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(57) ABSTRACT 

A novel low -power and compact laser spectroscopic sensor is 
described herein. Embodiments of the disclosed sensor uti
lize state-of-the-art microprocessors and digital processing 
techniques to reduce power consumption and integrate func
tions into a small device. In particular, novel software meth
ods are disclosed which allow the use of low-power micro
processors which draw no more than about 0.02 W of power. 
Such low-power enables long battery life and allows embodi
ments of the sensor to be used in portable applications. In 
addition, the system architecture and methods described in 
this disclosure allow a single integrated embedded processor 
to control all the subsystems necessary for a laser spectro
scopic sensor further reducing sensor size and power con
sumption. In addition, a power efficient method of calibrating 
a photoacoustic laser spectroscopic sensor is disclosed. 
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INTEGRATED EMBEDDED PROCESSOR 
BASED LASER SPECTROSCOPIC SENSOR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a filing under 35 U.S.C. §371 oflnter
national Application No. PCTIUS2006/039282 filed Oct. 6, 
2006 by Stephen So, eta!. and entitled "Integrated Embedded 
Processor Based Laser Spectroscopic Sensor," which claims 
priority to U.S. Provisional Patent Application 60/824,843 
filed Sep. 7, 2006 by Stephen So, et a!. and entitled "Inte
grated Single Embedded Processor Based Laser Spectro
scopic Sensor," both of which are incorporated herein by 
reference in their entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

Not applicable. 

REFERENCE TO A MICROFICHE APPENDIX 

Not applicable. 

TECHNICAL FIELD OF THE INVENTION 

This invention relates generally to the field of laser based 
spectroscopy. More specifically, the invention relates to an 
integrated, low-power, laser spectroscopic sensor. 

BACKGROUND 

2 
tiona! to the concentration of the absorbing molecules, the 
photoacoustic signal can be used for concentration measure
ments. 

In typical PAS, a resonant acoustic cavity or sample cell is 
used to isolate and amplifY sound wave signals, thereby 
increasing sensitivity of detection. The light intensity or 
wavelength is modulated at a frequency, f. The absorbed 
energy is accumulated in the acoustic mode of the sample cell 
during oscillation periods. Quartz enhanced photoacoustic 

10 laser spectroscopy (QEPAS) has been found to be highly 
sensitive and selective technique for the detection of gas 
concentrations at the parts-per-billion (ppb) and parts-per
trillion (ppt) level. Because of its sensitivity, QEPAS may be 
useful in many different applications. A number of applica-

15 tions, however, require an ultra-compact footprint i.e. small 
size, and low power consumption. 

Currently, systems are based on modular architectures with 
an externally mounted laser source, separate power and ther
mal controllers, environmental transducers, and/or separate 

20 processing hardware and software. Such systems require 
human feedback to operate and may not be considered to be 
truly integrated. In addition, at present, sensors typically uti
lize separate sub-system controllers running independently. 
Systems with independent sub-systems, as such, caunot be 

25 considered fully integrated. Because each sub-system 
requires a respective controller, present systems are bulky, 
expensive, and require impractical amounts of electrical 
power. 

Consequently, there is a need for a fully integrated trace-
30 gas sensor platform which is low cost, compact, and power 

efficient. 

SUMMARY 

There are several widely used laser spectroscopy tech- 35 

niques which involve measurement of absorption of the laser 
light within a sample. In order to achieve high sensitivity in 
many cases the measurement signals have to be extracted 
from noisy background. This usually involves phase sensitive 
detection of the modulated laser radiation. PAS (photoacous- 40 

tic spectroscopy) is an analytical method that involves stimu
lating a sample with modulated light and detecting the result
ing sound waves emanating from the sample. A photoacoustic 
measurement can be made as follows. First, light is used to 

45 
excite molecules within a sample. Such excitation can 
include, for example, absorption of the light by the molecule 

