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ABSTRACT 
 

 Accurate, spatially resolved wind measurements in the lower atmosphere are 

critical to improving current weather forecasting models.  Wind shear detection for 

midsized airports, not covered under the Federal Aviation Administration’s (FAA’s) 

Terminal Doppler Weather Radars, would significantly reduce personal aircraft 

accidents.   Atmospheric dynamics studies would also benefit from high accuracy, 

spatially resolved wind profiles within the planetary boundary layer. 

 This dissertation discusses a thorough investigation of a novel alternating 

frequency incoherent Doppler lidar method named, the Alternating Edge Technique.  

After discussing the necessary background, a theoretical development of how the 

Alternating Edge Technique can be used to estimate the molecular to aerosol backscatter 

ratio is presented.  The ability to estimate the molecular component vastly improves the 

accuracy of wind measurements, and adds additional information about the atmosphere 

being probed.  A detailed modeling program was developed to evaluate the expected 

performance of this instrument, and to allow comparisons to be made of various 

components and operating conditions.  

 Several of the key components are then evaluated experimentally, and these 

results are used to perform realistic Monte Carlo simulations in order to evaluate the 

ability of the Alternating edge technique, using available components, to estimate the 

molecular component of the backscattered light, and to accurately estimate average wind 

speed. 
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CHAPTER 1 
INTRODUCTION 

 
 

The majority of wind data currently used for weather predictions and atmospheric 

dynamics studies are obtained by four methods:  

1. Weather Balloons (rawinsondes) 

2. Computer Models 

3. Cloud Tracking with satellites or lidar 

4. In-situ measurements (buoys, met-stations etc.) 

These methods are limited in spatial and vertical resolution and do not provide the 

scientific community with the desired accuracy or breadth of coverage of the atmosphere.   

Observations of altitude resolved wind velocity have been identified as the 

number one geophysical requirement of the marine community, and are ranked among 

the top of the DOD’s list of critical unmet needs.  Doppler lidar has demonstrated the 

ability to correctly measure range resolved wind velocities to accuracies of <<1 m/s, 

using both coherent and incoherent techniques (Menzies, 1989; Rothermel, 1998; Rye, 

1995; Gentry, 1994, 2000; Korb, 1997; Souprayen, 1999). 

However, the high transmitter energies, large size, and significant cost of these 

instruments make them impractical for some applications.  Examples of these 

applications might include measurements like wind shear detection for small or mid-sized 

airports, or large-scale ground based measurements to provide needed input for weather 

prediction models.  There is a need for the development of a relatively inexpensive, 

reliable, and eye-safe system.  The instrument should be capable of meeting the 
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requirements on size, weight and power consumption necessary for large-scale ground or 

possible planetary wind measurements. 

This dissertation presents results of an evaluation study to assess and demonstrate 

the feasibility of implementing a novel Doppler lidar technique referred to as the 

“Alternating Edge Technique” or AET.  This technique could allow smaller, more cost 

effective wind lidar instruments to be built and to be operated at eye-safe energy levels 

with reasonable accuracy for many applications. The remaining sections of the 

introduction will cover the background required for a detailed discussion of the AET and 

the evaluations that have been performed to assess the viability of its implementation. 

 

1.1 LIDAR  

Shortly after the advent of the laser in the late 50’s by Schallow and Townes, an 

extremely useful instrument was developed which was capable of measuring distances 

remotely and had the possibility of probing the clear atmosphere in a manner similar to 

radar but with improved sensitivity and resolution using optical frequencies in the ultra-

violet, visible and near-infrared regions of the electromagnetic spectrum.  Since that time 

numerous such instruments have been developed with a wide range of capabilities. This 

type of instrument has become known as lidar (LIght Detection And Ranging) or ladar 

(LAser Distancing And Ranging).  In the literature today lidar is the most commonly 

used acronym for instruments which look at dispersed targets such as the atmosphere, 

while ladar is more commonly used when describing instruments using hard target 
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returns.  This dissertation addresses lidar type applications so only this term will be used 

in what follows.  

 The basic principle of a lidar is to send a highly concentrated beam or pulse of 

light toward a target and collect the light scattered/reflected from the target in a particular 

direction.  Based on the well known speed of light, using the time for the light to travel 

from the transmitter to the target, and then to the receiver, one can determine the range to 

the target.  Further information can be obtained by evaluating the light that is collected by 

the receiver; i.e., looking at the magnitude or the spectral content.  Figure 1.1.1 shows a 

basic lidar configuration to measure hard target distances.  A pulse is sent toward the 

target, and the time the pulse leaves the transmitter is recorded.  When the pulse strikes 

the target it is reflected and the receiver collects a portion of the returning light.  The time 

of flight, ∆t, is multiplied by the speed of light c and divided by 2 for this case.  The 

factor of 2 comes in because it is directly backscattered light that is being measured, so 

the light traveled twice the distance to the target.  The diagram shows the outgoing light 

as red and the return light as blue, only for clarity, not to describe any spectral shift, 

although that may occur as well. 
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Figure 1.1.1.  Conceptual diagram of hard target lidar. 
 

In 1962 McClung and Hellwarth invented the giant pulse laser technique that 

really allowed the development of atmospheric probing lidar (McClung, 1962).  Similar 

to the technique described by Figure 1.1.1, an atmospheric lidar sends a pulse of light into 

the atmosphere and then collects and records the scattered radiation.  The main difference 

is the nature of the target.  For an atmospheric lidar the target is a volume of dispersed 

scatterers made up of air (molecules) and suspended particulates commonly referred to as 

aerosols.  The amount of light scattered back to an atmospheric lidar is approximately a 

million or more times less than that recovered from a solid target of very moderate 

reflectance.  This requires more efficient detection of the returning light, more outgoing 

light and significant screening of outside noise sources in order to obtain reasonable 
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information about the volume being probed.  Another simple diagram is displayed as 

Figure 1.1.2 to demonstrate the basic principle of an atmospheric lidar. 

 

Figure 1.1.2.  Conceptual diagram of atmospheric lidar. 
 
 
 As the drawing indicates, light is scattered in all directions from the molecules and 

aerosols in the scattering volume.  The following section discusses in detail how light is 

scattered in the atmosphere.  For now, it should suffice to note that the manner in which 

light is scattered in the atmosphere is highly dependent on the wavelength of the incident 

light (λ), the radius of the scatterers (r), the distribution of the scatterers, and their 

composition. 

 Lidar allows direct measurement of atmospheric parameters, which are used to 

infer important aspects of the atmosphere’s composition, structure, and dynamic 

behavior.  In addition, lidar provides information about other properties like pollutant 

dispersion or harmful particulate concentrations, which directly affect mankind’s health 
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and comfort.  Including wind velocity and direction information with the measurements 

mentioned above will add significant value in areas such as improving weather prediction 

models, tracking how pollutants are dynamically distributed from their source, and 

tracking or locating sources of harmful particulates. 

 

1.2 EARTH’S ATMOSPHERE 

A brief discussion of general atmospheric properties will be useful in furthering 

an understanding of atmospheric lidar.  The atmosphere is an extremely complex and 

dynamic system that is highly coupled to the earth system as a whole.   It is imperative 

that we continually increase our understanding of this complex system in order to 

maximize our global efforts to sustain the longevity of our planet as a viable and livable 

environment.  Lidar provides a unique method for remotely probing the atmosphere. 

Unlike most passive remote sensing methods, lidar can provide data that is both 

temporally and spatially resolved along the viewing direction.  The atmosphere directly 

affects how well a particular lidar system, given fixed system parameters, can perform 

this task.  

The atmosphere is composed mainly of molecules and larger particles usually 

referred to as aerosols.  The term air refers to the mixture of all the molecules in our 

atmosphere.  This mixture is mainly composed of Nitrogen (78%), Oxygen (21%) and 

Argon (0.9%).  There are also several other low concentration gases in the atmosphere 

such as: carbon dioxide, methane, helium and hydrogen.  These constituents are also 

referred to as non-volatile gasses; they are usually well mixed in any given layer of the 
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atmosphere and remain in the atmosphere in approximately the same amounts for long 

periods of time.  Other low concentration molecular constituents such as water vapor are 

classified as volatile and are strongly linked to sources or sinks, which determine the 

length of time they remain in the atmosphere and in what concentration. 

In addition to the molecular constituents of the atmosphere, there are varying 

amounts of larger particles such as dust, smoke, industrial pollution and sea salts.  These 

particles act similar to volatile molecules, in the sense that they typically have shorter 

residency times in the atmosphere and are closely linked to sources or sinks.  These 

particles have a limited residency, on the order of a week, in the lower portion of the 

atmosphere, which is where the majority of them reside.  However, they may have much 

longer residency times, on the order of months, higher in the atmosphere.  

Discussion of the upper and lower portions of the atmosphere can be simplified 

by classifying several somewhat distinct regions.  The way the atmosphere is divided is 

dependent on what feature, usually temperature or pressure, is of interest.  Figure 1.2.1 

shows a general classification of the atmospheric layers based on density, since it is a 

larger determinant for a lidar signal than temperature.  The density and the composition 

determines the number of particles that will interact with the incident light pulse and, 

therefore, directly affect the amount of light received by the lidar for a particular 

instrumental set up.  The density of the atmosphere decreases exponentially with altitude 

due to gravitational forces.  Seventy five to eighty percent of the Earth’s atmospheric 

constituents are contained in the lowest region known as the troposphere.  Beyond the 

troposphere is the stratosphere which encompasses the region from approximately 15 km 
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to 80 km (note that if temperature were used rather than density, this region is broken into 

the stratosphere to ~50 km and the mesosphere from ~50 to ~80km).  The troposphere 

and the stratosphere encompass better than 99% of the atmospheric constituents that 

surround our planet.  Since there are very few scatterers or absorbers above the 

stratosphere, it is very difficult to obtain sufficient signal returns for lidar to be practical 

beyond this region.  An exception to this is work that has been done using the sodium 

resonance line at 589 nm to detect sodium concentrations in the ionosphere, and the use 

of this resonance as guide stars for adaptive optics telescopes (Argall, 2000; Oliver, 

1995). 

 

Figure 1.2.1 Atmospheric layers based on density. 
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As mentioned earlier, the troposphere contains ~80% of the constituents of our 

atmosphere and almost all weather phenomena occur in this region.  This is the region 

that has the strongest interactions with the earth’s surface and is the region we are 

directly exposed to on a daily basis.  The other layers of the atmosphere do serve a 

significant purpose in making the earth inhabitable for humans; however, the layer of the 

atmosphere that we are most intimate with is the troposphere.  This is the region that a 

wind lidar using the AET would be most useful.  This matter is discussed further in 

Chapter 3, when the theory and applications of the AET are presented. 

The above is by no means a rigorous discussion of the Earth’s atmosphere.  Such 

a discussion reaches far beyond the scope of this dissertation.  It is very important, 

however, to have at least a general understanding of the atmosphere’s composition and 

structure to facilitate a discussion of any type of atmospheric remote sensing, including 

lidar.  Some additional insight into the structure of the atmosphere will be presented in 

Chapter 4. 

 

1.2.1 ELECTROMAGNETIC RADIATION AND THE ATMOSPHERE 

The atmosphere interacts with electromagnetic radiation in three ways.  Light can 

be refracted, absorbed, scattered or any combination of these due to interactions with the 

atmosphere.  The combination of these three interactions determines how much light will 

reach a particular point from a given source of radiation when using a specific viewing 

geometry.   
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Refraction occurs mainly for long path lengths through the atmosphere as the 

index of refraction deviates only minimally from unity for optical wavelengths.  Since 

this dissertation focuses on short range (i.e., < 8 km) lidar, refraction by the atmosphere 

does not impose any problems for this case and is only mentioned for completeness. 

Absorption occurs when light interacts with an atom, molecule or particle, and the 

result of the interaction is a conversion of the radiation into another form of energy, such 

as heat.  The frequency of light that will be absorbed depends mainly on the composition 

of the atmosphere.  The amount of absorption is dependent on the composition of the 

atmosphere, but it also depends on the concentration of the atmospheric constituents that 

are absorbing at the particular frequency of interest. 

Scattering of light occurs when light interacts with an atom, molecule or particle 

and then is redirected after the interaction.  This type of interaction may result in the light 

traveling in a new direction and possibly even at a slightly different wavelength.  Two 

main categories of scattering exist, elastic and inelastic.  Elastic scattering means that 

light is scattered from the interaction and maintains its original frequency, while inelastic 

scattering refers to an interaction that changes the original frequency of the incoming 

light. 

A scattering event is usually described by the probability of occurring per unit 

distance, given as a scattering coefficient, and the probability of the scattered light going 

in a particular direction, referred to as a phase function.  The name phase function is 

somewhat misleading; it is really the relation of the angular distribution of light leaving 

an interaction relative to how it came in to the interaction, rather than the phase of the 
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light.   The scattering coefficient is determined by the wavelength and polarization of the 

incident light, and by the composition and density of the scattering media. 

Extinction is another term that is commonly used in discussions about the 

atmosphere and electromagnetic radiation. Extinction describes the amount of light 

removed from a propagating light field due to both absorption and scattering.  This can be 

understood by picturing a laser source directed horizontally with an output power Po, 

which after a long path through the atmosphere is intercepted by a detector that is able to 

capture all the radiation from the laser which is incident along the path from the laser to 

the detector.  As the light travels along the line between the detector and the transmitter, 

some of the light will interact with atoms, molecules or aerosols which make up the 

atmosphere between the two points.  Some of these interactions will result in the light 

being absorbed, while others will result in the light being scattered.  Obviously, the 

absorbed light is no longer available for detection.  The scattered light may or may not be 

available for detection depending on the direction it scattered.  Yes, light can be scattered 

in any direction including forward.  So when the light is collected by the detector, the 

power measured will be less than the amount emitted by the laser (assuming there were 

no other sources to contribute additional light to the detector). 

The extinction coefficient is normally given as per unit length and is used to 

determine the fraction of radiation that is transmitted over some distance through the 

atmosphere, known as the transmission. For a particular path of the atmosphere the 

extinction is integrated over the distance traveled, yielding an exponential decrease in the 

transmission.  
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Since all of the useful light received by a lidar is scattered light, it seems 

appropriate to go into a little more detail about scattering in the atmosphere. When 

scattering in the atmosphere is observed, it is usually not possible to distinguish exactly 

which constituent of the atmosphere the detected light was scattered from.  It is therefore 

useful to make some generalizations which classify scattering interactions in the 

atmosphere in two general categories.  The categories are defined by comparing the 

wavelength of the incident light to the size (or more precisely the radius of the cross 

sectional scattering area) of the scatterer.  This is done by defining a size parameter, α ≡ 

k·r = 2·π·r / λ, where r is some representative dimension of the effective radius of the 

scatterer, and λ is the wavelength of light in the same units as r.   

For scatterers that are much smaller than the wavelength of light, α < 0.1, the 

term Rayleigh scattering is used, after Lord Rayleigh who first quantified this type of 

scattering to explain why the sky is blue (Strutt, 1871; Lord Rayleigh 1881).  Rayleigh 

scattering produces an equal amount of forwardscattered (0°) and backscattered (180°) 

light for any given polarization of the incident light.  A plot of the phase function for 

Rayleigh scattering is shown in Figure 1.2.2.  The plot was created using a freeware 

program called ScatLab version 1.2.  The dark blue lines represent the phase function for 

incident light polarized parallel to the scattering plane and the red line corresponds to 

light polarized perpendicular to the scattering plane.  The scattering plane is defined by 

the plane which contains both the direction of the incoming light field and the scattered 

light direction. The light blue line represents the sum of the two.  Notice that for light 

polarized parallel to the scattering plane the probability of scattering at 90° is zero.  John 
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Tyndall observed this phenomenon, in laboratory experiments, as early as 1869 (Tyndall, 

1869).   

 

~ 1X10-6

Figure 1.2.2.  Polar diagram of Rayleigh scattering, intensity versus angle. 
 
 

If the scatterers are on the order of a wavelength of light, α > .1, then a more 

complicated form of scattering occurs.  The method often used to deal with this type of 

scattering is known as Mie scattering (van de Hulst, 1946, 1957; Deirmendjian, 1969).  

Mie scattering is a reasonable approximation for aerosol scattering, but it assumes 

spherical isotropic dielectric particles, allowing the problem to be more tractable.  The 

phase function for Mie scattering is more complex, and usually results in more forward 

scattering than in other directions.  An example of a Mie scattering phase function is 
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shown in Figure 1.2.3, for r = 2 µm and λ = 0.488 µm.  The colors on the plot represent 

the same parameters as given for the Rayleigh scattering plot.  As can be seen, the 

forward scattering is the most pronounced, while there are two small side lobes close to 

the backward direction.  The large forward scattering component is characteristic of Mie 

type scattering; however, scattering in other directions, depending on the value of α, can 

vary significantly from the simple two lobe pattern shown here. 

 

 

Figure 1.2.3. Polar plot of Mie type scattering for r = 2 µm, λ = .488 µm 
 

These two phase function plots are also representative of the amount of scattering 

taking place for a single interaction with one particle, and some arbitrary incident 

intensity.  If the two plots were placed on the same scale, the molecular scattering would 

not even be visible on the Mie plot as the magnitude is more than a million times smaller 
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for a single Rayleigh event.  The real purpose of showing these plots is to portray the fact 

that the two general classes, Rayleigh and Mie, interact with incident light quite 

differently.  Also, note that the discussion above is for a single scattering event, but the 

concentration of atoms and molecules in the atmosphere is several orders of magnitude 

greater than typical aerosol concentrations.  This means that the total Rayleigh scattering 

is often equal to or greater than the aerosol total scattering, despite the smaller magnitude 

for a single event, and depends mainly on the wavelength of the light and the altitude 

being probed. 

When you combine the phase distribution with the likelihood of a scattering event 

occurring, and include the relative intensity of a single scattering event, for the two 

general scattering categories, it is possible to predict the amount of light that would be 

scattered in a particular direction for given atmospheric conditions. This will be discussed 

further in Chapter 4 when the modeling phase of this project is presented. 

 

1.3 SOLAR BACKGROUND RADIATION 

For a lidar instrument, the sun acts as a source of background radiation that adds 

noise to the signal.  Optimally, one would like to take lidar measurements during the day 

as well as at night; hence, it is important to discuss some aspects of solar radiation.  The 

accepted value for the incident total solar irradiance (i.e., integrated over all wavelengths) 

at the top of the earth’s atmosphere is 1367 +/- 1.6 W/m2 (Frohlich, 1981).  This is given 

as the total amount of radiation incident on a flat unit area surface, normal to the sun’s 

rays at the mean earth-sun distance.  The spectral distribution of this light is commonly 
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modeled as a blackbody radiation source with a temperature of around 6000 K.  For 

terrestrial applications, the atmosphere must be considered when evaluating the effect of 

the sun. 

 As noted earlier, the atmosphere can refract, absorb or scatter the incoming solar 

radiation.  In terms of making a ground-based measurement we are only interested in 

determining the probability of a solar photon reaching the detector in the spectral band 

over which the measurement is being made.  For longer wavelength measurements in the 

far-infrared, we would also be interested in other sources of radiation such as the earth or 

other objects around us that have temperatures less than about 500 K.  Since the lidar 

system being considered here would operate at 2 µm or shorter wavelengths, these other 

sources are of little importance. 

 The main source of solar background noise for a lidar system is from scattered 

light.  This assumes that the lidar would not be pointed directly at the sun.  Refraction 

does not play a significant role since it is only a factor for solar angles near the horizon.  

In these cases the atmospheric paths are sufficiently long for this to occur, but the overall 

solar background would be less for this case than for other times of the day.  When 

looking at solar background, as it affects a lidar signal, it is most important for the design 

and modeling phases, and is usually taken as a worst case scenario.  Most lidar 

instruments, once operational, are capable of making a measurement that allow an 

estimate of the background to be made, which can then be subtracted from the overall 

signal. 
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 For lidar design, or modeling expected performance, it is important to include 

accurate estimates of the solar background.  This ensures that sufficient filtering is 

provided to allow the necessary signal-to-noise to be achieved under normal operating 

conditions.  Accurate modeling also reduces the likelihood of damaging any of the 

instrument components caused by too much light entering the system, and can also 

prevent over-engineering that would result in higher cost of the system.   

A plot of the solar spectral irradiance distribution is shown in Figure 1.3.1.  As 

previously mentioned, this distribution is based on Plank’s Blackbody equation and a 

6000 K temperature.   

 

Figure 1.3.1.  Blackbody spectral irradiance based on a 6000 K temperature. 
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 As the curve shows, the solar spectrum peaks in the visible near the green 

wavelength and falls off significantly towards longer wavelengths.  This curve is 

representative of the spectral distribution outside of the atmosphere.  As the Sun’s 

radiation traverses the atmosphere this curve is modified by scattering and absorption 

taking place along the way.  A representative curve of how the solar spectral irradiance 

distribution is transmitted through the atmosphere to the Earth’s surface can be seen in 

Figure 1.3.2, for the wavelength region from 350 nm to 2500 nm.   

This plot was produced using an in house radiative transfer code, developed by 

the Remote Sensing Group at The University of Arizona, which uses the Air Force 

Research Laboratories (AFRL) Moderate Resolution Transmittance (MODTRAN) 

algorithm and computer model, along with measured atmospheric properties to predict 

the atmospheric transmittance seen by a particular sensor.  The case shown here was 

calculated for Quickbird – 2, a high resolution imaging satellite, built by Ball Aerospace 

and operated by DigitalGlobe, Inc.  
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Figure 1.3.2.  Simulated atmospheric transmittance. 
 

 As can be seen from the figure, there are wavelengths which do not get 

transmitted all the way through the atmosphere.  These wavelengths are absorbed due to 

the different constituents in the atmosphere such as ozone and water vapor.   

Absorption features reduce the amount of solar background and are beneficially 

utilized by some types of lidar.  For instance, solar blind lidar instruments use 

wavelengths that are absorbed in the upper atmosphere, in order to allow probing the 

atmospheric constituents located at lower altitudes without interference from solar 

radiation (Measures, 1992).  Also, differential absorption lidar (DIAL) instruments utilize 

absorption features of a particular molecular species to determine its concentration 

(Machol, 2004; Oh, 1999).  This is done by comparing the returned signal of a laser pulse 
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whose frequency is in the absorption band with another pulse whose frequency is just 

outside of the absorption band. 

For lidar instruments that are not utilizing a particular absorption feature, 

operating near absorption bands would reduce the return signal even at night, when there 

would be no benefit from the reduced solar background.  Therefore, when selecting an 

operating wavelength for these systems, atmospheric absorption features are generally 

avoided. 

 The solar background signal detected by a lidar is determined by several factors, 

such as system or viewing geometry, detector type, filtering used, time of day or year, 

etc...  An optical filter, centered on the laser frequency, is typically used to reject all but a 

narrow band of the solar emitted wavelengths.  The amount of solar radiation transmitted 

through the filter is determined by the spectral transmission function of the filter and the 

amount of solar radiation incident in that spectral band.     

When modeling solar background for a lidar, all of the factors mentioned above 

have to be taken into account.  Additionally, all of the parameters associated with the 

instrument design, the viewing geometry, time of day or year, filtering, location of 

operation, to name a few, have to be decided on before estimates of the solar background 

signal can be made.  Once these parameters are fixed, the atmospheric conditions must be 

evaluated.  In general, a sun-lit cloud would present the worst case scenario for a lidar 

system in terms of solar background, assuming the sun is not viewed directly.  The case 

of a sunlit cloud will be discussed further in Chapter 4.  
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1.4 ATMOSPHERIC LIDAR EQUATION 

This section is intended as a brief introduction to the parameters associated with 

the lidar backscatter return. The interested reader is directed to the clear and detailed 

discussion of lidar systems in general, given by R.M. Measures in his book entitled Laser 

Remote Sensing Fundamentals and Applications (Measures, 1992).  More details directly 

relevant to this work will also be presented in later chapters. 

A common factor to all atmospheric lidar instruments is the well known lidar 

equation, which relates the instrument and atmospheric parameters for describing the 

backscatter return signal.  For a pulsed lidar system, the number of signal photoelectrons 

per second scattered from range R, for a particular channel is given by the following 

single-scattering lidar equation. 
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The first term, Eo/hν, is the number of photons transmitted into the atmosphere 

per pulse, PRF is the pulse repetition frequency, and ∆R is the range resolution given in 

the same units as R.  The second and third terms, A/R2 and ξ(R), are geometrical factors 

defining the solid angle subtended by the receiver and the overlap function, respectively.  

The overlap function defines the area of overlap of the transmitted and received beams 

associated with the telescope design, the laser beam divergence angle and the receiver 

field of view.  The terms τsys and ηqe represent the transmission of all optical elements in 

Eq. (1.1) 
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the system and the quantum efficiency of the detector, respectively.  The remaining two 

terms are characteristics of the atmosphere being probed; βπ (ν,R) is the frequency 

dependent 180° backscatter coefficient per unit length per steradian and κ(ν,r) is the 

frequency dependent extinction coefficient per unit length.  Each coefficient includes 

contributions from both atmospheric aerosols and molecules. 

The scattered light received due to each of these components differs in two 

distinct ways.  First, as mentioned previously, the relative intensity of the backscattered 

light can be much different for the two types of scattering.  This difference depends 

mostly on the concentration and composition of the atmosphere being probed, and the 

laser source wavelength.  The second difference, which has yet to be discussed, is the 

spectral distribution of the scattered light.  Two spectral changes are seen in laser 

radiation backscattered from the atmosphere that are of importance to this work.  Both 

are due to motion of the scatterers, but they are distinctly different.  One is due to random 

motion of the scatterers, while the other is the result of systematic motion of the 

scatterers.   

The random motion is due to the temperature being non-zero.  This random 

motion causes a symmetrical spreading out of the laser’s spectral distribution.  The 

systematic motion of the scatterers is also related to temperature.  However, it is really 

the motion of a collective body of the atmosphere, large and small scatterers, attempting 

to move from a high pressure area to a low pressure area, and is commonly referred to as 

wind.  This is a simplistic description of the causes for wind, since many other factors 

like the rotation of the Earth also determine this movement.  However, the ability to 
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measure winds in the atmosphere using the AET is not directly affected by how the wind 

is formed, so the intricacies of wind development are not relevant to what is being 

presented here.  The fact that winds do develop and cause the constituents of the 

atmosphere to move in a systematic way is sufficient.  Systematic motion of the scatterers 

affects the laser radiation by shifting the entire spectral distribution in frequency space, 

rather than changing its shape like the random motion does.  Both of these are really due 

to the same effect.  This effect is known as a Doppler shift and it is the same effect which 

causes a train’s whistle to sound like the pitch is changing depending on whether it is 

coming towards you or going away from you. 

Doppler broadening, or random Doppler shifting, is significant for the smaller 

scatterers associated with Rayleigh scattering.  The smaller particles respond to the 

random thermal motions more than the larger particles. The result is that the smaller 

particles have a large, randomly distributed, variation of velocities at any instant in time.  

In the instant the scattering occurs, this random distribution of velocities seen by the 

incident light, combined with a much larger total number of molecular scattering events, 

provides significantly more broadening of the returned spectrum scattered from these 

small particles. In contrast, the aerosol spectrum experiences very little broadening since 

the large size of the particles limits their thermal motion, and much fewer total scattering 

events take place. An illustration of a typical lidar backscatter spectral distribution is 

shown in Figure 1.4.2.   
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Figure 1.4.1 Characteristic lidar backscattered spectral distribution 
 

It is the systematic motion of the scatterers, causing the laser radiation to Doppler 

shift in one direction, which is of interest when using lidar measurements to infer winds 

in the atmosphere.  The next section will discuss current methods that are utilized to 

extract this spectral information and will include a discussion of the benefits and 

drawbacks of each method. 

 

1.5 WIND LIDAR 

Measuring the Doppler shift of laser radiation scattered from a target has been 

used extensively to remotely measure the target’s velocity.  Many different techniques for 

measuring the Doppler shift of moving targets have been employed since the advent of 

the laser.  These instruments can be divided into two basic categories; coherent 

(heterodyne) and incoherent (direct) detection methods.  These two groups cover current 

Doppler lidar systems that have demonstrated the ability to resolve atmospheric winds 
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into range bins along the line of sight of the laser.  There are other methods employed to 

measure atmospheric wind velocities at a single point, such as laser velocimeters or 

anemometers, which do not apply to the material being presented here and are therefore 

being neglected. 

There are several items to consider that are common to most active wind profiling 

systems.  For instance, the primary method for determining winds is to infer the Doppler 

shift imparted on the backscattered radiation by the movement of the scatterers in the 

target volume.  For small velocities V, where V << c (the speed of light), the relativistic 

Lorentz factor is approximately 1 and the Doppler frequency can be approximated by  

 

νD 2 νo⋅
V
c

⋅ cos θ⋅=
, 

 

Eq. (1.2) 

where V is the wind velocity, νo is the center frequency of the incident radiation, and the 

cosθ term is the relation between the direction of the incident radiation and the direction 

of the motion of the scatterer.  The factor of two arises because the observer and the 

source are co-located; thus, the distance to the scatterer changes by a factor of two for 

180° backscattered radiation. 

Coherent methods split the outgoing laser beam into two parts; one of these parts 

is transmitted to the target, the other part is not.  When the returning backscattered signal 

is properly recombined with the portion of the beam that was not transmitted to the target 

(local oscillator) a beat-note is formed at the difference frequency, which can be detected 
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electronically, allowing the Doppler shift to be inferred through the use of proper 

algorithms.  Incoherent or direct detection methods transmit a laser beam into the 

atmosphere and then utilize a frequency discriminator in the optical path of the returned 

signal to determine the Doppler shift.  The frequency discriminator is used to either 

disperse the returned signal frequency spectrum into many angles, each with its own 

detector (fringe imaging), or to convert the spectrum shifts of the returned signal into 

changes in the measured optical intensity (edge technique).   Both coherent and 

incoherent methods have advantages and disadvantages depending on the system goals 

and intended application. 

Coherent methods tend to be more costly and complex than do incoherent 

detection methods.  This presents greater difficulties when the intended goal is a compact 

and cost effective system.  The main advantages of coherent detection methods are their 

ability to achieve shot-noise limited performance with high noise detectors, which are not 

otherwise capable of photon-counting detection.  This expands the choices of available 

detectors to regimes where high power, narrow linewidth lasers such as CO2 gas lasers 

can be employed.  An additional advantage is that eye-safe operation at long ranges is 

easily obtained for the longer wavelengths used in coherent detection (i.e., 10.6 and 2.1 

µm).  However, the high energies required for these lasers typically prevent them from 

being eye-safe at the transmitter.  The main disadvantage to heterodyne detection is the 

requirement that the return pulse and the local oscillator be temporally coherent (or 

correlated) over the round trip time for a given range.  This implies that the laser must be 

highly coherent (i.e., less than 1 MHz linewidth), resulting in a potentially complicated 
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and expensive laser system.  The requirement for such a narrow linewidth can pose a 

significant problem when very high spatial resolution is desired, since the inherent 

frequency spread associated with temporal pulses of 5 or 6 nanosecond duration is on the 

order of ~100MHz.  Another disadvantage of coherent lidar systems is that for maximum 

beat signal, the difference in the wave vectors or spatial wavefronts of the two beams 

should be mode matched.  This places the stringent requirement that the receiver optics 

be diffraction limited (Leeb, 1998).  Diffraction-limited optics can prove to be an 

expensive and difficult problem for shorter wavelengths and large receivers.  

Furthermore, diffraction limited operation can cause the lidar performance to be 

significantly degraded when turbulence effects, speckle effects, and other physical 

influences of the atmosphere are considered.  

Direct detection can be split into two basic methods, fringe imaging and the edge 

technique.  Fringe imaging, often referred to as the multi-channel technique, uses a high 

resolution filter to disperse the returned photons among several detectors based on their 

relative frequency.  This allows sampling of the spectrum at several points in frequency 

space, which can be used to reconstruct the spectral distribution of the photons.  A 

reference spectrum of the laser is taken first and the returned spectrum is then compared 

to the reference to determine the Doppler shift and, hence, the wind velocity.  Since the 

entire spectrum is sampled, additional information can be obtained about the sample 

volume such as the temperature and pressure.   

The edge technique also uses a high resolution spectral filter.  However, the edge 

technique uses the filter to convert frequency shifts into changes in measured intensity.  
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This is accomplished by locating the frequency of the outgoing laser pulse on the steep 

edge of a high-resolution spectral filter, measuring the transmission of the filter at that 

point and then comparing it to the measured transmission of the scattered light returned 

from the atmosphere.  A more complete description of incoherent lidar instruments and 

how they work will be given in the next chapter. 

 

1.6 EYE SAFE LIDAR 

Eye-safety standards are set forth by the American National Standards Institute 

and are defined in the ANSI Z136.1 publication (American, 2000).  This section will 

provide a brief summary of these standards as they apply to different parameters 

associated with lidar instrument development. 

The standards for safe use of lasers first classify a laser, or laser system, into 

categories based on its potential to cause biological damage to the eye or skin given 

particular exposure conditions.  The laser’s wavelength, mode of operation (CW or 

Pulsed), energy, energy spatial distribution and probable exposure duration are all factors 

used to establish an agreed upon maximum permissible exposure level or MPE.  The 

levels set forth in the ANSI Z136.1 document are based on many years of empirical and 

theoretical studies and are now accepted almost universally. 

The MPE level for ocular viewing is defined in units of joules per centimeter 

squared.  This is an important definition for lidar systems.  It means that the total energy 

output can be increased, by expanding the outgoing laser beam diameter, while remaining 

below the MPE designated for that particular source.  This is illustrated in the values 



 
45

shown in Table 1, which also shows that there are significant variations in the allowable 

MPE for different wavelengths.  

 

Table 1.1  MPE calculations for different beam sizes and wavelengths. 
Wavelength [nm] Beam Diameter [cm] Ocular MPE [J/cm^2] Maximum Energy Per Pulse [J] 

532 5.8 1.057E-07 2.143E-06 
532 20.32 " 3.429E-05 
532 30.48 " 7.715E-05 
532 40.64 " 1.372E-04 

852 5.8 8.467E-08 1.716E-06 
852 20.32 " 2.746E-05 
852 30.48 " 6.178E-05 
852 40.64 " 1.098E-04 

1064 5.8 4.204E-07 8.522E-06 
1064 20.32 " 1.363E-04 
1064 30.48 " 3.068E-04 
1064 40.64 " 5.454E-04 

1554 5.8 8.400E-02 1.704E+00 
1554 20.32 " 2.727E+01 
1554 30.48 " 6.136E+01 

1554 40.64 " 1.091E+02 

 

As seen in Table 1, the allowed MPE is far greater at 1554 nm than at any of the 

other wavelengths.  This would be the optimum wavelength to operate at, for a miniature 

wind lidar.  Unfortunately, commercially available, narrow-linewidth, single frequency, 

pulsed, transmitters that also have sufficient output power to take advantage of this 

benefit, have yet to be developed.  This will be discussed further in Chapter 5 concerning 

the trade-off studies for the transmitters. 

There are several factors that come into play in the determination of the Ocular 

MPE.  First, is the aversion response of the eye, which occurs in about 0.25 seconds for 

visible wavelengths.  This is the reason for lower values seen in Table 1 for 852 nm 
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wavelength region versus the 532 nm wavelength region.  Since 852 nm light is invisible 

to the human eye, a longer exposure time must be allowed which lowers the MPE value.  

As the wavelength increases the transmission of the fluids in the eye decrease and, 

therefore, a slightly larger MPE is allowed for 1064 nm than for 852 nm, even though 

both are invisible to the naked eye.  At wavelengths greater than 1400 nm, absorption 

occurring prior to reaching the retina increases significantly.  This results in a much 

higher threshold for retinal damage and, subsequently, a much higher MPE. 

Many other factors influence the choice of an optimum wavelength for a lidar 

system, which will become clear later in this dissertation.  This brief discussion of eye 

safety standards is presented only for the sake of subsequent discussions pertaining to the 

theoretical modeling and design choices made during this work. 

 

1.7 DISERTATION OVERVIEW 

The first chapter of this dissertation was devoted to laying out the background 

necessary for a more detailed discussion of Doppler lidar and the work that has been done 

to evaluate the AET.  Additional background will be provided where necessary in the 

subsequent chapters. 

The next chapter, Chapter 2, contains a discussion of the two main incoherent 

methods currently being used to measure winds in the atmosphere.  The discussion of the 

multi-channel technique is limited, and is included to allow the reader to follow the 

author’s line of reasoning.  This reasoning suggests that a variation of the edge technique 

provides the greatest promise for developing a less expensive, compact, and eye-safe 
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lidar system.  A more thorough discussion of the edge technique and the double-edge 

technique are presented. This is necessary for understanding the alternating edge theory 

and it applications as presented in Chapter 3. 

The first section of Chapter 3 reviews the original idea for using the AET as two 

independent measurements and averaging to reduce the effect of the molecular 

component on the wind velocity estimate.  This is the point where the work presented in 

this dissertation really began.  The remainder of the dissertation describes work that was 

performed by the author in order to realize the full potential of the AET.  

The second section of Chapter 3 presents a progression of the AET theory 

developed during this work.  This progression establishes the AET as a viable means to 

estimate the molecular component of the backscatter and correct for it as does the double 

edge technique.  

Chapter 4 will discuss an extensive model developed to predict the capability of 

an alternating edge instrument.  This model includes features allowing several free 

parameters of an alternating edge system, or other atmospheric lidar, to be altered and 

their impact on system performance to be evaluated.  This modeling capability was used 

extensively in the trade-off studies presented in Chapter 5, along with other parameters 

such as cost and availability of components. 

Thanks to my collaborator Bruce Gentry of NASA Goddard Space Flight Center, 

I was able to obtain access to many of the components being considered as candidates for 

the alternating edge approach.  The experimental evaluation of these components and 
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their ability to meet the specifications necessary to develop an alternating edge 

instrument are discussed in Chapter 6.  

Chapter 7 covers a detailed analysis of an alternating edge instrument based on 

the components that are currently available.  The analysis presented, includes a Monte 

Carlo type of sensitivity analysis regarding the AET’s ability to estimate the molecular 

component of the retrieved signal.  This analysis combines the work from Chapters 3-6 to 

evaluate the AET using realistic component parameters.  The results of the work 

discussed in Chapters 4 – 7 verifies the theoretical developments described in Chapter 3, 

which is the most significant result of this work in establishing the AET as a practical 

alternative to current Doppler lidar instruments for many applications. 

The final chapter, Chapter 8, will include a brief summary of the work performed, 

as well as conclusions which have been drawn based on the results of this body of work.  

Additionally, a brief discussion of future work necessary to complete the prototype 

development of an AET Doppler lidar instrument is included. 
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CHAPTER 2  
INCOHERENT DOPPLER LIDAR METHODS 

 

Incoherent wind lidar systems use a known, or measured, zero Doppler shift 

reference along with some sort of a high resolution filter to directly measure shifts in the 

back scattered light spectrum.  There are two main classes of incoherent lidar systems 

that have demonstrated the ability to measure range resolved winds in the atmosphere, the 

multi-channel approach and the edge technique. 

 

2.1 MULTI-CHANNEL TECHNIQUE 

The multi-channel technique collects the backscattered radiation and attempts to 

randomize the angular distribution prior to introducing it into a high resolution optical 

frequency filter.  The spectrally dispersed light is measured on some type of detector 

array and compared with a reference distribution corresponding to a zero Doppler shift.  

The spectral shift imparted by the atmosphere, if winds are present, is then used to 

determine the velocity of the scatterers. 

The multi-channel technique allows a reconstruction of the entire returned 

spectrum consisting of the spectrally broad Rayleigh and the narrow aerosol distributions. 

Knowledge of the full spectrum has the advantage of allowing information to be retrieved 

in addition to the wind measurements, such as temperature and pressure of the 

atmosphere.   

