizing the laser output wavelength) to an
absorption line, and derivative-based absorption sensing.
Line locking can be performed using odd (e.g. 3™
harmonic of the modulated photodiode signal which
resembles the third derivative of an absorption line
(absorption lines have Gaussian, Loretzian or Voigt
spectral profile), and has a zero-crossing and high slope at
the center of the line which is used as an error signal to a
PID servo. An absorption measurement can be performed
using the 2™ harmonic of the wavelength modulation
signal with amplitude directly proportional to
concentration, which appears as the second derivative of
the absorption signal. An automatic line locking algorithm
has been implemented. First the laser temperature is



scanned to acquire the complete spectrum of absorption
line, then the center of the line is identified and the laser is
locked to it using 3™ harmonic as an error signal (see
Figure 5).

Derivative sensing allows for effective suppression of
slowly varying baseline changes and drifts, thus improving
the overall signal-to-noise ratio of the sensor. Additionally
this eliminates the necessity of real-time polynomial least-
squares fitting operations for baseline correction, which
require a very fast processor for many division operations,
due to inversion of matrices, which we explored in Ref.
[24]. Additionally, the line-locked signal is probing the
region where absorption is the highest. With appropriate
code and algorithm optimization we were able to
simultaneously provide three channel lock-in detection,
with independently addressable phases (at any angle)
and/or harmonics in each channel (see Figure 5). Only two
channels were possible without the automatic endian
change (see Table 1).

Further improvement of the algorithm performance was
achieved by combination of the lock-in low pass filter with
the output averaging filter. This merges the required
processing cycles and allows the use of decimated digital
filters to reach long averaging times if it is required by the
application.

For standard operation of the sensor, we set a time constant
for the 4-pass filter moving average filter to 0.25 seconds to
achieve higher stopband rejection compared to 1-3 passes
(Figure 6).

3.2.4 Component Systems Performance

In order to evaluate the performance of the low-power DSP
lock-in detection we performed a comparison of signal-to
noise-ratio measured by our ultra-low power, compact
lock-in and a laboratory lock-in amplifier (EG&G
Instruments 7265). The reference modulation clock signal
from the sensor board was used to synchronize both the
internal and the external lock-in. The laser was modulated
with 0.165 mA peak-to-peak sinusoidally, biased with 0.91
mA, and held at temperature of 21.00 °C.

The laser radiation passed through two crossed calcite
polarizers with extinction ratio of 1.5%10%:1. The residual
amplitude modulation of the laser intensity was detected at
1** harmonic using both lock-ins. For the crossed polarizer
the target signal is buried in thermal noise of the
photodetector (a silicon photodiode).

The signal amplitude could be varied by rotating the
polarizer. The resulting signal-to-noise ratio, calculated
using both in-phase and quadrature components is shown in
Figure 7.

The result shows that the signal-to-noise ratio measured
with our system is similar to the external laboratory lock-in
amplifier. The measured signals ranged from ~5 to 26 nA.
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Figure 7: Signal to noise ratio measured with an integrated
lock-in amplifier and compared to a laboratory lock-in. The
lock-ins extract the modulated laser intensity buried in
photodetector thermal noise.
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Figure 8: Allan variance plot indicating measured lock-in
amplitude versus averaging time for averaging times > 1sec.
(the averaging times must be longer than ~3x time constant of
the lock-in detection which is 3*0.25sec=0.75sec)

In order to determine whether longer term performance was
comparable, a stability test using an Allan variance
provides a measurement of system stability (Figure 8).
Both systems show similar white (Gaussian) noise limited
performance (the range where the slope is -1 on the log-log
plot) before drift sets in at ~100 seconds.

Total power budget of 0.0855W for the lock-in amplifier
includes ADC (0.004W), analog front end (0.030W), direct
digital synthesis (DDS) performed by AD9833 (0.020W),
switched capacitor filter based on MAX7422 (0.009W),
and the MSP430 processing power of 0.0225W (assuming
48% [21008/43956 total possible cycles], at 3.3V in 8MHz
active mode).