A novel low-power and compact laser spectroscopic sensor 
is described herein. Embodiments of the disclosed sensor 
utilize state-of-the-art microprocessors and digital process
ing techniques to reduce power consumption and integrate 
functions into a small device. In particular, novel software 
methods are disclosed which allow the use of low-power 
microprocessors which draw no more than about 0.02 W of 
power. Low power consumption enables long battery life and 
allows embodiments of the sensor to be used in portable 
applications. In addition, the system architecture and meth
ods described in this disclosure allow a single integrated 
embedded processor to control all the subsystems necessary 
for a laser based spectroscopic sensor further reducing sensor 
size and power consumption. to change an energy state of the molecule. As a result, the 

energized molecule enters an excited state. Optical excitation 
is followed by energy transfer processes (relaxation) from the 50 
initially excited molecular energy level to other degrees of 
freedom, in particular translational motion of the fluid mol
ecules. During such relaxation, heat, light, volume changes 
and other forms of energy can dissipate into the environment 
surrounding the molecule. Such forms of energy cause expan- 55 

sian or contraction of materials within the environment. As 

These and other needs in the art are addressed in one 
embodiment by a laser spectroscopic sensor for detecting a 
compound comprising a detector capable of transmitting a 
signal in response to absorption of light by the compound. 
The laser spectroscopic sensor further comprises a light 
source having a modulation frequency. The light source intro-
duces a beam of light to said acoustic detector. The laser 
spectroscopic sensor also comprises a microprocessor 

the materials expand or contract, sound waves are generated. 
In order to produce sound waves, or photoacoustic signals, 

the light is modulated at a specific acoustically resonant 
modulation frequency f (having a modulation period 1/f), 
sometimes also referred to herein as w. The sample environ
ment can be enclosed and may be constructed to resonate at 
the modulation frequency. An acoustic detector mounted in 
acoustic communication with the sample environment can 
detect changes occurring as a result of the modulated light 
excitation of the sample. Because the amount of environmen
tal change associated with the absorbed energy is propor-

coupled to said light source and said acoustic detector. In 
addition, the laser spectroscopic sensor comprises software 
executable on said microprocessor. The software causes said 

60 microprocessor to control the temperature, wavelength, and 
modulation frequency of said light source. The software also 
causes the microprocessor to acquire and process data from 
said detector. Additionally, the software causes the micropro
cessor to generate a first waveform having a first frequency. 

65 The first waveform is divisible into a plurality of different 
waveforms and each waveform has a frequency which is a 
multiple of the modulation frequency of said light source. 
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In a further embodiment, the detector is an acoustic detec
tor having a resonant frequency. The software executable on 
the microprocessor causes the microprocessor to iteratively 
generate the first waveform to tune the modulation frequency 
of said light source to the resonant frequency of said acoustic 
detector. 

In another embodiment, a method for calibrating a laser 
spectroscopic sensor comprising an acoustic detector, a lock-
in amplifier, and a light source having a modulation fre
quency, comprises (a) generating a first waveform having a 
first frequency. The first waveform has a first frequency 
greater than twice the modulation frequency of said light 
source. Moreover, the method comprises (b) forming a plu
rality of synchronized waveforms from the first waveform, 
wherein each synchronized waveform is different. Further
more, the method comprises (c) tuning the reference fre
quency of the first lock-in amplifier and the modulation fre
quency of the light source with the plurality of synchronized 
waveforms. Additionally, the method comprises (d) deter
mining whether the modulation frequency of the light source 

4 
DETAILED DESCRIPTION 

FIG. 1 illustrates an embodiment of a photoacoustic laser 
sensor. The methods disclosed herein here may be extended 
to any modulation based laser spectroscopy such as photode
tector-based laser spectroscopy. In an embodiment, a laser 
spectroscopic sensor is configured to apply a modulated light 
signal to a sample and to detect the resulting acoustic signal 
using a phase-locked detector such as a lock-in amplifier. By 

10 way of example, reference is made to FIG. 1, in which a laser 
spectroscopic sensor 100 comprises a light source 112 con
figured to emit a beam of radiation into a sample cell 118. 
According to at least one embodiment, all elements of laser 
spectroscopic sensor 100 are mounted on a small footprint 

15 circuit board. Light source 112 typically comprises a laser. 
However, any light source capable of emitting a modulated 
beam oflight may be used. In a preferred embodiment, light 
source is a near infra-red semiconductor diode laser. Other 
examples of suitable lasers that may be used include without 

20 limitation, lead salt diode lasers, quantum cascade and inter
band cascade lasers, fiber lasers, solid-state lasers, other 
semiconductor lasers, or gas lasers. Filters (not shown) may 
be provided between light source 112 and sample cell118 if 
desired. 

