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ABSTRACT 

 

Wavelength-multiplexed Absorption Spectroscopy Applied to an HCCI 

Engine 

Chun Lan 

Under the supervision of Assistant Professor Scott T. Sanders 

At the University of Wisconsin-Madison 

 

A new optical technique to measure real time in-cylinder temperature was developed 

using fiber Bragg gratings. For this aim, a time multiplexing and a frequency 

multiplexing sensor system were designed and developed. This paper focuses primarily 

on the time multiplexing sensor system design and development. The time multiplexing 

sensor system was developed and experiments were performed on an HCCI engine 

located in Honda R&D in Japan using a 19-in-1 fiber Bragg grating array. These data 

represent the first successful measurements of real time in-cylinder temperatures by our 

group. The frequency multiplexing sensor system was developed in order to improve the 

measurement.   
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1 Introduction 

Wavelength-agile absorption spectroscopy can be used to measure temperature and 

absorbed mole fractions non-intrusively in combustion environments.  These 

environments are generally not conducive to more traditional thermometry techniques.  

This thesis provides an overview for obtaining quantitative temperature and mole fraction 

measurements from measured absorption spectra.  This opening chapter will provide the 

necessary background for understanding the scope of the project, as well as an overview 

of the overall organization of the thesis. 

1.1 Motivation 

In most combustion problems, gas temperature is a critical variable.  In many situations, 

it is the single most important parameter desired for understanding or optimizing the 

combustion process.  One environment in which temperature measurements would be 

useful is an engine operating under homogeneous charge compression ignition (HCCI).  

HCCI combustion combines the processes of diesel compression-ignition and gasoline 

spark-ignition.  Fuel is mixed with air upstream of the cylinder (as in a gasoline engine), 

and ignition is initiated as a function of many factors, but a main one being pressure (as 

in a diesel engine).  The benefits of this type of combustion are high fuel economy, low 

NOx emissions, and particulate emissions.  The major difficulty with this type of 

combustion is control, since there is no spark plug or fuel injector in the cylinder.  

Chemical kinetics, specifically temperature, pressure, and concentration, dictate the 

behavior of the combustion.  For these control issues, HCCI remains an interesting 

combustion process, rather than a viable alternative to diesel and gasoline engines.  HCCI 
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combustion is one scenario where temperature measurements are critically important and 

traditional thermocouples are inappropriate.  HCCI combustion represents a suitable 

environment for demonstrating this sensor’s performance because a wide range of 

pressures (~ atmospheric to 4 MPa) and temperatures (~ ambient to ~ 2000K) is 

encountered.   

1.2 Absorption Spectroscopy 

Spectroscopy is governed by the Beer-Lambert law: 
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This law states that the transmitted intensity (I) divided by the initial intensity (Io) (or, the 

fractional transmission) at a specific optical frequency ν [cm-1] is a function of the 

spectral absorption coefficient kν [cm-1] and path length L [cm].  Optical frequency is 

synonymous with wave number, and both are inversely proportional to wavelength. 

 

The spectral coefficient is a product of total pressure P [atm], mole fraction of the 

absorbing species Xi, linestrength Si(T) [cm-2 atm-1], and lineshape φν [cm].  The product 

kνL is termed absorbance (abbreviated αν).  This is summarized in equation 1.2-2: 
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By scaling the absorbance to PXi, the equation assumes that the gas obeys the ideal gas 

law.  Non-ideal gas conditions would force the equation to be solved for number density 

instead of mole fraction.  The path length, L, is a scaling factor to absorbance; 
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temperature, pressure and mole fraction are either known or calculated values in the final 

experiment, leaving linestrength and line shape.  

 

Linestrength is highly dependent on temperature.  In order to calculate the linestrength 

centered at νo and at a particular temperature T, the linestrength at a reference 

temperature S(To) [cm-2atm-1], the lower state energy E” [J], and the partition function Q 

must be known to use the following equation [1]: 
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The constants in Eqn. 1.2-3 are: Boltzman’s constant k [J/K], Planck’s constant h [J*s], 

and the speed of light c [cm/s].   

Each spectral line is given a spectral shape owing to mechanisms such as Doppler and 

collisional broadening.  Lineshapes (φ) can be approximated using a Voigt profile, which 

combines Gaussian (Doppler) and Lorentzian (collisional) distributions.  Both profiles 

are defined by their full-width at half maximum (FWHM) ∆ν.  The FWHM for Doppler 

broadening (∆νD) is defined by Eqn. 1.2-4: 

 2
2ln8
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kT

oD νν =∆                                                     1.2-4 

where m is mass [kg/molecule], k is Boltzman’s constant [J/K], and c is the speed of light 

[m/s].  The FWHM for collisional broadening (∆νC) is defined by Eqn. 1.2-5: 
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In Eqn. 5, γself and γair [cm-1atm-1] are the collisional broadening coefficients due to the 

molecule and air respectively, along with n, the temperature exponent.  γair is generally 

used to simplify the problem rather than broadening coefficients for specific molecules, 

although it may be important to consider using specific γ’s depending on conditions.  The 

FWHM of the Voigt function for one spectral feature can be estimated as: 

  2
2

42 D
CC

V ν
νν

ν ∆+
∆

+
∆

=∆                             1.2-6 

Further details concerning specifics for implementing the Voigt profile for absorption 

spectroscopy simulation are reported by Whiting and Hui [2, 3]. 

1.3 Existing Techniques 

There is still no ready temperature measurement solution for numerous combustion 

problems.  The thermocouple is probably the closest approximation to a universal 

combustion thermometer.  Properly corrected (e.g., for radiative losses), it suits many 

combustion scenarios [4].  Still, the thermocouple is invasive, has a non-negligible time 

constant, suffers materials limitations above ~2000 C, and can be expensive or awkward 

to implement in an arrayed format (e.g., to image temperature).  For these and other 

reasons, countless thermometric alternatives have been developed for combustion studies, 

many of them optical.   

 

Few of the optical thermometry schemes approach the universal applicability of 

thermocouples.  Laser-induced fluorescence (LIF) is limited to reaction zones or seeded 

tracers [5-6].  Coherent anti-Stokes Raman scattering (CARS) can effectively measure 

the temperature of nitrogen [7], however CARS often suffers from interference due to 
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soot/C2 [8] and is often classified as a complicated or expensive technique.  UV 

absorption of CO2 [9] may allow more general thermometry, but is ineffective below ~ 

1000 K. 

There has also been a large body of work on H2O thermometry by two-line diode laser 

absorption spectroscopy (see, e.g., [10, 11]).  This type of optical thermometry involves 

measuring a spectroscopic parameter at each of two wavelengths and subsequently 

solving an algebraic equation for two unknowns (typically temperature and one species 

mole fraction) [12, 13].  Interference associated with harsh environments (due to window 

fouling, thermal emission, etalons, and unknown absorbers) can compromise the results.  

Two-line spectroscopy either relies on very accurate known spectroscopic coefficients at 

specific wavelengths, or determining these coefficients in well controlled experiments.  

They also are only accurate in narrow temperature or pressure ranges, and therefore 

generally designed on a case-by-case basis.   

1.4 Thesis Objective 

The overall goals of this project were to design and develop an optical sensor system and 

use this system to measure real time in-cylinder temperatures and H2O mole fractions in a 

HCCI engine. A time multiplexing and a frequency multiplexing sensor system are 

designed and developed. This paper focuses primarily on the time multiplexing sensor 

system design and development. The frequency multiplexing sensor system was 

developed as a method to improve the measurement. 
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2 Background  

This chapter describes fiber fusion splices and fiber Bragg gratings because they are 

important for understanding the sensor system design. 

2.1 Fiber fusion splice 

A fiber optic splice is a permanent fiber joint whose purpose is to establish an optical 

connection between two individual optical fibers. This system design requires that fiber 

connections have specific optical properties (low loss and high power transfer) that are 

met only by fiber-splicing. Compared to normal fiber connectors, optic splices also 

provide low reflection. In some cases only fiber optic splices can satisfactorily transfer 

high power, particularly when fibers have differing core diameters   

Mechanical and fusion splicing are two broad categories that describe the techniques used 

for fiber splicing. Figure 1 shows the difference between mechanical and fusion splicing. 

In mechanical fiber splicing, mechanical fixtures and materials perform fiber alignment 

and connection. Mechanical splices are simply alignment devices, designed to hold the 

two fiber ends in a precisely aligned position thus enabling light to pass from one fiber 

into the other. In fusion splicing, a machine is used to precisely align the two fiber ends.  