The implemented high precision DDS based frequency
tuning provides the ability to perform photoacoustic and
quartz-enhanced  photoacoustic ~ spectroscopy, which
requires audio frequency resonance matching of the



acoustic component. However, if the application does not
require high precision DDS based frequency tuning, as in
direct absorption spectroscopy that we describe in this
work, the power consumption can be reduced to 0.0655W.

Additional savings in power can be achieved by lowering
the modulation bandwidth, and using lower gain-bandwidth
op-amps. However, 1/f flicker noise in electronics and
photodetectors provides a direct tradeoff.

4. CHEMICAL PLUME DETECTION

As a proof of concept, we have deployed a small sensor
network using three O, sensors for real-time concentration
monitoring. We implemented multipass cells for sensitivity
enhancement for a slight increase in the total size of the
instrument (18x6x5 cm), but without increasing power
consumption. The simulation of the spot pattern in
MATLAB and the resulting model in Solidworks are
shown in Figure 9. The complete sensor nodes were set up
in a triangular configuration a few meters apart. A laptop
with a Telos card plugged into the USB port acted as the
basestation, and broadcast a command to start
measurements simultaneously. The basestation then
requested data from each node sequentially. We
implemented a LabVIEW interface to receive all of the data
and provide visualization. Each sensor transmitted a 30
byte packet (with debugging information) every 0.3
seconds. This provides sensor operational information such
as laser temperature, laser current, and lock-in values.
However, the bare minimum data output required is a
single 32-bit value from the 2f lock-in amplifier (while
line-locked), which is proportional to concentration.

A short release of oxygen (<5 seconds) from a lecture
bottle containing 100% oxygen created a plume while the
sensors were running in real-time. Using both time-of-
flight and relative quantification, we were able to determine
the approximate location of the release soon after,
assuming no pressure eddies (See Figure 10). Within
LabVIEW, we used MATLAB server to run the
localization algorithm using sensor data recorded from our
interface. By providing this interface to MATLAB we can
allow more complicated transport models and real-time
mapping in the future.

Previous sensor networking literature has provided
statistical algorithms to determine which nodes in the
network should be measuring or communicating in order to
conserve overall sensor network energy stores [34]. With
trace-gas sensing, changes on large area scales are typically
slow and relatively continuous (due to gas diffusion),
providing opportunities for these sensors to interpolate data
between themselves and turn off nodes which do not
provide significant information. This will be critical in
laser spectroscopic deployments, since unlike sensors of
simple environmental parameters (temperature, pressure
etc) these sensors require higher computational and
electrical power. In some cases their electrical power

Figure 9: 31 pass multipass cell model in Solidworks designed
from mostly off-the-shelf parts.
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Figure 10: A demonstration deployment of 3-node real-time
wireless sensor network measuring an O, plume. Data is
synchronized and acquired continuously, and the plume could
be localized using time-of-flight with nodes ~3 meters apart.
The concentration signal is inverted due to the selected phase
of the lock-in.

consumption directly scales the detection limits which will
require more parameters for energy management.

5. CONCLUSIONS

A laser based integrated spectroscopic platform for real-
time chemical sensing has been developed from the ground
up. A low power, compact, digital lock-in amplifier
developed for high precision sensors within WSN
frameworks provides the stability and noise levels
comparable with those of standalone laboratory equipment
(in this particular application). The overall platform
provides sensor characteristics required for multi-node
distributed environmental monitoring over long periods of
time. This instrumentation can target a variety of chemicals
using the same architecture, provided the appropriate laser
sources and photodetectors are available. Our sensor
platform can be directly integrated into a WSN using Telos
motes. We believe this technology will be a critical tool for
routine wide area chemical sensing for environmental,
industrial and security applications.
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