A significant disadvantage for this type of system is that the collected photons are 

distributed among many detectors and the throughput is extremely low.  This means 
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fewer photons are available per detector, and thus more energy per pulse is needed to 

reach reasonable signal to noise levels.  Several methods have been used to try and 

improve this.  For instance, U.S. Pat. No. 6,163,380, issued on Dec. 19, 2000, suggests a 

means of re-circulating the light reflected from a Fabry-Perot interferometer (FPI) and 

passing it back through the same or an additional FPI.  Another method employing a 

means of using both the reflected and transmitted portions of the return signal to infer the 

intensity difference of a FPI was proposed in U.S. Pat. No. 6,181,412 B1, issued Jan. 30, 

2001.    Although these methods have been implemented effectively, they add significant 

complexity to the system and complicate the analysis.  Another disadvantage is the need 

to match the detectors to the spectral filter’s frequency distribution, such as the rings 

produced by a Fabry-Perot interferometer, which will be discussed in Chapter 5.  This has 

become less of a problem due to the invention of holographic circle-to-point converters, 

which take light from a circular area and focus it to a single point, allowing linear 

detector arrays to be used (Hays, 1990; McGill, 1997).  This is still a disadvantage, 

however, since the circle-to-point converter adds another optical element in the return 

path that can remove even more photons from the already limited signal.   

The mathematics necessary to describe the multi-channel technique are 

complicated and would not pose any benefit to the discussion of the alternating edge 

technique.  The interested reader will find all the details of these calculations in the cited 

references (McGill, 1997, 1998, 1999; McKay, 1998).  Furthermore, it has been shown 

that the multi-channel technique can be viewed as mathematically analogous to the 
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double-edge technique, discussed later in this chapter, by splitting the return beam into 

the necessary number of channels and modifying a few defined terms (McGill, 1998). 

When considering the multi-channel technique for implementation as a small, cost 

effective and eye-safe instrument, there are clearly several challenges that would need to 

be overcome.  The multi-channel wind lidar instruments currently in operation require 

three different Fabry-Perot interferometers, the circle-to-point holographic element, the 

photon recycler, and a photon counting detector array.  All of these elements make these 

instruments extremely complicated and expensive to build, with little added benefit.  

Many of the disadvantages of the multi-channel technique are avoided in the edge 

technique, described next.    

 

2.2 EDGE TECHNIQUE 

The edge technique was first introduced in 1989 by Chanin et al., of the Service 

d’Aéronomie du Centre national de la Recherche Scientifique, and was followed by an 

independent account in 1992 by Korb et al., of Goddard Space Flight Center (Chanin, 

1989; Korb, 1992).  It has progressed since that time, through the demonstration of the 

technique in the laboratory and in the field, which has resulted in very high accuracy 

wind measurements (Gentry, 1994; Korb, 1997; Souprayen, 1999).  The discussion of the 

edge technique, and the double-edge technique presented in the remainder of this chapter, 

follow closely the theory as presented in 1992 and 1998 by Korb et al., respectively.   

Their presentation allows for a clearer physical understanding of this technique, and how 
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the measured data is processed, than the presentations given by the other references, such 

as Channin et al., 1989 or McGill et al., 1998, without a loss of generality or correctness. 

As mentioned in Chapter 1, the edge technique relies on the use of a narrow 

frequency filter and its ability to convert small frequency changes into large changes in 

intensity.  To visualize how this is done, consider a triangular filter with transmission t, 

which has a steep transmission slope as a function of frequency as illustrated in Figure 

2.2.1. 

 

Figure 2.2.1  Conceptual spectral filter. 
 

If a monochromatic laser pulse with a frequency νo, corresponding to the mid 

point, (t = .5), was sent out into the atmosphere and upon return the backscattered light 

was passed through the filter unshifted, then 50% of the light would pass through the 

filter.  If, on the other hand, the light were shifted to some new frequency ν′ = ν0 + ∆ν, 

then the filter would pass some percent of the light other than 50%.  The percent passed 

by the filter is directly proportional to the quantity ∆ν, and the slope of the filter.  If the 

percent passed can be determined, and the transmission of the filter as a function of 

frequency is well known, then the quantity ∆ν can be measured directly.   Measurement 

of ∆ν is proportional to the Doppler shift, and, thus, the wind velocity responsible for the 
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shift can be determined.  This is a very simplified view and is included here to ensure the 

concept of the method is clearly understood.  A conceptual diagram is shown in Figure 

2.2.2, which represents a more realistic filter function and shows how the reference 

transmission is compared to the signal transmission to estimate the Doppler shift. 

 

Figure 2.2.2.  Conceptual diagram demonstrating the use of a filter transmission function to convert 
         the measured intensity change into a corresponding estimated Doppler shift.  
 

To facilitate a more detailed discussion of the edge technique, a block diagram of 

a generalized edge detection system is shown in Figure 2.2.3.  The system shown has 

separate transmitting and receiving telescopes, known as a biaxial design, for discussion 

purposes only.  The AET system would likely use a coaxial design, meaning the same 

telescope is used for transmitting and receiving, to allow for a compact design.  However, 

the concepts presented here are the same for either design.  

The laser pulses are expanded using a telescope and sent into the atmosphere.  A 

very small portion of the outgoing laser beam is directed back into the receiver telescope 
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to determine the reference (non-Doppler shifted) position on the edge.  Upon entering the 

receiver, the field is split between two channels using a beam splitter.  The two channels 

are referred to as the energy monitor channel (EMC) and the edge filter channel (EFC).   

 

Figure 2.2.3.  Schematic of a generalized edge detection instrument. 
 

The EMC consists of an interference filter, focusing optics, and a detector.  The 

EFC contains the edge filter, an additional interference filter for background suppression, 

focusing optics and a detector.  The output of both the energy monitor and the edge 

channel are recorded using a multi channel scaler in predetermined time bins 

corresponding to the chosen range resolution of the system.   

The energy monitor signal is used to normalize the edge detector signal.  The 

small portion of the outgoing beam redirected back into the receiver, before interacting 

with the atmosphere, allows the transmitted laser pulse’s location on the edge filter to be 
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determined.  The return signal from the atmosphere is split in the same manner and again 

the energy monitor signal is used to normalize the edge filter channel.  A difference in the 

normalized signals, over the slope of the edge filter, indicates a change in frequency of 

the returning laser pulse due to systematic motion of the scatterers in the atmosphere.   

 To describe this in mathematical terms it is useful to first define what will be 

referred to here as the common lidar equation, given as 

 

Ncommon R ν,( )
Eo

h ν⋅

A

R2
⋅ ξ R( )⋅ βπ ν R,( )⋅ ∆R⋅ PRF⋅ e

2−
0

R

rκ ν r,( )
⌠
⎮
⌡

d
⎛⎜
⎜
⎝

⎞

⎠⋅=

. 
(Eq. 2.2.1)

 

  This equation is almost the same as the equation introduced in Chapter 1.  The 

only difference is that the transmission of the optical system and the detector quantum 

efficiency are left out.  With these two terms removed this equation then describes the 

signal photons captured by the receiver per second, per range bin, ∆R, centered on range 

R, as a function of laser frequency, but does not take them past the telescope.  Using this 

form of the lidar equation will make it easier to divide the beam inside the lidar, as 

required for implementing the edge technique, along with simplifying the notation.  The 

notation will be simplified even further in the following section, but for now it serves to 

keep some of the notation in long form to increase the readers conceptual understanding 

of the parameters involved in the measurement. 
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 Using this somewhat simplified notation, the signal photons detected by the 

energy monitor channel per second per range bin centered on range R, as a function of 

frequency, is given by 

 

Nsig_em R ν,( ) Ncommon R ν,( ) τopt_em⋅ τbpf_em ν( )⋅ ηem⋅ RBS⋅= , (Eq. 2.2.2)

 

where, τopt_em is the transmission for all optical components in the energy monitor 

channel except the band pass filter, τbpf_em(ν) is the frequency dependent transmission of 

the bandpass filter, ηem is the detection efficiency for the energy monitor, and RBS is the 

fraction of the photons collected by the receiver that are reflected by the beamsplitter into 

the EMC.   

 Similarly, for the edge channel we can write the number of photons detected per 

second per range bin centered on range R, as a function of frequency, as 

 

Nsig_ef R ν,( ) Ncommon R ν,( ) τopt_ef⋅ τbpf_ef ν( )⋅ ηef⋅ TBS⋅ TN ν( )⋅= , (Eq. 2.2.3)
 
 

where most of the quantities are analogous to the energy monitor channel, but RBS is 

replaced by the transmitted fraction of the beam splitter, TBS.  The term TN(ν) was also 

added, which represents the normalized frequency dependant transmission function of the 

edge filter, as seen by the laser, and is given by 
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TN ν( ) ∞−

∞
ννf ν νν−( ) t νν( )⋅

⌠
⎮
⌡

d

∞−

∞
ννf νpeak νν−( ) t νν( )⋅

⌠
⎮
⌡

d

=

. 

(Eq. 2.2.4)

 

This is just the convolution of the laser line, f(ν), with the response function of the edge 

filter as seen with monochromatic light t(ν), normalized to unity at the peak.  The 

response of the edge filter is discussed in Chapter 5. 

Since the bandpass of each solar background rejection filter, τbpf_em(ν) or τbpf_ef(ν), 

is much wider than the laser bandwidth, the frequency dependence of these terms can be 

left out.  For the rest of this section, OptEffem will be substituted for the product of the 

terms τopt_em and τbpf_em(ν) in the energy monitor channel, or OptEffef will be used for the 

corollary terms in the edge filter channel. 

These signals are then normalized by taking the ratio of the signal in the edge 

filter channel over that of the energy monitor channel.  This results in the simple form  

 

Nsig_N
Nsig_ef R ν,( )
Nsig_em R ν,( )

= C TN ν( )⋅=

, 

(Eq. 2.2.5)

 

where C is the calibration constant, given by the ratio of the non frequency dependant 

terms of the return signal, which yields  
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C
OptEffef ηef⋅ TBS⋅ Tef νpeak( )⋅

OptEffem ηem⋅ RBS⋅
=

. 
(Eq. 2.2.6)

 

This neglects noise and assumes that the interference filters were well selected 

and are much broader than either the line width of the laser or the transmission function 

for the edge filter.  Also, an assumption was made that the detection efficiency for both 

channels can be considered constant with frequency over the extremely small frequency 

interval resulting from Doppler shifts imparted to the returned signal. 

 If either the laser or the filter is scanned in frequency while the other is held 

constant, then the normalized signal divided by the calibration constant will allow the 

normalized transmission function of the edge filter to be determined.  This function can 

then be stored as a lookup table to obtain the frequency that corresponds to a particular 

measured normalized signal. 

 As noted earlier, this normalized signal is measured for the outgoing laser pulse 

by sending a small fraction of the outgoing pulse directly back through the receiver 

without interacting with the atmosphere. This gives the zero Doppler shift reference 

transmission for the outgoing laser frequency, νo.  The reference is then used to compare 

with the measured normalized signal, from range bins within the atmosphere, by taking 

the difference.  The result of taking this difference, called the differential normalized 

signal, is defined by 

 

∆Nsig_N C TN νo ∆ν+( ) TN νo( )−( )⋅=
, (Eq. 2.2.7)
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where ∆ν is any shift imparted to the laser frequency from the motion of the scatterers 

along the line of sight of the laser.  This differential nature of the measurement makes the 

edge technique insensitive to small laser drifts or jitter. 

The Doppler shift can now be determined using the normalized differential signal 

and the slope, m(ν,∆ν), of the normalized edge filter transmission function over the 

interval from νo to νo + ∆ν, or simply by using the lookup table established during the 

calibration scan.  The Doppler shift is then obtained by   

 

∆νD
∆Nsig_N

C m νo ∆ν,( )⋅
=

. 

(Eq. 2.2.8)

 

As long as the slope of the filter is well defined and the calibration constant has 

been measured accurately, Equation 2.2.8 is trivial to solve for an accurate estimate of 

∆νD.  Once the Doppler shift is known, the estimated velocity, along the line of sight of 

the lidar, is easily found by  

 

V
∆νD c⋅

2 νavg⋅
=

, 
(Eq. 2.2.9)
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where c is the speed of light, νavg is taken to be the outgoing laser frequency νo, as  ∆ν is 

only about ten parts in a billion of νo, and the cosine term has been left out (i.e., set to 1) 

since the motion being measured is along the same line as the observation angle. 

The fractional change in the measured normalized signal, for a unit velocity 

change, is another useful parameter to define.  A suitable name for this parameter is the 

wind sensitivity factor, Θ, defined by 

 

Θ
1
V

∆Nsig_N
Nsig_N

⋅=

. 
(Eq. 2.2.10)

 

The wind sensitivity factor, in conjunction with the error associated with the 

normalized differential measurement, can now be used to define the m/s error, εV, in the 

wind velocity measurement as  

 

εV
1

SNR Θ⋅
=

. 
(Eq. 2.2.11)

 

The term SNR is the combined signal-to-noise ratio associated with the normalized 

differential measurement.  For reasonable SNR levels, it can be assumed that the noise in 

the edge filter channel and the energy monitor channel are not correlated and can be 

separated.  The SNR, for this case, is then given by 
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1
SNR

1

SNRef
2

1

SNRem
2

+=

. 
(Eq. 2.2.12)

 

Details of the noise statistics for an edge detection system will be discussed in 

Chapter 4.  One source of error that should be discussed here is related to how a 

particular edge detection instrument is designed to measure winds.  Edge detection lidar 

systems have been designed to measure the Doppler shift from the aerosol return, the 

molecular return or sometimes both.  Each of these implementations has both advantages 

and disadvantages, depending on the intended use of the instrument.  

The system being considered in this dissertation will utilize the aerosol spectrum 

for wind measurement and, therefore, must consider the molecular return as a systematic 

offset for the velocity measurement.  Similarly, an edge detection system designed to 

measure the Doppler shift using the molecular return would have an offset due to the 

aerosol return.  The reason for this offset will be discussed in the next section of this 

chapter, along with the double edge technique, which has demonstrated the ability to 

correct for this bias. 

 

2.3 DOUBLE-EDGE TECHNIQUE 

The double edge technique, DET, is a variation of the edge technique discussed in 

the previous section.  It has been shown as an effective way to correct for the offsets 

inherent in the single edge measurement, as well as increasing the measurement 



 
62

sensitivity (Korb, 1998; Channin, 1989; McKay, 1998; Souprayen, 1999).  A general 

diagram of a double edge lidar instrument is shown in Figure 2.3.1. 
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Figure 2.3.1.  General schematic of double edge Doppler lidar instrument. 

 
 

The DET uses an additional high resolution edge filter, to perform the 

normalization function of the energy monitor as described for the single edge 

measurement.  The energy monitor channel for the DET is used, in addition to the two 

edge channels, to provide a third independent measurement allowing the aerosol and 

molecular portions of the measured backscatter to be determined. 

The additional edge filter is selected such that the maximum sensitivity point of 

the low frequency side of the response crosses the high frequency side of the original 

edge filter response at their maximum sensitivity points.  The crossing point of the two 

response functions will ideally coincide with the outgoing laser frequency.  A measured 

Doppler shift will now increase the signal in one channel while decreasing the signal in 
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the other channel.  The change in the signal for each of the two channels is approximately 

equal in magnitude and opposite in sign, assuming the two filters have equal slopes.  This 

results in twice the signal change for a given Doppler shift, compared to a single edge 

measurement, giving and improvement of 1.6 in the measurement accuracy.  The factor 

of 1.6 rather than 2 arises because the photons collected by the receiver are now evenly 

divided among two channels, rather than the typical 70/30 split used for a single edge 

system.   

Figure 2.3.2 shows schematically how the transmission functions for the two 

channels might overlap and how they are positioned in relation to the atmospheric return 

from a narrow laser pulse that is Doppler broadened but not Doppler shifted.  Edge 1 can 

be thought of as the original FPI channel from the single edge technique, while Edge 2 is 

the additional channel.  A shift in the narrow aerosol peak results in a large change in the 

transmitted intensity for each of the two channels.  The same shift in the spectrally broad 

Rayleigh peak varies the transmitted portion only slightly and acts more like a slowly 

varying background to the aerosol signal. 
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Figure 2.3.2.  Conceptual diagram of double edge filter alignment, as they would be for an aerosol 
         system, and their relation to the spectral distribution  of a typical atmospheric return. 

 
 

In order to continue with the analysis of how the different scattering components 

affect an edge measurement, another distinction must be made.  The common lidar 

equation used in the discussion of the single edge technique should be broken up into two 

components.  This is done by noting that the term βπ(ν,R), known as the backscatter 

coefficient, is really the combination of two terms.  As mentioned in Chapter 1, the 

backscattered light seen by a lidar is divided into two general classes; one due to 

scattering from small particles, relative to the wavelength, and the other due to scattering 

from larger particles.   So a more complete representation of βπ(ν,R) would have the form 

 

(Eq. 2.3.1)βπ(ν,R) = βmπ(ν,R) + βaπ(ν,R), 
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where the subscripts m and a represent scattering due to small particles relative to the 

wavelength of light, molecules, or due to larger particle scattering, aerosols, respectively.    

Inserting Equation 2.3.1 into the common lidar equation given in Equation 2.2.1 

results in two separate common lidar equations.  This allows us to treat the two scattering 

cases separately and evaluate the effect each has on the received signal.  I will use the 

notation Nm(ν,R) to refer to the signal photons captured by the receiver per second, per 

range bin centered on range R, as a function of laser frequency, that were due to 

scattering from small particles relative to the wavelength of the laser light.  Similarly, I 

will use Na(ν,R) in the same manner for photons received due to scattering from large 

particles.  Note that the terms Nm(ν,R) and Na(ν,R) describe the number of photons 

collected by the receiver, per second per range bin centered on range R, but do not 

include losses in the detection channel that occur after the telescope collects them.  This 

allows us to treat the three channels, Edge 1, Edge 2 and the energy monitor, separately. 

Using these definitions, a detailed description of the measurements made using 

the DET and how they are analyzed in order to determine the ratio of Rayleigh to Mie 

scattering, and the wind velocity, will now be presented. 

Prior to making atmospheric measurements, calibration measurements must be 

made.  The first calibration is done in the laboratory, and is performed by introducing a 

known amount of radiation into the receiver and monitoring the output of each of the 

three channels.  This allows the calibration constants for each of the three channels to be 

determined.  The calibration coefficients are similar to Equation 2.2.6, except they are 
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given for each channel separately, rather than as a ratio.  Explicitly, the calibration 

coefficients consist of the following: 

 

 

C1 OptEffef1 ηef1⋅ TBS1⋅ TBS2⋅ T1 ν1peak( )⋅=

C2 OptEffef2 ηef2⋅ TBS1⋅ RBS2⋅ T2 ν2peak( )⋅=

C3 OptEffem ηem⋅ RBS1⋅=  

(Eq. 2.3.2.a)

(Eq. 2.3.2.b)

(Eq. 2.3.2.c)

 

where C1 is the calibration constant measured for the channel containing Edge 1, (EC1), 

C2 is the calibration constant measured for the channel containing Edge 2, (EC2), and C3 

is the calibration constant for the energy monitor channel, (EMC).  The OptEff terms are 

as described in the last section for the respective channel, and the η terms are the 

respective detection efficiencies.  TBS1 and RBS1 are the terms describing the first beam 

splitter, representing the transmitted fraction and reflected fraction, respectively.  This 

beam splitter is used to distribute the returned photons between the energy monitor 

channel and the edge channels.  The two terms, TBS2 and RBS2, represent the division of 

the photons transmitted by the first beam splitter, between EC1 and EC2.  TBS2 and RBS2 

should actually be equal to each other; however, to keep this discussion as general as 

possible they are included as given.   Finally, the two terms T1(ν1peak) and T2(ν2peak) are 

the peak transmission factors for the respective edge filters.  

 After the losses in each of the three channels have been determined (i.e., the 

determination of the calibration constants), the next calibration step is to measure the 

transmission functions for the two edge filters.  This is done by scanning either the edge 
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filter, or the laser, over the other while monitoring the calibrated channels.  The output of 

the edge filter channels is then normalized to unity at the respective frequency, which 

corresponds to the peak of that filter.  The result of this scan is to obtain two normalized 

edge filter transmission functions versus frequency.  These two functions are the 

convolution of the respective filter’s transmission response function, t(ν), convolved with 

the laser spectral distribution, f(ν), normalized to unity at the peak, as given in Equation 

2.2.4, with the appropriate subscripts added to denote which filter is being discussed:  
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(Eq. 2.3.3.a)

 

TN2 ν( ) ∞−

∞
ννf ν νν−( ) t2 νν( )⋅

⌠
⎮
⌡

d

∞−

∞
ννf νpeak νν−( ) t2 νν( )⋅

⌠
⎮
⌡

d

=

. 

(Eq. 2.3.3.b)

 

 Scanning the two filters also determines their position in frequency space relative 

to each other.   If the filters are properly aligned, with the opposing slopes crossing near 

the maximum sensitivity point, a function can be fit to the two intersecting slopes.  This 

function can be expressed in a form that describes a position in frequency space as a 

function of the ratio of the two slopes.   How this function is used in the analysis will be 

described shortly. 
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 Other calibration issues have knowingly been neglected, such as the telescope 

field of view and the overlap function.  These items are wrapped in the common lidar 

signal terms, Na(ν,R) and Nm(ν,R), and their omission here does not inhibit this 

theoretical discussion of the DET.  However, these terms are important for modeling the 

expected performance of a particular lidar instrument and will be discussed in more detail 

in Chapter 4. 

 Assuming all of the calibrations have been performed, it is now appropriate to 

discuss the atmospheric wind measurement procedure as performed with a double edge 

lidar designed to use the aerosol backscatter.  The measurement process starts in the same 

manner as the single edge measurement is performed, by sending a small portion of the 

outgoing laser pulse back into the receiver before interacting with the atmosphere. 

The reference signal measured in each of the channels is given by the following three 

equations: 

 

N1R νL( ) C1 Nf TN1 νL( )⋅( )⋅=

N2R νL( ) C2 Nf TN2 νL( )⋅( )⋅=

NEMR νL( ) C3 Nf( )⋅= . 

(Eq. 2.3.4.a)

(Eq. 2.3.4.b)

(Eq. 2.3.4.c)

 

Where the term Nf represents the number of photons from the outgoing laser pulse that 

were redirected back into the receiver.  The calibration constants C1, C2 and C3 are as 

defined previously, and the terms TN1(νL) and TN2(νL) are the normalized edge filter 
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transmission functions described above, evaluated at the outgoing laser frequency.  The 

subscript R has been added in order to distinguish the reference signals from the signals 

obtained from atmospheric backscatter, while the subscripts 1, 2 and EM denote that the 

measurement corresponds to EC1, EC2 and EMC, respectively.  

The relative frequency of the outgoing laser pulse can be determined from this 

measurement in two ways.  The first method uses the ratio of each of the edge filter 

channels to that of the energy monitor signal independently, as was done with the single 

edge measurement, and is how the theory was presented by Korb et al., 1998.  The 

second method is to use the ratio of the two edge channels with each other (i.e., N1R/N2R), 

as the input to the fitted function of the calibration scan for the ratio of the two crossing 

slopes of the edge filters discussed previously, to obtain the reference frequency.   This 

second method is what was actually implemented by Mr. Bruce Gentry and coworkers in 

the data processing of the first instrumental demonstration of an aerosol double edge 

lidar.  The second method is mentioned here because it has not been published, and it will 

be discussed again when the theory of the AET is presented in Chapters 3 and 7.  

Regardless of the method used, the purpose of this measurement is to determine the 

transmission values of both edge filters at the non-Doppler shifted laser frequency. 

The remainder of the outgoing laser pulse interacts with the atmosphere and a 

certain number of photons will be scattered back to the lidar receiver, as described by the 

defined common lidar equations denoted by Na(ν,R) and Nm(ν,R).  The number of counts 

measured per second per range bin centered on range R, in EC1, is given by 



 
70

 

N1s νL ∆ν+ R,( ) C1 Na νL R,( ) TN1 νL ∆ν+( )⋅ fm1 νL ∆ν+ K R( ),( ) Nm νL ∆ν+ R,( )⋅+⎡⎣ ⎤⎦⋅= , 
(Eq. 2.3.5)

 

where the subscript s denotes signal, ∆ν represents any frequency change imparted to the 

scattered photons due to systematic motion of the scatterers (i.e., from being Doppler 

shifted), and fm1 represents the fractional portion of the broad molecular return that is 

passed by the filter in EC1.  The fraction passed for the Rayleigh scattered photons can 

be described by 

 

  
fm1 νL ∆ν+ K R( ),( )

∞−

∞
νt1 ν( ) M ν νL ∆ν+( )− Κ R( ),⎡⎣ ⎤⎦⋅

⌠
⎮
⌡

d=

, 
(Eq. 2.3.6)

 

where t1(ν) describes the Edge 1 filter response function as seen by monochromatic light, 

and M[ν-(νL+∆ν),K(R)] describes the normalized spectral distribution of the Rayleigh 

scattered photons centered at νL + ∆ν, and having a width determined by K(R) which is 

the average temperature in the range bin centered around range R. 

 Similarly, the number of counts measured per second per range bin centered on 

 range R for EC2 is given by 
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N2s νL ∆ν+ R,( ) C2 Na νL R,( ) TN2 νL ∆ν+( )⋅ fm2 νL ∆ν+ K R( ),( ) Nm νL ∆ν+ R,( )⋅+⎡⎣ ⎤⎦⋅= , 

(Eq. 2.3.7)

 

where all of the terms are defined in the same way as for EC1, but with respect to the 

filter in EC2.  

 The last remaining atmospheric measurement to discuss is that seen by the EMC.  

If the EMC has a background interference filter that is broad with respect to the Rayleigh 

spectral distribution, then the measured counts from the atmospheric backscattered laser 

light per second per range bin centered on range R is given by 

 

NEMs νL R,( ) C3 Na νL R,( ) Nm νL R,( )+⎡⎣ ⎤⎦⋅= , (Eq. 2.3.8)

 

where the term ∆ν was left out since the EMC does not have a frequency discriminating 

filter and, thus, would measure the same number of counts regardless of any reasonable 

spectral shift that may occur. 

If the molecular component is very small compared to the aerosol component, 

then the terms containing Nm(ν,R) could be dropped and the Doppler shift could be 

determined as was done for the single edge measurement.  However, in order to use these 

three independent measurements more generally (i.e., when Nm(ν,R) is not negligible 
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compared to Na(ν,R)), the analysis must be performed using a different approach.  The 

approach taken is to solve for an accurate estimate of Nm(ν,R) using only measured or 

known quantities.  Knowledge of Nm(ν,R) permits removing it from Equations 2.3.5 and 

2.3.7.  The corrected signals can then be used to solve for the Doppler shift and, since the 

spectral distribution of the aerosols is essentially the same as the laser, there would no 

longer be a bias when compared to the zero Doppler shift reference. 

The first step in this approach requires a differential change function to be defined 

for each of the edge channels.  The differential change function, defined for EC1, is given 

by 

 

∆N1s
N1s νL ∆ν+( )

C1 Na R( )⋅
TN1 νL( )−≡

, 

(Eq. 2.3.9a)

 

The explicit dependence of the differential change function on the various frequencies 

and the range have been purposely left off, but it is to be understood that these 

dependencies are still present as represented on the right hand side of Equation 2.3.9a. 

 Expanding ∆N1s using Equation 2.3.5 yields 
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∆N1s TN1 νL ∆ν+( ) fm1 νL ∆ν+ K R( ),( ) BR⋅+ TN1 νL( )−=

, (Eq. 2.3.9)

 

where the term BR has been used to represent the backscatter ratio defined by 

 

 
BR

Nm R( )

Na R( )
=

βπm
βπa

=

. 
(Eq. 2.3.10)

 

Looking back to the definitions of  Nm(ν,R) and Na(ν,R), Equations 2.2.1 and 2.3.1, it can 

be seen that all of the other terms in the common lidar equation, besides the backscatter 

coefficients, cancel out in this ratio. 

 Further simplification of Equation 2.3.9 can be accomplished by defining the 

change in transmission, similar to the result of the single edge measurement, given by 

 

∆T1 TN1 νL ∆ν+( ) TN1 νL( )−≡ , (Eq. 2.3.11)
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which describes the difference in the normalized transmission function for the filter in 

EC1, when evaluated at the Doppler shifted frequency relative to the reference frequency.  

Using this, Equation 2.3.9 can be expressed as 

 

 
∆N1s ∆T1 fm1 νL ∆ν+ K R( ),( ) BR⋅+=

, 

(Eq. 2.3.12)

 

 The same definition is then constructed for EC2, which leads to the following two 

forms of the differential change function: 

 

 
∆N2s

N2s
C2 Na R( )⋅

TN2 νL( )−≡

 
(Eq. 2.3.13)

 
∆N2s ∆T2 fm2 νL ∆ν+ K R( ),( ) BR⋅+=

. 

(Eq. 2.3.14)

 

The differential change functions, for EC1 and EC2, can now be combined to 

define a total differential change function given by 
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(Eq. 2.3.15)
 ∆NT ∆T1 ∆T2+ Cf BR⋅+= , 

where 

 
Cf fm1 νL ∆ν+ K R( ),( ) fm2 νL ∆ν+ K R( ),( )+( )≡

, 
(Eq. 2.3.16)

 

has been used to simplify the expression.  Equation 2.3.8 can easily be solved for 

Nm(ν,R), which when inserted into Equation 2.3.15, gives 

 

 
∆NT ∆T1 ∆T2+ Cf

NEMS R( )

C3
Na R( )−

⎛
⎜
⎝

⎞

⎠
Na R( )

⋅+=

. 
(Eq. 2.3.17)

 

Note that the frequency dependence of the aerosol backscatter, and the term Cf, are not 

shown explicitly in this form, but they are still present.   

 Rewriting the total differential change function, in terms of Equations 2.3.9 and 

2.3.13, and multiplying and dividing by Na(R), yields 
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∆NTs

N1s
C1

TN1 νL( ) Na R( )⋅−

Na R( )

N2s
C2

TN2 νL( ) Na R( )⋅−

Na R( )
+≡

. (Eq. 2.3.18)

 

Equating the right hand sides of Equations 2.3.17 and 2.3.18, and multiplying both sides 

by Na(r), gives the following expression: 

 

(Eq. 2.3.19)

∆T1 ∆T2+( ) Na R( )⋅ Cf
NEMS R( )

C3
Na R( )−

⎛
⎜
⎝

⎞

⎠
⋅+

N1s
C1

TN1 νL( ) Na R( )⋅−
N2s
C2

+ TN2 νL( ) Na R( )⋅−=

, 

 

which can be solved to obtain Na(R), given by 

 

Na R( )

N1s R( )

C1

N2s R( )

C2
+ Cf

NEMS R( )

C3
⋅−

⎛
⎜
⎝

⎞

⎠
∆T1 ∆T2+ Cf− TN1 νL( )+ TN2 νL( )+

=

. 
(Eq. 2.3.20)

 

The components on the right hand side are measured quantities, except for ∆T1, ∆T2, and 

Cf.  For small Doppler shifts and well chosen edge filters, it is reasonable to assume that 

∆T1 = -∆T2, and these terms would then cancel out.  Furthermore, an assumption can be 
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made that the edge filters used are much narrower than the Doppler broadened Rayleigh 

return, as would be the case for a system designed to use the aerosol signal and for typical 

atmospheric temperatures.  This is a reasonable assumption, at least within the 

troposphere and the stratosphere, where the measurements would be made.  Applying this 

assumption, the fractional component of the molecular signal passed, at least to first 

order, could be considered as constant over the small Doppler shifts being considered 

here.  Using these assumptions, Equation 2.3.20 can be solved for the aerosol component 

of the back scattered signal, which in turn can be substituted into the energy monitor 

equation given as Equation 2.3.8, allowing it to be solved for the molecular component of 

the backscattered photons.  Alternatively, Equation 2.3.20 can be substituted directly into 

Equation 2.3.8, which can then be solved for the molecular component in terms of the 

measured quantities to obtain 

 

Nm R( )

NEMS
C3

TN1 νL( ) TN2 νL( )+⎡⎣ ⎤⎦⋅
N1s
C1

N2s
C2

+
⎛
⎜
⎝

⎞

⎠
−

TN1 νL( ) TN2 νL( )+ Cf−
=

 . 

(Eq. 2.3.21)

 

The assumptions made here were helpful to this discussion, but are not actually necessary 

to solve for the molecular component.  An iterative approach described by Korb et al. 

(1998), can be used which produces very accurate results after just two iterations. 
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Finally, we can use Equation 2.3.21 to correct the measured edge signals given by 

Equations 2.3.5 and 2.3.7 for the bias due to the molecular component of the 

backscattered signal which yields 

 

N1sc R( )
N1s
C1

fm1 νL ∆ν+ T R( ),( ) Nm νL ∆ν+ R,( )⋅−= Na R( ) T1 ν ∆ν+( )=

N2sc R( )
N2s
C2

fm2 νL ∆ν+ T R( ),( ) Nm νL ∆ν+ R,( )⋅−= Na R( ) T2 ν ∆ν+( )=

. 

(Eq. 2.3.22)

(Eq. 2.3.23)

 

 The ratio of these corrected signals is then taken, which yields the ratio of the two 

transmission functions evaluated at νL + ∆ν: 

 

 

N1sc
N2sc

T1 νL ∆ν+( )
T2 νL ∆ν+( )

=

.  
(Eq. 2.3.24)

 

This ratio is then compared to the ratio of the reference measurement to obtain the 

Doppler shift.  The Doppler shift is then used in Equation 2.2.9 to solve for the velocity 

of the scatterers along the line of sight of the laser. 
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 The DET is certainly not as nice and simple as the single edge method, but it 

allows measurements to be made in regions where the molecular backscatter is more than 

10 times that of the aerosol backscatter, which would prevent reasonable measurements 

from being made with the single edge method. 

 The long derivation presented in this chapter for the DET was done to allow a 

direct comparison with the AET.  The AET will be presented in the following chapter, in 

two ways.  First it will be viewed as an implementation of two single edge measurements 

that can be combined to remove the majority of the bias presented by the molecular 

component of the backscatter.  This will be followed by a more rigorous theoretical 

comparison of the AET and the DET, and how they can be shown to be mathematically 

equivalent techniques.  How the differences in the implementation of the AET and the 

DET effect the use of the analysis described here will be addressed in Chapter 7. 
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CHAPTER 3 
ALTERNATING EDGE TECHNIQUE 

 

The alternating edge approach is a novel implementation of the edge technique 

being explored as a means to correct for the undesired signal due to backscatter from 

molecules. The AET exploits recent scientific advances to allow atmospheric wind 

measurements similar to those described in the previous chapter, but using an instrument 

that is small, compact, less-expensive and more efficient than current Doppler lidar 

instruments.  Additionally, this technique should be capable of measuring winds in the 

lower troposphere with reasonable accuracy for many applications while operating at 

energies below the ocular MPE described in Chapter 1.  

The AET is made possible due to recent advances in low noise photon counting 

detectors, high quality semiconductor diode lasers, and quality manufacturing of narrow 

optical filters.  The technique utilizes the narrow linewidth and frequency agility of new 

semiconductor lasers to modulate back and forth between opposing slopes, on either side 

of a fixed edge filter response function. The result is an approximately equal and opposite 

bias imposed by the molecular backscattered signal, thus allowing a means of correcting 

for the velocity offset.   

A more significant benefit of this technique is that it provides a means to estimate 

the molecular and aerosol backscatter coefficients, similar to what is done in the DET, 

with an instrument that is much smaller, more efficient and at a significantly reduced cost 

compared to the DET.   
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The theory, as discussed in the first section of this chapter, is a simplified 

approach that is valid assuming certain constraints are placed on the magnitude of the 

ratio of molecular to aerosol backscatter coefficients and the wind velocity.  The analysis 

described in the first section is similar to that given by Don Cornwell, Jr., who was the 

first to propose this novel technique (Cornwell, 1998).  The analysis presented by Dr. 

Cornwell is included here, since it is easy to follow and provides insight into the source 

of error for the single edge method and how alternating between edges can help to 

minimize this error.   

The more general case, which to the author’s knowledge has not previously been 

investigated to the extent presented here, treats the AET in a manner similar to that of the 

double edge technique presented by Korb et al. in 1998.  This more general analysis 

allows the AET measurements to be used to solve for the molecular component of the 

backscattered signal based on measured quantities and, therefore, does not suffer from the 

same restrictions as those required in the simpler analysis. How this is accomplished is 

presented in Section 2 of this chapter. 

 

3.1 AET THEORY, EVALUATED AS TWO SINGLE EDGE MEASUREMENTS 

The measurement process for the AET is very similar to a single edge instrument.  

The AET instrument has one EFC and one EMC, as does the single edge instrument, and 

the signal is divided between these two channels in the same manner.  However, the 

unique alternating component of the AET can provide a significant improvement over a 

single edge measurement despite the similarities in the instruments.  We can use the 
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instrument shown in figure 2.2.3 to visualize the AET instrument, if we note that the laser 

is now required to produce pulses at frequencies ν1 and ν2 on successive pulses and that 

the filter is required to have two oppositely sloped edges whose midpoints approximately 

correspond in frequency space to ν1 and ν2.  These requirements will become clear as this 

discussion progresses. 

 The first step in the measurement process for the AET is to determine the 

calibration constant, as was done for the single edge system.  For the simplified case of 

the AET being presented here, this can be done by scanning the laser across the edge 

filter and measuring the signal in the two channels.  The signal in the EFC is then 

normalized using the EMC and this normalized signal is set equal to a calibration 

constant times a normalized transmission function.  This is shown here as 

  

 
Nsig_N

Nsig_ef R ν,( )
Nsig_em R ν,( )= C TN ν( )⋅=

, 

 

(Eq. 3.1.1) 

which is the exact form presented in chapter two for the single edge method as Equation 

2.2.5.  The dependence on R is included only for consistency with Equation 2.2.5, and is 

not really necessary since this is a direct scan over the filter by the laser.   

Notice that by definition the normalized transmission function TN(ν) is equal to 

unity when evaluated at the peak frequency.  This allows us to determine the calibration 

constant using Equation 3.1.1.  The calibration coefficient is then given by the ratio of the 
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EFC signal and the EMC signal evaluated at the peak frequency of the edge filter.  The 

calibration constant determined is the ratio of all of the non-frequency dependent terms of 

the signals in the two channels and is given by 

 

C
OptEffef ηef⋅ TBS⋅ Tef νpeak( )⋅

OptEffem ηem⋅ RBS⋅
=

, 

(Eq. 3.1.2) 

 

where all of the terms are as they were defined in Chapter 2. 

This is the easiest method to perform in the field since it does not require 

removing the edge filter and, therefore, realignment is not necessary.  However, this 

method is only valid when the data is to be evaluated as two single edge measurements, 

as presented here. To implement the analysis used with the double edge technique 

requires separation of the calibration constants for each channel. This calibration method 

could still be used if an independent measurement of the EMC was made, allowing its 

contribution to the calibration constant described in Equation 3.1.2 to be known.  This 

will be discussed further in the next section of this chapter.   

Recollect that the normalized filter function, TN(ν), measured during the 

calibration does not include the broad molecular return, while the atmospheric return 

does.  One way to account for the effect of the molecular backscatter on the measured 
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atmospheric signals is to define a modified normalized transmission function, valid to 

first order and given as 

 

TN_atm ν R,( )
Nsig_ef R ν,( )
Nsig_em R ν,( )

1
C

⋅ BR
Nsig_ef R ν,( )
Nsig_em R ν,( )

⋅
1
C

⋅−
, 

(Eq. 3.1.3) 

 

where C is the calibration constant as it was measured in the calibration described above 

and BR is the backscatter ratio defined in Chapter 2.  With this definition it can be seen 

that a wind velocity measurement, as described for the single edge technique using the 

measured calibration constant and normalized transmission function, would result in an 

errant estimation of the wind velocity.   This is made clear if Equation 3.1.3 is rewritten 

in terms of the calibrated normalized transmission as follows: 

 

TN_atm ν R,( ) Nsig_ef ν R,( )
Nsig_em ν R,( )

1
C

⋅ 1 BR−( )⋅
⎡
⎢
⎣

⎤
⎥
⎦

TN ν R,( ) 1 BR−( )

, 

(Eq. 3.1.4) 

TN ν R,( ) TN_atm ν R,( )
1 BR− . 