is tuned to a harmonic resonant frequency of the acoustic 
detector. If modulation frequency of the light source is not 
tuned to a harmonic resonant frequency of the acoustic detec
tor, the method comprises (e) adjusting the first frequency. 
The method further comprises f) repeating steps (a) through 25 

(e) until the modulation frequency of the light source is tuned 
Laser spectroscopic sensor 100 generally comprises a 

sample cell118 which encloses a detector 120 and contains a 
sample compound of interest. However, in some embodi
ments, laser spectroscopic sensor 100 comprises detector 120 
without sample cell118. Sample cell118 may be a multipass 
cell or any other absorption chamber if using a non-photoa
coustic method. Sample cell 118 can comprise a number of 

to the resonant frequency of the acoustic detector so as to 
calibrate the laser spectroscopic sensor. 

The foregoing has outlined rather broadly the features and 
technical advantages of the present invention in order that the 30 

detailed description of the invention that follows may be 
better understood. Additional features and advantages of the 
invention will be described hereinafter that form the subject 

materials known to persons of ordinary skill in the art, and 
preferably comprises a sample compound substantially trans
parent to the wavelength(s) of light emanating from light 
source 112. Preferred sample compounds for sample cell118 
will accordingly vary depending on the wavelengths oflight 

of the claims of the invention. It should be appreciated by 
those skilled in the art that the conception and the specific 35 

embodiments disclosed may be readily utilized as a basis for 
modifYing or designing other structures for carrying out the 
same purposes of the present invention. It should also be 
realized by those skilled in the art that such equivalent con
structions do not depart from the spirit and scope of the 40 

invention as set forth in the appended claims. 

utilized in the spectroscopic apparatus. Sample compound 
may be a fluid or a gas and may substantially fill sample cell 
118. Sample compound can, for example, comprise a gas 
stream in which it is desired to detect the presence of a 
contaminant gas or impurity. Thus, in some embodiments, 
sample cell118 includes a pump (not shown) to adjust flow of 
a sample into sample cell118. In an embodiment, a pressure 
sensor 121 such as a resistive bridge pressure transducer is 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a detailed description of the preferred embodiments of 
the invention, reference will now be made to the accompany
ing drawings in which: 

FIG. 1 illustrates an embodiment of an integrated laser 
spectroscopic sensor. 

FIG. 2 illustrates an embodiment of a method for calibrat
ing a laser spectroscopic sensor. 

NOTATION AND NOMENCLATURE 

Certain terms are used throughout the following descrip
tion and claims to refer to particular system components. This 
document does not intend to distinguish between components 
that differ in name but not function. 

In the following discussion and in the claims, the terms 
"including" and "comprising" are used in an open-ended 
fashion, and thus should be interpreted to mean "including, 
but not limited to ... ".Also, the term "couple" or "couples" 
is intended to mean either an indirect or direct electrical 
connection. Thus, if a first device couples to a second device, 
that connection may be through a direct electrical connection, 
or through an indirect electrical connection via other devices 
and connections. 

45 coupled to sample cell 118 to measure the pressure within 
sample cell118. In addition, other sensors may be coupled to 
sample cell118 to measure temperature, pH, etc. 

The detector 120 may be mounted within sample cell118 
and in acoustic communication with a sample. Detector 120 

50 preferably comprises an acoustic transducer such as, for 
example, a piezoelectric element or a microphone and is 
mounted such that a sample compound is provided between a 
surface of detector 120 and sample cell118. In the embodi
ment shown, detector 120 comprises a quartz tuning fork. 

55 However, the detector 120 may comprise any suitable piezo
electric or resonant crystal material. In alternative embodi
ments (not shown), detector 120 can be any type of detector 
(e.g. photodetector) capable of detecting the absorption of 
light by a compound. Detector 120 may be mounted on the 

60 inside or outside wall of sample cell 118. Detector 120 is 
typically removably mounted into sample cell 118. In an 
embodiment, detector 120 additionally comprises a resonator 
(not shown) to further amplify the acoustic signal from detec
tor 120. The resonator is typically cylindrical in configura-