The glass ends are "fused" or "welded" together using some type of heat or electric arc. In 

fusion fiber splicing, localized heat fuses or melts the ends of two optical fibers together. 

This produces a continuous connection between the fibers enabling very low loss light 

transmission. (Typical loss: 0.1 dB).  Each splicing technique seeks to optimize splice 

performance and reduce splice loss. Low-loss fiber splicing results from proper fiber end 

preparation and alignment. Fusion fiber splicing can offer low-loss, low-reflection and 
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high power transfer.  An Ericsson fusion fiber splice machine (FSU995FA) was used 

exclusively in this project.  

 

Figure 1. Comparison of mechanical fiber splice and fusion fiber splice 

2.2 Fiber Bragg Grating 

Fiber Bragg grating (FBG) is a short length of optical fiber which filters out a particular 

wavelength. Periodically spaced zones in the fiber core are altered to have different 

refractive indexes slightly higher than the core. Each FBG only reflects one color (one 

wavelength) of light. Other colors (wavelengths) of the light pass through the FBG. 

Figure 2 illustrates the basic theory behind FBG.  
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Figure 2. The theory of fiber Bragg grating. 

 
In figure 2, the flat signal with multiple wavelengths enters into the FBG fiber. Only one 

color (wavelength) is reflected while other colors pass through the FBG, losing the 

wavelength that was reflected by the FBG. 

FBGs are created by burning or “writing” a periodic variation in the index of refraction 

into the core of an optical fiber using an intense UV source such as a UV laser and a 

photomask having the intended grating features. The fiber is normally made receptive to 

the UV burning by manufacturing it with a low percentage of germanium or by a latter 

diffusion of hydrogen. Thus, the wavelength of FBG is dependent on the quality of 

manufacturing.  
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3 Multi-wavelength sensing 

Many applications require a laser emitting multiple wavelengths simultaneously with 

each wavelength aligned to a particular spectral feature. Figure 3 shows two methods by 

which in-cylinder temperature and H2O mole absorption can be measured [1]. One 

method is to use a laser which can continuously scan from 1320nm to 1380nm (H2O 

absorption spectrum wavelength range). Another method is to simply choose some of the 

peaks which align with the H2O absorption spectrum. In this application, 19 wavelengths, 

which are aligned to special H2O absorption wavelengths, are required.  
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Figure 3.  Water absorption based on HITRAN (black curve) and 19-in-1 fiber Bragg grating 
wavelengths (red curve) 
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There are two technologies that can be used to carry out in-cylinder temperature and H2O 

mole absorption measurement based on a specific set of wavelengths. One is time 

multiplexing and another one is frequency multiplexing. Figure 4 shows the difference 

between the two technologies. In a time multiplexing system, all colors have the same 

frequency. A time multiplexing based sensor system using a single-color pulsed laser 

based on supercontinuum and fiber Bragg grating technologies are examined. This paper 

focuses primarily on the time multiplexing sensor system which has already been 

developed for real-time in-cylinder temperature measurements of a Honda engine. 

Frequency multiplexing systems employing a Linear Optical Amplifier (LOA) and either 

several FBGs, or a chirped FBG, are examined for the improvement of the sensor system. 
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Figure 4. Time multiplexing and frequency multiplexing. In time multiplexing system, the frequency 
of the signal remains constant while wavelengths vary. In frequency multiplexing system, the 
frequency of the signal varies.   

 

 

3.1 Time multiplexing sensor for real time in-cylinder 

temperature measurement using Honda’s engine  

3.1.1 Introduction 
 
Homogenous charge compression ignition (HCCI) combustion is of interest because this 

operating mode offers low pollutant emissions and high thermal efficiency. The major 

challenge of HCCI is the combustion phasing which is governed by the chemical kinetics 

because there are no external control methods for HCCI combustion like the electrical 
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spark in a SI engine or the fuel injector in a CI engine. Laser sensors based on 

wavelength-agile absorption spectroscopy technologies [14, 15] have been developed to 

study these kinetics. One method, by Kranendonk et al [16], utilizes high speed spectral 

scans in an HCCI engine by vibrating a low-inertia grating. The scan speed is limited 

because of the vibration of the grating. In another approach, Kranendonk et al use a 

Fourier-domain mode-locking laser to measure the in-cylinder gas temperature in an 

HCCI engine [17, 18]. Although this method is fast, real-time gas thermometry is 

difficult because of the high data rate (~500 spectral data points recorded in a 5 µs scan = 

1x108 points/s) and the subsequent least-squares fitting procedure. In this work, we 

design a new sensor system based on a supercontinuum source [19] and a fiber Bragg 

grating (FBG) array.  The system monitors in-cylinder H2O mole fraction and gas 

temperature and is demonstrated in an optical HCCI engine located at the Honda Tochigi 

R&D center in Japan. Gas properties can be inferred immediately from the absorption 

spectra obtained with the sensor system because of the reduced data rates (19 spectral 

points every 16.9 µs ~ 1x106 points/s). Such near real-time sensing approaches not only 

enable a better understanding of the HCCI process, but also could become an important 

element in a combustion control scheme.  

3.1.2 Experimental setup 
The optical sensor system is shown in Figure 5. 
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Figure 5. Optical sensor system for HCCI testing. SC fiber is the supercontinuum generation fiber 

(Corning® LEAF). VOA is the In-Line Variable Optical Attenuator (Thorlabs VOA50-APC). DAQ 

is the data acquisition and processing equipment (National Instruments PCI 5122).  Numbers in 

parentheses refer to sections below for detailed descriptions of individual components.  The portion 

of the sensor system enclosed by the boxed area in Figure 5 is fabricated on a small fiber spool shown 

in Figure 6.  

 

 

The whole sensor is an all-fiber system which there are no purge gas needed, no moving 

parts and only two simple alignment procedures needed. The majority of the sensor 

system (enclosed by the box in Figure 5) is fabricated on a standard fiber spool shown in 

Figure 6. The sensor is based on supercontinuum generation and distributed fiber Bragg 

gratings and is arranged as follows. A short duration, high-energy laser pulse is coupled 
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into fiber optics where colors other than the laser pulse are generated. The resulting 

“white pulse” is reflected by the distributed fiber Bragg gratings. The temporally 

dispersed pulses at discrete wavelengths can be collected by a single high speed detector 

and oscilloscope. The in-cylinder H2O mole fraction and gas temperature can be 

measured immediately using this sensor system.  The following section includes a 

detailed description of the system components and operating principles.  

 

Figure 6.  Photograph of sensor system shown schematically in Figure 5. 
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3.1.2.1 Laser  
The pulsed laser that we used in this test system was centered at 1064 nm with 9µJ per 

pulse and 640 ps duration at a repetition rate of 59 kHz (JDS Uniphase, DNP-150010-

000).  It is a relatively inexpensive laser designed for laser manufacturing applications. 

 

3.1.2.2  Supercontinuum generation fiber 
 
Option 1 Microstructured fiber or holey fiber 

Standard fibers guide light by total internal reflection between a core with a high 

refractive index (typically germanium doped silica), embedded in a cladding with a lower 

in-dex (typical pure or fluorine-doped silica). In microstructured fiber, a hybrid material 

is created with properties not obtainable in solid materials.  

Compared to the well-known standard fiber, microstructured fiber can lose much more 

heat than a standard fiber. Thus microstructured fiber can handle much more power than 

standard fiber.  

Figure 7 shows the picture using microstructure fiber from Crystal Fiber Company.  
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Figure 7.  Visible light from the supercontinuum generation fiber. From the picture, the invisible 

laser signal entering the supercontinuum generatation fiber (microstructured fiber) the visible light 

can be generated.   
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Figure 8 shows the spectra with different fiber length. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.  Supercontinuum spectrum of microstructured fiber with different fiber length (0.8m, 

1.6m, 3.2m) 

 

The most important advantage of microstructured fiber is that it can provide a broad 

continuum wavelength range. Thus it is can be easier to find the suitable wavelength 

range.  Another advantage is the visible continuum light.  