(Eq. 3.1.5) 
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It is now easy to see from Equation 3.1.5 that, since BR  ≥ 0, the normalized 

transmission, seen by the atmospheric return, is always smaller than the normalized 

transmission measured in the calibration by a factor of –BR*TN(ν).   The effect of this 

modification of the normalized transmission for the return beam is illustrated graphically, 

for various values of BR, in Figure 3.1.1. 

 

Figure 3.1.1.  Effects of the molecular return on the normalized transmission function for a simulated 
            measurement of the backscattered atmospheric signal versus the reference signal. 

 

 When an atmospheric measurement is taken, as discussed for the single edge 

technique, the measured normalized signals are given by 
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NNref

Nref_ef R νo,( )
Nref_em R νo,( )

C TN νo( )⋅
, (Eq. 3.1.6) 

 
NNsig

Nsig_ef R νo ∆ν+,( )
Nsig_em R νo ∆ν+,( )

C TN_atm νo ∆ν+( )⋅ C TN νo ∆ν+( )⋅ 1 BR−( )⋅
, 

(Eq. 3.1.7) 

 

which, when used as a normalized differential signal to estimate the Doppler shift, yields 

 

(Eq. 3.1.8) 
∆NN NNsig NNref− C TN νo ∆ν+( ) TN νo( )−( ) C TN νo ∆ν+( )⋅ BR⋅− . 

 

This is the actual change in the calibrated transmission corresponding to a Doppler shift 

of ∆ν, but modified by an error due to the molecular component, εm, where εm is given by 

 

εm ν R,( ) BR
Nsig_ef R ν,( )
Nsig_em R ν,( )⋅

1
C

⋅
⎛
⎜
⎝

⎞

⎠
− BR− TN ν R,( )⋅

. 
(Eq. 3.1.9) 

 

Therefore, if the ratio BR is known, the first order systematic error due to the molecular 

return could be calculated and removed.  Unfortunately, other independent measurements 

which allow BR to be independently determined are rarely available.  This explains the 
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main limitation of the single edge measurement, especially for cases where BR is large.  

A simulated plot of what this error looks like in terms of measured velocity taken on one 

edge of the filter, for various values of BR, is shown in Figure 3.1.2. 
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Figure 3.1.2.  Simulated velocity errors produced by the modified transmission function for the 
              returned photons, due to the molecular scattered photons broad spectral  
              distribution, as measured on one edge of the frequency discriminating filter. 

 

 The plot was simulated as a measurement taken on the high frequency side of the 

filter.  As seen in Figure 3.1.1, the error in the modified transmission function is the 

largest at the peak of the transmission function.  The larger errors seen for the negative 

velocities in Figure 3.1.2 are due to a shift that corresponds to moving closer to the 
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transmission peak of the filter. The opposite effect would be seen if the simulation was 

done using the low frequency side of the edge filter.   

So far, this analysis has only been concerned with a measurement on a single edge 

of the transmission peak.  If both edges of a transmission peak with opposing slopes are 

considered, as is done with the AET, this limitation can be significantly reduced.  This 

becomes possible by noting that for the laser locked to the “blue” or high frequency side 

of the filter, the velocity offset due to the molecular signal is positive for a Doppler shift 

in the “blue” direction, while the same Doppler shift produces a negative velocity offset 

from the molecular signal when the laser is locked to the “red” or low frequency side of 

the etalon.  This is conceptually illustrated in Figure 3.1.3.  

 

Figure 3.1.3.  Effect of the modified normalized transmission function on the measured  
         backscatter return if measurements on both edges of an arbitrary filter having  
         opposing slopes.  
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From this illustration it can be seen that the molecular offset in velocity should, in 

theory, be mostly cancelled out when the velocity measurements from both sides of the 

etalon are estimated, as was done for the single edge technique, independently and then 

averaged.  The correct velocity would then be obtained by 

 

  

“blue” edge velocity 

 

where (V ± Vmolecular) is the measured velocity of the scatterers on the respective edge, 

and Vmolecular is the velocity offset, due to the molecular component modifying the 

normalized transmission function.  A graphical representation of the effect of averaging 

the measured velocity, as seen by the two opposing slopes for BR = 0.3, is shown in 

Figure 3.1.4. 

 

“red” edge velocity

 

  

V actual = ½  [(V –  V molecular) + (V + Vmolecular)] (Eq. 3.1.10) 
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Figure 3.1.4.  Simulated effect of averaging velocity measurements taken on two opposing slopes for 
           BR = 0.3. 

 

Figure 3.1.4 indicates that the ability of the AET, using the analysis presented here to 

correct for the bias of the molecular return, is limited to velocities of less than about 20 

meters per second, and would be more limited for higher ratios of BR.  Even in this 

limited capacity, the AET still provides a significant improvement over the single edge 

method and would be useful for many applications. 

The analysis of the AET, as described thus far, is not as powerful as the DET as it 

does not independently determine the molecular and aerosol components of the 

backscattered signal.  Also, this method is confined to ratios of BR that are less than 
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about 0.7, for reasonable accuracies to be obtained, for velocities of around 20 m/s or 

less.  However, this simplified analysis does allow for a clear understanding of how the 

AET can improve the estimate of the wind velocity compared to a single edge 

mesurement.  As mentioned previously, a more general method, with fewer resrictions 

for analyzing the AET, would be to treat it as a special case of the DET. 

 

3.2 AET THEORY, EVALUATED AS A SPECIAL CASE OF THE DET 

The AET can be viewed as a special case of the DET, if a few modifications in 

the definitions of terms can be legitimately made.  First, the two filters required for the 

DET can be considered to have identical properties for the AET.  This assumption is 

easily justified since the AET uses the same filter for the measurements taken on each of 

the two opposing edges.  Second, the distribution of photons between the two edge-

filters, performed with the second beam splitter in the DET, is replaced by a division of 

the photons in time for the AET.  The validity of this assumption is not as obvious and 

will be discussed more thoroughly later in this chapter.  The remaining modifications are 

in the definition of the calibration constants and the energy monitor signal.  Changing the 

calibration constants is helpful mainly due to the fact that the laser output energy could 

be different for the pulses measured on one edge relative to those measured on the other 

edge for the AET, but not in the DET.  The energy monitor for the AET is measured 

separately for each edge measurement, whereas, the DET obtains a single energy monitor 

measurement corresponding to a simultaneous measurement in both edge channels.  This 

last difference is actually used to allow the AET to be analyzed in the same manner as the 
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DET and, thus, yield the molecular and aerosol components.  This will be discussed fully 

after presenting the required mathematical definitions. 

The details of how the AET can be evaluated mathematically, as a special case of 

the DET, are presented in this section.  Also, qualitative discussions of the necessary 

assumptions that must be made, and how these assumptions affect the accuracy of 

analyzing the AET in this way, are presented.  A quantitative comparison of the AET and 

the DET will be presented in Chapter 7, after more details regarding the instrument 

parameters associated with implementing the AET have been better defined. 

For this discussion, the AET instrument can be visualized by referring to Figure 

2.2.3, as discussed in the previous section.  To keep this discussion as general as possible, 

the filter will be defined as any spectral discriminator that has two edges with opposite 

slopes.  This is not a requirement for the single edge or the DET filters, although it may 

very well be the case depending on the filter that is used.   

When comparing the AET with the DET, the high frequency side of the AET 

edge filter will be associated with measurements taken with pulses having frequency ν1, 

while the low frequency side of the edge filter will be associated with measurements 

taken with pulses having frequency ν2.  This is done as a corollary to the convention 

introduced with the DET, which defined Edge 1 as the filter where the negative slope was 

used and Edge 2 as the filter using the positive slope. 

Following the discussions provided in Chapter 2, the filter response as seen by the 

laser, Tef(ν), is defined by 
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Tef ν( )
∞−

∞
ννf ν νν−( ) t νν( )⋅

⌠
⎮
⌡

d=

, 

 

(Eq. 3.2.1) 

where f(ν) is the filter spectral response function, t(ν) is the laser spectral distribution 

and, thus, Tef(ν) is the convolution of the two.  This can easily be separated into the 

product of the peak transmission, Tef(νpeak), and a normalized transmission function, 

TN(ν), which ranges from unity at the peak to some small minimum value close to zero as 

presented in the previous section. 

 The measurement process for the AET begins in the same fashion as both the 

DET and the single edge measurement, by measuring the transmission function and the 

calibration constants for each channel.  For the case of the AET, the calibration constant 

for the EFC, is the same for measurements made by either of the “edge channels” (i.e., 

the high or low frequency side of the filter).  This makes sense, because all of the 

components in the EFC channel are the same for a measurement on either edge of the 

filter, and would not be expected to behave differently for the small frequency difference 

between ν1 and ν2.  The general calibration constant for this channel can then be given as 

 

 C1 OptEffef TBS⋅ ηef⋅ Tef νpeak( )⋅= , (Eq. 3.2.2) 

 

where the terms should be familiar by now, and have the same meanings as previously 

defined.  Similarly, for the EMC the calibration coefficient is given by 
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(Eq. 3.2.3) C4 OptEffem RBS⋅ ηem⋅=  . 

 

The subscripts, 1 and 4, were intentionally chosen for reasons that will become clear 

when the resulting equations are compared to those found in the presentation of the DET. 

 The calibration coefficients and the normalized transmission function can be 

determined using the same calibration method discussed in the previous section.  

However, an independent measurement of the EMC must be performed in order to 

separate Equation 3.1.2 into Equations 3.2.2 and 3.2.3 given here.   

Assuming the calibration constants are determined and the normalized 

transmission function TN(ν) is measured by scanning the laser over the filter and 

normalizing, the measurements made by the AET can now be discussed. 

First, a reference measurement is made to determine the zero Doppler shift 

signals, as before, by sending a small portion of the outgoing laser pulse directly back 

into the receiver.  The respective reference signal counts, measured by the EFC and the 

EMC for  pulses having frequency ν1, are then given by 

 

N1R ν1( ) C1 Nf1 TN ν1( )⋅( )⋅= , (Eq. 3.2.4) 

 

and 

 

NEMR1 C4 Nf1⋅= , (Eq. 3.2.5) 
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where the term Nf1 is the number of photons per second sent directly back into the 

receiver from the outgoing pulses having frequency ν1. 

 Similarly, for the reference measurement obtained using pulses with frequency ν2, 

the number of measured counts in the EFC and the EMC per second are respectively 

given by 

 

 N2R ν2( ) C1 Nf2 TN ν2( )⋅( )⋅= , (Eq. 3.2.6) 

 

and 

 

 NEMR2 C4 Nf2⋅= , (Eq. 3.2.7) 

 

where Nf2 is the number of photons sent directly back into the receiver from the outgoing 

pulses having frequency ν2.  Also, note that the normalized transmission function is 

evaluated at the respective frequency, corresponding to the outgoing laser pulse 

frequency, in Equations 3.2.4 and 3.2.6. 

 The atmospheric backscattered return signals for the AET, will be described using 

the separated common lidar equation presented in the discussion of DET.  For the 

convenience of the reader, this common lidar equation, and how it was divided will be 

briefly recounted here. Starting with the common lidar equation defined in Equation 

2.2.1, given as 
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Ncommon ν R,( )
Eo

h ν⋅

A

R2
⋅ ξ R( )⋅ βπ ν R,( )⋅ ∆R⋅ PRF⋅ e

2−
0

R

rκ ν r,( )
⌠
⎮
⌡

d
⎛⎜
⎜
⎝

⎞

⎠⋅≡

, 

 

 then substituting βπ(ν,R) = βmπ(ν,R) + βaπ(ν,R), the lidar return from these two 

components is then separated.  The resulting component equations are then given as 

 

Nm ν R,( )
Eo

h ν⋅

A

R2
⋅ ξ R( )⋅ βmπ ν R,( )⋅ ∆R⋅ PRF⋅ e

2−
0

R

rκ ν r,( )
⌠
⎮
⌡

d
⎛⎜
⎜
⎝

⎞

⎠⋅≡

, 

(Eq. 3.2.8) 

 

and 

 

  
Na ν R,( )

Eo
h ν⋅

A

R2
⋅ ξ R( )⋅ βaπ ν R,( )⋅ ∆R⋅ PRF⋅ e

2−
0

R

rκ ν r,( )
⌠
⎮
⌡

d
⎛⎜
⎜
⎝

⎞

⎠⋅≡

. 
(Eq. 3.2.9) 

 

It should be clear that Ncommon =  Nm + Na and that Nm and Na describe the number of 

photons collected by the receiver, per second per range bin centered on range R, which 

were the result of photons from the laser pulse being backscattered by the respective class 

of scatterers within the atmosphere.  This is the form of the lidar equation that will be 

used for the remainder of this dissertation.   
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 With that aside, the atmospheric signal measured by the EFC from laser pulses 

having frequency ν1 is given by 

 

N1s ν1 ∆ν+ R,( ) C1 Na1 R( ) TN ν1 ∆ν+( )⋅ fm ν1 ∆ν+ K R( ),( ) Nm1 R( )⋅+⎡⎣ ⎤⎦⋅= , (Eq. 3.2.10) 

 

where the term, fm, is given by  

 

fm ν1 ∆ν+ K R( ),( )
∞−

∞
νt1 ν( ) M ν ν1 ∆ν+( )− K R( ),⎡⎣ ⎤⎦⋅

⌠
⎮
⌡

d=

, 

(Eq. 3.2.11) 

 

which is the fractional part of the molecular photons passed by the edge filter when the 

molecular scattered photons spectral distribution, M(ν,K(R)), is centered at ν1 + ∆ν with a 

spectral width determined by K(R), the average temperature over the range bin centered 

on range R.  The subscript 1, on the two terms from Equations 3.2.8 and 3.2.9 seen in 

Equation 3.2.10, is used to denote that the pulse energy for the pulses at ν1 may differ 

from that of the pulses at ν2.  This will be accounted for shortly. 

 The EMC measurement for the same pulses, having frequency ν1, would then be 

given by 

 

 NEMs1 C4 Na1 R( ) Nm1 R( )+⎡⎣ ⎤⎦⋅= . (Eq. 3.2.12) 
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It should also be mentioned that the frequency dependence of the terms describing 

the backscattered photons is being neglected in this notation, but it is, of course, still 

present.  They are left off because it is assumed that the backscatter coefficients are 

effectively constant over the small frequency interval over which the laser is being 

alternated (i.e., a few tenths of a picometer), and including ν1 or ν2 in these terms would 

only result in added confusion later in the derivation.  It should be understood however 

that the terms Na and Nm are functions of the laser frequency and could be considered as 

being evaluated at the average laser frequency between ν1 and ν2, without adding notable 

error to the calculations. 

 In the same manner presented for measurements taken using pulses having 

frequency ν1, the measured signals in the EFC and the EMC, corresponding to the pulses 

having frequency ν2, can be described by 

 

N2s ν2 ∆ν+ R,( ) C1 Na2 R( ) TN ν2 ∆ν+( )⋅ fm ν2 ∆ν+ K R( ),( ) Nm2 R( )⋅+⎡⎣ ⎤⎦⋅= , (Eq. 3.2.13) 

 

and 

 

NEMs2 C4 Na2 R( ) Nm2 R( )+⎡⎣ ⎤⎦⋅= , (Eq. 3.2.14) 

 

respectively.  Although the equations given for the measurements taken for the AET 

look similar to those used in the discussion of the DET, a few more definitions are 

needed to allow a direct substitution of the measurements into the DET analysis.   



 
99

A relation between the returned photons, due to each of the two component 

common lidar equations, for measurements made using pulses of frequency ν1 and those 

due to measurements using pulses having frequency ν2 must now be established.  The 

easiest way to do this is to require that all of the terms in Equations 3.2.8 and 3.2.9 

remain constant during the one second interval over which the measurements are defined, 

except for the term Eo/hν, which when multiplied by the pulse repetition rate is the 

number of photons transmitted into the atmosphere per second.  This requirement allows 

for the following definitions:  

 

 
Na1 R( )

Nf1
Nf2

Na2 R( )⋅= Na R( )≡

, (Eq. 3.2.15) 

 

and 

 

 
Nm1 R( )

Nf1
Nf2

Nm2 R( )⋅= Nm R( )≡

, 
(Eq. 3.2.16) 

 

where Nf1 and Nf2 can be determined using 

 

 

NEMR1
C4

Nf1=

, 
(Eq. 3.2.17) 
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and 

 

 

NEMR2
C4

Nf2=

. 
(Eq. 3.2.18) 

 

The definitions given in Equations 3.2.15 and 3.2.16 allow the subscript 1, used on 

Na1(R) and Nm1(R) in Equations 3.2.10 and 3.2.12, to be removed.  Furthermore, they 

allow Equations 3.2.13 and 3.2.14 to be rewritten as 

 

N2s ν2 ∆ν+ R,( ) C1
1

Cn
⋅ Na R( ) TN ν2 ∆ν+( )⋅ fm ν2 ∆ν+ K R( ),( ) Nm R( )⋅+⎡⎣ ⎤⎦⋅=

, 
(Eq. 3.2.19) 

 

and 

 

 
NEMs2

C4
Cn

Na R( ) Nm R( )+⎡⎣ ⎤⎦⋅=
, 

(Eq. 3.2.20) 

 

with 

 

 
Cn

Nf1
Nf2

NEMR1
NEMR2

=≡

. 
(Eq. 3.2.21) 
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The errors associated with assuming the terms in Equations 3.2.8 and 3.2.9 remain 

constant over the measurement, will be quantitatively addressed in Chapter 7.  A 

qualitative assessment can be made by considering the terms in 3.2.8 and 3.2.9 that are 

likely to change and over what time scale changes are likely to take place.  First, the term 

A / R2 describes the solid angle viewed by the telescope and seems reasonable to consider 

it as a constant over a fairly larger time scale on the order of at least several seconds, if 

not minutes.  The next term is the overlap function, which would change if the 

divergence or directionality of the output laser were different for pulses sent out at 

frequency ν1 then for those having frequency ν2, or if thermal expansion caused the 

optical elements in the instrument to change their relation to each other.  There is no 

reason to assume that either of these would occur rapidly if the instrument was designed 

properly.  The pulse repetition frequency or the range bin depth would have no reason to 

change either.  The remaining terms consist of the backscatter coefficients and the 

roundtrip atmospheric transmission.  Either of these two factors would only change if the 

composition and/or density of the atmosphere changes.  If we consider normal 

atmospheric conditions and assume the measurement is not being taken close to an 

aerosol source or sink, then it also seems reasonable to say that the composition or 

density would not change significantly over the course of one second.   

To further justify the assumption that the terms other than the number of photons 

would be constant over a reasonably sufficient time frame, a brief discussion of where the 

one second requirement comes from is in order.  All of the equations describing 

measurements in the preceding discussion are given as counts per second rather than 
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being considered on a shot-to-shot basis.  If they had been described on a shot-to-shot 

basis, the requirement would be significantly reduced.  Suppose for instance that the AET 

is operating at a pulse repetition frequency of 4 kHz so the time between successive 

pulses is then 250 µs.  This means that if Equations 3.28 and 3.29 are considered, it can 

be seen that the only real difference between a measurement made at frequency ν1 versus 

one made at ν2 would be the pulse energy and the possibility of the backscatter 

coefficients or atmospheric transmission having changed between pulses.  If the signals 

from each channel (i.e., those taken with pulses having frequency ν1 or those having 

frequency ν2) are integrated over the one second time period, then changes in the 

atmosphere, or the instrument, that occur on time scales greater than 250 µs would appear 

in both measurements rather than biasing one channel over the other.   

Based on the qualitative discussion presented, it seems reasonable to assume that 

the constrained definitions given in Equations 2.3.15 and 2.3.16 are reasonable.  A more 

rigorous quantitative analysis will be presented in Chapter 7, but for now, assume the 

definitions hold.   

Continuing with the analysis, using Equations 3.2.12 and 3.2.20, a total EMC 

signal can now be defined as the sum of these two measurements given by 

 

 
NEMs 1

1
Cn

+⎛
⎜
⎝

⎞
⎠

C4⋅ Na R( ) Nm R( )+⎡⎣ ⎤⎦⋅=

, 
(Eq. 3.2.22) 
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where the subscript 1 has been dropped from Equation 3.2.12 as discussed.   This total 

energy monitor signal is similar to the energy monitor signal used for the DET, given by 

Equation 2.3.8, aside from the factor (1+1/Cn).  As long as Cn can be determined, it is no 

more difficult to solve for the molecular component from Equation 3.2.22 than it was to 

solve for it using Equation 2.3.8 as presented in Chapter 2. 

This is really all that is necessary to compare the AET and the DET, but it is made 

clearer if we allow two more trivial definitions to be made, namely,  

 

 
C2

C1
Cn

≡

, 
(Eq. 3.2.23) 

 

and 

 

 
C3 C4 1

1
Cn

+⎛
⎜
⎝

⎞
⎠

≡

. 
(Eq. 3.2.24) 

 

 Using these two definitions, the results of the discussion of the AET presented to 

this point can be summarized by the following three equations:  
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N1s ν1 ∆ν+ R,( ) C1 Na R( ) TN ν1 ∆ν+( )⋅ fm ν1 ∆ν+ K R( ),( ) Nm R( )⋅+⎡⎣ ⎤⎦⋅=

N2s ν2 ∆ν+ R,( ) C2 Na R( ) TN ν2 ∆ν+( )⋅ fm ν2 ∆ν+ K R( ),( ) Nm R( )⋅+⎡⎣ ⎤⎦⋅=

NEMs C3 Na R( ) Nm R( )+⎡⎣ ⎤⎦⋅=  

(Eq. 3.2.25) 

(Eq. 3.2.26) 

(Eq. 3.2.27) 

 

These may be compared with Equations 2.3.5, 2.3.7, and 2.3.8, from the discussion of the 

DET, recalled here for convenience in that order: 

 

N1s νL ∆ν+ R,( ) C1 Na R( ) T1 νL ∆ν+( )⋅ fm1 νL ∆ν+ K R( ),( ) Nm R( )⋅+⎡⎣ ⎤⎦⋅=

N2s νL ∆ν+ R,( ) C2 Na R( ) T2 νL ∆ν+( )⋅ fm2 νL ∆ν+ K R( ),( ) Nm R( )⋅+⎡⎣ ⎤⎦⋅=

NEMs νL R,( ) C3 Na R( ) Nm R( )+⎡⎣ ⎤⎦⋅=
 

 
 
The explicit frequency dependence of the Na and Nm terms was left off, in both cases, for 

the reasons mentioned previously (i.e., the difference in Na(ν1+∆ν,R) versus Na(ν2+∆ν,R) 

for ν1 ≅ ν2 is negligible and similarly for Nm).  

 One difference that stands out is that the DET filter functions are defined by two 

transmission functions, T1(ν) and T2(ν), which are evaluated at the same frequency, νL + 

∆ν, while the AET equations have one transmission function, TN(ν), evaluated at two 

different frequencies, ν1 + ∆ν and ν2 + ∆ν.  Also, the DET equations have two different fm 
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functions, fm1 and fm2, evaluated at νL + ∆ν, rather than one fm function evaluated at ν1 + 

∆ν and ν2 + ∆ν, in the AET.  Both of these differences are really just artifacts, resulting 

from the “identical filters” definition used in the AET, and the fact that both the AET and 

the DET derivations were defined around the laser frequency (which changes for the 

AET) rather than defining the laser frequency relative to the peak of each of the filters as 

was done by Korb et al. in their 1998 paper.   

The derivation of either the AET or the DET could be modified, without changing 

any of the concepts or results, to alleviate these apparent discrepancies in the two results 

as presented here.  For instance, TN(ν1+∆ν) in the AET derivation could have just as well 

been defined as T1(νL+∆ν), which would then mean that TN(ν2+∆ν), relative to ν1 ≡ νL, 

could be stated as T2(νL+∆ν), if T2(ν) was defined by TN(ν1-∆νa), where ∆νa = ν1 – ν2 is 

the frequency difference between pulses. The choice to present them as they are shown 

here was to allow the clearest conceptual understanding of the differences between the 

implementations of the two techniques. 

 The hidden differences that are included in the calibration constants are real, and 

are due to the items mentioned in the first paragraph of this section.  Namely, that the 

AET splits the collected lidar return between the two “channels” using time, while the 

DET uses a beamsplitter to divide the lidar return between its two channels, thus, making 

its two measurements simultaneously.  This results in a real difference for two reasons.  

First, the atmosphere could vary at a rate that might affect the AET’s ability to correctly 

determine the molecular component and correct for it, although not likely if the repetition 

rate is sufficient.  Secondly, the amplitude of the laser pulses used for the AET may vary 
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between pulses, and it is not obvious what the effect of this variation would cause, when 

using the ratio of the corrected signals, in the end result of the DET analysis.  Whether or 

not these real differences are problematic, and to what extent for the analysis of the AET 

measurements, when analyzed as an implementation of a DET measurement, are 

explored in Chapter 7. 

 For now assume the AET measurements in the form of Equations 3.2.25, 3.2.26 

and 3.2.27, can be substituted into the analysis described in Chapter 2 for the DET, 

exactly as was done for Equations 2.3.5, 2.3.7, and 2.3.8.  The result of this substitution 

yields Nm(R) as a function of the measured parameters, which for the AET takes the form  

  

 
Nm

NEMs
C3

⎛
⎜
⎝

⎞

⎠
TN ν1( ) TN ν2( )+⎡⎣ ⎤⎦⋅

N1s
C1

N2s
C2

+
⎛
⎜
⎝

⎞

⎠
−

TN ν1( ) TN ν2( )+ Cf−
=

, 

(Eq. 3.2.28) 

 

where Cf is given by 

 

(Eq. 3.2.29) 

 
Cf fm ν1 ∆ν+ K R( ),( ) fm ν2 ∆ν+ K R( ),( )+≡

, 

 

similar to the definition of Cf used in the DET, and C1, C2 and C3 are as defined earlier in 

this section.  It may also be useful to display Equation 3.2.28 in an expanded form which 

reveals the hidden terms of the calibration constants, to assure the reader that it consists 

of only measured quantities, as 
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Nm

NEMs

C4 1
NEMR2
NEMR1

+
⎛
⎜
⎝

⎞

⎠

TN ν1( ) TN ν2( )+⎡⎣ ⎤⎦⋅
N1s
C1

N2s

C1
NEMR2
NEMR1

⋅

+
⎛
⎜
⎜
⎜
⎝

⎞

⎟

⎠

−

TN ν1( ) TN ν2( )+ fm ν1 ∆ν+ K R( ),( ) fm ν2 ∆ν+ K R( ),( )+( )−
=

  ,  

 

Actually, the fm terms are the only terms that are not measured, but they can be calculated 

accurately if the average temperature of the range bin is known with reasonable certainty, 

and the filter response is well known.  Also, the same assumption made for the DET 

analysis (i.e., that ∆T1 = -∆T2), had to be made prior to obtaining Equation 3.2.28, which 

is not a true requirement if the iterative approach described by Korb et al. (1998) is used. 

Being able to calculate Nm based on the measured quantities, allows Equations 

3.2.10 and 3.2.13 to be corrected for the molecular offset. The ratio of the corrected 

signals can now be taken, yielding 

(Eq. 3.2.31) 

(Eq. 3.2.30) 

 

 

N1sc
N2sc

TN ν1 ∆ν+( )
TN ν2 ∆ν+( )

=
. 

 

How Equation 3.2.31 is solved for the Doppler shift, ∆ν, depends mainly on the 

functional form of TN(ν).  For instance, if TN(ν) has the functional form of a Lorentzian, 

then Equation 3.3.31 results in a quadratic equation in ∆ν2 and can be solved for ∆ν using 

the quadratic formula.  Unfortunately, for this particular example, there would be some 

ambiguity about the sign of the Doppler shift and, therefore, the wind direction.  The sign 
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of the Doppler shift can be determined uniquely by further evaluation, however, such as 

using the measurements from one edge as discussed for the single edge measurement.  In 

reality, current computers now have acceptable computing power to allow the measured 

instrument function to be used without having to approximate it using an analytical 

function, as was often done in the past.  It should be possible to directly infer the Doppler 

shift by comparing the ratio of the reference signals with the ratio of the signals obtained 

from the atmosphere based on the stored instrument function. 

The material presented in these first three chapters has been of a general nature 

and as such, has not specified sufficient fixed parameters to constrain the problem of 

quantitatively comparing the DET and the AET.  It is for this reason that the quantitative 

comparison has been left for Chapter 7, after the free parameters have been better defined 

in Chapters 4-6.  At a minimum, the discussion of the AET presented thus far shows that 

it can be used to improve the measurement accuracy of the single edge technique, and 

that it may be able to estimate the molecular and aerosol components as done by the 

DET. 

 

3.3 MOTIVATION AND APPLICATIONS OF THE AET 

The real motivation for exploring the AET as an alternative to current Doppler 

lidar instruments is to make accurate, spatially resolved wind measurements more 

available to a wider variety of applications.  The AET provides a means for developing a 

Doppler lidar instrument that is less expensive, more efficient, portable, and acceptable 
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for autonomous operation using eye safe energy levels, while still being capable of 

making reasonably accurate wind measurements. 

The AET can utilize semiconductor lasers that are more compact, less expensive, 

and more efficient than the Q-switched Nd:YAG lasers that are currently being used in 

other incoherent Doppler lidar instruments.  The higher pulse repetition frequencies 

available with current semiconductor lasers, relative to the Nd:YAG lasers, allow for the 

use of less energy per pulse while still maintaining a reasonable average power.  The 

selection of wavelengths for semiconductors allows more flexibility for the AET to 

choose a wavelength where detectors, such as avalanche photo diodes, have higher 

quantum efficiency.  These factors alone provide the potential for producing a smaller, 

more cost effective Doppler lidar, as well as the potential for eye-safe operation. 

Another advantage of the AET, when compared to the multi-channel technique, 

MCT, or the DET, is that only two channels are required and, therefore, an AET lidar 

uses fewer optics, only requires one edge filter and two detectors.  Furthermore, the AET 

allows the use of a filter such as a solid Fabry-Perot etalon, discussed in Chapter 5, which 

would be difficult to utilize in either the DET or the MCT.   

All of these features, when combined, make the AET a viable alternative to 

current techniques, for several applications, even if it were to be implemented with lower 

sensitivity to wind velocity measurements then the current DET or MCT instruments. 

One application that would benefit from an eye-safe, less expensive portable Doppler 

lidar instrument is small to mid-sized airports.  These airports can not afford the multi-

million dollar radar stations used at the larger airports for the detection of wind shear and 
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downdrafts.  The National Aviation Safety Data Analysis Center reports that 21.1% of all 

personal use aviation accidents occurring between 1991 and 2001 were weather related.  

Of these weather related accidents, 46.8% were due to winds. 

Another significant application might be to use these instruments on wind farms.  

This would only require an instrument capable of mapping the wind field out to a couple 

of kilometers, allowing the windmills time to reposition themselves for maximum 

efficiency.   

The Department of Defense (DoD) would also be able to utilize these instruments 

in several areas.  A few definite uses would include measuring winds along the approach 

path to aircraft carriers, tracking winds on the battlefield to avoid chemical weapon 

hazards, or tracking winds to make calculated supply drops from aircraft. 

If the instruments could be produced at a low enough cost, and were able to 

operate autonomously at eye-safe energies, then they would lend themselves to the 

establishment of a large scale global network of these instruments.  Such a network 

would provide much needed wind data for improving weather prediction models, as well 

as helping to understand the global dynamics of atmospheric winds and aerosol 

dispersion.  Furthermore, a network of this type could allow ground truth measurements 

for evaluating future satellite based Doppler lidar missions. 

These examples of applications that the AET could enable are only a small 

sample of the potential terrestrial uses and do not begin to discuss the possibilities that 

such an instrument could inspire for the study of atmospheres on other planets. 
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The purpose of outlining the applications and motivations for an AET instrument 

in this chapter is to establish the basis from which the baseline parameters, used as the 

foundation for the material presented in the following three chapters, were derived. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
112

CHAPTER 4 
PERFORMANCE MODELING 

 

The modeling for this work began by selecting the baseline requirements for the 

proposed applications presented in the last chapter.  Several choices had to be made in 

order to constrain the free parameters of an AET instrument as will become clear shortly. 

This is by no means an easy task since there are such a large number of dependent 

variables that come into play when considering the performance of a lidar instrument in 

general.   

To begin constraining the problem, the maximum error in the velocity 

measurement was required to be less than one meter per second based on the shot noise 

limit, which is a sufficient accuracy requirement for most of the applications discussed.  

Another constraint was to require that the instrument meet eye-safety standards as set 

forth in the ANSI Z136.1 standard.  The problem was further constrained by assuming 

that the instrument would be designed to operate within the lower 2-5 km of the 

troposphere and would use the aerosol backscatter to estimate the wind velocity.  

The model had to be versatile enough to compare different instrument 

configurations, transmitters, detectors, viewing geometries, atmospheric conditions, etc., 

while providing a realistic evaluation of expected performance for a given set of 

parameters.  In order to do this, all of the components that go into the lidar equation 

presented in Chapter 1 had to be definable, and noise sources had to be quantified and 

applied appropriately.  Worst case scenarios were used to get a reasonable estimate of the 
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limiting performance, along with using more commonly encountered scenarios in order to 

get a realistic estimate of what might be expected from the instrument under normal use. 

This chapter is dedicated to discussing the main components of the model. The 

model was developed to evaluate possible configurations and uses of an AET lidar 

instrument based on the shot noise limited errors.  It should be noted that this model 

could also be used to predict the shot noise limited performance of any atmospheric lidar, 

not just an AET lidar, as long as the free parameters are defined appropriately for the 

instrument being simulated.  

The model was written using MathCAD software, distributed by MathSoft Inc., 

and was initially derived from a combination of work done by Dr. Cornwell and work 

done by Mr. Gentry.  Their work was performed at NASA Goddard Space Flight Center 

to evaluate various lidar projects under development.  After combining their models into 

a single more complete model, significant modification, expansion and corrections were 

made before arriving at the final version included as Appendix B.  This model was used 

extensively for the tradeoff studies presented in the next chapter.  Additionally, a 

modified form of this model was used to produce the inputs for the sensitivity analysis 

presented in Chapter 7, regarding a comparison between the AET and the DET. 

The following sections address the main components of the program as they 

appear in Appendix B.  The program is divided into the following main sections: 

modeling of the atmosphere, molecular scattering, aerosol scattering, lidar instrument 

parameters, overlap function, signal calculation, noise calculation, error analysis and edge 

filter properties.  Some of these sections are also broken into smaller subcategories.  The 
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program was designed in a way that allows easy comparisons of instrument parameters 

based on the shot noise limited error.  Some preliminary results are also presented to 

allow discussion of the model output.  Additional background on some of the components 

will be provided as necessary throughout the chapter. 

 

4.1 MODELING THE ATMOSPHERE 

This section describes the atmospheric models used in the lidar performance 

calculations.  The major components are described and the origins of the data are given 

when possible.  A detailed mathematical discussion of the models is not presented.  Much 

of the details can be obtained by referring to the program, included as Appendix B, or by 

consulting the given references.  This chapter would be extremely long if all of the details 

were elaborated on here.  Justifications for choosing the models used in this program are 

given as appropriate and should be sufficient. 

The atmospheric model for this program uses the U.S. Standard Atmospheres to 

derive temperature, pressure and density profiles (U.S., 1976).  A mathematical model 

was also used to provide additional versatility for the model.  The plots in Figure 4.1 

show the profiles used in the program. 

The program is set up to read any of the various standard atmospheres such as 

those provided by The Infrared Handbook which include mid-latitude summer, mid-

latitude winter, sub arctic summer, sub arctic winter and tropical (Wolfe, 1978).  The 

ozone and water vapor data were not used in the modeling, but could easily be included 

since they are read from the file and assigned to variables.  However, the comparisons 
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carried out for this work did not include wavelengths near a significant absorption band 

for either of these constituents and, thus, did not require the water vapor and ozone 

amounts.  The water vapor could have been used to predict hygroscopic growth of the 

atmospheric particles, but this goes beyond the required accuracy for the first order 

models used in this program.   

The files are then converted to functions using a cubic-spline function, internal to 

MathCAD, and then interpolated to give the desired result.  For the most part, the 

mathematical models agree well with the profiles derived using the U.S. Standard 

Atmosphere as can be seen in Figure 4.1.  The US Standard models are selected prior to 

the signal calculation section of the program to allow easy conversion between modes for 

comparisons.  Midlatitude summer was the most commonly used profile for the 

comparisons performed in this work. 
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Figure 4.1  Temperature, pressure and density profiles derived from mathematical models (red solid) 
     and the U.S. Standard Atmosphere (blue dotted).  Midlatitude summer was used here.  
 

The atmospheric density function is the only function used directly in this 

program, although the mathematical model for density uses the temperature and pressure 

profiles.  The density function is used to determine the number density of scatterers 

present as a function of altitude for the molecular scattering case.  The temperature 

profiles are used with the calculations presented in Chapter 7 to determine the width of 
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the Rayleigh function versus range and, thus, the fractional amount passed by the edge 

filter for a given range bin. 

 

4.1.1 MOLECULAR BACKSCATTER MODELS 

The molecular backscatter models used in this program are based on Rayleigh 

scattering.  They consist of a phase function and a total molecular scattering function (i.e. 

the differential scattering cross-section integrated over 4π steradians).  Two distinct 

functions were used in the program.  The first model was obtained through private 

communication with Mr. Gentry of NASA Goddard Space Flight Center and the other 

was obtained from Measures (1992, pg 42).  The two models are shown in Figure 4.1.1. 
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Figure 4.1.1.  Molecular backscatter coefficients as a function of altitude, (red) Mr. Gentry’s model 
                       using mathematically calculated density, (blue dashed) Mr. Gentry’s model using U.S. 
                       Standard Atmosphere, and (black) Measures model with mathematically calculated 

        density. 
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Although both models give results of the same magnitude and functional form, 

there is a very slight offset between Mr. Gentry’s model and the model from Measures, 

seen in Figure 4.1.1.  This offset is most likely due to improved measurements becoming 

available since the writing of Measures’ book and, therefore, Mr. Gentry’s model is 

assumed to be more accurate.  The model from Measures was mainly included as a check 

against Mr. Gentry’s model.   

Since Mr. Gentry’s model was used most extensively, it was split into two cases; 

one where the mathematical model for density was used and one using the chosen U.S. 

Standard Atmosphere, as seen in Figure 4.1.1.  The different cases can be selected by 

assigning the desired value to a variable labeled modem, located just before the signal 

calculations for convenience. 

The reason for defining a total scatter cross-section and using the phase function 

value for 180° backscattered light, rather than just defining the backscatter coefficients, 

was to allow the total scattering functions of the molecular and the aerosol profiles to be 

used as an approximation for the extinction coefficient.  This is not strictly correct since it 

does not include any absorption which may occur.  After evaluating the transmission 

based on the scattering functions alone, it appeared that absorption should be added to get 

more realistic transmission values.  Rather than enter a lookup table for all of the 

wavelengths that might be compared, a constant absorption coefficient was added which 

brought the round trip transmission through the atmosphere for a range bin centered at 

37.3 km, viewing from sea level to an altitude of ~18 km at the 37.3 km range, to 70%. 

Obviously, if a wavelength were considered that was near a significant absorption line, 
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the coefficient would have to be adjusted accordingly. For all of the comparisons done in 

this work the transmission defined above was acceptable.  In addition, Dr. Cornwell’s 

work contained a function representing an atmospheric attenuation for a slight haze, 

which compares fairly well with interpolated values from the Elterman tables between    

λ = 0.8 µm and λ = 0.9 µm (Elterman, 1968).  This attenuation coefficient could be used 

in lieu of the extinction coefficient obtained from summing the two scattering functions 

and adding the constant absorption term.  However, this coefficient does not account for 

variability as a function of wavelength, and the transmission found using this function 

over the same round trip path, as discussed above, is 98.6%, which is far less 

conservative than what the other extinction coefficient yields.  It was found that both 

versions of the extinction are sufficient and have little effect on the results compared to 

other parameters in the program.  For the first order modeling done by this program, the 

total scattering functions, combined with the constant absorption, are used as the 

extinction.  The choice to use this form of the extinction is mainly due to the fact that it 

includes variability with wavelength. 

 

4.1.2 AEROSOL BACKSCATTER MODELS 

The program includes six very different aerosol models, shown in Figure 4.1.2.  

