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ABSTRACT 

The principles of operation of coherent lidar. systems 

are reviewed and applied to the problem of designing a small 

CW CO2 laser-based Doppler lidar system capable of observing 

atmospheric motions at ranges of up to 2 km. The projected 

performance and limitations of both a bistatic system design 

and a focused coaxial system design are investigated and 

compared for this application. Because of beam-pointing 

difficulties encountered with the bistatic configuration, the 

coaxial configuration is selected as optimum. The complete 

optical design of the coaxial system is presented, including 

specifications of all optical components. The projected, 

performance of the system is estimated and expected signal-

to-noise ratios are calculated. Possible applications of the 

designed lidar system include observation of atmospheric 

boundary layer winds and cloud droplet motions. System 

modifications required for investigation of the hypothesis 

of sample measurement independence by use of a multiple 

frequency technique are discussed. 

viii 



CHAPTER 1 

INTRODUCTION 

The use of ground-based lidar (or laser radar) 

systems to detect the characteristics of a remote portion 

of the atmosphere has increased significantly over the last 

decade. These systems have been used to investigate such 

parameters as atmospheric temperature, pressure, aerosol 

particle distribution, wind velocity, trace gas concentra

tion, and hydrometeor type, size, shape, and population. 

Such systems use an optical transmitter to emit radiation, 

which is scattered from the portion of the atmosphere of 

interest. This scattered radiation is then detected by an 

optical receiver. The characteristics of the returned signal 

detected by the receiver are then used to infer the particu

lar atmospheric parameter being investigated. Sophisticated 

digital signal processing and mathematical inversion tech

niques are often used in the recording and manipulation of 

the returned signal. 

1. A Simple Lidar System 

The essential components of a simplified lidar system 

are shown in Figure 1.1. A continuous wave (CW) laser is 

used as a source of a monochromatic, highly coherent light 

1 
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Figure 1.1. Components of a simplified CW lidar system. 
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beam which is shaped and transmitted into the atmosphere 

through a telescope. The atmospheric constituents within 

the scattering volume (which in Figure 1.1 is the volume of 

the atmosphere within the fields of view of the transmitter 

and receiver) scatter a small portion of the transmitted 

radiation in the direction of the receiver telescope, which 

collects and focuses this returned radiation onto an optical 

detector. The detector converts the focused radiation into 

an electronic signal having a strength which is proportional 

to the amount of radiation scattered from the transmitted 

beam within the scattering volume. The detector output is 

amplified, stored, and often displayed on an oscilloscope for 

real-time monitoring. Once stored, the signal data can then 

be analyzed and transformed into values of the parameter 

being investigated. 

The type of laser which is used in a particular lidar 

system depends on the atmospheric phenomenon to be observed 

by the system. If molecular absorption of the transmitted 

beam is to be measured to infer the concentration of a trace 

gas, the laser frequency must coincide with a peak in the 

absorption spectrum of the particular species being investi

gated. Or if the scattered energy from large particles such 

as atmospheric aerosols or cloud droplets is to be measured 

in an attempt to infer particle type or concentration, the 

laser frequency must be chosen to maximize the radiation 
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scattered by the particles, while at the same time minimiz

ing the attenuation introduced by the atmosphere between the 

scattering volume and the lidar system. 

The lidar system shown in Figure 1.1, in which the 

transmitter and receiver are not collocated, is referred to 

as a bistatic system configuration. A monostatic configura

tion has the lidar transmitter and receiver at the same 

location. The monostatic system thus always operates at a 

scattering angle of ir radians, and must use focusing or 

pulsing of the transmitted beam to determine the range from 

the lidar to the scattering volume. A monostatic system 

which uses the same telescope for transmitting and receiving 

is referred to as a coaxial system. 

1.2 Coherent Lidar Systems 

Most lidar systems in use today are referred to as 

incoherent systems. Incoherent systems have receivers which 

detect only the intensity of the scattered radiation. A 

coherent lidar system has the capability to detect not only 

the intensity, but also the phase of the scattered radiation. 

Returned signals detected with coherent systems thus contain 

additional information about the state of the atmosphere 

within the scattering volume. This additional phase informa

tion can be used to find the velocity of the scattering 

elements by observing the Doppler frequency shift of the 
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scattered radiation. A coherent system which uses a hetero

dyne receiver configuration has the additional advantage of 

increased sensitivity over an incoherent system. The hetero

dyne lidar can then detect weaker signals, and thus operate 

at a larger maximum range than an incoherent lidar. 

Assuming that atmospheric aerosol particles faith

fully trace the motions of the winds, the Doppler shifted 

radiation scattered by such particles, when detected with 

a heterodyne lidar system, can be used to find atmospheric 

wind velocities. Lidar systems operating on this principle 

require powerful laser sources because of the relatively 

small proportion of the incident radiation they backscatter. 

At the same time, the laser must have a high degree of fre

quency stability to be utilized with the heterodyne receiver 

configuration. The first successful Doppler lidar wind 

sensors were constructed in the early 197O's, shortly after 

the advent of relatively high power and stable carbon dioxide 

lasers made heterodyne lidar systems feasible (Huffaker 

1970, Lawrence et al. 1972). C02 lasers operate in the trans

parent "window" region of the spectrum at infra-red (IR) 

wavelengths near 10.6 ym, where atmospheric molecular absorp

tion is at a minimum. During the last decade, advances in 

the technology of more powerful, compact, and stable C02 

lasers, as well as significant advances in the technology of 

low-noise semiconductor IR detectors capable of use with such 
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systems have led to the construction of ground-based lidar 

wind sensing systems which are increasingly sophisticated 

and are now capable of making wind measurements at ranges 

of up to 20 km. A compact satellite-borne scanning IR 

heterodyne lidar system for detection of mid- and upper-

atmospheric winds (WINDSAT) is now nearing completion of the 

final design stages (Huffaker 1983). 

1.3 Design Objectives 

The objective of the research project reported here 

was to design a heterodyne IR lidar system which would be 

capable of monitoring aerosol particles, cloud droplets, and 

hydrometeors within the lowest 1 to 2 km of the troposphere. 

The system was to be flexible, allowing observation of as 

many different properties of the constituents within the 

scattering volume as possible. The most important capability 

for the system was the detection of the velocity spectrum 

of the scattering elements. Second, it was to have a cali

bration capability and a scattering volume sufficiently 

well-defined to allow measurement of volume backscatter 

coefficients with the accuracy needed to infer the size and/or 

number distribution of the scattering elements. If possible, 

the system was to be able to detect the state of polariza

tion of the backscattered radiation, necessary for the deter

mination of the shape and composition of the scattering 
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elements. The system was to ideally have a range resolution 

or scattering volume depth of less than 300 meters out to a 

range of 1.5 km. It was also desired for the system to be 

as self-contained, compact, and rugged as possible, to allow 

for its removal from the laboratory and use at field loca

tions . 

The laser around which the system was designed is a 

small, water-cooled, frequency stabilized, CO2 waveguide 

laser. The laser has an average power output of approximately 

3.5 W, and is grating tunable over more than 40 lines in the 

9 and 10 ym CC>2 transition regions. The laser output is 

vertically polarized, and has an exit beam waist of 0.74 mm 

and a divergence of 8.8 milliradians. Two other on-hand 

components which were utilized in the design were a germa

nium acousto-optic modulator which provides a 40 Mhz fre

quency offset for the local oscillator beam, and a 0.01-350 

Mhz spectrum analyzer for signal display. 



CHAPTER 2 

FUNDAMENTALS OF DOPPLER LIDAR SYSTEMS 

In order to make accurate quantitative estimates of 

the properties of the atmosphere by examination of the energy 

which is scattered into the receiver of a lidar system, the 

basic relationships that link atmospheric parameters to the 

characteristics of the lidar return must be well understood. 

