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ABSTRACT 
 

Sandia National Laboratories, in partnership with the Consumer Product Safety 
Commission (CPSC), has developed an optical-based sensor for the detection of CO 
in appliances such as residential furnaces.  The device is correlation radiometer based 
on detection of the difference signal between the transmission spectrum of the sample 
multiplied by two alternating synthetic spectra (called Eigen spectra).  These Eigen 
spectra are derived from a priori knowledge of the interferents present in the exhaust 
stream.  They may be determined empirically for simple spectra, or using a singular 
value decomposition algorithm for more complex spectra.  Data is presented on the 
details of the design of the instrument and Eigen spectra along with results from 
detection of CO in background N2, and CO in N2 with large quantities of interferent 
CO2.  Results indicate that using the Eigen spectra technique, CO can be measured at 
levels well below acceptable limits in the presence of strongly interfering species.  In 
addition, a conceptual design is presented for reducing the complexity and cost of the 
instrument to a level compatible with consumer products. 
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1.  INTRODUCTION  
Carbon monoxide (CO) is a colorless, odorless, and tasteless gas and is a byproduct of the 
incomplete combustion of fossil fuels such as gas, oil, coal and wood.  While CO is an important 
commercial product used extensively in the oil industry, dangerous amounts of CO may 
accumulate where poor ventilation is present.  This is extremely important in small confined 
areas such as residential utility spaces.  CO poisons people by displacing oxygen in the 
bloodstream by bonding nearly irreversibly with hemoglobin, therefore, depleting bodily organs 
of oxygen and causing their subsequent death.  Consumers run the risk of CO poisoning from 
over 15,000 different types of consumer products.  Each year there are over 200 deaths caused by 
CO poisoning and thousands of injuries.   The financial impact of CO-related problems (death, 
injuries, and property damage) totals more than $700 billion annually1. 

Concentration of CO in air Inhalation time and toxic developed 

50 parts per million (ppm) Safety level as specified by the Health and 
Safety Executive 

200 ppm  Slight headache within 2-3 hours 

400 ppm  Frontal headache within 1-2 hours, becoming 
widespread in 3 hours 

800 ppm  Dizziness, nausea, convulsions within 45 
minutes, insensible in 2 hours 

Table 1: Physiological results of exposure to various levels of CO. 
 
In response to this hazard of consumer products, Sandia National Laboratories (SNL) has 
partnered with the Consumer Product Safety Commission (CPSC) to develop an infrared (IR)-
based spectrometer capable of meeting three major requirements.  First, the spectrometer must be 
able to detect sub 100 ppm-meters of CO.  Second, this detection must be possible in cases of 
high background interferents such as carbon dioxide (CO2) and water.  Third, the spectrometer 
design must lend itself to a development path capable of developing small, cheap, and 
quantitative measuring systems.   This final report presents the approach undertaken in 
developing an analytical tool, meeting these three requirements listed, and the data obtained from 
this analytical tool.   
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2. BACKGROUND 
Combustion Byproducts and Their IR Spectra 
Combustion efficiency of natural gas during furnace operation approaches 100%, with only a 
small fraction of the original constituents not being broken down into carbon dioxide, water, and 
other impurities.  Figure 1 shows the IR absorbance spectra of combustion byproducts such as 
CO, CO2, NOx, and SOx.  Additionally, the IR absorbance spectra of uncombusted constituents 
such as methane and ethane are shown.  It was the goal of this project to develop a CO 
monitoring system that was not affected by overlapping spectra, such as CO2 and water (not 
shown). 

Operating conditions within a 92% efficient household furnace were determined by the CPSC.  
Four operating conditions were tested to (1) provide a baseline of operation (normal) and (2) to 
mimic the incomplete oxidization of combustion byproducts, leading to elevated CO.   

Test 1: Furnace working under overfired conditions.   113.3 kBTU/Hr and normal vent 

Test 2: Furnace working under normal conditions.  98.9 kBTU/Hr and normal vent 

Test 3: Furnace working under normal conditions.  98.5 kBTU/Hr and blocked vent  

Test 4: Furnace working under overfired conditions.  111.0 kBTU/Hr and blocked vent 

Table 2: Conditions of the four tests performed at the CPSC. 

Below in Table 3 are the quantitative results of carbon monoxide and carbon dioxide testing 
inside the primary flue of a 92% efficient furnace.  Notice, CO and CO2 are greatest under Test 4 
conditions.  The highest CO2 present in any test was 11.5%.  This is important to notice, because 
CO2 is a possible interferent for CO monitoring.   The lowest CO value obtained was 7 ppm.    

 Test 1 

CO 

Test 1 

CO2 

Test 2 

CO 

Test 2 

CO2 

Test3  

CO 

Test 3 

CO2 

Test 4 

CO 

Test 4 

CO2 

Avg 8.92 7.64 10.25 6.52 89.28 9.97 684.70 11.35 

Max 10.57 7.7 10.97 6.72 102.32 9.88 791.39 11.44 

Min 7.37 7.59 6.86 6.34 65.73 9.05 540.01 11.25 

Std. Dev 0.71 0.04 0.49 0.05 8.71 0.11 73.88 0.04 

Table 3: CO and CO2 values for four operational tests.  CO values are in ppm, CO2 values 
are in percent 