65 tion, but may comprise any suitable geometry. Typically, 
sample cell118 also comprises a collimator 127 to focus the 
beam oflight to detector 120. 
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Detector 120 is in electrical connnunication with a pream
plifier 122, which is preferably in electrical connnunication 
with a first lock-in amplifier 152. Preamplifier 122 is used to 
convert and amplifY the signal from detector 120 to the appro
priate level for detection by first lock-in amplifier 152. In an 
embodiment, preamplifier 122 is a transimpedance preampli
fier. Lock-in amplifiers are well-known in the art and typi
cally comprise a low pass filter and a phase-sensitive detector. 
Both lock-in amplifiers 148 and 152 are preferably integrated 
into the laser spectroscopic sensor. As such, any lock-in 
amplifiers or other demodulation devices known in the art 
may be used with embodiments of the sensor. First lock-in 
amplifier 152 is coupled to microprocessor 124. In certain 
embodiments, microprocessor 124 processes the amplified 
signal from first lock-in amplifier 152 as described in further 
detail below. 

6 
store data or code (e.g., software, discussed below) that is 
executed by the microprocessor 124. The executable code 
may be executed directly from the non-volatile memory or 
copied to the volatile memory for execution therefrom. Laser 
spectroscopic sensor 100 may also include memory external 
to microprocessor 124. This external memory is generally 
coupled to microprocessor 124 and may comprise either vola
tile or non-volatile memory. 

In another embodiment, a plurality of frequency dividers 
10 (not shown) are coupled to microprocessor 124. As defined 

herein, a frequency divider is any module or circuit which 
divides a waveform or signal into a lower frequency wave
form or signal. In a preferred embodiment, the plurality of 
frequency dividers are asynchronous counters. However, the 

15 frequency dividers may comprise other types of frequency 
dividers known in art. The frequency dividers are used to 
divide the waveform generated by microprocessor 124 as will 
be described in more detail below. 

In a further embodiment, laser spectroscopic sensor 100 
comprises a reference cell144. Reference cell144 generally 
contains a reference concentration of the target compound of 
interest. Typically, a photodetector 146 is coupled to refer- 20 

ence cell144. However, any device may be coupled to refer
ence cell144 to detect absorption. Photodetector 146 senses 
the absorption by the reference concentration in reference cell 
144. Photodetector 146 is also in electrical connnunication 
with a second lock-in amplifier 148. In some embodiments, a 
preamplifier (not shown) may be disposed between photode
tector 146 and second lock-in amplifier 148. Both first and 
second lock-in amplifiers 152, 148 are preferably dual phase 
lock-in amplifiers. 

It is contemplated that many sensing devices or modules 
may be in electrical connnunication with microprocessor 124 
to form multiple control loops. For example, in further 
embodiments, a current controller module 161 and a thermo-
electric module 163 are in electrical connnunication with 
microprocessor 124. Current controller module 161 and ther-

25 moelectric module 163 are also in electrical connnunication 
with light source 112. Microprocessor 124 controls current 
controller 161 to adjust current oflight source in response to 
changes in resonant frequency of detector. Current controller 
module 161 is also responsible for adjusting the central wave-

A beam splitter 126 may be included in the sensor and can 
be configured to facilitate division of the through beam of 
light. Beam splitter 126 splits the light signal into a first and 
second beam, where first beam is directed at sample cell and 
second beam is directed at reference cell. In further embodi-

30 length and the wavelength modulation of light source 112. 
Thermoelectric module 163 controls the temperature oflight 
source since temperature affects the frequency of the light 
signal emitted from light source. In certain embodiments, a 

ments, beam splitter 126 splits beam into more than two 35 

beams. Beam splitter 126 may be any suitable device known 

temperature sensor (not shown) is coupled to light source 112 
which transmits temperature data to microprocessor 124. 