It is the aim of this chapter to present these relationships 

and their application to the problem of finding the veloci

ties of moving particles in the atmosphere. 

2.1 The Lidar Equation 

The relationship between the amount of energy emitted 

by the transmitter of a lidar system and the energy which is 

scattered into its receiver is expressed in the lidar equa

tion. For a CW system illuminating a single scattering 

particle located at a range of R meters, this relationship 

is: 

PTArT 

P„ = ~^To a{<5)) (2-1} 

TT (R0 ) R 

where 

Pr = received optical power (W) 

PT = transmitted optical power (W) 

8 
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2 Ar = receiver aperture area (m ) 

0 = transmitter beam divergence (radians) 

a (4>) = differential scattering cross-section of 

2 -1 
particle at scattering angle <f> (m sr ) 

fR i i 
T = exp{-2 a(R )dR } 

J o 

a = atmospheric extinction coefficient (m 

If the lidar illuminates an assembly of n scattering 

particles which are in random motion with respect to each 

other (such as cloud droplets or atmospheric aerosol parti

cles undergoing diffusive motion), the radiation scattered 

by any one particle will have a random phase with respect to 

that scattered by any other particle. The mean of the total 

intensity scattered by the array of particles obeys the 

2 
statistics of a "random walk" process, summing to na if 

each of n identical particles individually scatters amplitude 

a. This mean total intensity is the sum of the intensities 

scattered by the individual particles. Thus the differen

tial scattering cross-section per unit volume for a group of 

scatterers is defined as: 

B(4>) = Z ct± (<|)) (2.2) 
i 

where the summation is taken over a unit volume. 
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The lidar equation for a group of distributed scat-

terers then becomes: 

PTArT -
Pr = 5—5" 3 (<}>)V (2.3) 

it (R0) R 

where 

Pr = mean received optical power (W) 

3 
V = scattering volume (m ) 

The attenuation of the lidar beam due to atmospheric 

scattering and absorption encountered during its round trip 

between the lidar and the scattering volume is expressed in 

the transmission factor T in expression (2.1). If the target 

illuminated by the lidar is more reflective and/or absorbing 

than the surrounding atmosphere, then the additional attenua

tion experienced by the beam within the scattering volume 

must be accounted for in the lidar equation. By dividing 

the scattering volume into subvolumes of infinitesimal thick-

th 
ness, and noting that the returned power from the i sub-

volume will be attenuated by a factor of exp(-2ot Z^}, where 

t 
a = target extinction coefficient, and Z^ = depth within 

scattering volume of i subvolume, the the total average 

power from the scattering volume can be expressed as: 

rL 
Pr = K exp(-2a Z}dZ = K [-^-;(l-exp{-2a L} ) ] 

o 2a 

(2.4) 
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where 

PTArT — V 

Expressing this additional attenuation in terms of a factor A: 

P = KAL = —^r(l-exp{-2a'L) ) 
r 2a 

or 

A = —i;—(l-exp{-2a L) ) = ^-(l-exp{-2i:} ) (2.5) 
2a L 

where t = optical depth of scattering volume. Then the lidar 

equation becomes: 

P A 
P_ = R, r7F(4))VTA (2.6) 
r TTR^ 

2.2 The Doppler Shift 

Radiation which is scattered by a particle which is 

moving with a velocity v is shifted in frequency relative to 

the frequency of the incident radiation, with the magnitude 

of the shift for backscattering (<f> = tt radians) given by: 

A v D  =  2jv' cos y 

Here, is the wavelength of the incident radiation, and y 

is the angle between the lidar system line-of-sight and the 

particle's velocity vector. For a lidar system utilizing a 

carbon dioxide laser source operating at a wavelength of 

10.6 ym, this Doppler shift amounts to 188 kHz per meter/sec 
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of particle velocity along the lidar optic axis. This 

Doppler shift can be measured (and particle velocity•thus 

found) by coherent lidar systems which have receivers which 

operate in a heterodyne configuration. 

2.3 The Optical Heterodyne 

Because the frequency of optical radiation is much 

too high to be measured directly with optical detectors, the 

Doppler shift of the scattered radiation must be measured 

using the optical heterodyne technique, in which radiation 

of two different frequencies is mixed in order to find the 

difference between the two. The technique is illustrated 

schematically in Figure 2.1. Here, the optical field of the 

received signal to be detected is mixed with the field of 

another source, known as the local oscillator, with the mixed 

field falling on the surface of a square-law photodetector. 

The two fields are assumed to be monochromatic, spatially 

coherent, and polarized in the same plane. If the electric 

fields of the two waves are designated E_ and ET, the waves T ±J 

can be represented as: 

Er = EQr(r) exp{icort} El = EQL(r) expfio^t} 

where E (r) and E T(r) are the complex amplitudes of the 
03T OJ-j 

two waves (assumed to be temporally constant) , &JL = 2rrvL, 

and cor = 2tt (vd + AvQ) . If both fields are plane waves 
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normally incident on the photosensitive surface, then the 

resulting irradiance incident on the detector is: 

H » (Er+EL) (Er+EL) * = EVL»V.LCOsI'L-V1 

(2.7) 

The output current of a photodetector with quantum effici

ency ii in response to this irradiance would be: 

c€ 

V*' * (H?> !Eor+EoL+2EorEoLcos <'V > 

( 2 . 8 )  

where 

-34 
h = Planck's constant: 6.63 x 10 J-sec 

c = speed of light 

_2 
eQ = permittivity of free space: 8.85 x 10 farad/m 

2 
A = area of detector (m ) 

-19 
e = electron charge: 1.60 x 10 coul 

WD = WL " wr 

Watrasiewicz and Rudd (1976) show that if the two 

waves are not colinear, then the amplitude of the alternating 

current (a.c.) portion of the detector output is modulated 

by a factor of (kaD)-"*" sin (kaD), where k=2iT/A, D = linear 

dimension of photosensitive surface, and a = angle between 

the two beams. Thus for a reasonable a.c. component of the 

signal current, the beams must be aligned so that a < X/2D. 



Assuming the local oscillator field to be much 

stronger than the signal field (E T >> E ), then in terms 
Oli OjT 

of the optical power of the two beams: 

- H? PL + 2H?<PrPL>1/2c°s<V -

= + W*' I2-9' 

If the local oscillator power incident on the detector is 

made large enough so that shot noise due to this source is 

the dominant component of the noise current produced by the 

detection and amplification process, then the mean noise 

current is well represented by: 

*n " 2eVK?)Af ,2-1(» 

where Af is the post-detection electrical bandwidth of the 

system. The average power signal-to-noise ratio of an ideal 

heterodyne receiver for a constant signal power is then: 

< dac) 1/2 (lac)Deak n — 

<SNR>P " ̂  ^ 
L hv' 

(2.11) 

The minimum detectable power found by setting 

<SNR>p = 1 in the above expression is referred to as the 

quantum limit of detection, because as Yariv (1976) shows, 

it corresponds to the case where the shot noise introduced 

by the detector charge generation process is equal in 
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magnitude to the random fluctuations in the photon flux which 

are due to the quantum nature of light. Because all sources 

of noise (thermal noise, background radiation shot noise, 

dark current, etc.) make significant contributions to the 

total noise power in a non-heterodyne or direct-detection 

receiver, the heterodyne receiver can have a detection 

sensitivity many times smaller than that of a direct detec

tion receiver. The magnitude of this detection sensitivity 

improvement depends on the exact nature of these noise 

sources, and is thus a function of the type of photodetector 

used. 