The disadvantage of microstructured fiber is that it is difficult to splice with standard 

fiber (SMF-28). Additionally, coupling a microstructured fiber to standard fiber by a 

conventional fiber connector coupler results in burning of both ends because of high 

power.  
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Option 2 Low dispersion supercontinuum fiber 

The laser was coupled into a 50 meter length of single mode telecommunication grade 

fiber (Corning® LEAF fiber) which was chosen because of desirable characteristics for 

our application, namely a zero dispersion wavelength (1520 nm) near the red side of the 

1330-1380 nm wavelength range of interest for these experiments.   
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Figure 9.  Supercontinuum spectra for various lengths of telecommunications fibers.  All peaks to the 
right of the pump wavelength (1064 nm) are a result of Raman scattering, while the continua 
between peaks was attributed to four waves mixing.   
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Figure 9 shows a cascade of peaks, every ~ 13 THz on the red side of the pump, which 

are caused by Raman scattering in silica fibers.  It is seen that some of the peaks are 

bridged, for example in the 1300 to 1400 nm range.  The bridging at these wavelengths is 

primarily due to four wave mixing in the fiber, a nonlinear process whereby the scattered 

photons mix resulting in shifted wavelength photons. This process is only significant near 

the zero-dispersion wavelength of the fiber; it is described in detail by Kano, H. and 

Hamaguchi, H.[18]  

 

As shown in Figure 9, the 50 m length of Corning® LEAF fiber had the most complete 

spectrum of the fibers tested in our wavelength range of interest (1330-1380 nm) and 

therefore was chosen as our experimental source for illuminating our fiber Bragg 

gratings. 

   

3.1.2.3 Signal Stretcher Package 
The signal after the supercontinuum generation fiber was sent to a signal stretcher 

package. Four 50/50 splitters are connected in series. A fiber loop with a different length 

was made on each splitter (3.2m, 2m, 0.9m, and 0.5m).  The main function of the signal 

stretcher package is to reduce the power to avoid continued supercontinuum generation in 

remaining fiber optics as well as detector saturation. Another function of the signal 

stretcher package is to stretch the signal to buy more time to sample laser pulse so we can 

use a slower, lower-noise, oscilloscope. Figure 10 shows the modification of the signal 

due to the stretcher package. 
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Figure 10.  Simulated performance of the stretcher package.  Note that the peak power is reduced 

by a factor of about 16. 

 

 

3.1.2.4 Fiber Bragg Grating 
Half the output from the stretcher is sacrificed in the 50/50 splitter spliced to the leading 

end of the fiber Bragg grating (FBG) array as shown in Figure 5.  In brief, FBGs are a 

optical filters which reflect only a narrow wavelength range and transmit all other 

wavelengths [20].  
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The specific central wavelengths of the fiber Bragg gratings in the sensor system are 

critically important. A Labview simulation based on the HITRAN database was used to 

select the central wavelengths of the fiber Bragg gratings and also to decide the tolerance 

ranges for each of the central wavelengths. 

The HITRAN H2O absorption database and a simulated fiber Bragg grating spectrum 

were used to align the H2O absorption peaks at specific temperature and pressure 

situations. The selection method is as follows. The H2O absorption is reported by the 

simulation for each central wavelength and specified temperature and pressure situation.  

If at a specified H2O absorption peak, there is no H2O absorption in some temperature 

and pressure situation then this wavelength can not be selected as a fiber Bragg grating 

central wavelength.  

The tolerance of the central wavelength also can be determined through this simulation. 

At a specified H2O absorption peak, the central wavelength is shifted by 0.1nm, 0.05nm, 

0nm, -0.05nm and -0.1nm in different temperature and pressure situations. Tolerance, 

here, is defined as the amount of wavelength shift that still registers an acceptable level of 

H2O  absorption.      

 

Because the entirety of temperature and pressure situations is too large to simulate 

efficiently using the HITRAN database, two specific situations were chosen based on two 

polar engine scenarios. The two specified temperature and pressure situations were 

chosen based on engine measurement results using a MIT laser system [16] (Figure 11).  

We chose to call the first situation the “worst” situation, that of a –80 degree aTDC 

(pressure: 2.326 atm; temperature: 675.39 K), because there is no combustion, and very 



22                               

little water in the cylinder. The second we called the “best”, that of a 0 aTDC (pressure: 

30.50 atm; temperature: 1550.76 K) because it represents combustion in the cylinder, a 

situation in which the highest amount of water vapor exists. 
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Figure 11 The engine measurement results by using a MIT laser system.  The top figure shows the 
measured pressure relative to the crank angle; the middle figure shows the H2O mole fraction 
relative to the crank angle; the bottom figure shows the temperature relative to the crank angle. 

In order to collect the H2O absorption data the central wavelength of the simulated fiber 

Bragg grating was matched to each of the H2O absorption peak wavelengths in either the 

worst or best situations as described above. 
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Figure 12 H2O absorption spectrum and simulated fiber Bragg grating spectrum at one specified 
situation (pressure: 2.326atm; temperature: 675.39 K).  The red curve is the H2O absorption 
spectrum under 2.326 atm of pressure and a temperature of 675.39 K, or the “worst” situation. The 
black curve is a simulated fiber Bragg grating spectrum. The central wavelength of this grating can 
be changed manually to align each H2O absorption peaks.    

Figure 12 shows the H2O absorption spectrum and simulated FBG spectrum at a specific 

situation (“worst”: pressure = 2.326 atm; temperature = 675.39 K). In this figure, the 

central wavelength of the FBG is set to 1357.147nm in order to match up with one of the 

H2O absorption peak wavelengths generated by the HITRAN database for this specific 

situation. The simulated FBG central wavelength can be changed manually to align to 

each of the H2O absorption peaks.  
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Figure 13 H2O absorption spectrum and simulated fiber Bragg grating spectrum at a second 
situation (pressure: 30.50 atm; temperature: 1550.76 K).  The red curve is the H2O absorption 
spectrum generated by HITRAN at this situation.  The spectrum is dramatically different in this 
situation. The black curve is a simulated FBG grating spectrum. The central wavelength of this 
grating can be changed manually to align each H2O absorption peaks.   

Figure 13 shows the H2O absorption spectrum and simulated FBG spectrum at a second 

or “best” situation (pressure: 30.50 atm; temperature: 1550.76 K).   Note that the higher 

pressure in this situation creates a broader H2O absorption spectrum.  The central 

wavelength of the simulated FBG is 1357.147nm, the same as shown in Figure 12. This 

wavelength can also be changed manually to align each of the H2O absorption peaks 

generated by HITRAN for this specific situation. 
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At each H2O absorption peak and specific pressure and temperature situations, the 

simulated grating wavelength was shifted by 0.1nm, 0.05nm, 0nm, -0.05nm and -0.1nm. 

The simulated H2O absorption data were recorded for each of these wavelength shifts so 

that the acceptable wavelength-shift tolerance levels for the simulated FBGs could be 

assessed. That is, if the H2O absorption at a shifted central wavelength was deemed too 

low then that level of tolerance was considered too high.  

 
Figure 14 One peak of the H2O absorption spectrum and simulated FBG spectrum at a specified 
situation (pressure: 2.326 atm; temperature: 675.39 K).  The red curve represents one of the H2O 
absorption peaks. The black curve is a simulated FBG spectrum. The central wavelength of this 
grating is set to 1357.147 nm which aligns to this particular H2O absorption peak.   

 
Figure 14 shows the H2O absorption spectrum and simulated FBG spectrum at a central 

wavelength 1357.147 nm in the “worst” situation (pressure: 2.326 atm; temperature: 

675.39 K). The absorbed H2O fraction is 0.09344.  
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Figure 15 One peak of the H2O absorption spectrum and a shifted simulated FBG spectrum at a 
specified situation (pressure: 2.326 atm; temperature: 675.39 K).  The red curve represents one of the 
H2O absorption peaks. The black curve is a simulated FBG spectrum. The central wavelength of the 
simulated grating has been shifted by +0.05 nm and is now set to 1357.197 nm. The central 
wavelength is now also shifted to the right of the H2O absorption peak at this situation by +0.05 nm.   

 

 Figure 15 shows the H2O absorption spectrum and simulated fiber Bragg grating 

spectrum at a central wavelength 1357.197 nm in the “worst” situation (pressure: 2.326 

atm; temperature: 675.39 K). The absorbed H2O fraction at this +0.05 nm shifted central 

wavelength is now 0.074.  
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Figure 16 One peak of the H2O absorption spectrum and a shifted simulated FBG spectrum at a 
specified situation (pressure: 2.326 atm; temperature: 675.39 K).  The red curve represents one of the 
H2O absorption peaks. The black curve is a simulated FBG spectrum. The central wavelength of the 
simulated grating has been shifted by +0.1 nm and is now set to 1357.247 nm. The central wavelength 
is now also shifted to the right of the H2O absorption peak at this situation by +0.1 nm.   