An important part of understanding combustion diagnostics is determining what the IR 
absorbance spectra of the furnace conditions, particularly under the operating conditions of Test 
4.  To understand the IR environment of Test 4 the measured furnace conditions were mimicked 
on a Fourier Transform Infrared (FTIR) spectrometer (Figure 2).  Four primary conditions had to 
be met for successful simulation of Test 4: the matching of CO and CO2 levels, operating 
temperatures of 212˚F, and 98% relative humidity (RH).  This was accomplished by flowing CO 
and CO2, of appropriate concentrations, through a hot water bath containing a water bubbler, and 
through a length of tubing wrapped in heat tape.  The temperature at the FTIR gas cell was 
controlled to 212˚F.  RH was measured at the end of the flow path using an RH sensor.  A 10 cm 
long gas cell was used for all measurements.   
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Multiple experiments were run for all testing conditions stated in Table 2.  The most 
comprehensive test ran on the FTIR comprised 500 ppm CO and 11.5% CO2, 225˚F, and 93% 
RH.  While these conditions are not exactly the same as those present under Test 4, they were the 
closest simulation that could be accomplished outside of an actual furnace.   Notice that the two 
CO peaks (represented by humps) and CO2 absorbance line in Figure 3 do not show much 
interference with CO absorbance lines.  Water absorbance lines provide the largest interference 
with CO absorbance lines under Test 4 conditions.   

Furnace Integration 
To test the spectrometer under actual conditions, a 92% efficient furnace (Figure 4) was 
purchased.  The spectrometer is to be integrated onto the secondary flue of the heat exchanger 
(circled in yellow).  The secondary flue is where the combustion by-product water drain pan is 
located indicating an expected high humidity level in this region.  The spectrometer will be 
integrated onto the side of the furnace and the optical path for the spectrometer passes through 
the length of the secondary flue and is reflected back via a mirror.  This double pass arrangement 
allows for a 36 inch (0.914 m) long detection pathlength.   

Spectrometer Design 
Figure 5 shows a schematic layout of the rotating mask spectrometer used for measuring the 
infrared transmission spectrum of the sample volume.  Infrared radiation from a resistively 
heated element is collimated using a CaF2 lens and directed through a 10 cm path-length sample 
volume.  The transmitted radiation is then focused by a second CaF2 lens through the entrance 
slit of the spectrometer.  An off-axis parabolic mirror collimates the light emerging from the 
entrance slit and directs it onto a 150 groove/mm diffraction grating.  The spectrally dispersed 
light is then focused by a ZnSe lens.  A turning mirror serves to reduce the overall dimensions of 
the optical package.  The first mirror of a periscope assembly is used to redirect the infrared 
radiation so that it passes vertically (i.e. perpendicular to the base-plate) through the mask wheel.  
The plane of focus of the infrared radiation is adjusted to precisely coincide with the metallic 
patterns fabricated on the mask wheel.  After being filtered by the mask pattern, the remaining 
radiation is redirected by the second mirror of the periscope assembly such that it once again 
travels parallel to the base-plate.  The infrared radiation is returned along the incident path, 
reflecting off the turning mirror and passing through the focusing lens.  The diffraction grating 
recombines the remaining spectral components, which are the focused by the off-axis parabolic 
mirror.  The returning beam is slightly displaced vertically due to the periscope assembly, and a 
small pick-off mirror is used to direct the focused radiation onto the HgCdTe infrared detector 
(Figure 6).   

To measure the infrared transmission spectrum of the sample volume, the mask wheel is 
positioned so that the position of the spectrally dispersed infrared light coincides with the 
position of the Hadamard masks fabricated along the outer periphery of the mask wheel (Figure 
7).  As the wheel rotates, the Hadamard masks are sequentially positioned in the infrared beam 
and the intensity corresponding to each mask is recorded.  The synchronization pattern fabricated 
near the center of the mask wheel, in conjunction with the synchronization electronics ensure 
that the detector output for each mask can be identified.  The sequence of Hadamard weights can 
then be inverted using standard Hadamard techniques to recover the infrared spectrum.   

For CO detection, the grating wheel is moved laterally until the position of the detection masks 
coincides with the position of the focused, spectrally dispersed, infrared light.  Rotation of the 
mask wheel causes the “plus” and “minus” masks to be alternately placed at the position of the 
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beam (Figure 8).  The detector output is continuously recorded.  The voltage waveform usually 
exhibits a square-wave like appearance due to the differences in transmission through two types 
of masks (Figure 9).  A Fast Fourier transform is applied to the voltage waveform to determine 
the amplitude of modulation, which provides a measure of the concentration path-length product 
of the CO gas (Figure 10). 

Mask Wafer design 
Figure 7 shows a circular mask wheel.  This mask wheel can be reflective or transmissive in 
nature.  For the spectrometer designed above, the mask was used in the transmissive state.  The 
mask wheel incorporates three radial regions; in the center is a radial region of position fiducial 
markers for monitoring the mask position; in the middle of the wafer are repeated A-B pairs of 
chemical species-specific masks, called Eigen masks (Figure 8); on the outer edge of the wafer 
are Hadamard masks.  The position fiducial markers comprise an alternating series of 
metallization (reflectance) and no metal (transmission) patterns.  This synchronization region of 
the mask wheel is read by an optical reflectance circuit and used by the synchronous detector to 
associate each photo-detector measurement with the particular mask that is illuminated at that 
instant.  The wheel is mounted onto a flat chuck that holds the wafer in place by vacuum.  The 
wafer is turned at a desired rotation rate using a precision motor.   

The IR spectrometer incorporated two methods of detection.  The first method, using Hadamard 
masks, contains a series of masks for a given span of spectral region.  These masks contain 
transmission and reflectance portions that block undesired light bands, while allowing light in 
desired bands to be detected by a photo-detector.  The results of detector output are used to yield 
a spectral representation (such as the results obtained through FTIR).  The second method was 
designed to contain a series of species-specific masks (Eigen masks) that likewise possess 
transmission and reflectance portions that block undesired light bands, while allowing desired 
light bands to pass onto a photo-detector.  Both of these mask sets are fabricated onto a silicon 
wafer using standard photolithography. 

