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ABSTRACT 

Optical fibers have revolutionized telecommunications. Much of the 

success of optical fiber lies in its near-ideal properties: low transmission loss, 

high optical damage threshold, and low optical nonlinearity. The 

photosensitivity of an optical fiber was accidentally discovered by Hill, et al. in 

1978. However, the technological advances made in the field of photosensitive 

optical fibers are relatively recent. This fascinating technology of 

photosensitive fiber is based on the principle of a simple in-line all-fiber 

optical filter. It has been shown that the transmission spectrum of a fiber 

Bragg grating can be tailored by incorporating multiple phase-shift regions 

during the fabrication process. Phase shifts open up ultra narrowband 

transmission windows inside the stop band of the Bragg grating. As a specific 

application, this research is focused on applying this technology in future 

space-based water vapor Differential Absorption LIDAR (DIAL) systems to 

improve the performance of space-based LIDAR systems by rejecting the 

reflected solar background. 

The primary goal of this research effort was to demonstrate the feasibility of 

using ultra narrow band fiber optic Bragg grating filters for atmospheric water vapor 

measurements. Special fiber Bragg gratings were fabricated such that two 

transmission filter peaks occurred and were tunable, one peak at a 946 nm water vapor 

absorption line and another peak at a region of no absorption. Both transmission peaks 

were in the middle of a 2.66-nm stop band. Experimental demonstration of both 



pressure and temperature tuning was achieved and characterization of the performance 

of several custom-made optical fiber Bragg grating filters was made. To our 

knowledge these are the first optical fiber gratings made in this frequency range and 

for this application. The bandwidth and efficiency of these filters were measured and 

then these measurements were compared with theoretical calculations using a 

piecewise matrix form of the coupled-mode equation. A conceptual design of a 946 

nm space-based active DIAL system is provided showing potential system 

improvements using this new technology of Fabry-Perot fiber optic Bragg grating 

filters. Finally, an ultra narrow band water vapor DIAL filter was characterized 

having two pass bands less than 8 pm and peak transmissions greater than 80 percent. 

Such filters are now ready for integrating into space-based water vapor LIDAR 

systems. 
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CHAPTER 1 

INTRODUCTION 

The Earth's climate system is strongly influenced by the amount and distribution 

of atmospheric water vapor, liquid water, and ice. Water in the atmosphere is the most 

important internal determinant of today's climate. The response of water vapor and clouds 

to climate change is the single most important feedback process determining the 

magnitude of the climate change expected from forcings such as increasing carbon 

dioxide in the atmosphere. The processes that control water in the atmosphere are very 

complex and extend across a wide range of spatial and temporal scales making it very 

difficult to project accurate long-term weather prediction presently. In order to address 

this broad range of scales and processes in a comprehensive way, major improvements 

are needed in the global measurements of water vapor for both climate and numerical 

weather prediction applications. 

For weather and climate predictions, space-based satellites are needed that 

continuously measure the atmospheric water vapor profile on a global and hourly scale. 

The current operational satellite system uses passive radiometers for the measurement of 

water vapor and their vertical profile resolution is limited to several kilometers. For 

improved weather and climate predictions improved vertical profiling resolution is 

needed. Although higher resolution infrared spectrometers are now being tested (e.g. the 

Atmospheric InfraRed Sounder (AIRS) on the Aqua satellite) and are planned for future 

operational satellites, the highest vertical profile resolution achievable depends upon the 
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space implementation of active LIDAR (Light Detection And Ranging) technologies 

(Smith, 1991). To accomplish this many new technologies must be developed to make 

such an improved LIDAR system a reality. 

This dissertation will describe the development of an advanced ultra-narrow band 

optical filter based on fiber optic technology. This research effort has three components: 

1) the design and testing of narrow band fiber Bragg grating filters for 946 nm water 

vapor LIDAR applications; 2) the development of a model describing the physics of the 

filters; and 3) a preliminary design system study of a space-based water vapor LIDAR 

system incorporating this new technology showing significant system performance 

payoffs. 

This dissertation presents the need for atmospheric water vapor measurements in 

Chapter 1. Chapter 2 presents a conceptual design of a satellite water vapor LIDAR 

system using this custom-made tunable filter and describes the specific water vapor 

absorption lines of interest. Chapter 3 describes how optical fibers act as waveguides, 

how optical Bragg grating filters work and are inscribed into the fiber core. Very simple 

concepts are presented first and these concepts are used as building blocks to understand 

the more complex filter designs presented in Chapter 4. Chapter 4 describes the design 

and corresponding model of the custom-made ultra narrow band optical Fabry-Perot 

Bragg grating filters used in this research. The experimental setup used to test these 

tunable narrow band filters is presented in Chapter 5 followed by the test results in 

Chapter 6. Chapter 7 compares the experimental results with that of the model. Finally, 

dissertation conclusions are discussed in Chapter 8. 
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The Role of Water Vapor in the Atmosphere 

Water vapor is the most important greenhouse gas, and significant uncertainty in 

climate models and weather forecasts can be traced to inadequate understanding of the 

water budget and water-induced radiation feedback, as well as inadequate knowledge of 

the existing water vapor distribution (IPCC Working Group 1,2001). Water vapor is also 

a very important molecular species that affects many different processes in the Earth's 

atmosphere. It is one component of the global hydrologic cycle, and is involved in the 

development of clouds and storm systems. Along with ozone and sunlight, water vapor 

affects the production of hydroxyl radicals that controls much of the tropospheric 

chemistry. It also affects visibility by increasing the growth of hygroscopic aerosols 

through hydration at higher relative humidities (Browell et al, 1998). 

The vertical flux of energy in the atmosphere is one of the most important climate 

processes. The radiative and nonradiative fluxes between the surface, the atmosphere, 

and space are key determinants of climate. The ease with which solar radiation 

penetrates the atmosphere and the difficultly with which terrestrial radiation is 

transmitted through the atmosphere determines the strength of the greenhouse effect. The 

largest percentage of solar absorption in the troposphere is due to water vapor and clouds, 

while carbon dioxide, ozone, and oxygen together contribute a very small yet significant 

amount. In addition, the main contributors to the trapping of longwave radiation in the 

troposphere are water vapor, clouds, carbon dioxide, ozone, nitrous oxide, methane, and 

several other minor constituents. Water vapor is the primary molecular absorber of the 
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Earth's thermal energy to space and clouds of sufficient thickness act as strong absorbers 

of terrestrial radiation and at the same time are excellent reflectors of solar radiation 

(Hartmann, 1994). Thin ice clouds (i.e. cirrus clouds) have a strong greenhouse effect in 

that they do not block the sun's energy from reaching the surface but they do block much 

of the earth's thermal energy from exiting the Earth-atmosphere system. 

Atmospheric water vapor decreases rapidly with latitude and most of the 

atmospheric water vapor is within a few kilometers of the Earth's surface. The amount of 

water vapor in the atmosphere at the equator is nearly 10 times that at the poles. The 

rapid upward and poleward decline in water vapor abundance in the atmosphere is 

associated with the strong temperature dependence of the saturation vapor pressure. 

Warmer air can contain a much larger fraction of water vapor (Wallace and Hobbs, 1977, 

andHartmatm, 1994). 

In the current atmosphere, water vapor is the most important gaseous absorber of 

solar and terrestrial radiation and accounts for about half of the atmosphere's natural 

green house effect (Hartmann, 1994). Clouds of liquid water and ice contribute about 

30% of the atmosphere's natural opacity to thermal radiation and contribute about half of 

Earth's reflectivity for solar radiation. The evaporation of water from the Earth's surface 

accounts for about half of the cooling of the water siurface that balances the heating by 

absorption of solar radiation. As the water vapor rises into the atmosphere it eventually 

condenses and precipitates, but the energy released during the condensation of 

atmospheric water vapor helps to drive the circulation systems of the atmosphere. 
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Browell et al. (1998) reported that water vapor and ozone are important for the 

formation of hydroxyl (OH) in the troposphere, and OH is at the center of most of the 

chemical reactions in the lower atmosphere. In addition to influencing the production of 

OH, water vapor is an excellent tracer of vertical and horizontal transport of air masses in 

the troposphere, and it can be used as a tracer of stratosphere-troposphere exchange. 

According to Hartmann (1994), water vapor is an important mechanism for the 

transport of energy in the form of latent heat, primarily from tropical regions poleward. 

The latent heat is converted into sensible heat upon condensation, primarily in the regions 

of mid-latitude cyclones. Latent heat release is the primary energy source for tropical 

cyclones. Thus, the vapor phase latent heat represents a large source of potential energy, 

and therefore, the water vapor distribution is key to hurricane formation and direction. 

Measurement of Atmospheric Water Vapor 

The measurement of water vapor is increasing in importance. Most of the vertical 

profile water vapor measurements to date have been obtained from ground-based 

radiosonde stations and have generally been limited to populated land areas and are too 

infrequent to provide the needed temporal and spatial resolution for accurate weather 

predictions. Radiosondes are instruments equipped with devices to measure 

meteorological variables such as pressure, temperature, humidity, etc, that are typically 

carried by a balloon vertically through the atmosphere and send this information to the 

observing station by using a radio transmitter. Radiosondes provide most of the in situ 

temperature and relative humidity measurements over land, while radiosondes launched 



from remote islands or ships provide very limited coverage over the oceans (WMO, 

1996). Although radiosondes make the most accurate measurements currently available, 

huge gaps exist in high-vertical resolution databases over oceans and other inaccessible 

areas of the Earth. Further, standard measurement techniques have been limited to the 

lower and mid-troposphere due to difficulties in determining the small amounts of water 

vapor in the upper troposphere and the stratosphere. Although high spectral resolution 

Fourier Transform spectrometers are scheduled to fly on future operational satellites, 

space-based active remote sensing instruments are needed to make the ultimate vertical 

resolution of the water vapor profile measurements desired (Browell et al., 1998, and 

Smith, 1991). 

Schott (1997) defines remote sensing as the field of study associated with 

extracting information about a target without coming into physical contact with it. 

Remote sensing systems are made up of active and/or passive sensors and are usually 

tailored for a specific target. Passive sensors receive a natural signal, either from the Sun 

that is reflected or scattered by the target, or from the Earth's surface or atmosphere that 

emits infrared and microwave radiation. Active sensors generate and transmit a signal 

(usually a laser) toward the target and receive a returned signal after its interaction with 

the target. Examples of passive sensors include a camera, a radiometer, and the human 

eye. Common active sensors are radar, LIDAR, or sonar. A space-based active remote 

sensing LIDAR system is advocated in this study effort because of the required vertical 

resolution desired for water vapor profile measurements which are limited using passive 

spectrometer measurement techniques. 
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Appendix A provides a list of atmospheric water vapor measurements available 

from the NASA Distributive Active Archive Centers (DAAC). The data sets are 

separated into ground- or ship-based, airborne, and spacebome measurements in Tables 

Al-la, Al-lb, and Al-lc, respectively. The data available at the Langley Research 

Center's DAAC is provided in Table Al-2. For each data set name the parameter, 

source, date range, spatial resolution and coverage, temporal resolution, and accuracy are 

provided. Although the lists in Table Al-1 and Al-2 are quite large, the combined 

temporal and spatial coverage of these measurements are far from being adequate to meet 

the required coverage for either climate change studies or numerical weather prediction 

applications. 

The Need for Satellite-Based Active Water Vapor Measurements 

LIDAR systems have been used since the 1960's to detect particles or gases in the 

atmosphere. High sensitivity with good spatial resolution can be achieved by a LIDAR 

method known as Differential Absorption LIDAR (DIAL) where a laser is used to send 

out short pulses of light. Light energy emitted by the laser is scattered by molecules and 

aerosols in the atmosphere and the backscattered light is collected by a receiver telescope 

as depicted in Figure 1-1. The telescope field of view and the laser divergence intersect 

the same atmospheric volume. The distance traveled by the light to a target in the 

atmosphere is equal to the speed of the light times one-half the round-trip travel time 

from the laser transmitter to the receiver. The return signal is proportional to the density 

of atmospheric scatterers. Where the density is higher, a stronger backscattered signal is 
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received. Since the atmospheric molecular density is higher closer to the Earth, the return 

signal decreases with increasing distance from the Earth's surface due the reduction in 

the number of scatterers (i.e. molecules and aerosols) with altitude. 

Laser 
Transmitter 

Receiver 
Sun 

Water Vapor 
DIAL Satellite 

Laser 
Divergence 

Receiver Field 
of View 

Atmospheric Background and 
Broadband Surface Signal 

Earth 

Figure 1-1. Space-based nadir-viewing water vapor DIAL system (from DeYoung, 2003). 

The first remote laser measurement of the vertical water vapor profiles in the 

atmosphere was based on the DIAL technique and was made by Schotland (1966) using a 

thermally tuned ruby laser. The differential absorption of laser radiation by water vapor 

represents a selective and sensitive method for measuring vertical profiles of water vapor. 

In principle, the DIAL technique is based on comparing the attenuation, through the 

atmosphere, of two laser pulses of slightly different wavelength. One pulse is emitted on 
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the center of a water vapor absorption hne (on-hne wavelength, Xon)- The second is 

emitted on the line wing (off-line wavelength, Xoff), where water vapor absorption is 

negligible and only molecular or aerosol scattering occurs. A schematic of the DIAL 

principle is shown in Figure 1-2. 

Laser Transmiter Reccivcr 

on/olT 

AR 

Atmospheric Backscatter Volume 

Figure 1-2. Schematic of the DIAL principle. 

As the laser pulses propagate through the atmosphere, part of their energy is 

backscattered to the instrument by molecules and particles - typically aerosols. The 

length of the laser pulse transmitted into the atmosphere defines the scattering volume. 

The location of this volume is very precisely determined by the travel time of the laser 

pulse from the transmitter to the scattering volume and back to the receiver.The almost 
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simultaneous transmission of the on- and off-line wavelengths (and small wavelength 

separation between on- and off-line wavelengths) allows the application of a simplified 

form of the DIAL equation for determining the average water vapor molecular number 

density, nwv, between ranges Ri and R2 and is given by Schotland (1974) as 

1 

2Aa(/?2-/?,) 
In 

PoniR.)PoA^2) 

PoniR2)PoffiRd 
(1-1) 

where Pon and Poff are the backscatter powers at the on- and off-line wavelengths (Xon and 

Xoff); the LIDAR wavelengths are selected to be on the peak of the water vapor 

absorption line and in an unabsorbed region off the peak; and Ao is the differential 

absorption cross section between the on- and off-line wavelengths (Ao = Oon - Ooff). 

Equation (1-1) assumes backscatter and extinction from aerosols and molecules at the on-

and off-line wavelengths to be identical, thus implying that the difference in amplitude of 

the on- and off-line signals is to be totally caused by water vapor absorption. Equation 

(1-1) also assumes that the separation between the on- and off-line wavelengths is small 

(AX, <0.1 nm). 

The idea of putting DIAL systems in space has been discussed since the late 

1970s, starting with NASA's interest in putting LIDAR systems on the space shuttle 

(Browell and Ismail, 1984; NASA SP-433, 1979). Since then, DIAL experiments have 

been evaluated with an emphasis on future measurements of water vapor and ozone from 

space. The possibility became more likely with the successful deployment of LITE 

(LIDAR in-space technology experiment) on the space shuttle in September 1994 



(Winker et al., 1996). This was the first demonstration that space-based LIDAR systems 

can provide useful global information of the Earth's atmosphere. 

Ismail and Browell (1989) report that a spacebome DIAL system can meet the 

measurement needs for water vapor in the troposphere on both global and regional scales. 

However, Smith (2003) recommends a spacebome DIAL system combined with passive 

scanning spectrometers to optimize the space-based water vapor observing capability. 

Therefore, a future scenario consists of a constellation of satellites constantly orbiting the 

Earth using combined DIAL and infrared spectrometers for water vapor profiles. These 

profile measurements are down loaded to computer systems all over the world in near-

realtime. Large atmospheric computer models are constantly updated each minute, 

producing very accurate long-term weather predictions. This future system can only be 

achieved by developing new technologies in lasers, optics, and detectors. One new 

needed technology is the development of a very narrow, rugged, tunable receiver optical 

filter such as the ones realized herein. 

Ultra Narrow Band Fibers for Global Satellite Water Vapor Measurements 

In a space-based water vapor DIAL satellite system, some of the sunlight that is 

reflected by the surface of the Earth and atmosphere will enter the telescope receiver as 

noise. By reducing the optical bandwidth of the receiver, this noise can be reduced. To 

make accurate measurements, the signal should be substantially greater than the noise or 

the signal-to-noise ratio (SNR) should be much greater than 1. 
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The photon counting technique will be needed in this satellite systems due to the 

very low signal and large measurement ranges required. Ismail and Browell (1989) give 

the SNR equation for a photon counting receiver system as 

where 

Ns = number of counts/second from water vapor DIAL signal 
Nb = number of counts/second from background solar light 
Nd = number of counts/second from detector dark current 
T = measurement time (seconds) 

The SNR can be improved by increasing the return signal, N^, with a higher 

energy laser (a very expensive option) or increasing the measurement time, T, which 

decreases the horizontal resolution of the measurement. Typically, a compromise is 

made between the SNR and the horizontal resolution. Additionally, the SNR can be 

improved by minimizing the background noise, N^, and the detector noise, N^. The N^ 

depends on the detector chosen and to make it small a low-noise cooled detector is 

needed. The Nb depends on the background noise reaching the receiver. To reduce the 

background noise reaching the receiver, an optical filter is placed in front of the photon 

counting detector. This filter is especially needed during daytime measurements. The 

filters used today are typically 300 xlO"'^meters (300 pm) full-width at half-maximum 

(FWHM) but this could be significantly reduced to 20 pm FWHM or less by using a 

Fabry-Perot optical fiber Bragg grating filter, a new technology which has primarily been 

(1-2) 



used in the telecommunications industry. Figure 1-1 shows a future space-based nadir-

viewing water vapor DIAL system. Note that the telescope field of view is somewhat 

larger than the laser divergence, but a large telescope field of view also allows greater 

solar background signals in the receiver reducing the SNR as shown in equation (1-2). 



32 

CHAPTER 2 

CONCEPTUAL DESIGN OF A WATER VAPOR DIAL SATELLITE SYSTEM 

In this chapter the targeted water vapor absorption line for this DIAL system is 

presented first. Next simulation results of a water vapor DIAL satellite system showing 

the influence of a narrow band filter such as the ones advocated in this dissertation and 

the need for these filters to be tunable are presented. Finally this chapter concludes with a 

conceptual design of such a LIDAR system. 

While there are many atmospheric water vapor lines that could be used for DIAL 

measurements, relatively few of them have the beneficial characteristics of being 

relatively insensitive to pressure and temperature effects on the water vapor line width. 

Another valuable characteristic is that the line have a strong absorption cross section. Of 

the many water vapor lines available, the lines around 940 nm have very large absorption 

cross sections and of these lines the 946.0003 nm (air) line is also relatively insensitive to 

atmospheric temperature and pressure changes (DeYoung, 2003). Thus, this line was 

chosen for this research investigation. 

Water Vapor Line of Interest for Proposed Space-based DIAL Measurements 

The water vapor absorption spectrum around 946 nm at standard temperature and 

pressure (STP) is shown in Figure 2-1. The 946.0003 nm line has an absorption cross-

section of 2.89 X 10 cm^ and a FWHM line width of 8.47 pm. This absorption line 

will be used as the on-line DIAL wavelength (>V)n). The off-line DIAL wavelength (Xoff) 
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will be located a small distance to the left of the on-line absorption line where there is a 

large wavelength region with minimal water vapor absorption. 

Water Vapor 
Absorption 

Lines 

t 

Figure 2-1. The on-line DIAL water vapor wavelength (>ion) of interest for this space-based 
system is the 946.0003 imi (air) water vapor absorption line. The off-line DIAL wavelength (Xoff) 

will be located to the near left of the on-line peak. The first number in each group is the 
wavelength in nm at the peak, the second number is the corresponding absorption cross-section in 

cm^, and the third number is the FWHM line value in pm (from DeYoung, 2003). 

Satellite System Simulation 

To better understand the system payoff characteristics of using ultra narrow 

bandwidth filters as opposed to currently available filters, a simulation was run (Ismail 

and Kooi, 2003) that compares satellite-based water vapor atmospheric measurements 

using a 20 pm FWHM filter in contrast to a 300 pm FWHM currently available filter. A 

typical spacecraft altitude of 600 km was chosen using a 946 nm laser producing 1 Joule 
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.845e-22 
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wave length range 
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per pulse at 10 Hertz (on-line and off-line pairs) repetition rate. The receiver had a 2-

meter diameter telescope and a detector quantum efficiency of 65%. 

The results are shown in Figures 2-2a and 2-2b where the horizontal water vapor 

resolution is 100 km and 200km, respectively, and the vertical resolution is 1 km. 

Different water vapor cross-section values are used at different heights because the water 

vapor concentration decreases significantly with increasing distance from the Earth. A 

DIAL satellite system will need to have the capability to quickly change the on-line 

DIAL wavelength, which is associated with the water vapor cross sections, to adequately 

cover the water vapor concentration profile throughout the troposphere up to the 

stratosphere. In this simulation, a 0.2 x 10'^^ cm^ water vapor cross-section is used in the 

lower troposphere; a 2.0 x 10"^^ cm^ water vapor cross-section is used in the upper 

troposphere; and a 9.7 x 10"^^ cm^ water vapor cross-section (peak of 946 nm absorption 

line) is used in the lower stratosphere. The difference in the two sets of plots within each 

figure is the filter bandwidth in the receiver system, either 300 or 20 pm FWHM. The 

simulation is for daytime operation and is considered a worst case background noise 

scenario. The intent of these simulation plots is to show the influence of using an ultra 

narrow band filter in a spacebome water vapor DIAL system. The DIAL measurement 

random error decreases by about a factor of 2 or more when using a 20-pm filter instead 

of a 300-pm filter. 
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Figure 2-2a. Random error profiles for a spacebome water vapor DIAL system at an altitude of 
600 km with horizonal resolution of 100 km (from Ismail and Kooi, 2003). 
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Figure 2-2b. Random error profiles for a spacebome water vapor DIAL system at an altitude of 
600 km with horizontal resolution of 200 km (from Ismail and Kooi, 2003). 
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To better display the relative performance benefit between the 20-pm filter and 

the 300-pm filter, Figure 2-3 was made corresponding to Figures 2-2 showing the percent 

improvement in the DIAL measurement using the 20-pm filter instead of the 300-pm 

filter. As shown in the figure substantial improvements (> -50%) in atmospheric water 

vapor measurements can be obtained by use of filter technology described in this research 

effort. 
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Figure 2-3. Percent improvement in random error by using 20-pm filter instead of 300-pm filter 
as a function of altitude. 