Figure 16 shows the H2O absorption spectrum and simulated fiber Bragg grating 

spectrum at a central wavelength 1357.247 nm in the “worst” situation (pressure: 2.326 

atm; temperature: 675.39 K). The absorbed H2O fraction at this +0.1 nm shifted central 

wavelength is now 0.031. 
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Figure 17 One peak of the H2O absorption spectrum and a shifted simulated FBG spectrum at a 
specified situation (pressure: 2.326 atm; temperature: 675.39 K).  The red curve represents one of the 
H2O absorption peaks. The black curve is a simulated FBG spectrum. The central wavelength of the 
simulated grating has been shifted by -0.05 nm and is now set to 1357.097 nm. The central 
wavelength is now also shifted to the right of the H2O absorption peak at this situation by -0.05 nm.   

Figure 17 shows the H2O absorption spectrum and simulated fiber Bragg grating 

spectrum at a central wavelength 1357.097 nm in the “worst” situation (pressure: 2.326 

atm; temperature: 675.39 K). The absorbed H2O fraction at this -0.05 nm shifted central 

wavelength is now 0.1004. 
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Figure 18 One peak of the H2O absorption spectrum and a shifted simulated FBG spectrum at a 
specified situation (pressure: 2.326 atm; temperature: 675.39 K).  The red curve represents one of the 
H2O absorption peaks. The black curve is a simulated FBG spectrum. The central wavelength of the 
simulated grating has been shifted by -0.1 nm and is now set to 1357.047 nm. The central wavelength 
is now also shifted to the right of the H2O absorption peak at this situation by -0.1 nm.   

Figure 18 shows the H2O absorption spectrum and simulated fiber Bragg grating 

spectrum at a central wavelength 1357.047 nm in the “worst” situation (pressure: 2.326 

atm; temperature: 675.39 K). The absorbed H2O fraction at this -0.1 nm shifted central 

wavelength is now 0.0679. 
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Figure 19 One peak of the H2O absorption spectrum and simulated FBG spectrum at a specified 
situation representing a higher water vapor concentration (pressure: 30.50 atm; temperature: 
1550.76 K).  The red curve represents one of the H2O absorption peaks. The black curve is a 
simulated FBG spectrum. The central wavelength of this grating is set to 1357.147 nm which aligns 
perfectly to this particular H2O absorption peak.   

Figure 19 shows the H2O absorption spectrum and simulated FBG spectrum at a central 

wavelength of 1357.147 nm in the “best” situation (pressure: 30.50 atm; temperature: 

1550.76 K). The absorbed H2O fraction in this situation and central wavelength is 0.2395.   

When comparing these absorbed H2O fractions at this particular peak it is clear that the 

H2O absorption fraction is greater in the “best” (combustion) situation. In the “worst”, or 

no combustion, situation the H2O absorption fraction is decreased moderately (from 

0.093 to 0.0679) with a shift of +0.05 nm from the central wavelength that aligns 

perfectly with this particular H2O absorption peak. The H2O absorption fraction is 

reduced below acceptable levels (0.093 to 0.031) when this wavelength is shifted +0.1 

nm. Therefore these data suggest that the tolerance level cutoff of manufactured FBGs for 
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the purposes of creating a real time in cylinder temperature sensor should be no more 

than 0.1 nm (+/-0.05nm). 

To help the reader more clearly understand this simulation, the procedures are shown 
bellow.  
Step 1 Choose the temperature and pressure situation based on the engine 
measurement results using reference data. 
 
The MIT laser data shown in Figure 11 indicate that at a -80 degree crank angle the 

temperature in our optical research engine is 675.39 K and the pressure is 2.326 atm. At a 

0 degree crank angle the temperature is 1550.76 K and the pressure is 30.50 atm.  

 
Step 2 Choose the “worst” and the “best” situation 
In this LabView simulation utilizing the HITRAN database for the H2O absorption 

spectrum, the -80 degree crank angle was chosen as the “worst” situation. In this 

situation, the temperature is 675.39 K and the pressure is 2.326 atm. There is no 

combustion and the H2O mole fraction is low.  

The 0 degree crank angle was selected as the “best” situation and used as a tool to find 

the highest H2O absorption. In this situation, the temperature is 1550.76 K and the 

pressure is 30.50 atm. The H2O mole fraction is almost at the highest possible level as a 

result of combustion.  

 
Step 3 Include the simulated fiber Bragg grating spectrum to the LabVIEW 
spectrum simulation and align the central wavelength to the H2O absorption peaks  
The simulated FBG spectrum can be set to align to each of the H2O absorption peaks. 

The central wavelength of the fiber Bragg grating spectrum can then be manually shifted 

to generate varying levels of H2O absorption.  

 
Step 4 Measure the H2O absorption at the “worst” and “best” situations 
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In the “worst” situation (temperature is 675.39 K and the pressure is 2.326 atm), one can 

manually change the central wavelength of the simulated FBG by 0.1nm, 0.05nm, 0nm, -

0.05nm and -0.1nm to generate different H2O absorptions. In the “best” situation 

(temperature is 1550.76 K and the pressure is 30.50 atm) one need only generate the best 

possible H2O absorption at the central grating wavelength. This data will be used to 

calculate a figure of merit by which tolerance levels can be judged for utility across the 

entire range of wavelengths representing the H2O absorption peaks.  

 
Step 5 Process the simulation results 
 Get the absorbed H2O fraction (fraction absorbed in the data table) in the “worst” 

situation at a particular wavelength along with the absorbed fractions after 0.05, 0.1, -

0.05 and -0.1 nm shifts: 

                situation)(at worst  absorption OH1 2−=absorbedFraction  

 

Get the best possible absorbed fraction (best possible fraction absorbed) in the “best” 

situation with central wavelength (no shifts): 

                situation)best (at  absorption OH1 2−=absorbedfractionpossiblebest  

 

Get the figure of merit at different wavelength: 

                 absorbedfractionpossiblebest
absorbedfractionmeritoffigure =

 

 
Step 6 Analyze the data and decide the grating wavelength 
 At a specified H2O absorption peak, if there is no H2O absorption in either the “worst” or 

“best” situations (as described above) then this wavelength cannot be selected as a FBG 

central wavelength. Additionally, the larger the figure of merit, the better that specific 
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wavelength will be regarded. The table and figures below show the simulated H2O 

absorption fractions and the calculated figures of merit for the central wavelengths tested 

and their shifted counterparts. 
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Figure 20 Central wavelength choosing and comparison.  Blue curve shows the ideal situation; black 
curve shows the best result from the simulation; red curve shows the worst result from the 
simulation. The results based on the “worst” (temperature is 675.39 K and the pressure is 2.326 atm) 
and the “best” (temperature is 1550.76 K and the pressure is 30.50 atm) situations. 

In Figure 20, blue curve shows the ideal situation. In this situation, the highest H2O 

absorption can be achieved in the “worst” situation (pressure: 2.326 atm; temperature: 

675.39 K) and it is constant with the shifting of the central wavelength. This is the 

theoretical situation and can not be achieved in the real situation.  The black curve shows 
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the best result based on the simulation. The central wavelength is 1446.56 nm. The figure 

of merit in the central wavelength is higher than the worst choice (central wavelength: 

1341.849 nm) even shifted to 0.1 nm.  The highest figure of merit value (0.79) in this 

central wavelength is lower than the ideal situation (figure of merit value is 1).  The 

figure of merit values are around 20% lower than the highest value when the central 

wavelength shifted 0.05nm. The figure of merit values can be higher if a narrower FBG 

was used. But the narrowest FBG we can get is the one we used in this simulation.  

The red curve shows the worst choice in 19 wavelengths. The central wavelength is 

1341.849 nm. The figure of merit value is lower than the best choice wavelength. But 

compared to other H2O absorption peaks, there is still enough H2O absorption even in the 

presence of a limited amount of wavelength shifting.  

 
The Labview simulation code has been archived [21].   
 