Eigen gratings defined 
Eigen masks can be designed for reflective or transmissive operation.  In work for the CPSC, 
transmissive Eigen mask are used to determine the presence of a chemical by employing a priori 
knowledge of the transmission spectra of the target species.  For the case of CO detection, the 
eigen masks can be designed empirically.  The CO absorption spectrum in the vicinity of 
2150 cm-1 consists of a regular sequence of narrow absorption peaks.  In this case, two masks 
may be designed such that the first mask contains a sequence of transmissive windows that 
precisely overlap the absorption peaks of the CO spectrum.  The second mask contains a similar 
sequence of windows, however in this case the sequence is shifted slightly so that they overlap 
the “valleys” between the peaks of the CO spectrum.  Thus, if a sample with significant CO is 
present, the spectrally integrated transmission obtained using the first mask will be smaller than 
that obtained with the second mask, and a modulation signal will be observed. 

In more complex situations, a mathematical algorithm can be employed to determine the optimal 
mask set which maximizes the response to the species of interest, while simultaneously 
minimizing the response of the system to spectrally interfering compounds, such as water (Figure 
3).  This approach leads to a matrix equation that is solved for the appropriate reference spectra 
using Singular Value Decomposition (SVD).  The SVD method is very general.  It assumes that 
two spectral masks will alternately be placed in the beam, but does not assume that one mask is (B) (B) 
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simply a shifted copy of the other.  In general, the two masks bear very little resemblance to one 
another2, 3, 4.   

To formulate a mathematical description of the sensing mask, a given a set of target species 
(A,B,C…) is assumed that are potentially present in a sample volume, and an input radiance 
spectrum is assumed.  The set of reference spectra (a+, a-, b+, b-…) is determined that optimizes 
the selectivity of correlation-based sensing of these species.  When probing for species A, the 
radiometer will alternately produce the reference spectra a+ and a-, and the modulation of the 
spectrally integrated intensity reaching the detector will be measured.  In a similar manner, 
reference spectra b+ and b- are used to detect species B.  Ideally, each pair of reference spectra 
will produce a modulation signal only if the target species for which the pair was designed is 
present.  The input sample spectrum is given by  

 ( ) ( ) ( ) ( )0 a bL A c B cI I e ν νν ν − ⋅ ⋅ + ⋅ +⎡ ⎤⎣ ⎦= ⋅ L  (1) 

 
where L is the sample path-length, A(v) and ca are the absorption spectrum and concentration of 
species A.  For small concentrations where the exponent is a small number, Eq. (1) can be 
approximated as: 

 ( ) ( ) ( ) ( ) ( ) ( )0 0 0
a bI I I A c L I B c Lν ν ν ν ν ν= − ⋅ − ⋅ −L  (2) 

 
The reference spectra a+ and a- for the detection of species A should satisfy the following 
integral equations: 
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 (3) 

 
These equations simply state that, when reference spectra a+ and a- are used, a signal should only 
be generated if species A is present.  Likewise a similar set of equations can be written for 
species B etc. 

These equations can be written in discrete form as 
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where the “Eigenspectrum” for species A has been defined as 

 i i ia a a+ −≡ −%  (5) 

 
In matrix form, these equations become: 
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Similarly for species B: 
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It is not possible to obtain explicit solutions to these matrix equations, since they involve more unknowns 
than equations.  However, it is possible to obtain the best solution (in a least-squares sense) using SVD, 
and back-substitution.  To do this, the coefficient matrix is padded with rows of zeros to form a square 
matrix, SVD is applied, and back-substitution is employed to obtain the difference spectrum.  This 
procedure is repeated to obtain the Eigenspectrum for each target species.  Using this method, multiple 
Eigen A-B pairs (representing a unique cross-correlation) can be fabricated along the circumference of the 
mask wheel.  For example, using a five-inch-diameter silicon wafer as the mask wheel, up to 71 discrete 
compounds can be measured using this method.   

Hadamard gratings defined 
The outer region of the mask wheel comprises Hadamard masks to measure the transmission of 
spectra from a given sample.  The Hadamard pattern is formulated wherein each pattern 
represents about 360º/n of arc for an n-bit Hadamard pattern.  For example, in its current design, 
the Hadamard mask-set is comprise of 283 adjacent segments.  Adjacent Hadamard masks 
comprise the same mask architecture; however, a cyclic permutation by one segment is 
performed for each new adjacent mask.  This process is repeated 283 times, until the cycle is 
complete.  To measure a spectrum, the incoming light is sequentially filtered with each of the 
Hadamard masks, and the photo-detector output is recorded.  An inverse transformation 
procedure is then employed to recover the spectrum of the incoming light from the ensemble of 
photo-detector measurements.  Using this method, one obtains the transmission or emission 
spectrum of the gas to be analyzed5.   

Electronics 
The electronics constructed for the application consisted of two circuits each with different 
functionality.  The “tachometer” (Figure 11 and Figure 12) is based on an Agilent HEDS-1500 
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655 nm precision optical reflectivity sensor and serves to measure the position of the mask wheel 
in order for the Hadamard transform to be inverted and for the synchronization with the Eigen 
spectra.  The device consists of a 655 nm LED and a complementary photo-detector with an 
integral split lens such that light from the LED is reflected off of a surface and into the photo-
detector provided the sensor head is within ~4 mm of the surface to be probed.  Our application 
requires the LED to be operated in continuous mode with approximately 35 mA of forward 
current.  The photo-detector is connected to ¼ of an LF347 operational amplifier operated as a 
trans-impedance amplifier (TIA).  The trans-impedance gain of the first stage is on the order of 
10 MΩ and outputs a signal that represents the reflected surface.  The output of the first stage is 
then AC coupled to remove DC offset due to current leakage and amplified by another factor of 
200 through a comparator with hysteresis to eliminate transition jitter noise.  This also assures 
that the signal is limited by the power supply rails at both the top and bottom excursion 
producing a square wave representation of the pattern on the spinning wheel with +12V 
representing a logic 1 and -12V representing a logic 0. 