These models include three global models, one University of Michigan model, a Martian 

aerosol model, and a smooth mathematical model.  Two of the global models were 

obtained from Simpson Weather Associates (SWA).  The other global model was 

obtained by private communication with Mr. Gentry, as was the University of Michigan’s 
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model.  The other two models were from the work that Dr. Cornwell had done.  Based on 

the limited documentation that came with his code, it appears that the Martian aerosol 

model was obtained through private communication with Dr. James Spinhirne of NASA 

Goddard Space Flight Center, while Dr. Cornwell’s dissertation states that his model, 

labeled “Don’s model” in this program, was derived from U.S. Standard Atmosphere 

values at 860 nm (Cornwell, 1998, pg. 16).  “Don’s model”, in this code, has been 

modified from its original form in order to produce a separate backscatter function for 

both the Rayleigh and the aerosol components.  The only changes made were to convert it 

into a function of z, an altitude range variable, rather than a function of range bin number 

r, and to then subtract the Rayleigh backscatter from the total backscatter from his model 

to produce an aerosol only backscatter. 

Unfortunately, all of the models have a vertical resolution of 1 km, which is not as 

precise as would be desired for the planetary boundary layer.  However, they still provide 

a reasonable order of magnitude value to do inter-comparisons between different lidar 

instrument parameters and to make estimates of expected performance in many 

situations.  The main reason for including all of these different models, rather than just 

scaling one model to get different scenarios, was to keep the program as general as 

possible with regards to evaluating other lidar types that may indeed make measurements 

to altitudes greater than what would be used for AET lidar.  Additionally, if the AET lidar 

were not being limited to eye-safe energy levels it would not necessarily be limited to the 

lower troposphere. 
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Figure 4.1.2.  Various aerosol backscatter coefficients used in lidar simulation model versus range 
 

The two models obtained from SWA are used for the evaluation of sensors for the  

Global Tropospheric Wind Sounder studies (GTWS) and were decided upon, as design 

atmospheres, by the Science Definition Team from NASA and NOAA (Simpson, 2001).  

The two profiles are based on GLOBE/SABLE/GABLE backscatter survey datasets and 

include a background mode and an enhanced mode (Cutten, 1996, 1998; Menzies, 1994, 

1997).  The background mode is representative of what is commonly seen in the upper 

troposphere when there is no identifiable aerosol loading mechanisms, but has also been 

observed occasionally, in some regions of the globe, within the planetary boundary layer.  
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The enhanced mode represents what is commonly observed when loading is present and 

is seen more commonly in the northern hemisphere planetary boundary layer (Srivastava, 

2001).  These models are good profiles for comparing instrument parameter effects and 

estimating performance over much of the globe.    

The background case presents the worst case scenario, for an AET lidar, included 

in my program. Although it does not necessarily constitute the smallest aerosol 

backscattering that could be observed by a lidar instrument, it is representative of the 

minimum aerosol return that would be seen if sites were selected appropriately for an 

AET instrument to be useful.  Ideally, an AET lidar would operate in regions of higher 

aerosol loading, which for large portions of the globe, at least within the planetary 

boundary layer, would exceed the background case by an order of magnitude or more. 

The global model obtained through private communication from Mr. Gentry is 

shown in Figure 4.1.2 as Globe North.  The unrealistic jog toward higher backscatter at 

15 km is an artifact of the cubic spline function in MathCAD and  the fact that the data 

file only includes values up to 15 km, while the interpolation is attempting to extend it to 

50 km.  This is of no significance for the intended use of the program.  The AET lidar 

being considered here is designed to use aerosol backscatter while operating at eye-safe 

energy levels and, thus, would not be useful at altitudes of greater than about 5 km for 

most cases, and certainly not at altitudes more than 10 km.  This aerosol model contains 

four different modes corresponding to 30, 50, 70 and 90 percent of the histogram data 

collected over the northern hemisphere during the GLOBE experiments, whereas, the 

SWA models use the histogram data from both the northern and southern hemispheres.  
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This model has backscatter coefficients that span the range from the background mode of 

the SWA model to slightly greater than the enhanced mode of the SWA model depending 

on the mode used.  The mode shown in Figure 4.1.2 is for 50 percentile.  Since the values 

in this mode tend to fall between the two other global models, at least in the lower 10 km, 

it was used in this mode to provide an average between the worst and best case scenarios. 

The Michigan model has the largest scattering coefficients within the planetary 

boundary layer and then quickly falls close to the globe background values by around 8 

km, where it increases in value by about and order of magnitude between 8 and 15 km, 

then falls again sharply beyond that.  This model might be representative of an elevated 

dust layer, or volcanic layer, above a marine boundary layer.  This model was used in 

limited capacity since it represents about the best case scenario for an AET lidar and is, 

therefore, not a realistic estimation of performance for most applications. 

The Martian aerosol model was included in the program because of the potential 

for an AET lidar to be used for planetary atmospheric studies due to its use of smaller, 

higher efficiency components.  The model shows the backscatter coefficient beginning 

close to that of the other models, but it becomes larger in the region from 2 to 4 km 

representing an extended planetary boundary layer.  It then drops smoothly to a value 

below the background model from around 9 km to 23 km, where it tracks fairly close to 

the background mode out to 50 km. 

Don’s model is smooth and somewhat high, especially above 12 km where it 

seems unreasonably high.  This model is not dependent on wavelength and was defined 

to correspond to an 860 nm wavelength transmitter.  For many comparisons this model 
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would work fine; however, it does not seem to be as realistic as some of the other models 

and, therefore, was not used often. 

Based on the above discussion of the various models it seems reasonable to use 

the three global models as the range of likely aerosol backscatter coefficients.  They do 

not necessarily represent the extremes of what might be encountered, but they do provide 

a reasonable estimate of poor, fair and good conditions for an AET lidar, and were used 

in that sense for the performance estimates. 

 

4.2 LIDAR SYSTEM PARAMETERS 

After defining the model atmosphere to be used, the remaining terms of the lidar 

equation must be defined before signal calculations can be performed.  Referring back to 

Equation 1.1, and noting that βπ and the atmospheric transmission are accounted for by 

the choice of model atmosphere, there are still several terms that need to be defined.  

These terms relate to the lidar instrument and can be divided into three main categories; 

the transmitter parameters, the receiver parameters, and the range resolution.  This 

section will provide an overview of each of the three categories and illuminate some of 

the nuances associated with assigning values to these parameters. 

The program was written so that any of the parameters from these three sections 

can be dragged and dropped to any location in the program without causing problems.  

This avoids the hassle of having to scroll through the program to change the parameter 

being compared and then scrolling back to view the result. 
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The first section to be discussed is the transmitter parameters.  This section has 

four parameters that must be defined; the laser wavelength, the temporal pulse width, the 

pulse repetition frequency and the per pulse energy.  To evaluate a particular transmitter 

it is necessary to set reasonable values for each of these parameters.  The first step is to 

define the center wavelength of the laser.  This assumes that the laser is narrow enough 

spectrally to be viewed as effectively monochromatic, as seen by the optical components 

in the instrument and by the atmosphere.  Any candidate lasers for the AET would meet 

this requirement, although it may not be true in general for other lidar systems.   

The next parameters to be defined are the pulse repetition frequency and the 

temporal pulse width.  While the selection of these parameters is usually determined by 

the transmitter capabilities, there are two other considerations that come in to play when 

setting these parameters.  First, the minimum spatial resolution of a lidar is determined by 

the temporal pulse width.  Secondly, the maximum range that can be sampled is 

determined by the pulse repetition frequency.  This will be addressed later when the 

range resolution parameters are discussed. 

After the wavelength, temporal pulse width and the pulse repetition frequency 

have been defined, these parameters can then be used in the MPE calculation program, 

Appendix A, to determine the maximum per pulse energy for the desired size of the 

output beam.  Alternatively, a desired per pulse energy can be selected and the required 

expansion of the beam to meet eye-safety standards can then be determined using the 

MPE program.  
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The next term in Equation 1.1 to be defined is the area of the receiver. Computing 

the area of the receiver is straight forward.  The program includes two variables used to 

define the area of the receiver in square meters, namely, the telescope diameter and the 

central obscuration diameter which are both specified in inches.  The choice to define 

these parameters in inches was based on common specifications for commercially 

available telescopes.  The area calculations assume a circular aperture for the receiver. 

The definition of the overlap function is less obvious than the other parameters.  It 

is dependent on the telescope field of view, the laser divergence and the spatial 

relationship between the two.  Figure 4.2.1 is a simplistic diagram provided to help 

understand this concept.  The diagram shows a biaxial configuration, which allows for 

the easiest conceptual understanding, but the overlap effect is present with coaxial 

designs as well.  There are several good references that discuss the overlap effect in great 

detail (Harms, 1978, 1979; Velotta, 1998; Stelmaszczyk, 2005).  The equations used for 

calculating the overlap function, in this program, were obtained from Measures (1992, 

pgs. 256-263).    

 

Figure 4.2.1.  Conceptual diagram of overlapping regions of the transmitted beam and the 
field of view of the telescope.  θR is the half angle of the field of view of the telescope and θD is          
half the divergence angle of the laser beam. 
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The form of the overlap function used in this program does not include all aspects 

of the optical design that can cause a reduction in signal for the close in range bins.  

Some of this can be accounted for by modifying the parameters in the overlap section of 

the program until a reasonable overlap function is obtained.  This is sufficient for this 

modeling since the program was developed to estimate the performance abilities of an 

AET lidar using various components and, not necessarily, to evaluate a particular optical 

design.  Some of the challenges associated with the optical design required to achieve the 

narrow fields of view and small beam divergences indicated in the program will be 

discussed in Chapter 8 as part of the summary and conclusions. After the main 

components have been selected and the instrument is built, it is possible to measure the 

approximate overlap function and correct for it in most cases. Therefore, only a 

reasonable estimate of the effect an overlap function would have on the return signal was 

required at this point.  An example of an overlap function is shown in Figure 4.2.2. 
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Figure 4.2.2.  A theoretical overlap function. 
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The optical efficiency, or τsys, is assigned by estimating the maximum 

transmission of the background rejection filters, the coupling efficiency onto the detector 

and any losses that may be incurred due to other optical elements in the respective 

detection channel.  The program allows separate efficiencies to be defined for the energy 

monitor and the edge filter channels.  For general lidar comparisons, only one channel 

would be necessary, as the energy monitor is usually calibrated based on the outgoing 

laser pulse, and is not required for atmospheric measurements.   

The optical efficiency for the EFC also includes losses due to the edge filter that 

are not accounted for in the term OptEffef.  The program accounts for this additional loss 

by defining a peak transmittance value and a value for the transmittance at the reference 

frequency.  The transmittance at the reference frequency is used rather than including the 

normalized filter transmission function, TN(ν), to simplify the initial performance 

estimates and comparison calculations.  To justify this it was assumed that the normalized 

filter transmission of the reference was only 30%.  Several of the filters considered have 

peak transmission near unity and would be used at approximately the 50% transmission 

point for the reference.  To first order, using the 30% transmission point represents an 

estimate of the instrument performance for a return signal that was shifted toward the low 

transmission side of the filter by a wind velocity between 8 and 20 m/s, depending on the 

slope of the filter and the laser wavelength.   

The values for the transmission and reflection coefficients of the beam splitter, 

used to divide the signal between the EFC and the EMC, were chosen to maximize the 

signal to noise in both channels.  Therefore, the first step is to set them to some default 



 
129

value. They are then readjusted after all of the other parameters in the model have been 

defined, and the signals are then calculated.  Obviously, if a beam splitter has already 

been selected, then these values are set accordingly.  The EMC may also require some 

additional attenuation to prevent saturation of the detector.  This is included in the term 

OptEffem as necessary, depending on the system being defined. 

The quantum efficiency is assigned by using the manufacturer’s specifications, 

unless the detectors to be used are available for laboratory testing.  The quantum 

efficiency can vary anywhere from 0.01 to 0.80 depending on the wavelength and the 

detector used and, thus, can significantly affect the performance of the lidar.  Most 

detector manufacturers will provide a data sheet which illustrates the average quantum 

efficiency as a function of wavelength for their detectors.  These are reasonable 

guidelines to use for performance evaluations of a lidar instrument.  It should be 

mentioned, however, that many manufacturers will provide detectors which perform 

better than average at the wavelength of interest during testing, for an additional fee.  

This is mentioned because it implies that using the values specified on the manufacturer’s 

charts are actually conservative estimates in many cases.  Assuming the extra money is 

available to purchase the more efficient detectors, this can be an effective means for 

improving system performance. 

The final remaining term in the lidar equation is the range resolution, ∆R.  This 

term is defined by specifying a temporal bin width over which data is compartmentalized. 

Then, using the known speed of light, the range resolution is found using 
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∆R BinWidth
c

2
⋅≡

, (Eq. 4.2.1) 

 

where c is the speed of light and BinWidth represents the time interval over which data 

are stored to a particular bin.  The factor of ½ results from the fact that directly 

backscattered light is being considered. The main requirement for this parameter is that it 

can not be less then half of the laser pulse’s temporal width.  If it were, it would be 

meaningless, because scattered light could be returning to the receiver from outside of the 

defined spatial region.  This is why the temporal pulse width of the laser must be 

considered when defining the transmitter properties.  In addition, the detector and its 

associated electronics can further limit the minimum range resolution if they do not have 

sufficient bandwidth.  This should not be a problem for the range resolutions being 

considered for this system.  The pulse widths being considered are in the microsecond 

range and electrical bandwidths in the MHz range are easily achievable.  In general, 

however, the electrical bandwidth must also be considered when defining the range bin 

width. 

Having the range resolution defined allows a range variable to be defined in terms 

of the bin width as 

 

R r( ) r ∆R⋅
∆R

2
−≡

, 
(Eq. 4.2.2) 
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where r is the range bin number.  The maximum number of range bins that can be 

sampled (i.e., the maximum number for r) is then determined by 

 

RMax
1

BinWidth PRF⋅
≡

, 
(Eq. 4.2.3) 

 

where PRF is the pulse repetition frequency and R(r) represents the range from the lidar 

to the center of range bin number r.  Inserting RMax into Equation 4.2.2 gives the 

maximum line-of-sight (LOS) range for the lidar.  The maximum range must be large 

enough to ensure that the probability of backscattered photons still arriving at the 

receiver, from the previous laser pulse, be sufficiently low when the next pulse is sent 

into the atmosphere so that it does not corrupt the signal.  This requirement places an 

upper bound on the pulse repetition frequency of the laser for a given bin width and 

operating conditions. 

 One other set of parameters that must be defined before the signal calculation can 

be performed is the viewing geometry.  This can be specified by defining an elevation 

angle and a system altitude.  The azimuth angle is only relevant for this type of 

evaluation if we are considering a specific environment (i.e., sun angle, mountains, 

buildings, etc., etc.).  The elevation angle is important because all of the atmosphere 

models are functions of altitude.  A lidar looking at an elevation angle of 60 degrees 

would be much higher in the atmosphere when it reached its maximum range than a lidar 

operating at 30 degrees in elevation.  Therefore, the lidar with an elevation angle of 60 

degrees would see the backscatter coefficients decreasing more rapidly than the lidar 
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operating at a 30 degree elevation angle.  The system altitude also affects the backscatter 

coefficients since they are defined as beginning at sea level. Having the range bins and 

the elevation angle defined also allows the horizontal and vertical range parameters to be 

calculated. 

 

4.3 SIGNAL, NOISE AND ERROR CALCULATIONS 

With all of the parameters from the previous section defined, the predicted signals 

can now be determined.  The program first calculates the number of signal photons 

collected by the receiver per second per range bin for both the aerosol and the molecular 

backscattered components.  This is done using the common lidar equations formally 

defined in Chapter 3 by Equations 3.2.8 and 3.2.9.  The equivalent forms for these 

equations, as written in the program, are:  

 

Na r λ,( )
Energy λ⋅

h c⋅

RecArea

R r( )( )
2

⋅ β πa alt r( ) mode,( )⋅ ∆R⋅ AtmTrans r( )⋅ PRF⋅ Overlap r( )⋅=

, 

 

Nm r λ,( )
Energy λ⋅

h c⋅

RecArea

R r( )( )
2

⋅ β πm alt r( ) modem,( )⋅ ∆R⋅ AtmTrans r( )⋅ PRF⋅ Overlap r( )⋅=

. 
 
 

 

(Eq. 4.3.1) 

(Eq. 4.3.2) 

Most of the terms are easily identified with their counterparts from Equations 3.2.8 and 

3.2.9, or from the previous section of this chapter.  Energy is the per pulse energy Eo, 

RecArea is the area of the receiver A, R(r) is the range variable R as a function of range 
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bin number, ∆R and PRF are the same as in Chapter 3, and Overlap(r) is the overlap 

function ξ(R) only given as a function of range bin number rather than range R.  The term 

AtmTrans(R) is the atmospheric round trip transmission given by 

 

AtmTrans r( ) exp 2−
SystemAltitude

alt r( )

xκ x( )
⌠
⎮
⌡

d
⎛⎜
⎜⎝

⎞

⎠
=

, 
(Eq. 4.3.3) 

 

where alt(r) is a function giving the altitude of range bin r and SystemAltitude is the 

altitude of the lidar instrument above sea level.  Finally, the backscatter coefficients βπm 

and βπa are the same as in Chapter 3, except the frequency dependence is not explicitly 

shown and the range variable R is replaced by the altitude variable alt(r).  Also, the terms 

mode and modem are included and allow the different atmospheric models to be selected 

as discussed in Section 1 of this chapter. 

 The program then uses the defined lidar parameters to determine the calibration 

constants for the EFC and the EMC given by 

 

(Eq. 4.3.4) 
 Cef OptEff ef ηef⋅ TBS⋅ Tef_νpeak⋅=  

and 

(Eq. 4.3.5)  Cem OptEff em ηem⋅ RBS⋅=  

 

respectively, which are identical to the calibration coefficients defined in Equations 3.2.2 

and 3.2.3.   
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 Combining the calibration coefficients with Equations 4.3.1 and 4.3.2 allow the 

EFC and the EMC signal counts, for each scattering class, to be determined.  In addition 

to the calibration constant, the EFC signals are multiplied by the reference transmittance 

for the aerosol component and by the fractional amount of the Rayleigh photons passed 

by the edge filter for the Rayleigh component.  The latter of these has to be specified 

when defining the lidar receiver parameters and its value depends on the filter being 

considered and the average temperature of the atmosphere being probed.  If a general 

lidar instrument, rather than an AET lidar, were being evaluated using this program, the 

two edge filter transmission terms and the term for the fractional part of the Rayleigh 

photons being passed would be set to unity.  The signal counts per second per range bin 

are then calculated and plotted.  An example of the output plot is shown as Figure 4.3.1. 

Photon Counts Per Second as a function of Range Bin for Defined Parameters 
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Figure 4.3.1. Sample plot of signal counts from lidar analysis program. 
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As can be seen in the figure, the signal counts are not smooth continuous functions of 

range.  Rather, they are one-dimensional arrays; hence, the step-like appearance.  Each 

element of the array represents a range bin.  The first element represents the range bin 

that is closest to the lidar and the last element of the array represents the range bin 

corresponding to RMax from Equation 4.2.3.  Of course these simulated signal counts do 

not include the random variations that a real lidar signal would encounter due to changes 

in the atmosphere, changes in the instrument and other noise sources.   

After the signal counts have been determined, the next step is to quantify any 

noise counts that might be present in addition to the backscattered photons.  The first 

noise source to be considered is the solar background.  The solar spectral distribution was 

discussed in Chapter 1.  What was not addressed is how the solar radiation affects a lidar 

signal.  The amount of solar radiation received by a lidar depends on the incident solar 

radiance, the solid angle viewed by the lidar, the area of the receiver, the pass band of any 

spectral filters in the detection channel, and the calibration coefficient for the detection 

channel as defined in Equations 4.3.4 and 4.3.5 for the respective channel. In 

mathematical terms, the number of photons detected per second by the EFC is expressed 

as 

 

SolarBackef
BSolar λ⋅

h c⋅
SolidAngle⋅ RecArea⋅ BandPassEF⋅ Cef⋅=

, 
(Eq. 4.3.6) 

 

where BSolar is the incident solar radiance, hc/λ is the energy per photon at wavelength 

λ, RecArea is the receiver area in appropriate units depending on the units of BSolar, and 



 
136

BandPassEF is the bandpass of the edge filter which lies inside the pass band of the solar 

background rejection filter in terms of full width at half maximum values, also expressed 

in appropriate units corresponding to BSolar.  The solar background counts in the EMC 

are defined in the same way, only with the last two terms in Equation 4.3.6 replaced by 

the analogous terms for the EMC channel.  

All of the terms in Equation 4.3.6 are defined in the lidar system parameters 

except for BSolar and the band pass of the spectral filter.  The spectral filter used for the 

solar background rejection can easily be defined by using the specifications available 

from the filter manufacturer.  The incident solar radiance is not as easily defined. 

In order to define the solar radiance there are many factors to be considered.  For 

instance, the incident solar radiance is dependent on the viewing geometry, the 

atmosphere, and the location of the sun relative to the line of sight of the lidar.  In this 

work several cases were considered.  Since the main concern was the limiting 

performance for a particular set of lidar parameters, the case included in the program is 

for when the lidar is looking at a sunlit cloud as illustrated in figure 4.3.2. 
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• Ground is considered Lambertian 
• Ground reflectance = 0.5 
• Cloud is considered Lambertian 
• Cloud albedo is 0.8 

 

In this situation the incident solar spectral radiance, as seen by the lidar, is mainly due to 

light which has been transmitted through the atmosphere, reflected by the ground to the 

cloud, or directly reflected from the cloud, and then reflected into the field of view of the 

lidar.  The solar spectral radiance can be calculated fairly easily if a few assumptions are 

made.  First, the sun is modeled as a blackbody with a temperature of 6000 K.  Secondly, 

we assume the ground and the cloud are Lambertian reflectors, meaning that light is 

equally reflected in all directions within a hemisphere.  Also, a ground reflectance of 50% 

is assumed, and the cloud albedo is assumed to be 0.8.  Albedo is a term used to describe 

the amount of light scattered versus how much is absorbed and has a value of unity for 

zero absorption.  Using these assumptions, the solar background spectral radiance 

incident at the lidar will range from a high of about 500 W/m2/sr/µm to about 48 

 

30° 
Lidar

Figure 4.3.2.  Situational illustration  for solar background calculations, with lidar viewing a  
                        sunlit cloud. 
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W/m2/sr/µm, depending on the wavelength and whether or not the cloud is being 

illuminated from the ground, from the sun directly or both.  The value for BSolar used in 

the program was 150 W/m2/sr/µm with an adjustment for wavelength given by (850 

nm/λ(nm))4.  It should be noted that for a clear sky, assuming that the lidar is not looking 

at the sun, the solar spectral radiance incident on the lidar would be several orders of 

magnitude smaller than for a sunlit cloud. 

 The spectral filtering in the EFC is dependent on the type of edge filter used.  For 

example, a Fabry-Perot interferometer (described in the next chapter) has several narrow 

transmission bands separated by small wavelength intervals.  In order to consider the 

solar background in this case it is necessary to determine the number of these 

transmission bands that fall within the band pass of the background rejection filter.  

Determination of the proper bandpass for this channel has to be done separately, by the 

user, and only an effective bandpass is entered into the program. 

 Another source of noise in a photon counting detection channel is dark counts.  

Dark counts are photoelectrons which are generated due to internal properties of the 

detector and would occur with no light incident on the detection surface.  The root mean 

squared value for the dark counts of a particular detector is typically available in the 

specifications given by the detector manufacturer. 

 Once the solar background and the dark counts have been specified, the total 

number of counts as a function of range bin may be determined.  This is done separately 

for day or night operation for both the EFC and the EMC.  Obviously, at night the solar 



 
139

background is not a factor.  The resulting expressions are obtained for the total counts in 

each channel: 

 

NoiseDayEFC r( ) Na_ef r( ) Nm_ef r( )+ SolarBackef DutyCycle⋅ PRF⋅+ DarkCountsInterval
2

+= , (Eq. 4.3.7) 

NoiseDayEMC r( ) Na_em r( ) Nm_em r( )+ SolarBackef DutyCycle⋅ PRF⋅+ DarkCountsInterval
2

+= , (Eq. 4.3.8) 

NoiseNightEFC r( ) Na_ef r( ) Nm_ef r( )+ DarkCountsInterval
2

+= , (Eq. 4.3.9) 

NoiseNightEMC r( ) Na_em r( ) Nm_em r( )+ DarkCountsInterval
2

+= , (Eq. 4.3.10) 

 

where Na_ef are the aerosol counts measured in the EFC, Nm_ef are the molecular counts 

measured in the EFC, and similarly for Na_em and Nm_em in the EMC, SolarBackef and 

SolarBackem are determined using Equation 4.3.6 for the respective channel, DutyCycle 

is the temporal bin width and DarkCountsInterval is the RMS value of the dark counts 

specified by the manufacturer multiplied by the duty cycle and the PRF.  

 The aerosol signals and the total counts are then used to determine the signal-to-

noise ratio, SNR, following Poisson statistics, for each channel, for both day and night 

operation.  Based on Poisson statistics, the SNR is determined by 

 

 
SNRPoisson

Nsig

Nsig Nnoise+
=

. 
(Eq. 4.3.11) 
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From Equation 4.3.11, it is clear that the SNR will increase if the number of signal counts 

increases.  A common means of taking advantage of this feature is to average the signals 

over some period of time.  Based on how the signals in the program are defined (i.e., in 

terms of counts per second per range bin), the SNR increases as the square root of the 

integration time.  Including this in the program, and writing Equation 4.3.11 in the 

notation used in the program, the SNR for the EFC operating during the day is given as  

 

 
SNRDayEFC r IntegrationTime,( ) IntegrationTime 60⋅

Na_ef r( )

NoiseDayEFC r( )
⋅=

, 
(Eq. 4.3.12) 

 

where integration time is specified in minutes.  Similar definitions are also made for 

nighttime operation and for the EMC.   

 If we can assume that the SNR for the EFC and that for the EMC are independent, 

then the total signal to noise for the wind measurement can be defined by Equation 

2.2.12.  Following the discussion from Chapter 2, regarding the error in a wind velocity 

measurement using the edge technique, the wind sensitivity factor must be defined before 

the m/s error in the wind velocity measurement can be determined using Equation 2.2.11.  

The sensitivity is dependent on the edge filter to be used and, thus, the normalized 

transmission function must be determined before the sensitivity can be computed.  If we 

assume a Lorentzian transmission profile with the functional form 
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f x( )

1

1 x2
+

=

, 
(Eq. 4.3.13) 

 

where x is defined as (ν – νo) / hw, with νo being the frequency corresponding to the peak 

of the filter and hw being the half-width at half-maximum value of the filter.  The wind 

sensitivity factor is then given by 

 

 
Θ

1
V

x
f x( )d

d
f x( )

⋅=
1
V

−
2x

1 x2
+

⋅ dx=

, 

(Eq. 4.3.14) 

 

where dx is dν / hw, and V is taken to be 1 m/s wind velocity.  Using Equation 4.3.14 the 

wind sensitivity factor can be plotted in terms of the location of the reference signal in 

units of half widths as shown in Figure 4.3.3. 
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Figure 4.3.3. Calculated sensitivity as defined for a Lorentzian transmission function for the edge 
         filter assuming a 68 MHz half-width at half-maximum and an 850 nm wavelength. 

 

As discussed previously, the program assumes that the reference transmission is at the 

30% transmission point on the normalized edge filter transmission function, which, for 

this example, would result in a wind sensitivity factor of 2.7% change in transmission per 

m/s velocity of the wind.  Unfortunately, there was no easy way to implement this into 

the program in a way that would allow it to be calculated for any filter that might be used 

for an AET lidar.  The parameters for the Fabry-Perot case were the only case included in 

the program.  The reason for this is based on the trade off studies presented in the next 

chapter, determining that the Fabry-Perot was the best filter choice for an AET lidar.  The 

program can be modified if another filter were to be considered, but only the Fabry-Perot 

was considered for the comparisons in this work. 
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 With the sensitivity, the signal counts, and the total signal plus noise counts 

determined, the program estimates the wind velocity error in m/s, due to shot noise alone, 

as a function of range bin using 

 

 
ErrorLOSDay r IntegrationTime,( )

1
SNR_D r IntegrationTime,( ) Sensitivity⋅

:=
. 

(Eq. 4.3.15) 

 

Equation 4.3.15 is only for the line of sight error during daytime operation.  Additional 

calculations for nighttime operation are also included, as well as including the error for 

horizontal wind fields, which include an additional error based on the cosine of the 

elevation angle.  The errors are then plotted for different integration times as a function of 

range bin, shown in Figures 4.3.4 and 4.3.5.  These plots were generated using the 

GlobeNorth model, which as discussed earlier, only has values up to an altitude of 15 km.  

The decreased error, seen at around range bin 150 in the figures, is not real and is only an 

artifact of using the GlobeNorth model.  For this discussion, and in the program given as 

Appendix B, the models were not altered from their original form. However, for the 

comparisons, when using the Globe North model, a modification was made to the 

program.  Since the Globe North model only had values to a 15 km altitude, the SWA 

Globe enhanced model was used to extend it from 15 km to 50 km, thereby eliminating 

any problems beyond 15 km.  This yielded consistency between the three global models.  
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Figure 4.3.4.  Sample of shot noise error calculations, shown in m/s error, for 1 minute integration 
         time as a function of range bin.  The range bins shown here are 200 m line of sight, 
         giving 173 m horizontal and 100 meter vertical resolution for a 30° elevation angle. 
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Figure 4.3.5.  Sample of shot noise error calculations, shown in m/s error, for 5 minute integration 
         time as a function of range bin.  The range bins shown here are 200 m line of sight, 
         giving 173 m horizontal and 100 meter vertical resolution for a 30° elevation angle 
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Using the m/s error values, an estimate of the maximum range for the defined lidar 

instrument to meet the 1 m/s accuracy can be determined.  This can also be used to 

determine the required integration time to achieve the desired maximum wind velocity 

error at a pre specified range.  For the applications discussed in Chapter 3, tradeoffs 

between maximum range and acceptable integration times would have to be made 

according to the intended uses of the AET lidar.  For instance, a midsized airport may be 

satisfied with 2 m/s accuracy to a range of 2 miles (3.2 km) if the integration time could 

be kept to 30 seconds or less, to allow wind shear to be determined in a sufficient 

timeframe to warn the pilot. However, an instrument used to track pollutants may benefit 

from improved velocity estimates over a longer range by sacrificing temporal resolution. 

 There are a number of tradeoffs that can be made to achieve the required 

accuracies and range requirements such as using a larger receiver aperture, using 

narrower or multiple solar background filters, lowering the spatial resolution and so forth.  

Many of these tradeoffs will be discussed in the next chapters. The main focus of this 

chapter has been to discuss how the program was developed, what the inputs and outputs 

are, and how it is used to determine the shot noise limited error.  It should also be 

mentioned that the shot noise output from this program is based on evaluating the wind 

measurement as a single edge measurement or as discussed in the first section of Chapter 

3.  I mention this because the SNR used in this program is the combined SNR of the 

EMC and the EFC, and the EMC has a much larger background signal than the edge 

channel.  If the analysis described in Section 2 of Chapter 3 is used then the SNR of the 

EMC is a factor only in the methods ability to estimate the molecular component of the 
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backscatter and not directly as shot noise in the measurement channel.  The actual wind 

measurement is only based on the measurements taken in the EFC, by using the ratio of 

the measurements on the two opposing edges, therefore, the shot noise would only be 

from that seen in the edge filter channel.  Of course the error in the methods ability to 

estimate the molecular to aerosol backscatter ratio, BR, is affected by the shot noise in 

both channels and would enter into the total error of the wind measurement.  This will 

become clear when the analysis of the AET using this method is presented in Chapter 7. 
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CHAPTER 5 
TRADE-OFF STUDIES AND ANALYSIS 

 

 It should be obvious by now that the seemingly simple lidar equation given in 

Chapter 1 is composed of a large number of variables and that many of these variables 

are largely dependent on the others.  There are several requirements that can help limit 

the range of these variables, but general estimates of the expected performance of a lidar 

are very difficult.  A reasonable place to start is to refer to the constraints mentioned at 

the beginning of Chapter 4.  The required accuracy is bound to better than 1 m/s error due 

to shot noise alone in the velocity measurement, the laser per pulse energy is bound to 

operate at or below the MPE and it is assumed that the lidar will be utilized to measure 

winds mainly in the lower troposphere using aerosol backscatter.  These constraints, 

combined with the desire to build an efficient and cost effective lidar instrument, were 

used to evaluate the suitability of available components for an AET lidar. 

This chapter presents research that was performed to determine the state of 

current technology required to implement the AET.  The results of this research are then 

put into context by using the program described in Chapter 4 to estimate the ability of the 

AET to meet requirements for the applications discussed, using available technology.  

The three main technologies required to implement the AET include: 

• High quantum efficiency photon counting detectors 

• A high repetition frequency, pulsed, single-mode, tunable and stable laser 

source with high peak power 
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• Cost effective, stable frequency filter with two oppositely sloped edges and 

sufficient resolving power 

A sensible place to begin is to first discuss what the specifications for the ideal 

components would be.  This will facilitate a brief discussion of what the AET lidar would 

be capable of if available technology were not a limiting factor.  The discussion will then 

turn to more realistic technical requirements of these components for making an AET 

lidar useful for the applications presented in Chapter 3.  Defining the ideal case and the 

realistic bounds for the available components will help to put the results of this study into 

perspective.  The findings for each of the main components will be discussed, along with 

specific details for the components that have been deemed as the best available 

candidates for building a prototype AET lidar. 

 

5.1 IDEAL COMPONENTS AND AET PERFORMANCE 

The ideal AET laser would transmit a single longitudinal mode at a wavelength in 

the region of 1.5 µm with a line width of less than 20 MHz.  It would be capable of 

producing 60 ns pulses at a repetition rate of ~4 kHz with per pulse energy levels of ~2 J.  

This is the ideal transmitter because at 1.5 µm the MPE is 1 J/cm2, the solar background 

is much smaller than for shorter wavelengths and the molecular backscatter is reduced as 

λ-4 while the aerosol backscatter only goes down as ~λ-2. 

If this transmitter were available, the ideal detector would be able to provide 

photon counting detection at 1.5 µm, over a wide dynamic range up to at least 10 million 

counts per second, with low dark count rates.  Obviously, the ideal detector would have 
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quantum efficiency of 1 and no dark counts, but this is highly unrealistic in terms of 

fundamental limitations imposed by nature.  To remain somewhat more realistic, the 

detector will be said to have quantum efficiency of only 5 %, and dark count rates up to 

100,000 counts per second (cps). 

The ideal edge filter, for this case, would have a symmetric transmission function, 

linearly sloped edges, a peak transmission of unity and a full width at half maximum of 

around 100 MHz.  Of course, being ideal, it would also be completely stable for normal 

operating conditions, and would not pass any light outside of the bandpass. 

Although the specifications for these ideal components do not appear very 

realistic, the only component that is far from current technology is the transmitter. The 

components discussed later in this chapter will illuminate how close the detectors and the 

filters have come to the specifications given here.  However, it is not much of a stretch to 

believe that even the transmitter will become available within the next couple of decades, 

if not sooner.  This is because there is a strong desire from the DoD, and other 

governmental agencies, for high power eye-safe transmitters and because of research and 

development taking place within the telecommunications industry at the 1.55 µm 

wavelength.  It seems appropriate to evaluate the performance that could be achieved if 

these components were to become available, in order to highlight what the potential for 

an AET lidar is.   

The specifications for all of the assigned parameters used in the lidar analysis 

program, discussed in Chapter 4, are listed in Table 5.1, using the ideal components 

specified above.  The atmospheric aerosol model used was the Globe North model.  The 
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elevation angle was set to 35°, so the maximum altitude sampled was ~11.2 km and the 

15 km range of the Globe North data was sufficient, without modification.  The 

molecular model was Mr. Gentry’s model, using the U.S. Standard Atmosphere model, 

Midlatitude Summer.  The same values for the solar background, discussed in Chapter 4 

for a sunlit cloud, were used.  However, at 1.55 µm the solar background is reduced by 

more than a factor of 10 due to wavelength dependence as discussed in Chapter 4. 

Table 5.1. Specified parameters for estimating performance of AET 
lidar with near ideal components. 

Laser Parameters 
Wavelength 1.55 microns 
Temporal pulse width 60 ns 
Per pulse energy 2 J 
      

Receiver Parameters 
Telescope diameter 8 in. 
Central Obscuration 2.6 in. 
Effective telescope area 0.029 m^2 
Beam splitter transmission 0.85   
Beam splitter reflection 0.15   
Optical efficiency (EFC) & (EMC) 0.35   
Quantum efficiency (EFC) & (EMC) 0.05   
Dark count RMS value  100 kcps 
Peak transmission of edge filter 0.95   
Transmission at reference frequency 0.5   
  

Viewing Geometry and Range Resolution 
Temporal bin width 66.75 ns 
Elevation angle 35 Degrees 
Spatial resolution (LOS) 10 m 
Spatial resolution (Horizontal) 8.196 m 
Spatial resolution (Vertical) 5.739 m 
Number of bins 4495  
Maximum range 45 km 

 

The results of the performance estimates are shown in Figure 5.1.1.  As can be 

seen, measurements of wind velocity to better than 1 m/s error, based on the shot noise 
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limited performance, can be achieved to a range of about 15 km using 10 meter range 

bins and 30 second integration times.  Achieving this level of performance from an AET 

lidar would certainly satisfy all of the requirements for the applications mentioned in 

Chapter 3.  Another benefit of using 1.55 µm is that the output beam for this case (i.e., 

using 2 J pulses) only requires beam expansion to a one inch diameter in order to meet 

the MPE standards.  Consequently, this allows a compact design to be easily achieved for 

a biaxial configuration, considering that the telescope used in the model was only 8 

inches in diameter.  Furthermore, the solar background is so much lower at this 

wavelength that the telescope field of view could be opened up in order to reduce the 

overlap effect and, thus, allow for additional improvement of the close in range bin 

errors.  This can be seen by noting that almost no difference is seen between the 

nighttime and daytime estimates. 
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Figure 5.1.1.  Error estimates, in m/s error, versus range bin number for a 30 second integration time 
         using near ideal components.  The range bin width is 10 meters line of sight. 
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 This is only one possible scenario that could be used to discuss the potential for 

an AET lidar.  This was presented here, in order to show what the AET should be capable 

of achieving in the near future.  The remainder of this chapter will be directed toward 

components that are currently available.  Discussion about the benefits and drawbacks of 

available components will also be provided, as well as more detailed descriptions of the 

components deemed to be the best candidates for the AET. 

 

5.2 DETECTORS FOR AN AET LIDAR 

Since the AET lidar, as presented here, is constrained by the use of eye-safe 

energy levels, photon counting is required for both channels.  It is necessary to have high 

quantum efficiency, low-noise detectors, in order to obtain a sufficient SNR.  Therefore, 

the quantum efficiency and the dark count rate were the primary performance factors 

considered.  Additional consideration was given to the active detection area, the cost of 

the detectors, ease of use and cooling requirements.  Evaluating available detectors first 

has the added benefit of constraining the laser wavelengths that need to be considered for 

this work. 

This section will begin with a general discussion of the basic photon counting 

problem, allowing some useful terminology to be introduced.  This will be followed by 

details concerning the two main types of single photon counting detectors that would 

satisfy the needs of an AET lidar, namely, avalanche photodiodes and photo-multiplier 

tubes.  
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5.2.1 THE BASIC PHOTON COUNTING PROBLEM 

When discussing photon counting it is assumed that only weak signals are being 

considered (i.e., less than one or two photons per tens of nanoseconds arrive at the 

detector on average).  For instance, a photon at 1550 nm has an energy of only                

1.28 x 10-19 J and a photon at 532 nm has about three times that much energy, which for 

an average of one photon per nanosecond corresponds to an average power of only 128 

picowatts for 1550 nm and 373 picowatts for 532 nm.  These are very weak signals; 

however, they actually represent powers that are at the upper limit of photon counting.  

This limitation is mainly due to a finite temporal response of the detector required to 

detect discrete pulsing events and then recover so that another event can be detected.  