Following is a typical simulation result.  All 19 simulation results are available in 

Appendix III.  
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Central wavelength: 1370.9641  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1370.8641 0.0293897 0.153531 0.191425184
1370.9141 0.0569653 0.153531 0.371034514
1370.9641 0.0641424 0.153531 0.417781425
1371.0141 0.0553996 0.153531 0.360836574
1371.0641 0.0266005 0.153531 0.173258169

Merit with wavelength(1370.9641nm)
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In this sensor system, 19 wavelengths (table 1) are selected to coincide with the peaks of 

absorption features of H2O based on the simulation results. All 19 FBGs were fabricated, 

with a wavelength tolerance of ±0.05 nm and 90% reflectivity, in one Corning® SMF28 

fiber with a 20 m separation between each.  The FBGs were spaced 20 m apart for the 

sake of temporal separation of the 19 wavelengths.  Without a significant separation 

length, the reflected wavelengths from the FBGs would arrive at the photodetector at the 

same time, leaving no means for discrimination. 
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Table 1.  wavelengths of 19 FBGs:(units:nm) at 25C 

1377.638 1370.964 1368.599 1364.69 1362.43 

1359.516 1357.147 1355.810 1354.710 1353.151 

1350.409 1346.563 1343.298 1341.849 1340.556 

1338.35 1337.330 1336.204 1333.254  

 

 

Referring again to Figure 5, after reflection by the FBGs, half of the sensor light is again 

sacrificed in the 50/50 splitter spliced to the FBGs.  The remaining light is separated by 

another 50/50 splitter prior to reaching the engine, so that 50 percent can be directed 

through the engine, and the other 50 percent can be delayed by 1100 meters of low-

dispersion fiber (Fujikura USS) so that it can be detected as a reference signal by the 

same photodiode after the engine signal has been detected. The engine signal and the 

reference signal are separated completely by the 1100 meters of delay fiber. The VOA is 

used to adjust the reference signal to get the same level of two signals at the beginning of 

the test.  
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3.1.2.5 Signal Detector Package  

 

Figure 21.  Signal Detector Package 

 

A 125 MHz AC-coupled detector (New Focus 1811-FS-AC) featuring low noise and high 

sensitivity was used. A 50/50 non-polarizing plate beamsplitter (Thorlabs BS018) was 

used to combine the engine and reference optical signal. To reduce thermal emission 

contamination, the combined signals are passed through a bandpass filter (Spectrogon 

BP-1365-084) before reaching the detector. An adjustable iris (Thorlabs SM1D12D) was 

used on the front of the detector package to provide further thermal emission filtering. All 

these components were integrated into a 30mm cage cube (Thorlabs C4W).  

Figure 22 shows the picture of the signal detector package. 
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Figure 22.  Picture of detector package 

3.1.2.6 The Test Engine 
The engine is a single cylinder, 499.6 cm3 displacement, pent roof, optically accessible 

engine (quartz windows) located at Honda R & D, Co, Ltd. The engine was run at 600 

rpm at a compression ratio of 10.3. Engine specifications are shown in table 2. Figure 23 

shows the picture of test engine which located in Honda R&D, Tochigi, Japan. Figure 24 

shows the test engine optical access.  

Table 2. Test Engine 

Engine Type Single Cylinder 

Side Window Quartz 

Bore x stroke [mm] 86 x 86 

Comp. Ratio 10.3 

Fuel n-Heptane 
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Figure 23. Picture of test engine (provided by Honda R&D, Tochigi, Japan) 

 

 

 

 

 

 

 

 

 

 

 

Figure 24.  Test engine optical access (provided by Honda R&D, Tochigi, Japan)   
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3.1.3 Results 

3.1.3.1 Data Processing 

3.1.3.1.1 Discrete absorption database 
A complete database for this band of H2O vapor (ν1+ν3) was already generated using 

HITEMP [22] by our group for work reported elsewhere [15, 16, 17]. The complete 

database is simulated with a high spectral resolution (which can be higher than the 

resolution of measured spectra). The database is termed ‘complete’ because it contains 

absorption coefficients for virtually every color in the 1300-1700 nm wavelength range.  

In contrast, we use here a discrete database, which contains only absorption data for a 

small number of channels. In this experiment, by using 19 fiber Bragg gratings (FBGs) in 

a sensor, absorption coefficients for 19 channels are measured and hence, an adequately 

simulated spectrum also has to consist of absorption coefficients for only 19 channels.  

The Beer-Lambert Law was used and the absorbance A is defined as (Eqn. 3-1) 

  LpTk
I
IA
o

),,()ln( λ=−=                                               (3-1) 

where I is the optical power of the light transmitted through the combustion chamber, I0 

is the optical power entering the combustion chamber, k(λ,T,p) is the absorption 

coefficient, which depends on the wavelength λ, the temperature T, and the pressure p. L 

is the path length through the combustion chamber. 

In order to convert the complete database into a discrete version, we used a Gaussian 

filter with a FWHM of 0.5446 cm-1 (~0.1 nm at this wavelength) to represent each FBG.  

This filter is applied to reduce full spectra to discrete spectra. 

The Gaussian Filter can be mathematically represented by 
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where ν0 is the center wave number and ∆ν is the full width at half maximum of the filter 

(0.5446 cm-1). Note that the Gaussian filter is normalized to 1.  

The database is finally cast as a 3-d array, where the first dimension is the pressure, the 

second dimension is the temperature, the third dimension specifies the number of the 

FBG (and hence the wavelength) and the values stored in the array are absorbance values 

for a single value of H2O mole fraction (5% in this case). The 3-d array was saved as one 

binary file which is smaller by a factor of 9000 compared to the complete database 

(4.46GB → 495kB). 

3.1.3.1.2 Spectral discrete fitting 
All absorbance values are assumed to be proportional to the number density of H2O for 

mole fractions near 5%.  By comparing the measured 19-element absorbance array 

(Ameas) with simulated 19-element reference arrays (Asim), gas temperature and H20 

mole fraction can be inferred. The strategy is to compare the measured spectrum with 

simulated spectra calculated at the same pressure (as given by the pressure transducer) 

and a wide range of temperatures. To find the most similar spectrum, linear least-squares 

fitting was applied to minimize the mean squared error (MSE), which is the square sum 

of the residuals: 

 2)( simmeas aAAMSE −=                                       (3-3) 

Here a  is a fitting parameter that relates the beam path and the mole fraction of the 

simulation to that of the measurement. 
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The sum of the residuals is 
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where the index i represents the number of the FBG. 

Differentiating (3-4) with respect to the fitting parameter a  and setting the equation 

equal to zero yields the minimum of MSE 
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                                                  (3-5)   

Since absorbance is proportional to water mole fraction, the fitting parameter a ultimately 

provides the measured H2O fraction. The temperature yielding the minimum least-square 

sum of (3-4) is chosen as the best fit and thus the measured temperature.  

 

3.1.3.2 Temperature Measurements 
Raw data recorded by the sensor system are shown in Figure 25. 
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Figure 25.  Raw data from the sensor system.  The y-axis is bits on the 14-bit oscilloscope. 

 

The data were processed by applying Beer’s Law; a resulting 19-point absorbance 

spectrum is shown in Figure 26.  Also shown in Figure 26 is the best-fit simulated 

spectrum from the discrete absorption database, corresponding to a measured temperature 

of 1295 K.  The fit is not excellent, indicating that there is likely some problem with the 

absolute wavelengths of the FBGs.  The system pictured in Figure 6 had been placed in a 

refrigerator controlled by a precision thermostat (Control company, model: 4130) to 

avoid such wavelength drift; however, the poor agreement in Figure 16 points to an as yet 

undetermined problem with the wavelength drift and calls the derived temperatures into 

question. 
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Figure 26. Measured and simulated absorbance, taken at 16 CAD aTDC. 
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Figure 27.  Temperatures measured using the 19-wavelength sensor system: blue (Single-cycle) and 
red (35 averaged) versus crank angle degrees (aTDC).  
 



45                               

In Figure 27, the blue curve is the single-cycle measured temperature trace using the 19-

wavelength sensor system. The red curve represents the average of 35 consecutive single-

cycle temperature traces. 
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Figure 28 the red curve in the top figure is again the 35-cycle averaged temperature with crank 
angle using 19-wavelength sensor system.  The blue curve in the top figure is a reference 
measurement: 100-cycle averaged temperature with crank angle measured by the swept-wavelength 
laser (reference 21); the black curve is the difference between the two methods. The bottom figure 
shows the pressure with crank angle.  
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The two stages of chemistry associated with HCCI combustion can be seen clearly from 

the measured pressure trace. Both stages still can be seen from the 35 averaged 

temperature curve, but not as clear as measured pressure curve. The first stage of 

combustion is difficult to see from the single-shot temperature curve because of the 

signal noise. Compared with the reference temperature measurement [23], the measured 

temperature is about 500K higher. But the measured temperature curve trends are similar.  