This square wave output is then wired to two circuit nodes.  One path is to the base input of a 
MMBT2222A switching transistor that is biased to switch between saturation and cutoff and 
produce a TTL level signal from the +5V supply.  This signal is called Tpulse for trigger pulse.  
The other circuit node is to a jumper that allows the signal to pass directly to the input of the 
LM555 timer circuit wired as a missing pulse detector or through a gain of -1 amplifier circuit to 
produce a π phase shift in the data prior to the missing pulse detector.  This was necessary to 
compensate for a potential π phase shift from the fiducial pattern on the wheel.  

The missing pulse detector is a circuit that is tuned via the potentiometer (R4) to trigger if an 
interval between reset pulses is longer than expected.  The fiducial pattern on the wheel has a 
“dark” and reflective stripe for each of the Hadamard masks.  However, it is fundamental that we 
know which pattern begins the sequence in order the invert the Hadamard data matrix.  Thus, a 
double-wide stripe was placed on the wheel to represent this beginning sequence.  The 
tachometer circuit detects this double wide stripe as a missing pulse and produces a TTL pulse 
from the output transistor (Q1) that is inverted and is called Zpulse.   

Zpulse presents the beginning of the Hadamard pattern as well as being used to reset the divide 
by 4 flip-flop circuit (74HC74) that produces the synchronization signals for the Eigen function 
detection.  Tpulse is divided using a divide by 4 ripple counter to form the output Eigen.  Since, 
there are an odd number of Hadamard codes, it is necessary to synchronize the output of the 
ripple counter to avoid an inversion in the synchronization signal every other rotation of the 
wheel.  Thus, the preset function on both flip-flops is connected to Zpulse and is set on each 
missing pulse.   

Finally, the signal Eigen is derived by first inverting Tpulse divided by 2 and then implementing 
a logical AND function between it and Zpulse again to reset the counters on each revolution of 
the wheel.  All the signals are sent via connector J2 to the control system for the sensor system.  
In addition, for simplicity, the circuit is designed to operate on ±12V which is required for the 
other detector hardware and the tachometer has an on-board +5V regulator to develop the TTL 
signals.   

The synchronous detector circuit (right photo in Figure 11) is shown schematically in Figure 13 
and Figure 14.  The output of the infrared detector (Boston Electronics PDI-2TE) is coupled into 
a -10 voltage gain amplifier and then into a 30 kHz 4-pole Chebyshev filter with 1 dB of ripple.  
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This is to allow both Eigen mask-derived and Hadamard mask-derived electrical signals to pass 
at all of the projected wheel rotation speeds.  This signal is directly available for analog-to-digital 
conversion at J4 labeled Output.   

This signal is also directed to the input of an AD630 precision balanced modulator/demodulator.  
The AD630 is wired to act as a synchronous detection circuit that has a switchable gain from +1 
to -1.  The gain select is controlled by the input called SYNC and is connected to the signal called 
Eigen2 from the “tachometer” circuit.  The signal Eigen2 is designed to have a logic level high 
for a particular Eigen code and then switch to logic low for the adjacent Eigen code such that 
alternating codes are represented by logic high for the positive Eigen function and a logic low for 
the negative Eigen function.  As there are minor phase shifts possible due to phase lag in the 
amplifier and filter circuits, we have included a method of adjusting the phase to compensate.  
The fine phase shift is accounted for by the operational amplifier circuit U5D and the series of 
jumpers for coarse (π) phase shifts.  By adjusting the phase, a full-wave rectified signal that is 
synchronous with the Eigen codes is passed through the AD630 while noise signals that are not 
of the same phase and frequency of the Eigen codes are averaged to zero.  Since the full-wave 
signal has a non-zero average if CO is present, the output of the detector is coupled into a 
MAX7480 8-pole switched capacitor low-pass Butterworth filter.  This low-pass filter outputs a 
DC voltage that is proportional the amplitude of the modulation signal.  Since the modulation is 
proportional to the correlation of the light with the Eigen function, the DC level is proportional 
to the concentration of the CO in the sample.   

The MAX7480 is tuned by the control signal derived from the LM555 (U4) wired to operate in 
bi-stable mode and adjustable via the potentiometer (R1).  The corner frequency of the low-pass 
filter is fixed by the frequency of the output of the LM555 which must be 100 times larger than 
the desired corner frequency.  Since the rotational frequency of the wheel was not precisely 
known when this section was designed, it was necessary to implement a tunable filter for the 
system.  An issue coupled to the switched filter is transient noise at the oscillator frequency.  
Thus, analog low-pass “anti-aliasing” filters are required at the output of the MAX7480 and 
these are implemented using a 4-pole low-pass Butterworth design with a corner at 100 Hz as 
depicted from U2B and U2C in Figure 14.  The 100 Hz anti-aliasing filter allows the switched 
filter to operate down to 1 Hz giving the synchronous detector circuit and overall time constant 
of 1 sec.  
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3. DATA 
Laboratory Detection of Carbon Monoxide  
Testing of the system under various conditions was undertaken including measurement of pure 
CO in background N2.  The samples were prepared using a mass flow system that is computer 
controlled to develop a calibrated gas stream and then flowing that stream into a 10 cm long 
vessel with CaF infrared windows.  The gas was allowed to flow through the cell at 1 slm) until a 
minimum of 10 volumes of gas had passed through the cell to flush out the previous sample.  
This allows confidence in the CO concentration in the cell.  The cell was then transported from 
the gas handling laboratory to the optical laboratory and placed in the IR beam to be imaged by 
the detection system.  Various concentrations of CO were tested and the results are illustrated as 
the open circles in Figure 15.  Figure 15 is a plot of the square root of the integral area under the 
power spectrum curves (Figure 10) as found from a Fast-Fourier Transform (FFT) of the 
sampled data.  The solid line is a fit of the data to a function of the following form where Vp-p is 
the signal and C is the concentration of CO in ppm. 