Events occurring at rates greater then the response time are seen as a fluctuation on top of 

a continuous signal, rather than as discrete pulses. 

Most photon counting detectors use the photon’s energy to liberate an electron (or 

an electron hole pair), which is then forced to multiply in some manner, resulting in a 

measurable current by the detection circuit.  The probability of an incident photon 

creating a liberated electron, that is then available to be multiplied, is known as the 

quantum efficiency, η, of the detector. This can be stated as 

 

η
number_of_liberated_electrons
number_of_incident_photons

=
, 
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where the number of liberated electrons does not necessarily mean the electron was 

multiplied and detected by the circuit only that it is available for the multiplication 

process.  The number of incident photons also includes photons of any wavelength.  This 

is really a statement of the absolute ability of a detector to convert single photons into 

electrons and does not include the entire collection process.  If referred to again in this 

text it will be called the pre-multiplication quantum efficiency.  

Since many of the detectors that are commercially available come as complete 

detector packages (i.e., detector and operating circuit combined), and the response to a 

particular band of wavelengths is what is really of interest, a more useful definition of the 

quantum efficiency is the number of detected events per number of incident photons at a 

particular wavelength of the photons.  This should properly be called spectral detection 

efficiency. This quantity is what has been referred to (although somewhat improperly) 

throughout this dissertation as the quantum efficiency, and is correctly stated as 

 

ηλ
number_of_liberated_electrons

number_of_incident_photons_at_ λ
Probability_of_liberated_electron_being_detected⋅=

, 

 

where λ is the wavelength of the incident photons and the probability of a liberated 

electron being detected depends on the operating circuit and the operating conditions.  

For detectors that are not sold as complete packages, there may be several curves given, 

for the detection efficiency as a function of wavelength, corresponding to a particular bias 

voltage and discrimination circuitry (i.e., the circuit that interprets the current pulse as a 
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real event or background).  To be strictly correct, the quantum efficiency, as used in the 

program from Chapter 4, is the average spectral detection efficiency that lies between the 

bandpass of the particular detection channel.  Since the bandpass of the filters being 

considered are very small, relative to the precision of which the spectral quantum 

detection efficiency is known, it is taken to be the value given by the manufacturer for the 

laser wavelength, and will just be referred to as η or quantum efficiency in this text. 

 Dark count rates are due to electrons that become liberated, multiply and are 

detected as an event, but were liberated by a mechanism other than an incident photon.  

These counts are intrinsic to the detector being considered and are usually specified, as a 

typical number and a maximum number of counts per second, by the manufacturer.  Of 

course, different operating circuits and operating conditions are also a factor in 

determining the number of dark counts. 

Since there is no way to distinguish between an event that occurred due to a 

photon and one that occurred due to another mechanism, when both are occurring, the 

dark count level serves as a background noise that can not be removed.  It is included in 

the lidar analysis as a probability that a dark count will occur during the interval over 

which a measurement is being made (i.e., the manufacturer’s given dark count rate, times 

temporal bin width, times the PRF, gives the most probable number of counts per second 

due to events other than photons within a particular bin).    

 The details involved in the conversion of a single liberated electron due to an 

incident photon, or any of the other possible mechanisms, are beyond the scope of this 

presentation.  However, since the only two parameters included in the lidar performance 
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analysis relating to the detector are the quantum efficiency and the dark count levels, it 

seemed appropriate to include this discussion for clarity.  With the definitions for these 

two terms, as they are used in the lidar analysis, made clear, comparison of different 

detectors can now be discussed.  The discussion will be divided into three parts: 

photomultiplier tubes (PMTs), avalanche photodiodes (APDs), and other photon counting 

devices. 

 

5.2.2 PHOTOMULTIPLIER TUBES 

PMTs use a photosensitive material, inside a vacuum tube, as a photocathode 

which emits free electrons into the vacuum when light strikes it.  The free electrons are 

then accelerated and focused onto a secondary emission surface, referred to as a dynode, 

where the impact of the initial electrons cause additional electrons to be emitted.  The 

process is repeated some number of times, depending on the number of dynodes, and then 

the electrons are collected by an anode.  If the rate of incident photons is sufficiently low, 

the current detected at the anode will appear as individual pulses.  The magnitude of the 

pulses varies widely, since the number of electrons emitted at each dynode varies.  

Photon counting is performed by setting up a low level discriminator, and an upper level 

discriminator in some cases, then outputting a pulse when a pulse lies between the upper 

and lower discrimination levels.  This is a simple description of how photon counting 

using a PMT is performed.  Excellent, detailed discussions regarding PMTs in general 

and photon counting using PMTs are available from Hamamatsu Photonics K. K. 

(Hamamatsu, 1999, 2001). 
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The main purpose of this section is to discuss what PMTs are currently available, 

and what they offer for an AET lidar in terms of quantum efficiency and dark count rates.  

PMTs, capable of photon counting, are available for wavelengths ranging from 300 nm to 

1700 nm.  Table 5.2.1 lists a few select PMTs, covering various wavelength ranges, along 

with their associated dark counts, quantum efficiency and response times. 

 

Table 5.2.1.  A few selected PMTs, listed by manufacturer with published specifications. 

Manufacturer 
Part 

number 
Wavelength 
range [nm] 

Max Q.E. @ 
wavelength 

Dark 
count rate 

max 
Response 

time 
Electron Tubes 

Inc.          

  P30CWAD5 280 - 630 
28%     

@  λ  = 400 nm 
200   

@ 20 C 23 ns 

  DM0033C 280 - 850 
21%     

@  λ  = 350 nm 
6000  

@ 20 C 2 ns 
Hamamatsu 

Photonics K.K.           

  H6240-02 185 - 950 
14%     

@  λ  = 400 nm 
800    

@ 25 C 35 ns 

  H3460-54 300 - 650 
30%     

@  λ  = 375 nm 
300    

@ 25 C 8 ns 

  R5509-73 300 - 1700 
  2%      

@  λ  = 400 nm 
160000   
@ -80 C 26 ns 

 

The PMTs shown in Table 5.2.1 are by no means an exhaustive list; however, it does 

cover the state of the art for commercially available PMTs, in terms of wavelength 

coverage and performance.  What is not clear from the table is how well any of these 

detectors perform at a specific wavelength, other than the peak of the detector’s response.  

For instance, although the Electron Tubes, Inc. model number DM0033C covers the 

spectral range from 200 to 850 nm, the quantum efficiencies at the edges of this range are 

much less than 1%.  The long wavelength version, offered by Hamamatsu Photonics K. 
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K., model number R5509-73, has a quantum efficiency of 1% from about 900nm to 1550 

nm, only 0.01% at 1650 nm, and 0.5% at 780 nm. 

 There are a couple of highly desirable advantages that PMTs have over other 

photon counting detectors for an AET lidar.  First, PMTs have an extremely large 

dynamic range, extending to 50 million cps for some detectors such as the DM0033C, 

while still retaining good linearity over the entire range.  Secondly, PMTs have much 

larger collection areas than most other photon counting detectors, while still maintaining 

low dark count levels.  Many PMTs have collection surfaces that are close to an inch in 

diameter, allowing a much simpler optical design.  In contrast, a typical APD has a 

diameter on the order of 170 µm, which is much harder to couple light onto efficiently.  

Furthermore, PMTs have extremely high gain, on the order of 103
 to 108

, making the 

detection circuit somewhat easier than other devices with less gain. 

 The main drawbacks for using PMTs in an AET lidar are: PMTs are expensive 

(~$10000.00 for complete system), they generally require cooling (operating range varies 

from -80 C to +25 C), they require high bias voltages (~1000 VDC or more), and they are 

fragile. 

 

5.2.3 AVALANCHE PHOTODIODES 

Avalanche photo diodes (APDs) are solid state devices, with heavily doped p-n 

junctions that contain free electron-hole pairs separated by a space charge region, which 

are operated at a sufficient negative bias voltage so that a photo induced carrier pair is 

accelerated sufficiently to cause inelastic scattering to occur within the device.  This 
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inelastic scattering causes additional inelastic scattering, hence, the term avalanche.  This 

mode of operation is often referred to as Geiger mode.  A distinct difference in APDs 

versus PMTs is that the photo electric process occurs internally (typically over a distance 

of 20 µm or less) rather than requiring a vacuum chamber.  This allows APDs to be 

constructed more compactly than PMTs.   

There are a number of available APDs from various manufacturers.  The only 

detector identified, which comes as a complete package ready for photon counting, 

including temperature control, voltage control and discrimination circuitry, is Perkin 

Elmer’s Single Photon Counting Module (SPCM-AQR-xx).  This detector also uses a 

patented active quenching scheme to improve the response time by quenching the 

avalanche using electronic pulses to drop the bias voltage after a detection event occurs.  

Table 5.2.2 shows the properties of the SPCM, and an APD detector from Hamamatsu.  

The Hamamatsu detector does not include the discriminator circuitry, and their 

specifications do not provide enough information to determine the number of dark 

counts, or the response time when operating in Geiger mode.  It should have 

characteristics somewhat similar to the SPCM, if set up correctly, and was included 

because it peaks at 800 nm.   

Table 5.2.2.  A couple of avalanche photodiodes for photon counting and their properties. 

Manufacturer 
Part 

number 
Wavelength 
range [nm] 

Max Q.E. @ 
wavelength 

Dark 
noise 

Response 
time 

Perkin Elmer 
(EG&G) 

SPCM-
AQR-xx 320-1100 

65%     
@  λ  = 650 nm 

25 - 500  
cps  

@ 25 C 50 ns 
Hamamatsu 
Photonics 

K.K. C5331 400 - 1000 
77%     

@  λ  = 800 nm 

(NEP 0.3 
pW*Hz1/2) 
???@ 25 C ?? ns 
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The SPCM-AQR detector can be purchased with maximum dark count rates from 

500 cps to 25 cps.  However, the price increases significantly as the dark count rate goes 

down.  The Hamamatsu APD has significantly higher quantum efficiency than the SPCM 

at the longer wavelengths.  The SPCM has a detection efficiency of only about 45% at 

800 nm.  However, it is important to note that the quantum efficiency given for the 

C5331 is likely the pre-multiplication quantum efficiency, and it is specified without the 

discrimination electronics. Therefore, the specified quantum efficiency can not be 

considered as the actual detection efficiency.  This makes direct comparison of these 

detectors difficult.  

The advantages of Geiger mode APDs include; high quantum efficiency and low 

dark count rates, they are available as very compact devices, they operate at lower bias 

voltages than PMTs, they typically operate at room temperature, and they are much less 

expensive than PMTs (~$1500 for 500 dark cps – $8000 for 25 dark cps, including all 

electronics and packaging).   

The main disadvantage of APDs is their small detection surface, typically on the 

order of 175µm diameter.  Although there are many APDs with larger surface areas 

available, the dark count rate goes up significantly for larger detection surfaces.  Another 

disadvantage is that APDs have a smaller dynamic range than PMTs.  This is due to 

longer response times that are mainly the result of having to quench the avalanche, while 

PMTs are typically only limited by the transit time required for the electron to get from 

the cathode to the anode.  The need to quench the avalanche results from a tendency for 
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these devices to continue a self-sustained avalanche after a detection event occurs, 

slowing their recovery and, thus, their ability to detect the next photon. 

The two APDs from Table 5.2.2 are Si based devices.  APDs are also available 

based on other semiconductor materials such as Ge, InGaAs, GaAsP, and many others.  

These substrates have the benefit of being sensitive to longer wavelengths, such as the 

1550 nm wavelength discussed in the ideal case.  Currently, the only commercially 

available APDs based on materials other than Si, that have been shown to be capable of 

single photon counting, have very small active areas, typically on the order of 50 µm or 

less.  Excellent performance has been observed using InGaAs arrays but little is known 

about the noise statistics of these devices and they are not commercially available yet 

(Krainak, 2004). 

 

5.2.4 OTHER PHOTON COUNTING DETECTORS 

Recently, Perkin Elmer released a new device for photon counting called a 

Channel Photomultiplier (CMP).  The CMP works on the same principles as a PMT, only 

rather than having dynodes to multiply the photoelectron, it uses a curved channel coated 

with semiconductor material.  As the photoelectron collides with the walls of the curved 

channel it causes additional electrons to be released in a manner similar to an avalanche 

effect.  CMPs cover the wavelength range from 100 to 900 nm, they have peak detection 

efficiencies of ~22% at 400 nm, and linear counting rates up to 5 Mcps.  The typical dark 

count rates for these devices are a factor of 2 lower than PMTs.  These devices are more 

rugged than PMTs, and they have comparable detection areas.  The main drawback to 
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these devices is that their quantum efficiency is much lower than most APDs and that 

they are not yet available for wavelengths longer than 900 nm.  As technology develops 

these detectors may become more viable options, especially since they are priced similar 

to APD devices. 

Other types of photon counting detectors might include Multi-channel plates, 

image intensifiers, electron bombarded charge coupled devices and streak cameras.  

Although all of these devices are capable of relatively low noise single photon counting, 

they typically cost more than $30,000 and were not really considered for this system 

because of this.  Furthermore, these devices are mainly designed for imaging applications 

which is not required for the AET. 

 

5.3 TRANSMITTERS 

The wavelength range considered for laser transmitters was constrained by the 

choice to use aerosol backscatter for the wind measurements, availability of high 

sensitivity low-noise detectors, photon counting preferably, and absorption bands in the 

atmosphere.  The range of wavelengths considered was limited to the range from 500 nm 

to 1700 nm, based on the findings from the study of available photon counting detectors.  

Table 5.3.1 shows the approximate wavelength regions that were avoided due to large 

absorption features in the atmosphere, along with a listing of the dominant absorbing 

constituents.  The absorption features listed do not include fine structure or moderate 

absorption bands, only major absorption features which have a total atmospheric 

transmittance less than about 70% are included.  
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Table 5.3.1. Major atmospheric absorption features and their approximate wavelength range. 

Atmospheric Absorption Features 
Wavelength Region [nm] Absorbing Constituent(s) 

755-765 O2  
935-955 H2O 

1105-1160 H2O 
1340-1495 H2O, CO2

1778-2075 H2O, CO2

 

The next step was to identify tunable, pulsed laser sources that are commercially 

available within the selected wavelength range.  The possible transmitter types identified 

are shown in Table 5.3.2. 

 

Table 5.3.2.  Commercially available, tunable laser types, which are capable of pulsed output. 

Tunable Pulsed Laser Sources 

Laser type 
Wavelength Region  

[nm] PRF [Hz] 
Dye Lasers 197 - 4500 1 - 10000 

Metal Vapor Lasers  510 - 578 < 5000 
Semiconductor Lasers 380 - 1935 Up to 10 GHz 

Solid State Lasers 190 - 10000 1 - 90000000 
   

 This list of tunable lasers is very general.  Each laser type could be broken down 

into several other subcategories based on properties like the pumping mechanism, the 

tuning method, laser cavity type or the active materials used.  Obviously, a complete 

breakdown of the literally thousands of laser types is not practical here. What can be 

discussed, based on these general categories, does provide a sufficient basis to continue 

the discussion of transmitters for the AET. 
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 Dye lasers are capable of producing sufficient power for an AET lidar and can be 

tuned to any wavelength in the region of interest.  However, commercially available dye 

lasers with a linewidth of less than 374 MHz, full-width-at-half-maximum, were not 

identified.  In fact, most dye lasers have linewidths on the order of a couple of GHz.  Dye 

lasers are also expensive (~$70,000 including the pump laser and accessories), and very 

few have PRFs greater than 500 Hz. 

 Metal vapor lasers are only quazi-tunable and are somewhat of a specialty item.  

They are not widely available commercially. They were only included because they can 

be pulsed and have limited tunability in the wavelength range of interest. 

 Semiconductor lasers are capable of producing single-mode outputs with 

linewidths as narrow as a few kHz, and systems with linewidths of a few MHz are 

commonplace today.   The available wavelengths span the entire range of interest and 

they are relatively inexpensive (~$3000 - $50,000 for complete systems).  The main 

drawback to semiconductor lasers is low peak power when operated as single-mode 

transmitters.  Also, it is common for semiconductor lasers to exhibit frequency chirping 

when pulsed by turning the current on and off.  There are several possible variations of 

semiconductor lasers that can improve the output power and the frequency distribution. 

One of these methods will be discussed more thoroughly in the next section. 

 Solid state lasers with relatively high energy pulsed output, tunability over the 

wavelengths of interest, and narrow linewidths are widely available.  However, solid state 

lasers which operate in this mode usually require complicated designs to maintain the 

narrow linewidths and tunability.  This makes them far more expensive than 
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semiconductor lasers (typically ~$100,000 or more).  Furthermore, these lasers often 

have PRFs below the kHz range, they often have low efficiency, and can be very large 

when all of the required components are considered (i.e., laser head, cooling mechanisms, 

and control electronics). 

 Unfortunately, an ideal laser source for the AET is not currently available.  There 

are laser systems that can work, namely, solid state lasers and semiconductor lasers, but 

both have shortcomings.  The price and size are the most inhibiting factors of currently 

available solid state lasers, along with the lower repetition rate.  Semiconductor lasers are 

compact and are available at relatively low cost, but mainly suffer from low power 

(typically µJ per pulse) and frequency chirping when pulsed.   

The following section describes a particular laser system based on a 

semiconductor transmitter and a separate amplifier known as a Master Oscillator Power 

Amplifier (MOPA) configuration.  This setup provides the best balance between size, 

cost, efficiency and performance when compared to all other available transmitters that 

could be used for the AET. 

 

5.3.1 MASTER OSCILLATOR POWER AMPLIFIER 

The best candidate laser source for the AET, identified in this work, is a 

semiconductor based Master Oscillator Power Amplifier (MOPA).  The MOPA 

configuration allows a narrow linewidth, low power master oscillator (MO) to be 

operated in CW mode and, thus, avoid frequency chirping induced by directly pulsing the 

laser.  The CW master is then coupled into a Tapered Amplifier (TA), which allows the 
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output power to be increased by a factor of 100 or more.  The TA is used as a single-pass 

gain device which has been shown capable of pulsed operation with very little affect on 

the linewidth of the master (Cornwell, 1998).  The MOPA laser design using the tapered 

amplifier to minimize degradation of the spectral content from the maser oscillator has 

been demonstrated for both an aerosol backscatter lidar and a DIAL lidar instrument 

(Rall, 2002; Machol, 2004).  However, other than Dr. Cornwell’s dissertation, no other 

published material could be found regarding this type of MOPA for applications with the 

strict linewidth and spectral purity that is required for Doppler lidar. 

The cost of using this configuration is that the MO continues to emit radiation into 

the atmosphere even when the TA is in the off state.  However, this configuration still 

remains the best candidate for an AET lidar, and they are commercially available for 

~$48,000.00 for a complete system, including all of the necessary components for laser 

temperature and current control, isolation, coupling and beam shaping optics (Toptica, 

2005), or for as little as $35,000.00, if purchased as individual components (Sacher 

Lasertechnik, 2005). 

 

5.4 EDGE FILTERS 

Very few available filters have the resolving power necessary for implementing 

the AET.  Not only is a high resolving power required, but the filter must also have two 

oppositely sloped edges and a high throughput.  The only candidates found that can 

potentially meet these stringent requirements are Fabry-Perot interferometers, atomic 
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absorption filters and other interferometer based filters such as Michelson or Mach-

Zender interferometers.  

Atomic vapor filters are appealing because they are inexpensive (~$500) and they 

are extremely stable for a given temperature and pressure.  The down side to using atomic 

vapor filters is that they are band blocking rather than band pass filters.  This presents the 

difficulty of having to block the solar background sufficiently to obtain the desired SNR 

across the entire detector response outside of the absorption feature.  Another 

disadvantage of atomic vapor filters is that the absorption features are wider than 

interferometer based filters, which would require a more significant modulation depth for 

the laser. 

Michelson (Twyman-Green) and Mach-Zender interferometers can also be 

constructed inexpensively, have relatively high resolving powers and throughputs of 

unity at resonance.  The main difficulty with using these types of spectral filters for the 

AET lidar is their significant susceptibility to vibrations and alignment.  An incoherent 

Doppler lidar has been demonstrated using a Mach-Zender interferometer which uses 

molecular scattering to determine the Doppler shift (Bruneau, 2001). However, the 

detection scheme that was used in that case does not lend itself to a small inexpensive 

lidar as intended for the AET.  Fizeau interferometers have also been considered recently 

for incoherent Doppler lidar in a manner similar to the multi-channel technique presented 

earlier, but it would not be useful for implementing the AET (McKay, 2002). 

After reviewing available filters for implementing the AET, it was determined 

that the best candidate is a Fabry-Perot etalon.  Fabry-Perot etalons operate on the 
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principle of multiple beam interference.  They provide a high throughput and 

exceptionally high resolving power (~106 or more).  The next section provides a thorough 

discussion of Fabry-Perot etalons and their properties. 

 

5.4.1 FABRY-PEROT (MULTIPLE-BEAM) INTERFEROMETER  

Multiple-beam interferometers have been extensively studied since the first such 

instrument was described by Lummer (1884) in reflection and Bouloch (1893) in 

transmission.  The concepts were in place, far before this, dating back to Newton’s and 

Fizeau’s observations of equal spacing fringes and Haidinger’s observations of equal 

inclination fringes in thin films (Hernandez, 1986).  The simplest form of the instrument 

is made up of two semi-transparent parallel plates separated by some air gap of distance, 

d.  Monochromatic light incident on the first plate from some arbitrary angle will undergo 

a split of amplitude in which some of the light is reflected and some is transmitted into 

the gap between the plates.  The light that is transmitted by the first plate will go through 

a similar division of amplitude at the second plate and the reflected portion will repeat 

this process after returning to the first surface.   This multiple reflection in the cavity 

results in an intensity pattern for the reflected portion of the incident beam that consists 

of circular dark rings imposed on a bright background, while the transmitted portion of 

the light has a complimentary pattern consisting of bright rings imposed on a dark 

background. 

Multiple-beam interferometers, now referred to mainly as Fabry-Perot 

interferometers, are well known optical instruments and are widely used in experiments 
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requiring high frequency resolution.  Charles Fabry and A. Perot spent several years in 

the late 1800’s and early 1900’s exploring the instrument and published several papers on 

its potential uses and properties.  Their original work was directed at determining the 

standard meter in terms of fundamental units, but the devices spectroscopic properties 

were quickly exploited to measure the solar spectrum, arc source spectrums, and many 

spectral lines of rare gases.  It was the extensive work performed by Fabry and Perot that 

led to the instrument carrying their names. 

Today the Fabry-Perot interferometer (FPI) is not much different than its 

predecessors, and mainly differs only in the quality of construction and the ability to 

better control the spacing between the plates.  Current FPI’s have surfaces that vary in 

roughness across the entire aperture to far less than λ/100, and are capable of maintaining 

excellent parallelism, using capacitance controlled piezo-electric spacers.  A distinction 

should be made between a FPI and a Fabry-Perot Etalon, FPE, since these terms are often 

interchanged in the literature.  While they are both essentially the same instrument, the 

distinction comes from how they are constructed.  Namely, a FPE has fixed spacing, 

whereas a FPI has a controllable gap between the reflecting surfaces.  FPIs, and FPEs for 

that matter, are very common today due to their use in the laser.  So common in fact that 

very few physics courses fail to at least discuss the subject of the ideal multiple-beam-

interferometer.   

The discussion of the mathematical formalisms used for the ideal multiple-beam 

interferometer will be discussed only briefly in the next section, as it is covered 
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extensively in the literature (Born, 1999; Hecht, 2002 ; Vaughan, 1989; Hernandez, 

1986). 

 

5.4.1.1 The Ideal FPI 

The ideal FPI consists of two perfectly plane partially transmitting mirrors, or 

plates, separated by a medium of refractive index, n, a distance d apart.  This 

configuration is illustrated in Figure 5.4.1 in a simplistic view, a single plate, to allow 

easy understanding of the multiple beam interference process. 
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Figure 5.4.1.  Schematic illustration of the multiple beam interference process in an ideal FPE. 
 

 The intensity pattern for the reflected light collected by lens, L1, and the 

transmitted intensity pattern collected by lens, L2 are given by the well know Airy 

function given as  
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where Ii is the incident intensity, Ir is the reflected intensity, It is the transmitted intensity, 

A is the absorption, and R is the reflection coefficient assumed to be equal for both 

surfaces. Φ is the phase difference between successive reflected or transmitted beams 

given by  
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 and F is known as the coefficient of finesse and is given as 
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−
. 

 

Figure 5.4.2 shows a graphic representation of the intensity profile of the transmitted 

intensity for this ideal FPE assuming A = 0, for 3 different reflection coefficients of the 

plates.  
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Figure 5.4.2.  Ideal FPI transmission fringes as a function of phase difference for 3 values of the 

    reflection coefficients for the surfaces. 
 
 
 

As can be seen from Figure 5.4.2, as R is increased the fringes get narrower and the 

minimum is lower, resulting in greater contrast.  The peaks for the transmitted light 

appear at intervals of m = Φ/2π, and the minimums occur at m/2 intervals.  An important 

parameter often used when discussing FPI’s is called the finesse, which is given by the 

ratio of the separation between successive peaks and the full width at half maximum of 

the fringe.  Mathematically, this is approximately given by 

 

∆νFSR
c

2 n⋅ d⋅ cos θ⋅
=

, 
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where c is the speed of light, n is the refractive index, d is the separation between the two 

surfaces, and θ is the angle of incidence of the monochromatic wave of light. 

 Another important factor when considering an ideal FPE is known as the 

reflectivity finesse, given by 

 

 
F

π R⋅

1 R−
=

. 

 

The finesse of a FPE can be used to determine the resolving power as 
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where m is the order number of interference and is given by 

 

 
m

2 n⋅ d⋅ cos θ( )⋅

λ
=

. 

 

The finesse can also be used to determine the width of the transmission peak 

where it falls to 50% of its maximum transmission (i.e., the full width at half maximum 

or FWHM) by using 
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5.4.1.2 REAL FPIs 

The derivation presented thus far has been for an ideal FPI.  For a real FPI factors 

such as surface roughness, the spectral distribution of the illuminating source, the angular 

distribution of the incident light and deviations from parallelism of the two reflecting 

surfaces cause a reduction of the peak transmission and broadening of the linewidth. 

Other effects such as temperature variation for solid FPEs can also cause a deviation from 

the ideal case. 

When considering the true performance of real FPIs or FPEs it is necessary to 

account for the items mentioned above.  One method for doing this is to use an effective 

reflectivity (Hernandez, 1986).  The modified reflectivity can then be used to determine 

the finesse of the instrument including effects from surface roughness and the spectral 

distribution of the source.  The effective reflectivity will always be less than the actual 

reflectivity used for the ideal case, resulting in a reduction of the peak transmission and a 

broadening of the FWHM.  Without going into all of the details, the effects of using the 

modified reflectivity are in close agreement with what is found by taking the convolution 

of the source linewidth with that of the ideal FPI and then also convolving the resultant 

with the width of the variance distribution of the surface roughness. 

The effects of the angular distribution of the incident light can be accounted for 

by integrating over the divergence angle of the source.  High resolution FPIs are highly 
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susceptible to that angular distribution of the incident light.  For implementation of the 

edge technique only the central order is utilized and, thus, collimation on the order of 

only a few micro radians must be achieved. 

Temperature must also be accounted for.  The effects of temperature variations on 

FPIs are to shift the peak of the transmission function as well as possibly broadening the 

transmission line if thermal gradients exist.  All of these effects were taken into account 

in a detailed model developed based on a solid FPI that was made available for this work. 

The results of this modeling are used to compare with the experimental results for the 

measured transmission properties of an actual FPE considered for the AET, and are 

presented in Chapter 6. 

 

5.5 SUMMARY OF SELECTED COMPONENTS FOR THE AET LIDAR 

From this work it was determined that the best available combination of 

components for implementing an AET lidar is to use the SPCM APD for the detector, the 

MOPA semiconductor configuration for the transmitter and the solid FPE for the edge 

filter.  Table 5.5.1 lists each of the main components necessary for implementing the 

AET along with approximate prices and the manufacturer.  The expected cost for 

building an AET lidar was determined to be less than $100,000.00, and this estimate is 

likely to go down as these components become more widely available.  This cost estimate 

does not include labor for software development, assembly and packaging; however, 

even when these items are considered, this is a very reasonable price tag when compared 

to other currently available Doppler lidar instruments. 
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Table 5.5.1. List of required hardware for implementing an AET lidar based on commercially 
                     available components. 

Main AET Components 

Component Manufacturer Part Number 
Cost/per 

item 
MOPA Laser Toptica, Inc. DL100TA $47,000.00 
Solid Etalon CVI Laser Inc. Custom $9,000.00 

APD Perkin-Elmer (E.G.& G.) SPCM-AQR-13 $3,500.00 
Multi-Channel Scalar ASRC Aerospace Corp AMS-5 $5,000.00 

Base-plate and 
housing In house Custom $10,000.00 

Optics incl. Telescope Several Commercial Options $10,000.00 
Computer Several Commercial Options $3,000.00 

Misc. Hardware & 
Elec. Several Commercial Options $8,000.00 

    Total $99,000.00 
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CHAPTER 6 
COMPONENT EVALUATIONS 

 
 

Thanks to the generosity of Mr. Bruce Gentry at NASA Goddard Space Flight 

Center, the majority of components necessary to build a prototype alternating edge 

system were acquired from various discontinued projects.  The down side of this is that 

many of the components had little or no documentation.  Furthermore, several of the 

components were more than a decade old or were being combined with other components 

for the first time, and not much was known about their properties.  

 In order to validate the ability of these components to satisfy the parameters 

defined in the modeling phase of this work, it was necessary to perform several 

experiments.   The first experiment was to verify that the linewidth of the laser was 

narrow enough, relative to the filter linewidth, to be used with the AET.  The stability of 

the laser over time and the ability to modulate it over the desired frequency range were 

also evaluated.  In addition to the transmitter, the properties of the solid etalon such as the 

line shape, linewidth and the stability of the transmission function versus temperature had 

to be evaluated.  The latter of these experiments led to a need to stabilize the temperature 

of the solid etalon.  This in turn necessitated the evaluation of the temperature 

stabilization and how it affected the etalon linewidth and shape. 

 The goal of this work is to provide accurate estimates for the performance of an 

AET lidar, using experimentally determined parameters for the major components of the 

instrument.  The experimental results presented here cover the main factors that affect the 

ability of the AET to be used to estimate the molecular component of the backscatter as 
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discussed in Chapter 3.  The results are then used as guidelines for the sensitivity analysis 

presented in Chapter 7. 

 The following sections discuss the experiments that were performed, the 

experimental setups, difficulties encountered with the measurements, and the results 

obtained.  How these results affect the AET are only briefly discussed in this chapter, but 

will be presented more thoroughly in Chapter 7.     

 

6.1 TRANSMITTER EVALUATION 

 The master oscillator available for this instrument is a DBR AlGaAs 

semiconductor laser manufactured by Spectra Diode Labs (SDL) Inc. (Model SDL-5722-

H1).  CW output is rated at 150 mw for a single spatial mode at 852.2 nm.  This laser has 

a threshold current of 35 mA and output power of 150 mW CW at 260 mA, when 

operated at 20 degrees C.  This laser is intended to be used to injection seed a pulsed 

flared amplifier, also manufactured by SDL Inc. (model 8630-E), to obtain a narrow line-

width pulsed laser output of > 500 mW CW power, and approximately 750 mW peak 

power when pulsed, using a Master Oscillator Power Amplifier (MOPA) configuration 

(Walpole, 1996; Wilson, 1998). 

 The characterization of this device included measurements of the linewidth, 

frequency stability, temperature and current combinations for maximum stability, and 

evaluating its ability to be modulated as required for implementing the AET. 

The device is shown in Figure 6.1.1 with the TO3 package inserted into a finned 

heat sink that is mounted onto a fiber coupling bench manufactured by Optics for 
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Research.  The laser itself is a double quantum well, Distributed Bragg Reflector (DBR) 

design.  The active region is composed of GaAs and is 3µm wide by 1µm high.  The 

whole device is 1.75 mm long including the Bragg grating section which is 0.75 mm 

long.  The confining layers are made of N and P type AlGaAs. 

 

 

Figure 6.1.1  Mounted laser diode in TO3 package. 
   

The fiber bench consists of two vertical mounting plates separated by a 3” long 

stainless steel plate, drilled with two rows of equally spaced holes about 1/3” apart.  The 

plate provides the necessary mounting space for a steering window, a -30 dB Faraday 

optical isolator and a ½ wave plate.  The steering window allows for fine adjustments 

when coupling to the fiber.  Furthermore, by situating the steering window at an angle 

that is not perpendicular to the optical axis, any reflections off the isolator windows that 

would reflect back into the diode are minimized.  The isolator, manufactured by Optics 

For Research, prevents feedback from other optical elements in the system, such as the 

fiber end, from reflecting back into the diode and causing frequency instabilities.  The ½ 
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wave plate allows the polarization to be adjusted prior to the fiber input in order to 

maximize coupling and allow proper orientation for additional isolators, if required.  

 The two vertical mounts have a 5-axis alignment stage, which each house a 2.7 

mm focal length F/1 molded asphere, used for collimating the laser and focusing into the 

fiber end.  The alignment stage is shown in Figure 6.1.2.  There are three small metric 

screws in the outer wall of the alignment stage that allow the magnetic lens housing to be 

moved around in the x-y plane, with tension being provided by a small thin tempered 

piece of metal that spans the top part of the alignment stage on the side where the lens 

housing is placed.  There are three screws in the front of the alignment stage which allow 

tip and tilt.  Three additional spring-loaded screws on the front of the alignment stage 

allow for adjustments along the z axis.   

 

 

Figure 6.1.2 Five-axis alignment stage and lens housing. 
 

This setup is quite robust and is very stable when multimode fiber is used, but it 

would continually come out of alignment for a single mode fiber when the FC connector 
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was removed and replaced, making it difficult to work with.  However, when installed in 

an AET lidar there should be no reason to remove and replace the fiber connector with 

any regularity, so once aligned properly, this arrangement should prove stable. 

The complete laser system is shown in Figure 6.1.3, assembled and aligned to the 

single mode fiber.  There is also a tinted Plexiglas cover, not shown, which helps reduce 

stray reflections that could produce eye-hazards.  

 

 

Figure 6.1.3 Assembled and aligned laser on Optics For Research Bench. 
 
 
 As already noted, the laser was difficult to keep aligned to the single mode fiber.  

This became a very time consuming issue when the laser was determined to be operating 

in multiple modes.  Troubleshooting led to the discovery of a cracked polarizer window 

in the Faraday isolator that was causing a significant amount of feedback into the laser 

cavity, as well as posing difficulties for coupling into the fiber.  After having the isolator 
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repaired, significant effort was required to get the laser realigned and coupled into the 

single mode fiber so that the experiments could be performed. 

 

6.1.1 LINEWIDTH MEASUREMENTS 

The first experiment performed was to evaluate the master oscillator, and verify 

the narrow linewidth specified by the manufacturer.  Measuring the linewidth of a narrow 

source is not a trivial task.  It is most often performed using a self-homodyne method that 

would require purchasing equipment such as an acoustical-optical modulator.  This 

equipment would only be used for this measurement and would not really have a use in 

the prototype lidar.  Therefore, in order to utilize the equipment available and only 

purchase items that could be useful for the prototype, the linewidth measurement was 

accomplished using an interferometer.  This method utilized the fringe visibility as a 

function of path-length difference between the two arms to determine the coherence 

length of the laser (i.e., If the optical path length difference where the fringe visibility 

goes to zero is measured, then the coherence length can be determined). 

In order to accomplish this for a linewidth on the order of 7 MHz, it is necessary 

to have optical path length differences between the two arms of a two beam 

interferometer on the order of 40 to 50 m.  It is obviously not feasible to try and set up a 

free space interferometer with this path length requirement, so a 50 m spool of single 

mode optical fiber was used in one of the arms of the interferometer. 

An image of the interferometer setup is shown in Figure 6.1.4.  The light was 

coupled out of the laser and into a 1x2 3dB fiber beamsplitter, obtained from Gould Fiber 
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Optics.  One of the output arms was connected to the 50 m spool of fiber through an FC 

to FC fiber coupler, while the other output fiber was connected to a 10 m single mode 

fiber obtained from ThorLabs.   The fiber output from each of the arms was first 

collimated using two antireflection coated 100 mm focal length plano-convex collimating 

lenses and then directed onto a cubic beam splitter which recombined the two beams.  

 

 

Laser 
Fiber 
Positioner Beam 

Splitter 

CCD Camera 
over here 

 
1x2 3dB 
fiber beam 
splitter 

Collimating 
Lenses

Fiber 
Positioner 

Figure 6.1.4 Long path length Twyman-Green interferometer setup. 
 

The fringes were then spread out using a 75 mm focal length lens and were viewed using 

a Hitachi CCD camera, model number KP-M2R. 

As a test, the interferometer was set up with almost no optical path difference and 

the polarization of the two outputs was adjusted, by rotating the fiber output connectors, 

to give maximum contrast fringes.  The 75 mm focal length lens, between the beam 
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splitter and the camera, was adjusted to spread the fringes far enough for the CCD camera 

to resolve them clearly.  The zero optical path difference is shown in Figure 6.1.5.    

 

 

Figure 6.1.5 Fringes observed with very little optical path difference. 
 

After verifying the fringes with a nominal optical path difference, the fibers were 

reinserted.  When the index of refraction of the fiber was taken into account the total path 

difference in the two arms was ~ 58.5 m which corresponds to a linewidth around 5 MHz.  

No fringes were visible with this configuration.  It was necessary to introduce additional 

fiber into the short optical path length arm, in order to get visible fringes.  Two 5 m single 
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mode patch cords were obtained from Gould Fiber Optics.   Unfortunately, it was several 

months before they were used. It was found that the buffers for these fibers were made 

too short and they had come out of the FC connector housing and kinked the fibers.  After 

several attempts to contact Gould and remedy this problem without receiving a reply, it 

was necessary to move forward with the experiment without the additional fiber.  

 Returning to the theory of the edge technique, presented by Korb et al., (1995), it 

is only necessary to verify that the laser width is sufficiently narrow so that the edge filter 

can be considered linear over that width.  In other words, if the edge response function is 

linear over the width of the laser, then the measurement is independent of the laser 

linewidth and shape, and is equivalent to making the measurement with a monochromatic 

laser.  Given this and the observed line shape of the etalon, it was determined that if the 

linewidth were less than 20 MHz it would be sufficiently narrow to allow the use of the 

edge technique without introducing error to the measurement. 

 With this reduced linewidth requirement, it was only necessary to have about     

15 m of optical path difference between the two interferometer arms.  This was 

accomplished by removing the 50 m fiber spool and leaving the 10 m patch cord in the 

other arm.  The 10 m patch cord core is made of silica, which has a refractive index of 

1.45246 at 852 nm, yielding an optical path difference of ~14.525.  An additional 0.1 m 

of optical path difference was introduced in the free space of the interferometer arms 

relative to the beam splitter (or combiner for this case).   The fringes were observable 

when the contrast of the image was stretched, indicating that the coherence length had not 

been reached yet.  The resulting fringes are shown in Figure 6.1.6. 
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Figure 6.1.6 Fringes observed with 14.625 ms of optical path difference, after stretching the image 
                         to improve the contrast. 
 

Using the speed of light and dividing by the optical path length, the laser 

linewidth is determined to be less than 3*108 / 14.625 = 20.5 MHz, which is sufficiently 

narrow for this system.  

 The next laser parameter to be measured was the stability of the laser over time.  

Due to the differential nature of the edge technique, small laser jitter or drift is 

compensated for by taking the outgoing reference measurement prior to interacting with 

the atmosphere.  However, with the AET it is important that the laser is not drifting or 
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jittering significantly over short periods of time, or the estimated molecular portion will 

be in error as discussed in Chapter 3. 

 

6.1.2 LASER STABILITY 

In order to measure the stability of the laser over time it was necessary to obtain a 

stable, well known frequency reference.  One common method used to accomplish this 

task is to use a stable laser source with well known properties that is close in frequency to 

the DBR laser.  The reference laser could then be used in a heterodyne setup where the 

variations of the beat frequency could be monitored with a spectrum analyzer.  However, 

a suitable reference laser was not able to be located. 