According to one embodiment, the microprocessor draw 
less than about 0.05 W, more preferably less than about 0.02 
W. Low power consumption is an important aspect of the laser 
spectroscopic sensor 100, as the less power is used or drawn 

in the art. 
In a preferred embodiment, the sensor 100 comprises a 

single microprocessor 124 such as a low-power digital signal 
processor. For example, the microprocessor 124 may be a 
MSP430-class DSP processor connnercially available from 
Texas Instruments, Inc. However, any suitable microproces
sors may be used with the laser spectroscopic sensor. Other 
examples of suitable processors include without limitation, 
field programmable gate arrays, microcontrollers, program
mable logic devices, application specific integrated circuits 
and the like. The microprocessor 124 controls all the sub
systems or functions of the laser spectroscopic sensor 100 
including without limitation, diode laser temperature control, 
diode laser current control, sample gas temperature, sample 
gas pressure, signal conditioners, waveform generation, etc. 
It is preferred that all sub-system controls of the laser spec
troscopic sensor are integrated on a single microprocessor. 
Integration of all controls in a single microprocessor elimi
nates the need for a bulky external controlling device such as 
a computer, or external control hierarchy. In addition, using a 
single microprocessor 124 consumes less power and reduces 
complexity in the laser spectroscopic sensor 100. However, it 
is contemplated that additional embodiments of the laser 
spectroscopic sensor 100 may utilize more than one micro
processor. 

In embodiments, microprocessor 124 includes memory 
191. Memory 191 may comprise volatile (e.g., random access 
memory) and/or non-volatile memory (e.g., read only 
memory (ROM), electrically-erasable progrannnable ROM 
(EEPROM), Flash memory, etc.). Ina preferred embodiment, 
memory 191 is flash memory. Memory 191 may be used to 

40 from microprocessor, the longer the sensor may be used in 
portable applications. Thus, in preferred embodiments, the 
sensor 100 is powered by a battery such as a lithium ion 
battery (not shown). 

Microprocessor 124 may be coupled to a variety of differ-
45 ent communication devices (not shown). In an embodiment, 

microprocessor 124 is coupled to an RF or wireless antenna. 
Alternatively, microprocessor 124 is coupled to a wireless 
chip. In addition, microprocessor 124 may be coupled to a 
connnunications port such a Universal Serial Bus Port, a 

50 serial port, a parallel port, Firewire port, etc. In another 
embodiment, the laser spectroscopic sensor 100 includes 
input devices allowing a user to input parameters for using 
laser spectroscopic sensor 100. The input devices may be 
coupled to microprocessor 124 to program microprocessor or 

55 adjust laser spectroscopic sensor 100 parameters. Example of 
input devices include without limitation, keypads, jumpers, 
touch sensors, and buttons. 

In a preferred embodiment, the laser spectroscopic sensor 
100 including all of its individual modules (e.g. detector, 

60 microprocessor, light source, etc.) is mounted or is capable of 
fitting on a single circuit board. Thus, another novel feature of 
the disclosed sensor 100 is its ultra-compact size. It is envi
sioned that embodiments of laser spectroscopic sensor 100 
will be no larger than a personal digital assistant or a portable 

65 MP3 player, thus, allowing placement of many such sensors 
100 in remote locations. In general, laser spectroscopic sen
sor 100 including light source 112, microprocessor 124, and 
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all other electronics consumes no more than 5 W of power, 
preferably no more than 1 W of power. 

In operation, a beam of light is generated by light source 
112 according to a signal from microprocessor 124 and is 
passed through sample cell118 to excite the molecules within 
the sample compound in sample cell118. The microprocessor 
124 generally provides a reference electrical signal in the 
form of a sine wave or rectangular wave synchronized to the 
light modulation. Nonradiative decay or molecular rearrange
ments cause expansions and/or contractions of a material 10 

within sample cell 118 to generate acoustic waves passing 
from sample to detector 120. In photoacoustic embodiments, 
detector 120 detects the resulting acoustic waves and passes 
signals corresponding to, for example, gas pressure changes 
in the acoustic waves to first lock-in amplifier 122. Alterna- 15 

tively, detector 120 is a photodetector which measures the 
intensity of the beam oflight after absorption by the sample 
compound. The change in intensity is proportional to the 
concentration of the target compound in the sample. 

Both first and second lock-in amplifiers 152, 148 generally 20 

comprise two chanr1els and produces two outputs (DC voltage 
levels, X andY) corresponding to in-phase and quadrature 
(e.g. 90 degrees), components of the detector signal with 
respect to the reference signal. However, the lock-in amplifi-

8 
tor 120, the modulation frequency of the light source 112 is 
tuned to match the resonant frequency of the detector 120. In 
addition, the lock-in amplifiers 152, 148 are tuned or pro
grammed to the detector resonant frequency in order to 
amplify only signals at the detector's resonant frequency. A 
power-efficient and novel method for performing the afore
mentioned calibration is described below. 