2.4 Lidar Returns from the Atmosphere 

The expression for <SNR>p of a heterodyne receiver 

developed above is truly valid only for signals that are 

constant in time, and is not representative of a true 

signal-to-noise ratio for fluctuating signals such as lidar 

returns from atmospheric aerosol particles, water droplets, 

or gas molecules. Thus, <SNR>p, which is often referred to 

as carrier-to-noise ratio, or CNR, cannot be viewed as a 

measure of the uncertainty with which we can measure atmos

pheric parameters by means of a lidar return signal. 

At any moment in time, the instantaneous total scat

tered field at a lidar receiver from an ensemble of scatter

ing particles which are in random motion with respect to 
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each other is a single realization of the superposition of 

a large number of individual amplitudes, each with random 

phase. This superposition is often called a "Raleigh 

phasor." As the scattering particles move in a random 

manner, the relative phase of the radiation scattered by the 

individual particles also changes. If at a later time the 

movement of the particles within the ensemble has been suf

ficient to change the relative position of the scatterers 

with respect to each other by an average of one-fourth of a 

wavelength, the instantaneous total field will again be a 

Rayleigh phasor, but its amplitude will be independent of 

the previous value. 

Marshall and Hitschfeld (1953) and Wallace (1953) 

investigated the character of fluctuating radar echoes from 

randomly distributed scatterers. They found that the average 

strength of the returned signal is related to the properties 

of the distributed target, as noted in Section 2.1, but also 

found that all that could be known about the instantaneous 

value of the signal was its probability distribution. 

The amplitude of the field scattered by such an 

ensemble of particles has a "Rayleigh" probability density 

function given by: 

P (A) = ̂  exp{~—} (2.12) 
, 2  , 2  
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2 , 
where A is the total scattered amplitude, and A is the mean 

~~2 2 2 
scattered intensity, given by A = a. being the inten-

i 1 

sity scattered by the ith particle, with the summation being 

taken over the scattering volume. This distribution function 

~~2 
has a mean of 0.886 A , and is shown m the upper part of 

Figure 2.2. 

2 
The probability distribution of A , the instantane

ous value of the intensity scattered by the particles is 

given by: 

2 
P(A2) = ̂  exp{-~} (2.13) 

A2 A2 

This is the well-known exponential probability law, which 

~2 
has mean A , and has a maximum value at the origin. It is 

shown in the lower portion of Figure 2.2. The exponential 

probability law has a standard deviation which is also equal 

~2 
to A , so that the relative uncertainty in estimating the 

2 
true A using the result of a single measurement is 100%. 

The effect of the random nature of the instantaneous 

values of signal intensity on attempts to estimate atmos

pheric parameters by averaging independent measurements of 

this fluctuating signal in the presence of background system 

noise is shown in Figure 2.3, which is adapted from Marshall 

and Hitschfeld (1953) . The curves shown in this figure are 

based on the relationship: 
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Figure 2.2. Returned amplitude (upper) and intensity (lower) 
probability distributions. 
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= 0.03 
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Figure 2.3. Variation of relative uncertainty in mean 
intensity with mean power signal-to-noise 
ratio. 
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0 = 5= [1 + Tsmr;1 <2-14' 
/N P 

where a is the standard deviation of the means of N indepen-

~~2 
dent samples about the true A , here taken as a fraction of 

the mean intensity. It is apparent that increasing <SNR>p 

decreases a only up to a value of <SNR>p of about 10. In 

2 _ 
fact, a cannot be reduced below A //N. Thus, the important 

conclusion is that lidar signals from random arrays of scat

tering particles have a measure of uncertainty associated 

with them which can be reduced by averaging independent 

samples, but cannot be reduced by increasing the mean signal-

to-noise ratio of the receiver beyond a value of ~10. 

2.5 Directional Uncertainty 

With a system which has a local oscillator beam that 

is identical in frequency to the beam transmitted into the 

atmosphere, it is possible to detect only the absolute value 

of the frequency difference between the Doppler-shifted 

scattered beam and the local oscillator beam. In order to 

establish the sign of the Doppler frequency shift, it is 

necessary to offset the local oscillator frequency from that 

of the transmitter. If this offset is Aco^, then the a.c. 

portion of the photocurrent from a moving particle will 

occur at frequency (Aoil - co^) . Thus, the a.c. signal will 

have a frequency that increases or decreases from the offset 
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frequency, depending on the sign of the Doppler shift caused 

by the radial velocity component of the particle. Even a 

particle which has no radial velocity will produce an a.c. 

signal component at the offset frequency. 

There are two methods which are most commonly used to 

produce this frequency offset. One is to utilize a separate 

laser which is locked to a different frequency than the trans

mitter as a local oscillator source, while the other utilizes 

a frequency shifting device such as an acousto-optic modula

tor (Bragg cell) in the transmitter or local oscillator 

portion of a single-laser system. 

2.6 Optical Requirements 

For efficient photomixing (or high "heterodyne 

efficiency") in a heterodyne receiver, the wavefronts of the 

local oscillator beam and the signal beam must have a nearly 

constant relative phase over the entire surface of the 

photodetector. The restriction on angular misalignment of 

the two beams at the detector surface was previously noted. 

Siegman (1966) shows that the critical nature of wavefront 

alignment also requires that the receiver aperture A, and the 

receiver field of view solid angle be related by: 

A fi < A2 

r r — 

where A is the optical wavelength. 
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Perfect wavefront alignment over the entire detector 

photosurface is difficult to achieve in practice, due to the 

wavefront distortions introduced in the signal beam by 

atmospheric refractive turbulence between the scattering 

volume and the receiver aperture, and the distortions intro

duced in both the local oscillator and signal beams by the 

optical components of the receiver. Refractive turbulence 

effects are minimized by the use of a small r-eceiver aperture 

(which necessarily limits the received signal power, since 

is proportional to Ar in the lidar equation). The addi

tional distortion introduced by the optical components is 

held to a minimum by specifying the quality of the components 

so that taken together, they introduce a total of less than 

+ 1/8 wave distortion over the detector surface. 



CHAPTER 3 

COMPARISON OF BISTATIC AND 
COAXIAL CONFIGURATIONS 

The two most promising options for the configuration 

of the CW lidar system to be designed were a bistatic system 

having separate transmitter and receiver optics, or a coaxial 

system using the same optics for transmitting and receiving. 

This chapter will address the principles of operation and 

essential features of the two configurations, compare their 

projected performance against the design criteria, and dis

cuss why one design is superior to the other for this project. 

This comparative analysis will be simplified by neglecting 

the effects of atmospheric attenuation which should degrade 

the performance of both configurations as designed nearly 

equally. 

3.1 A Bistatic Heterodyne Lidar System 

The parameters which determine the range from the 

lidar to the center of the scattering volume in a bistatic 

system are the separation between the transmitter and 

receiver, and the angle between the transmitter and receiver 

optical axes. As illustrated in Figure 3.1, which shows the 

- 2  
intersection of the receiver field of view with the e 

24 
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Figure 3.1. Bistatic lidar system geometry. 
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irradiance surface of the transmitted beam, this range is: 

E = db- = f (3-1> 

for small values of receiver-transmitter separation d, and 

angle between transmitter and receiver optical axes 0. 

Assuming for simplicity that the spatial intensity distribu

tion of the transmitted beam is uniform instead of Gaussian, 

Hughes and Pike (1973) show that the size of the scattering 

volume can be approximated by: 

4r ^ 
V = (2) = (3.2) 

where rQ is the transmitted beam waist radius at range R. 