 ( )1 C
p p oV V V e λ−

− ′= + −  (8) 

 
where Vo is a DC offset to compensate for DC errors in the detection system and has a value of -
2.34x10-5 V, V’=1.25x10-3 V, and λ=1.69 x10-3 ppm-1-m-1.  The value of V’ is a measure of the 
maximum signal amplitude that can exist in the sensor and is a function of the absolute gain of 
the detection electronics.  However, its physical meaning is that CO will absorb light of certain 
characteristic wavelengths during its passage through the sample cell.  When the concentration is 
high enough that no more light at those characteristic wavelengths remains to be absorbed the 
difference between the two Eigen functions measured in volts is V’.  Finally, λ is a sensitivity 
constant that represents the aggregate absorption of CO over the entire wavelength band.  The 
line in Figure 15 labeled “noise floor” was determined by integrating the power spectrum with 
pure N2 in the cell and represents the value of Eigen function mismatch due to rotation of the 
wheel, process variations in the manufacture of the mask wheel, structure in the source spectral 
radiance, and errors in the mask calculations.  As observed in Figure 15, the limit of CO 
detection (signal-to-noise equal to 1) is approximately 20 ppm-m – a value well below the 
minimum safe concentration quoted in Table 1. 

Laboratory detection of CO in 11.5% CO2  
Similar measurement samples were prepared and tested using the system that included a 
concentration of background CO2 representative of values expected (11.5%) during combustion 
of natural gas in a furnace.  Again, the flow cell was flushed and backfilled as described above 
and placed in the IR beam.  This data is represented by the blue inverted triangles plotted in 
Figure 15.  As observed the data has no discernable variation from the samples in pure N2 
indicating that CO2 is not measured by the system.  Referring back to Figure 1 and Figure 3, we 
observe that CO2 has a substantial absorption very near the wavenumber region of interest but is 
not observed by the radiometer.  This is a result of the rejection capability of the Eigen spectrum 
approach and illustrates its power as an optical measurement technique in systems with many 
components whose spectra overlap! 
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4. ROADMAP TO COMMERCIALIZED CONSUMER PRODUCT 
In order for this technology to move from a laboratory proof of concept to a commercialized 
consumer product, a market will need to exist.  A market will exist if the consumer perceives or 
achieves a benefit that is greater than the cost expended for this product resulting in some 
amount of value.  The benefit of this product lies in the improved efficiency of the furnace and 
additional safety measures provided, the cost will be determined through the commercialization 
process.  Cost numbers less than $20 have been suggested but only the manufacturers and 
consumers truly know what an acceptable cost is.   

To commercialize this laboratory proof of concept, a number of actions will have to occur or at 
least be considered.  These actions when performed in a sequence make up a possible roadmap to 
a consumer product.  Of course there are many paths that can lead to the same commercialization 
result, and these paths are unique to each particular entity trying to create the consumer product.  
An example roadmap with only the significant actions required is discussed in this section.  The 
detailed actions will be left to the commercializing entity. 

Example roadmap: 
1) Size Reduction and Packaging 

2) Gauge Capability 

3) Failure Mode and Effects Analysis 

4) Design for Manufacturability Analysis 

Two results that typically fall out from these actions will be lower cost and greater reliability.  
Then, along with a corresponding market demand (which tends to increase as cost goes down 
and reliability goes up), this technology can emerge as a low cost, high volume, reliable 
consumer safety product that is incorporated into furnaces nationwide. 

Size Reduction and Packaging 
The current laboratory proof of concept has many components that will not be necessary as a 
consumer product.  For example, the rotating wheel and all of its associated components, (i.e. 
motor, electronics for RPM control, mounting hardware, etc.) will not exist in the consumer 
product version.  In fact, the consumer product will be solid state.  These other components were 
used in the development to learn what is required for the solid state design.  As a result, the 
package will be completely different and the size will reduce significantly.  The resulting size 
reduction will give way to few parts and less raw material resulting in a lowered cost and greater 
reliability. 

Figure 16 shows a model of the detector housing as envisioned for the consumer product.  This 
housing would mount to the side of the furnace such that the spectral sample would enter the 
housing as shown.  The sample would then pass through a number of optics manipulating the 
sample for the detector located inside the housing.  The sample would eventually reach the 
photo- detectors located in the middle of the housing.   

The detector would actually be an array of photo-detectors with at least two individual photo-
detectors for each sample of combustion byproduct targeted for monitoring.  For example, if CO 
and CO2 are targeted, a total of four photo-detectors would make up the photo-detector array.  
The photo-detectors would be solid state with a metal filter deposited over them using 
semiconductor processes.  The metal filter would be a spectral filter that would be a result of 
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what was learned from the Hadamard transform and Eigen studies obtained from the spinning 
wheel.  A photo-detector array with the spectral filter deposited over it could be produced in one 
process from the manufacturer of the photo-detector as a custom device.  As custom 
semiconductor processing is expensive, pricing for this custom device would be heavily 
dependent on the quantity purchased.   