Water Vapor DIAL Satellite System Conceptual Design 

Based on the simulation results showing the potential system performance 

improvements, a conceptual design of a water vapor DIAL satellite system was made and 

is presented next. The conceptual design is shown in Figure 2-4 showing the major 
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subsystems. A laser pulse at 946 nm (1 J at 10 Hz) is emitted from the laser transmitter. 

Backscattered light from the atmosphere is collected by a 2-meter diameter parabolic 

mirror and focused into a fiber optic cable, which transmits the received light to the 

receiver subsystem. Solar arrays generate the required power primarily for the laser 

subsystem and waste heat is radiated to space through the satellite radiator. As shown in 

Figure 2-4 the major subsystems are the transmitter, receiver, mirror, radiator, and solar 

panels. 

Solar Panel 

2 Meter Diameter 
Parabolic Mirror Radiator 

Retjirn Signal 

Laser Beam _ ̂  

m 
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Fiber Optic Cable 
Transmitter 

Receiver 

Solar Panel 

Figure 2-4. Conceptual design of future 946 nm water vapor DIAL satellite system 

Figure 2-5 shows a block diagram of this system with the corresponding expected 

power requirements, efficiency levels, and mass of each subsystem. The functional block 
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diagram provides order of magnitude calculations for a system feasibility check. The 

photovoltaic array mass calculation was obtained by scaling from the CALIPSO (Cloud-

Aerosol LIDAR and Infrared Pathfinder Satellite Observations) solar array satellite 

system design (0.664 kW, 43 kg, and 10.52m^) (Cannon, 2003) while the space radiator 

mass calculation was obtained by scaling from the International Space Station radiator 

system design (lOkgW) (DeYoung, 2003). 
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25% 
Eff. 

2624 kg 
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Diode ^":^Array^^-'1: An^y i 
i 100 kg Array 

An^y i 
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18.5 kW @ 200»K Space Radiator 2039 kg 

J r' 
Figure 2-5. Functional block diagram of water vapor DIAL satellite system with typical power, 

subsystem efficiencies, and mass allocations (from DeYoung, 2003). 

Specifically, the mass of this solar array subsystem was calculated by using the 

following scaling factor 

^^^^^CALIPSOSolarArray ,s 
SolarArray ~ SolarArray (2-1) 

Hf^O-CAUPSOSolarArray 
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where = Powers,,* 
power^^jjp^Q 

10.52m' -tU -tH/l/ sis 
SolarArray 

= 39.3^1^ * = 642m' 
Q.6AAkW 

yielding = 642m' * = 2624%. 

Likewise, the area and mass of the radiator was calculated by using the following set of 

equations: 

^ = 203.9™' 
oT* 5.67;clO''Wm"^Ar'<200A')* 

ITld^S and mass =area * SpaceStationRadiators .2-2) 
"^^^^Radiator ^'^^Radiator 

^^^^SpaceStationRadiators 

yielding ^^^^Radiator = 203.9m' * 10-^ = 2039%. 
m 

[Expert aerospace engineering would be required to develop a reasonable, much lighter 

mass system than the one scaled herein.] 

Instrument Description 

The instrument principle is based on the emission at two wavelengths; namely the 

on- and off-line wavelengths. The main subsystems are; 

one transmitter unit capable of emitting two different wavelengths in the form 
of pulse pairs with a separation between the pulses of a few hundred 
microseconds 

- one thermally and radiation shielded receiver unit with a custom-made tunable 
Fabry-Perot Bragg reflection grating filter and a detector module 
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one 2-nieter diameter parabolic receiving mirror capable of collecting the 
backscattered light and reflecting it into the fiber optic cable 

one radiator capable of radiating the heat generated within the system 

- two solar panels capable of supplying power to the entire system 

Figure 2.6 shows the Nd;YSAG (neodymium: yttrium scandium aluminum 

garnet) 1 Joule (J) laser subsystem. This transmission subsystem is operating at 1 Hertz 

(Hz) and 200 degrees Kelvin (K). The major components are the laser oscillator and two 

amplifiers delivering a 1.2 J laser pulse. 
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Figure 2-6. Nd:YSAG 1 Joule laser system (from DeYoung, 2003). 
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According to DeYoung (2003) the laser line can be slightly shifted in wavelength 

by changing the laser diode seeder that injects a preset wavelength into the oscillator laser 

cavity. The entire laser system consists of diode pumped gain modules and a single 

module as shown in the exploded view of Figure 2-6. 

The corresponding laser transmitter electrical requirement is shown in Figure 2-7. 

A total of 33.4 kW of power is required to drive this subsystem and 18.4 kW of heat will 

be created assuming a 200° K operating temperature. 

Electrical: 33.4 kW 

'20kW 

Electrical 
6.7 kW 
Electrical 

6.7 kW 

Electrical 

200 mJ 

Laser 
1.2 J/pulse 600 mJ 

Amp #2: Umi 
Pump j x2 
Diodes j 
3kWor0.48j! 

Oscillator j 
Pump i 

Diodes j 
9 kW or 1.44 J I 

Amp#l: jAmd 

Pump I x3 

11 kW 3.7 kW 3.7 kW 

Vs Heat Heat Heat ^ 

Heat: 18.4 kW @ 200''K 

Note: Diode efficiency = 45% 

Figure 2-7. Block diagram of laser transmitter subsystem (from DeYoung, 2003). 

The receiver subsystem is shown in Figure 2-8 and requires both radiation and 

thermal shielding. The tunable ultra narrowband fiber optic filter, which is the main topic 

of this dissertation, is located within this subsystem. This subsystem provides 
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piezoelectric tuning (stretching) of the optical filter for quick alignment of the DIAL on

line wavelength to the target water vapor absorption line during daytime and/or nighttime 

measurements which allows profiles to be obtained from the lower troposphere up 

through the lower stratosphere. 
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Figure 2-8. Conceptual receiver system. 

The receiver system is contained in a temperature-stabilized enclosure. A Fabry-

Perot fiber Bragg grating filter has two transmission peaks, one for the off-line 

wavelength and one for the on-line wavelength. The on-line is rapidly tuned to any water 

vapor absorption needed as determined by the wavelength of the laser pulse generated. 

The light signal diverges when emitted from the fiber and a lens is used to focus 

the light onto an avalanche photo diode (APD) photon counting detector. This output is 
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sent to a multiple channel scaler where the on- or off-line profiles are generated and will 

be used in making the DIAL calculations (see equation (1-1)). 

The major focus of this thesis is the characterization of the fiber Bragg grating 

shown in Figure 2-8. Both experimental and modeling results will be presented in the 

following chapters. 
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CHAPTER 3 

OPTICAL FIBER BRAGG GRATING FILTER THEORY AND DESIGN 

In this chapter, optical fibers are presented first followed by a discussion of Bragg 

gratings within these optical fibers. Then the most commonly used fabrication technique 

used for writing these gratings is presented, followed by the coupled-mode reflection 

theory in describing the Bragg grating properties. Then we move into more complex 

Bragg gratings using the simplest uniform gratings as building blocks to understanding 

the more complex gratings. Finally, the ultra narrow band optical grating concept, known 

as Fabry-Perot fiber Bragg grating filters, used in this research is presented. 

Characteristics of Optical Fibers 

An optical fiber consists of a glass core of high refractive index surrounded by a 

slightly lower refractive index cladding as shown in Figure 3-1. The core is usually made 

of glass (doped silica) and is the light transmitting portion of the fiber. The cladding is 

usually made of the same material as the core, but with a slightly lower index of 

refraction (typically 1 percent lower for single-mode fibers) (Measures, 1992). This 

index difference causes light traveling in the core to have total internal reflection at the 

core-cladding boundary along the length of the fiber so that the light is transmitted down 

the fiber and does not escape through the cladding side walls (Ghatak and Thyagarajan, 

1998). The principle of total internal reflection governs the operation of optical fibers. 

Figure 3-2 demonstrates the concepts involved in the principle of total internal reflection. 
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Cladding 

Core 

125 nm 5-10 )xm for single-mode fiber 

Figure 3-1. A typical single-mode optical fiber consisting of a core surrounded by a cladding of 
slightly lower refractive index, ni>n2. Light wave guidance occurs by total internal reflection. 

Optical materials are characterized by their index of refraction, n. The refraction 

index is the ratio of the speed of light in a vacuum (c) to the speed of light in the material 

(v). When a ray of light passes from one material to another with a different index of 

refraction, the ray is bent, or refracted, at the interface. If light passes from a medium 

with a lower index of refraction to one with a higher index of refraction the light is bent 

toward the normal, and if the light passes from a higher to lower index of refraction the 

light is bent away from the normal. Consider a light ray incident on a plane interface 

formed between two materials of refractive indices ni and nz as shown in Figure 3-2, the 

angles of incidence and refraction, 6i and 62, respectively, are related by Snell's law: 

nis in0i  =n2sin02.  (3-1)  
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a) Angle of Incidence b) Critical Angle c) Total Internal Reflection 

® ^ ^critical ® ^critical ® ^ ^critical 

90° 

Angle of Refraction 

Figure 3-2. Snell's Law - Demonstrations of a) Angles of Incidence and Refraction, b) Critical 
Angle, and c) Total Internal Reflection (from Goff, 2002). 

In Figure 3-2, the upper, lighter region of each frame always has a higher 

refractive index than the lower, darker region (ni > n2). The refractive index of the upper 

region is designated ni while the lower region refractive index is n2. Figure 3-2a shows a 

case where the angle of incident, 6i, is less than the critical angle, Ocdticai- Note that the 

angle the light travels changes at the interface between the higher refractive index, ni 

region, and the lower refractive index, n2 region and that the light ray is bent away from 

the normal. In Figure 3-2b, the angle of incidence, 0i, has increased to the critical angle, 

Scriticai- At this angle the refracted light ray travels parallel to the interface region. In 

Figure 3-2c, the incidence angle, 0i, has increased to a value greater than the critical 



angle, Scriticai- In this case 100 percent of the light reflects at the interface region. This is 

the concept of total internal reflection. 

As the angle of incidence increases, the angle of refraction approaches 90° (see 

Figure 3-2). The angle of incidence that produces an angle of refraction of 90° is the 

critical angle, Ocnticai- The critical angle is calculated as follows: 

where ni is the refractive index of the core and n2 is the refractive index of the cladding 

as shown in Figures 3-1 and 3-3. 

Increasing the angle of incidence past the critical angle results in total internal 

reflection, where the angle of incidence is equal to the angle of reflection. This is the 

basis for the operation of optical fibers. Light entering the core of a fiber at an angle 

sufficient for total internal reflection, travels down the core reflecting off the interface 

between the core and the cladding. Light entering at an angle less that the critical angle is 

refracted in the cladding and lost. 

When light is guided down a fiber, phase shifts occur at every reflective 

boundary. There are a finite discrete number of paths down the optical fiber, called 

modes, that produce constructive (in-phase and therefore additive) phase shifts thereby 

reinforcing the transmission. Because each of these modes occurs at a different angle to 

the fiber axis as the beam travels along the length, each one travels a different length 

through the fiber from the input to the output. There is only one mode, the zero order 

mode, that travels the length of the fiber without reflections from the cladding sidewalls. 

critical (3-2) 
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This is known as a single-mode fiber and is the type of fiber that is used in this research. 

A single-mode fiber is determined by the diameter of its core and is between 5 and 10 ^im 

as noted in Figure 3-1. 

Optical Fiber Core 

"/ = "core 

Light 

xladding 

Cladding 

Figure 3-3. Total intemal reflection allows very efficient transmission of light (information) 
through optical fiber (from Measures, 1992). 

Bragg Gratings in Optical Fibers 

In its simplest form a fiber Bragg grating consists of a periodic modulation of the 

refractive index in the core of a single-mode optical fiber for a specified distance as 

shown in Figure 3-4. These types of uniform fiber Bragg gratings, where the phase fronts 

are perpendicular to the fiber's longitudinal axis and with grating planes having constant 

period, A, are considered to be the fundamental building blocks for most Bragg grating 

structures. Light guided along the core of an optical fiber will be scattered by each 

grating plane of the Bragg grating. If the Bragg condition is not satisfied, the reflected 
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light from each of the subsequent planes becomes progressively out of phase and will 

eventually cancel out. Additionally, light of wavelength Xi that is not coincident with the 

Bragg wavelength resonance will experience very weak reflection at each of the grating 

planes because of the index mismatch. Where the Bragg condition is satisfied, the 

contributions of reflected light of wavelength, X2 = ^Bragg, from each grating plane add 

constructively in the backward direction to form a back-reflected peak with a center 

wavelength defined by the grating parameters. 

Refractive Index Change Region 

Input Signal 
Spectrum 

Output Signal 
Spectrum Core 

Fiber Bragg Grating 

•Bragg 
Cladding 

Figure 3-4. Wave illustration of a uniform Bragg reflection by a fiber Bragg grating 
along the core of an optical fiber (from Guy, 2002). 

An optical diffraction grating with a light wave incident on the grating at an angle 

of 01, can be described by the grating equation given by Hecht (2002) as 
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«sin02 = «sin0, + m— 
A 

(3-3) 

where 02 is the angle of the diffracted wave, n is the refractive index of the media, "k is 

the incident wavelength, A is the spatial period of the grating, and the integer m 

determines the diffraction order as shown in Figure 3-5. This equation predicts the 02 

directions for which constructive interference occurs and is used for determining the 

wavelength at which a grating most efficiently couples light between two modes. 

Gratings are broadly classified into two types: reflection and transmission. 

Reflection gratings are known as Bragg gratings (sometimes referred to as short-period 

gratings) and are characterized by their coupling that occurs between modes traveling in 

opposite directions. Transmission gratings also called long-period gratings are 

n 

Grating 
A = Period or Pitch 

Grating 

m = 0 

Zero Order 

First Order 

Figure 3-5. Diffraction of a light wave by a grating. 
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characterized by their coupling between modes traveling in the same direction. The 

gratings that are used in this research are Bragg gratings or reflection gratings. 

Bragg grating Core 

core 

m = -1 m = 

Cladding 

Figure 3-6. Ray-optic illustration of Bragg reflection by grating within a single-mode core fiber 
(from Erdogan, 1997). 

Figure 3-6 illustrates uniform reflection by a Bragg grating with a light wave 

incident on the grating at an angle 0i into the same mode traveling in the opposite 

direction with an angle of 02 = -0i. According to Erdogan (1997), the mode propagation 

constant p is defined as 

|3 = (2jt/X) Meff (3-4) 

where «eff = «coreSin 0. Equation (3-3) can be rewritten in terms of equation (3-4), the 

mode propagation constant (3 for guided modes as 

p2=Pi  + m—. (3-5)  
A 
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For first-order diffraction, which dominates the single-mode fibers used in this 

research, m = -\. By using equation (3-5), and recognizing that 02 = -0i or P2 = -Pi, we 

can derive the resonant wavelength for Bragg reflection, X,Bragg. 

Rewriting equation (3-3) gives 

= {ncore sin0,)A. (3-6) 

Substituting m = -1 and 82 = -61  yields 

=[«.o..sin(-0i)-n„,,sin0,]A. (3-7) 

Multiplying both sides by (-1) and substituting Weff == «core sin 0, we get 

?l — ^Bragg* (3"8) 

Whenever we have Xeragg = 2«eff A, the "Bragg condition" is met and the 

contributions of reflected light from each grating plane will add constructively in the 

backward direction to form a back-reflected peak, X2, as shown in Figure 3-4. 

To satisfy the Bragg condition, the difference in the propagation constants of the 

two coupled modes must be equal to the spatial frequency (K) of the grating. We have 

/^sA-)S2=A-(-A) = 2A=2 
2 

A. \ ^Bragg 

— (3-9) 
A 

where |3i is the forward propagating mode, P2 is the backward propagating mode, and A 

is the spatial period of the grating. 

A fiber Bragg grating consists of a longitudinal, periodic variation in the 

refractive index in the core of an optical fiber. Reiterating in another way from the 

discussion above, when light propagates through a fiber Bragg grating, Bragg diffraction 

causes one wavelength, Xeragg, to be selectively reflected as shown in Figure 3-4. Notice 
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the difference between the input and output signal shown in Figure 3-4. The output 

signal consisted of all wavelengths except the Bragg wavelength resulting in a notch in 

the output optical spectrum at X2. 

There are several distinct types of fiber Bragg grating structures; the common 

Bragg reflector, the blazed Bragg grating, and the chirped Bragg grating. These fiber 

Bragg gratings are distinguished either by their grating pitch (spacing between grating 

planes) or tilt. The most common fiber Bragg grating is the Bragg reflector, which has a 

constant (uniform) pitch as illustrated in Figures 3-4, 3-5, 3-6, and 3-7a. The blazed 

grating has phase fronts tilted with respect to the fiber axis as shown in Figure 3-7b. The 

chirped grating has an aperiodic pitch, displaying a monotonic increase in the spacing 

between grating planes as shown in Figure 3-7c. The chirped gratings were used in this 

research; however, illustration and discussion of the common Bragg reflector grating 

properties are presented first to help explain the customized chirped gratings designed, 

modeled and tested in this research effort. 

The simplest type of chirped grating structure is one where the variation in the 

grating period is linear: 

A(z) = Ao + Aiz (3-10) 

where Aq is the starting period and Ai is the linear change (slope) along the length of the 

grating. This grating structure can be considered as being made up of a series of smaller 

length uniform Bragg gratings increasing in period. Typically, the linear chirped grating 

has associated with it a chirped value/unit length and a starting period (Ai). 
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Core 

Uniform Grating Cladding 
a) Bragg Reflector Grating 

Tilted Grating Cladding 
b) Blazed Bragg Grating 

Gore / 

Aperiodic Gratin; Cladding 
Chirped Bragg Grating 

Figure 3-7. Types of Fiber Bragg Gratings: a) the Bragg reflector grating is the most common 
grating and has a constant pitch, b) the blazed Bragg grating has phase fronts tilted with respect 
to the fiber axis, and c) the chirped Bragg grating has an aperiodic pitch, displaying a monotonic 
increase in the spacing between grating planes, where A|< A2<...<An (from Othonos and Kalli, 

1999). 

Phase-Mask Fabrication Technique for Bragg Gratings 

When ultraviolent (UV) laser light radiates an optical fiber core doped with 

germanium, the refractive index of the fiber core is changed permanently. This effect is 

termed photosensitivity. The change in refractive index is permanent in the sense that it 

will last for decades if the optical waveguide after UV exposure is annealed appropriately 

(Hill and Meltz, 1997). A Bragg grating is created by exposing small sections of the 
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photosensitive fiber core to UV radiation and was accidentally discovered by Hill and his 

coworkers in 1978 at the Communication Research Center in Canada (Hill et al, 1978). 

There are several methods used for inscribing Bragg gratings; however, only the 

phase-mask technique is presented herein because this was the technique used to inscribe 

the fiber Bragg gratings used in this research. Additionally, this method is one of the 

most effective techniques for writing Bragg gratings in photosensitive fibers (Othonos 

and Kalli, 1999). The phase mask greatly reduces the complexity of the fiber grating 

fabrication and does not require a high temporally coherent UV laser source (Morey et al, 

1994). 

The phase mask shown in Figure 3-8 is made from a flat slab of silica glass that is 

transparent to UV light. (This was the setup used at Communication Research Center to 

produce the gratings used in our research effort.) On one of the flat surfaces, a one 

dimensional periodic surface relief structure is etched using photolithographic techniques. 

The shape of the periodic pattern approximates a square wave in profile. 

The phase mask grating is placed very close to the optical fiber, its grating 

striations directed normal (in our case) to the fiber axis as shown in Figure 3-8. The UV 

laser beam at normal incidence passes through the mask, is phase modulated spatially and 

diffracted to form an interference pattern laterally (Bragg grating pitch). The interference 

pattern imprints a refractive index modulation (Bragg grating) in the photosensitive fiber 

core directly behind the phase mask (Hill et al, 1993). The basic parameter controlling 
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Phase Mask Grating 

Cylindrical Lens 

Optical Fiber 

' Alignment Jig 
UV Laser Beam 

Figure 3-8. Actual setup used for inscribing gratings into optical fiber. The optical fiber is 
placed almost in contact with the grating mask. 

the behavior of the resulting fiber grating is the magnitude of the induced refractive index 

change in the fiber core after it has been irradiated (Lam and Garside, 1981). The 

induced fiber core index of refraction change can be easily altered by changing the 

magnitude, direction, and/or exposure time of the incident UV laser beam on the fiber 

core. 

The depth, d, of the etched sections of the grating is a function of the UV 

wavelength, but the period is dependent only on the Bragg wavelength, Xaragg, and the 

effective index of the fiber core, ̂ eff- However, according to Kashyap (1999), in the case 

of UV writing of gratings, it is necessary to ensure that the intensity of the transmitted 
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zero-order beam is minimized and, ideally, blocked from arriving at the fiber core. When 

this is done, it is known as a zero-order nulled phase mask. To minimize the zeroth order 

from a UV beam normally incident on a phase mask, the smallest etch depth, d, of the 

phase mask is given by 

The principle of UV light beam diffraction into several orders, m = 0, +/-1, etc. is 

shown schematically in Figure 3-9 for an incident UV laser beam that is normal to the 

phase mask. The incident and diffracted orders satisfy the general diffraction equation, 

with the period Ap^ of the phase-mask. 

where %J2 is the angle of the diffracted order, Xuv is the wavelength of the UV laser 

beam, and 6i is the angle of the incident UV beam. In this research, the UV radiation is at 

normal incidence, thus 6i = 0. The diffracted radiation is split into w = 0 and ±1 orders, 

as illustrated in Figure 3-9. According to Kashyap (1999), the interference pattern at the 

fiber of two such beams of orders ±1 brought together has a grating period, Ag, related to 

the diffraction angle, 6^/2, by 

A (3-12) 
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The period, Apm, of the grating etched in the mask is determined by the Bragg 

wavelength, Xsragg, required for the grating in the fiber and using equations (3-8) and (3-

13) to arrive at 

^ (3-14) 
' 2 

where N > 1 is an integer indicating the order of the grating period. In this research, N 

=1 in equation (3-14). 

UV Beam 

Uniform Phase Mask 

Length 

'pm 
Depth, d 

Diffracted beam, m = +l Diffracted beam, m = -l 
e./2 

Zero order beam, ni = 0 

Figure 3-9. A schematic of the diffraction of a normally incident UV beam diffracted into two +1 
orders as the beam passes through the phase mask (from Kashyap, 1999). 

The UV light that is incident normal to the phase mask passes through it and is 

diffracted by the periodic corrugations of the phase mask as shown in Figure 3-10. 