An alternative method was used employing an old Cesium (Cs) vapor filter that 

was part of the equipment loaned by Mr. Gentry.  Cesium has an absorption band near the 

laser line of 852 nm, referred to as the D2 line.  Since the frequency of the cesium line, 

given a particular temperature and pressure, is fixed by the fundamental laws of nature, it 

serves as an excellent frequency standard for this experiment. 

The idea of the experiment is to use the edge of the fixed frequency absorption 

feature, in a manner similar to the edge technique, to convert changes in frequency of the 

laser into changes in the measured signal of the beam after passing through the Cesium 

filter.  In order to use this approach, the slope of the edge of the absorption filter, in terms 

of frequency versus transmission, had to be determined.   

To do this, the theoretical free spectral range was utilized for the Fabry-Perot 

etalon discussed in Chapter 5, along with an assumption that the laser tuned linear in 
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frequency with drive current over this range.  By tuning the laser from one peak to the 

next successive peak of the solid etalon, and monitoring the current required to do so, a 

reasonable approximation of the lasers frequency tuning versus drive current was 

obtained.  The result was a determination that the laser frequency changed at a rate of 

~541 GHz/mA. The experimental setup is shown in Figure 6.1.7. 
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Figure 6.1.7  Setup for scanning etalon with collimated light. 
 

 The laser driver used was an ILX Lightwave modular laser diode controller, 

model number ILX LDC-3900.  It was used to control the temperature and current for the 

master oscillator.  This driver can also, simultaneously, be used to control the power 

amplifier.  It is specified as having temperature control to within +/- 0.005 °C and current 

control to within +/- 0.005 mA.  The driver allows for external modulation through front 

or rear BNC connectors, both of which have 10 kΩ input impedance and provide 20 mA 



 
190

of current variation to the diode for an input of one volt.  The current ramp was provided 

by a Hewlett Packard 15 MHz arbitrary waveform generator model number HP-33120A.  

The output was measured independently and was found to be off by a slight amount.  A 

100 mV setting actually put out 102 mV, which corresponds to 2.04 mA of modulation 

for a 100 mV output setting on the waveform generator.  The driver and waveform 

generator are shown in Figure 6.1.8. 

 

 

Figure 6.1.8  Waveform generator and laser diode controller 
 

The next step of the experiment was to scan trough the Cesium absorption feature 

by introducing a known current ramp on top of the laser drive current.  The temperature 

controller for the diode could then be used to tune the laser until the D2 line was found.  

By knowing the scan rate, and the current scanned at that rate, the measured voltage of 

the detector versus time can be converted into volts per mA.  The results of the previous 
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experiment were then used to convert the slope into volts per frequency, or more 

conveniently, frequency per volt.  A schematic of this experiment is shown in Figure 

6.1.9. 

 

 

Figure 6.1.9  Setup for laser frequency stability experiment. 
 

 

Unfortunately, after several days searching, it was determined that the lasers 

tuning range did not include the D2 line, or there was a problem with the Cs filter.  The 

first step taken was to take the heater for the Cs cell apart and verify that there was still 

Cs in the chamber and that there were no cracks, etc..  Upon inspection of the Cs cell it 

was determined that it was not damaged and that there was Cs present.  This led to a 

decision to try another laser and see if it would tune through the Cs resonance.  The other 

laser available from the equipment loaned by Mr. Gentry was also a DBR laser from 

SDL, with part number SDL-5702-H1.   
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According to the limited documentation found on the internet (SDL was bought 

out by JDS Uniphase) about these two devices, there were only a few differences.  First, 

the CW output power was only 10 mW for the 5702, while it was 150 mW for the 5722.  

The maximum drive current was lower for the 5702, rated at 200 mA compared to the 

5722 which could be driven up to 300 mA.  Finally, the 5702 had a reported linewidth of 

only 3 MHz, rather than the 7 MHz specified for the 5722.  The other difference in the 

two lasers was the mounting package used.  Rather than putting this laser chip into the 

previous setup, and then trying to realigning the entire fiber bench system, the simpler 

package shown in Figure 6.1.10 was used.   

 

 

Figure 6.1.10  Alternate diode laser package. 
 

The Stainless steel mounting plate is attached to a finned heat sink and has 

another stainless steel plate attached to the front, which houses a 2.7 mm fl molded 
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asphere, and has 5 axis alignments like the previous setup.  One big difference was that 

this laser mounting package uses finger knobs for the adjusting screws, and, even though 

the thread count is lower resulting in courser adjustments, it was much easier to align 

than the small metric hex head screws used with the Optics For Research bench. The light 

was then collimated and coupled into a -62 dB Isowave Faraday optical isolator, to 

prevent feedback into the laser cavity.  An FC connectorized fiber collimator, obtained 

from ThorLabs, was then used on the end of the input fiber of the 3dB fiber beam splitter 

in order to make it easier to couple the light into the single mode fiber. 

After aligning the laser, the interferometer described in the previous section was 

reassembled and faint fringes were observable with ~58 m of optical path difference, 

suggesting the linewidth of this laser was indeed less than 5 MHz.  An image of these 

fringes is not included here, as the fringe pattern could not be printed clearly due to the 

low contrast.  

The experimental setup from Figure 6.1.9 was set up again and a search for the 

D2 line was performed as previously described.  The absorption feature was found with 

this laser, at a TE cooler temperature setting of 14.91 °C and a drive current setting of 

~175.50 mA.  The next step was to check the tuning of this laser as a function of drive 

current as described earlier.  This laser was determined to tune at a rate of 1.01 GHz per 

mA. 

Next, the Cesium absorption feature was scanned to determine the slope of the 

edge versus frequency.  An example scan of the Cesium absorption feature is shown in 

Figure 6.1.11.  It was found useful to increase the temperature of the Cesium cell to about 
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43.5 °C, which in turn increases the pressure of the cesium cell making the absorption 

feature broader and deeper and, thus, allowing the full dynamic range of the LabPro data 

logging system to be used.  This resulted in a steeper slope as a function of frequency, as 

well as providing a cleaner edge and greater dynamic range for better estimation of the 

slope. 

 

 

Figure 6.1.11  Frequency scan of Cesium vapor D2 line. 
 

 After measuring the slope as a function of frequency and voltage, the next step in 

the experiment was to turn off the ramp and manually adjust the current until the output 

frequency of the laser coincided with the mid point of the measured slope.  The output 

intensity could then be monitored as a function of time, and any change in the laser’s 
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center frequency would show up as a change in the measured voltage.  The results were 

plotted frequency versus time, as shown in Figure 6.1.12.   This plot covers a 10 minute 

period.  It shows that, over this 10 minute period, the maximum peak to peak variation in 

the laser frequency is 11.2 MHz with a standard deviation of ~1.8 MHz. 

 

 

Figure 6.1.12  Laser frequency stability measurement. 
 

There are two types of frequency variations that need to be considered when 

evaluating a laser for an edge detection lidar system, besides the laser linewidth.  The 

first is long term frequency drift which can be seen in the data from this experimental 

setup as the average slope of the laser frequency variation.  This type of frequency 
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variation can pose a problem for edge detection systems if the frequency drift is sufficient 

enough to allow the laser to drift off of the linear part of the filter edge, or if it drifts close 

to the central peak of the filter.   For an AET lidar, this type of frequency drift must be 

minimized in order to keep the modulation as close to centered on the edge filter as 

possible. 

During the initial measurements for this experiment, it was found that very little 

drift was seen when measurements were taken late at night, but larger drifts could be seen 

during the day when the air conditioning was cycling on and off.  A beverage cooler was 

placed over the laser to help minimize the air currents on the laser.  Typical drifts seen 

after the cooler was in place were normally less than 4 MHz per minute.  Drifting at this 

rate should not be a problem for the AET.  A locking circuit could easily be implemented 

to compensate for drifts at this rate, preventing the laser frequency from drifting far 

enough from the center of the filter to become a problem. This is sufficient stability 

providing that the laser does not drift into an unstable region where mode hops are likely 

to occur.  A typical measurement result showing the laser drift is giving in Figure 6.1.13. 
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Figure 6.1.13.  Laser drift for 1 minute. 
 

 By removing the average slope from the measurement, it is possible to get an 

estimate of the short term laser jitter, which is the second type of frequency variation of 

concern.  The same 1 minute measurement shown in Figure 6.1.13 is given in Figure 

6.1.14, with the slope removed.  As mentioned before, jitter is not a problem for the edge 

technique due to the differential nature of the measurement.  For the AET, short term 

frequency variations will not cause a bias as long as they average out over the integration 

time.   
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Figure 6.1.14  Remaining laser jitter over 1 minute and 10 second averages. 
 
 

The measurement above shows that over 1 minute the variation has a maximum 

deviation from the mean of 6.44 MHz.  Ten second averages were calculated and added 

to the plot to show that the laser jitter should average out during the normal integration 

times of 1 to 10 minutes required for the AET.  Furthermore, the 10 second averages had 

a standard deviation of only 0.23 MHz which corresponds to ~10 cm/s error in the 

velocity measurement at a wavelength of 852 nm.  The affect of this variation will be 

revisited in Chapter 7 as it relates to estimating the molecular component of the 

backscatter as discussed in Chapter 3. 
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For the results of this method to be valid, a measurement of the lasers output 

amplitude stability had to be made as well.  This is necessary, because any variation in 

the output intensity would also show up as a change in the detected voltage, and could be 

mistaken for frequency variation rather than amplitude variation.  To make this 

measurement, the Cesium filter was removed and the detector was slightly misaligned, 

with respect to the collection lens, so it would not saturate.  The output was then 

measured over 10 minute intervals.   Many of the measurements showed very stable 

output with variations in amplitude that were equivalent to less than 1.5 MHz of 

frequency change over the entire 10 minutes.  However, others showed areas of 

amplitude instability that translated into approximately 5 MHz of frequency change.  One 

of these measurements is shown in Figure 6.1.15.   This type of instability could be a 

problem for the AET, when estimates of the molecular component are made, if the 

amplitude variations show up as a systematic difference between measurements made at 

frequency ν1 and those made at frequency ν2.  This will also be explored in Chapter 7 as 

part of the sensitivity analysis.  It should be noted, that in the MOPA configuration, these 

amplitude fluctuations of the master oscillator will be reduced, as long as the amplifier is 

operated in a gain saturated mode, which would be the case. 



 
200

 

Figure 6.1.15  Laser amplitude stability measurement over 10 minutes in equivalent frequency. 
 
 

The areas of instability did not seem to correlate with movement in the lab and 

were therefore not likely due to vibrations.  Thermal changes such as opening the lab 

door or the air conditioning cycling on or off did not seem to accompany most of the 

unstable periods either, implying that temperature variations were not a likely cause of 

these instabilities.  The amplitude variations are most likely due to competition between 

adjacent modes in the laser cavity.  This is based on several measurements taken at 

different temperature and current settings.  It was possible to identify combinations of 

temperature and current settings where little amplitude variation occurred, while other 
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combinations seemed to be far more susceptible to these instabilities.  An example of one 

of the stable amplitude measurements is shown in Figure 6.1.16. 

   

 

Figure 6.1.16  Amplitude stability for a more stable temperature and current setting. 
 

The biggest disadvantage of using the current experimental set up to evaluate the 

frequency stability is that atomic absorption features are at fixed frequencies.  This means 

only certain combinations of temperature and current settings, which coincide with those 

frequencies can be used, regardless of which combinations produced the most stable 

output.   
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Although these amplitude variations will, in fact, add noise and uncertainty to the 

frequency measurements made in this experiment, they do not pose a significant problem 

for the AET as will be shown in Chapter 7.   

Unfortunately, the amplitude instabilities were not measured until after the 

frequency measurements had been made.  If the fluctuations were more significant the 

experiments could be repeated to remove this error.  The error could be removed by 

splitting the beam before entering the Cesium cell and monitoring the amplitude 

variations on a separate detector, thus allowing their removal from the frequency 

variations.   

Even with the added uncertainty due to the amplitude changing, the frequency 

measurements are still valid as a tool to evaluate the transmitter’s ability to be used with 

the AET.  In fact, the frequency stability would actually be better than what was 

measured using this experimental setup and, therefore, these are conservative estimates. 

 Another possible source of error in the frequency measurements, although small, 

is noise in the data logger system itself.  To check this, several measurements were made 

with no input into the data logger system.  Results from one of these measurements are 

shown in Figure 6.1.17.   From these measurements it was determined that the noise in 

the data logging system was negligible compared to other sources of error, and only 

contributed a maximum of  0.3 MHz of equivalent frequency variation to the 

measurement, with a standard deviation of less than 0.09 MHz. 
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Figure 6.1.17  Noise in data logger with no input, shown as equivalent frequency. 
 

  

6.1.3 TRANSMITTER FREQUENCY MODULATION 

The idea for using this laser system with the AET was based on using the MOPA 

configuration to obtain higher peak power.  This would be implemented by modulating 

the maser oscillator, while the current to the power amplifier stage is switched on and off.  

This configuration minimizes frequency chirping that is commonly seen when pulsing of 

a high power diode laser is performed directly.  The plan is to modulate the current of the 

master oscillator with a sine wave, modulating the frequency slightly beyond the desired 
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frequency spread needed for the AET (i.e., the full width at half maximum of the filter 

used).  The pulsing circuit for the power amplifier would then be triggered at a point 

along the rise or fall of the amplitude modulation that corresponds to an output pulse at 

the desired frequencies.  By extending slightly beyond the desired frequency spread, and 

firing the amplifier at say the 80% point, it should be possible to avoid problems that 

could arise if the peaks of the modulation amplitude were used.  As Figure 6.1.18 shows, 

the modulation is nearly linear for 80% of the frequency change, but then becomes more 

nonlinear near the peaks.  

 

 

Figure 6.1.18  Laser frequency modulation 10 Hz rate. 
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 The LabPro data logger used to acquire that data was not fast enough to capture 

modulation at the desired 4 to 5 kHz rate, but the oscilloscope was used to verify that the 

laser demonstrated similar behavior, to that shown in Figure 6.1.18, at the higher rate.  

This was true for modulation depths extending to about 200 MHz peak to peak. 

  

6.2 SOLID ETALON 

The next challenge was to evaluate the stability of the solid Fabry-Perot etalon.  The 

first step was to align the laser input to the etalon, which requires a very well collimated 

beam.  To accomplish this, a single mode fiber was used as an input point source (5 µm 

core) to a 120 mm focal length, f/2.5 receiver lens, from Melles Griot model number 

(06GLR001).  This lens uses a high index air spaced meniscus with an achromatic 

doublet in order to concentrate the light in the central core of the focused spot.  Of 

course, this works in the reverse direction as a good collimator for light emanating from a 

small spot, such as the single-mode fiber core.   

 The divergence of the 0.11 NA fiber over the 120 mm distance was used to get an 

estimate of the collimated spot size. The output of the collimating lens was then 

compared to the estimated spot size at about 3 m from the lens.  The arrangement is 

shown in Figure 6.2.1.  The collimating lens was mounted on a translation stage aligned 

with the axis between the fiber, the etalon and the lens.  After first aligning the lens and 

fiber perpendicular to the axis, using the back reflection from the lens, the lens was then 

translated along the axis until the spot size matched the estimated spot size.  The spot was 
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then compared at several locations along the axis, and the lens was adjusted until the spot 

size remained constant over the 3 m path. 

 

 

Figure 6.2.1  Initial collimation setup. 
 
 
 This setup allowed for approximate collimation, but the degree of collimation still 

needed to be verified.  To finish the process, the solid etalon was inserted into the beam 

after the collimating lens and was placed on a fine rotational stage.  The rotational stage 

was used to fine tune the alignment so that the beam was incident normally on the surface 

of the etalon.  A ramp was then applied to the laser, and the observed fringes were used to 

optimize the position of the lens for best collimation.  If the beam was truly collimated, 

and all the components were aligned perpendicular to the optical axis and the proper 

ramp applied, only the central Airy disk should be observed.  Eventually, the single 
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fringe shown in Figure 6.2.2 was obtained and would come and go as the ramp brought 

the laser into and out of resonance with the etalon cavity, respectively.  

 

 

Figure 6.2.2  Central fringe of airy pattern after good collimation was achieved. 
 
 
 Although the collimation of a laser beam may seem trivial in most cases, 

evaluation of the etalon’s transmission function depends significantly on how well the 

beam is collimated.  It is also made somewhat more difficult, due the fact that the laser 

operates at a wavelength that is not visible to the naked eye, so all alignment had to be 

performed using a CCD camera, a handheld infrared viewer or infrared cards. 

 After reasonable collimation was obtained, a 100 mm plano-convex lens was used 

to focus the output onto the ThorLabs DET110 silicon photodiode, which outputs an 



 
208

amplified signal through an RF terminal.  The detector signal was then monitored with an 

oscilloscope or sent to the computer using the LabPro analog to digital converter.    

 The concept for this experiment was to place the laser on the edge of the etalon’s 

transmission peak and monitor the stability of the laser and the etalon as a system.  It was 

quickly determined that the etalon was drifting on the order of MHz per second and it 

was not possible to maintain the laser on the edge of the etalon.  It was determined that 

further analysis of the etalon stability would require a means of stabilizing it thermally.  

However, even with the observed drift, it was possible to sweep the laser quickly over the 

etalon and evaluate the lineshape and width as seen by the laser without temperature 

stabilization.  

 

6.2.1 EVALUATING THE ETALON LINEWIDTH AND SHAPE 

The etalon was scanned over a 2.04 mA ramp, corresponding to 2060.4 MHz, 

using the waveform generator at 10 Hz.  A total of 3849 points were collected over 

0.07696 seconds.  This corresponded to a sweep over 1500 MHz, allowing a good 

representation of the transmission function to be measured including the wings. 

The theoretical full width at half maximum for the etalon transmission function, 

when convolved with the laser linewidth, is 119 MHz.  This also takes into account 

collimation errors and surface roughness, estimated at λ/100, which is the manufactures 

specified tolerance.  The theoretical line shape can be well approximated by a Lorentz 

function.  A plot of the theoretical etalon transmission response function as seen by the 

laser, approximated as a lorentzian with a 5 MHz linewidth, is shown in Figure 6.2.3.  In 
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order to make comparison with the measured line shape plot easier, the theoretical line 

shape is shown as a function of relative frequency from the peak, rather than in absolute 

frequency space.  
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Figure 6.2.3  Calculated linewidth and shape for solid etalon. 
 
 

The measured line shape as a function of relative frequency, centered on the peak, 

is shown in Figure 6.2.4.  The measured linewidth was 124.4 MHz. This gives a 4.5% 

difference in the measured versus the theoretical linewidth.  This is not unreasonable, 

considering the theoretical calculation used the manufacturer’s specified reflectance 
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value for 860 nm and a change in reflectance of only 1% can change the theoretical 

linewidth by as much as 19%.  This measurement also helped to validate the determined 

current tuning  frequency response of the laser, since a large error in the estimate of the 

lasers frequency dependence on supply current would not have allowed for such close 

agreement in this experiment. 

 

 

FWHM 
measured as 
124.5 MHz 

Figure 6.2.4  Measured linewidth and shape of solid etalon at room temperature. 
 

 The measured line shape does show some asymmetric properties on the high 

frequency side of the transmission peak.  This could be due to a number of things and it 

has not been determined at this time what the cause is.  This asymmetry would only cause 

a problem for the AET at velocities of greater than ~50 m/s, which is already into the area 
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of high uncertainty for the AET.  The uncertainty in this region is due to the lowered 

wind sensitivity factor when operating near the wings or peak of the edge filter, as 

discussed in Chapter 2 for the edge technique.  The next step was to try and stabilize the 

temperature variations of the etalon.   

 

6.3 TEMPERATURE STABALIZATION OF A SOLID ETALON 

Although the edge technique is essentially insensitive to laser jitter and slight 

drifts of the laser or etalon due to the differential nature of the measurement, it is still 

necessary to maintain the laser as close to the maximum sensitivity point as possible.  

This is especially true for the AET as the two alternating measurements need to be made 

as close to the same location on the transmission curve, for their respective sides, as 

possible (i.e., TN(ν1) = .5 and TN(ν2) = .5).   

Long term drift of either the laser or the etalon can be corrected by using a 

locking circuit, as mentioned previously.  It is still important to determine the magnitude 

of these drifts, as they determine the requirements necessary to maintain a sufficient lock. 

Short term frequency jumps can be more problematic, if the jumps are significant 

enough and happen on a sufficiently small time scale, as discussed in Chapter 3.  If these 

short jumps are systematic in nature, rather than being randomly distributed about a 

mean, then they will cause a bias between the measurements on the two edges of the 

etalon.   
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6.3.1 MODELING THE TEMPERATURE SENSITIVITY OF THE SOLID ETALON 

To begin this work, it was first necessary to model the temperature sensitivity of 

the solid etalon in order to get an idea of the temperature stabilization that would be 

necessary.  The first part of the modeling process was to build a solid etalon in ASAP, 

which is an optical modeling tool designed by Breault Research Organization.  This 

software package utilizes Monte Carlo methods to trace real rays, non-sequentially, 

through an optical system, and has the ability to track phase.  A three dimensional 

rendering of the solid etalon as built in ASAP is shown in Figure 6.3.1. 

 

Figure 6.3.1  Solid etalon as modeled in ASAP. 
 
 

After creating the etalon in ASAP, the next step was to create an iterative process 

that would trace coherent beams through the etalon over a fixed range of wavelengths.  

This results in a simulated transmission profile for the etalon, based on a fixed etalon gap 

length and a fixed index of refraction.  The effect of temperature on the transmission 
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profile for a solid etalon is twofold; first, thermal expansion causes the etalon spacing to 

change, secondly, the index of refraction in the medium between the plates changes as a 

function of temperature.  Either of these change the overall optical path seen by the 

incident light for a given thickness and, thus, affect the resonant frequencies.  The first 

transmission profile is shown in Figure 6.3.2.   
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Figure 6.3.2.  Transmission profile  of  solid etalon as determined from ASAP model. 
 
 
 The code was written so that the index of refraction and the spacing between the 

reflective surfaces were functions of a TEMP variable.  Changing this variable, originally 

set to zero for Figure 6.3.2, would adjust the etalon index of refraction and length by the 

proper amount.  For fused silica the thermal expansion coefficient is 0.5x10-6 K-1 and the 

index of refraction changes at a rate of 9x10-6 K-1 (Bruce, 1986).  Through these 

iterations it was found that a change of only 2.532 °C would shift the transmission fringes 
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of the etalon through a full free spectral range.  This means that the etalon’s frequency 

stability as a function of temperature can change at a rate of ~2.71239 GHz per °C.  A 

simulated shift for a 1°C change, relative to Figure 6.3.2, is shown in Figure 6.3.3. 
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Figure 6.3.3  Shift in transmission profile of etalon as modeled in ASAP for 1 °C change. 
 

 To verify this result, temperature was added as a variable to a program, written in 

MathCAD, used for modeling the theoretical performance of the solid etalon.  This 

allowed the frequency dependence on temperature to be verified using analytical 

expressions rather than the Monte Carlo simulation.  Also, from this analysis, it was 

determined that the etalon would need to deviate less than a few thousandths of a degree 

Celsius, over at least a minute of averaging, to be useful with the AET.  It was apparent 

that the temperature of the etalon would have to be controlled extremely well for it to be 

used with the AET. 
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6.3.2 AN INEXPENSIVE SOLID ETALON HEATER 

 Just short of loosing hope for the solid etalon, an attempt was made to try an oven 

and see if heating the etalon would allow for sufficient stabilization.  The first thought 

was to use the Cesium filter oven, but it was soon found that this oven would not be 

suitable without significant modifications.  The Cesium filter throughput is not affected 

by the angular distribution of light entering the oven, therefore, the oven windows were 

just cheap optical flats glued to the end of PVC pipes.  After considering ways to put the 

etalon in an oven without affecting the incoming beam it appeared that it would be too 

costly. 

In order to keep the cost down, a possible solution was attempted, using a 3 inch 

aluminum lens tube, with a thin film heating element wrapped around it, and with the 

solid etalon held in the middle of it with locking rings.  Also, a ½ inch tube made of 

Delrin was added, as an extension of the lens tube on the mounting side.  Delrin has an 

extremely low thermal conductivity and was used, for this reason, to thermally buffer the 

lens tube from the mounting post.  The Delrin tube was manufactured by Mr. Charles 

Burkhart, a machinist for the Optical Sciences Center.  Mr. Burkhart did an excellent job 

of matching the Delrin and aluminum tubes, so that no alignment errors were introduced.  

The heating element was then wrapped with thermal tape and the whole tube was 

wrapped with 1/2 inch thick insulating foam.  The final version of this is shown in Figure 

6.3.4. 
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Figure 6.3.4  Etalon heater assembly. 
 

 The circuit used to control the heating element was designed by Rob Kingston, for 

the Remote Sensing Group at The University of Arizona, to control the temperature of 

the filters used in solar radiometers.  The only modification made when assembling the 

circuit was to change the resistor values, in order to obtain the desired set point 

temperature.  A schematic of the circuit used is shown here as Figure 6.3.5, along with a 

picture of the completed circuit, shown in Figure 6.3.6.  The full diagram was too large to 

include here, but it is included as Appendix C.  One resistor was left out and posts were 

put in place so that a decade resistor could be hooked up allowing adjustment of the set 

point temperature.  The need for this will be discussed shortly. 
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Figure 6.3.5  Schematic of etalon temperature control circuit. 
 

 

Figure 6.3.6  Image of etalon control circuit as constructed. 
 
 

The circuit uses a proportional differential amplifier to compare the varying 

resistance of the thermistor with a fixed resistance value.  The voltage output is supplied 

to a Darlington power transistor which supplies the necessary current to the heating 

element.  This setup allows a large current initially, bringing the lens tube up to the 
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desired temperature.  The current is then proportionally increased or decreased until a 

stable temperature is achieved at the set point.  

The heating element is a thin film Kapton Thermofoil Heater provided by Minco 

Products Inc., part number HK5354R32.4L24A(-).  An image of the heater is shown in 

Figure 6.3.7.  The heater is 4.04 inches long by 1.05 inches wide.  This size was chosen 

so that it would be wider than the etalon is deep (the etalon is 15 mm thick), so the ends 

would overlap slightly when wrapped around the 1 inch inside diameter lens tube.  It was 

found, during previous work, that the heating elements do not go right to the edge of the 

insulator, leaving a gap that does not get direct heat, if you choose the heater based on the 

size specifications for the device provided by Minco.  For this reason, the overlap was 

added to allow for a more uniform heating of the lens tube and to avoid asymmetries in 

the etalon’s transmission function.  Conveniently, this was a standard size heating 

element offered by Minco, making it less expensive.   

 

 

Figure 6.3.7  Kapton thin film heating element. 
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Once the heating tube and circuit were assembled, several measurements were 

made of the temperature stability.  The measurements were made using a thermocouple 

with an HP34970A Data Acquisition unit.  The thermocouple was placed in contact with 

the inside of the lens tube.  A direct measurement of the etalon was not possible as the 

only accessible surfaces were the coated optical surfaces, so the thermocouple was placed 

as close as possible to the etalon edge. 

 The first measurement taken was to evaluate the time required to reach a stable 

temperature; this is shown in Figure 6.3.8.  It was found that from the time the power 

supply was turned on, the lens tube would go from a room temperature of 23.7300 °C to a 

mean temperature of 41.9977 °C within 10 minutes and then remained stable to +/- 

0.0763 °C over 50 minutes. 
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Figure 6.3.8  Measurement of etalon heater warm up time. 
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 Long term measurements were taken every 10 seconds over an 8 hour period, 

during the day when thermal cycling is at its peak.  The mean temperature was 41.3790 

°C and the peak to peak variation was 0.1840 °C with a standard deviation of 0.0313 °C 

over the entire 8 hours.  The results of this measurement are shown in Figure 6.3.9. 
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Figure 6.3.9  Day time measurement of etalon heater stability. 
 

 A similar measurement was performed at night over a 10 hour period when no 

one was in the building and thermal variations of the room where at a minimum.  The 

results of this experiment are shown in Figure 6.3.10.  Over the entire 10 hour period the 

maximum peak to peak variation was 0.1410 °C with a standard deviation of 0.02489 °C 

and a mean temperature of 41.3660 °C. 
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FPI Ring Temp Stability For 10 Hours Overnight 
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Figure 6.3.10  Night time measurement of etalon heater stability. 
 

 When 5 minute averages were taken, for the night time measurement, the peak to 

peak variation of the average was only 0.0754°C with a standard deviation of 0.0175 °C, 

as can be seen in Figure 6.3.11. 
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Figure 6.3.11  Five minute averages for etalon heater temperature stability. 
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 Based on the modeled results for the variation of the solid etalon’s center 

frequency with temperature, the results of the temperature measurements imply that a 

frequency shift of as much as 500 MHz over the day and 383 MHz over the night would 

be seen.  Even when taking averaging into account, the frequency drift would be on the 

order of 200 MHz.  Based on this experiment, it appears that the simple heating 

mechanism may not be sufficient for the requirements of the AET. 

 Several measurements were taken over shorter periods of time to verify the heater 

performance.  The measurements were made every 0.045 seconds, which was the 

maximum rate for this data acquisition unit, to determine the short term variability of the 

etalon.  The results were better than for the long term measurements, but were still 

significant for the highly temperature sensitive solid etalon.  The results of one of these 

measurements are shown in Figure 6.3.12.  Based on this measurement, the etalon could 

vary from the mean by as much as 84 MHz over 100 seconds, which would move the 

laser completely over the peak of the transmission function, or off of the slope depending 

on the direction of the shift. 
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Temp Variation with .045 sec Interval Measurments
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Figure 6.3.12  Short term temperature variation measurement of etalon heater. 
  

 Although temperature stabilization to better than 0.2 °C is actually very good, for 

such a simple and inexpensive heater design, the results were disappointing due to the 

strong sensitivity of the center frequency of the etalon’s response as a function of 

temperature.  However, this degree of stabilization was sufficient enough to carry out 

another experiment.  With the level of stability achieved, the laser should be able to be 

maintained on the edge of the etalon, at least temporarily, allowing the etalon drift to be 

observed directly.  The results of this experiment were very surprising at first, but after 

further consideration, a reasonable explanation was found.  This will discussed further 

after a description of the experiment and its results are presented in the following section. 
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6.3.3 HEATED SOLID ETALON FREQUENCY STABILITY EXPERIMENT 

The goal of this experiment was to evaluate how well the center frequency of the 

solid Fabry-Perot etalon transmission function was stabilized, using the simple and 

inexpensive heating mechanism previously described.   

The experimental setup utilized the 3 dB fiber beam splitter to send half of the 

laser output to a channel containing the Cesium vapor cell and the other half was sent 

through the temperature controlled solid Fabry-Perot etalon channel.  The idea was to use 

the Cesium channel to monitor changes in frequency of the transmitter, as before, and to 

utilize the results to allow changes in the recorded output of the etalon channel due to the 

laser variations to be removed.  The result is frequency changes that are due solely to the 

etalon itself.  A diagram of the experimental setup is shown in Figure 6.3.13. 

 

 

Figure 6.3.13  Setup for evaluating frequency stability of heated etalon. 
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  As mentioned previously, the temperature control circuit had the resistor which 

controls the set point temperature left out, and had posts put in its place.  This allowed a 

decade resistor to be inserted, making the set point temperature adjustable.  The reason 

this was done was to allow the etalon’s transmission response to be adjusted so as to 

coincide with the Cesium absorption line.  The center of one edge of the etalon’s 

transmission function was then able to be aligned with the center of one of the edges of 

the Cesium absorption feature.  After aligning the two slopes, and allowing them to 

stabilize, it was now possible to sweep through both edges simultaneously. The slope of 

each edge was then determined as a function of voltage and frequency, as discussed for 

the laser stability measurements.  An example of one of these scans is shown in figure 

6.3.14. 

 

Figure 6.3.14  Frequency scan of etalon transmission function and Cesium D2 absorption line. 
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 Once the crossing edges were scanned through, and the slopes for each of the two 

edges were determined in terms of the frequency and voltage, the rest of the experiment 

was similar to measuring the stability of the laser.  The ramp was turned off and the laser 

was adjusted manually until aligned at the crossing point of the two edges.  This was 

accomplished by watching the outputs of the two channels on an oscilloscope.  The 

outputs of the two detectors were then measured and recorded simultaneously, by the 

LabPro data logger. 

The Cesium channel was then used to remove any frequency changes due to the 

laser, leaving only frequency variations due to changes in the etalon itself.  An example 

of the measurement of the two channels, over one minute, is shown in Figure 6.3.15.   

 

Figure 6.3.15  Output of experimental setup for evaluating etalon frequency stability. 
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The red curve is the measured signal from the etalon channel, the blue curve is the 

measured signal of the cesium channel scaled by the ratio of the slopes from the edge 

scans performed earlier, and the gold curve is the sum of the two signals minus the mean.  

It was easier to align the edge of the etalon transmission function with the opposing edge 

of the Cesium cell.  Therefore, a change in frequency of the laser would cause the two 

signals to change in opposite directions, which is why the sum of the two scaled signals is 

used rather than the difference.  The mean was subtracted, since all that was of interest 

for this experiment was the relative frequency change from the mean due to the etalon. 

The frequency changes due to the etalon could now be determined by converting 

the remaining voltage variations, using the proper scaling factor obtained from scanning 

the edges.  The example shown in Figure 6.3.15 is shown in terms of frequency variation 

of the etalon in Figure 6.3.16.  For this measurement, the etalon’s frequency variation 

deviated from the mean by a maximum of 2.81 MHz with a standard deviation of 0.5525 

MHz.    
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Figure 6.3.16  Residual frequency changes due to thermal effects in solid etalon. 
 
 

This is far less than would have been expected, based on the temperature 

measurements of the lens tube.  Several other measurements showed similar results. 

These results seemed too good to be true, since a frequency variation of the etalon of 2.4 

MHz would imply that the etalon’s temperature only changed by approximately 0.001 °C 

from the mean, over a one minute time frame. 

Before discussing why these results are believed to be correct, it would be useful 

to go through the process step by step for a measurement taken that was not nearly as 

well behaved as the previous example.  This will hopefully allow any doubts about the 

process involved in this experiment to be minimized, before discussing why the results 

are so good. 
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The graph shown here as Figure 6.3.17 is a measurement taken during an unstable 

period for the laser over a 10 minute interval.  During this time, as can be seen on the 

graph, the laser drifted significantly, and then went through a mode hop at around 4 

minutes into the measurement.  This measurement was taken during the day when room 

temperature fluctuations were at a maximum. 

This data is a good example of how an edge detection measurement looses its 

sensitivity to frequency changes when the frequency shift is significant enough to move 

the measurements into the wings or near the peak of the filter.  This is essentially what 

limits the dynamic range of an edge detection lidar instrument. 

 

 

Figure 6.3.17.  Measured voltages for the solid etalon and Cesium channels. 
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 Prior to this measurement, 5 scans of the Cesium and etalon edge crossings were 

taken.  Actually, 10 scans were taken, since each scan was triggered half way through a 

sufficient frequency ramp to result in two measurements of the edges being captured, for 

each file that was saved.  The slope was determined and averaged for all ten of the 

measured edge crossings.  This was done to try and eliminate error in determination of 

the slope, which might bias the result.  The etalon is more sensitive to frequency changes 

in the laser than the Cesium absorption feature is (i.e., the etalon has a steeper slope).  In 

order to compensate for this, the ratio of the average slopes was used to scale the Cesium 

channel accordingly.  Figure 6.3.18 shows the output voltage from the etalon channel and 

the scaled output from the Cesium channel. 
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Figure 6.3.18.  Scaled voltage output for solid etalon and Cesium channels. 
 
 
 The next step was to align the two measurements around a common mean.  This is 

the same as centering both measurements about a reference voltage.  However, the 

reference voltage is arbitrary, because the absolute value of the transmission for the two 

channels was not of interest in this experiment.  What was typically done was to subtract 

the mean of the Cesium channel from the Cesium measurement and then add the mean of 

the etalon channel to the zero mean Cesium channel.  The result is shown in Figure 

6.3.19. 
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Figure 6.3.19  Scaled outputs of Cesium and etalon channels centered on common mean. 

 
 
 After the two channels are on the same scale, and centered on a common voltage, 

all that remains is to add the two channels together and subtract twice the value of the 

common voltage.  The remaining voltage changes are then centered on zero, and are a 

relative measurement of the voltage changes due to the etalon alone.  The final step is to 

convert the remaining voltages into relative frequency changes using the measured slope 

of the etalon.  The result is shown in Figure 6.3.20. 
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Figure 6.3.20  Residual frequency variation due to etalon temperature variations over 10 minutes. 
 

 The result is a measure of the frequency variations of the etalon as a function of 

time.  The large spike that shows up at around 4 minutes is the result of the laser having 

drifted beyond the linear part of the slope of the two edges when it mode hopped.  When 

this happens, the scaling based on the linear part of the curve is not accurate enough, in 

that region, to allow the measurement on the Cesium channel to completely remove the 

laser drift from the etalon channel.  It is obvious from the measured signal that this is 

what happened and it was not worth the extra effort to do a nonlinear fit to the two 

curves, which would allow drifts into this region to be corrected for.  
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 The other structure in the remaining frequency variation is real and is due to the 

slow corrections made by the temperature control circuit around the set point 

temperature.  Applying a sinusoidal fit to the data, shown in Figure 6.3.21, suggests a 

period of just over 10 minutes with amplitude of 1.830 MHz and a root mean squared 

error of 0.7028 MHz. 

 

Figure 6.3.21  Curve fit for residual etalon frequency variation. 
 

After seeing this sinusoidal pattern in several measurements taken with this 

experimental set up, it was expected that a similar pattern would be seen in the 

temperature measurements of the lens tube.  Figure 6.3.22 shows one of these 
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measurements taken over 150 minutes.  Although the same sinusoidal pattern is not seen 

in this measurement, it does appear that the lens tube went through its heating cycles over 

periods of about 10 minutes.  The fact that the same sinusoidal pattern was not seen 

caused some worry at first, until the problem was looked at more closely. 

 

 

Figure 6.3.22  Temperature variation of etalon heater over 2.5 hours. 
 

 The first question to answer was; “Is measuring the temperature of the lens 

housing representative of the heating of the etalon?”  To begin to answer this question, 

the thermal properties of aluminum were obtained and it was found that aluminum has a 

thermal conductivity of around 238 W/m-K at a temperature of around 315 K.  Next, the 
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thermal properties for fused silica were obtained, and it was found to have a thermal 

conductivity of approximately 1.38 W/m-K, at the same temperature.  Given this, 

aluminum will conduct heat, over an equivalent path, at a rate approximately 175 times 

faster then fused silica.  Another interesting thermal property of the lens tube is that it is 

made of anodized aluminum, which has an emissivity of 0.7- 0.9.  Aluminum foil on the 

other hand has an emissivity of around 0.07.  Since the etalon was wrapped with a thin 

layer of aluminum foil, to increase the thermal contact, it is actually being shielded from 

radiative heating from the lens tube.  The inside walls of the lens tube are not covered 

with aluminum foil, in the parts of the tube where the etalon is not located, and it can 

therefore radiate a lot of its heat in these areas.  This radiative heating is occurring for 

about 1 inch on each side of the etalon and is actually helping warm the air inside the 

tube on either side of the etalon.  This reduces convective cooling of the etalon at the air 

etalon interfaces as long as there is not a lot of short term air exchange between the 

environment around the tube and the air in the tube.  Furthermore, the aluminum lens 

tube is in contact with the heater element over the full 3.65 square inch effective area of 

the heater, while the etalon is only in contact with the lens tube over an area less than 1 

square inch based on its surface area and the fact that the inside of the lens tube is 

threaded. 

 The analysis did not go so far as to perform a finite element analysis of the heater 

setup.  It is believed, however, based on the somewhat hand waving argument presented 

above, that it is reasonable to expect the average changes in the etalon’s temperature 

stability to be more than 100 times less than the changes that are being measured on the 
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lens tube.  It is also reasonable to believe that the more jagged temperature variations of 

the housing shown in Figure 6.3.22 would manifest as a smoother, more sinusoidal 

signature in the measurements of the etalon as seen in Figure 6.3.21. 