The housing can be mass produced using injection molding manufacturing techniques, and the 
optics in the detector housing could be mass produced and/or built into the housing itself further 
reducing cost.  The material for the housing and the optics will not need to stand up to a harsh 
environment since it is located outside of the combustion region. The reflective coatings for the 
optics could be applied after the housing is made further reducing cost. 

Finally, the output of the sensor unit would be signals representing the concentration of the 
combustion by-products.  These signals could be connected to the controller of the furnace to 
make incremental adjustments to the fuel/air input for maximum efficiency or shutdown the 
furnace entirely in the case of unsafe concentrations. 

Gauge Capability 
After the laboratory proof of concept has been reduced and packaged into a consumer product, a 
study regarding the performance is necessary to understand the true performance of the product.  
The product is essentially a sensor, and sensors must be accurate (calibrated) and precise 
(capable) if they are to provide useful information.6.  Generally, accuracy is easier to accomplish 
than precision.  Provided enough signal-to-noise ratio exists, accuracy can be achieved by 
calibrating or characterizing the sensor to a known concentration(s).  The precision or capability 
is a function of the variation in the readings when making the same measurements repeatedly.  
Sensor variation typically shows up in uncontrolled variables within the sensor.  In this product, 
uncontrolled variables could be something as simple as the temperature variation wherever the 
furnace is located since the detector housing would be mounted to the furnace.  Another example 
of an uncontrolled variable would be the cleanliness of the optics or window through which the 
probe light passes.  To characterize and understand the performance of the product, a sensor 
capability study would be required. 

A sensor capability study is illustrated in the spreadsheet shown in Figure 17.  The spreadsheet 
shows three different trials of ten samples made by three different operators.  The measurement 
values are placed in the spreadsheet where statistics are calculated on the data in order to 
determine the capability for the measurement system and the variation contribution of the 
operator.  Definitions of the columns are given below. 

O/A tolerance = Tolerance desired to be measured to. 

X_Bar = Average of 30 measurements for each operator 

X_Diff = Max – Min of X_Bars 

R_Bar = Max – Min for each operator out of 30 total measurements 

R_Bar2 = Average of the three ranges 

K1=3.55 and K2=3.14 are statistical constants used for three trials.   

n*t = Total number of samples 

Gauge variation = (R_Bar2)*K1 / Tolerance 



 

20 

Operator variation = ((X_Diff*K2)2 – (Gauge Variation)2 )1/2 / Total Samples / Tolerance 

Total Repeatability and Reproducibility (R&R) = Vector summation of Gauge and 
Operator Variations. 

For minimal acceptable performance, the total R&R should be less than 30%.  Note that as the 
tolerance is increased, the sensor becomes more acceptable.  This makes intuitive sense in that if 
the tolerance requirement is relaxed by some amount, the sensor will become more acceptable.  
For example, if the perimeter of a building was required to be measured to the nearest inch and 
the gauge is a 12” ruler with no markings on it, the gauge would not be very acceptable.  
However, if the requirement was relaxed so that the perimeter was to be measured to the nearest 
10 feet, then the 12” rule with no markings on it would be more acceptable.  This concept is 
important in that no matter how well the sensor performs; an acceptable tolerance level can be 
found.  If the tolerance level to which the gauge is specified is not acceptable to the user, 
improvement in the sensor design must be explored. 

Gauge capability is a common tool used in the manufacturing and assembly industries.  Most 
statistical software packages have this capability built into them.  There are different techniques 
with the statistical analysis behind the tool, but the general idea is basically the same.  Reducing 
the variation in your readings due to establishing control of the uncontrolled variables will lead 
to an improved gauge.   

Failure Mode & Effects Analysis (FMEA) 
Failure Mode and Effects Analysis is a technique used for advanced product quality planning, 
problem solving, or continual improvement that can be applied to either product design or 
manufacturing and assembly processes.  The application of an FMEA to product design and 
production can significantly reduce the number of failures associated with a product throughout 
its life-cycle. 

The concept of identifying and preventing potential product failures originated in the late 1940s 
and early 1950s when technology began advancing at a pace that exceeded product reliability.  
First applied to the aerospace industry during the early days of the space program, NASA 
engineers needed a way to help them anticipate every conceivable malfunction.  As a result, they 
developed a structured brainstorming approach that became known as the Failure Mode and 
Effects Analysis (FMEA).7 

The FMEA concept is applicable to any industry or product.  As the engineers from the 
aerospace industry moved into other industries, they brought with them the FMEA tool, and as a 
result, its use became more widespread.  However, it was the automotive industry that really 
applied the FMEA to consumer products in its endeavor to improve quality in the face of 
Japanese competition.  Because of this, the automotive method for applying the FMEA is what is 
generally applied to consumer products. 

An example FMEA is shown in Figure 18.  The FMEA can be broken down into four important 
sections, each highlighted in a different color: 1) Potential Failures in blue, 2) Potential Causes in 
yellow, 3) Current Design Evaluation and Control in green and 4) Risk Priority Number (RPN) 
with associated improvement actions. 

1)  Assessing potential failures (blue): 
Beginning at the left of the example, for each functional product requirement, the design team 
will brainstorm the potential failure modes.  For each potential failure mode, the team will then 
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brainstorm the potential failure effect.  For each effect, a severity will be assigned.  The severity 
is a ranking from 1 to 10 of the severity of the problem with 10 being the most severe.  Figure 19 
provides guidelines of how to rate severity for a consumer product.  In general, a rating of 10 is 
considered the most severe and is reserved for injury or death due to a product failure while a 
rating of 1 is considered a minor inconvenience.  In the simple example shown in Figure 18, the 
functional product requirement is analysis of the spectrum and the failure mode is a broken 
detector wire resulting in a no reading failure effect.  The severity level was classified as 8 due 
to a loss of primary function. 