Normally, most of the diffracted light is contained in the 0, +1, and -1 diffracted orders. 

However, the phase mask is designed to suppress the diffraction in the zero-order mode 
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by controlling the depth of the corrugations in the phase mask. According to Hill and 

Melta (1997), the amount of light in the zero-order mode can be reduced to less than 5% 

with approximately 40% of the total light intensity in each of the ±1 orders. The two ±1 

diffracted order beams interfere to produce a periodic pattem that imprints a 

corresponding grating in the optical fiber core. If the period of the phase mask grating is 

Amask, the period of the fiber Bragg grating is Amask/2. Note that this period is 

independent of the wavelength of UV light irradiating the phase mask; however, the 

corrugation depth, d, required to obtain reduced zeroth-order mode light is a function of 

the wavelength and the optical dispersion of the silica glass (see equation (3-11)). 

Mask Grating 
Corrugations 

DIFFRACTED 
BEAMS 

Core Fringe Pattem 
Pitch = 1/2 Mask 
Grating Pitch 

INCIDENT 
ULTRAVIOLET 
LIGHT BEAM 

Silica Glass Phase Mask 
(Zero Order Suppressed) 

Depth, d 

-1st Order 

Optical 
Fiber Core 

+lst Order 

Zero Order 
(<5% of throughput) 

Figure 3-10. Bragg grating fabrication apparatus based on a zero-order nulled diffraction 
phase mask. The duty cycle of the phase mask is chosen to be 50%. The amplitude of the phase 
mask groves is chosen to reduce the light transmitted in the zero-order beam to less than 5% of 

the total throughput. These choices result typically in more than 80% of the throughput being in 
the +1 diffracted beams (from Hill and Meltz, 1997). 
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The magnitude of the refractive index change (An) obtained depends on several 

different factors such as the irradiation conditions (wavelength, intensity, and total 

dosage of irradiating light), the composition of glassy material forming the fiber core and 

any processing of the fiber prior to irradiation. The typical irradiation conditions are an 

exposure to the UV laser light for a few minutes at intensities ranging for 100-1000 

mJ/cm^. Under these conditions An is positive in a germanium doped single-mode fiber 

with a magnitude range increasing between 10"^ to 10"^. 

The discussion thus far has been for fabricating uniform Bragg gratings. For 

aperiodic gratings, the corresponding masks are aperiodic as one would expect. These 

masks are covered later along with the discussions of the Fabry-Perot Bragg gratings 

designed for and used in this research. 

Coupled-Mode Theory for Bragg Gratings 

The most widely used technique for modeling optical properties of fiber gratings 

is coupled-mode theory (Othonos and Kalli, 1999) and according to Erdogan (1997) it 

can be used to accurately model the optical properties of most fiber gratings. The 

coupled-mode theory was initially developed for uniform gratings; however, Kogelnik 

(1990) extended the model to cover aperiodic structures such as the fibers used in this 

research. There are basically two standard approaches for analyzing the reflection and 

transmission spectra resulting from two-mode coupling in non-uniform gratings. First, 

one could numerically integrate the coupled-mode equations. Second, and the approach 

used in this research, one may apply a piecewise-uniform approach, where the grating is 
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divided into discrete uniform sections. Each section is described by a transfer matrix 

corresponding to a uniform grating using coupled-mode theory, and an overall structure 

is characterized by an overall matrix obtained as the product of the individual matrices. 

This approach is suitable for both periodic and aperiodic structures. In this section, 

couple-mode theory as it is applied to fiber Bragg gratings is reviewed first and is 

extended to the piecewise-uniform method that is used for modeling the gratings used in 

this research. The development of the theory using Maxwell's equations for Bragg 

gratings by using the coupling of propagation of modes in an optical fiber is presented in 

Appendix B. 

The coupled-mode theory is often used as a technique for obtaining quantitative 

information about the diffraction efficiency and the spectral dependence of fiber gratings. 

The transverse component of the electric field in the ideal-mode approximation to 

coupled-mode theory as a superposition of the ideal modes is given by (Stenholm and 

DeYoung, 2001; Erdogan,1997; Kashyap, 1999; and Othonos and Kalli, 1999) 

E^(x,y,z,t) = (3-15) 
m 

where Am^(z) and Am'(z) are slowly varying amplitudes of the mth mode traveling in the 

+z and -z directions, respectively, and the propagation constant (3 is simply P = (2jt/X,)neff 

as defined previously in equation (3-4). The transverse mode field em^(x,y) describes the 

cladding modes. 

For the Bragg grating coupling, let Pi represent the propagation constant of the 

mode propagating in the +z-direction and P2 that of the mode traveling along the -z-

direction. The z-direction is along the fiber core axis. The dominant interaction lies near 
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the wavelength for which reflection occurs from a mode of ampHtude A^(z) into an 

identical counter-propagating mode of amplitude A'(z). Under such conditions, 

amplitudes A'^(z) and A"(z) may be simplified to the following equations [derived in 

Appendix F of Ghatak and Thyagrajan (1998), Yariv (1973), Kom and Kom (2000), and 

Spiegel (1995)]: 

rlA^ 
— = i^'A\z) + iKA'{z) (3-16) 
dz 

dA 

dz 
= -iVA-{z)-iKA\z) (3-17) 

where A^{z) = A(z)e^ , A (z) = A(z)e^ , and t is the general self-coupling 

coefficient defined as 

(3-18) 
2 dz 

with 6d being the detuning, which is independent of z and is defined in the following 

way: 

1_J_ 
A 

(3-19) 

where Xd = 2«effA is the design peak reflection wavelength. The detuning indicates how 

rapidly the power is exchanged between the radiated (generated) field and the 

polarization (bound) field. This factor is proportional to the inverse of the distance the 

field travels in the generated mode. A complex coefficient ^ can describe the absorption 
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loss in the grating. For a single-mode Bragg reflection, the following simplified relations 

were taken from Othonos and Kalli (1999): 

^ = ~dneff (3-20) 
A 

and 

K = K= - ^ e f f .  (3-21) 
A 

For a uniform grating along the z direction, dueg is the index change spatially 

averaged over the grating period and is constant and dq)/dz = 0 (i.e., there is no grating 

chirp). Thus, K, and are constants. This simplifies equations (3-16) and (3-17) into 

coupled first-order ordinary differential equations with constant coefficients. 

Given the appropriate boundary conditions, a closed-form solution to these 

equations can be obtained. For a uniform fiber grating with a length of L the reflectivity 

can be determined assuming a forward-propagating wave starting from z = -oo, while not 

A~(L) 
allowing any backward-propagating waves to exist for z & L. The amplitude p = — 

A''{L) 

and the power reflectivity R = IpP is given by Othonos and Kalli(1999) as 

-Ksinh J(KLf 
p , —- . —I (3-22) 

C s i n h - y ( K L ) ^  - c o s h - ^ { k lY  -

and 
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If (V l)' > [k lY or the sign under the square root is negative, then equations (3 

22) and (3-23) can be written as (Lam and Garside, 1981) 

-K:sin-y(^"'L) - { kL)^ -K"sm 
(3-24) 

and 

R = 
-sin'-J(C^L)^-(K-L)^ 

, respectively. (3-25) 

2̂- + cos' 

Figure 3-11 shows the reflectivity of a uniform Bragg grating calculated from 

equations (3-23) if or (3-25) if for two different values of grating length, 

L, and X = 946 nm. It is interesting to note that for an increasing L, the reflectivity 

bandwidth becomes narrower (i.e., longer gratings produce narrower spectral linewidths), 

as expected. 

Using equation (3-23), the maximum reflectivity, of the Bragg reflection 

grating at the line center, 946 nm, is 

^max =kr=tanh'?cL. (3-26) 

The maximum reflectivity occurs when C" = 0, or at the wavelength of 

'max (3-27) 
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L = 5 mm L = 2 mm 

0.5 -

945.0 945.5 946.0 946.5 947.0 

Wavelength, nm 

Figure 3-11. Calculated reflection response from a 2-mm and 5-mm long uniform Bragg grating 
with a design wavelength of 946 nm. The index of refraction change was 3 x 10~^ and the 

effective index of refraction was 1.45. 

The index of refraction of a Bragg grating having a periodic refractive index 

grating is given by (Ghatak and Thyagarajan, 1998) 

2jt 
«(z) = «(, + An sin—z (3-28) 

A 

where An is the change in the refractive index in the fiber core and the coupling 

coefficient is given by 

K = - . (3-29) 
^Bragg 
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Substituting equation (3-29) into (3-26) gives the equation for the maximum 

reflectivity of a uniform Bragg fiber grating of length L as 

Ra = tanh' 
' K/SnJ-} 

A \ Bragg / 

(3-30) 

Figure 3-12 shows the evolution of the maximum reflectivity, Raragg^ as a function 

of Bragg grating length and refractive index variation for Xsragg = 946 nm. As expected 

from equations (3-29) and (3-30), for the same An, longer gratings give higher values of 

reflectivity. For a given An, variation in the grating length (increase or decrease) 

produces noticeable changes in the reflectivity. Furthermore, for a given grating length, 

higher index changes produce a higher grating reflectivity. 

5]rnr» 

0.10 1.00 10,00 

Grating Length, mm 

100.00 

Figure 3-12. Bragg grating maximum reflectivity versus grating length for different induced 
refractive index changes at 946 nm center wavelength. 
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Another important filter characteristic is the filter bandwidth. The Bragg grating 

bandwidth is defined as the width of the Bragg main peak. The full bandwidth, A>ipB, is 

measured between the zeros on either side of the main Bragg peak and is given by Ghatak 

and Thygarajan (1998) as 

+ (3-31) 

where Xgragg = Ao is the wavelength that is reflected by the Bragg fiber grating. 

Figure 3-13 shows the dependence between the full bandwidth, AXpg, as a 

function of the grating length, L, from equation (3-31). In this case, Xsragg is equal to 946 

nm and to 1.46. 
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Figure 3-13. Bragg grating bandwidth versus grating length at 946 nm center wavelength and 
varied index modulations. 
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Note that in Figure 3-13 the bandwidth decreases when the length of the grating is 

increased. Likewise, the bandwidth of the grating also decreases when An, the amount of 

the periodic refractive index change, decreases. 

Couple-Mode Theory for Non-Uniform Bragg Gratings 

Next, the piecewise-uniform matrix transform method will be presented for use 

with aperiodic gratings. The piecewise-uniform approach to modeling aperiodic gratings 

is to divide the grating into a large number of smaller sections each of which is assumed 

to be periodic and to have a constant value of K, and dz. Within each of these 

sections analytic solutions are obtained by using coupled-mode theory (described earlier) 

for periodic gratings, and these solutions are based on constructing 2 by 2 matrices for 

each small section of the grating (see Figure 3-14) and then multiplying all of them 

together 

to obtain a single 2 by 2 matrix that describes the entire grating (Othonos and Kalli, 1999; 

Grattan and Meggitt, 2000). 

The aperiodic grating structure can be divided into M uniform matrix 

components, with and Aj being the field amplitudes after traversing the section k. 

Therefore, in the case of Bragg gratings one starts with the boundary conditions = 

A^(0) =1 and Ar =A|„"(0) and calculates the final matrix component A^ = Aout'^(L) and A^ 

= Ao„,"(L) = 0. The propagation through each of the uniform sections k is described by a 

matrix T^, which is defined such that 
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(3-32) 

where the matrix for uniform Bragg gratings is given by 

cosh{Qdz) - i—sinh(Q(iz) i—sinh(QJz) 

cosh(QJz) + i—sinh(Qrfz) i—sinh(QJz) 

(3-33) 

where dz is the length of the ^h uniform section, and K are the local coupling 

coefficients for the ̂ h section, and 

Illustrations of the piecewise-uniform method are provided in Figure 3-14 for: (a) 

a single uniform Bragg grating, (b) a chirped Bragg grating with a series of gratings with 

increasing periods within each section represented by M, T,, matrices (see equation 3-39), 

for k=l...M, and (c) a chirped Bragg grating as in (b) with a phase-shift (gap) between 

and denoted as (see equation 3-44). 

(3-34) 

When then T,, becomes 

cos(QJz) - i—sin(Q(iz) i—sin(Qdz) 

i—sin(Q<iz) cos(Qdz) + i—sin(QJz) 
(3-35) 
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(a) A single uniform Bragg grating 
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(b) A chirped Bragg grating 
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(c) A chirped Bragg grating with a phase-shift denoted as A^^^ 
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Figure 3-14. Illustrations of the piecewise-uniform method for: (a) a single uniform Bragg 
grating with pitch = A and length = L, (b) a chirped Bragg grating divided into a series of gratings 

each with a constant period within each section, and (c) a chirped Bragg grating as in (b) with a 
phase-shift (gap) between Tk and Tk+i denoted as T/® (from Othonos and Kalli, 1999). 

The input and output fields of a simple uniform Bragg grating are shown 

schematically in Figure 3-15. For a simple uniform Bragg grating, the input field 

amplitude Ai„^(0) is normalized to unity, and the reflected field amplitude at the output of 

the grating A^^t" (L) is zero, since there is no perturbation beyond the end of the grating. 

Writing the matrix elements into equation (3-32) yields 

(3-36) 
'Ku,iL) \ t  -'ll T  

.Ku,(L\ T  . 2 1  T  -'22. 

and applying the boundary conditions yields 
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'KAL) X T 
-'12 1 

0 .7̂ 2, T '•11. A;(0). 

T T •'ll -*12 
T T 111 •'22 

(3-37) 

and the elements within where T, = 7,, from equation (3-32) and = 

this matrix are defined in equations (3-33) or (3-35) depending on the sign of Q. 

A:-(0)=1 

Ain-(O) 

z = 0 

Aout^L) 

Aout-(L) = 0 

z = L 

Figure 3-15. Interaction geometry for fiber Bragg grating of length L. 

From equation (3-36), the transmitted amplitude is 

(3-38) 
I22 

Consequently, these are now the new fields on the right hand side of the equation 

that can be transformed again by another matrix, Tj and so on, so that for the entire 

grating after the Mth section the total grating structure may be expressed as 



72 

\ ^ M ,  

( A A 

\ A n /  

(3-39) 

This is the piecewise-uniform approach and is ideal for analyzing chirped gratings 

(Othonoa and Kalli, 1999). 

Replacing the M multiplied 2x2 matrices in equation (3-39) by a single 2x2 

matrix, yields the transfer function of the entire grating, 

KAL) 

KAL) 
= [r] a;(0) 

A.(0) 
(3-40) 

where L is the length of the entire grating and the matrix T is 

M 

[r].fl[7"]. (3-41) 

The transmissivity x of the entire grating follows from equations (3-37) and (3-38) 

and is given as (Kashyap, 1999) 

T -T 
•'12 •'21 r = A:„(L) = 7;,-

'22 
(3-42) 

and the reflectivity p is given as 

p=a;(O)=--^ (3-43) 
' 22  

In the case of a phase-shifted (or phase-step) grating (see Figure 3-12c), to be 

discussed in the next section, a phase-shift matrix T^*"^ is inserted between the matrices T, 

and Tk+i in the product of equation (3-39), which represents a phase shift after the ^h 

section. The phase-shift matrix has the following form: 
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rpPS _ 

exp 

0 exp 

(3-44) 

In the case of discrete phase shifts, (p^ is the shift in the phase of the grating 

(where the gratings are placed some finite distance apart) and defined by 

2mi 

2 i •*» 

where dzo is the separation between two grating sections. 

Now, the total grating structure with a phase shift may be expressed as: 

(3-45) 

out} 

'K> 
A-\^in/ 

(3-46) 

where the phase-shift matrix is defined in equation (3-44). There may be several 

phase shifts within a grating and the corresponding phase-shift matrix would be inserted 

between the appropriate sections in equation (3-46). This equation is the basis for 

constructing the Fabry-Perot Bragg grating filter discussed in the next section. 

Fabry-Perot Fiber Bragg Grating Filters 

The Fabry-Perot fiber Bragg grating filters are discussed next because these 

specific filters can be fabricated with a variable number of very narrow transmission 

bands. As we have said previously, in our case, we would like two ultra-narrow 

transmission bands; namely, one for the on-line DIAL water vapor absorption wavelength 

of interest and one for the off-line DIAL wavelength. 
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We begin with the simplest form of these filters and progress into the more 

complex version of the filters. The simplest Fabry-Perot filter has a pair of identical 

Bragg gratings in series separated by a gap (phase shift) within the single-mode fiber core 

as shown in Figure 3-16 (Legoubin et al, 1995). Specifically, a distributed feedback 

(DFB) fiber grating is the simplest of Fabry-Perot fiber Bragg filters (Ghatak and 

Thyagarajan, 1998) and has two identical Bragg gratings in series within a single-mode 

fiber core with a phase-shift (or gap) within the length of the grating that is less than one 

Bragg wavelength (typically, XBragg/4). The position and the size of this phase step 

determines the wavelength location of the filter transmission band. 

Phase shift gap, gap 

Grating Length = L/2 
< >• 

Grating Length = L/2 
' • 

nflni 

Single-mode Fiber Core 

Bragg grating 

Fiber Cladding 

Bragg grating 

Figure 3-16. A simple schematic of a Fabry-Perot filter with two identical Bragg gratings in 
series separated by a phase-step, 8/gap. As denoted in the figure, for typical distributive feedback 

(DFB) Bragg gratings 8/gap=XBragg/4. 
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The corresponding phase-mask design to produce a simple DFB Fabry-Perot 

filter, as shown in Figure 3-16, is shown schematically in Figure 3-17. Note the gap 

within the phase mask directly matches the gap within the grating. Also note that the 

pitch, Apm, of the mask is twice that of the grating pitch, Ag, which satisfies equations (3-

16) and (3-17). 

« Length = L/2 »• * Length = L/2 » 

-
Apm 

- ^ / 

Phase Mask 

Figure 3-17. A schematic of a phase-mask design for a simple DFB Fabry-Perot fiber Bragg 
grating as shown in Figure 3-16 where Apm=2Ag. 

The coupled-mode analysis developed in the previous section leads 

directly to the fields in each grating. The piecewise-uniform matrix transform method 

can be used here and provides a simple route to the transfer fiinction of the distributive 

feedback structure. Recalling equation (3-46), the transfer matrix of the distributive 

feedback is 
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tDfb ^ (3.47) 

where is the phase shift matrix defined in equation (3-44). 

Using equations (3-33) and (3-35) for the transfer matrix elements of Ti and T2 

leads to the solution for the distributive feedback transfer function, as: 

nPS 

rpDFB 

rpDFB 

rpArpi rpt'b rp^rpl rplrpi rp2rp\ rpPS 
-'iril-'ll •*" ^{2^21^22 -'iriril ^12^22^22 
rj^2rj^l rj-iPS 'jn2 rjiX rrtPS rrt2 rpX rjfPS 'T'2 'J^PS 

"^^22^21^22 •^21^12^11 "^^22^22^22 

'T^UrlS rp, 
ill 
rj^DFB rj-r, 
.•'21 -'22 

DFB 
12 

DFB 
(3-48) 

where Tn^ is the first element in the first row of T2 and is given in equations (3-33) or (3-

35) depending on the sign of Q. 

The transmitted power according to equation (3-42) is 

1 
nDFB 

rr^DFB ^ f-rfOFB 
rpDFB _  • ' 1 2  ' - ' 2 1  

11 rpDFB 
I22 

(3-49) 

/rp2rp\ rpPS rj-i2rj-t\ rpPS \ /rp2'Ji\ rpPS f-p2 rp\ rjiPS \ 
y.2y.l rj.PS J.2J.I J.PS _ "'"-'12-^21-^22 -^22-^21'*22 ) 

1 1  1 1  1 1  ^  1 2  2 1  2 2  rp2rpl rpPS rp2 rp{ fjiPS 
^2l^\2^n ^22^22^22 

The reflectivity is given by 

^DFB\ 
rriDFB 
-'21 

2 'T'2 rrA rjiPS rp2 rpX rj-iPS 
+ 122^2X^22 

rpDFB 
^22 

rp2 rw-i\ rpPS rp2 rpX rpPS 
+ 122^12^22 

(3-50) 

Using equation (3-49), the corresponding transmission spectrum of a distributed 

feedback Fabry-Perot grating is shown in Figure 3-18 with a X,Bragg/4 phase-shift. The 

single XBragg/4 phase-shift has a transmission peak in the center of the band stop region 

where the gap in the grating is precisely X,Bragg/4. The pass band has a very narrow line 
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width. The band-pass spectrum shown is a 3-mm-long uniform grating with a refractive 

index modulation of 5x10"^ 

Note that the standard uniform Bragg filter shows only a stop band in reflection 

(see Figure 3-11) whereas the phase-shifted Bragg filter has a narrow transmission peak 

in the stop band itself (see Figure 3-18). This can be looked upon as a Fabry-Perot 

resonator with wavelength-selective mirrors. 
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Figure 3-18. Transmission spectrum of a distributed feedback grating with a ^Bragg/4 phase-step 
(gap), refractive index modulation of 5 x 10""^, and L = 3 mm. 

Tailoring of the filter response for specific applications can be accomplished by 

implementing the appropriate longitudinal perturbation of the fiber core refraction index. 



Ghatak and Thyagarajan (1998) report that different gratings with overlapping reflection 

spectra may be designed to generate tailored transmission spectra. Multiple band-pass 

peaks can be obtained within the stop band by varying the gap size, 8/gap, between the 

two gratings and by using multiple gaps between the gratings. The specifications and 

method used to customize our design are covered in the next chapter. 



CHAPTER 4 

FABRY-PEROT FIBER OPTIC BRAGG GRATINGS FOR WATER VAPOR DIAL 

MEASUREMENTS 

In this chapter, the design of the custom-made ultra narrow band optical Fabry-

Perot Bragg grating filters used in this research is presented. We begin with a description 

of our desired filter characteristics for making DIAL water vapor measurements. This is 

followed by the vendor's design of the actual phase mask based on our filter 

specifications. Next, the aperiodic Bragg gratings created by using the phase mask is 

discussed. We conclude with verifying the Fabry-Perot Bragg grating design by 

developing an in-house computer model based on the coupled-mode theory using the 

piecewise-uniform approach for aperiodic gratings discussed previously in Chapter 3. 

Filter Design Specifications 

The desired filter design for our water vapor DIAL system is a filter with two 

ultra narrow transmission bands denoted as the "on-line" and "off-line" transmission 

bands. The desired on-line transmission band is centered at the 946.0003 nm water vapor 

absorption line as shown in Figure 4-1. Likewise, the desired off-line transmission band 

of this filter is shown to the left of the water vapor absorption line of interest where 

minimal absorption occurs. The solid line on the plot shows the water vapor absorption 

lines and the dotted line shows the filter's two ultra narrow transmission bands. 
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Figure 4-1. The water vapor line of interest for a space-based DIAL system is the 946.0003 nm 
water vapor line. The desired "on-line" and "off-line" transmission bands needed from the Fabry-

Perot fiber Bragg grating are represented by the dotted lines. 