We believe that by fixing the absolute wavelength error in the FBGs, the ~ 500K error 

can be eliminated so that this sensor produces results similar to those measured by full 

spectral analysis as in reference 23.  Once the 19-wavelength sensor system is improved 

in this fashion, it offers advantages associated with simplicity and reduced data rates.  
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Figure 29  Sensitivity of temperature to the change of pressure.  The two curves in the top figure 
show an assumed full pressure (red) and half of that pressure (blue). The two curves in the bottom 
figure show the temperatures associated with the different pressures (red, full pressure; blue, half 
pressure).  

  

It is demonstrated in figure 29 that in-cylinder temperature is sensitive to pressure in the 

low pressure range, primarily because low water mole fraction in-cylinder. But 

temperature is not sensitive changes in high pressure and temperature range because of 

combustion and high water mole fraction in-cylinder.  The temperature curves under full 
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(red) and half (blue) pressure essentially overlap despite the two fold difference in 

pressure in this wavelength range with combustion.   

Figure 29 is useful for evaluating the sensitivity of this 19-wavelength approach to 

spectral broadening.  It has been assumed by many researchers that swept-wavelength 

approaches are best when spectral broadening is unknown; in swept-wavelength 

approaches one can directly measure the spectral lineshapes and accommodate errors 

between measured and simulated feature widths.  In the 19-wavelength case, we only 

measure one value for each wavelength, so spectral broadening effects are hidden in the 

data, resulting in a propensity for errors.  However, Figure 29 shows that the 19-

wavelength approach may be rather insensitive to errors in the spectral widths used in the 

simulation, at least when the signal to noise ratio is high (after t = 0.014 s in Figure 29). 

 

 

3.1.4 Conclusion 
The all-fiber laser sensor system based on H2O absorption spectroscopy shows great 

promise for in-cylinder temperature measurement in HCCI engines.  The use of 

supercontinuum generation and FBG technologies have been important to the success of 

this project. It is the first time our group has been able to achieve real-time in-cylinder 

temperatures. It has significant practical potential, although the measured temperature 

error of ~500 K must be fixed before such sensors can be widely deployed.  
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3.2 Frequency multiplexing sensor design and development  

3.2.1 Introduction 
From the results using time multiplexing sensor system the measured temperature were 

around 500K higher than a reference measurement. We believe that the dominant reason 

for this error is that the FBG wavelengths were shifted from their specified values. 

Because the FBG central wavelengths depend on manufacturing, they can not be 

indivually adjusted in the time multiplexing sensor system. An alternative to a time 

multiplexing system is a frequency multiplexing system.  Here, each of multiple 

wavelengths are assigned a unique amplitude modulation frequency.  In frequency 

multiplexing sensor system, specific central wavelengths of laser emission can be fine-

tuned by carefully choosing the modulation frequencies. Two frequency multiplexing 

sensor systems are studied in this project. One utilizes an LOA laser and two FBGs. 

Another sensor system uses an LOA laser and one chirped FBG.  Two frequency 

multiplexing sensor systems can be used as an improvement method for the in-cylinder 

temperature measurement. 

3.2.2 Experimental setup 

3.2.2.1 LOA laser based on fiber Bragg grating 
The dispersion mode locked fiber source discussed in this section uses cascaded FBGs to 

generate a frequency resolved multi-wavelength signal.  To achieve dispersion mode 

locking, all channels are modulated at the fundamental or harmonic of the corresponding 

round-trip frequency.  Due to the high intracavity dispersion provided by the FBGs, each 

modulation frequency is unique.  Therefore, the signal of each channel can be simply 

retrieved either directly with a lock-in amplifier or with a Fourier transformation of the 
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recorded time signal.  This is a significant advantage over non-dispersion mode locked 

sources, where the mode locking frequency is identical for all channels. In this work, two 

frequencies (28.86MHz and 30.45MHz) were generated by two function generators. Two 

FBGs with different wavelength numbers (1533.86nm and 1536.53nm) are used. 

3.2.2.1.1 Experimental setup 
The frequency multiplexing laser system based on an LOA laser and two FBGs is shown 

in Figure 30. 

 

 

 
Figure 30.  Schematic of frequency multiplexing laser system. The signal from LOA with two 

different frequencies merged by a combiner of 50 ohm resistance enters two fiber Bragg gratings 

through a 50/50 fiber splitter. The reflected then signal reaches the optical spectrum analyzer and 

digital phosphor oscilloscope. 

 

In this laser system, an LOA laser [24] is used as a power source. Two different function 

generators (Stanford Research System, Model DS345; Agilent 33250) are used to 

generate signals with different frequencies. The combined signal is used to drive the LOA 

laser. Two FBGs (center wavelength is 1533.86nm and 1536.53nm) are used in this laser 
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system setup. An optical spectrum analyzer (OSA, Agilent 86142B) is used to record the 

wavelength data. A digital phosphor oscilloscope (DPO, Tektronix TDS7404) is used to 

record the signal reflected by the FBGs. 

 

3.2.2.1.2  Experimental results  
 
Experimental results of the Frequency multiplexing laser system are shown in Figure 31 
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Figure 31.  Results of the Frequency multiplexing laser system. 

 



52                               

A combined signal with two frequencies (28.86 MHz and 30.45 MHz) was generated by 

the LOA laser (bottom curve in Figure 31). The signal entered one FBG array with two 

FBGs (1533.86nm and 1536.53nm) and was reflected. The reflected signal was recorded 

by an OSA (upper curve in Figure 31). The frequency signal of this spectrum was 

recorded with a DPO (bottom curve). 

 

As a result of this work we have created the first laser with multiplexed wavelengths. In 

this laser system two specific wavelengths are generated by adjusting the frequencies of 

two function generators all the while using two ordinary FBGs. 

3.2.2.2 LOA laser based on chirped fiber Bragg grating  
In the multiple wavelengths laser, the wavelengths are determined by the FBG central 

wavelengths. The correction of wavelengths is directly determined by the manufacturing 

level of ordinary FBGs. In some specific applications, the correction of wavelengths is 

crucial and it is difficult to get ordinary FBGs of specific central wavelengths. Chirped 

FBGs can be used to change wavelengths by changing the frequency of the laser.  

3.2.2.2.1  Experimental setup 
 
A frequency multiplexing laser system based on an LOA laser and one chirped FBG is 

shown in Figure 32. 
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Figure 32.  Frequency multiplexing laser system based on a LOA laser and one chirped fiber Bragg 
grating 

 

 

A synthesized sweeper (Hewlett Packard, HP83620A) which has a wide frequency range 

has been used in this laser system. A chirped fiber Bragg grating was generously 

provided by O-eland Company. An optical spectrum analyzer (Agilent 86142B) was used 

to record the wavelength data. A digital phosphor oscilloscope (Tektronix TDS7404) was 

used to record the signal reflected by the chirped FBG. 

 

Synthesized Sweeper (Hewlett Packard, HP83620A) 

HP83620A synthesized sweeper was used in this laser system to change the frequency. 

The frequency range of this synthesized sweeper is from 10 MHz to 20 GHz. The 

frequency resolution is 1 Hz.  

 

Chirped fiber Bragg grating 
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A chirped fiber Bragg grating was used in this laser system. The central wavelength of 

the chirped fiber Bragg grating is 1546.662 nm and its bandwidth is 0.708nm. The 

reflectivity of this chirped fiber Bragg grating is 99.99 %. 

 

3.2.2.2.2  Experimental Results 
Results of frequency multiplexing laser system are shown in Figure 33. 
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Figure 33.  Results of multiple frequencies reflected from the chirped fiber Bragg grating laser 
system as recorded by an OSA. 

 

The wavelength of the laser was changed by altering frequencies. In this laser system, 

frequency changes from 292.214 MHz to 293.184 MHz by the synthesized sweeper 

(Hewlett Packard, HP83620A) changed the wavelength from 1546.4nm to 1547nm. By 
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carefully choosing the frequency, the exact wavelength aligning to a particular feature of 

the absorption spectrum can be achieved.  

3.2.3 Conclusion 
Two frequency multiplexing laser systems which can emit multiple wavelengths 

simultaneously with each wavelength aligned to a particular spectral feature were studied. 