This approximation holds best for a system which has trans

mitting and receiving optics which are matched, having equal 

aperture size and focal length, and therefore identical 

optical antenna patterns. Maximum efficiency for a bistatic 

system is always obtained when the transmitter and receiver 

optics are matched (Rye 1981). A transmitter-receiver separ

ation of one meter was selected for this system as the best 

compromise between larger separations which would yield 

smaller scattering volume depths and better range resolution, 

and smaller separations which would reduce the physical 

dimensions of the lidar system and slightly ease angular 

alignment tolerances. 
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Neglecting attenuation, the lidar equation (2.6) 

expresses the relationship between average returned power 

and the parameters which depend on the diameter and focal 

length of the receiver as: 

— K ArV 
Pr = 4- (3.3) 

R r 
o 

where r is the transmitted beam waist radius at the center 
o 

of the scattering volume, and K depends on the transmitted 

power and target volume backscatter coefficient. This expres

sion shows that the largest returned power values can be 

expected with systems having the largest receiver apertures. 

However, the random perturbations induced in the wavefronts 

of the scattered radiation by atmospheric refractive turbu

lence become increasingly decorrelated with separation 

across the wavefront. Due to this effect, heterodyne effi

ciency decreases with larger aperture size, and for systems 

operating at or near 10.6 ym, the fractional returned power 

detected increases with aperture size only up to aperture 

diameters of 28-30 cm, where it approaches a limiting value 

(Schwiesow and Calfee 1979). When the additional constraint 

imposed by the spatial coherence criterion (2.15) is consid

ered, it is found that the optimum telescope for this appli

cation based on highest returned power levels is a 12-inch 

(30.5 cm) diameter, F16 system. 
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Table 3.1 lists the performance parameters calcu

lated for the bistatic system with the 12-inch F16 optics, 

using expressions (3.1), (3.2), and (3.3). Of note is the 

fact that the normalized average returned power values 

listed are nearly independent of range, not showing the 

- 2  
characteristic R degradation of pulsed lidar systems, due 

to the effect of scattering volume depth increasing with 

range. 

Figure 3.2 shows a simplified optical layout of the 

bistatic lidar system. The system was designed with the 

receiver and transmitter optical axes parallel and separated 

by one meter, with the small deflection of the transmitted 

beam required for the beams to cross at a specified ranc,e 

controlled by a steering mirror (item 4). The RF drive power 

applied to the Bragg cell is used to control the amount of 

optical power in the frequency-shifted first order diffracted 

beam which enters the local oscillator arm of the receiver. 

A removable half-wave retarder (item 7), which changes the 

direction of linear polarization of the local oscillator 

beam by 90 degrees, provides the polarization resolution 

capability for the bistatic system. Only the portion of the 

scattered field with polarization parallel to that of the 

local oscillator field incident on the detector will combine 

with the local oscillator field and be detected- With the 

retarder in place in the local oscillator arm, the portion 
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Table 3.1. Bistatic lidar system parameters. 

R r 
o 

sin 0 V i Pr /PTS 

240 

00 
» X 10-3 4.2 X 

CO 1 o
 

r-H 

1.1 X 10-4 2.3 

VD ID
 X 10"6 

340 6.8 X 10-3 2.9 X 10-3 4.3 X 10-4 4.6 5.7 X 10"6 

480 9.5 X 10~3 2.1 X lO-3 1.7 X 10-3 9.1 5.7 X 10"6 

600 1.2 X 10-2 1.7 X 10-3 4.1 X 10"3 14.4 5.7 X 10"6 

800 1.6 X 10"2 1.3 X io-3 1.3 X 10"2 25.6 5.7 X 10"6 

1200 2.4 X 10"2 8.3 X 10-4 6.6 X IO"2 57.6 5.7 X 10"6 

2200 4.6 X 10-2 4.6 X 10-4 8.6 X 10-1 202 5.9 X 10"6 

R = range from lidar to transmitted beam waist (m) 

rQ = transmitted beam waist radius (m) 

3 
V = scattering volume (m ) 

& = half-depth of scattering volume (see Figure 3.1) (m) 

Pr 

— = normalized average returned power (m sr) 
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Simplified layout of bistatic lidar system. 

Description 

Half-wave retarder 

Acousto-optic modulator (Bragg cell) 

Transmit beam expander 

Beam steering mirror 

Transmitter telescope 

Local oscillator beam expander 

Half-wave retarder 

Variable attenuator 

Receiver telescope 

Receiver focusing optics 

Beam combiner 

Detector focusing lens 

Detector 
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of the scattered field with polarization perpendicular to 

that transmitted is detected, while the parallel polarized 

portion is detected with the retarder removed. 

3.2 A Coaxial Heterodyne 
Lidar System 

With a CW coaxial lidar system, the range to the 

center of the scattering volume is varied by focusing the 

transmitted beam waist at different ranges. Since a focused 

Gaussian beam has a power density which falls off along the 

2 2 -1 
optical axis as (1 + Z /Z ) , where Z is the distance from 

K 

the beam waist, and Z is a constant defined at expression 
K 

(3.4), scattering elements which are located far from the 

focused beam waist are illuminated with a power density 

significantly lower than those located near the waist. Addi

tionally, since the receiver object point closely corres

ponds to the transmitted beam waist in coaxial systems, the 

radiation scattered by elements far from the waist will not 

be focused exactly on the receiver's photodetector, and will 

thus have a wavefront curvature at the photodetector surface 

which causes it to be detected with a lower heterodyne effi

ciency than radiation scattered by elements at the waist. 

These factors combine to produce a scattering volume depth 

which is usually taken to correspond to twice the Rayleigh 

range of the transmitted beam, defined as the distance from 

the waist to the point where the beam area has doubled (Hughes 
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and Pike) , 1973) . The length of the Rayleigh range is given by: 

irr2 

ZR = -?R <3-4> 

where rQ is the transmitted waist radius. Thus the scatter

ing volume is nearly cylindrical in shape, with a size well 

approximated by: 

2^2r4 

V = (2Zr) (irr*) = —y-2. (3.5) 

The optimum aperture size selected for the coaxial 

case was one which was sufficiently large to give the system 

the required range resolution, while at the same time having 

performance not significantly degraded by refractive turbu

lence effects. As in the bistatic case, a 12-inch F16 tele

scope was chosen. 

Table 3.2 lists the performance parameters calculated 

for the coaxial system with the 12-inch F16 optics, using 

expressions (3.3), (3.4), and (3.5). As in the case of the 

bistatic system, the normalized average returned power is 

nearly independent of range. 

Figure 3.3 shows a simplified optical layout of the 

coaxial lidar system. An interesting aspect of the optical 

layout is the use of the polarization discrimination capa

bility of the Brewster angle window to optically separate the 

transmitted and received beams. The vertically polarized 

beam emitted by the laser is changed to horizontal polariza-
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Table 3.2. Coaxial lidar system parameters. 

R r 
o 

V ZR Pr /PrB 

240 4.8 X 10"3 9.9 x 10~4 6.8 5.5 x 10"5 

340 6.8 X io~3 4.0 x 10~3 14 5.2 X 10"5 

480 9.5 X 10~3 1.5 x 10"2 27 5.1 X 10"5 

600 1.2 X 10"2 3.7 x 10"2 42 5.1 X 10"5 

800 1.6 X 10~2 1.2 x 10"2 73 5.4 X 10"5 

1200 2.4 X 10"2 5.8 x 10_1 160 5.4 X 10"5 

2200 4.6 X 10"2 8.1 620 5.7 X 10"5 

R = range from lidar to transmitted beam waist (m) 

rQ = transmitted beam waist radius (m) 

3 
V = scattering volume (m ) 

ZR = Rayleigh range (m) 

P 
—-Er- = normalized average returned power (m sr) 

IJlP 
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Simplified layout of coaxial lidar system. 