Figure 4-2 shows the ideal Fabry-Perot fiber optic Bragg grating filter design 

specifications for atmospheric water vapor DIAL measurements. Because the FWHM of 

the 946.0003 nm water vapor absorption line is 8.47 pm (STP), the FWHM of the on-line 

transmission band should be at least as large as the FWHM absorption line or less than 20 

pm if possible as specified in Figure 4-2. (Current filters used today in DIAL systems are 

on the order of 300 pm.) The off-line transmission band could be on either side of the 

946.0003 nm water vapor line but is chosen to the left of the water vapor line because 

there is a broader wavelength range of zero water vapor absorption there. The pass band's 
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transmission should be maximized to near 100% and zero transmission in the stop band 

as shown in Figure 4-2. 

Maximize Transmission in Pass Band 

100% 

line ^ 
d near 
9 nm -

On-line Ban: 
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Goal < 20 pm )al < 20 pm 

—2 — 

1 ransniission 
Stop Biind 

— — 

Trans nissioii in 
Stop E and 

Fabry-Perot 
Transmission m 

Wavelength, nm 

Figure 4-2. The Fabry-Perot fiber optic Bragg grating filter design specifications for atmospheric 
water vapor DIAL measurements. 

In addition, the filter transmission band wavelengths should be less than 946 nm 

because it is desirable to tune these filters to 946.0003 nm by stretching and/or heating 

them. If the filter wavelengths are greater than 946 nm, then nothing could be done to 

reduce the wavelength of the transmission bands because stretching and/or heating 

always causes the wavelength to shift to higher wavelengths not to lesser wavelengths. 
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The specifications shown in Figure 4-2 are summarized as 1) a stop band having a 

FWHM of 2 to 3 nm; 2) the on- and off-line bands have maximum transmissions with 

pass bands of less than 20 pm FWHM; and 3) the on-line transmission peak should occur 

at a wavelength slightly less than 946 nm. These specifications were provided to two 

different vendors; namely, Communication Research Center (Canada) and Advanced 

Optics Solutions (Germany) to purchase a customized Fabry-Perot fiber optic Bragg 

grating filter suitable for tuning to the 946 nm atmospheric water vapor absorption line 

for DIAL measurements. Communication Research Center was asked to supply gratings 

that could be stretched for tuning and Advanced Optics Solutions supplied gratings that 

could be heated for tuning to the 946 nm water vapor absorption line. 

Fabry-Perot Fiber Optic Bragg Grating Filter Design and Fabrication 

The customized Fabry-Perot fiber optic Bragg grating filters were made using 

zero-order nulled phase masks. The setup used by Communication Research Center is 

shown in Figure 3-8. 

Because a broad stop band was required (2-3 nm), the phase mask was 

approximately 60 mm in length and had a linear chirp from 648 nm to 649.8 nm. 

According to Mihailov (private communications, 2003) it is extremely difficult to 

produce a truly linear chirp in a UV beam written phase mask, so the chirp was 

approximated using a step-chirp process yielding uniform pitch field sizes of 200 periods 

long. The corresponding grating pitch of each field (section) was incremented in a linear 

way from 324 nm to 324.9 nm making up a total of 462 fields for the 60 mm length. At 
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specific locations phase shifts (gaps) were introduced to generate Fabry-Perot filters with 

two pass bands (on- and off-line). Because two pass bands were required, two phase 

shifts (gaps) were induced in the mask and were located near 29 mm and 31 mm along 

the mask length. The amplitude of the phase shifts was the mask pitch at that location 

divided by 4 or 8gap=An/4. A schematic of the customized zero-order nulled phase mask 

is shown in Figure 4-3 and was fabricated by Photronics Incorporation for 

Communications Research Center. 

/Phase Shifts. 

Field 
/ ^ 
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L,=200*A, L2-200*A2 
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L.4.»,=200*A„, 
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Pitch t 
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L„^„..,=200*A„ 

< > 

t 
31 mm 

6̂1 200*A ,̂̂  462=2WA«,2 

w W 

60 mm 

Pitch: A|y = linear "step" chirp per field (L„) from 648 nm to 649.8 nm 

Phase shifts: 

6gap,= A„/4= 648.87 nm/4 = 162.2175 nm centered near 29 mm 

6g3p2= A„+m/4= 648.93 nm/4 = 162.2325 nm centered near 31 mm 

Fields: Mask has 462 fields (L|y); 462 x (648-649.8) x lO^'mm x 200 ~ 60 mm 
total mask length. 

Figure 4-3. A schematic of the customized Fabry-Perot fiber optic Bragg grating phase mask 
used to make the fiber Bragg grating filter (Mihilov, 2003). 
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All the Communication Research Center gratings were written in fiber that was 

photosensitized by deuterium loading prior to grating fabrication. More specifically, at 

room temperature an autoclave was loaded with the fiber and 2500 pounds per square 

inch (psi) of deuterium gas. The temperature of the autoclave was then increased to 80 

°C and maintained at that temperature for at least 36 hours. The autoclave was 

subsequently de-pressurized and the fiber was stored at approximately -50 °C, prior to 

hot sulfuric acid stripping of the fiber jacket and then photo-imprinting. 

Using this customized phase mask, the single-mode fibers (Flexcore 1060) were 

irradiated with an Argon-Fluoride (ArF) pulsed excimer laser, operating at a repetition 

rate of 50 Hz at 193 nm, using an expanded, collimated, stationary beam as shown in 

Figure 3-8. The writing times associated with each laser exposure are presented in Table 

4-1. Following the photo-inscription, the gratings were annealed at 100 °C for a 

minimum of 36 hours. According to Milhailov (2003), Communication Research Center 

had no way to test these gratings so several were fabricated with hopes that one would 

meet our specifications. 

Grating Writing Time (sec) 
030203J 67 
030203E 65 
030131L 81 
030203A 60 
030131D 71 
030131G 75 
0301311 73 
030131C 71 

Table 4-1. Laser writing times associated with each Communication Research Center Fabry-
Perot fiber Bragg grating. 
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This produced the fiber index modulation that was half the pitch of the mask as 

given by equation (3-8). A schematic of the corresponding Fabry-Perot Bragg grating 

produced in the fiber core is shown in Figure 4-4. The 462 fields (sub-gratings) actually 

have 400 periods each (twice that in the mask) since the period is half that of the period 

in each of the mask fields. The phase shift gap size actually remains the same width in 

both the fiber core and the mask. 

Beginning of grating 

324 nm 
gapl gap2 

End of grating 

Xn., = 324.9 nm 

<—> 
Field Field Field Field Field Field Field Field 

Length s 60 mm 

Fiber Core 

^gapi ^ 648.87 nni/4 = 162.2175 nm centered near 29 mm 

^gap2 ~ ~ ^ 648.93 nm/4 = 162.2325 nm centered near 31 mm 

^Bragg = ^pm/2 = 324 to 324.9 nm 

Figure 4-4. A schematic of the Fabry-Perot fiber optic Bragg grating (not to scale) as a result of 
irradiating the customized phase mask in Figure 4-3. There are a total of 462 fields/sub-gratings 
and 400 periods within each field/sub-grating in the customized grating filter. Note that Xsragg 

steadily increases from field to field (Milhailov, 2003). 
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Analytical Model of Customized Fabry-Perot Fiber Optic Bragg Grating Filters 

The piecewise-uniform matrix transform method presented in Chapter 3 is used to 

model the customized aperiodic Fabry-Perot fiber optic Bragg grating filter received from 

Communication Research Center and shown schematically in Figure 4-4. For these 

filters, the piecewise-uniform approach to modeling almost periodic gratings is to divide 

the 60 mm long grating into 462 fields or sub-gratings, each of which is assumed to have 

a constant value of K, and dz. Within each of these sub-gratings analytic solutions are 

obtained by using coupled-mode theory for periodic gratings [equation (3-33)], and these 

solutions are based on identifying 2 by 2 matrices for each of the 462 uniform sections of 

the grating (see Figure 4-4) and then multiplying all of them together to obtain a single 2 

by 2 transfer matrix that describes the entire grating [equation (3-40)]. There are also two 

phase-shifts centered near 29 mm and 31 mm that are described by equation (3-44) that 

need to be inserted into the string of 2 by 2 transfer matrices at the appropriate locations. 

The entire grating with 462 fields may be expressed as 

' \  (  ^^462 DC _ T' • T • T' • , , 7^ 'T'PS rri rjt rp 
~ -'462 ' •'461 ' "*-'240 ' ^gapl ' •'239 ' '225 ' ^^ap\ ' ^2 ' (4-i) 

where each T,, matrix is defined by equation (3-33) and the T*"® matrices is defined by 

equation (3-44). Note that the phase-shifts occurred between the 224th and 225th field 

and the 239th and 240th field. The Bragg wavelength, varies from field to field 

linearly increasing from 324 nm to 324.9 nm. The equation to determine the change in 

wavelength, AXgragg, (or the change in field length, 400*AXB,agg) from field to field was 

derived (and verified numerically) as 



87 

N(N- I )  
where > A/=A/, xiV + —^ - x  (4-3) 

Z/n=l " ' 2 

and L is the total length of the grating (60 mm), gapi is the first phase-shift (162.2175 

nm) and gap2 is the second phase-shift (162.2325 nm), N is the number of fields (462), 

and the variable jc is 400*A>i,B,;,gg. 

The wavelength of the first grating was given as 324 nm so the length of the first 

field, A/j, is given by 

A/j = 0.000324mm x 400 = 0.1296mm. (4-4) 

Solving for x yields, 

2(L - gap^ - gap2 - (A/, XN)) 
X = — (4-5) 

X = 
2(60 - 0.0001622175 - 0.0001622325 - (0.1296 x 462)) 

462(462-1) (4-6) 

X = 0.12447mm. 

Solving for AX-B^agg yields, 

0.12447mm » 
400 2.9223mm. (4-7) 

These parameters were used in the piecewise-uniform transformation equations to 

model the Fabry-Perot fiber optic Bragg gratings. 

To model the customized gratings with 462 fields using the piecewise-uniform 

transformation equations, a computer program was written using the Interactive Data 

Language (IDL). The IDL code is provided in Appendix C. The initial conditions were 
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provided by the vendor (Communication Research Center) and are based on the phase 

mask design and fabrication technique used when inscribing the fiber core. The results 

are shown in Figure 4-5 and are compared to the experimental results in Chapter 7. Note 

the near-zero stop band and the ultra-narrow transmission bands with relatively high 

transmission peaks. 
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Figure 4-5. Simulated transmission spectra of our customized aperiodic Fabry-Perot fiber optic 
Bragg grating filter using the piecewise-uniform matrix transformation method. The grating 

length was 60 mm and two phase-shifts (gaps) were located near 29 mm and 31 mm, respectively. 
Input values are neff = 1.455 and An = 0.0003. 

The input parameters used to generate the plot in Figure 4-5 are provided below: 

1) Number of fields = 462 
2) Total Grating Length = 59.958684 mm 
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3) Effective refractive index = 1.455 
4) Index modulation = 0.0003 
5) Location of first phase shift = 29 mm 
6) Location of second phase shift = 31 mm 
7) Initial period of the phase mask = 648 nm 
8) Chirp of the phase mask =1.8 nm 

(See Appendix C for actual IDL code used to generate this figure.) 

The simulated transmission spectra in Figure 4-5 met our design filter 

specifications. However, we also used this model to better understand why a long 

(~60mm) aperiodic filter was made instead of a uniform filter. Likewise, the sensitivity 

of filter parameters such as the filter length and the index modulation were tested with 

thus model. These sensitivity studies are provided in Appendix D and are summarized 

here as related to this research. For example, the non-uniform (aperiodic) filter was used 

in order to obtain the 2 to 3 nm stop-band bandwidth requirement. In order to get this 

kind of bandwidth with a uniform pitch grating, it would have to be extremely short (less 

that 0.5 nm) and have a very high index modulation (> 1x10"^) as shown previously in 

Figure 3-13. Increasing the chirp of the gratings also allowed a specific separation in 

wavelength between the two pass band structures to be defined. This broad stop band 

requirement together with the zero transmission requirement except for the two 

transmission pass bands resulted in a relatively long filter length of approximately 60 

mm. The longer writing time yielded a larger index of refraction change. In summary, 

this computer model is a helpful tool in understanding the sensitivity of these filter 

parameters and could be used in designing the next set of filters for future applications. 
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CHAPTER 5 

EXPERIMENT SETUP 

This chapter describes the laboratory setup used for measuring the optical 

performance of the custom-made tunable Fabry-Perot fiber Bragg grating filters received 

from two vendors: Communication Research Center (Canada) and Advanced Optics 

Solutions (Germany). Communication Research Center delivered eight optical cables 

with gratings inscribed within each. These fiber cables were also capable of being tuned 

by stretching. The strain test setup for the Communication Research Center's gratings is 

also shown. Advanced Optics Solutions sent two fiber cables that were enclosed in a 

temperature tunable box. The box was opened and a thermocouple was installed to 

obtain temperature measurements in degrees Celsius (°C) while tuning the grating 

wavelength. Both setups are discussed in detail in this chapter. 

Fabry-Perot Optical Fiber Bragg Grating Filter Measurement Setup 

The setup used for measuring the optical performance of the customized Fabry-

Perot optical fiber Bragg grating filters is shown in Figures 5-la and 5-lb. A schematic of 

the laboratory setup to measure bandwidth and reflectivity for the Communication 

Research Center's Fabry-Perot optical fiber Bragg grating filters is shown in Figure 5-2. 

The tunable single-frequency diode laser is a New Focus Velocity Tunable Diode Laser 

Model #6320 and is shown in Figures 5-1, 5-2, and 5-3. It has the capability to scan 

between 938 nm to 952 nm and was used to transmit laser light through the system at a 

specific wavelength with a laser linewidth (<300 kHz) much smaller than that of the filter 
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bandwidth. The laser beam was split with a beam splitter sending part of it through the 

water vapor absorption cell (Infrared Analysis, Inc. Model #G-4-10-PA) to determine the 

precise location of the water vapor absorption lines. The water vapor absorption cell 

output was detected by a silicon detector (ThorLabs DET 210) and provided a stable and 

repeatable wavelength reference that was used to convert the filter output data into the 

corresponding wavelengths instead of relative time from the oscilloscope. The remaining 

laser light was sent to the Fabry-Perot optical fiber Bragg grating filter using a laser to 

fiber coupler (Products for Research: PAF-X-5-9). The output signals from both the 

water vapor absorption cell and the filter were sent to a digital oscilloscope (LeCroy 

Model #LC534AL) where the data was viewed real time and subsequently recorded for 

analysis (shown in Figure 5-lb). 

Water Vapor Cell 

Strain Apparatus 
Strain Meter 

T,\^/ Cladding 

Grating in Fiber 

Figure 5-la. Laboratory setup used for measuring the optical performance of the customized 
filters used in this research. 
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Figure 5-lb. View of the laboratory setup used for measuring the optical performance of 
customized filters used in this research. 
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Figure 5-2. A schematic diagram of the laboratory setup for measuring the optical performance of 
the customized Fabry-Perot optical fiber Bragg grating filters. 
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1 ' -! 11 

Figure 5-3. New Focus Velocity Tunable Diode Laser Model #6320 Controller used to send 
narrow band laser light through the optical fiber gratings for characterization. 

The eight single-mode fibers received from Communication Research Center's 

were enclosed within a protective plastic covering as shown in Figures 5-4 and 5-5 and 

were delivered with connectors at each end making the change out between different 

fibers quick and easy (shown in Figure 5-4). Each fiber was labeled and the filters were 

stretched across two pieces of foam padding as shown in Figure 5-5. 
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Connector 

Protective Plastic Covering Optical Fiber Core 

Figure 5-4. Communication Research Center's optical fiber enclosed within a protective plastic 
covering with an easy to use connector at the end of each cable. 

Optical Filter 030203A 

Optical Filter 03013 ID 

Figure 5-5. Typical case received from Communication Research Center containing two fiber 
optic cables with a customized Fabry-Perot Bragg grating inscribed into each fiber core. 
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The Communication Research Center's Fabry-Perot optical fiber Bragg gratings 

were strain tested using the apparatus shown in Figure 5-6. The strain meter was a 

SHIMPO Model FGV-lOX and provided a digital readout in milligrams. The strain 

gauge was coupled to a mechanical block fixed to a translation stage. The micrometer 

could slowly pull the stage which was epoxied to one end of the fiber. The other fiber 

end was epoxied to an aluminum block that was fixed to the optical table as shown in 

Figure 5-6. 

Fiber Cable 

Fiber Glued to Surface 

Figure 5-6. Strain testing setup for the Communication Research Center's gratings. The Bragg 
grating was located between the two strips of blue tape. 
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The optical filters provided by Advanced Optics Solutions were enclosed in a 

temperature tunable box as shown in Figures 5-7a and 5-7b. The knob on the front of the 

box controlled the temperature applied to the grating. Figure 5-7b shows the inside of the 

box where a thermocouple was mounted onto the heating element within the box to 

measure the temperature change as a result of turning the temperature dial on the outside 

of the box. The box had two fiber optic connectors, one to inject light from the diode 

laser and the other was the filter output. 

Temperature Control 

Connectors to Optica! Cabie 

Figure 5-7a. Advanced Optics Solution temperature tunable box containing a customized Fabry-
Perot fiber optic Bragg grating. Temperature was controlled by a ten-turn potentiometer. 
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Figure 5-7b. A view inside the Advanced Optics Solution temperature tunable box showing the 
thermocouple, the heating element, and the fiber grating. 

The setup for measuring the characteristics of this filter was similar to the 

Communication Research Center filters and is schematically shown in Figure 5-8. The 

tunable laser output was split between the water vapor absorption cell and the fiber Bragg 

grating. The absorption cell was used to calibrate the laser wavelength and was displayed 

on the oscilloscope. The other output from the beam splitter was sent to a Products for 

Research (PAF-X-5-946) laser to optic fiber coupler. The laser light was directed to the 

input of the Advanced Optics Solution fiber filter and the output was sent to a Thor Labs 

silicon detector. This output was displayed on the oscilloscope along with the output of 

the water vapor absorption cell. A ten-turn potentiometer was turned to adjust the Bragg 

grating temperature. A thermocouple on the grating was connected to a thermocouple 
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temperature meter which read the actual temperature of the Bragg grating. As the 

temperature was changed, the center filter wavelength would also change and could be 

determined by the water vapor cell output. The results are discussed in the next chapter. 

Turning 
Mirror 

Laser to Fiber Coupler (Products 
for Research: PAF-X-5-946) 

Thor Labs Silicon Detector: 
(DET210) 

Digital 
Oscilloscope 

Water Vapor 
Absorption Cell 

Silicon 
Detector 

Laser Beam 

Tundbic 

Diifuser 
Plate 

Trigger Pulse 

Beam Splitter 

AOS Box with Bragg 
Grating Inside 

Temperature Adjustment Dial 

Thermocouple Temperature Readout 
•< 

Figure 5-8. Schematic of laboratory setup for measuring the optical performance of the 
customized Fabry-Perot optical fiber Bragg grating filter in the Advanced Optics Solution (AOS) 

temperature tunable box. 
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CHAPTER 6 

EXPERIMENTAL RESULTS 

The experimental results obtained from the fiber optic Bragg grating filter setup 

are presented in this chapter. Results are given for both stretching and temperature 

tuning of these filters. Finally, the optical performance of these custom-made fiber using 

a conventional filter to eliminate the non-stop band light are presented. 

Fabry-Perot Fiber Optic Bragg Grating Filter Bandwidth and Transmission 

Characteristics 

Eight custom-made Fabry-Perot fiber optic Bragg gratings were received from 

Communication Research Center and tested in the Langley Research Center optic 

laboratory to determine the filter's bandwidth, tunability, and transmission 

characteristics. The tunable diode laser was scanned from 943 to 947 nm and the 

resulting transmission spectra of each fiber is shown in Figures 6-la through 6-lh and 

subsequently tabulated in Table 6-1. Each graph has two plots; namely, the water vapor 

absorption cell (top plot) and the filter response (bottom plot). The water vapor data were 

used as the reference wavelength for the filter data allowing stable and repeatable filter 

wavelength alignment. The alignment is made using known absorption peaks as specific 

reference markers. The variation of the water vapor data is due to the variation of the 

tunable diode laser and has no effect on the quality of the data. The 100% transmission 

filter response is taken as the average value of the right-hand side of the stop band plateau 

and the water vapor data is vertically shifted to appear above the filter data for 
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wavelength alignment purposes. Each on- and off-line filter response is labeled for 

percent transmission. Likewise, for each filter response plot the FWHM is identified and 

the wavelength on the figure is given in pm. Also, the wavelength range of the stop band 

(FWHM) is determined and labeled. The ordinate scale is in relative units and varied 

between the figures because of different scales used while recording the data through the 

oscilloscope. 

The major difference in the gratings provided by Communication Research Center 

was the UV exposure times (Mihailov, 2003). The actual UV laser beam writing times for 

the fibers are provided in Table 6-1. The lower the UV exposure time the lower the index 

modulation, An. The data show the lower the UV exposure time the higher the 

transmission in the stop band as well as the higher the on-line and off-line pass band 

transmission peaks. The response characteristics show that the greater the transmission 

within the stop band becomes the noisier the response and the larger the FWHM of the 

pass band transmissions (see Figure 6-Id for example). These data are consistent with 

the sensitivity study presented in Appendix D using the in-house computer model. Also 

note that the writing time of filter #030203A in Figure 6-Id was the shortest (60 seconds) 

and therefore the smallest An value of the filters tested (see Table 6-1). There is a An 

value that offers the minimum transmission in the stop band while exhibiting relatively 

high pass band transmissions with ultra narrow pass band FWHM values. However, 

there could be other minor non-recorded differences such as manufacturing process, 

hydrogen loading, and annealing of the optical fibers prior to UV exposure that would 

most likely have an effect on the filter's response characteristics. 
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The water vapor absorption spectra were also recorded at the same time as shown 

in each figure. Because the exposure time, and thus An, is different for each Bragg 

grating, each fiber grating had a slightly different response. The x-axis was calibrated 

from the water vapor spectra. In each spectrum the Fabry-Perot transmission peaks were 

determined and their corresponding FWHM values. Also the stop band was measured at 

FWHM for each fiber. Note that all the fiber Fabry-Perot peaks occurred at wavelengths 

less than 946 nm. 