One frequency multiplexing laser system with two ordinary FBGs can get two different 

specific wavelengths by using two different frequencies. Another frequency multiplexing 

laser system with one chirped FBG can get the specified wavelength by carefully 

choosing the frequency. 
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4 Future work 

This chapter is the continuation of the frequency multiplexing system. In this chapter, a 

ideal frequency multiplexing measurement system was discussed.   

4.1 Find or design a desired laser  

The limitations of the time-multiplexing approach include the lack of an ideal central 

wavelength on the manufactured FBGs. A way to circumvent this limitation would be to 

use a multiwavelength laser whose wavelengths can be fine-tuned. A desirable laser will 

have the wavelength range from 1300 nm to 1380 nm according to the range of water 

absorption. The frequency of such a laser can be changed arbitrarily.  So we can get the 

specific wavelength by adjusting the frequency of the laser.  

As of the writing of this work, such a laser does not exist. The best current solution is to 

find a laser with a wavelength range of 1300nm to 1380nm and modulate that frequency 

with function generators. 

 

4.2 Find or build a suitable function generator   

An ideal function generator should have one output signal but multiple frequencies 

(around 20). Each frequency should be changed independently from 10MHz to 500MHz. 

This is way the function generator would be able to output one signal with different 

frequencies at the same time. In my experience, such a device would be a difficult task to 

design and too expensive to buy. 

Another alternative is to build a large complex of function generators. Each function 

generator would generate one or more frequencies. The frequency can be changed 
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independently by each function generator. Then a signal combiner would be used to 

collect all the different signals, producing only one output signal with many different 

frequencies. 

 

Figure 34.  Example of a suitable function generator with 19 or more independent frequencies but 
only one signal output. 

 

Figure 34 shows an example of a function generator complex creating 19 or more 

independent frequencies but only one output signal.  
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4.3 Find a fiber Bragg grating array with 10 more fiber Bragg 

gratings 

The manufacturing level of the FBGs will affect the measurement error. We can choose 

FBG central wavelengths based on the simulation results of H2O absorption spectrum. 

Each FBG would reflect one wavelength aligning to the absorption features of H2O. The 

wavelength should include those sensitive to high temperature, some wavelengths 

sensitive to low temperature, and one or two wavelengths to be treated as references. 

Reference wavelengths are located in a wavelength range with little to no H2O absorption 

(1320nm to 1380nm).  

4.4 Design and develop a new sensor system  

Use the desired laser (described in 4.1), suitable function generator (described in 4.2) and 

FBG array (described in 4.3) to design and develop a new sensor system and use it to 

measure the real time in-cylinder temperature and H2O mole fraction. The system design 

is similar to the one used for Honda engine measurement.  

 

Figure 35.  Theoretical sensor system used to measure the in-cylinder temperature based on 
frequency multiplexing    
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Figure 35 shows a theoretical sensor system that can be used to measure the in-cylinder 

temperature based on frequency multiplexing. 

   

5 Conclusions 

5.1 Summary of results  

This paper demonstrates a new optical sensor technique for the measurements of real 

time in-cylinder temperature and H2O mole fraction. A time multiplexing sensor system 

were designed and applied to a HCCI engine located in Honda R&D in Japan. It is the 

first time that real time in-cylinder temperatures have been measured in this lab. 

Although the tested temperatures are 500K higher than those measured by other methods, 

the real time feature is attractive.  Only a real time sensor system has the potential to 

provide a real time voltage proportional to gas temperature like a pressure transducer 

does. If the real time voltage feature is achieved it will become a widely used application. 

Based on the test results taken from Honda R&D, there are two methods that can be used 

to improve the correction of the measurement. One method is to change the database 

from HITRAN to BT2.  The results of other researchers suggest that the BT2 database is 

more correct than the HITRAN database, especially in high temperature range. Another 

method to improve the correction of the measurement is by obtaining specific FBG 

central wavelengths. This can be achieved by using the frequency multiplexing 

technique. In this paper, a frequency multiplexing laser system has been developed. In a 

LOA laser based system, the wavelength can be changed by altering the frequency of the 

LOA laser by using a function generator. Two FBGs with central wavelengths at 1533.86 
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nm and 1536.53nm were used in this laser system. Two function generators were used in 

this system to change the frequency of the LOA laser. Another LOA laser based system 

using one chirped FBG was also studied, where the output wavelength of the system was 

adjusted by changing the frequency of the function generator. From these two frequency 

multiplexing systems, we can see that a new frequency multiplexing real time in-cylinder 

temperature sensor system can be designed and developed. In this new system, the central 

wavelengths of ordinary FBGs would be adjusted by changing frequencies using function 

generators. We would be able to get wavelengths that align exactly with H2O absorption 

peaks. This would result in the most accurate real time in-cylinder temperatures.   

5.2 Recommendations of future work 

In-cylinder temperature and gas mole fraction are critical factors for the understanding 

and improvement of combustion. Time multiplexing and frequency multiplexing optical 

sensor systems based on absorption spectroscopy technologies are practical techniques 

for the measurement of in-cylinder temperature and gas mole fraction. These two 

techniques have potential for the development of a real-time voltage proportional to gas 

temperature measurement system. Based on my experience, the time multiplexing 

technique is the more difficult system to engineer towards success. In a time multiplexing 

sensor system, the measurement error is significantly affected by the wavelength 

accuracy of the FBGs. Unfortunately, there are only a handful of optical companies or 

research institutes that can provide multiple FBG arrays in the wavelength range from 

1300nm to 1380nm. It is difficult to manufacture a FBG array to satisfy our 

specifications (appendix I). A frequency multiplexing sensor system will provide a much 

easier path to success compared to that of a time multiplexing system. In a frequency 
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multiplexing system, the wavelength correction can be controlled by the frequency. The 

difficulty in frequency multiplexing sensor system is the design and construction of a 

function generator that can offer independent multiple frequencies. Using multiple 

function generators with a signal combiner is a practical method, although such a system 

will be more expensive. I believe that it is worth the time and investment to design and 

develop a real-time voltage system based on the frequency multiplexing technique. 

Another useful application of an optical sensor system is the measurement of in-cylinder 

fuel or other gas properties, like CO, CO2, NO, NO2, OH and so on. Currently there is a 

great deal of research in this field due to the imminent emission standards of 2007 and 

2010. Theoretically, an optical sensor should be able to measure all those in-cylinder gas 

mole fractions by changing the wavelength range. If one sensor system can measure all 

in-cylinder gas mole fractions at same time it will be ideal. Supercontinuum technologies 

will be the best choice for this application because of its broad wavelength range. It will 

be difficult but still worth the investment to design a sensor system which can measure 

multiple gas mole fractions at one time. 
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APPENDIX 

I. Specification of the fiber Bragg grating array with 

19-in-1 fiber Bragg gratings. 

   19-in-1 multi-FGBs specs: 

  (1) wavelength:(units:nm) at 35C 

1377.6384 1370.9641 1368.5998 1364.69 1362.43 

1359.516 1357.1472 1355.8102 1354.7104 1353.1517 

1350.4096 1346.5635 1343.2985 1341.8495 1340.5563 

1338.351 1337.3306 1336.2042 1333.2541  

Wavelength tolerance : +/- 0.05 nm 

  (2). The distance from one grating to another one(distance from center to center) is   

20+/-0.01 m 

  (3). FWHM <0.1nm 

  (4). Reflectivity >90% 

  (5). Type of connector: FC/APC ( two sides) 

  (6). Type of fiber: SMF28 

  (7). Jacketing Length: 5 m (two sides are all 5 m) 

  (8). Jacketing requirement:  ETFE jacket 

  (9). Spool size: 6 in dia X  4 1/2 in high 

  (9)  Other requirements: 

   Recoating, Test report included, 

   Full engineering support 
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II. Database used in the temperature calculation 

Pressure and Temperature Look-Up Tables 

Pressure Look-Up Table                               Temperature Look-Up Table  

Index     P [atm]                                                    Index      T [K] 

0 0.794  0 280 

1 1  1 293.98 

2 1.259  2 308.658 

3 1.585  3 324.069 

4 1.995  4 340.249 

5 2.512  5 357.238 

6 3.162  6 375.074 

7 3.981  7 393.801 

8 5.012  8 413.463 

9 5.5  9 434.107 

10 6  10 455.781 

11 6.5  11 478.538 

12 7  12 502.431 

13 7.5  13 527.516 

14 8  14 553.855 

15 8.5  15 581.508 

16 9  16 610.542 

17 9.5  17 641.025 
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18 10  18 673.031 