Description 

Beam splitter 

Acousto-optic modulator (Bragg cell) 

Local oscillator beam expander 

Variable attenuator 

Transmit beam expander 

Half-wave retarder 

Beam combiner 

Detector focusing lens 

Detector 

Brewster plate 

System focusing lens 

Quarter-wave retarder 

Telescope 
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tion by a half-wave retarder (item 6), and passes through 

the Brewster plate (item 10) unattenuated. The outgoing beam 

is then converted from horizontal to circular polarization 

by the quarter-wave retarder (item 12) before entering the 

telescope. The radiation which is backscattered by spherical 

particles in the atmosphere will also be circularly polarized, 

but with a direction of rotation opposite to that of the 

transmitted beam. After being collected by the telescope, 

the scattered radiation is converted from circular to vertical 

polarization by the quarter-wave retarder, thus to be 

reflected by the Brewster plate towards the beam combiner 

and finally the photodetector. 

3.3 System Comparison 

Comparison of Tables 3.1 and 3.2 shows that the 

coaxial system and the bistatic system both meet the design 

criterion for range resolution at ranges up to 1 km, with 

the bistatic system having better resolution at all ranges. 

However, the coaxial system has an estimated normalized 

returned power which is a full order of magnitude larger than 

the bistatic system, due primarily to the larger scattering 

volume of the coaxial system. Even with the considerable 

simplifications that have been introduced in the analysis of 

both systems, this difference in fractional returned power 

appears to be significant. 
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Comparison of Figures 3.2 and 3.3 also shows the 

coaxial system to be less complex optically than the bistatic 

system. Upon closer examination, two major difficulties have 

been found to exist with the optical configuration of the 

bistatic system. The first is the difficulty of optical 

alignment of the system, especially the aligning of the two 

telescopes so that their optical axes are absolutely parallel 

in both the horizontal and vertical planes. Once accom

plished, maintaining this alignment in other than a labora

tory environment would also be a difficult problem. The 

second, closely related problem is the precision required to 

control both the pointing of the transmitted beam and the 

focusing (by separate optical components) of the receiver and 

transmitter so that their fields of view completely overlap 

and they are focused coincidentally on a specified point in 

the atmosphere as much as 1.5 km distant from the lidar. The 

pointing accuracy alone would require control of the trans-

-5 
mitted beam to better than 10 radians m two orthogonal 

planes, which could likely only be accomplished by servo-

actuated mirrors controlled by a sophisticated electronic 

feedback system driven by the detection circuitry. 

The one drawback to the coaxial configuration is 

that because polarization discrimination is used to separate 

the transmitted and received beams, it does not have the 

capability to detect information about the state of polari
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zation of the scattered radiation, such as the linear depol

arization ratio which is easily measured with the bistatic 

system. 

Based on the considerations discussed above, the 

advantages inherent in the coaxial system design were seen 

to far outweigh the advantages of the bistatic design, and 

the coaxial system was chosen as the basic configuration with 

which to proceed into the detailed optical design stage. 



CHAPTER 4 

DETAILS OF COAXIAL SYSTEM DESIGN 

In order to ensure that the coaxial configuration 

chosen as optimum for this application was truly feasible, 

it was necessary to determine if signal-to-noise ratios of 

greater than one could be expected from such a system oper

ating under typical conditions. A mean voltage SNR, which 

is the square root of the mean power SNR, and would reflect 

the ratio actually measured at the detector output, was 

calculated using expression (2.11). The assumed typical 

parameters were a normalized average returned power of 

5 x 10 m sr (.Table 3.2), a transmitted optical power output 

of 3 W, an overall receiver heterodyne efficiency of 0.4, 

a post-detection electrical bandwidth of 1 Mhz, and a bound-

"•8 •"! —1 
ary layer aerosol backscatter coefficient of 10 m sr 

(Post 1979). Under these conditions, it was found that the 

coaxial system gave a <SNR>V of approximately 6, which was 

deemed acceptable. 

4.1 Optical Layout 

The detailed optical configuration for the coaxial 

system as designed is shown in Figure 4.1. The basic prin

ciples of operation of the system are identical to those of 

38 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

Detailed optical configuration of coaxial lidar system. 

Description 

Removable alignment mirror 

Eaam splitter 

Lens, 4 inch focal length 

Lens, 8 inch focal length 

Half-wave Fresnel rhomb 

Beam elevator 

Brewster plate 

Acousto-optic modulator (Bragg cell) 

Variable attenuator 

Leris, 3 inch focal length 

Lens, 4 inch focal length 

Beam combiner 

Lens, 2 inch focal length 

Detector 

Beam elevator 

System focusing lens (3 inch focal length) 

Quarter-wave Fresnel prism 

Telescope 
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the general coaxial configuration described in Section 3.2 

and shown in Figure 3.3. The overall size of the optical 

layout is approximately 36 by 48 inches. The optical compo

nents are intended to be mounted on a 3 by 4 foot horizontal 

optical table, with the laser power supply, cooling supply, 

frequency stabilizer, and other associated equipment located 

on a shelf below the table. Not shown in Figure 4.1 is a 

large scanning mirror which would be used to deflect the 

beam to the desired elevation angle. The signal processing 

and display portion of the system, connected electronically 

to the detector, would be located separate from the optical 

components. The small numbers located adjacent to the 

optical axes in Figure 4.1 are the inter-component spacings, 

in inches. 

All lenses used in the system are zinc-selenide 

meniscus lenses, 1 inch in diameter, with a broadband 

(0.6328, 9.0-11.0 ym) anti-reflective coating. Zinc sele-

nide (ZnSe) was chosen as the material for all refractive 

and polarizing optics in the system because of its trans

parency to the visible radiation from the Helium-Neon laser 

(wavelength 0.6328 ym) used to optically align the system. 

As noted in Section 2.6, the total wavelength distortion 

induced in the local oscillator beam and the signal beam by 

the optical components must sum to less than 1/8 wave for 

efficient heterodyne detection. Assuming that the distor



41 

tions introduced by individual components add randomly (with 

the net distortion increasing as /n, where n is the number 

of optical components), this requires that each individual 

component be specified to produce a wavefront distortion of 

less than 1/32 wave at 10.6 ym. All optical components 

necessary for fabrication of the designed system are avail

able from the vendors listed in Appendix A. 

4.2 Telescope and Focusing Optics 

The first item considered in the detailed design of 

the system was the configuration of the telescope and its 

associated focusing optics to form an effective transmitter 

and receiver. Because of the high cost and extremely limited 

availability of large IR refractive telescope optics, a 

reflective telescope, which offered the additional advantage 

of small physical size, was chosen for use in the system. 

All reflective telescopes have a secondary mirror which 

effectively casts a shadow on the central portion of their 

primary mirror, preventing a portion of the scattered radia

tion incident on the telescope from being collected. How

ever, the reflective telescope designs which have the 

smallest diameter secondary mirrors also have the longest 

focal lengths, which produce unacceptably large Rayleigh 

ranges in the transmitted beam. The telescope found to be 

the best compromise between short focal length and small 
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secondary diameter which could be assembled from standard 

reflective optics is a 12.5 inch (31.75 cm) primary diameter, 

F12.9 Cassegrain system which had a secondary mirror 3 

inches in diameter. This telescope has a primary-secondary 

spacing of 24.5 inches, and a back focus of 9 inches. 

The telescope secondary mirror also blocks the 

central portion of the outgoing beam which the telescope 

expands and transmits. In order to maximize the total power 

contained in the partially blocked Gaussian beam transmitted, 

- 2  
it was found that the beam radius (to the e irradiance 

level) at the primary aperture should be 0.9 times the 

aperture radius. Because the radius of the image of the 

primary mirror on the secondary mirror is 1.3 inches, this 

requires the outgoing beam to have a radius of 29 mm at the 

secondary mirror for maximum transmitted power output. 