After evaluating these fibers it was found that filter 03013IL met or exceeded the 

specifications provided in Chapter 4 because of its ultra narrow transmission bands and 

relatively high transmission peaks (see Figure 6-lc) while maintaining a relatively flat 

near-zero stop band. After selecting this filter, additional tests were performed to 

measure this filter's wavelength shift by stretching the fiber. These results are discussed 

in the next section. Our goal was to obtain a filter with two ultra narrow bandwidths 

with very high transmission peaks both within a near-zero stop band as previously shown 

in Figure 4-2. We also wanted the on-line transmission peak to be less than 946.0003 nm 

so we could illustrate tuning to this wavelength by two different methods; stretching and 

heating. 
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Mfg. Fiber Number 030203J 030203E 030131L 030203A 030131D 030131G 0301311 030131C 
Stop band FWHM (nm) 2.79 2.79 2.66 2.33 2.79 2.94 3.06 2.67 

Off-line peak % transmission 88.3 89.4 89.0 96.9 99.9 82.3 79.0 97.4 

Off-line FWHM (pm) 10.00 16.36 8.00 20.24 37.40 5.11 8.00 15.60 

On-line peak % transmission 76.7 81.5 79.6 96.9 68.6 65.3 74.2 75.3 

On-line FWHM (pm) 19.44 14.32 4.00 35.63 28.03 4.09 8.00 14.63 
UV Laser Writing Time (sec) 67 65 81 60 71 75 73 71 

Table 6-1. Tabulation of the Communication Research Center filter response 
characteristics. Filter #03013IL was selected for additional testing. 

Water Vapor Absorption Cell 

0003 nm 
Fiber #030203^" 

n):irpii 
19,4 pm 

100% 

50% 

2.79 nm 

Figure 6-la. Communication Research Center Fiber Grating #0302031 
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r 

946.0003 nm 
Fiber #030203E 

1(>.4 pm 14.3 pm 

100% 

50% 

2.79 nm 

Figure 6-lb. Communication Research Center Fiber Grating #030203E 

e P 

Water Vapor Absorption Cell 

^4ber-#030434t 

946.0003 nm 

100% 

50% 

2.66 nm 

Figure 6-lc. Communication Research Center Fiber Grating #030131L. This filter was selected 
for further testing because of its ultra narrow bandwidth and relatively high transmission peaks 

and its nearly-zero transmission stop band. 
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Water Vapor Absorption Cell 
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Figure 6-Id. Communication Research Center Fiber Grating #030203A 

Water Vapor Absorption Cell 

Fiber #0301310 
!'4i>.uuuj nm 
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I 28.0 pm 

100% 
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2.79 nm 

Figure 6-le. Communication Research Center Fiber Grating #03013 ID 
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Water Vapor Absorption Cell 

946.0003 nm 

Fiber #030131G 

4.1 pm 

100% 

50% 

2.94 nm 

Figure 6-1 f. Communication Research Center Fiber Grating #030131G 

Water Vapor Absorption Cell 

Fiber#03013 

946.0003 nm 

8.0 pm 

3.06 nm 

100% 

50% 

Figure 6-lg. Communication Research Center Fiber Grating #03013II 
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Strain Tuning Characteristics of Custom-made Gratings 

After selecting filter #03013IL as the "best" match to our specifications, 

additional measurements were made to characterize the wavelength shift while stretching 

the fiber. Stretching a fiber grating changes its grating period by shifting it to a longer 

period thus a longer wavelength. The optical fiber was mounted to the strain apparatus 

shown in Figure 5-6. The strain meter displayed force in milligrams as the optical fiber 

was stretched in 20-milligram increments beginning with no tension (0 milligrams) to 

180 milligrams. Three sets of measurements were made on different days. The first set of 

measurements was taken on April 10, 2003, and is labeled as Set A. The second set of 

measurements was taken on April 15, 2003, and is labeled as Set B. The third set of 

measurements was taken on April 16, 2003, and is labeled as Set C. The results are 

100% 

Fiber #030131C I 

2.67 nm 

Figure 6-lh. Communication Research Center Fiber Grating #030131C 
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shown in Figure 6-2. Each data point represents the wavelength in nanometers where the 

on-line and off-line transmission peak occurred under the specified tension in milligrams. 

Also shown is the mean trend line for both the on- and off-line transmission peaks. A 

slope of 8.2+1 pm per milligram and 8.1+1 pm per milligram was observed for the on-

and off-line transmission bands, respectively, in stretching the fiber with a force from 0 to 

180 milligrams. Note that we were able to align the on-line transmission peak to the 

946.0003 nm water vapor line using 140 milligrams of tension as shown in Figure 6-3. 

This simple experiment proves that these filters are tunable by stretching and can be used 

in the DIAL method for measuring specific water vapor absorption lines. 

946.5 

On-line Transmission Line near 946.0003 nm. 
The Water Vapor Line of Interest —— 

On-Line Slope: — 

8.2+/-1 pm per milligram 

Off-Line Slope: 

8.1+/-1 pm per milligram 

944.5 
0 20 40 60 80 100 120 140 160 180 

Stretched Filter Force, mg 

Figure 6-2. Stretched optical filter #03013IL from 0 to 180 milligrams (mg). Data points are on-
and off-line peak transmission wavelengths in nm. The on-line band is tunable by stretching and 

actually lined up with the target water vapor wavelength of 946 nm at 140 mg. 
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Pi 

1 

0 -

943,5 944.0 944.5 945.0 945.5 946.0 946.5 947.0 947.5 948.0 
Wavelength, nm 

Figure 6-3. Aligning the on-line filter to the water vapor absorption line of interest (946.0003 
nm) by stretching the fiber optic cable to a reading of 140 mg. 

Temperature Tuning Characteristics of Custom-made Gratings 

Measurements were made to characterize the wavelength shift due to heating the 

Bragg filter fabricated by Advanced Optics Solution. The optical fiber Bragg grating was 

mounted to an adjustable thermoelectric element within the filter box as previously 

shown in Figure 5-7b. A thermocouple was then mounted to the Bragg grating. A 

thermocouple temperature meter displayed the temperature in degrees Celsius (°C ) as the 

filter grating was heated from 33.5+/-l°C to 55+/-1 "C by rotating the dial on the front of 

the filter box from its minimum setting of 0 to its maximum setting of 10 in increments of 

1. Table 6-2 lists the average temperature measured at each whole number dial setting 

from 0 to 10. 

Water Vapor Absorption Cell 

946.0003 nm Water Vapor 
Absorption Line 

Off line Transmission Line-

On-line Transmission Lim 
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Dial Position Temperature, Degree C 
0 32.4 
1 33.8 
2 35.3 
3 36.9 
4 38.6 
5 40.5 
6 42.7 
7 45.1 
8 47.8 
9 51.0 
10 55.0 

Table 6-2. Average temperature measured for each dial position. 

The response of the Advanced Optics Solution Bragg grating at the minimum dial 

setting of 0 is provided in Figure 6-4 for reference purposes. This graph is similar to the 

ones provided previously for the Communication Research Center fibers in that it has two 

plots; namely, the water vapor absorption cell (top plot) and the filter response (bottom 

plot). The water vapor data were used as the wavelength reference for the filter data for a 

stable and repeatable wavelength alignment. The filter data are relative in amplitude so 

for example, the 100% transmission for the filter response is taken as the average value of 

the right-hand side of the stop band plateau. In the filter response plot, the FWHM is 

identified and the wavelength range of the stop band at FWHM is determined to be 2.15 

nm. In addition, each peak is labeled from 1 to 5 as shown in Figure 6.4 and the 

wavelength for each peak was recorded in nanometers (nm). 
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Water Vapor Absorption Cell 

Water Vapor Absorption @ 946.0003 nm 

2.15 nm 

Peak #3 

Wavelength, nm 

Figure 6-4. Optical performance of Advanced Optics Solution grating. Five transmissions peaks 
are labeled and used to track the wavelength shift. Dial setting is 0. 

Measurements were made several times on different days and the results are 

shown in Figure 6-5. Each data point represents the wavelength in nanometers where the 

five transmission peaks occurred under the specified temperature in °C. Also shown are 

the mean trend lines for each of the transmission peaks. The observed average slopes for 

each of the five individual transmission peaks are provided in Table 6-3. Specifically, 

peak #3 had a slope of 7.6 pm per °C and the FWHM of transmission band for peak #3 is 

9 pm. Even though these gratings did not meet our specifications for only an on-line and 

off-line transmission band (there are 5 peaks not 2), they did serve the purpose of 

demonstrating wavelength tuning by heating. 
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Peak Transmission # Slope (pm/°C) 
1 7.2 
2 7.4 
3 7.6 
4 8.3 
5 8.7 

Table 6-3. Average slopes for Advanced Optics Solutions filter transmission peak wavelengths 
per temperature change for each of the 5 transmission peaks. 

946.5 

• Peak #5 

946.4 

Peak #4 

946.3 

Peak #3 
946.2 

Peak #2 
946.1 

± Peak#l 

946 

945.9 

945.1 

30 35 40 

Temperature of Fiber Bragg Grating, degree C 
45 50 55 60 

Figure 6-5. Heating the Advanced Optics Solution optical filter from Dial 0 to 10. Data points 
are for the 1 to 5 transmission peak wavelengths in nm. 
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Filter Optical Performance After Eliminating Non-Stop Band Light 

As noted in Figure 6-lc the fiber grating #030131L has only a 2.66 nm stop band 

allowing high outside this band to be transmitted through the filter. To prevent this a 

dielectric 2-nm narrow band transmission filter was placed in series with the Bragg 

grating to eliminate this light. Thus, the optical performance of filter 03013IL tuned to 

946.0003 nm was measured using a conventional transmission filter to eliminate light 

outside of the Bragg grating stop band. The transmission spectra for the Andover 

Corporation dielectric filter is provided in Figure 6-6. This filter was ordered specifically 

for this project but is considered conventional because of its broad FWHM. The center 

wavelength of this filter is 946.31 nm with a FWHM bandwidth of 1.94 and a peak 

transmission of 75.67%. 
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Figure 6-6. Transmission spectra for a customer specified Andover Corporation filter designed to 
transmit light at a center wavelength near 946 nm. 
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The optical performance of the Bragg filter using the Andover filter to eliminate 

unwanted light is shown in Figure 6-7. Again, this figure is similar to those shown 

previously; namely, the water vapor absorption cell (top plot) and the combined custom-

made Bragg grating along with the Andover filter response (bottom plot). There is light 

leakage at the edges of the Andover filter because the filter was ordered before the final 

Bragg filters were received and characterized. In the future a slightly larger FWHM 

Andover filter could be ordered and used that would completely eliminate the side-band 

light. 

0.8 

0.7 
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i» 0.5 

'd 
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Off-line DIAL Wavelength^ 
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New Transmission Bands 
of Combined Filter System 

Water Vapor Absorption Cell 

Target Water Vapor 

946.0003 nm 

jOn-line DIAL Wavelength 
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Light Leakage 

iuftU 
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Figure 6-7. Transmission spectra for the custom-made Bragg grating using the Andover 
Corporation filter designed to block the fiber Bragg grating filter side-band light. 
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This is a major result of this thesis demonstrating all of the desired characteristics 

of a fiber Bragg grating filter. 
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CHAPTER 7 

COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS 

Good agreement between the optical Bragg grating filter response predicted by 

the coupled-mode theory and that observed experimentally was obtained and is shown in 

Figure 7-1. This comparison used the results of the computer model in Appendix C and 

the transmission spectra response measured from Communication Research Center's 

#03013IL fiber optic Fabry-Perot Bragg grating filter. The stop band FWHM is 2.79 nm 

and 2.67 nm for the calculated and measured response, respectively. As noted in Figure 

7-1, there is a rather large difference between the calculated and the measured low-X 

transmission which is explained below. 

1.5 

Theory 
1.0 

e o 

Experiment B 

H 0,5 

0.0 
943 944 945 946 947 

Wavelength, nm 

Figure 7-1. Measured and calculated transmission spectra for custom-made Fabry-Perot 
Bragg grating. 
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An exploded view of the on-line and off-line transmission bands FWHM are 

shown for both the calculated and measured responses in Figure 7-2. 

Experiment 
Theory 

«i8 pm 

944.70 944.80 944.90 

Wavelength, nm 

945.00 

Figure 7-2. Exploded view of the measured and calculated transmission bands shown in 
Figure 7-1. 

According to Erdogan (1997) there is an important issue about the transmission 

spectra of Bragg gratings that is not effectively dealt with in coupled-mode theory as used 

in the computer model. For the spectrum reflected by the grating, the model is fairly 

accurate although issues like stitch errors in the phase mask, non-uniformity in UV 

exposure, etc, can introduce higher order effects which increase the noise in the spectrum. 

In transmission however there is an issue concerning the coupling of the fundamental 
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guided mode in the core into a backward propagating cladding mode. According to 

Mihailov (2003), 90% of the light of the guided mode propagates in the photosensitive 

core region for the gratings that Communication Research Center made. Once the light 

interacts with the grating, 10% of the light does not "see" the grating. This results in a 

coupling effect of the light from the forward propagating core mode into a backward 

propagating cladding mode. Therefore for a uniform chirped grating the result in 

transmission is a loss that occurs about 1 nm to the shorter side of the Bragg resonance. 

In our case the grating is chirped so the cladding mode coupling loss starts to occur 

within the stop band of the Bragg resonance, that is, it would start to occur about 1 nm 

down from the long wavelength side of the grating (946 nm) at ~ 945 nm. So on the 

short wavelength side of the response, the transmission is lower as shown in Figure 7-1. 

The strength of this cladding mode coupling is dependent upon how well the grating 

planes in the fiber are aligned normal to the fiber axis. Even in the best alignment 

however, there will always be cladding modes because of the evanescent coupling of the 

guided mode into the non-photosensitive cladding (Erdogan, 1997). This effect is not a 

major concern for our application due to the use of a 2-nm transmission band filter which 

blocks all light on either pass band. 
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CHAPTER 8 

CONCLUSIONS 

The global measurement of atmospheric water vapor from space will one day 

allow much more accurate weather and climate prediction. A satellite with a differential 

absorption LIDAR (DIAL) would produce highly accurate atmospheric water vapor 

profiles with high spatial and temporal accuracy. 

To enable this measurement requires an investment in many new technologies. 

This thesis reports on the use of ultra narrow band fiber Bragg grating filters that would 

block background light while allowing high transmission to the DIAL wavelengths. This 

filter technology is shown to substantially improve this performance of optical fibers over 

conventional filter technology. 

The thesis research effort has three major focus areas: 1) the fabrication and 

testing of a unique fiber Bragg grating filter at 946 nm, 2) a conceptual design of a space-

based water vapor DIAL satellite showing the system payoff performance with the use of 

these filters, and 3) the development of a model which fully characterizes the 

performance of the new Bragg grating filters. 

These customized optical fiber Bragg gratings were fabricated such that two 

transmission filter peaks occurred, one peak at the 946 nm water vapor absorption line 

and another peak at a region of minimal absorption near 945.9 nm. Both transmission 

peaks were in the middle of a 2.66-nm filter stop band. Experimental demonstration of 

both pressure and temperature tuning was achieved and characterization of the 
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performance of these custom-made optical fiber filters was made and verified by a 

computer model developed as part of this research effort. 

These optical-fiber filters were tested by transmitting tunable 946-nm laser light 

through the gratings within the fiber core and capturing the resulting spectral response. It 

was shown that by varying the UV Bragg grating exposure time during the fiber 

fabrication process the filter's response characteristics could be changed. For example, 

the lower the UV exposure time the higher the transmission in the stop band and the on-

and off-line pass band transmission peaks. In addition, the greater the transmission band 

peaks the noisier the stop band and the larger the FWHM of the transmission bands. 

A computer model was developed as part of this thesis using the piece-wise 

matrix form of the coupled-mode equations and compared amazingly well to the 

experimental results. 

The fabricated filter that best met our specifications had two transmission bands, 

each with peaks of 80% transmission or higher and corresponding FWHM of less than 8 

pm, both within a 2.66-nm FWHM stop band. This fiber was wavelength tuned to the 

946.0003 nm (air) water vapor line by being stretched. Another fiber was tuned by 

thermal variations. We also demonstrated this filter's optical performance after 

eliminating the non-stop band light by using a broad-band conventional transmission 

filter to eliminate the light outside the Bragg grating stop band. 

In addition, a preliminary conceptual design system study of a 946-nm space-

based active water vapor DIAL system showed significant potential system 

improvements (>50%) using this new technology of Fabry-Perot fiber optic Bragg 
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grating filters. To our knowledge these are the first optical fiber gratings made in this 

frequency range and for this application. 

Finally, an ultra narrow band water vapor DIAL filter was characterized having 

two pass bands less than 8 pm and peak transmissions greater than 80 percent. Such 

filters are now ready for integrating into future space-based water vapor LIDAR systems. 
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APPENDIX A 

NASA DISTRIBUTIVE ACTIVE ARCHIVE CENTERS (DAAC) WATER VAPOR 
MEASUREMENTS 

This appendix provides a list of atmospheric water vapor measurements available 

from the NASA Distributive Active Archive Centers (DAAC). The data sets are 

separated into ground- or ship-based, airborne, and spacebome measurements in Tables 

Al-la, Al-lb, and Al-lc, respectively. The data available at the Langley Research 

Center DAAC is provided in Table Al-2. For each data set name the parameter, source, 

date range, spatial resolution and coverage, temporal resolution, and accuracy are 

provided. These data are cited in Chapter 1 and are used to illustrate that presently there 

is inadequate water vapor data available for either climate change studies or numerical 

weather prediction applications. 
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Table A1-1a. Ground-based/Ship-based Measurements 
Data Set Sensors Sources 
CAMEX-4 MIPS MICROWAVE PROFILING 
RADIOMETER 

MICROWAVE RADIOMETER, 
PYRANOMETER 

GROUND STATION, MIPS 

ATLAS OF OCEAN SECTIONS V2 CD-ROM (SWIFT, 
OSBORNE. WEIR^ 

CTD, SAMPLING BOTTLE RESEARCH VESSEL 

AVHRR OCEANS PATHFINDER SST AND BUOY 
MATCH-UP DATA (PODESTA ET AL.) 

AVHRR, WATER 
THERMOMETER 

AOML DRIFTING BUOY, MEDS 
DRIFTING BUOY, NDBC 
MOORED BUOY, NOAA-11, 
NOAA-7, NOAA-9, TOGA-TAO 
MnORFn R1 lOY 

AVHRR OCEANS PATHFINDER SST AND BUOY 
MATCH-UP DATA V19 (PODESTA ET AL.) 

AVHRR, WATER 
THERMOMETER 

AOML DRIFTING BUOY, MEDS 
DRIFTING BUOY, NDBC 
MOORED BUOY, NOAA-11, 
NOAA-14, NOAA-9, TOGA-TAO 
MOnRFD Rl inv 

GEOSAT ALTIMETER GEOPHYSICAL PARAMETERS 
COLOCATED WITH NDBC BUOY DATA (GLAZMAN) 

ACCELEROMETER, AIR 
THERMOMETER, 
ANEMOMETER, 
BAROMETER, GEOSAT 
ALTIMETER, WATER 
THERMOMETER 

GEOSAT, NDBC MOORED 
BUOY 

GLOBAL OCEAN SURFACE TEMPERATURE ATLAS 
PLUS. GOSTAPLUS fMIT. UKMO. JPL^ 

THERMOMETER BUOY, SHIP 

MONTHLY MEAN GLOBAL SURFACE OCEAN 
VARIABLES (HALPERN ET AL.) 