19 10.5  19 706.635 

20 11  20 741.916 

21 11.5  21 778.959 

22 12  22 817.852 

23 12.5  23 858.686 

24 13  24 901.559 

25 13.5  25 946.573 

26 14  26 993.834 

27 14.5  27 1043.455 

28 15  28 1095.553 

29 15.5  29 1150.253 

30 16  30 1207.684 

31 16.5  31 1267.982 

32 17  32 1331.291 

33 17.5  33 1397.76 

34 18  34 1467.549 

35 18.5  35 1540.822 

36 19  36 1617.753 

37 19.5  37 1698.526 

38 20  38 1783.331 

39 20.5  39 1872.37 

40 21  40 1965.855 
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41 21.5  41 2064.008 

42 22  42 2167.062 

43 22.5  43 2275.26 

44 23  44 2388.861 

45 23.5  45 2508.134 

46 24  46 2633.362 

47 24.5  47 2764.843 

48 25  48 2902.888 

49 25.5  49 3047.826 

50 26    

51 26.5    

52 27    

53 27.5    

54 28    

55 28.5    

56 29    

57 29.5    

58 30    

59 30.5    

60 31    

61 31.5    

62 32    

63 39.811    
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64 50.119    

65 63.096    

66 79.433    

67 100    
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III. All 19 simulation results  

Central wavelength: 1370.9641  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1370.8641 0.0293897 0.153531 0.191425184
1370.9141 0.0569653 0.153531 0.371034514
1370.9641 0.0641424 0.153531 0.417781425
1371.0141 0.0553996 0.153531 0.360836574
1371.0641 0.0266005 0.153531 0.173258169

Merit with wavelength(1370.9641nm)
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Central wavelength: 1369.9661 nm  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1369.8661 0.0208757 0.095512 0.218566253
1369.9161 0.038494 0.095512 0.403027892
1369.9661 0.0432528 0.095512 0.452851998
1370.0161 0.0375322 0.095512 0.392957953
1370.0661 0.0203108 0.095512 0.212651813

merit with wavelength(1396.9661nm)
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Central wavelength:  1368.5998 nm  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1368.4998 0.0400258 0.183206 0.218474286
1368.5498 0.0733099 0.183206 0.400150104
1368.5998 0.0803627 0.183206 0.43864666
1368.6498 0.0683172 0.183206 0.372898268
1368.6998 0.0331109 0.183206 0.180730435

merit with wavelength(1368.5998nm)
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Central wavelength: 1364.6843 nm  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1364.5843 0.0636697 0.211034 0.301703517
1364.6343 0.102343 0.211034 0.48495977
1364.6843 0.10924 0.211034 0.517641707
1364.7343 0.0875622 0.211034 0.414919871
1364.7843 0.0463001 0.211034 0.219396401

merit with wavelength(1364.6843nm)
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Central wavelength: 1362.4244 nm  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1362.3244 0.0727614 0.22411 0.324668243
1362.3744 0.110935 0.22411 0.495002454
1362.4244 0.112689 0.22411 0.502828968
1362.4744 0.0874931 0.22411 0.390402481
1362.5244 0.0432187 0.22411 0.192845924

merit with wavelength(1362.4244nm)
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Central wavelength: 1359.516  nm  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1359.416 0.0428039 0.199605 0.214443025
1359.466 0.0788037 0.199605 0.394798226
1359.516 0.0899523 0.199605 0.450651537
1359.566 0.0828858 0.199605 0.415249117
1359.616 0.0569606 0.199605 0.285366599

merit with wavelength(1359.516nm)
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Central wavelength:  1357.1472 nm  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1357.0472 0.0679304 0.239525 0.283604634
1357.0972 0.100355 0.239525 0.418975055
1357.1472 0.0934431 0.239525 0.390118359
1357.1972 0.0743964 0.239525 0.310599729
1357.2472 0.0314897 0.239525 0.131467279

merit with wavelength(1357.1472nm)
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Central wavelength: 1355.8102 nm  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1355.7102 0.0554453 0.21094 0.262848677
1355.7602 0.097927 0.21094 0.464241016
1355.8102 0.111298 0.21094 0.52762871
1355.8602 0.0951617 0.21094 0.451131601
1355.9102 0.0508359 0.21094 0.240996966

merit with wavelength(1355.8102nm)
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Central wavelength:  1355.0106 nm  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1354.9106 0.0404878 0.152158 0.266090511
1354.9606 0.0617465 0.152158 0.40580515
1355.0106 0.0655633 0.152158 0.430889602
1355.0606 0.0558741 0.152158 0.367211057
1355.1106 0.0290821 0.152158 0.19113093

merit with wavelength(1355.0106nm)
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Central wavelength:  1354.7104 nm  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1354.6104 0.040298 0.192853 0.208957081
1354.6604 0.0736864 0.192853 0.382085837
1354.7104 0.0883139 0.192853 0.457933763
1354.7604 0.0832181 0.192853 0.431510529
1354.8104 0.0510867 0.192853 0.26489969

merit with wavelength(1354.7104nm)
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Central wavelength: 1353.1517 nm  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1353.0517 0.0327763 0.170244 0.192525434
1353.1017 0.0618259 0.170244 0.363160523
1353.1517 0.0660084 0.170244 0.387728202
1353.2017 0.0564294 0.170244 0.331461902
1353.2517 0.0251297 0.170244 0.147609901

merit with wavelength(1353.1517nm)
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Central wavelength: 1350.4096 nm  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1350.3096 0.0599296 0.182766 0.327903439
1350.3596 0.0712288 0.182766 0.389726754
1350.4096 0.0738538 0.182766 0.404089382
1350.4596 0.0660825 0.182766 0.361568891
1350.5096 0.035346 0.182766 0.193394833

merit with wavelength(1350.4096nm)
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Central wavelength: 1348.427 nm  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1348.327 0.027526 0.159461 0.17261901
1348.377 0.0525164 0.159461 0.329336954
1348.427 0.0564304 0.159461 0.35388214
1348.477 0.0473634 0.159461 0.297021842
1348.527 0.0202754 0.159461 0.127149585

merit with wavelength(1348.427nm)
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Central wavelength:  1346.5635  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1346.4635 0.0296423 0.073547 0.403038873
1346.5135 0.0461553 0.073547 0.627561967
1346.5635 0.0565266 0.073547 0.768577916
1346.6135 0.0442327 0.073547 0.60142086
1346.6635 0.0280636 0.073547 0.381573688

merit with wavelength(1346.5635nm)
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Central wavelength:  1343.2985  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1343.1985 0.0138343 0.072851 0.18989856
1343.2485 0.0236902 0.072851 0.325187026
1343.2985 0.0235245 0.072851 0.32291252
1343.3485 0.017463 0.072851 0.239708446
1343.3985 0.00592988 0.072851 0.081397373

merit with wavelength(1343.2985nm)
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Central wavelength: 1341.8495  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1341.7495 0.00799959 0.061025 0.131087095
1341.7995 0.0155589 0.061025 0.254959443
1341.8495 0.0159797 0.061025 0.261854977
1341.8995 0.0135775 0.061025 0.222490782
1341.9495 0.00515974 0.061025 0.084551249

merit w ith w avelength(1341.8495nm)
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Central wavelength:  1340.5563  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1340.4563 0.00545497 0.010888 0.501007531
1340.5063 0.00898689 0.010888 0.825394012
1340.5563 0.00977339 0.010888 0.8976295
1340.6063 0.0074363 0.010888 0.682981264
1340.6563 0.00343799 0.010888 0.315759552

merit with wavelength(1340.5563nm)
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Central wavelength:  1340.1405  

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1340.0405 0.014295 0.035013 0.408276926
1340.0905 0.0156968 0.035013 0.448313484
1340.1405 0.0146313 0.035013 0.41788193
1340.1905 0.0117916 0.035013 0.336777768
1340.2405 0.00544616 0.035013 0.155546797

merit with wavelength (1340.1405nm)
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Central wavelength: 1353.1522    

wavelength[nm] 
Fraction absorbed 
(-80 degree CAD) 

best possible fraction absorbed 
(0 degree CAD) figure of merit 

1353.0522 0.0330348 0.170569 0.193674114
1353.1022 0.0619856 0.170569 0.363404839
1353.1522 0.0659877 0.170569 0.386868071
1353.2022 0.0562078 0.170569 0.329531157
1353.2522 0.0248953 0.170569 0.145954423

merit with wavelength(1353.1522nm)
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