A focusing lens is necessary to properly couple the 

expanded and collimated laser output beam to the telescope, 

and also to properly collimate the. receiver beam from the 

telescope for focusing on the detector. Movement of this 

focusing lens relative to the telescope varies the longi

tudinal position of the intermediate waist it creates in 

the outgoing beam, which in turn varies the range from the 

telescope to the transmitted beam waist at the center of the 

scattering volume in the atmosphere. The focusing lens 

which provides the best performance as a component of both 
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the transmitter and receiver is a 3 inch focal length lens, 

situated along the optical axis a distance of 12 to 16 inches 

from the telescope primary mirror. Table 4.1 lists the 

variation in the characteristics of the transmitted beam 

with variation in the position of the focusing lens. Para

meter A listed in the table is the displacement (in a direc

tion away from the telescope) of the focusing lens from its 

infinity-focus position, which is 12 inches from the primary 

mirror. 

4.3 Detector 

The optical detector best suited for use in the 

system because of its combination of wide frequency response 

and low intrinsic noise is one which utilizes a cryogenic-

ally cooled Mercury-Cadmium-Telluride element operating in 

the photovoltaic mode. Since the noise output of such a 

detector is proportional to the size of the photosurface, 

and the estimated returned signal power for the system is 

-12 
so small (~10 W), a detector with a minimum size photo-

surface is required. The 0.1 mm diameter element chosen is 

the smallest standard-configuration detector commercially 

available. The particular model selected uses a liquid 

nitrogen cooled dewar, has a quantum efficiency of 60%, a 

responsivity of 5 amps/watt, a specific detectivity of 

12 /— 
10 cm /hi, and a frequency response of 0-100 Mhz. 
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Table 4.1. Transmitter and receiver performance. 

Transmitter Receiver 

A 
R ZR 

r 
o Rf 

R
c (1/3) R (1/4) 

5 2150 1610 0.074 3360 2990/3740 1080/6460 

10 1480 550 0.043 1680 1590/1770 820/2210 

15 1060 260 0.030 1120 1080/1160 660/1340 

20 810 .150 0.022 843 818/865 552/958 

25 660 99 0.018 675 659/689 475/747 

30 555 69 0.015 563 552/573 417/613 

35 479 51 0.013 483 475/491 372/519 

40 421 39 0.011 423 417/429 336/451 

45 375 31 0.010 377 372/381 305/398 

50 338 25 9.2x10" 
3 

340 336/343 281/357 

60 283 17 7.6xl0~ 
3 

284 281/286 242/296 

70 244 13 6.6xl0~ 
3 

244 242/245 212/253 

80 214 10 5.8x10" 
3 

214 212/215 189/221 

90 191 8 5.2x10" 
3 

191 189/192 170/196 

100 172 6 4.6x10 
3 

172 171/173 156/176 

A = focusing lens displacement from infinity focus 
position (mm) 

R = range from telescope to transmitted beam waist 
(m) 

Z = Rayleigh range of transmitted beam (m) 

rQ = Transmitted beam waist radius (m) 

Rj = Range from telescope to receiver object point (m) 

R (1/3) = Range points for net receiver detection effi-
c ciency of 33% (m) 

R (1/4) = Range points for received power density of 1/4 
of that of R^ (m) 
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A 2 inch focal length lens, fixed 2 inches from the 

detector photosurface, is used to image the combined signal 

and local oscillator beams onto the detector surface. Such 

a configuration produces a signal beam Airy disk on the 

detector which has a diameter that ranges from 0.091 mm when 

the system is focused at infinity to 0.10 mm when the 

receiver is focused at a range of 200 m. 

4.4 Receiver Performance 

The performance characteristics of the receiver 

system with the telescope and focusing optics described above 

are presented in Table 4.1. Parameters Rc (1/3) are the 

ranges along the optic axis in the atmosphere such that 

radiation scattered by particles located at those points 

would be brought to focus sufficiently far from the detector 

that the curvature of the wavefront at the detector surface 

would cause the plane local oscillator wavefronts to photo-

mix with only a net 33% heterodyne efficiency. This wave-

front curvature effect is considered in detail in Appendix B. 

Parameters R (.1/4) are the ranges such that radiation scat

tered from particles at those points would be focused far 

enough from the detector surface that it would have a power 

density of only 1/4 of that of radiation scattered by parti

cles at range R^. It is primarily the wavefront curvature 

effect, combined with the reduced power density incident on 
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particles located far from the transmitted beam waist which 

determines the effective scattering volume depth for the 

system. 

The transmitted beam spreading effect taken alone 

would account for half the scattered energy originating from 

within + 1 Rayleigh range of the beam waist, with 70% coming 

from within + 2 Rayleigh ranges, and 80% from within + 3 

Rayleigh ranges. This, taken together with the wavefront 

curvature, which is also a gradual effect, produces an effec

tive scattering volume which has a depth along the optical 

axis which is difficult to delimit theoretically. The 

spatial sensitivity of a focused coaxial lidar system is 

often estimated after the construction of the system by 

placing moving or rotating targets of.known reflectance at 

various positions in the transmitted beam, and observing the 

variation of the returned signal (Jones et al. 1984). Only 

after the sensitivity of the system as a function of scat

tering element position (radial and axial) has been accu

rately established can a given returned signal strength be 

used to infer a volume backscatter coefficient for the 

scattering particle population. For the purposes of project

ing a mean signal-to-noise ratio as a function of range for 

the system as designed, the parameters listed in Table 4.1 

indicate that a scattering volume depth of ZR/2 should 
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provide a somewhat conservative estimate of the true size 

of the scattering volume. 

4.5 Polarizing Optics 

The system uses the combination of a quarter-wave 

retarder, a half-wave retarder, and a Brewster angle window 

to separate the outgoing optical beam from the incoming 

optical beam. The half-wave retarder rotates the polariza

tion of the laser beam from vertical to horizontal so that 

it passes through the Brewster window virtually unattenuated. 

This outgoing beam is then transformed from horizontal to 

circular polarization by the quarter-wave retarder. The 

portion of the returned signal beam which has oppositely 

directed circular polarization is transformed to vertical 

polarization by the quarter wave retarder, and is then 

separated from the outgoing beam by reflection from the 

front surface of the Brewster window. 

The use of standard quarter-wave plates or half-wave 

plates as phase retarding optics is not possible in this 

system. These devices are highly chromatic, and their 

performance would vary substantially over the range of output 

wavelengths available from the tunable CC>2 laser. Since one 

of the desired areas of investigation with this system is 

the variation of aerosol backscatter and atmospheric atten

uation with wavelength over the 9.0-11.0 jjm region, the use 
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of these components, which would require operating the 

system on virtually a single wavelength, would seriously 

limit the capabilities of the system. 

The alternative phase retarding components which 

show the best achromatic behavior are ZnSe Fresnel rhombs, 

which use the process of total internal reflection to intro

duce a relative phase shift between orthogonal electric field 

components. A single internal reflection, accomplished with 

a Fresnel prism, gives a quarter-wave retardation, while two 

internal reflections, accomplished with a Fresnel rhomb, give 

a half-wave retardation. The only chromatic behavior shown 

by these devices is due to the 0.5% variation of the refrac

tive index of ZnSe over the 9.0-11.0 ym region, which results 

in a phase retardation variation of less than 0.4%. The 

size of the transmitted and received beams requires a 0.75 

inch clear aperture for the prism, and a 0.55 inch clear 

aperture for the rhomb. Both components have the same anti-

reflective coating as that specified for the lenses used in 

the system. 