2)  Assessing potential causes (yellow): 
The chart is continued by moving to the right where all potential causes for a failure mode are 
then brainstormed by the team.  These causes are then ranked with an occurrence rating of 1 to 
10.  Again, Figure 19 provides guidelines of how to rate the occurrence level for a product 
failure cause.  For the example cited, the cause was a pinched wire during installation.  This is 
considered an occasional moderate failure and was therefore assessed a 4.  

3)  Assessing current control: 
Again, the chart is continued by moving to the right where the ability of the design to monitor 
and control a particular failure is assessed.  The design control for each failure mode is listed and 
then assessed according to the ability of the design to detect the failure.  The ranking for 
detection is also a scale from 1 to 10, but in this case, a ranking of 1 is a strong ability for the 
design to detect and control the failure whereas a 10 would mean that the design has no visibility 
to a failure.  Our example assumes that the design would have a self-test at start up that would 
measure known levels of CO or CO2.  This is almost certain detection so it was assessed a 1. 

4)  Risk Priority Number with Improvement Actions: 
The fourth category is Risk Priority Number or RPN with improvement actions.  This is simply 
the product of all ratings.  A good rule of thumb is that an RPN greater than 100 would merit 
some sort of action to improve the design making it less likely to fail.  These actions are recorded 
on the far right side of the table with new assessments after the improvement has been 
implemented. 

The FMEA is a valuable tool used to try and predict failures before they happen and incorporate 
improvements into the design.  A good FMEA will result in vastly improved reliability in a 
consumer product that is required to function for more than 20 years.  As with the gauge 
capability study, there is a lot of information available about FMEAs with a quick search on the 
internet.  They should be performed by the commercializing entity’s design team as they would 
be most intimate with the design. 

Design for Manufacturability Assessment 
When a product is considered high volume and low cost as this one would be, design for 
manufacturability becomes increasingly important.  Design for manufacturability implies that the 
design incorporates key features that make the product easy to manufacture.  Some basic 
concepts are: 

• Designs that cannot be misassembled (i.e. incorporating keyed connectors and color 
coded wires) 

• Designing to eliminate or reduce known or anticipated failure modes (FMEA) 
• Design for reliability (FMEA) 
• Design for minimal parts 
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• Design for common parts 
• Design to factory’s tolerance capability 
• Designing for competitive advantage (improved productivity – minimize non-value 

added activities) 
• Incorporate test ports for easy diagnosis 
• Designing for maintainability 

Many of these concepts seem obvious but are sometimes glossed over leading to missed 
opportunities for lower costs.  Whatever entity commercializes this technology will eventually 
need to assess the manufacturability according to their standards and processes in order keep 
costs low and reliability high. 

In summary, a market will exist for a product if the perceived or achieved benefit is greater than 
the total cost resulting in some sort of value.  This technology offers a benefit in improving 
efficiency and adding another layer of safety to the home furnace industry.  The challenge will 
be to keep the cost low enough such that value is achieved.  This section presented a high level 
roadmap for commercializing this technology that will help keep costs low and reliability up.  
The roadmap began by discussing a proposed size reduction and packaging concept.  From there, 
prototypes can be built and assessed with the use of a gauge capability study.  Somewhere in the 
process a FMEA should be performed to try and anticipate failures both in the manufacturing 
process and out in the field.  The FMEA will lead to greater reliability and customer satisfaction.  
Finally, as the design of the product is progressing, a design for manufacturing assessment 
should be made that incorporates concepts that can improve the overall manufacturing process.  
Any commercial entity or entities that choose to purse this opportunity will be faced with a 
number of challenges that can be overcome.  Following a good roadmap to bring this technology 
from laboratory concept to consumer product should ease some of these challenges and 
hopefully pay large dividends in the end. 
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5. CONCLUSIONS 
We have demonstrated a laboratory instrument based on a rotating mask spectrometer where 
transmission masks alternate between a positive going synthesized Eigen spectrum and a 
negative going synthesized Eigen spectrum.  The optical design is explored in detail including 
the manufacture of the rotating mask.  In addition, designs for the required electronic hardware 
to allow synchronization of the mask rotation with the analog-to-digital converter data signals is 
provided.  The electronics allow monitoring of the mask rotation allowing inversion of the 
Hadamard spectrum as well as correlation of the optical signal with the positive and negative 
Eigen spectra integrated signal. 

The system was tested under laboratory conditions with CO contamination in a background of 
pure N2 and with CO2 as a substantial component interferent.  The system was found to have no 
measurable response difference with the interferent demonstrating the power of the Eigen 
function technique in multi-component systems where spectral overlap is substantial. 

Finally, we have designed a conceptual package for a feasible spectrometer that could be 
manufactured for home and commercial furnace applications.  Using rapid prototyping 
techniques a mockup enclosure was fabricated to demonstrate the feasibility of the design.  In 
addition, we have discussed, at a high level, how a validation program could be implemented on 
this type of sensor system. 

Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin 
Company for the United States Department of Energy’s National Nuclear Security 
Administration under contract DE-AC04-94AL85000. 
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Figure 1:  IR absorbance of combustion products and byproducts possible during the operation of a furnace under various 
conditions. 
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Figure 2: Setup of FTIR experiments to measure IR spectra that are simulations of that found in a fully operating furnace 
under various conditions. 
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Figure 3:  IR spectra obtained through FTIR analysis of furnace under Test 4 operating conditions. 
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Figure 4:  Photograph of modifications made to a residential furnace that allows installation of the spectrometer. 
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Figure 5:  A schematic layout of the rotating mask spectrometer/CO detector illustrating the optical components and 
showing the ray trace through the system. 
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Figure 6:  A photograph of the optical assembly used for the measurements showing the optical components, rotating disk, 
and the optical detector. 
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Figure 7:  (A) a close up of the specific grating regions and their design.  (B) a photograph of a complete 5-inch diameter 
wafer.   
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Figure 8:  An Eigen A-B mask set as a function of wavenumber position.  Mask set A (Blue) blocks the absorption peaks of 
CO (Black lines in middle) and is referred to as the “plus” mask.  Mask set B (Red) blocks the absorption valleys of CO and 
is referred to as the “minus” mask.  As the disk rotates, the spectra (Black) is alternately filtered by each Eigen spectra 
resulting in a modulated signal similar to Figure 9. 
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Figure 9:  A typical voltage waveform obtained from the detector in CO detection mode.  This modulated voltage waveform 
obtained from the infrared detector corresponds to 1000 ppm-m of CO. 
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Figure 10:  The power spectral density obtained from the Fast Fourier Transform of the detector output.  The magnitude of 
the integral of the spectral peak in the vicinity of 260 Hz provides a measure or the CO concentration.  
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Figure 11:  Photograph of “tachometer” circuit (left) and the synchronous detector circuit (right). 
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Figure 12: Schematic diagram of the “tachometer” circuit used in the CO sensor. 
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Figure 13:  Schematic diagram of detection and synchronous detector section of detector circuit. 
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Figure 14: Schematic of the low-pass filter section of the synchronous detection circuit. 



 

39 

Peak-peak  signal amplitude versus CO concentration.

Concentration x Pathlength (ppm-m)

100 101 102 103

Pe
ak

-P
ea

k 
A

m
pl

itu
de

 (V
)

10-5

10-4

10-3

Pure CO in N2
CO in 11.5% CO2 remainder N2

Noise Floor

 
Figure 15:  Plot of peak to peak amplitude vs. concentration pathlength for CO in pure N2 (open circles) and CO in 11.5% 
CO2 (filled triangles).  Data illustrates the system’s ability to reject signal from CO2 while simultaneously detecting CO.  The 
noise floor is the amplitude of the signal observed in a pure N2 environment and represents a measurement of the 
imbalance between the plus and minus Eigen functions as a result of mechanical variation in the rotation of the wheel, 
process variations in the manufacture of the mask wheel, spectral content of the source light in the wavelength region, and 
errors in the mask calculations. 
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Figure 16: Detector housing model illustrating the overall size and configuration of the consumer version of this sensor.  All of the 
optics are directly mounted to the walls providing robustness, simplicity, and cost reduction. 
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GAGE CAPABILITY CALCULATION WORKSHEET
Part No. Process Measurement Gage Name Gage Type O/A Tolerance

Furnace Combustion PPM Spectrometer Optical 10

Operator A Operator B Operator C

Sample Trial 1 Trial 2 Trial 3 Range Trial 1 Trial 2 Trial 3 Range Trial 1 Trial 2 Trial 3 Range
1 51.30 51.03 51.06 0.27 51.42 50.89 51.11 0.53 50.51 51.19 51.23 0.73
2 75.65 75.87 76.30 0.65 75.90 76.10 75.82 0.28 76.43 76.15 76.41 0.27
3 50.74 51.10 51.39 0.65 51.05 51.07 50.69 0.37 50.65 51.35 51.24 0.70
4 76.04 76.17 76.25 0.20 76.34 75.78 76.40 0.61 76.43 76.23 76.02 0.40
5 51.45 50.93 50.68 0.77 51.27 50.96 51.07 0.32 50.57 51.33 51.30 0.76
6 75.81 76.22 75.90 0.40 75.73 75.63 76.29 0.66 76.03 75.68 76.24 0.56
7 50.77 50.98 51.28 0.51 51.32 51.05 50.85 0.46 50.93 50.88 51.45 0.57
8 76.42 75.85 75.65 0.77 76.02 76.32 75.60 0.72 75.96 76.02 76.27 0.32
9 51.41 51.45 50.99 0.45 50.89 51.27 50.51 0.76 51.11 51.17 50.75 0.41

10 75.99 75.68 75.65 0.34 75.90 75.96 75.54 0.42 76.45 76.34 75.67 0.78
Avg. 63.56 63.53 63.51 0.50 63.58 63.50 63.39 0.51 63.51 63.63 63.66 0.55

X_Bar 63.53 X_Bar 63.49 X_Bar 63.60
R_Bar 0.50 R_Bar 0.51 R_Bar 0.55

Test for Control:
Upper Control Limit, UCL(R) = D(4) * R_Bar2 = 1.34129  D(4) = 2.57000 for three trials

R_Bar2 = 0.52190 Average of R-Bars

Measurement System / Gage Capability Analysis:
Gage Variation (Repeatability), R_Bar2 * K(1) = 1.8528 K(1) = 3.55000 for three trials

G.V. %, 100 * (G.V.) / Tol. = 0.1853

Operator Variation (Reproducibility) = 0.0097 K(2) = 3.14000 for 3 Operators
 = Sqrt((Xdiff * K(2))^2-((GV)^2 / (n *t)) Xdiff = 0.10777
O.V. %, 100 * (O.V.) / Tol. = 0.0010 (n * t) = 30.00000 no of measures

Total Repeatability and Reproducibility Variation, 
(R&R) = Sqrt (G.V. %^ 2 + O.V.% ^ 2) 19%

GOOD MARGINAL POOR

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
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Figure 17: Gauge Capability Example 
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Product Design Failure Modes and Effects Analysis (FMEA)

 
 

Figure 18: FMEA Example 
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Figure 19: Guidelines for Rating 
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