 The etalon appears to maintain a constant temperature to within the desired couple 

of thousandths of a degree Celsius over extended periods of time.  This result is 

surprising, but it does appear to be valid.  Based on these experiments the inexpensive 

heater (less than $700, of which $500 is the temperature control circuit) provides 

sufficient thermal stability for the solid etalon to be used effectively with the AET.  These 

results should be valid in the field as well, as long as reasonable care is taken to shield the 

etalon and heater from quickly varying environments.  Since the lidar receiver would 

need to be mounted in a box, and the box would require at least moderate thermal control 

for alignment reasons, this should not be a problem. 

 

6.4 LINEWIDTH AND SHAPE OF HEATED SOLID ETALON 

The etalon linewidth and shape needed to be reevaluated after the heater was in 

place to asses any changes due to the heating.  The main purpose of this part of the 

experiment was to allow the non-heated etalon line width and line shape to be compared 

directly with those of the heated etalon. 

   The measurements initially performed on the etalon were repeated, and it was 

found that the linewidth was broadened by approximately 12 MHz.  Surprisingly, the 

shape of the measured etalon’s transmission function appears to be more symmetric then 
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it was prior to heating.  This could be due to the rapid drifts that were occurring during 

the previous measurements. 

 The broadening of the linewidth is most likely due to a slight curvature added to 

the etalon surface, due to the radial conductive heating supplied by the lens tube.  This 

would cause the edges to be at a slightly different temperature then the center of the 

etalon.  The measured transmission function for the solid etalon, when heated to a 

temperature of 38.156 °C, is shown in Figure 6.4.1. 

 

 

Figure 6.4.1  Measured linewidth and shape of heated solid etalon. 
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The only effect the small broadening has on the AET is to reduce the slope of the 

edges and, thus, it would have slightly less sensitivity to the Doppler shifted return signal.  

The 12 MHz broadening would correspond to a reduction of the wind sensitivity to 3.4 

percent change in transmission per m/s velocity change versus the previous sensitivity of 

3.7 percent for the unheated etalon linewidth.  The significance of the wind sensitivity 

factor, as mentioned in Chapter 2, is that the velocity error is inversely proportional to it 

and the signal to noise ratio for the system.  So, for a signal to noise ratio of 100, the 

additional error, added by the broader line of the heated etalon, would only be 0.24 m/s 

when operating at the maximum sensitivity point of the etalon slope. 

 It was noticed that heating the etalon above 43 °C would cause significant 

asymmetry in the transmission function.  It is believed, that this is due to the aluminum 

lens tube expanding to the point where only the bottom edge of the etalon is in thermal 

contact with it.  It was also observed that during the initial heating of the etalon the peak 

would become asymmetric on the lower frequency side of the transmission function. This 

is the result of the edges of the etalon expanding more rapidly than the center, making the 

surfaces slightly concave.  This assumption appears valid, since measurements taken after 

turning the heater off show the asymmetry on the higher frequency side of the etalon.  

This would be caused by the edges cooling faster, and thus contracting faster, due to their 

thermal contact with the aluminum housing and, thus, causing the etalon to become 

slightly convex. 
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6.5  MEASURING THE BANDPASS FILTERS 

The final component evaluation performed was to measure the transmission and 

spectral properties of two bandpass filters that were included with the equipment obtained 

from Mr. Gentry.  The parameters of these filters are important factors in validating the 

expected results, based on models of any lidar, as they largely determine the amount of 

solar background that will be present in the measurement for a given background 

radiance and, therefore, play a significant role in the signal to noise calculations. 

The Remote Sensing Group at the University of Arizona has a monochrometer that is 

used to evaluate the filters for their solar radiometers.  The monochrometer is 

manufactured by Optronic Laboratories, Inc. and the model number is OL-750-M-D.  

This is an automated double monochrometer, and it is capable of providing measurements 

over a wavelength range from 0.2 µm to 30 µm. 

 The setup used had an exit and entrance slit width of 0.125 mm and a center slit 

width of 1.25 mm, which corresponds to a half-bandwidth of 0.25 nm, given that the 

gratings dispersion is 12 nm/mm.  The wavelength stepping increment for the grating was 

0.05 nm.  Both filters were first scanned at a coarser wavelength step, to determine a 

reasonable scanning range, since scanning at the higher resolution can typically take 

several hours. 

The first filter scanned was manufactured by Andover Corporation, part number 

ANDV5340 AM – 32650-2, and had a specified full width at half maximum of 1 nm 

centered at 852 nm.  The filter was scanned from 840 nm to 865 nm using the 0.05 nm 

wavelength step.  A plot showing the results can be seen in Figure 6.5.1.  
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Figure 6.5.1  Monochrometer scan of Andover filter. 
 
 
 The measured full width at half maximum for this filter was 1.15 nm with the 

center peak located at 852.31 nm.  The peak transmission was approximately 43%.  Less 

than 6% of the transmission was from outside of about 1 nm to each side of the peak.  

Overall, this filter met its specifications fairly closely, and the measurement allowed me 

to update the filter bandwidth and transmission parameters in my model of the lidar 

system. 

 The second filter was manufactured by Barr Associates, part number 852.0/0.6nm 

3696 BARR, and as the part number suggests it was specified to have a full width at half 

maximum of 0.6 nm at a center wavelength of 852 nm.  This filter was scanned from 845 
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nm to 860 nm using the 0.5 nm wavelength step.  The results for this filter are shown in 

Figure 6.5.2. 

 

Figure 6.5.2  Monochrometer  scan of Barr filter. 
 
 The measured half maximum linewidth of this filter was 0.9 nm with a center 

wavelength of 852.17 nm.  The peak transmission for this filter was approximately 46%.  

This is overall a much better filter than the Andover filter and could be used in the return 

beam, prior to the beam splitter, as the only bandpass filter used by both channels.  This 

is really the best configuration because it removes one component of the calibration 

constant, since the transmission and bandwidth would then be the same for both channels 

and would cancel out.  The Andover filter could be used in tandem with this filter if 

additional solar background rejection were desired.  However, temperature control or 
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angle tuning would have to be used to better align the center wavelengths of the two 

filters. 

  

6.6 SUMMARY OF EXPERIMENTAL RESULTS 

Table 6.6.1 contains the summarized results from the work presented in this 

chapter.  These results represent the most commonly encountered values during the 

experiments and do not include some of the outlier measurements, such as when the laser 

mode hopped.  It is important to remember that there are unstable operating conditions, 

under which the performance of these components will not be as good as the values 

indicated in the table.  However, the results appear to be repeatable, if care is taken to 

avoid these unstable operating conditions, and it will therefore be assumed that the 

components would be operated in the field under reasonably favorable conditions.  This 

does not imply operation under ideal conditions.  Rather, what is implied is that the 

results presented in Table 6.6.1 should be repeatable, granted moderate consideration of 

the operating conditions have been taken. 
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Table 6.6.1. Summary of results from component evaluations for implementing the AET 
Component Result Comments 
      
Transmitter     
Current Tuning Rate 1.001 GHz/mA   
Frequency Drift < 4 MHz/min With minimal isolation from environment 

  < 10 MHz/min 
Without isolation from environment, does not 
include mode hops 

Frequency Jitter <13 MHz/min Peak-to-Peak max  
  < 0.5 MHz/min Peak-to-Peak using 10 second averages 
Amplitude Variation < 3% / min At resonance settings for Cs filter 
  < 0.5% / min With T=13.34 Current = 175.5 mA 
Frequency Modulation linear over 80% Sine wave modulation to 200 MHz depth 
      
Edge Filter (Solid Etalon)     
Temperature Sensitivity 2.7124 GHz/°C   
Frequency Drift >1 MHz/s Without stabilization 
  < 2 MHz/min With thermal control (described in Section 6.3.2) 

Frequency Jitter < 5 MHz/min 
Peak-to-Peak max With thermal control 
(described in Section 6.3.2) 

  < 0.4 MHz/min 
Peak-to-Peak using 10 second averages With 
thermal control (described in Section 6.3.2) 

Linewidth (FWHM) <125 MHz Room Temperature 
  < 138 MHz Heated to 38.126 °C 
      
Barr Background 
Rejection Filter     
Peak Transmission > 45 %   

Peak Wavelength 
852.17 nm +/- .05 
nm   

Passband FWHM 0.90 nm +/- 0.05 nm   
      
Andover Background 
Rejection Filter     
Peak Transmission > 43 %   

Peak Wavelength 
852.31 nm +/- .05 
nm   

Passband FWHM 
1.150 nm +/- 0.05 
nm   
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CHAPTER 7 
SENSITIVITY ANALYSIS OF AET LIDAR 

 
 

Based on the findings from the previous two chapters, it is now appropriate to put the 

capabilities of the AET into perspective by evaluating the expected performance based on 

realistic parameters.  This chapter will begin by evaluating the shot noise limited 

performance of an AET lidar, based on the program described in Chapter 4, and the 

components made available by Mr. Gentry.  This analysis will be followed by a 

discussion of additional sources of error that may limit the ability of the AET to 

accurately estimate winds in the lower troposphere.  The final section of this chapter will 

present a detailed analysis of the AET’s ability to estimate the molecular to aerosol 

backscatter ratio.  This analysis was performed using a modified version of the program 

discussed in Chapter 4, which allows Monte Carlo type simulations of lidar 

measurements. These simulated measurements include random and systematic variation 

of the laser frequency and power on a single shot basis, as well as including variations of 

the atmospheric properties and the edge filter.  The simulated lidar data are then 

processed using the methods described in Chapter 3 and the results are presented. 

 
7.1 AET SHOT NOISE LIMITED ERROR USING AVAILABLE COMPONENTS 

To evaluate the shot noise limited performance of the AET lidar, based on the 

available components, the same constraints discussed in Chapters 4 and 5 will be used as 

the figures of merit.  The findings from the study presented in Chapter 5 will be used to 

supplement the experimental results from Chapter 6, and are used to define the necessary 

parameters for the program when needed. 
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Table 7.1.1 summarizes the parameters that were used for this analysis.  The 

MOPA’s maximum peak power is based on work performed by Dr. Cornwell, which is in 

agreement with the specifications provided by Toptica Photonics AG., for their 

commercial version operating at 850 nm.  Since the maximum peak power is the limiting 

factor for the MOPA configuration, a longer temporal pulse length and a higher PRF, 

than those presented in Chapter 4, were used.  The cost of using longer range bins is a 

reduction of the spatial resolution and the maximum range, as previously discussed. 

 

Table 7.1.1.  Parameters used for evaluating the AET shot noise limited performance based on  
                      available components and experimental results. 

Laser Parameters 
Wavelength 852.2 852.2 nm 
Temporal pulse width 2 5 µs 
Pulse Repetition Frequency 5000 5000 Hz 
Per pulse energy 1.5 3.75 µJ 

Receiver Parameters 
Telescope diameter 16 8 in. 
Central Obscuration 4 2 in. 
Effective telescope area 0.1216 0.031 m^2 
Beam splitter transmission 0.63 0.63   
Beam splitter reflection 0.37 0.37   
Optical efficiency (EFC) & (EMC) 0.35 0.35   
Quantum efficiency (EFC) & (EMC) 0.45 0.45   
Peak transmission of edge filter 0.95 0.95   
Etalon transmission at reference frequency 0.3 0.3   

Viewing Geometry and Range Resolution 
Temporal bin width 2.5 5.33689 µs 
Elevation angle 30 30 Degrees 
Spatial resolution (LOS) 374.75 800 m 
Spatial resolution (Horizontal) 324.543 692.82 m 
Spatial resolution (Vertical) 187.375 400 m 
Number of bins 80 37   
Maximum range 29.79 29.2 km 
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Notice that there are two sets of parameters defined in Table 7.1.1.  This is 

because two cases were examined, corresponding to a temporal pulse duration of 2 µs 

(bin width of 2.5 µs) and one for a laser pulse duration of 5 µs (bin width of 5.337 µm).  

The longer pulse width has two affects on the return signal when a corresponding bin 

width is used.  First, the longer pulse width allows a larger per pulse energy.  Secondly, 

the longer pulse width (bin width) integrates the signal over a longer spatial distance.  

These two factors result in more photons available per range bin, for the measurement 

using the longer pulse. It was implemented in this analysis to allow consideration of a 

smaller telescope. 

The measured etalon linewidth, when heated by the oven, was used for defining 

the edge filter parameters and, thus, the wind sensitivity factor.  The peak transmission 

was taken to be just below the theoretical value of 96.9%, and was set to 95%.  To keep 

the estimates conservative, the reference transmission point was kept at 30%, rather than 

the optimal 50%. 

Both runs used a near identical overlap function, even though the telescopes were 

of different sizes.  Both cases were run three separate times, corresponding to the three 

global aerosol models, in order to get a poor, fair and good estimate as discussed in 

Chapter 4. Furthermore, these measurements were performed for both night and day 

operating conditions.  It should be noted that for typical continental boundary 

measurements, the enhanced model is representative of what might often be seen. Since 

the GLOBE experiments were designed mainly to determine aerosol content in regions 

that are typically clean (i.e., lower aerosol content), they are really conservative estimates 
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of the aerosol content that would be present under many typical operating scenarios.  The 

results are summarized in Table 7.1.2.  

 

Table 7.1.2.  AET shot noise limited performance analysis results using available equipment  
                      parameters. 

Aerosol Model 
Maximum 
range for  

< 1 m/s error 
Day 

m/s Error    
@ 

maximum 
range Day 

Maximum 
range for  
< 1 m/s 
error 
Night 

m/s Error     
@ 

maximum 
range Night 

Two microsecond laser pulses (1 minute integration time) 
Globe Background 1.5 km 0.936 3.0 km 0.733 
Globe North 2.6 km 0.786 4.1 km 0.764 
Globe Enhanced 3.4 km 0.866 9.0 km 0.975 

Five microsecond laser pulses (1 minute integration time) 
Globe Background 1.6 km 0.549 3.2 km 0.722 

Globe North 3.2 km 0.926 4.0 km 0.511 
Globe Enhanced 4.0 km 0.867 8.0 km 0.939 
 

The properties of the background rejection filters discussed in Chapter 6 were 

used for these calculations.  From this analysis it was determined that the EMC would 

significantly benefit from a bandpass filter with a maximum linewidth of ~1 angstrom, 

full width at half maximum, versus the 9 angstrom filter being used for that channel.  

Filters are commercially available with the desired properties, but they are not common 

off the shelf items which greatly add to their cost.  Since the analysis here uses a sunlit 

cloud to estimate the solar background, the current filter would not be adequate; however, 

it would be sufficient under less severe background conditions.  If the current filter is 

used, then a means of attenuating the signal for the EMC would be required if a large 

background signal were present in order to prevent damage to the detector.  A possible 

solution using the available parts would be to use the background rejection filter from the 
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EFC in the common path of the receiver before the beam splitter.  This would allow the 

EFC to have the current background rejection, maintaining the original optical efficiency 

for that channel, but the EMC would have background rejection from both filters.  The 

combined linewidth would be about 3 angstroms if the peaks could be aligned.  

Alignment could be accomplished by either temperature tuning or angle tuning one of the 

filters.  The down side of this configuration is that it reduces the signal counts as well as 

the background counts in the EMC, whereas a narrower filter may still have about the 

same peak transmission as the one considered here. 

With the 1 angstrom bandpass filter, the results given in Table 7.1.2, for less than 

1 m/s error, would be extended in range by around 0.5 km for the daytime measurements.  

Additionally, with the 1 angstrom filter, the total counts in the EMC would remain in the 

linear counting range of the SPCM, even in the presence of a sunlit cloud. 

The results from Table 7.1.2, viewed in the context of the applications mentioned 

in Chapter 3, show that an AET lidar using available components can provide sufficient 

accuracy and coverage for its intended use, based on the shot noise limit.  These results 

could be improved by using another MOPA laser available from Toptica Photonics AG., 

which offers twice the peak power than that available from the 852 nm MOPA 

considered here.  The other MOPA operates at a wavelength of 780 nm and would have 

increased molecular scattering and background noise, but the additional power and higher 

quantum efficiency at this wavelength could allow for better range resolution without 

increasing the integration time.   
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These results are significant, considering that the AET lidar, as specified, could be 

built for under $100,000, including the narrow band background rejection filter. Of 

course this analysis is based on the shot noise limited performance alone, and does not 

consider other sources of error that may exist, such as the error due to the molecular 

backscatter.  Remember that these estimates were made using conservative values and 

actually underestimate the shot noise limited performance under optimal conditions.  For 

backscatter ratios of about 0.5, the error from the molecular component becomes 

significant, especially for larger Doppler shifts.   

The next section will address the predominant sources of potential error for the 

AET.  The results from this section suggest that, even if the total error is double the shot 

noise limit, the AET lidar would be useful for many applications that currently have no 

other means of being accomplished, at least not when cost is a factor as it commonly is. 

 

7.2 ADDITIONAL NOISE SOURCES 

The analysis thus far has assumed that all of the components used are completely 

stable, that the laser can be pulsed with no emission in the off state and that the aerosol 

component can be determined.  In reality, none of the components are completely stable; 

the MOPA configuration is constantly emitting laser light, and the molecular component 

can not be estimated exactly.  How each of these error sources might affect the AET 

measurement, and how they might be minimized, will be the subject of this section. 

First, the emission from the MOPA configuration described in Chapter 5, while in 

the off state, can increase the background counts and, thus, adds to the shot noise.  
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According to Dr. Cornwell’s investigation of the MOPA, the extinction in the off state is 

better than 22 dB, and the majority of this is due to a small tail in the trailing edge of the 

pulse (Cornwell, 1995). Not including the small tail of the pulse, the extinction in the off 

state is about 45 dB, suggesting that very little background would be added by the MO’s 

continuous operation.  If the background is found to be significant, there are several ways 

that this might be dealt with.  For instance, a Pockels Cell could be used in the output 

beam path and timed to only pass the laser light within a time slightly larger than the 

pulse width.  This would significantly reduce the background due the CW operation of 

the MO.  Another method might be to use a deformable mirror in the output path which 

would direct the transmitter beam out of the receiver field of view in between pulses.  

Although this characteristic of the MOPA may complicate the optical design and add 

some additional cost, there seem to be several methods that could be used to prevent this 

from being a significant problem, assuming that it even is a problem. 

The frequency stability of the laser and the etalon are not as easily compensated 

for.  If the EMC is not used to normalize the EFC, as is the case for analyzing the AET 

similar to the DET, then frequency drifts of either the laser or the etalon present a 

potential source of error, even for small frequency jitter.  However, in the case of jitter, 

the potential for added error lies mainly in the mean frequencies of ν1 and ν2, over the 

integration time of the channel.  From Chapter 6 it was determined that the MO’s 

frequency jitter over 10 second averages have a standard deviation of only 0.23 MHz, 

which corresponds to an error in the wind velocity of about 10 cm/s at 852 nm.  This is 

small compared to the shot noise over a 10 second average, for all but the closest range 
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bins where this error is tolerable anyway.  It is also likely that the effects due to jitter will 

average out over the proposed 1 minute integration time. 

The measured frequency drift of 4 MHz per minute for the transmitter and 2 MHz 

per minute for the etalon are also tolerable.  This is true because the measurements being 

considered are averaged over at least 1 minute for both the reference and the atmospheric 

measurements; thus, they are both affected by the drift equally.  Therefore, as long as the 

laser drift is compensated for, on about a one minute time scale, it would not drift 

significantly enough to move into low sensitivity regions of the etalon and would cause 

little error in the wind measurement.  This becomes clear when the quantity being 

measured is considered.  Namely, the quantity being estimated is the average wind in a 

particular range bin over the integration time.  The estimate is based on the average ratio 

of the atmospheric signals, taken on each of the two edges, versus the ratio of the 

corresponding reference signals.  Drift, or jitter, will appear in both the reference and the 

atmospheric signals and, therefore, when looking at the difference between the two ratios, 

these drifts are compensated for.  This assumes that the drifts are not significant enough 

to move the center frequency, between ν1 and ν2, by an amount close to the half width at 

half maximum of the filter.  However, drift can affect the dynamic range of the AET 

instrument, which is determined by the half width at half maximum of the edge filter.  

For the filter being considered, the half width at half maximum is 68.5 MHz, which at 

852 nm corresponds to a maximum detectable wind velocity of 29.2 m/s or 65 miles per 

hour along the line of sight.  This is increased by including the cosine of the elevation 

angle for horizontal winds, so for a 30 degree elevation angle the maximum measurable 
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velocity is 75 miles per hour.  If the center frequency, between ν1 and ν2, moves to one 

side or the other due to drift of the laser, then the dynamic range would be limited in the 

direction of the drift to the half width minus any frequency drift.  It is worth noting that if 

in the intended use an AET instrument, higher velocities might commonly be 

encountered (near the maximum dynamic range), then a lower resolution filter could be 

used to extend the dynamic range.  This would, of course, be at the cost of reduced 

sensitivity to smaller Doppler shifts.  

If the modulation and pulsing of the MOPA are timed properly, the pulses should 

occur at a separation of one etalon full width at half maximum, on their respective edges.  

For an ideal case this would correspond to each pulse having a frequency that 

corresponds to the 50% transmission point on their edge.  If jitter is included, each 

successive pulse pair can differ from this ideal case by the peak to peak variation of the 

jitter.  However, if the jitter is random, then on average the separation between the two 

pulses should occur at one full width at half maximum from each other and, thus, the 

ratio of the reference signals should be unity.  This is not true if drift is added, since the 

combined average frequency for the pulses would not be centered on the peak 

transmission of the etalon.  Therefore, when drift is present, the ratios of the averaged 

reference signals would not be unity.  This can be used advantageously to compensate for 

drifts in the laser frequency, by comparing the ratio of the two reference measurements to 

unity and adjusting the current to the MO accordingly.  This is possible because when the 

ratio of the reference signals is greater than unity, it uniquely indicates a shift in one 

direction, while a ratio of less than unity indicates a shift in the opposite direction.  Even 
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if the laser were to drift significantly enough to shift both outgoing frequencies to one 

edge of the etalon, as long as at least one of the pulse pair frequencies remained in the 

bandpass of the etalon, this still holds.  The residual uncertainty caused by laser 

frequency (or etalon) drifts or jitter will be examined further in the simulations presented 

in the next section. 

Similar to laser frequency jitter and drift, changes in the atmosphere that happen 

on time scales greater than a few tenths of a second will be averaged out in the 

atmospheric measurements.  Recalling the analysis from Section 2 of Chapter 3, the 

estimated velocity is based on estimating the average molecular component, removing it 

from the average aerosol component, and then comparing the ratios of the corrected 

atmospheric signals with that of the reference.  This means that as long as the 

atmospheric changes do not occur on a time scale less than the time between successive 

pulses, there should be no additional error in estimating the average wind, for a particular 

range bin, due to atmospheric changes.  For a PRF of 4 or 5 kHz it is extremely unlikely 

that the atmosphere would change significantly enough in such a short time as to bias the 

measurements between successive pulses. 

The largest remaining source of error, aside from shot noise, lies in the 

determination of the molecular component of the received signal in the edge channel.  If 

the backscatter ratio, BR, described in Chapter 2 is larger than about 0.5, the error in the 

velocity estimate increases significantly if the molecular portion can not be corrected for.  

Several factors must be considered that have the potential for creating error in this 

estimate.  First, the width of the Rayleigh component is determined by the average 
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temperature for a given range bin, so any error in the estimated temperature would result 

in an error in estimating the molecular component.  Secondly, as BR becomes much 

larger than 1, small errors in its estimation will have a larger impact on the velocity 

estimate.  For instance, if the fractional amount of the molecular photons passed by the 

edge filter is nominally 0.14, and the edge filter is operated at the 50% transmission 

point, then when BR is equal to 4, more of the photons detected in the edge channel 

would be from molecular scattering.  These sources of error are difficult to assess 

intuitively.  For this reason, the discussion of errors in the wind estimates, due to 

estimating the molecular component, will be delayed until the results of the Monte Carlo 

experiment are presented in the following section. 

There are other sources of error that are being neglected such as noise in the 

electronics, the mechanical stability of the overlap, variations in the laser or etalon 

linewidth, etc..  However, the main purpose of this analysis is to determine if additional 

error is introduced by using the AET versus the DET.  The DET has to contend with 

these noise sources as well and, therefore, they are not discussed here. 

 

7.3 MONTE CARLO ANALYSIS, USING THE AET FOR ESTIMATING 
            THE BACKSCATTER RATIO 
 

In order to evaluate the ability of the AET to be used similar to the DET as 

presented in Chapter 3, a Monte Carlo simulation was developed based on the lidar 

simulation program described in Chapter 4.  The output of the simulated lidar 

measurements were then analyzed using the methods described in Section 2 of Chapter 3. 
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The simulated lidar measurements include a realistic edge filter, based on the 

measurements from Chapter 6.  The simulations used the temperature profile to estimate 

the width of the molecular return based on a Gaussian distribution following previous 

work that was done to assess a space based Doppler lidar (Rees,1990).  The fraction 

passed by the edge filter for each pulse, and for each individual range bin, is then 

calculated as discussed in Chapter 3.  The true spectral profile of the Rayleigh backscatter 

is a Voigt profile, which is a convolution of the Lorentzian collisional broadening and the 

Gaussian distribution from Doppler broadening.  There is very little difference in the 

estimated fraction passed by the etalon when the Voigt profile is used instead of the 

Gaussian, but the final version of the software for the AET should use the Voigt profile.  

The Gaussian distribution was used in this modeling mainly for simplicity and to reduce 

computational requirements.  Both random and systematic variations of the laser 

frequency and power were introduced into the calculated signal for each pulse.  The 

distribution of these variations was based on the measurements from Chapter 6.  Both the 

etalon and laser variations were included together, as this poses the worst case (i.e., when 

both the laser and the etalon drift in opposite directions).  In addition to the laser 

variations, the atmospheric backscatter, from both aerosols and molecules, could be 

varied randomly.  Other variations explored included changes in the linewidth of the 

etalon or laser after the calibration, and errors in estimating the temperature profile. 

The simulation begins by reading in a user specified wind field, from a text file.  

The wind field is then converted to a Doppler shift using Equation 1.2 for the particular 

wavelength being used in the simulation.  The Doppler shift is added to the center laser 
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frequency, along with frequency jitter and drift, for the appropriate range bin on each 

pulse.  Figure 7.3.1 shows a sample of the variations applied to the simulated center laser 

frequency, transmitting on one edge over 125 pulses, with the mean frequency subtracted.      
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Figure 7.3.1.  Sample of frequency variations applied to the simulated laser pulses. 
 

Figure 7.3.2 shows a sample of the energy variations for pulses at frequency ν1, in percent 

of the average energy.   The magnitude corresponds well with the amplitude stability 

measured at the less ideal current and temperature settings that allowed the Cesium filter 

to be used, rather than for the more stable configuration mentioned in Chapter 6. 
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Figure 7.3.2.  Sample of power fluctuations applied to the simulated laser pulses 
 

 The variations shown in Figures 7.3.1 and 7.3.2 are slightly exaggerated from the 

variations seen in the laboratory.  This was done to account for less than ideal conditions 

for a field instrument as compared to the tests performed in the laboratory, and to 

highlight any errors caused by these variations.  The actual variations used for the 

simulation varied by twice what was seen in the laboratory from shot to shot.  This is 

because peak to peak values were used rather than the deviation from the mean. 

In order to determine the error in the velocity estimates due to the molecular 

component, and to evaluate the ability of the AET method described in Chapter 3 to 

correct for this error, a wind field with a constant velocity of 10 m/s in the radial direction 

was used to assess the initial performance.  This velocity was chosen since it corresponds 

to approximately the 30% transmission point of the etalon, as was used in the shot noise 

calculations.  However, because the AET method is being used similar to the DET, the 
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sensitivity is twice that of the single edge measurement value used in the shot noise 

calculations.  This is because a frequency corresponding to the 30 % point on one edge 

approximately corresponds to the 80% transmission on the other edge if the modulation 

depth is one full width at half maximum.   

The convention used is that a Doppler shift towards higher frequency is 

considered a positive velocity (i.e., winds coming toward the receiver are in the positive 

direction).  The plots shown in Figures 7.3.3 and 7.3.4 are based mostly on the same 

parameters used in the first section of this chapter for the 5 µs and 2 µs pulse lengths, 

respectively.  One difference is that an 8 inch telescope was used for both cases, rather 

than using the 16 inch telescope, as was done for the 2 µs shot noise calculations. 

Another difference is that the integration time is 30 seconds rather than 60 seconds, due 

to the increased sensitivity of the AET versus the single edge method.  The atmosphere 

used for these two plots is the Globe North model for the aerosol profile and the U.S. 

Standard Midlatitude Summer was used with Mr. Gentry’s model for the molecular 

profile.     

The insert in the figures is a plot of the ratio BR as a function of range number, 

with each range bin corresponding to approximately 338 m in the vertical direction and 

725 m in the horizontal direction.  The red dots show the error in the velocity estimate 

due to an error in the estimation of BR.  The blue dashed line is the shot noise for the 

velocity measurement, the solid black line is the actual velocity input and the solid purple 

line is the combined or total error in the velocity estimate in m/s. 
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Figure 7.3.3.  Velocity estimate errors for the AET using 30 second integration time, an 8 inch 
receiving telescope with 2 in center obscuration and 5000 pulses per second.  The laser pulse is 5 µs 
long,  a temporal bin width of 5.3367 µs is used, and the average per pulse energy is 3.75 µJ. 
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Figure 7.3.4. Velocity estimate errors for the AET using 30 second integration time, an 8 inch 
receiving telescope with 2 inch center obscuration and 5000 pulses per second.  The laser pulse is 2 µs 
long,  a temporal bin width of 2.5 µs is used, and the average per pulse energy is 1.5 µJ. 
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 Note that the range bins in Figure 7.3.4 are 375 m while those shown in Figure 

7.3.3 are 800 m due to the longer temporal bin width.   Additional simulations were done 

for each of the six cases shown in Table 7.1.2, in order to compare the performance of the 

AET, analyzed similar to the DET, with the performance based on the single edge shot 

noise limit.  The results of these simulations are presented in Table 7.3.1, in the same 

format as 7.1.2, to allow a straight forward direct comparison. 

 

Table 7.3.1. Lidar simulation results for AET using a ratio of the two edges and an estimate of the 
                     molecular component to solve for the velocity, using parameters based on available 
                     components. 

Aerosol Model 
Maximum 
range for  

< 1 m/s error 
Day 

m/s Error    
@ 

maximum 
range Day 

Maximum 
range for  

< 1 m/s error 
Night 

m/s Error   
@ 

maximum 
range 
Night 

Two microsecond laser pulses (30 second integration time) 
Globe Background 1.5 km 0.915 4.1 km 0.985 
Globe North 2.25 km 0.68 7.5 km 0.915 
Globe Enhanced 4.125 km 0.874 19.5 km 0.985 

Five microsecond laser pulses (30 second integration time) 
Globe Background 4 km 0.858 4.8 km 0.928 

Globe North 4.8 km 0.682 13.6 km 0.816 
Globe Enhanced 10.4 km 0.882 21.6 km 0.705 

 

In almost all cases, the velocity error is less than one m/s out to a range much farther than 

those predicted by the shot noise of the single edge given in Table 7.1.2, and the 

integration time is half as long.  This may sound alarming since it might appear to violate 

the shot noise as the lower bound on the performance.  However, if the two measurement 

techniques are considered more closely, there are two striking differences.  First, the 

sensitivity factor for the method presented in Section 2 of Chapter 3 differs from the 
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sensitivity factor described by Figure 4.3.3 in Chapter 4, since it is the ratio of the two 

edges being used to estimate the wind rather than the ratio of the energy monitor and an 

edge signal.  The result of using the ratios is that the sensitivity is now the sum of the 

sensitivity of the two edges.   This is illustrated in Figure 7.3.5, in terms of the Doppler 

shift in etalon half widths.  The zero represents when the two alternating frequencies are 

separated by one full width at half maximum and the center frequency between them is at 

the peak of the etalon (i.e., each edge is sampled at the 50% transmission point.).  When a 

Doppler shift occurs, both frequencies move in the same direction and the center 

frequency traces the curve shown.  At one half width one of the frequencies, ν1 or ν2 

depending on the direction of the shift, will cross over the peak and the ratio of the two 

edges will either tend toward zero or infinity, depending on how the ratio is defined.  
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Figure 7.3.5. Sensitivity of the AET, given by the sum of the sensitivities for each edge, in terms of 
                        etalon half widths. 
 
This feature alone indicates that the integration time can be cut nearly in half, since as 

given in Equation 4.3.15, the error, in terms of meter per second, is inversely proportional 
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to the sensitivity factor.  The second striking difference between the two measurement 

techniques is that the method that uses the ratio of the edges is really only subject to the 

combined shot noise of the two EFC measurements versus that of the EFC and the EMC, 

like the single edge method.  Of course, shot noise in the EMC and the EFC affect the 

method’s ability to estimate the molecular component and, thus, does contribute error to 

the measurement.  However, the signal used to estimate the molecular component is the 

combination of Rayleigh and aerosol photons in both channels, rather than just the 

aerosol photons used to define the shot noise in the program from Chapter 4.  Therefore, 

the SNR is greater for this measurement than it is for how the channels are used in the 

single edge method.  These two factors combined make the AET, when evaluated using 

the ratios of the two edge measurements like the DET, far superior to the single edge 

method.   This is true even for the method described in the first section of Chapter 3, 

where the two edge measurements were solved independently for velocity and then the 

two velocities were averaged to get an estimate that was less sensitive to the molecular 

bias.  It should also be noted that no provisions were made, in any of the performance 

evaluations presented in previous sections of this dissertation, for including errors caused 

by the molecular component biasing the estimates, while the results given in Table 7.3.1 

have accounted for this error.  

 One of the objectives of the AET simulation and analysis was to show that the 

AET is capable of estimating the molecular component as described in Section 2 Chapter 

3.  Several simulations were performed to investigate the effect that the frequency jitter 

and drift might have on the AET’s ability to make this estimate.  These simulations were 
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performed using all of the parameters from Table 7.1, for the 5 µs pulse length, and 

similar random frequency and power variations shown in Figures 7.3.1 and 7.3.2.  The 

frequency jitter had an amplitude of 13 MHz peak to peak, and the drift was set to 6 MHz 

per minute.  The power fluctuations were randomly varied by +/- 1.5% of the output 

energy, and a drift of 0.00005 times the energy per minute was added.  As mentioned 

already, these were based on the experiments from Chapter 6, but they were exaggerated 

purposely to highlight errors associated with these fluctuations.  The power fluctuations 

were not exaggerated as much as the frequency, because large fluctuations could actually 

present a case where more power would result, on average, than the laser can actually 

provide.  Figures 7.3.6, 7.3.7 and 7.3.8 show a comparison of the actual backscatter ratio 

to that estimated using the method described in Chapter 3, for the three global aerosol 

models, Globe Background, Globe North, and Globe Enhanced, respectively. 
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Figure 7.3.6. Estimate of the ratio of the molecular backscatter coefficient over the aerosol 
backscatter coefficient for the Globe Background aerosol model, based on simulated lidar 
measurements and the AET processing scheme. 
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Figure 7.3.7. Estimate of the ratio of the molecular backscatter coefficient over the aerosol 
backscatter coefficient for the Globe North aerosol model, based on simulated lidar measurements 
and the AET processing scheme. 
 



 
266

0

2

4

6

8

10

12

14

16

0 5 10 15 20 25 30 35 40

Range bin number [375 m each]

BR
Estimated BR
Actual BR

 

Figure 7.3.8 Estimate of the ratio of the molecular backscatter coefficient over the aerosol 
backscatter coefficient for the Globe Enhanced aerosol model, based on simulated lidar 
measurements and the AET processing scheme. 
 

All of these estimates were made from day time simulations (i.e., sunlit cloud as 

background) with a constant 10 m/s radial wind velocity, using an 8 inch receiver 

telescope, and the parameters given in Table 7.1 for the 5 µs pulses.  The iterative method 

described by Korb, et al., 1998, was used; it was found to converge after only two 

iterations, as suggested.  The iteration was only done for one range bin, and the corrected 

molecular component was used for all of the other range bins.  It was found that these 

results can be improved slightly by iterating for each range bin individually, but it is 

computationally intensive and the results were sufficiently accurate when only one close 

in range bin was used as the only iterated bin.  Based on the published theory of the DET, 

the AET is capable of estimating the molecular component as accurately as the DET, 

even in the presence of the frequency and power variations used in these simulations. 
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 Another source of error that was evaluated was the effect due to inaccurate 

estimation of the atmospheric temperature profile.  To evaluate this, a simulation was 

performed where the temperature profile used in building the simulated lidar data file was 

different by 5 K from that used when processing the data.  The results of this estimate are 

given in Figure 7.3.9.  The simulation parameters were exactly the same as those used for 

the results given in Figure 7.3.7, only the temperature profile was varied. 
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Figure 7.3.9. Estimate of the ratio of the molecular backscatter coefficient over the aerosol 
backscatter coefficient for the Globe North aerosol model, based on simulated lidar measurements 
and the AET processing scheme with an error in the assumed temperature profile of 5 K. 
 

As can be seen, the estimates are still very good over all, but for backscatter ratios greater 

than about 4, the error is increased from that shown in Figure 7.3.7.  In terms of the meter 

per second error associated with the error in the temperature profile, a 5 K error translated 

into 0.5 m/s of additional error for range bins 6 and greater.   The estimate given in Table 

7.3.1 for the Globe North, 5 µs pulse case, was still less than one meter per second error 
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out to 4 km when this additional error was added.  This error is in agreement with the 

theory of the DET. 

 Figure 7.3.10 shows the velocity estimates for a 10 m/s constant radial velocity. 

Two estimates are shown; first, an estimate based on the ratio of the uncorrected edge 

filter signals, and secondly, an estimate using the corrected signals.  The corrected signal 

case is based on the estimated molecular component from Figure 7.3.7 (i.e., using the 

estimate based on a 5 K error in the temperature profile).  Neither estimate includes the 

shot noise error. Therefore, these estimates represent the lower limit on the AET’s ability 

to estimate winds, assuming the atmosphere were perfectly constant and could be 

integrated over a sufficient time for the shot noise to be negligible.   
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Figure 7.3.10.  Velocity estimates based on simulated lidar data with a 10 m/s radial wind velocity, 
using the ratio of the two edge measurements of the corrected and the uncorrected signals.   
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The reason for including this figure is to demonstrate how significantly the velocity 

estimate is biased by the molecular component for backscatter ratios of as little as 1.  

Based on the large error in the uncorrected signal, it is reasonable to assume that even for 

uncertainties in the temperature profile of 10 to 15 K, this technique can still provide a 

significant improvement over the single edge method.  It was found that the error 

associated with improper assignment of the temperature profile affects the measurement 

for low aerosol cases, such as the Globe Background mode, far more than it affects the 

velocity estimate of cases where the backscatter ratio remains below about 10.  This is to 

be expected since fewer aerosol photons are collected from the low aerosol case and, 

therefore, a small error in estimating the molecular component has a large effect on the 

ratio of the corrected signals. 

As discussed in the previous section of this chapter, if the backscatter ratio were 

to vary over a short enough time frame, it could also be a source of bias for the AET.  

Two cases were simulated; one case varied the aerosol backscatter randomly for each 

pulse by about 20% to either side of the original profile, the other case applied a linear 

change in the aerosol backscatter coefficient of about an order of magnitude over a 30 

second period.  An example of these variations is shown in Figures 7.3.11 and 7.3.12, 

respectively.  Figure 7.3.11 shows an example of how the aerosol backscatter profile was 

varied between two successive pulses of the simulation.  This type of random variation in 

the aerosol backscatter might be seen if the lidar were operated near an aerosol source, 

and the aerosols were not well mixed in the atmospheric layer.  This would not normally 

occur in all of the range bins, but it is the effect that was of interest here rather than the 
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realism of the profiles.  Figure 7.3.12 shows the aerosol profile that was present at the 

beginning of a 30 second simulation and the profile that was present when the last pulse 

was simulated.  This type of variation is more realistic, especially in windy conditions 

where aerosols are being transported through the region being probed. 
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Figure  7.3.11. Simulated random fluctuations of the aerosol backscatter coefficient for changes 
occurring between pulses. 
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Figure 7.3.12.  Simulated aerosol profile as seen at the beginning of a 30 second measurement and as 
seen at the end of the 30 second measurement. 
 