The ZnSe Brewster angle window selected for use has 

multiple thin film coatings which enhance its performance. 

The coated window, known as a thin film polarizer, provides 

99% reflectivety (+ 1% over 9.0-11.0 ym) for the vertically 

polarized receiver beam, while maintaining 97% transmission 

(+ 1% over 9.0-11.0 ym) for the horizontally polarized output 
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beam. The window requires a clear aperture of 0.5 by 1.6 

inches to operate at a Brewster angle of 67 degrees. 

4.6 Transmit Beam Expander 

A refractive beam expander is used to enlarge the 

laser output beam in order to provide a nearly-collimated 

2.3 mm radius waist in the outgoing beam at the position of 

the system focusing lens. This is accomplished with two 

lenses. The first, which has a 4 inch focal length, is 

located 16 inches down the optical axis from the laser output 

coupler. The second lens has an 8 inch focal length. The 

required spacing between the principle points of the two 

lenses is 13.6 inches. This configuration produces a beam 

waist of radius 2.28 mm at the infinity focus position of 

the system focusing lens, which is located 68.5 inches down 

the optical axis from the expander output lens. 

4.7 Local Oscillator 

To achieve maximum heterodyne efficiency, Cohen (1975) 

— 2 
has shown that the diameter (to the e irradiance level) of 

the local oscillator Gaussian beam waist should be 0.7 times 

the diameter of the signal beam Airy disk at the photode-

tector surface. This is accomplished in this system by using 

a refractive beam expander in the local oscillator arm to 

create a 4.9 mm radius beam waist at the back focal point of 

the detector focusing lens. The beam expander consists of 
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two lenses. The first, which has a 3 inch focal length, is 

located 34.3 inches down the optical axis from the laser 

output coupler. The second lens, spaced 7.3 inches from the 

first, has a 4 inch focal length. This combination produces 

the proper size waist 6 inches down the optical axis from 

the expander output lens, with a resultant waist diameter 

on the detector of 0.069 mm. This gives a local oscillator 

spot/signal spot diameter ratio that varies from 0.76 to 0.69, 

depending on the range at which the system is focused. 

The Germanium acousto-optic modulator which supplies 

the frequency offset for the local oscillator beam is located 

between the laser and the local oscillator beam expander. 

The modulator is mounted vertically, with the first-order 

diffracted beam displaced in the vertical plane in order to 

accommodate the vertical linear polarization of the laser 

output. Operating at an RF drive power of 8 W, the modulator 

has a diffraction efficiency of 30% and a maximum insertion 

loss of 14%. This results in approximately 25% of the input 

optical power being deflected into the frequency-shifted 

first order beam. When the frequency-shifted beam from the 

modulator is used as a local oscillator in this fashion, it 

is necessary to include a narrowband filter in the post-

detention electronics to remove signals at the offset 

frequency. These spurious signals arise from the mixing of 

some laser frequency radiation which is scattered within the 
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modulator into the diffracted first order beam (Foord et al. 

1980) . 

Also included in the local oscillator arm is a vari

able attenuator which adjusts the amount of optical power in 

the local oscillator beam which is incident on the photo-

detector. The attenuator best suited for this application 

uses a rotatable grid polarizer to provide extinction ratios 

of up to 500:1. The attenuator requires a clear aperture of 

0.5 inches. 

Two thin-film dielectric coated ZnSe beamsplitters 

are used in the system. One is used to split off a portion 

of the laser output and re-direct it into the local oscil

lator arm. The other is used to deflect the returned signal 

beam into the same optical axis as the local oscillator beam 

and onto the photodetector. The beamsplitter transmittances 

were selected so that with the attenuator removed, the local 

oscillator power incident on the detector would be approxi

mately 1 mWr the saturation level for the detector. When 

the additional attenuation of the beam by the other optical 

components in the local oscillator arm such as the mirrors, 

lenses, and modulator is considered, the required beamsplit

ter transmittances are found to be approximately 6%. The 

beamsplitters have 1 inch diameters, and transmittances 

which vary from 6% by less than + 1% over 9.0-11.0 ym. When 

the attenuator is used to reduce the local oscillator power 
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on the detector to a level of 0.25 mW, the resulting mean 

local oscillator shot noise current is approximately 5 times 

the mean detector noise current. 

4.8 Projected Performance 

The estimated performance parameters for the system 

are listed in Table 4.2. For these estimates, the scatter

ing volume size was conservatively taken to be: 

ZR ?  ̂rt> 
V = (-)7rro = TIT (4'1) 

The <SNR>v estimates were calculated assuming an overall 

quantum efficiency of 0.4, a transmitted optical power of 

— 8 — 1 -1 
3 W, an aerosol volume backscatter coefficient of 10 m sr , 

a post-detection electronic bandwidth of 1 Mhz, and neglecting 

atmospheric attenuation. Based on an average of the normal

ized returned power levels listed in Table 4.2, the parameter 

values listed above, and a local oscillator power of 0.25 

mW, the photodetector output would show a mean returned 

signal level of 1.9 yv and a mean shot noise level of 0.8 yv, 

both superimposed on a d.c. background level of approximately 

40 mv. 

-1/2 
Since <SNR>V is proportional to (Af) , reducing 

the post-detection electrical bandwidth of the system to 

approximately 250 khz would double the estimated mean voltage 

signal-to-noise ratios. The estimated <SNR>V values are 
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Table 4.2. System performance parameters. 

A R V P /Pm$ <SNR> 
v 

5 2150 14.0 1.2 x 10-5 2.8 

10 1480 1.6 8.8 x io~6 2.4 

15 1060 0.38 8.4 x io-6 2.3 

20 810 0.11 7.7 x io-6 2.2 

25 660 0.049 7.8 x IO"6 2.2 

30 555 0.024 7.7 x IO"6 2.2 

35 479 0.013 7.7 x 10~6 2.2 

40 421 6.8 x IO-3 7.2 x io-6 2.1 

45 375 4.7 x 10"3 7.5 x io-6 2.2 

50 338 3.3 x IO-3 7.0 x io-6 2.1 

60 283 1.6 x IO-3 7.5 x io-6 2.2 

70 244 00
 

t 00
 

X
 

i-
" o
 1 

7.7 x i-
" o
 i <T>

 

2.2 

80 214 5.3 x IO-4 7.7 x io-6 2.2 

90 191 3.4 x IO-4 7.8 x io-6 2.2 

100 172 2.0 x IO-4 7.5 x io-6 2.2 

A = Focusing lens displacement from infinity focus 
position (mm) 

R = Range fr<pm telescope to transmitted beam waist (m) 

3 
V = scattering volume (m ) 

Pr/PT$ = Normalized average returned power (m sr) 

<SNR>V = Mean voltage signal-to-noise ratio. 
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smaller than the level projected in the introductory portion 

of this chapter because the true effective scattering volume 

depths are found to be much smaller than twice the trans

mitted beam Rayleigh ranges when receiver signal beam wave-

front curvature effects are considered. 



CHAPTER 5 

CONCLUSIONS AND APPLICATIONS 

Once constructed and properly calibrated, the lidar 

system described here can be utilized to observe many feat

ures of the lower troposphere. Other IR lidar systems with 

similar telescope size and output power have been success

fully used to observe atmospheric phenomena varying from dust 

devils to hydrometeors. The designed system is best adapted 

to sensing the motions of the elements within its scattering 

volume. It should be capable of observing wind velocities 

within the lowest 1500 m of the troposphere, using radiation 

backscattered from aerosol particles. It might also be used 

to detect the motions of cloud droplets, if the bases of the 

clouds to be observed are close enough to the lidar. Typi

cal clouds have volume backscatter coefficients on the order 

of 10~5 m'^sr"'*' at 10.6 ym, and thus would yield a higher 

returned signal power than atmospheric aerosol particles. 