As shown in FIG. 2, in a preferred embodiment, the soft
ware causes the microprocessor 224 to periodically calibrate 
or tune the modulation frequency of the light source to the 
resonant frequency of an acoustic detector 220. In an embodi
ment, the software causes the microprocessor to check the 
resonant frequency every 1 minute to 20 minutes, preferably 
10 minutes. However, the period between frequency calibra
tions or tnnings may be any suitable time period. In an 
embodiment, the software causes the microprocessor to cali
brate the resonant frequency continuously. Referring now to 
FIG. 2, to begin the calibration process, the microprocessor 
synthesizes or generates a first waveform that is divisible into 
a plurality of different waveforms at lower frequencies in 
block 210. Furthermore, the software may cause the micro
processor to shut off light source during the calibration or 
tuning process. In a preferred embodiment, microprocessor 
224 generates a waveform that is divisible into 5 lower fre
quency waveforms. Typically, f is initially the modulation 
frequency of the light source from the previous calibration. 
According to at least one embodiment, the first waveform has 
a frequency of 12f. However, waveforms of any suitable 

ers 152, 148 may also be single channel amplifiers. The signal 25 

from first lock-in amplifier 152 is then sent to microprocessor 
124 for acquisition and processing. An output device may be 
coupled to sensor 100 (not shown) and be configured to 
convert information obtained from microprocessor 124 to, for 
example, a graphical or numerical display. 30 frequency may be generated. 

As mentioned above, beam splitter 126 divides the beam of 
light into a first beam and second beam, in which second 
beam is directed at reference cell 144. Reference cell 144 
contains a reference concentration of the target compound to 
be measured. Photodetector 146 provides a signal at the 
wavelength at which the target compound absorbs the light. 
The signal is relayed through second lock-in amplifier to 
detect the wavelength error. The wavelength error measure
ment is then sent to microprocessor 124. Microprocessor 124 
performs a computation on the wavelength error signal, and 
sends this error factor to current controller 161 to adjust the 
wavelength of light source 112. This feedback loop ensures 
that the light source 112 is emitting light at the appropriate 
wavelength corresponding to the absorption line of the target 
compound. This wavelength control is also known as "line
locking." In additional embodiments, microprocessor con
trols the wavelength modulation of light source 112 via cur
rent controller module 161. 

In a further embodiment, software executable on micro
processor 124 allows for data acquisition and processing from 
detector 120. As microprocessor 124 receives a signal from 
detector 120 via first lock-in amplifier 152, the software 
instructs microprocessor to store the signal level in memory 
191. The software also enables microprocessor 124 to calcu
late the concentration of the target compound in the sample 
using the acquired data (i.e. signal level). Furthermore, the 
software may instruct microprocessor to send the calculated 
concentration to an output device through any commnnica
tions devices coupled to microprocessor 124 such as a USB 
port or wireless chip. 

In embodiments utilizing an acoustic detector, software 
executable on the microprocessor 124 matches the modula
tion frequency of the light source 112 and the lock-in ampli
fier frequencies with the resonant frequency of the detector 
120. The resonant frequency of the detector 120 is variable 
because of changes in temperature and pressure in the sample 
chamber 118. In order to maximize the signal from the detec-

In at least one embodiment, the software causes the micro
processor 224 to generate the first waveform using a direct 
digital synthesis algorithm (DDS). However, any suitable 
methods may be used to synthesize the waveform such as 

35 programmable and controlled oscillators, direct-analog syn
thesis or indirect synthesis. The generated waveform is sent to 
a plurality of frequency dividers to divide the first waveform 
into a plurality of synchronized waveforms. That is, the plu
rality of waveforms may be formed in parallel (i.e. simulta-

40 neously) or with some other timing pattern. As mentioned 
above, the plurality of frequency dividers may be a plurality 
of digital counters. Other frequency dividers may also be 
used. Preferably, the 12 f waveform is sent to 5 different 
digital counters which divide it into 5 respective waveforms 