The estimated versus the actual ratio, BR, is shown in Figures 7.3.13 and 7.3.14 for the 

two cases of the varying backscatter ratio. 
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Figure 7.3.13.  Estimated backscatter ratio versus the actual (average) backscatter ratio for a 
simulated randomly varied backscatter coefficient. 
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Figure 7.3.14.  Estimated versus actual (average) backscatter ratio for a simulated linearly varying 
backscatter coefficient over a 30 second integration time. 

 
As can be seen in the figures, very little error in the estimated backscatter 

coefficient was caused by either variation.  The errors are larger for the last several range 

bins, where the signal to noise is the lowest, and for BR greater than about 12.  These 

results agree well with the previous discussions in this dissertation related to how 

variations in the backscatter ratio are averaged out over the integration time.  Obviously, 

errors would increase if the backscatter changes between individual pulses were large 

enough and less random.  However, this would rarely be the case in real atmospheric 

measurements, at least for the intended uses proposed for an AET lidar. 

 The final variations to be discussed here were changes in the laser linewidth 

and/or etalon line shape.  If the linewidth of either the laser or the etalon changes after the 

transmission profile is measured in the calibration, then errors are introduced because of 

how the ratio of the two edge signals is employed in solving for the Doppler shift.  The 

method used to solve for the Doppler shift, in this work, was to use the calibrated edge 
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filter profile and define a function of the ratio of the edges versus frequency.  This 

function gives a unique frequency, for a given ratio, if it is limited to solutions falling 

between one half width in either direction of the peak transmission frequency of the 

etalon.  This function was then used to solve for the frequency corresponding to the ratio 

of reference signals (zero Doppler shift frequency) and for the frequency corresponding 

to the ratio of the atmospheric signals (the Doppler shifted frequency).  After determining 

each of these, their difference is taken to determine the change in frequency, or 

equivalently the Doppler shift.  So, if the calibrated edge filter’s profile (i.e., the 

convolution of the etalon response and the laser spectral distribution) changes from the 

calibrated profile, for a particular measurement, then the frequencies solved for using this 

method will be in error.  This is actually a common source of error for both the AET and 

the DET, but it was explored here for completeness.  For this analysis the lidar data was 

simulated using a filter that was 10 MHz broader than the filter function used for 

processing data.  The wind profile and system parameters, other than the etalon, are the 

same as those used for producing Figure 7.3.3.  The resulting error in the velocity 

estimates are given in figure 7.3.15. 
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Figure 7.3.15.  Velocity estimate errors introduced by a change of 10 MHz in the width of the 
                             convolved etalon laser edge filter transmission profile from simulated lidar data. 
 
Comparing this to Figure 7.3.3, it can be seen that the change in the etalon (laser) 

linewidth of 10 MHz introduced an additional error of just less than 1.5 m/s.  This error 

occurs for the reason mentioned above and because the fraction of the molecular 

backscattered photons passed by the etalon changes.  Since the fraction of the molecular 

photons passed by the etalon is one of the terms used to solve for the molecular 

components, the estimate is biased by changes in the etalon linewidth or shape as seen by 

the laser.  The additional error introduced in the estimate of the molecular component is 

presented in Figure 7.3.16. 
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Figure 7.3.16.  Estimated backscatter ratio versus actual, for simulated lidar data where the 
convolved etalon laser profile has increased in width by 10 MHz from the calibrated value. 
 
 

Surprisingly, there is very little error introduced in the estimate of the backscatter 

coefficient due to the changing etalon linewidth.  This is likely due to the iteration 

method used when solving for the molecular component.  The fact that the estimate of 

BR is affected very little suggests that the dominant source of error in the velocity 

estimate introduced by a changing edge filter profile is the result of solving the equation 

of the ratio of the slopes, defined using the calibrated profile, for the wrong frequencies.  

Based on these results, a calibration of the edge filter response should be performed fairly 

frequently, at least until the stability of the instrument transmission profile (i.e., the 

combination of the laser and the etalon as a system) is well established. 

Several other simulations were performed.   Some of these simulations that may 

be of note include: 1) comparisons of results where no variation was introduced to those 
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with each individual variation independently introduced, and 2) evaluation of the 

performance near the maximum dynamic range, and 3) simulations using random wind 

fields.  The simulations where no variations were introduced were, for all practical 

purposes, indistinguishable from those having the frequency and power variations, but, as 

already mentioned, variations in the linewidth of the etalon or laser did increase the 

velocity estimate error.  When simulations near the maximum dynamic range of the 

etalon were evaluated, it was found that the error increased in accordance with the 

sensitivity factor shown in Figure 7.3.5, and the error in the estimate of the molecular 

component increased as expected due to very low aerosol counts on the edge that is 

sampling in the wings of the etalon profile.  Surprisingly, it was possible to estimate the 

velocity with an error of only about 5 m/s even when the Doppler shift was a few MHz 

beyond a half width.  This was only true for a positive velocity, mainly due to how the 

equation used to solve for the Doppler shift was defined with the low frequency side in 

the denominator, causing it to blow up near the maximum dynamic range in the negative 

direction.  This can easily be corrected by evaluating the inverse of the ratio and taking 

the negative of the difference between the atmospheric measurement frequency and the 

reference frequency. Simulations of random wind fields yielded similar accuracies as 

those presented in this chapter, and it was verified that only near the maximum dynamic 

range was there a bias between positive and negative velocities.  These profiles are not 

shown here as the plots are not as instructive as those presented previously for constant 

velocity, and they do not add any real additional information. 



 
277

One additional simulation that is worthy of mentioning here used the 

characteristics of Toptica’s TA100 laser, operating at 780 nm.  As previously mentioned, 

this laser offers twice the peak power of the 852 nm laser available for this work. 

Additionally, this setup benefits because the SPCM detector has a quantum efficiency of 

60% at 780 nm versus 45% at 852 nm.   Figure 7.3.17 shows a simulation using this 

laser’s specified parameters, an 8 in telescope, a 1 µs bin width and 60 seconds of 

integration time.  All of the other parameters are the same as those used previously in this 

section.  The simulation is for daytime operation, looking at the sunlit cloud as the 

background.  
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Figure 7.3.17.  Velocity estimate errors for the AET using a 780 nm laser, 60 second integration time, 
an 8 inch receiving telescope with 2 inch center obscuration and 5000 pulses per second.  The laser 
pulse is 1.0 µs long,  a temporal bin width of 1.02 µs is used, and the average per pulse energy is 1.5 
µJ. 
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As can be seen, velocity estimates to better than one meter per second, out to a 

range of 3.2 km using 150 meter range bins, should be possible with this configuration.  

This performance would certainly fulfill the needs of the applications proposed for the 

AET.  Remember that this is the performance expected for operation while looking at a 

sunlit cloud, which is a worst case scenario and not the normal intended operating 

conditions.   

The conclusion drawn from these simulations is that the AET is capable of 

estimating the molecular component and correcting for it as done with the DET, with 

similar accuracies.  No notable error is introduced by taking the opposing edge 

measurements using pulses separated in time, rather than splitting the return from a single 

pulse, as long as the repetition rate is sufficient to prevent large changes from occurring 

between the two successive measurements.  Additional conclusions will be discussed in 

the following chapter.  
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CHAPTER 8 
SUMMARY AND CONCLUSIONS 

 

The theory developed in Chapter 3, to allow the AET to estimate the molecular to 

backscatter ratio as done by the DET, has been validated.  This is a significant 

development, which suggests that the AET is a viable alternative to the DET method for 

measuring winds within the troposphere.  Commercially available components, necessary 

to implement an AET lidar, have been identified and the complete prototype system 

could be built for less than $100,000.00.  Several of these components were evaluated, 

and their properties were used to test the AET, through Monte Carlo simulations.  These 

simulations show that the methods presented in this dissertation are a significant 

improvement over the previously proposed implementation from Dr. Cornwell.  

Currently, the main limitation on the method is the lack of a laser transmitter with 

sufficient power and all of the desired characteristics including affordability.  It was 

previously limited to molecular to aerosol backscatter ratios smaller than about 2, and has 

now been shown to be capable of closely estimating the molecular component, and 

correcting for it, for backscatter ratios as high as 40. As technology progresses, which it 

surely will, the AET will be able to meet and exceed the requirements for many terrestrial 

applications. 

 Using the currently available components, the AET is still capable of meeting 

many of the requirements for the applications proposed in this work, such as; wind shear 

detection at midsized airports, improving efficiency of wind farms, and studying dynamic 

processes within the lower atmosphere.  Although the $100,000.00 price tag is somewhat 
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prohibitive for a large scale ground based network, it is actually comparable to the cost of 

current Micro Pulse Lidar, MPL, instruments that are available from Sigma Space 

Corporation for deployment as part of NASA’s MPLNET (Micro Pulse Lidar Network).   

If higher power transmitters suitable for the AET become available, an AET lidar could 

potentially be used in place of MPLs to estimate the molecular and aerosol components in 

the atmosphere, while at the same time providing wind information that can be used to 

help improve weather prediction models.  At the very least, an AET lidar could provide a 

cost effective means for ground based calibration in the troposphere of space based wind 

instruments such as the European Space Agency’s ALADIN instrument to be launched in 

2008. 

 In addition to establishing the AET’s ability to accurately estimate winds and to 

estimate the molecular backscattered component, using commercially available 

components, this work established that a relatively simple heating mechanism could 

provide adequate stability for a high resolution FPE.  To the author’s knowledge, solid 

FPEs have not previously been established as an alternative to the high cost, large, 

capacitive stabilized FPI’s for use in Doppler lidar instruments.  This work provides 

significant progress towards that direction, and may benefit the future development of 

other Doppler lidar instruments. 

 The AET can not replace the DET for applications such as space based lidar, or 

stratospheric measurements, due to the requirement for a relatively high repetition 

frequency.  However, this work has established that the AET can theoretically provide 

comparable results to the DET for many terrestrial applications, and at a fraction of the 
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cost of current DET lidar instruments.  These findings are an important step towards the 

goal of making Doppler wind lidar instruments accessible to a wider range of 

applications. 

To reiterate the key components of the work performed, the following list is provided: 

• Theory allowing the AET to be treated as a special case of the DET was 
developed and tested through extensive modeling and simulations 

 
• Commercially available components, necessary for implementing the AET, 

were identified and compared based on cost performance and availability 
 
• The main components were experimentally evaluated to obtain realistic 

performance parameters for the models and simulations 
 
• The AET was established as a viable alternative to the more expensive DET 

for many applications within the lower atmosphere 
 
• A high resolution solid etalon was evaluated for use in Doppler lidar 

instruments and found suitable using simple temperature stabilization 
methods 

 

8.1 FUTURE WORK 

Obviously, the next logical step is to build the prototype lidar with the acquired 

components and verify its performance using real atmospheric measurements.  The first 

of the remaining tasks that needs to be accomplished for this to happen is to package the 

MOPA laser and evaluate the amplified performance of the system.  Once the MOPA 

transmitter is characterized, the optical design can be completed based on the acquired 

components.  The optical design required to achieve the parameters used in the lidar 

simulations is not trivial, because of the strict requirements on the collimation of the 

input light prior to entering the etalon (a few micro radians), the narrow transmitter 

divergence (~ 20 µrad full field from the expanded beam), the narrow field of view of the 



 
282

receiver (~ 200 µrad full field), and the small detector size (~200 µm for fiber coupled 

SPCM APD module).  Although these requirements are challenging, they have been 

achieved for other instruments and should be manageable. 

All of the major components have been obtained.  Once the optical design is 

complete, the remaining miscellaneous components can be purchased and the instrument 

can be constructed.  Some form of housing will have to be constructed to minimize 

thermal variations of the receiver and the transmitter, but the base plate could just use a 2 

ft. by 4 ft. optical bench for the initial characterization.  A later design would likely use a 

water cooled base plate similar to what is used in the Goddard Lidar Observatory for 

Winds (GLOW) 355 nm Rayleigh double edge lidar. 

The algorithms developed for the simulations presented in the previous chapter 

should be rewritten in a more efficient programming language than the currently used 

MathCAD program; however, their structure will remain the same.  The feed back 

method described in Chapter 7, using the ratios of the reference signals, would also need 

to be added to the computer code, although all of the pieces necessary to do so are in 

place in the current code.  The appropriate current adjustments to maintain a lock with the 

etalon can be provided to the laser driver via a GPIB (IEEE 488) interface that should 

allow this type of feedback loop to be implemented fairly easily. 

Having demonstrated the viability of the AET lidar through the work presented in this 

dissertation, it should now be easier to obtain the backing and support required to 

complete the development of the initial prototype instrument and demonstrate the method 

with real atmospheric measurements. 
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CA 10

2
λ

10 6−
0.700−⎛

⎜
⎝

⎞

⎠
⋅

:=

Cc λ( ) 1 1.050 10 6−
⋅ λ≤ 1.150<if

1018 λ 106⋅ 1.150−( )
1.150 10 6−

⋅ λ≤ 1.2 10 6−
⋅<if

8 otherwise

:=

Correction Factors

TRXMarea 53.521=

Area of Transmitter [cm2]TRXMarea π TRXMradius( )2⋅:=

Radius of Transmitter [cm]TRXMradius
TeleDia

2
:=

Beam Expansion based on Telescope Transmitter Area

TeleDia 8.255=Transmitting Telescope Diameter [cm]TaeleDia 12 2.54⋅:=

Reduction Factor For Repetitively Pulsed Lasern T PRF⋅:=

Pulse Repetition FrequencyPRF 4000:=

Pulse width [s]t 1 10 6−
×:=

Exposure time [s]

T 30000 .315 10 6−
⋅ λ≤ .400 10 6−

⋅<if

.25 .400 10 6−
⋅ λ≤ .700 10 6−

⋅≤if

10 otherwise

:=

Wavelength [m]λ .8522 10 6−
⋅:=

MPE Exposure Calculations As Per ANSI Z136.1 1993 Jeremy Dobler
Start Date 2 August 2000
Last Update
June 7 2005

           Appendix A: Eye Safety Calculation Program
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Maximum Permissible Exposure per-pulse [J/cm2] For pulses from 1ns to 16µs 
(Direct Beam Ocular Viewing)

MPEpulse λ( ) n .25− 1 1.5 10 6−
⋅ λ≤ 1.8 10 6−

⋅<if

.1 1.4 10 6−
⋅ λ≤ 1.5 10 6−

⋅<if

5 Cc λ( )⋅ 10 6−
⋅⎛

⎝
⎞
⎠ 1.050 10 6−

⋅ λ≤ 1.4 10 6−
⋅<if

.5 CA⋅ 10 6−
⋅⎛

⎝
⎞
⎠ .700 10 6−

⋅ λ≤ 1.050 10 6−
⋅<if

.5 10 6−
⋅( ) .400 10 6−

⋅ λ≤ .700 10 6−
⋅<if

.56 t.25
⋅( ) .315 10 6−

⋅ λ≤ .400 10 6−
⋅<if

0 otherwise

⋅:=

Output 

MPEpulse λ( ) 7.126 10 8−
×= Maximum Permissible Exposure per-pulse [J/cm2]

MaxEnergy MPEpulse λ( ) TRXMarea⋅:= Maximum per-pulse energy at the transmitter [J]

MaxEnergy 3.814 10 6−
×=

MaxAvgPower T PRF⋅ MPEpulse λ( )⋅:= Max permissible exposure cumm over duration T 
[W/cm2]

MaxAvgPower 2.85 10 3−
×=

MaxAvgPowerExp
MaxAvgPower TRXMarea⋅

T
:= MPE cumulative power expanded 

[W]
MaxAvgPowerExp 0.015=
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Ozone Atmosphere
5〈 〉

:=
length Parameter

0〈 〉( ) 1=
Water Atmosphere

4〈 〉
:=

Parameter READPRN "Op1064nm.txt"( ):=
Density Atmosphere

3〈 〉
:=

Temperature Atmosphere
2〈 〉

:=i 0 length Altitude( ) 2−..:=

length Atmosphere
0〈 〉( ) 33=

Pressure Atmosphere
1〈 〉

:=

Altitude Atmosphere
0〈 〉

:=
choice is defined prior to the signal section

Atmosphere READPRN "Midlatitude_summer.txt"( ) choice 0=if

READPRN "Midlatitude_winter.txt"( ) choice 1=if

READPRN "Subarctic_summer.txt"( ) choice 2=if

READPRN "Subarctic_winter.txt"( ) choice 3=if

READPRN "Tropical.txt"( ) choice 4=if

:=

Lookup Table: Using US Standard Atmospheres

Density function [g/m3]D z( ) 348.8
P z( )

T z( )
⋅≡

P z( ) 1132.9 e
0.15144− z⋅

⋅ z 25≥if

1548.5 e
0.16394− z⋅

⋅ 14 z≤ 25<if

1230.2 e
0.14751− z⋅

⋅ 8 z≤ 14<if

1013 e
0.12322− z⋅

⋅ otherwise

≡T z( ) 228.65 2.8 z 32−( )⋅+[ ] z 32≥if

196.65 z+ 20 z≤ 32<if

216.65 11 z≤ 20<if

288.15 6.5 z⋅− 1 z≤ 11<if

300 otherwise

≡

Mathematics Model:

======================================================================
Atmospheric Model:

AN 6.022 1023
⋅≡

Avagadro's number 
[molecules/mole]

h 6.623 10 34−
⋅≡

Plank's constant [J*s]
c 2.998 108

⋅≡
Velocity of light [m/s]

Constants 
==================================================================

Link Calculations for WIND Lidar System
Written by Jeremy Dobler, started July 27, 2000
Originally derived from a program written by 
Don Cornwell Jr. and a program written by 
Bruce Gentry both worked at NASA GSFC
Last Modified September 23, 2005

    APPENDIX B: Lidar Simulation Program
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Convert to function

vsus_density cspline Altitude Density,( ):=

Dus_standard z( ) interp vsus_density Altitude, Density, z,( ):=

Plot functions z 0 50..:= Altitude range variable [km] 

200 250 300
0

20

40

60

80

z

Altitudei

T z( ) Temperaturei,

0 500 1000 1500
0

20

40

60

80

z

Altitudei

P z( ) Pressurei,

Temperature Models [K] Pressure Models [mb]

0 500 1000 1500
0

10

20

30

40

50

z

z

D z( ) Dus_standard z( ),

Density Models [g/m3]
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1 .10 10 1 .10 9 1 .10 8 1 .10 7 1 .10 6
0

20

40
z

z

z

β πm z 1,( ) β πm z 2,( ), β πm z 3,( ),

Modem is chosen just before the signal 
section

β πm z modem,( ) 0 modem 0=if

β πm_math z( ) modem 1=if

β πm_us_standard z( ) modem 2=if

β π_measures z( ) modem 3=if

:=

Molecular Bacscatter Model by mode:

Molecular Backscatter Coefficient from Mr. 
Gentry and US Standard Atmosphere [m-1*sr -1]

β πm_us_standard z( ) Mscfus_standard z( ) Phasem⋅:=

Molecular Backscatter Coefficient from Mr. 
Gentry and math models [m-1*sr -1]

β πm_math z( ) Mscfmath z( ) Phasem⋅:=

Molecular Backscatter Coefficient 
from Measures pg 42 & 47 [m-1*sr -1]

β π_measures z( ) MscfMeasures z( ) Phasem⋅:=

MscfMeasures z( ) 9.547 10 9−
×

550 10 9−
⋅

λ

⎛
⎜
⎝

⎞

⎠

4

⋅ D z( )⋅
6 3 dp⋅+

6 7dp−

⎛
⎜
⎝

⎞

⎠
:=

Mscfus_standard z( ) 8.859 10 10−
⋅ Dus_standard z( )⋅

1.0 10 6−
⋅

λ

⎛
⎜
⎝

⎞

⎠

4

⋅:=

Total molecular scattering functions 
into 4π sr from private communications 
(Mr. Gentry) [m-1]

Mscfmath z( ) 8.859 10 10−
⋅ D z( )⋅

1.0 10 6−
⋅

λ

⎛
⎜
⎝

⎞

⎠

4

⋅:=

Molecular Scattering:
dp .035:=

Depolarization factor from 
Measures pg 47

Phasem
3

8 π⋅
:=

Phasea
2

5 4⋅ π⋅
:=

Estimate for average particle radius 
~0.11 micron and λ=852 nm from Scatlab

Phase Functions:

=====================================================================
Molecular and Aerosol Scattering Coefficients and Phase Functions
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Aerosol backscatter coeffiecient [m-1sr -1]β a z( ) β z( ) β πm z modem,( )−:=

Atmospheric attenuation [m^-1] for slight haze

k r( ) 7.734 10 4−
⋅ exp 3.747− 10 4−

⋅ R r( ) sec TransAngle( )⋅( )⋅⎡⎣ ⎤⎦⋅:=

Atmospheric backscatter coeffiecient [m-1sr -1]β z( )
7.18 10 5−

⋅ z( )
0.76863−

⋅

100
:=

Don's Aerosol Model from U.S. Standard Atmosphere??
====================================================================

β martianaerosol z( )
β aerosol z( )

30000
:=

β aerosol z( )

Sigo 1 a+( )
2

⋅ exp
z

b
⎛⎜
⎝

⎞
⎠

⋅

a exp
z

b
⎛⎜
⎝

⎞
⎠

+⎛⎜
⎝

⎞
⎠

2

1 aprime+( )
2

f⋅ exp
z

bprime
⎛⎜
⎝

⎞
⎠

⋅

aprime exp
z

bprime
⎛⎜
⎝

⎞
⎠

+⎛⎜
⎝

⎞
⎠

2
+

⎡
⎢
⎢
⎢
⎢
⎣

⎤
⎥
⎥
⎥
⎥
⎦

:=

alt r( )
R r( ) sin TransAngle( )⋅

1000
SystemAltitude+:=

f 1.5 10 7−
⋅:=bprime 2.5:=b 1.6:=aprime 2981:=

Aerosol Scattering:

Michigan Model:

HS 8:= zbl 1.5:= zst 20:= Hst 3.0:= Mbl 10 8−
:= Mbg 10 10−

:= Mst 7 10 10−
⋅:=

ρ z( ) e

z
HS

−
:=

β aM z( )
10 10 6−

⋅

λ

⎛
⎜
⎝

⎞

⎠

2⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦

ρ z( )⋅ Mbl⋅ z zbl<if

10 10 6−
⋅

λ

⎛
⎜
⎝

⎞

⎠

2

ρ z( ) Mbg Mbl 10
0.75− z zbl−( )⋅

⋅+⎡
⎣

⎤
⎦⋅ Mst e

z zst−

Hst
− e

z zst−

2 Hst⋅
−

−

⋅+

⎡
⎢
⎢
⎣

⎤
⎥
⎥
⎦⋅ otherwise

:=

Aerosol backscatter coefficient [m-1*sr -1]

=======================================================================

Martian Aerosol Model from James Spinhirne

Sigo 0.025:= a 0.4:=
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α 9 10 3−
⋅:=

Mscf z( )
β πm z modem,( )

Phasem
:=Ascf z( )

β πa z mode,( )

Phasea
:=

Atmospheric transmission defined by scattering assuming constant absorption α

Mode is chosen just before the signal 
section

β πa z mode,( ) 0 mode 0=if

β aM z( ) mode 1=if

β a_globe_enh z( ) z 12≥if

β a_globenorth z( ) otherwise

mode 2=if

β a_globe_enh z( ) mode 3=if

β a_globe_b z( ) mode 4=if

β martianaerosol z( ) mode 5=if

β a z( ) mode 6=if

:=

Mode Selection defined

β a_globe_b z( ) interp vsgn2 Globe_b
0〈 〉

, Globe_b
1〈 〉

, z,⎛
⎝

⎞
⎠

1.064 10 6−
⋅

λ

⎛
⎜
⎝

⎞

⎠

2.5

⋅:=

vsgn2 cspline Globe_b
0〈 〉

Globe_b
1〈 〉

,( ):=

Globe_b READPRN "globe1064.txt"( ):=

Background mode

β a_globe_enh z( ) interp vsgn1 Globe_enh
0〈 〉

, Globe_enh
1〈 〉

, z,⎛
⎝

⎞
⎠

1.064 10 6−
⋅

λ

⎛
⎜
⎝

⎞

⎠

2.5

⋅:=

vsgn1 cspline Globe_enh
0〈 〉

Globe_enh
1〈 〉

,( ):=

Globe_enh READPRN "globe1064en.txt"( ):=

Enhanced mode

Globe Aerosol Models from Simpson Weather Associates:

β a_globenorth z( ) interp vsgn Globe_north
0〈 〉

, Globe_north
2〈 〉

, z,⎛
⎝

⎞
⎠

1.064 10 6−
⋅

λ

⎛
⎜
⎝

⎞

⎠

2.5

⋅:=

vsgn cspline Globe_north
0〈 〉

Globe_north
2〈 〉

,( ):=

Globe_north READPRN "globenorth.txt"( ):=

Globe Aerosol Model from private communication (Mr. Gentry):
======================================================================
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κ z( )
Mscf z( ) Ascf z( )+

sin TransAngle( )
α+:= Extinction coefficient [m-1]

Don's attenuation function 

AtmTrans r( ) exp 2−
SystemAltitude

alt r( )

xκ x( )
⌠
⎮
⌡

d
⎛⎜
⎜⎝

⎞

⎠
:= AtmTransD r( ) exp 2−

SystemAltitude

alt r( )

xk x( )
⌠
⎮
⌡

d
⎛⎜
⎜⎝

⎞

⎠
:=

Two-way Transmittance (assumes no absorption)

0 5 10 15 20 25
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1

AtmTrans r( )

AtmTransD r( )

r
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1
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Backscatter coefficient [m^-1 sr ^-1]

A
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de

 [k
m

]

z

z

z

z

z

z

β πa z 1,( ) .8⋅ β πa z 2,( ), β πa z 3,( ), β πa z 4,( ), β πa z 5,( ), β πa z 6,( ),

Scaled Aerosol Backscatter Coefficients [m-1*sr -1]
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CoDiam 4≡ Central obsuration diameter in inches

RecArea TeleDiam
0.0254

2
⋅⎛⎜

⎝
⎞
⎠

2
π⋅ CoDiam

0.0254
2

⋅⎛⎜
⎝

⎞
⎠

2
π⋅−

⎡
⎢
⎣

⎤
⎥
⎦

≡ Receiver Area excluding central 
obscuration [m^2]

RecArea 0.12160979=

TBS .8≡ Beam splitter transmission 
and reflection coefficientsRBS 1 TBS−≡

OptEffef .35≡ Transmission efficiency of EFC optical system

OptEffem .35≡ Transmission efficiency of EMC optical system

ηef .450≡ EFC detectors quantum efficiency, from Mfg.

ηem .450≡ EMC detectors quantum efficiency, from Mfg.

Tef_νpeak .95≡ Edge filter peak transmission

Tef_ν .3≡ Reference Transmission Location on edge filter

Fef_ν .14≡ Fractional part of Rayleigh passed by edge filter

Overlap function is included in a separate section since it requires calculations and although 
based on the reciever and laser parameters is not a defined quanity

==================================================================

Lidar System Parameters Any parameters in this section can be moved freely 
throughout the document to facilitate ease of comparisons.  
All of the parameters are defined globally for this purpose

Laser parameters

λ 852.2 10 9−
⋅≡ Wavelength  [m]

PulseWidth 5 10 6−
⋅≡ Laser pulse length [s]

PRF 8000≡ Laser pulse repitition rate [Hz]

Energy 2.5 10 6−
⋅≡ Energy 2.5 10 6−

×= MPE for 8" output beam

PeakPower
Energy

PulseWidth
≡ PeakPower 0.5= Laser peak power in [W]

LidarPulseLength
c

2
PulseWidth⋅≡ LidarPulseLength 749.5= Minimum range resolution in [m]

Energy PRF⋅ 0.02= Average laser power [W]

Reciever parameters

TeleDiam 16≡ Telescope diameter in inches
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do .305:=

ro
TeleDiam .0254⋅

2
:= Radius of the receiver telescope [m]

FNo 2.5:= F # of the receiver telescope

TeleFL 2 ro⋅ FNo⋅:= TeleFL 1.016= Focal length of the receiver [m]

FieldStopRad
200 10 6−

⋅

2
:= Radius of the field stop [m]

φ
FieldStopRad

TeleFL
rad⋅:= φ 9.843 10 5−

×= Half - angle FOV of the receiver [rad]

Wo .102:= Laser beam half waist [m]

θ
λ

Wo π⋅
rad⋅:= θ 2.659 10 6−

×= Half - angle of laser beam divergence

MisPoint 5 10 6−
⋅ rad⋅:= Boresight angle error (radians)

rT r( ) ro φ R r( )⋅+:= Radius FOV of the receiver optics at range R

SpotSize r( ) Wo
2

θ
2

R r( )( )
2

⋅+⎡⎣ ⎤⎦
.5

:= Radius of beam SpotSize at range R

AreaOfBeam r( ) SpotSize r( )
2

π⋅:= Area of beam as a function of range [m2]

AreaOfBeam RMax( ) 0.04=

Viewing geometry and range resolution paramters

BinWidth 5.335 10 6−
×≡ Integration time for each range bin [s]

TransAngle 30 deg⋅≡ Elevation angle [degrees]

SystemAltitude 0≡ Altitude above sea level [km]

RMax
1

BinWidth PRF⋅
≡ RMax 23.43= Maximum number of range bins

∆R 799.716= Spatial resolution of each range bin [m]
∆R BinWidth

c

2
⋅≡

HR ∆R cos TransAngle( )⋅≡ HR 692.575= Horizontal resolution of each range bin [m]

AR ∆R sin TransAngle( )⋅≡ AR 399.858= Altitude resolution of each range bin [m]

r 1 RMax..≡ Range bin number

R r( ) r ∆R⋅
∆R

2
−≡ R RMax( ) 1.834 104

×= Range variable [m]

======================================================================
Overlap Function

Separation of the axes of Transmit and 
Receive telescopes [m]
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0 1000 2000 3000 4000 5000 6000
0
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Overlap as a function of range in meters

Re Overlap r( )( )

1

R r( )

Note that we will also need to incorporate the "form-factor" of the field stop for the close in range 
bins and the central obsuration effects, which will further reduce the near-range cross-over.......
To account for this the laser beam half-width was adjusted until a reasonable overlap function 
was obtained

Overlap r( )
ψW r( )

π

1
π y r( )⋅

ψr r( )
s r( )

ρ r( )
sin ψr r( )( )⋅−⎛⎜

⎝
⎞
⎠

⋅+⎡⎢
⎣

⎤⎥
⎦

Re ψr r( )( ) 0>if

1 otherwise

:=

ψr r( ) acos
s r( )( )

2
ρ r( )( )

2
+ y r( ) ρ r( )( )

2
⋅−

2 s r( )⋅ ρ r( )⋅

⎡
⎢
⎣

⎤
⎥
⎦

:=

ψW r( ) acos
s r( )( )

2
y r( ) ρ r( )( )

2
⋅+ ρ r( )( )

2
−

2 s r( )⋅ ρ r( )⋅ y r( )⋅

⎡⎢
⎢⎣

⎤⎥
⎥⎦

:=

y r( )
ω r( )( )

2

ρ r( )( )
2

A
2

⋅

:=ω r( )
SpotSize r( )

Wo
:=s r( ) D z r( ) MisPoint⋅−:=

D 1.501=A 1.992=

ρ r( )
rT r( )

ro
:=D

do

ro
:=A

ro

Wo
:=z r( )

R r( )

ro
:=

Normalized Values for Cross-Over Calculation: Based on Measures pg 256-264

Separation of XMTR and RCVR axes at range Rd r( ) do R r( ) MisPoint⋅−:=
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Nm_em r( ) Cem Nm r( )⋅:=

Na_em r( ) Cem Na r( )⋅:=

Signal Counts for EMC

Nm_ef r( ) Cef Nm r( )⋅ Fef_ν⋅:=

Na_ef r( ) Cef Na r( )⋅ Tef_ν⋅:=

Signal Counts for EFC

Cem OptEffem ηem⋅ RBS⋅:=

Cef OptEffef ηef⋅ TBS⋅ Tef_νpeak⋅:=

Calibration coefficients

Nm r( )
Energy λ⋅

h c⋅

RecArea

R r( )( )
2

⋅ β πm alt r( ) modem,( )⋅ ∆R⋅ AtmTrans r( )⋅ PRF⋅ Overlap r( )⋅:=

Molecular Backscattered Photons / s / range bin Colected by the Reciever

Na r( )
Energy λ⋅

h c⋅

RecArea

R r( )( )
2

⋅ β πa alt r( ) mode,( )⋅ ∆R⋅ AtmTrans r( )⋅ PRF⋅ Overlap r( )⋅:=

Aerosol Backscattered Photons / s / range bin Collected by the Reciever

Signal Calculations
======================================================================

modem 2≡mode 2≡choice 0≡

Molecular modes:

0 = no molecules
1 = Math model
2 = US Standard Atmosphere
3 = Measures

Aerosol modes:

0 = no aerosols
1 = Michigan
2 = Globe North
3 = Globe enhanced
4 = Globe background
5 = Martian Aerosol
6 = Don's Model

Define Atmospheric choice*:

0 = Midlatitude Summer
1 = Midlatitude Winter
2 = Subarctic Summer
3 = Subarctic Winter
4 = Tropical

*only affects Molecular mode 2

Assign atmospheric modes here:

======================================================================
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DarkCountsInterval 8.536=DarkCountsInterval DarkCounts BinWidth⋅ PRF⋅:=

RMS detector dark counts as specified by manufacturer per secondDarkCounts 200:=

DutyCycle 5.335 10 6−
×=DutyCycle BinWidth( ):=

(background counts per second EMC)SolarBackem 3.714 106
×=

SolarBackem
BSolar λ⋅

h c⋅
SolidAngle⋅ RecArea⋅ BandPassEM⋅ Cem⋅:=

(background counts per second EFC)SolarBackef 9.033 105
×=

SolarBackef
BSolar λ⋅

h c⋅
SolidAngle⋅ RecArea⋅ BandPassEF⋅ Cef⋅:=

The total background radiance is given by: SolidAngle 7.609 10 9−
×=

Approximate solid angle expression for small angles, in steradiansSolidAngle
φ

2
π⋅

4
:=

Bandpass of edge filter in microns for within bandpass of 
background rejection filter 

BandPassEF 12.8 10 6−
⋅:=

Bandpass of bacground rejecting optical filter in microns for 
EM Channel

BandPassEM .0002:=

Background radiance for sunlit cloud [W/sr-m2-µm]BSolar 150
850 10 9−

⋅

λ

⎛
⎜
⎝

⎞

⎠

4

:=

Noise Calculations
======================================================================
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Photon Counts Per Second as a function of Range Bin for Defined Parameters 
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SNR_N r IntegrationTime,( )
1

1
SNRNightEFC r IntegrationTime,( )

⎛
⎜
⎝

⎞

⎠

2 1
SNRNightEMC r IntegrationTime,( )

⎛
⎜
⎝

⎞

⎠

2
+

:=

SNR_D r IntegrationTime,( )
1

1
SNRDayEFC r IntegrationTime,( )

⎛
⎜
⎝

⎞

⎠

2 1
SNRDayEMC r IntegrationTime,( )

⎛
⎜
⎝

⎞

⎠

2
+

:=

Total combined SNR: assumes EMC and EFC noise sources are independent

SNRNightEMC r IntegrationTime,( ) IntegrationTime 60⋅
Na_em r( )

NoiseNightEMC r( )
⋅:=

SNRNightEFC r IntegrationTime,( ) IntegrationTime 60⋅
Na_ef r( )

NoiseNightEFC r( )
⋅:=

Nighttime measurment

SNRDayEMC r IntegrationTime,( ) IntegrationTime 60⋅
Na_em r( )

NoiseDayEMC r( )
⋅:=

SNRDayEFC r IntegrationTime,( ) IntegrationTime 60⋅
Na_ef r( )

NoiseDayEFC r( )
⋅:=

Integration time in minutes defaultIntegrationTime 5:=

Daytime measurement

The Signal to Noise ratio for each channel is then given as:

1

N

n

NoiseDayEFC n( )∑
=

EFCR+ 1.735 106
×=

Total count rate in each channel (must be < 5 
MCps for APD to be in linear counting range

1

N

n

NoiseDayEMC n( )∑
=

EMCR+ 4.448 106
×=

N round RMax( ):=

NoiseNightEMC r( ) Na_em r( ) Nm_em r( )+ DarkCountsInterval
2

+:=

NoiseNightEFC r( ) Na_ef r( ) Nm_ef r( )+ DarkCountsInterval
2

+:=

NoiseDayEMC r( ) Na_em r( ) Nm_em r( )+ SolarBackem DutyCycle⋅ PRF⋅+ DarkCountsInterval
2

+:=

NoiseDayEFC r( ) Na_ef r( ) Nm_ef r( )+ SolarBackef DutyCycle⋅ PRF⋅+ DarkCountsInterval
2

+:=

The total number of noise counts is then given by:
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Shot Noise limited Error in Velocity Measurement

ErrorLOSDay r IntegrationTime,( )
1

SNR_D r IntegrationTime,( ) Sensitivity⋅
:=

ErrorLOSNight r IntegrationTime,( )
1

SNR_N r IntegrationTime,( ) Sensitivity⋅
:=

ErrorHorzDay r IntegrationTime,( )
1

SNR_D r IntegrationTime,( ) Sensitivity⋅ cos TransAngle( )⋅
:=

ErrorHorzNight r IntegrationTime,( )
1

SNR_N r IntegrationTime,( ) Sensitivity⋅ cos TransAngle( )⋅
:=

Signal-To-Noise Ratio vs. Range for Defined Lidar at Given Integration Times
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Day and Night Error vs Range for Defined Lidar at Specified Integration Times
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20 ∆R⋅ 1.599 104
×=

ErrorHorzNight 20 10,( ) 2.106=

8 ∆R⋅ 6.398 103
×=

ErrorHorzDay 8 10,( ) 3.99=

10 minute integration

18 ∆R⋅ 1.439 104
×=12 ∆R⋅ 9.597 103

×=

ErrorHorzNight 18 5,( ) 2.541=ErrorHorzNight 12 1,( ) 3.003=

7 ∆R⋅ 5.598 103
×=6 ∆R⋅ 4.798 103

×=

ErrorHorzDay 7 5,( ) 4.729=ErrorHorzDay 6 1,( ) 4.515=

5 minute integration1 minute integration
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Day and Night Error vs Range for Defined Lidar at Specified Integration Times
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EFCR 3.075 105
×=

EFCR OptEffef ηef⋅ TBS⋅ Tef_νpeak⋅ Nf⋅ Tef_ν⋅≡
Measured reference photons per second EFC

EMCR 2.697 105
×=

Measured reference photons per second EMCEMCR OptEffem ηem⋅ Nf⋅ RBS⋅≡

Nf
Energy fsampled⋅

h νo⋅
PRF⋅≡

Number of reference photons per second

Fraction of outgoing photons used for reference signalfsampled 1 10 10−
⋅≡

Additional Calculations

Sensitivity 0.027=
Fractional change in normalized transmission 
per m/s wind velocity

Wind sensitivity factorSensitivity
∆ν 1m_per_s_vel

FPIHWHM
.8⋅≡

[Hz]∆ν 1m_per_s_vel 2.353 106
×=

Doppler shift from backscatter process
∆ν 1m_per_s_vel 2

νo

1
u

c
cos γ( )⋅−

νo−
⎛
⎜
⎜
⎝

⎞

⎠

≡

γ 0≡let: γ = 0

u 1≡let: u = 1 m/s

νo 3.527 1014
×=νo

c

850 10 9−
⋅

≡
Center laser frequency [Hz]

FPIHWHM 68.5 106
⋅≡

FPI Half-width at half-height

Any parameters on this page can be moved throughout the document to allow ease of 
comparisons, as was described for the lidar parameters section

===================================================================
Edge Filter Properties: Definitions apply to a Fabry-Perot Interferometer (FPI)
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APPENDIX C: Schematic Diagram of Etalon Heater Control 
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