AMI-WIND, AVHRR, GEOSAT 
ALTIMETER, POSEIDON 
ALTIMETER, RADIO 
TRANSMITTER, SSM/I, 
TOPEX ALTIMETER 

ARGOS DRIFTING BUOY, 
DMSP-F10, DMSP-F8, ERS-1, 
GEOSAT, NOAA-11, NOAA-7, 
NOAA-9, TOPEX/POSEIDON 

NCEP REYNOLDS HISTORICAL RECONSTRUCTED 
SEA SURFACE TEMPERATURE DATA SET 

AVHRR, THERMOMETER BUOY, NOAA-11, NOAA-14, 
NOAA-7. NOAA-9. SHIP 

NCEP REYNOLDS OPTIMALLY INTERPOLATED SEA 
SURFACE TEMPERATURE DATA SETS 

AVHRR, THERMOMETER BUOY, NOAA-11, NOAA-14, 
NOAA-7. NOAA-9. SHIP 

TOGA RELATED SATELLITE AND IN-SITU DATA CD-
ROM '85-'90 (WMO, ITPO) 

ANEMOMETER, AVHRR, 
BAROMETER, CURRENT 
METER, ECMWF ANALYSIS, 
GEOSAT ALTIMETER, MIR, 
MODEL ANALYSIS, RAIN 
GAUGE, SALINOMETER, 
THERMISTOR, 
THERMOMETER, TIDE 
GAUGE, TOVS, VISSR, XBT 

AOML DRIFTING BUOY, 
ARGOS DRIFTING BUOY, 
CLIMATOLOGY FIELD, 
ECMWF, GEOSAT, GMS-2, 
GMS-3, GMS-4, GOES-5, GOES 
6, GOES-7, LODYC ATLANTIC 
OCEAN MODEL, MEDS 
DRIFTING BUOY, METEOSAT-
2, METEOSAT-3, NOAA-10, 
NOAA-11, NOAA-12, NOAA-7, 
NOAA-8, NOAA-9, PMEL 

TOPEX/POSEIDON ALTIMETER MGDR GENERATION 
B (NASA/PO.DAAC) 

POSEIDON ALTIMETER, 
TOPEX ALTIMETER, TOPEX 
MICROWAVE RADIOMETER 

TOPEX/POSEIDON 

ARCTIC WATER VAPOR CHARACTERISTICS FROM 
RAWINSONDES 

RAWINSONDE WEATHER BALLOON 

COMPREHENSIVE OCEAN - ATMOSPHERE DATA SET 
(COADS) LMRF ARCTIC SUBSET 

EXPENDABLE 
BATHYTHERMOGRAPH, 
\NBATHYTHERMOGRAPH 

DRIFTING BUOY, MOORED 
BUOY, SHIP 

COORDINATED EASTERN ARCTIC EXPERIMENT 
(CEAREX)DATA 

HYGROMETER AIR DROPPABLE BUOY, 
METEOROLOGICAL STATION, 
SHIP 

ATMOS. PROFILE; RADIOSONDE - NCDC (FIFE) RADIOSONDE WEATHER BALLOON 
BOREAS FOLLOW-ON HMET-03 HOURLY 
METEOROLOGICAL DATA AT FLUX TOWERS, 1994-
1996 

ANEMOMETER, 
BAROMETER, HUMIDITY 
SENSOR, PYRANOMETER, 
RAIN GAUGE, 
THERMOCOUPLE 

TOWER 
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Table A1-1a. Ground-based/Ship-based Measurements (cont.) 
Data Set Sensors Sources 
BOREAS RSS-03 ATMOSPHERIC CONDITIONS FROM 
A HELICOPTER-MOUNTED SUNPHOTOMETER 

SUN PHOTOMETER HELICOPTER 

BOREAS RSS-18 SUNPHOTOMETER DATA OVER THE 
SSA 

SUN PHOTOMETER FIELD INVESTIGATION 

BOREAS TF-01 SSA-OA TOWER FLUX, 
METEOROLOGICAL, AND SOIL TEMPERATURE DATA 

BAROMETER, DEWPOINT 
HYDROMETER, GYPSUM 
BLOCK, IRGA, NET 
RADIOMETER, 
PYRANOMETER, 
PYRGEOMETER, QUANTUM 
SENSOR, RAIN GAUGE, SOIL 
HEAT FLUX TRANSDUCER, 
SONIC ANEMOMETER, 
THERMOCOUPLE, TIME 
DOMAIN REFLECTOMETER 

TOWER 

BOREAS TF-03 NSA-OBS TOWER FLUX, 
METEOROLOGICAL, AND SOIL TEMPERATURE DATA 

EDDY CORRELATION 
APPARATUS, NET 
RADIOMETER, QUANTUM 
SENSOR, RAIN GAUGE, 
THFRMOCni IPI F 

FIELD INVESTIGATION, 
TOWER 

BOREAS TF-04 SSA-YJP TOWER FLUX, 
METEOROLOGICAL, AND CANOPY CONDITION DATA 

ANEMOMETER, ANEROID 
BAROMETER, EDDY 
CORRELATION APPARATUS, 
IRGA, NET RADIOMETER, 
PSYCHROMETER, 
QUANTUM SENSOR, RAIN 
GAUGE, SOLAR MONITOR, 
THERMOCOUPLE 

TOWER 

BOREAS TF-07 SSA-OBS TOWER FLUX AND 
METEOROLOGICAL DATA 

EDDY CORRELATION 
APPARATUS, IRGA, 
PSYCHROMETER, 
PYRANOMETER, SONIC 
ANEMOMETER, 
THERMOCOUPLE, TUNABLE 
ninnc I AQCD 

TOWER 

BOREAS TF-09 SSA-OBS TOWER FLUX, 
METEOROLOGICAL, AND SOIL TEMPERATURE DATA 

EDDY CORRELATION 
APPARATUS, IR C02 
ANALYZER, NET 
RADIOMETER, 
PSYCHROMETER, 
PYRANOMETER, QUANTUM 
SENSOR, RAIN GAUGE, SOIL 
HEAT FLUX TRANSDUCER, 
TEMPERATURE PROBE, 
WIND SENSOR 

TOWER 

BOREAS TF-10 NSA-FEN TOWER FLUX AND 
METEOROLOGICAL DATA 

ANEMOMETER, ANEROID 
BAROMETER, EDDY 
CORRELATION APPARATUS, 
HUMIDITY SENSOR, 
HYGROMETER, IRGA, NET 
RADIOMETER, 
PYRANOMETER, 
PYRGEOMETER, QUANTUM 
SENSOR, RAIN GAUGE, SOIL 
HEAT FLUX TRANSDUCER, 
THERMOCOUPLE, WATER 
LEVEL GAUGE 

TOWER 
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Table A1-1a. Ground-based/Ship-based Measurements (cont.) 
Data Set Sensors Sources 
BOREAS TF-10 NSA-YJP TOWER FLUX, 
METEOROLOGICAL, AND POROMETRY DATA 

ANEMOMETER, EDDY 
CORRELATION APPARATUS, 
HYGROMETER, IRGA, NET 
RADIOMETER, PLANT 
CANOPY ANALYZER, 
POROMETER, PRESSURE 
SENSOR, PYRANOMETER, 
PYRGEOMETER, QUANTUM 
SENSOR, RAIN GAUGE, SOIL 
HEAT FLUX TRANSDUCER, 
THERMOCOUPLE 

TOWER 

BOREAS TGB-04 NSA-BVP TOWER FLUX AND 
METEOROLOGICAL DATA 

ANEMOMETER, ANEROID 
BAROMETER, BOWEN 
RATIO APPARATUS, IRGA, 
NET RADIOMETER, 
PSYCHROMETER, 
PYRANOMETER, QUANTUM 
SENSOR, STREAM GAUGE, 
THERMOCOUPLE, WATER 
LEVEL GAUGE 

TOWER 

BOWEN RATIO SURF. FLUX: FRITSCHEN (FIFE) ANEMOMETER, BOWEN 
RATIO APPARATUS, 
HYGROMETER, NET 
RADIOMETER, SOIL HEAT 
FLUX TRANSDUCER, SOIL 
TEMPERATURE PROBE, 
THERMOCOUPLE 

FIELD INVESTIGATION 

BOWEN RATIO SURFACE FLUX: GSFC (FIFE) ANEMOMETER, BOWEN 
RATIO APPARATUS, 
GYPSUM BLOCK, 
HYGROMETER, NET 
RADIOMETER, RAIN GAUGE, 
SOIL HEAT FLUX 
TRANSDUCER, SOIL 

TEMPERATURE PROBE, 
THERMOCOUPLE 

FIELD INVESTIGATION 

BOWEN RATIO SURFACE FLUX: KSU (FIFE) ANEMOMETER, BOWEN 
RATIO APPARATUS, 
GYPSUM BLOCK, 
HYGROMETER, NET 
RADIOMETER, RAIN GAUGE, 
SOIL HEAT FLUX 
TRANSDUCER, SOIL 
TEMPERATURE PROBE, 
THERMOCOUPLE 

FIELD INVESTIGATION 

BOWEN RATIO SURFACE FLUX: SMITH (FIFE) ANEMOMETER, 
BAROMETER, BOWEN 
RATIO APPARATUS, 
GYPSUM BLOCK, 
HYGROMETER, NET 
RADIOMETER, RAIN GAUGE, 
SOIL HEAT FLUX 
TRANSDUCER, SOIL 
TEMPERATURE PROBE, 
THERMOCOUPLE 

FIELD INVESTIGATION 
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Table A1-1a. Ground-based/Ship-based Measurements (cont.) 
Data Set Sensors Sources 
BOWEN RATIO SURFACE FLUX: UNL (FIFE) ANEMOMETER, BOWEN 

RATIO APPARATUS, 
HYGROMETER, NET 
RADIOMETER, SOIL HEAT 
FLUX TRANSDUCER, SOIL 
TEMPERATURE PROBE, 
THERMOCOUPLE 

FIELD INVESTIGATION 

BOWEN RATIO SURFACE FLUX: USGS (FIFE) ANEMOMETER, BOWEN 
RATIO APPARATUS, 
HYGROMETER, NET 
RADIOMETER, SOIL HEAT 
FLUX TRANSDUCER, SOIL 
TEMPERATURE PROBE, 
THERMOCOUPLE 

FIELD INVESTIGATION 

CANOPY PHOTOSYNTHESIS RATES (FIFE) GAS EXCHANGE SYSTEM PHOTOSYNTHESIS CHAMBER 

EDDY CORR. SURFACE FLUX: ANL (FIFE) ANEMOMETER, BOWEN 
RATIO APPARATUS, C02 
SENSOR, EDDY 
CORRELATION APPARATUS, 
HYGROMETER, NET 
RADIOMETER, OZONE 
SENSOR, SOIL HEAT FLUX 
TRANSDUCER, SOIL 
TEMPERATURE PROBE, 
THERMOCOUPLE 

FIELD INVESTIGATION 

EDDY CORR. SURFACE FLUX: GSFC (FIFE) ANEMOMETER, BOWEN 
RATIO APPARATUS, EDDY 
CORRELATION APPARATUS, 
HYGROMETER, NET 
RADIOMETER, OZONE 
SENSOR, RAIN GAUGE, SOIL 
HEAT FLUX TRANSDUCER, 
SOIL TEMPERATURE 
PROBE, THERMOCOUPLE 

FIELD INVESTIGATION 

EDDY CORR. SURFACE FLUX: UK (FIFE) ANEMOMETER, BOWEN 
RATIO APPARATUS, C02 
SENSOR, EDDY 
CORRELATION APPARATUS, 
HYGROMETER, NET 
RADIOMETER, RAIN GAUGE, 
SOIL HEAT FLUX 
TRANSDUCER, SOIL 
TEMPERATURE PROBE, 
THERMOCOUPLE 

FIELD INVESTIGATION 

EDDY CORR. SURFACE FLUX: UNL (FIFE) ANEMOMETER, BOWEN 
RATIO APPARATUS, C02 
SENSOR, EDDY 
CORRELATION APPARATUS, 
HYGROMETER, NET 
RADIOMETER, RAIN GAUGE, 
SOIL HEAT FLUX 
TRANSDUCER, SOIL 
TEMPERATURE PROBE, 
THERMOCOUPLE 

FIELD INVESTIGATION 
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Table A1-1a. Ground-based/Ship-based Measurements (cont.) 
Data Set Sensors Sources 
EDDY CORR. SURFACE FLUX: USGS (FIFE) ANEMOMETER, BOWEN 

RATIO APPARATUS, EDDY 
CORRELATION APPARATUS, 
HYGROMETER, NET 
RADIOMETER, RAIN GAUGE, 
SOIL HEAT FLUX 
TRANSDUCER, SOIL 
TEMPERATURE PROBE, 
THERMOCOUPLE 

FIELD INVESTIGATION 

LEAF PHOTOSYNTHESIS RATES (FIFE) GAS EXCHANGE SYSTEM, 
HUMAN OBSERVER, 
OSMOMETER 

FIELD INVESTIGATION, 
PHOTOSYNTHESIS CHAMBER 

METEOROLOGY (OTTER) BAROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMETER 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1972 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMETER 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1972-1990 HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMETER 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1973 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMETER 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1974 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMETER 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1975 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMETER 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1976 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMETER 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1977 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMETER 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1978 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMETER 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1979 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMETER 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1980 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGF THFRMOMFTFR 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1981 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMETER 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1982 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMETER 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1983 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMETER 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1984 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMFTFR 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1985 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE, THERMOMETER 

METEOROLOGICAL STATION 
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Table A1-1a. Ground-based/Ship-based Measurements (cont.) 
Data Set Sensors Sources 
NWS DAILY CLIMATOLOGY DATA: 1986 (SNF) HYGROMETER, 

PYRANOMETER, RAIN 
GAllRF THFRMOMFTFR 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1987 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMETER 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1988 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMETER 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1989 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMETER 

METEOROLOGICAL STATION 

NWS DAILY CLIMATOLOGY DATA: 1990 (SNF) HYGROMETER, 
PYRANOMETER, RAIN 
GAUGE. THERMOMETER 

METEOROLOGICAL STATION 

SURFACE RADIANCE DATA: UNL (FIFE) INFRARED THERMOMETER, 
NET RADIOMETER, PLANT 
STRESS MONITOR, 
PYRANOMETER, QUANTUM 
RFMROR 

FIELD INVESTIGATION 

TEMPERATURE PROFILES: RADIOSONDE (FIFE) ALGORITHM, RADIOSONDE LABORATORY, WEATHER 
BALLOON 

Table A1-1b. Airborne Measur ements 
Data Set Sensors Sources 
CAMEX-3 GOES-8 PRODUCTS GOES-8 IMAGER GOES-8 
CAMEX-3 JPL LASER HYGROMETER LASER HYGROMETER NASA DC-8 
CAMEX-3 JPL SURFACE ACOUSTIC WAVE (SAW) 
HYGROMETER 

SURFACE ACOUSTIC WAVE 
HYGROMETER 

NASA DC-8 

CAMEX-3 NAST-I RADIANCE PRODUCTS NAST-I NASA ER-2 
CAMEX-3 POLARIMETRIC SCANNING RADIOMETER 
fPSR) 

PSR NASA DC-8 

CAMEX-4 DC-8 NEVZOROV TOTAL CONDENSED 
WATER CONTENT SENSOR 

WATER VAPOR PROBE NASA DC-8 

CAMEX-4 GOES-8 PRODUCTS GOES-8 IMAGER GOES-8 
CAMEX-4 HIGH ALTITUDE MMIC SOUNDING 
RADIOMETER fHAMSR^ 

HAMSR NASA ER-2 

CAMEX-4 JPL LASER HYGROMETER JPL LASER HYGROMETER NASA DC-8 
CAMEX-4 LIDAR ATMOSPHERIC SENSING 
EXPERIMENT fLASE^ 

DIAL, LASE NASA DC-8 

CAMEX-4 NOAA LYMAN-ALPHA HYGROMETER LYMAN-ALPHA 
HYGROMETER 

NASA DC-8 

AIRCRAFT FLUX-DETRENDED: NRCC (FIFE) ANALYSIS, EDDY 
CORRELATION APPARATUS, 
HYGROMETER, INFRARED 
RADIOMETER, NDIR GAS 
ANALYZER, PRESSURE 
TRANSDUCER, 
PYRANOMETER, RADIO 
ALTIMETER, WIND 
PROFILER 

TWIN OTTER 
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Table A1-1b. Airborne Measur ements (cont.) 
Data Set Sensors Sources 
AIRCRAFT FLUX-DETRENDED: U OF WY. (FIFE) ANALYSIS, EDDY 

CORRELATION APPARATUS, 
HYGROMETER, INFRARED 
RADIOMETER, NDIR GAS 
ANALYZER, PRESSURE 
TRANSDUCER, 
PYRANOMETER, RADIO 
ALTIMETER, WIND 
PROFILER 

KINGAIR 

AIRCRAFT FLUX-DETRENDED: UNIV. COL. (FIFE) ANALYSIS, EDDY 
CORRELATION APPARATUS, 
HYGROMETER, INFRARED 
RADIOMETER, NDIR GAS 
ANALYZER, PRESSURE 
TRANSDUCER, 
PYRANOMETER, RADIO 
ALTIMETER, WIND 
PROFILER 

KINGAIR 

AIRCRAFT FLUX-FILTERED: NRCC (FIFE) ANALYSIS, EDDY 
CORRELATION APPARATUS, 
HYGROMETER, INFRARED 
RADIOMETER, NDIR GAS 
ANALYZER, PRESSURE 
TRANSDUCER, 
PYRANOMETER, RADIO 
ALTIMETER, WIND 
PROFILER 

TWIN OTTER 

AIRCRAFT FLUX-RAW: NRCC (FIFE) ANALYSIS, EDDY 
CORRELATION APPARATUS, 
HYGROMETER, INFRARED 
RADIOMETER, NDIR GAS 
ANALYZER, PRESSURE 
TRANSDUCER, 
PYRANOMETER, RADIO 
ALTIMETER, WIND 
PROFILER 

TWIN OTTER 

AIRCRAFT FLUX-RAW: U OF WY. (FIFE) ANALYSIS, EDDY 
CORRELATION APPARATUS, 
HYGROMETER, INFRARED 
RADIOMETER, NDIR GAS 
ANALYZER, PRESSURE 
TRANSDUCER, 
PYRANOMETER, RADIO 
ALTIMETER, WIND 
PROFILER 

KINGAIR 

AIRCRAFT FLUX-RAW: UNIV. COL. (FIFE) ANALYSIS, EDDY 
CORRELATION APPARATUS, 
HYGROMETER, INFRARED 

RADIOMETER, NDIR GAS 
ANALYZER, PRESSURE 
TRANSDUCER, 
PYRANOMETER, RADIO 
ALTIMETER, WIND 
PROFILER 

KINGAIR 
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Table 1-1b. Airborne Measurements (cont.) 
Data Set Sensors Sources 
BOREAS AFM-01 NOAA/ATDD LONG-EZ AIRCRAFT 
FLUX DATA OVER THE SSA 

GUST PROBE, INFRARED 
THERMOMETER, IRGA, NET 
RADIOMETER, PRESSURE 
SENSOR, QUANTUM 
SENSOR, THERMISTOR 

NOAA LONG-EZ 

BOREAS AFM-02 KING AIR 1994 AIRCRAFT FLUX AND 
MOVING WINDOW DATA 

DEWPOINT HYDROMETER, 
GUST PROBE, IRGA, 
PRESSURE SENSOR, 
PYRANOMETER, 
PYRGEOMETER, 
THERMISTOR 

KINGAIR 

BOREAS AFM-02 WYOMING KING AIR 1994 AIRCRAFT 
SOUNDING DATA 

GUST PROBE, IRGA, 
PRESSURE SENSOR, 
PYRANOMETER, 
PYRGEOMETER, 
THERMISTOR 

KINGAIR 

BOREAS AFM-03 ELECTRA 1994 AIRCRAFT FLUX AND 
MOVING WINDOW DATA 

CHEMILUMINESCENCE, 
GUST PROBE, INFRARED 
THERMOMETER, IRGA, 
MULTIBAND VEGETATION 
IMAGER, NET RADIOMETER, 
PRESSURE TRANSDUCER, 
PYRANOMETER, 
PYRGEOMETER, 
TEMPERATURE SENSOR 

NCAR ELECTRA 

BOREAS AFM-13 AIRCRAFT FLUX ANALYSES ANALYSIS TWIN OTTER 

SAFARI 2000 AIRBORNE SUNPHOTOMETER 
AEROSOL OPTICAL DEPTH AND WATER VAPOR 
DATA 

AIRBORNE SUN 
PHOTOMETER 

CV-580 

Table A1-1c. Spaceborne Measurements 
Data Set Sensors Sources 
AVHRR 1-KM GLOBAL LAND 10-DAY COMPOSITES AVHRR NOAA-11, NOAA-14 
AVHRR 1-KM ORBITAL SEGMENTS 
EARTHSAT GEOCOVER: ORTHORECTIFIED LANDSAT 
TMIMAGERY 

LANDSAT TM LANDSAT-5 

GLOBAL LAND COVER TEST SITES ANALYSIS, AVHRR, 
LANDSAT MSS, LANDSAT 
TM 

DIGITAL ELEVATION MODEL, 
LANDSAT-1, LANDSAT-2, 
LANDSAT-3, LANDSAT-4, 
LANDSAT-5, NOAA-11, NOAA-
14 

NASA LANDSAT DATA COLLECTION LANDSAT MSS, LANDSAT 
TM 

LANDSAT-1, LANDSAT-4 

NORTH AMERICAN LANDSCAPE CHARACTERIZATION ANALYSIS, LANDSAT MSS DIGITAL ELEVATION MODEL, 
LANDSAT-1, LANDSAT-2, 
LANDSAT-3, LANDSAT-4, 
1 ANnSAT-5 

SPACEBORNE IMAGING RADAR-C PRECISION SAR, SIR-C SRL-2, STS-68 
LANDSAT-7 CALIBRATION PARAMETER FILE V002 LANDSAT ETM+ LANDSAT-7 
LANDSAT-7 LEVEL-OR FLOATING SCENES V002 LANDSAT ETM+ LANDSAT-7 

LANDSAT-7 LEVEL-OR WRS-SCENE V002 LANDSAT ETM+ LANDSAT-7 
MODIS/TERRA LAND COVER TYPE 96-DAY L3 
GLOBAL 0.25DEG CMG V003 

MODIS TERRA 

MODIS/TERRA LAND COVER TYPE 96-DAY L3 
GLOBAL 1KM ISIN GRID V003 

MODIS TERRA 

MODIS/TERRA LEAF AREA INDEX/FPAR 8-DAY L4 
GLOBAL 1KM ISIN GRID V001 

MODIS TERRA 
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Table A1-1c. Spaceborne Measurements (cont.) 
Data Set Sensors Sources 
MODIS/TERRA LEAF AREA INDEX/FPAR 8-DAY L4 
GLOBAL 1KM ISIN GRID V003 

MODIS TERRA 

MODIS/TERRA LEAF AREA INDEX/FPAR 8-DAY L4 
GLOBAL 1KM SIN GRID V004 

MODIS TERRA 

MODIS/TERRA TEMPERATURE AND WATER VAPOR 
PROFILES 5-MIN L2 SWATH 5KM V003 

MODIS TERRA 

MODIS/TERRA TEMPERATURE AND WATER VAPOR 
PROFILES 5-MIN L2 SWATH 5KM V004 

MODIS TERRA 

MODIS/TERRA VEGETATION CONTINUOUS FIELDS 
YEARLY L3 GLOBAL 500M ISIN GRID V003 

MODIS TERRA 

LANDSAT-7 LEVEL-OR IGS-SCENE METADATA V002 LANDSAT ETM+ LANDSAT-7 
LANDSAT-7 LEVEL-1 FLOATING SCENES V002 LANDSAT ETM+ LANDSAT-7 
LANDSAT-7 LEVEL-1 WRS-SCENE V002 LANDSAT ETM+ LANDSAT-7 
GOES WATER VAPOR TRANSPORT GOES-8 IMAGER GOES-8 
MSFC SSM/I DAILY GRIDDED INTEGRATED WATER 
VAPOR FROM DMSP F10 

SSM/I DMSP-F10 

MSFC SSM/I DAILY GRIDDED INTEGRATED WATER 
VAPOR FROM DMSP F13 

SSM/I DMSP-F13 

MSFC SSM/I DAILY GRIDDED INTEGRATED WATER 
VAPOR FROM DMSP F14 

SSM/I DMSP-F14 

MSFC SSM/I DAILY GRIDDED INTEGRATED WATER 
VAPOR FROM DMSP F15 

SSM/I DMSP-F15 

MSFC SSM/I DAILY SWATH INTEGRATED WATER 
VAPOR FROM DMSPF10 

SSM/I DMSP-F10 

MSFC SSM/I DAILY SWATH INTEGRATED WATER 
VAPOR FROM DMSP F13 

SSM/I DMSP-F13 

MSFC SSM/I DAILY SWATH INTEGRATED WATER 
VAPOR FROM DMSPF14 

SSM/I DMSP-F14 

MSFC SSM/I DAILY SWATH INTEGRATED WATER 
VAPOR FROM DMSP F15 

SSM/I DMSP-F15 

TRMM MICROWAVE IMAGER (TMI) WENTZ OCEAN 
PRODUCTS 

TMI TRMM 

CZCS LEVEL 2 GAC CZCS NIM8US-7 
LIMS LAIPAT INVERTED PROFILE ARCHIVAL TAPE LIMS NIMBUS-7 
LIMS LAMAT MAP ARCHIVAL TAPE LIMS NIMBUS-7 
LIMS LASMAT STACKED MAP ARCHIVAL TAPE LIMS NIMBUS-7 
SEAWIFS LEVEL 2 GAC SEAWIFS ORBVIEW-2 
SIMBIOS-NASDA-OCTS LEVEL 2 GAC OCTS ADEOS 
TOVS PATHFINDER 5 DAY PATH A GRIDS TOVS-HIRS/2, TOVS-MSU NOAA-10 
TOVS PATHFINDER DAILY PATH A GRIDS TOVS-HIRS/2, TOVS-MSU NOAA-10 
TOVS PATHFINDER MONTHLY PATH A GRIDS TOVS-HIRS/2, TOVS-MSU NOAA-10 
UARS CLAES LEVEL 3AL DAILY LATITUDE ORDERED 
DATA 