45 in block 211. In an embodiment, each of the 5 waveforms has 
one of the following frequencies: f, 2f, 2f+90 degrees, 3f, 
3f+90 degrees, where f is the modulation frequency of light 
source 212. Alternatively, the first waveform may be divided 
into any waveform having a frequency that is a multiple off 

50 (i.e. 2f, 3f, 4f, Sf, etc.). 
The 2 f and 2f+90 degree waveforms are sent as reference 

signals to the reference and quadrature channels of the first 
lock-in amplifier 252, respectively. In addition, the 2fwave
form signal may be sent to detector 220 to excite the acoustic 

55 detector 220 if laser excitation does not provide a strong 
enough signal. The 3f and 3f+90 degree waveforms are sent to 
the reference and quadrature channels of second lock-in 
amplifier 248, respectively. The f waveform is sent to the light 
source current controller where the modulation frequency is 

60 adjusted or tnned to match the detector resonant frequency. 
Therefore, the software executable on microprocessor 224 is 
optimized such that the only function for frequency calibra
tion performed by the microcontroller 224 is to iteratively 
generate a first waveform divisible into the 5 specific wave-

65 forms. Accordingly, a novel aspect of the software is that a 
plurality of synchronized waveforms may be generated with 
minimal processing and power draw by microprocessor 224. 
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A preamplifier 122 converts the signal from the detector to 
sufficient voltage levels for the first lock-in amplifier 252 to 
detect. That signal is connected to the first lock-in amplifier 
252. First lock-in amplifier 252 and light source 212 must be 
tuned to the resonant frequency of the detector in order to 
generate and amplify the signal from acoustic detector 220. If 
first lock-in amplifier 252 and light source 212 are not pro
vided with the correct reference frequency, the signal from 
acoustic detector 220 will not be maximized. If microproces
sor 224 determines that the signal from first lock-in amplifier 10 

252 has not reached a maximum value in block 213, micro
processor 224 iterates another frequency in block 215 and 
generates another first waveform at this different frequency. 
This waveform is continuously divided by digital counters 

15 
and sent to each respective module i.e. light source, lock-in 
amplifiers, etc. 

The software causes the microprocessor 224 to continue 
iterating and generating new waveforms with different fre
quencies until microprocessor 224 determines that the signal 20 

from first lock-in amplifier 252 has reached a maximum 
value. In an embodiment, the software utilizes a binary search 
algorithm to determine whether the signal from lock-in 
amplifier 252 is maximized. Without being limited by theory, 
it is believed that once the signal from lock-in amplifier 252 is 25 

maximized the modulation frequency of light source 112 is 
matched with the resonant frequency of the acoustic detector 
220. Once an amplified signal from the first lock-in amplifier 
252 at the specific resonant frequency of the acoustic detector 
is detected by microprocessor 224, the software halts the 30 

tuning or calibration process. If the signal to noise ratio is 
high enough, the modulation frequency may itself be modu
lated and a lock-in amplifier may be used to lock in the 
resonant frequency. 

35 
Referring back to FIG. 1, in embodiments oflaser spectro

scopic sensor 100 utilizing a photodetector (not shown), the 
frequency of the first waveform generally is not iterated or 
adjusted. Instead, the microprocessor 124 is programmed to 
repeatedly generate a first waveform at a constant first fre- 40 

quency. For example, in embodiments of sensor 100 having 
first and second lock-in amplifiers 152, 148 and a photode
tector, the first waveform is still divided into a plurality of 
different waveforms using a plurality of frequency dividers. 
Each waveform from the plurality of frequency dividers is 45 

sent to the respective channels of the lock-in amplifiers as 
well as light source control. However, the frequency of each 
of these waveforms does not change over time because the 
frequency of the first waveform remains constant. As a result, 
the disclosed techniques may increase the power efficiency 50 

for photodetection embodiments of the sensor 100 as only 
one waveform at a single frequency needs to be generated by 
the microprocessor 124. Nevertheless, it is contemplated that 
the calibration method for acoustic detectors described above 
may also be used with a photodetector if desired. 55 

The software executable on microprocessor may further 
utilize pulse width modulation (PWM) to control individual 
sub-systems of laser spectroscopic sensor 100. In another 
embodiment, software executable on microprocessor causes 
the microprocessor to automatically perform PWM power 60 

conversion from a power supply for the light source or to use 
PWM to heat and cool the light source. 