Unfortunately, the strong attenuation of the lidar beam 

within the cloud would preclude detection of returns from 

more than 200 to 300 meters above the cloud base. 

Providing the output wavelength of the tunable laser 

can be changed quickly enough so that the characteristics of 

55 



56 

the particle distribution within the scattering volume remain 

constant, the system can be used to investigate the spectral 

variability of aerosol volume backscattering coefficient 

across the 9.0-11.0 ym region. Additionally, using a hard 

target of known reflectance and a long path length, the 

spectral variability of atmospheric attenuation could be 

investigated over the same wavelength range. Both of these 

applications would require the addition of an energy monitor 

in the transmit arm of the system, since the power output of 

the tunable laser varies considerably with wavelength. 

The system might also be used to directly observe the 

small-scale vertical motions which may be caused by the pro

pagation of internal gravity waves along a stable layer in 

the lower troposphere. Such features have been observed with 

vertically pointing frequency-modulated, high resolution CW 

microwave radars and also with acoustic radars. The CW 

Doppler lidar system should be able to directly sense the 

spatial variations in the horizontal and vertical motion 

fields surrounding these gravity waves. Since the lidar can 

be scanned in range and elevation, it might be possible to 

observe the conditions leading to the occurrence of unstable 

gravity waves, or Kelvin-Helmholtz waves, that have been 

found to exist in wind shear layers. It has been proposed 

that the shearing instability associated with such waves may 

be responsible for creation of local regions of turbulence 



57 

in an atmosphere which is otherwise stable (Gossard, Richter 

and Atlas 1970). 

Observation of small radial velocities such as the 

vertical motions associated with gravity waves might require 

removing the modulator from the local oscillator arm of the 

system. Signals from radiation scattered by particles having 

no radial velocity component occur at the modulator frequency. 

These signals would be blocked by the filters designed to 

eliminate the spurious signal that also occurs at the modu

lator frequency, described in Section 4.7. With the modula

tor in the transmitter arm, these spurious signals would not 

occur, but the modulator would require an RF drive power 

substantially higher than 8 W to achieve the diffraction 

efficiency necessary to transmit the optical power needed 

for the system to operate. 

5.1 Measurement Independence by 
Frequency Diversity 

Marshall and Hitschfeld (1953) have shown that to 

obtain a reasonable degree of accuracy when estimating a mean 

scattered intensity from a group of scattering particles 

which are in random motion, one must average the results of 

a number of separate measurements. Provided the n individual 

measurements are statistically independent, the deviation of 

the estimated mean found by averaging from its true value is 

-1/2 
proportional to n . As indicated in Section 2.4, one 



method of obtaining independent measurements from a single 

scattering volume is to take measurements at time intervals 

sufficiently large to allow the particles to be displaced an 

average of 1/4 wavelength with respect to one another. 

Wallace (1953) has shown that another method of 

obtaining independent measurements from a region of moving 

scatterers which does not require rearrangement of the array 

of particles is by measuring the signal returned from a 

single array at different wavelengths. The wavelength dif

ference required ior independence is that which provides 

at least one or more wavelengths within the scattering 

volume. The wavelengths must, of course, be close enough 

that the backscattering cross-section of the scattering 

particles does not vary. Thus, several independent lidar 

measurements of a single array of scattering particles might 

be made at one time by transmitting and detecting several 

appropriately separated frequencies simultaneously. For a 

scattering volume which is 50 meters deep, the proposed 

frequency separation required for independence is approxi

mately 6 Mhz. This independence hypothesis could be inves

tigated with a lidar system which could transmit and detect 

multiple frequencies with variable frequency separation. 

The investigation would involve observation of the correla

tion in intensity of the signals returned at the different 

frequencies as the frequency separation is varied. A 
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correlation coefficient that varied from 1 at zero frequency 

separation to values of near zero for separations greater 

than the proposed independence separation of c/L, where L is 

the scattering volume depth, would prove the measurement 

independence by frequency diversity hypothesis was valid. 

The lidar system described here could fairly easily 

be adapted to investigate this independence hypothesis. The 

multiple frequencies required for transmission could be 

produced by placing the acousto-optic modulator in the trans

mitter arm of the system, and driving it with multiple RF 

frequencies of variable separation. It would be necessary 

to drive the modulator with an RF power of at least 40 W in 

order to achieve the maximum diffraction.efficiency of 80%, 

which would transfer maximum optical power into the 

frequency-shifted transmitter beam. Since it is likely that 

the post-detection electrical bandwidth of the system would 

need to be large for multiple frequency detection, it would 

also be necessary to increase the transmitted power output 

of the lidar system to achieve the higher mean signal-to-

noise ratios needed for this investigation. Assuming a 

multiple filter technique could be employed in signal process

ing which would limit the system bandwidth to 1 Mhz, an 

increase in the laser output to 15 W would then boost the 

estimated <SNR>V for the system to approximately 5. 



APPENDIX A 

VENDORS LISTING 
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The optical components necessary for the fabrication 

of the coaxial lidar system described in Chapter 4 are 

available from the following vendors: 

ZnSe lenses, beamsplitters, Fresnel rhombs and prisms; thin 

film polarizer: 

Two-Six Incorporated 
Saxonburg Boulevard 
Saxonburg, PA 16056 

HgCdTe detector: 

New England Research Center 
Minuteman Drive 
Longfellow Center 
Sudbury, MA 01776 

Cassegrain telescope optics: 

Star Instruments 
3641 East Fox Lair Drive 
Flagstaff, AZ 86001 

Variable Attenuator: 

PTR Optics Corporation 
145 Newton Street 
Waltham, MA 02154 



APPENDIX B 

WAVEFRONT CURVATURE EFFECTS 
PHOTOMIXING EFFICIENCY 
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When radiation scattered from a particle in the 

scattering volume is brought to focus by the receiver optics 

to a point not exactly on the detector surface, the wavefront 

of the scattered radiation will be curved at the photosurface. 

As a result, the scattered signal wave will not mix uniformly 

with the plane local oscillator wave across the entire sur

face of the photodetector. The situation is illustrated in 

Figure B.l. For simplicity of analysis, assume that the 

converging signal wave has a uniform amplitude of 1 across 

its wavefront, and the local oscillator plane wave has a 

Gaussian amplitude distribution which falls off to e ^ at 

0.7 times the detector radius (Section 4.7). Then if dimen

sion s is taken to be 1/2 wavelength, the efficiency of 

mixing of the two waves on a circular detector, compared to 

two plane waves, is given by: 

/^[aL (r) +a
s (r) ] 227rrdr /^[exp{-^^r)+cos (^r )]2rdr 

/Q [aL (r) +l] 227rrdr /^[exp{-^^r}+l] 2rdr 

- 0.33 

where R is the detector radius and aL(r) and ag(r) are the 

2 
local oscillator and signal amplitudes. Since s-R /2d, 

the defocus depth for a 33% photomixing efficiency is given 

by: 

r2 
d = •=— = 0.25 mm 

2s 



Signal beam 
focus point 

Figure B.l. Signal wavefront curvature geometry. 
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for a 0.1 mm diameter detector at 10.6 ym. 

With the receiver configuration as specified in 

Chapter 4, standard geometrical optics relationships were 

used to find the range from the lidar to the points in 

receiver object space which would be imaged at this defocus 

depth either in front or in back of the photodetector surface. 

These ranges are the parameters Rc (1/3) listed in Table 4.1. 
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