CLAES UARS 

UARS CLAES LEVEL 3AT DAILY TIME ORDERED DATA CLAES UARS 

UARS HALOE LEVEL 3AT DAILY TIME ORDERED 
DATA 

HALOE UARS 

UARS ISAMS LEVEL 3AL DAILY LATITUDE ORDERED 
DATA 

ISAMS UARS 

UARS ISAMS LEVEL 3AT DAILY TIME ORDERED DATA ISAMS UARS 

UARS MLS LEVEL SAL DAILY LATITUDE ORDERED 
DATA 

MLS UARS 

UARS MLS LEVEL SAT DAILY TIME ORDERED DATA MLS UARS 
UARS MLS LEVEL SB DAILY LATITUDE GRIDDED 
FOURIER COEFFICIENTS 

MLS UARS 

ATSR-2 GRIDDED BRIGHTNESS TEMPERATURE 
DATA SET fESAl 

ATSR-2 ERS-2 

AVHRR MONTHLY GLOBAL MCSST COREGISTERED 
WITH CZCS DATA CD-ROM (MIAMI, GSFC) 

AVHRR, CZCS NIMBUS-7, NOAA-7, NOAA-9 
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Table A1-1c. Spaceborne Measurements (cont.) 
Data Set Sensors Sources 
AVHRR OCEANS PATHFINDER GLOBAL EQUAL-
ANGLE ALL SST V1 (NOAA, NASA) 

AVHRR NOAA-11, NOAA-14, NOAA-7, 
NOAA-9 

AVHRR OCEANS PATHFINDER GLOBAL EQUAL-
ANGLE ALL SST V3 (NOAA, NASA) 

AVHRR NOAA-11, NOAA-14, NOAA-7, 
NOAA-9 

AVHRR OCEANS PATHFINDER GLOBAL EQUAL-
ANGLE ALL SST V4.1 (NOAA, NASA) 

AVHRR NOAA-11, NOAA-14, NOAA-7, 
NOAA-9 

AVHRR OCEANS PATHFINDER GLOBAL EQUAL-
ANGLE BEST SST V1 (NOAA, NASA) 

AVHRR NOAA-11, NOAA-14, NOAA-7, 
NOAA-9 

AVHRR OCEANS PATHFINDER GLOBAL EQUAL-
ANGLE BEST SST V3 (NOAA, NASA) 

AVHRR NOAA-11, NOAA-14, NOAA-7, 
NOAA-9 

AVHRR OCEANS PATHFINDER GLOBAL EQUAL-
ANGLE BEST SST V4 (NOAA, NASA) 

AVHRR NOAA-11, NOAA-14, NOAA-7, 
NOAA-9 

AVHRR OCEANS PATHFINDER GLOBAL EQUAL-
ANGLE BEST SST V4.1 (NOAA, NASA) 

AVHRR NOAA-11, NOAA-14, NOAA-7, 
NOAA-9 

AVHRR OCEANS PATHFINDER MONTHLY GLOBAL 
BEST SST CD-ROM (JPL, MIAMI) 

AVHRR NOAA-11, NOAA-14, NOAA-7, 
NOAA-9 

AVHRR WEEKLY GLOBAL 18KM GRIDDED MCSST 
(MIAMI) 

AVHRR NOAA-11, NOAA-14, NOAA-7, 
NOAA-9 

DETAILED PRODUCT015 SUBSET - AVHRR MCSST AVHRR NOAA-7, NOAA-9 

MODIS TERRA GLOBAL LEVEL 3 BINNED MID-IR SST MODIS TERRA 

MODIS TERRA GLOBAL LEVEL 3 BINNED THERMAL IR 
SST 

MODIS TERRA 

NIMBUS-7 SMMR GLOBAL 60KM GRIDDED OCEAN 
PARAMETERS 79-'84 (WENTZ) 

SMMR NIMBUS-7 

NSIPP AVHRR PATHFINDER AND EROSION GLOBAL 
9KM SST CLIMATOLOGY (CASEY, CORNILLON) 

AVHRR NOAA-11, NOAA-12, NOAA-14, 
HOAA-7, NOAA-9 

SEA SURFACE TEMPERATURE AND HEIGHT, GLOBAL 
0.5 AND 1.0 DEG GRIDS (JPL, WOCE V2) 

AVHRR, POSEIDON 
ALTIMETER, TOPEX 
ALTIMETER 

NOAA-11, NOAA-14, 
TOPEX/POSEIDON 

MISR LEVEL 2 SURFACE PARAMETERS V001 MISR TERRA 

SAGE III METE0R-3M L2 SOLAR EVENT SPECIES 
PROFILES (HDF-EOS) V001 

SAGE III METE0R-3M 

SAGE III METE0R-3M L2 SOLAR EVENT SPECIES 
PROFILES (HDF-EOS) V001 

SAGE III METE0R-3M 

SAGE III METE0R-3M L2 SOLAR EVENT SPECIES 
PROFILES (NATIVE) V001 

SAGE III METE0R-3M 

SAGE III METE0R-3M L2 SOLAR EVENT SPECIES 
PROFILES (NATIVE) V001 

SAGE III METE0R-3M 

SEASAT SCANNING MULTICHANNEL MICROWAVE 
RADIOMETER GDR LEVELS 1.5, 2 

SMMR SEASAT 

SSM/I F-10 OCEAN WIND SPEED, LIQUID WATER, 
WATER VAPOR '90-92 (WENTZ) 

SSM/I DMSP-F10 

SSM/I F-8 OCEAN WIND SPEED, LIQUID WATER, 
WATER VAPOR '87-'91 (WENTZ) 

SSM/I DMSP-F8 

SSM/I PATHFINDER ATMOSPHERIC MOISTURE LEVEL 
2 (NOAA, NASA, MSFC, WENTZ) 

SSM/I DMSP-F8 

SSM/I PATHFINDER EASE-GRID OCEAN 
GEOPHYSICAL PRODUCTS (NOAA, NASA, NSIDC, 
WENTZ) 

SSM/I DMSP-F8 

SSM/I PATHFINDER GRIDDED ATMOSPHERIC 
MOISTURE LEVEL 3 (NOAA, NASA, MSFC, WENTZ) 

SSM/I DMSP-F8 

BOREAS FOLLOW-ON HMET-01 LEVEL-2 GOES-8 1996 
SHORTWAVE AND LONGWAVE RADIATION 

GOES-8 IMAGER GOES-8 
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Table Al-2. Water Vapor Measurements Archived at the Langley Research Center 
DAAC 

FIRE_AX_ Water Ground 06/01/ Point 36.99 -25.17 Daily Vapcm; Unknown 
PSU_H20V Vapor Station 1992 Measure 36.99 -25.17 vapor ~ 
AP 

Microw 
ave 

Radiom 
eter 

06/27/ 
1992 

ment cm 
Liqcm; 
liquid -
cm 
vap1m; 
vapor ~ 
1m 
liqlm; 
liquid ~ 
1m 
vap5m; 
vapor ~ 
5m 
liqSm; 
liquid — 
5m 

FIRE_AX_ Water Ship 06/02/ Variable 34.60 -26.80 Daily g/cm2 Unknown 
SOF_SUR_ Vapor 1992 37.80 -23.20 
DRAK Microw 

ave 
Radiom 

eter 

06/19/ 
1992 

FIRE_AX_ Water Ship 06/01/ 20m 34.50 -26.36 3 Relative Unknown 
SUROIT_S Vapor 1992 Vertical 37.70 -23.08 Hours Humidit 
ONDE Radioso 

nde 
06/20/ 
1992 

y (%) 

NVAP_SS Water DMSP- 01/01/ 1 X 1 deg - - Daily mm Unknown 
MI LWP Vapor F l l  1988 grid 90.00 180.00 Avera 
DAILY 

SSM/I 
12/31/ 
1999 

90.00 180.00 ge 

SMMRJW Water NIMB 10/01/ 3 deg X 5 - - Month A scale Unknown 
V PRABH Vapor US-7 1979 deg 75.00 180.00 ly factor of 
AKARA 

SMMR 
09/30/ 

1983 
75.00 180.00 0.1 

must be 
applied 
to 
convert 
the data 
into 
units of 
g/cm2 

LASE AF Water NASA 11/27/ Point 34.81 - 6 or 9 *Vertical data 
WEX Vapor DC-8 2000 Measure 38.51 115.77 Secon interval is 30 m., 

Cone 12/11/ ment -95.53 ds horizontal 
Profile DIAL 2000 interval is 9 
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seconds or 2.1 
km. 
*Nadir resolution 
is 330 m., 
vertically and 1 
minute or 14 km, 
horizontally. 
*Zenith 
resolution is 990 
m., vertically and 
50 minutes or 700 
km, horizontally. 
*LASE 
measurement 
accuracy is better 
than 6 % or 0.01 
g/kg, whichever 
is 
larger, across the 
troposphere. 
*The water vapor 
mixing ratio was 
calculated using 

molecular density 
profiles derived 
from the 
ARM/CART 
radiosondes. 

seconds or 2.1 
km. 
*Nadir resolution 
is 330 m., 
vertically and 1 
minute or 14 km, 
horizontally. 
*Zenith 
resolution is 990 
m., vertically and 
50 minutes or 700 
km, horizontally. 
*LASE 
measurement 
accuracy is better 
than 6 % or 0.01 
g/kg, whichever 
is 
larger, across the 
troposphere. 
*The water vapor 
mixing ratio was 
calculated using 

molecular density 
profiles derived 
from the 
ARM/CART 
radiosondes. 

LASE_CA 
MEX3 

Water 
Vapor 
Cone 

Profile 

NASA 
DC-8 

DIAL 

08/21/ 
1998 

09/23/ 
1998 

Point 
Measure 

ment 

14.05 
39.03 

-85.87 
-62.96 

3 
Secon 

ds 

g/kg Unknown 

LASE_SG 
P97 

Water 
Vapor 
Cone 

Profile 

NASA 
P3B 

DIAL 

07/11/ 
1997 

07/17/ 
1997 

Point 
Measure 

ment 

34.24 
38.28 

-98.36 
-96.88 

3 
Secon 

ds 

g/kg Unknown 

LASE_SO 
LVE 

Water 
Vapor 
Cone 

Profile 

NASA 
DC-8 

DIAL 

11/30/ 
1999 

03/15/ 
2000 

Point 
Measure 

ment 

36.63 
89.35 121.51 

126.03 

6 or 9 
Secon 

ds 

g/kg * Vertical data 
interval is 30 m., 
horizontal 
interval is 6 or 9 
seconds. 
*Vertical 
resolution is 510 
m., horizontal 
resolution is 6 
minutes or 84 km. 
*LASE 

measurement 
accuracy is better 
than 6 % or 0.01 
g/kg, whichever 
is 

larger, across the 
troposphere. 
*The lower limit 
of detection is 
.005 g/kg 

* Vertical data 
interval is 30 m., 
horizontal 
interval is 6 or 9 
seconds. 
*Vertical 
resolution is 510 
m., horizontal 
resolution is 6 
minutes or 84 km. 
*LASE 

measurement 
accuracy is better 
than 6 % or 0.01 
g/kg, whichever 
is 

larger, across the 
troposphere. 
*The lower limit 
of detection is 
.005 g/kg 

LASE_TA Water NASA 07/14/ Point 32.08 -77.43 3 g/kg Unknown 
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RFOX Vapor ER-2 1996 Measure 39.38 -64.46 Secon 
Cone 07/26/ ment ds 

Profile DIAL 1996 

LASE_VA Water NASA 09/08/ Point 28.71 -85.74 3 g/kg Unknown 
LIDATION Vapor ER-2 1995 Measure 42.86 -62.66 Secon 

Cone 09/27/ ment ds 
Profile DIAL 1995 

SAGE2_V Water ERBS 10/24/ .5km - - Sunris Number Altitude 
6.10_AER Vapor 1984 Altitude 80.00 180.00 e/Suns density dependent 
0S0L_03 Cone Sun 06/30/ 80.00 \ et (PPP) 
_N02_H2 Profile Photom 2001 180.00 Event 
0_BINAR 
Y 

eter 

FIRE_CI2_ Water UND 11/14/ N/A 33.37 -96.41 5 g/cm'^S Unknown 
CITATNJ Vapor Citation 1991 38.82 -92.76 Secon 
WC Dens 12/07/ ds 

PMS 1991 
2D-C 
Probe, 
PMS 
2D-P 
Probe 

FIRE_CI2_ Water NCAR 11/09/ N/A 35.95 - Daily N/A Water vapor 
KINGAIR_ Vapor KINGA 1991 41.22 105.30 density and 
IWC Dens IR 12/06/ - supersaturation 

1991 104.08 information in 
PMS this data set 
2D-C should not be 
Probe, used—it is 
PMS unreliable 
2D-P 
Probe 

FIRE_CI2_ Water NCAR 11/17/ N/A 27.08 -99.25 Daily N/A Water vapor 
SABRLNR Vapor SABRE 1991 38.95 -92.67 density and 
JWC Den LINER 12/07/ supersaturation 

1991 information in 
PMS this data set 
2D-P should not be 
Probe used—it is 

unreliable 
FIRE_CI1_ Water NOAA- 10/14/ 30 km 40.00 -93.00 6 G/KG Unknown 
TOYS Vapor 10, 1986 49.00 -89.00 Hours 

Mix NOAA- 11/02/ 
Profile 9 1986 

TOVS 
Precip 
titable 
Water 
Profile 

FIRE_MS_ Precip Ground 07/01/ 2.5 deg 33.27 - 60 VAPOR Estimated 
MCRW_R itable Station 1987 antenna 33.27 119.58 Secon (CM) accuracies: 
AD Water 07/19/ beamwid - ds LIQUID * Liquid water: + 

Microw 1987 th (44m 119.58 (MM) 10 percent or 
ave @ 1.0 better (absolute) 

Radiom KM Noise level + 
eter range) .025 mm 

* Water vapor; 
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0.08 cm rms 
relative to 
radiosonde 

GTE Water NASA 2/27/2 < 1 km 10.00 100.00 1 to 60 ppm + (0.5C to IC) on 
TRACE-P Vapor DC-8 001 to km's 45.00 150.00 sec frost point 

Mix 4/4/20 (mixin temperature 
ratio Frost 01 g ratio 
profile point depen 

hygrotn dent) 
eter, 
Diode 
Laser 
Absorpt 
ion 

GTE PEM- Water NASA 9/17/1 < 1 km 0.00 100.00 1 to 60 g/kg ± (0.5C to IC) on 
West A Vapor DC-8 991 to km's 40.00 180.00 sec frost point 

Mix 10/20/ (mixin temperature A 
ratio Frost 1991 g ratio 
profile point depen 

hygrom dent) 
eter 

GTE PEM- Water NASA 2/7/19 < 1 km -2.00 100.00 1 to 60 g/kg ± (0.5C to IC) on 
WestB Vapor DC-8 94 to km's 45.00 160.00 sec frost point 

Mix 3/13/1 (mixin temperature 
ratio Frost 994 g ratio 
profile point depen 

hygrom dent) 
eter 

GTE PEM- Water NASA 8/31/1 < 1 km - -80.00 1 to 60 g/kg + (0.5Cto IC) on 
Tropics A Vapor DC-8 996 to km's 45.00 155.00 sec frost point 

Mix 10/5/1 10.00 (mixin temperature A 
ratio Frost 996 g ratio 
profile point depen 

hygrom dent) 
eter 

GTEPEM- Water NASA 3/9/19 < 1 km - - 1 to 60 g/kg ± (0.5C to IC) on 
Tropics B Vapor DC-8 99 to km's 35.00 100.00 sec frost point 

Mix 4/18/1 20.00 150.00 (mixin temperature B 
ratio Frost 999 g ratio 
profile point depen 

hygrom dent) 
eter 
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APPENDIX B 

THEORY OF FIBER BRAGG GRATINGS 

This appendix provides the development of fiber Bragg grating theory by 

introducing wave-propagation in an optical fiber and then combing it with the theory of 

mode coupling. First of all, wave propagation in optical fibers is analyzed by solving 

Maxwell's equations with the appropriate boundary conditions. Finding solutions to the 

wave-propagation equations is simplified by assuming appropriate optical fiber 

characteristics that allow the decomposition of the modes into an orthogonal set of 

transversely polarized modes (Hill, 1974). Coupling of specific propagating modes can 

occur if the waveguide has a phase and/or amplitude perturbation that is periodic with a 

perturbations close to the sum or difference between the propagation constants of the 

modes. The technique normally applied for solving this type of a problem is coupled-

mode theory (Mizrahi and Sipe, 1993; Kashyap et al, 1994). This method assumes that 

the mode fields of the unperturbed waveguide remain unchanged in the presence of weak 

perturbation. This approach provides a set of first-order differential equations for the 

change in the amplitude of the fields along the fiber, which have analytical solutions for 

uniform sinusoidal periodic perturbations. The derivations herein closely follow the 

work by Erdogan (1997), Kashyap (1999), and Othonos and Kalli (1999). 

A fiber Bragg grating with a constant refractive index modulation and period has 

an analytical solution. A complex grating may be considered to be a concatenation of 

several small sections, each of constant period and unique refractive index modulation. 
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Thus, the modeling of the transfer characteristics of fiber Bragg gratings becomes straight 

forward and the application of the transfer matrix method (Othonos and Kalli, 1999; 

Grattan and Meggitt, 2000) provides a simple technique for analyzing more complex 

structures. 

Wave Propagation 

The theory of fiber Bragg gratings may be developed by considering the 

propagation of modes in an optical fiber. We start with the constitutive relations and 

arrive at the wave equation. The constitutive relations are 

where EQ is the dielectric constant and no is the magnetic permeability, both scalar 

quantities in free space; D is the electric displacement vector; E is the applied electric 

vector; B and H are the magnetic flux and field vectors, respectively; and P is the 

induced polarization, 

D = SqE + P Bl-1 

Bl-2 

P=e,x'''E. Bl-3 

The linear susceptibility is in general a second-rank tensor and is related to 

the permittivity tensor e by 

Bl-4 

Assuming that the dielectric waveguide is source free, so that 

V D = 0 ,  Bl-5 

and in the absence of ferromagnetic materials, 
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V » 5 = 0 ,  Bl-6 

the electric field in complex notation is given as 

Bl-7 

and the induced polarization vector is similarly given as 

P 

2 '• 
Bl-8 

Using Maxwell's equations, 

Bl-9 

Bl-10 

where J is the displacement current vector, and using equation (B1-1) in equation (Bl-

10) and with 7 = 0, we get 

VxH = —\e.E + P].  Bl-1 
dt^ ^ 

Taking the curl of equation (Bl-9) and using equations (Bl-2) - (Bl-5) and the 

time derivative of equation (Bl-11), the wave equation becomes 

Bl-12 

Using equation (Bl-3) and (Bl-4) in (Bl-12), we get 

Bl-13 

dt 
Bl-14 
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Waveguides 

The next step in the derivation is to include guided modes of the optical fiber into 

the wave equation. The modes of an optical fiber can be described as a summation of I 

transverse guided mode amplitudes, A^(z), along with a continuum of radiation modes, 

Ap(z), with corresponding propagation constant, (3^ and Pp, 

^ ,<-1 p-o 

where and ^pt are the radial transverse field distributions of the ^th guided and the pth 

radiation modes, respectively; and cc stands for the complex conjugate. Also, the 

polarization of the fields has been implicitly included in the transverse subscript denoted 

by the t. The summation with no limits before the integral in equation (Bl-15) is a 

reminder that all different types of radiation modes must be accounted for (such as 

transverse electric and transverse magnetic). 

The following orthoganality relationship ensures that the power carried in the jAth 

mode in watts is |A^tp: 

Here, is a unit vector along the propagation direction z. 8j,v is Kronecker's delta and is 

unity for n = v, but zero otherwise. In the case of radiation modes, 8^v is the Dirac delta 

function which is infinite for |x = v and zero otherwise. Equation (Bl-16) applies to the 

weakly guiding case for which the longitudinal component of the electric field is much 

/
•fOO 

.00 L = Bl-16 
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smaller than the transverse component, meaning that the modes are predominantly 

linearly polarized in the transverse direction to the direction of propagation. Hence, the 

transverse component of the magnetic field is 

~ d ^ 

dz 
Bl-17 

/A) 

where = 1 + is the linear permittivity. B1 -18 

The fields satisfy the wave equation (B1-14) as well as being bounded by the 

waveguide. The mode fields in the core are J-Bessel functions and K-Bessel functions in 

the cladding of a cylindrical waveguide. In the general case, the solutions are two sets of 

orthogonally polarized modes. The transverse fields for the jith x-polarized mode that 

satisfy the wave equation (Bl-14) are then given by 

r fcosu^>l 
= ^ Bl-19 

a [sin^uOJ 

BI-20 
\Mo 

and the corresponding fields in the cladding are 

r  fcosuOl 
^ ^ \ Bl-21 

"/(T/w) " a [siHiuOj 

where the following normalized parameters have been used in equations (B1-19-B1-22): 
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'^JtCl j 2 2 u = -\ /n  -n  
A • ' 

2 2 2 w  = v  - u  ,  

and ^eff ^cladding b ^core ^cladding 

n 
+ 1 

cladding y 

Bl-24 

Bl-25 

Bl-26 

where neff is the effective index of the mode and 

u ^ b = —.  
u 

Bl-27 

Finally, assuming only a single polarization, the y-polarized mode. 