10 
(PDAs)) which may be used in self-diagnostic health appli
cations or personal air quality control (helpful in urban or 
industrial environments). 

A wireless network on the scale of hundreds of nodes 
would enable applications such as source localization for fire 
detection, or wide area monitoring for environmental appli
cations. These sensors may also be capable of utilizing envi
ronmentally friendly energy sources (e.g. solar, wind, vibra
tion), and work together to determine optimum duty cycles 
for each member of the network. 

Although the present invention and its advantages have 
been described in detail, it should be understood that various 
changes, substitutions and alterations may be made herein 
without departing from the spirit and scope of the invention as 
defined by the appended claims. 

What is claimed is: 
1. A method comprising: 
generating a first waveform at a first modulation frequency 

using a direct digital synthesis (DDS) algorithm; and 
dividing the first waveform into a plurality of second wave

forms at a plurality of second modulation frequencies 
using a plurality of frequency dividers, 

wherein the second modulation frequencies comprise a 
light source modulation frequency that is used to control 
the frequency of a light source, a first in-phase modula
tion frequency and a first quadrature modulation fre
quency that are used to detect absorption of a first por
tion of the light source by a sample compound, and a 
second in-phase modulation frequency and a second 
quadrature modulation frequency that are used to detect 
absorption of a second portion of the light source by a 
reference concentration of the sample compound, and 

wherein a frequency initially used to modulate the light 
source is equal to about f, wherein the first modulation 
frequency is equal to or greater than about 12f, wherein 
the light source modulation frequency is equal to about 
f, wherein additional timing waveforms comprise the 
first in-phase modulation frequency, the first quadrature 
modulation frequency, the second in-phase modulation 
frequency, and the second quadrature modulation fre
quency, wherein the first in-phase modulation frequency 
is equal to about 2f, wherein the first quadrature modu
lation frequency is equal to about 2f+90 degrees, 
wherein the second in-phase modulation frequency is 
equal to about 3f, and wherein the second quadrature 
modulation frequency is equal to about 3f+90 degrees. 

2. The method of claim 1, wherein the first waveform is 
generated using a software that is executed on a processor. 

3. The method of claim 2, wherein the processor is a fixed 
point digital signal processor. 

4. The method of claim 3, wherein the frequency dividers 
are hardware timers that are part of the processor. 

5. The method of claim 4 further comprising detecting at 
least one of the second waveforms using a lock-in amplifier 
comprising a filter and a phase sensitive detector. 

6. The method of claim 5, wherein a transimpedence 
preamplifier is used to detect the second waveform, wherein 
the transimpedence preamplifier is coupled to the lock-in 
amplifier. The cost effectiveness and low-power utilization of the 

disclosed sensor 100 allows for the application of many sen
sors as nodes in a wireless sensor network. The sensors may 
be integrated into common handheld devices with other func
tionality (e.g., cell phones or personal digital assistants 

7. The method of claim 1, wherein dividing the first wave-
65 form into the second waveforms is repeated until a signal 

level for detecting absorption of the first portion of the light 
source by the sample compound reaches a limit. 



US 8,098,376 B2 
11 

8. An apparatus comprising: 
a light source; and 
a processor configured to implement a method comprising: 
dividing a first waveform into at least a second waveform 

having a lower frequency; and 
filtering the second waveform to create a sinusoid; 
attenuating the sinusoid using control signals from the 

processor; and 
controlling a current fed to the light source using the 

attenuated sinusoid, thereby controlling a modulation of 10 

a light emitted from the light source; 
a detector; 
an amplifier coupled to the detector and the processor, 

wherein the amplifier receives a signal from the detector, 
performs phase sensitive detection of the signal, and 15 

passes the signal to the processor and wherein the 

12 
processor, the light source, and the detector are 
mounted on a circuit board, and wherein the circuit 
board consumes a power less than about five watts 
(W); 

a wireless transmitter coupled to the processor; and 
a power source coupled to the circuit board, 

wherein the processor produces data associated with 
emission or uptake of a chemical, and 

wherein the wireless transmitter transmits the data to a 
central location. 

9. The apparatus of claim 8, wherein the detector is an 
acoustic detector. 

10. The apparatus of claim 8, wherein the detector com
prises an absorption cell and a photodetector. 

* * * * * 