Bl-28 

The choice of the cosine or the sine term for the modes is somewhat arbitrary for 

circular nonbirefringent fibers. These sets of modes become degenerate. Since the 

power carried in the mode in watts is |Aj,|^, from equation (Bl-16), the normalization 

constant can be expressed as 

VA^o/gp 
r - — 

av 

1 / 2  

Bl-29 

where e^=2 when ^a=0 (fundamental mode) and 1 for Matching the fields at the 

core-cladding boundary results in the waveguide characteristic eigenvalue equation, 

which may be solved to calculate the propagation constants of the modes: 

u— = 
^(«) KM 

Bl-30 
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Coupled-mode Theory 

The waveguide modes satisfy the unperturbed wave equation (Bl-14) and have 

solutions described in equations (Bl-19) through (Bl-22). In order to derive the coupled 

mode equations, effects of perturbation have to be included, assuming that the modes of 

the unperturbed waveguide remain unchanged. We begin with the wave equation (Bl-

12) 

_ _ rP' — 
W^E = Hoe.—jE + iia-^P. Bl-31 

Assuming that wave propagation takes place in a perturbed system with a 

dielectric grating, the total polarization response of the dielectric medium described in 

equation (Bl-31) can be separated into two terms, the unperturbed and the perturbed 

polarization, as 

P =Knper,+Pper, Bl-32 

where 

Bl-33 

and 

P =: P r>l 'J A 
* pert ^grating 

for our case. 

Using equations (Bl-32) - (Bl-34) in equation (Bl-31) becomes. 

^2 ^2 ^2 

^ ̂ ut ~ f^o^o TT ̂ la ' TT ̂ ut ~r2 Pgratingu B1 -35 

and using equation (Bl-18) in (Bl-35) we get 



^ Efti ~ f^O^O^r + /^Q ^^2 ^gratingII 
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Bl-36 

where the subscripts refer to the transverse mode number For the present, the nature 

of the perturbed polarization, which is driven by the propagating electric field and is due 

to the presence of the grating, is a detail that will be included later. 

Substituting the modes in equation (Bl-15) into (Bl-36) provides the following 

relationship: 

1 V 

J 2 at 

p-O 

^ ^-1 p-0 
Bl-37 

f^o ^2 ^grating,fi 

Ignoring coupling to the radiation modes for the moment allows the left-hand side 

of equation (B1-14) to be expanded. In weak coupling, further simplification is possible 

by applying the slowly varying envelope approximation. This requires that the amplitude 

of the mode change slowly over a distance of the light wavelength as 

^<<13 ^ 
dz" " dz ' 

Bl-38 

so that 

M 

dz 
•fi ^ i((Uf-/3„z) al Bl-39 

Expanding the second term in equation (Bl-37) and noting that oo^ixoEoer = pA 

and combining with equation (Bl-39), the wave equation simplifies to 
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iU-l dz 
+ cc ^0 ^grating,! • Bl-40 

Here, the subscript t on the polarization Pgrating,t reminds us that the grating has a 

transverse profile. Multiplying both sides of equation (Bl-40) by and integrating over 

the wave-guide cross-section leads to 

I +00 +00 

155 
fl-l-cc -00 dz ^ 

+C0 +00 ^2 a 
d x d y  = f f ^ o - ^ ^  ^  ^  

Applying the orthogonality relationship of equation (Bl-16) directly results in 

dA 

dz 
fi i(col-Pf,z) 

+ CC 

+00 +00 ^2 

= n ̂'o-^PgraUnsMAdy Bl-42 

Equation (Bl-42) is fundamentally the wave propagation equation, which can be 

used to describe a variety of phenomena in the coupling of modes. This equation applies 

to a set of forward- and backward-propagating modes. The total transverse field may be 

described as a sum of both fields, not necessarily composed of the same mode order: 

E, - + CC + * cc) Bl-43 

4(' Bl-44 

Here the negative sign in the exponent signifies the forward-propagating mode 

and the positive sign the in the exponent signifies the backward-propagating mode. The 

modes of a waveguide form an orthogonal set, which in an ideal fiber will not couple 

unless there is a perturbation. Using equations (Bl-43) and (Bl-44) in equation (Bl-42) 

leads to 
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OA. 

dx 

dB 

dz 

+00 +00 ^2 

-^irJ ^'-"5 2a) „ „ dt 

Spatially Periodic Refractive Index Modulation 

In a medium in which the dielectric constant varies periodically along the wave-

propagation direction, the total polarization can be defined with the perturbed 

permittivity, Ae(z) and the applied field as 

F = eo[e,-1 +Ae(z)]£:^ Bl-46 

The terms within the parentheses are equivalent to , and Er = 1 + is the relative 

permittivity of the unperturbed core. The constitutive relations between the permittivity 

of a material and the refractive index n result in the perturbation modulation index being 

derived from n^ = Er so that 

[« + 6n(z)]^ = + A£(Z). Bl-47 

Assuming the perturbation to be a small fraction of the refractive index, it follows 

that 

A e ( z ) 2 n d n ( z )  •  

Defining the refractive index modulation of the grating as 

BI-48 

dn(z) = An\l + —{e ,i[(2;iW/A)z+®(z)] 
+ cc)|, Bl-49 

where An is the refractive index change averaged over a single period of the grating, v is 

the visibility of the fringes, and the exponent term along with the complex conjugate cc 

describe the real periodic modulation in complex notation. An arbitrary spatially varying 
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phase change of (l)(z) has been included. A is the period of the perturbation, while N is an 

integer between -oo and +cx) that signifies its harmonic order. The period-averaged 

change in the refractive index has to be taken into account since it alters the effective 

index neff of a mode. 

Combining equations (Bl-47) and (Bl-49), the total material polarization is 

where the first term on the right-hand side of the equation is the permittivity, the second 

term is the dc refractive index change, and the third term is the ac refractive index 

modulation. Finally, defining a new modulation amplitude by incorporating the 

visibility, 

with An = vAn as the amplitude of the ac refractive index modulation. Equation (Bl-51) 

describes a grating written into the fiber core due to the UV-induced refractive index 

change. 

The perturbed polarization can now be related to the refractive index change 

shown in equation (Bl-51) yielding 

i [ (2MN /A)z+<t>(2)] Bl-50 

,([(2;iA'/A)z+<I>(z)] Bl-51 

,/[(2;jAf/A)z+<I>(z)l + cc) E^. Bl-52 

Including equation (Bl-52) in equation (Bl-45) results in 
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dz dz 

+« +00 ^2 

-  ^ / / +  B / ' " ' - % ' ^ l , d x d y  +  c c  

= -in(OE, •,Aj]^^ri + ̂ (e' 

+00 +00 r 

o^JJ 
—00 -oc L 

;[(2;riV/A)z+<6(z)] 
+ CC ^ ,e""'-''%,.,dxdy 

cc) + cc 

Bl-53 

On the LHS of equation (Bl-53), the rate of variation of either Ay or is determined by 

the mode order ja or v of the electric field chosen as the multiplier according to the 

orthogonality relationship of equation (Bl-16). 

Coupling of Counterpropagating Guided Modes 

The simplest form of interaction is between a forward-propagating and an 

identical backward-propagating mode. However, for a general approach, dissimilar 

modes are considered for the counterpropagating reflected mode phase matching with 

equation (Bl-53) rewritten as 

Km+P z )  —-e "  + C C  
dz 

+00 +00 

^incoEoB^j ̂  Bl-54 

+00 +00 • i 

+ina)eoAj f + cc) dxdy + cc 
2 

By choosing the appropriate P value for identical modes (jx = v) but with opposite 

propagation directions in equation (Bl-54) and dividing both sides by yields 



dxdy 
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+00 +00 
= incoe^B^ f f An^^^§l,dxdy 

-co -co 

Bl-55 
+00 ̂ 00 • J. 

-00 -co . 

which leads to the following simplified coupled-mode equations by choosing the 

appropriate synchronous terms, 

^ = iK^B^ + Bl-56 
dz 

with 

IjtN 
Ai3 = )S, + /3,-^, Bl-57 

and the dc coupling constant, 

+00 +00 

K^c = noe^ f f An^^^*^dxdy Bl-58 
—00 —00 

while the ac coupling constant Kac includes the overlap integral, 

+00 +00 T 

f Y^wil^dxdy = Bl-59 
-00 -00 

if jA = V. The amplitude change of the driving mode may also be derived from equation 

(Bl-53) as 

^ Bl-60 
dz 

Equations (Bl-56) and (Bl-60) are the coupled-mode equations from which the 

transfer characteristics of the Bragg grating can be calculated. 
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APPENDIX C 

MODEL OF TRANSMISSION/REFLECTION OF FABRY-PEROT BRAGG 
GRATING FILTERS 

This appendix provides the computer code for modeling Fabry-Perot Bragg 

grating filters. This particular code was written to run using the Interactive Data 

Language, IDL. The initial conditions used were provided by Communication Research 

Center as a result of the grating filters made for this research. The theory behind this 

code is described in Chapter 3. The specific application of this code is described in 

Chapter 4 and the output of this code is provided in Chapters 4 and 7. 
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IDL CODE TO MODEL FABRY-PEROT FIBER BRAGG GRATINGS (FBGS) 

%%%%% SIMULATION OF TRANSMISSION/REFLECTION OF FBGS %%%%% 

Start of program 

Computer program to compute transfer matrix T DFB and transmission/reflection of 
Fabry-Perot Bragg gratings. 

Input variables 

n-462 
LL = 59.958684 
n_eff= 1.455 
ndelta = 0.0003 
ygapl =29 
y_gap2 = 31 
dzOl = 162.2175 
dz_02 = 162.2325 
Imdamin = 942 
Imdamax = 947 
pminitial = 648 
pmchirp =1.8 

Number of fields (sub-gratings) 
Total grating length (mm) 
Effective mode refractive index 
Index modulation 
Location of the first pi phase shift (mm) 
Location of the second pi phase shift (mm) 
Gap 1 width (nm) 
Gap 2 width (nm) 
Minimum wavelength (nm) 
Maximum wavelength (nm) 
Phase mask initial period (nm) 
Phase mask chirp (nm) 

Output variables— 
T DFB (2X2 complex transfer matrix), ref, tran 

pro multi, Imda, Imda d, n eff, n delta, dzO, ddz, dz_01, dz_02, ml, m2, T DFB, ref, tran 

; compute phil, phi2, kapa and zeta for k=l,n 

'pi=3.14159265 
phi=dblarr(2) 
phi(0)=pi * 0.5 
phi(l)=pi * 0.5 
; !!!!! note: the unit of phi is radiance, not degree !!!!! 

; Define the intermediate matrices and T DFB 
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T _ps=dcomplexarr(2,2,2) 
T_l=dcomplexarr(2,2,462) 
T_DFB=dcomplexarr(2,2) 

; assign values to T_ps 

rl=0.0 
r2=0.0 
T_ps(0,1,0)=dconiplex(r 1 ,r2) 
T_ps( 1,0,0)=dcomplex(r 1 ,r2) 
T_ps(0,1,1 )=dcomplex(r 1 ,r2) 
T_ps( 1,0,1 )=dcomplex(r 1 ,r2) 
rl=cos(phi(0)) 
r2=sin(phi(0)) 
T_ps(0,0,0)=dcomplex(r 1 ,-r2) 
T_ps( 1,1,0)=dconiplex(r 1 ,r2) 
rl=cos(phi(l)) 
r2=sin(phi(l)) 
T_ps(0,0, l)=dcomplex(rl ,-r2) 
T_ps( 1,1,1 )=dcomplex(rl ,r2) 

9 

; assign values to T_1 
kapa = 1.4/n_eff*pi*n_delta/lmda 
for i=0,n-l do begin 
dz_l=dzO+ddz*i 
lmdK=dz_l/200. 
zeta = 2.d0*pi* (n_eff/lnida-l./lmdk) 
omega = sqrt( abs(l.dO*kapa*kapa-l.dO*zeta*zeta)) 
omdz=omega * dz_ 1 
if kapa*kapa gt zeta*zeta then begin 
rl_l=cosh(onidz) 
r2_0=sinh(omdz) / omega 
endif 
if kapa*kapa le zeta*zeta then begin 
rl_l=cos(omdz) 
r2_0=sin(omdz) / omega 
endif 
r2_l=zeta*r2_0 
r2_2=kapa*r2_0 
T_l(0,0,i)=dcomplex(rl_l, -r2_l) 
T_l(l,l,i)=dcomplex(rl_l, r2_l) 
T_l(l,0,i)=dcomplex(0., -r2_2) 
T_l(0,l,i)=dcomplex(0., r2_2) 
endfor 



print, omdz 

;assign values to T_DFB 
9 

T_old=dcomplexarr(2,2) 
T_temp=dcomplexarr(2,2) 
T_DFB(0,0)-T_1 (0,0,0) 
T_DFB(1,0)-T_1( 1,0,0) 
T_DFB(0,1)=T_1(0,1,0) 
T_DFB(1,1)=T_1(1,1,0) 
for k=l,n-l do begin 
T_old=T_DFB 
T_temp(0,0)=T_l(0,0,k) 
T_temp( 1,0)=T_1 (1,0,k) 
T_temp(0,l)=T_l(0,l,k) 
T_temp(l,l)=T_l(l,l,k) 
T_DFB=T_temp#T_old 
if k eq ml then begin 
T_old=T_DFB 
T_temp(0,0)=T_ps(0,0,0) 
T_temp( 1,0)=T_ps( 1,0,0) 
T_temp(0, l)=T_ps(0,1,0) 
T_temp( 1,1 )=T _ps( 1,1,0) 
T_DFB=T_temp#T_old 
endif 
if k eq m2 then begin 
T_old=T_DFB 
T_temp(0,0)=T_ps(0,0,1) 
T_temp( 1,0)=T_ps( 1,0,1) 
T_temp(0, l)=T_ps(0,1,1) 
T_temp( 1,1 )=T_ps( 1,1,1) 
T_DFB=T_temp#T_old 
endif 
endfor 
5 

;assign reflectance/transmission 
ref = abs(T_DFB(0,0)-T_DFB(0,l)*T_DFB(l,0)/T_DFB(l,l)) ^ 
tran = abs(T_DFB(l,0)/T_DFB(l,l)) ^ 2 
end 

end of program multiple 
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• start of the testing transfer matrix 
9 

!x.style=l 
! p .background=getcolor('white Vtnie) 
window, xsize=600,ysize=500 
!p.color=getcolor('black',/true) 
openw,l,'output' 
; set input parameters 
pi=3.14159265 
lmda_d = 0.94425d-6 
n_eff= 1.455 
ndelta = 0.0003 
LL=0.059958684 
dz0=6.48d-7 * 200. 
ddz=(LL - 3.2445d-7 - 462.*dz0)/1.06491d5 
dzOl = 1.622175d-7 ;gap 1 width 
dz_02 = 1.622325d-7 ;gap 2 width 
y_gapl=2.9d-2 
y_gap2=3.1d-2 
ml=fix( (0.5d0*ddz-dz0+sqrt((dz0-0.5d0*ddz)^2+2.d0*ddz*y_gapl))/ddz ) 
m2=fix( (0.5d0*ddz-dz0+sqrt((dz0-0.5d0*ddz)'^2+2.d0*ddz*(y_gap2-dz_01)))/ddz) 
T_DFB=dcomplexarr(2,2) 

nnn=1000 ;setting array size 
pref=fltarr(nnn+1) 
ptran=fltarr(nnn+1) 
lmda=fltarr(nnn+1) 
for i=0,nnn do begin 
lmda(i)=lmda_d + 4.5d-9/float(mm)*(i-0.5d0*nnn) 
multi, Imda(i), Imda d, n eff, n delta, dzO, ddz, dz Ol, dz_02, ml, m2, T DFB, Ref, Tran 
pref(i) = Ref 
ptran(i) = Tran 
print, Imda(i), ref, tran 
printf,l, Imda(i), ref, tran 
endfor 
close, 1 

!y.style=l 
!x.style=l 
plot, Imda, pref, yrange=[-0.1,1.1] 
oplot, Imda, ptran, linestyle=l, color=getcolor('red',/true) 
end 
; -end of testing 
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APPENDIX D 

SENSITIVITY STUDY RESULTS OF SPECIFIC BRAGG GRATING FILTER 
PARAMETERS USING COMPUTER MODEL 

This appendix provides the results of a sensitivity study made of specific Bragg 

grating filters parameters using the code developed for this thesis from Appendix C. 

Although the simulated transmission spectra in Figure 4-5 of the main text met our design 

filter specifications, we used our new computer model to better understand the 

characteristics of the (~60mm) aperiodic grating filter in relation to the uniform grating 

filter. Furthermore, this computer model is a helpful tool in understanding the sensitivity 

of the filter grating parameters such as the length and the index modulation and could be 

used in designing the next set of optical filters for future applications. 

Uniform versus Non-Uniform Bragg Grating 

First we show the results of varying the grating length in a uniform Bragg grating 

versus a non-uniform Bragg grating. In Figures Dl-la through Dl-lf, the grating length 

is varied from 2 mm to 100 mm in a uniform pitched Bragg grating. Figure Dl-2 was 

taken from the main text (Figure 3-13) and shows the Bragg grating bandwidth versus 

grating length for different index modulations. This plot was made using equation 3-31 

of the main text and it gives the full bandwidth as measured between the peaks on either 

side of the stop band. The equation is provided here as a convenience to the reader. 

MpB = Dl-1 
m^L ̂ ' 
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Figure Dl-la. Calculated transmission response from a 2-mm long uniform Bragg grating. 
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Figure Dl-lb. Calculated transmission response from a 3-mm long uniform Bragg grating. 
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Figure Dl-lc. Calculated transmission response from a 5-mm long uniform Bragg grating. 
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Figure Dl-ld. Calculated transmission response from a 10-mm long uniform Bragg grating. 
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Figure Dl-le. Calculated transmission response from a 60-mm long uniform Bragg grating. 
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Figure Dl-lf. Calculated transmission response from a 100-mm long uniform Bragg grating. 
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Figure Dl-2. Bragg grating bandwidth versus grating length using Xgragg = 946 nm and neff = 1.46. 

In Figures Dl-la through Dl-lf, the fiill bandwidth is less than 0.365 nm and this 

is consistent with the plot in Figure Dl-2. In order to get the kind of bandwidth required 

for our research purposes (2 to 3 nm) using a uniform pitch grating, the grating would 

have to be extremely short (less than 0.5 nm) and have a very high index modulation 

(>1x10"^) as can be seen in Figure Dl-2. Also note that the longer the grating, the flatter 

the stop band. 

Figure Dl-3 shows two 3-mm long uniform chirped Bragg gratings with a bi

phase shift in between the two gratings. The phase shift with two identical 3-mm Bragg 
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gratings on either side broadens the stop band by about a factor of two as compared to a 

single 3-mm grating or the 5-mni grating in Figure Dl-lb or Figure Dl-lc, respectively. 

As discussed in Chapter 3 of the main text, having a gap between two grating results in a 

pass band at that location. 

1 

0.9 

0.8 

0.7 

& 0 
•- 0.6 

1 O'S 
s 

0.4 
H 

0.3 

0.2 

0.1 

0 

944 945 946 947 

Wavelength, nm 

Figure Dl-3. Calculated transmission response from a two 3-mm long uniform Bragg gratings 
separated by a Jt-phase shift gap. 

Finally, Figures Dl-4a and Dl-4b show a 30-mm and a 60-mm chirped Bragg 

grating, respectively. The increasing chirp of the grating broadens the stop band as well 

as provides a near zero transmission within the stop band. Likewise, adding a series of 

increasing chirped gratings broadens and flattens the stop band even more. In Figures 

Dl-4a and Dl-4b a series of increasing chirped gratings are modeled yielding a total 

grating length of 30-mm and 60-mm, respectively. Specifically, the 30-mm long grating 

n n 
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is made up of 231 sub-gratings such that the pitch within each sub-grating is constant but 

the pitch from sub-grating to sub-grating is linearly increasing. Likewise, the 60-mm 

long grating is made up of 462 sub-gratings in the same manner as the 30-mm long 

grating. 

There are two main observations that should be pointed out regarding the 

differences between the two plots. First, the stop band bandwidth is larger for the 60-mm 

long grating by about 0.1 nm. The 60-mm long grating has a relatively flat, smooth, and 

near zero transmission stop band whereas the 30-mm long grating is near zero 

transmission and has oscillations. 
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Figure Dl-4a. Simulated transmission response from a 30-mm long aperiodic Bragg grating. 



161 

Stop Band FWHM: 2.78 nm 

0.2 

Ti = 60 mm 

946 945 943 944 942 

Wavelength, nm 

Figure Dl-4b. Simulated transmission response from a 60-mm long aperiodic Bragg grating. 

It should be noted that the value for the effective index of refraction was held 

constant at 1.455 and the index modulation was held constant at 0.0003 for all these plots. 

Sensitivity Study of the Index Modulation in Aperiodic Bragg Gratings 

The index modulation, An, is a direct result of the UV writing times of the 

gratings. In general, the longer the UV writing time, the larger the An of the grating 

under like conditions. Figures Dl-5a through Dl-5h show the effects of varying An (or 

UV writing time) using the phase mask designed for this research and is described in the 

main text. All other parameters in the model were held constant such as the length, 

effective index of refraction, etc. 
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Figure Dl-5a. Simulated transmission response from a 60-mm long aperiodic Fabry-Perot Bragg 

grating with an index modulation, An = 0.0001. 
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Figure Dl-5b. Simulated transmission response from a 60-mm long aperiodic Fabry-Perot Bragg 

grating with an index modulation, An = 0.00015. 



163 

e: 
e 
») 

(n 
0 A U 
H 

Off-line 
On-line 

2.66 nm 

On-line FWHM 

An = 0.0002 

942 943 944 945 946 

Wavelength, nm 
Figure Dl-5c. Simulated transmission response from a 60-mm long aperiodic Fabry-Perot Bragg 

grating with an index modulation, An = 0.0002. 
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Figure Dl-5d. Simulated transmission response from a 60-mm long aperiodic Fabry-Perot Bragg 

grating with an index modulation. An = 0.00025. 
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Figure Dl-5e. Simulated transmission response from a 60-mm long aperiodic Fabry-Perot Bragg 

grating with an index modulation, An = 0.0003. 
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Figure Dl-5f Simulated transmission response from a 60-mm long aperiodic Fabry-Perot Bragg 

grating with an index modulation. An = 0.00033. 
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Several observations are noted regarding the Figures Dl-5a through Dl-5h. First, 

note that for a very small An (<0.00015) there is high transmission within the stop band 

as shown if Figure Dl-5a. This is the result of a weak grating. Also note that the on- and 

off-line pass band transmissions are near 100 percent with FWHM values between 70 and 

30 pm in Figures Dl-5a and Dl-5b. By increasing the index modulation to 0.0002, 

results in only a 5 percent transmission in the stop band and relatively good transmission 

in the two pass bands (Figure Dl-5c). One can see the improvement in achieving a zero 

transmission stop band with high transmission pass bands by increasing An. The best 

value of An was 0.0003 as shown in Figure Dl-5e. In addition to achieving the zero 

transmission in the stop band we also achieve high transmission, very narrow pass bands 

of 6 pm at FWHM. By start losing the pass band transmission by increasing the An 

beyond 0.0003 as can be noted in Figures Dl-5f through Dl-5h. 
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