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ABSTRACT 

Dual-frequency Doppler l idar (DFDL) is  a new method to re

motely measure wind velocity. In DFDL, the laser output is modulated 

to create two superimposed beams of differing frequency v-j and v£, 

where a = v-j -  is in the microwave region. The dual-frequency beam 

consists of a set of sinusoidal interference fringes traveling at the 

speed of l ight c in the direction of the beam: Aerosols,  moving with 

the air,  backscatter and Doppler shift  energy from both beams to col

lecting optics incorporating a high-speed photodetector.  The difference 

Act in the Doppler frequency shifts from the two beams is extracted 

from the signal of the square-law detector by a microwave Doppler re

ceiver.  The component of wind velocity parallel to the beam 

(normal to the fringes) is obtained from the relation Aa = -2V^a/c. 

Laser Doppler methods of wind measurement can be hampered by 

atmospheric scintillation effects which degrade the requisite coherence 

of the laser signal.  Application of scintillation theory to DFDL shows 

this method is relatively insensitive to optical turbulence since the 

frequency separation of the beams is small compared to the optical fre

quency and the beams travel a common path. Atmospheric scintillations 

can alter the irradiance profile across the beam, but the relative co

herence of the beams is hardly altered, and the fringe pattern along 

the beam is well maintained. 

x  
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A variation of this technique is the hybrid DFDL, which can 

measure the component of velocity at  a selectable skew angle normal to 

fringes which are slanted with respect to the composite beam. This 

fringe pattern is formed by crossing the two beams at  a small angle 

(M0~^ rad in the experimental DFDL instrument).  The hybrid DFDL 

combines features of the DFDL with the crossed-beam laser Doppler 

anemometer.  The hybrid DFDL concept can in principle be util ized to 

remotely measure the three-dimensional wind velocity at  a point in 

space from a single instrument site.  

In this study the power spectrum of the differential Doppler 

signal is derived for the case of a Gaussian beam profile and multiple 

target particles within the probed volume. Expressions for the signal-

to-noise ratio in the presence of shot and thermal noise are obtained. 

Methods to optimally calculate the correct velocity from the Doppler 

spectrum, which is generated by the randomly positioned aerosols and 

contaminated by the random noise,:<are discussed. 

An experimental DFDL instrument, based upon an acousto-

optically modulated laser,  was constructed and operated. I t  was capable 

of real-time wind measurement, util izing a minicomputer for data anal

ysis and recording. Laboratory tests,  including operation in a wind 

tunnel with seeded flow, confirmed the predicted differential Doppler 

shift .  The functional dependence of signal-to-noise ratio on equipment 

variables of the DFDL instrument were also verified in the wind tunnel.  

Outdoor wind measurements in both pure and hybrid DFDL configurations, 

with natural aerosols as targets,  were performed. Good agreement was 
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found between the lidar and a conventional anemometer adjacent to the 

sensed volume. Concurrent measurements of aerosol size distributions 

provide a basis for predicting performance under different aerosol 

conditions. 

In harmony with the investigative nature of this project,  the 

range capability of the experimental DFDL was modest.  With 0.3 W 

transmitted power and a 42 cm diameter primary mirror on the receiving 

telescope, wind velocity measurements were routinely accomplished at  a 

distance of 20 m with a sampling rate of approximately once each 1.5 

seconds. A range capability of 1 km can be projected for an upgraded 

DFDL incorporating existing technology. 



CHAPTER 1 

INTRODUCTION 

Wind velocity is an important characteristic of the atmosphere, 

and improved.(techniques of wind measurement can enhance our ability to 

monitor and understand these atmospheric motions. Many wind instru

ments,  such as the cup anemometer and windvane, are in situ devices 

which must be physically located at  the point in the atmosphere to be 

probed. The logistics of providing a platform for such devices is 

often an insurmountable obstacle for measurements of interest.  Another 

type of wind instrument is the remote sensor, which can obtain wind 

velocity using equipment located a substantial distance away from the 

probed volume. For example, Doppler radar (Battan 1973) measures motion 

of precipitation particles from which air motions are inferred. The 

advent of the laser as a source of highly directional,  nearly mono

chromatic l ight has provided a tool for remote sensing of wind in clear 

air using naturally occurring aerosols as tracer targets.  Several laser 

techniques for wind sensing, each with i ts own features and util i ty,  

are described in the li terature and are briefly discussed in this 

introductory chapter.  

The theme of this work is to report the theoretical and ex

perimental evaluation of a new method of laser wind sensing called 

Dual-Frequency Doppler Lidar (DFDL). As will  be shown, DFDL, has a 

1 
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unique combination of characteristics which can make i t  a preferred 

sensor in some applications, either alone or perhaps in concert with 

other laser methods. 

1.1. Doppler Shift  

The fundamental principle of DFDL and some other laser wind 

sensors is that electromagnetic radiation scattered from a moving 

object is shifted in frequency, a phenomenon called the Doppler shift .  

In Figure 1.1,  plane parallel radiation of frequency vq and wave-

number kQ  = VQ /C ,  where c is the speed of l ight,  is incident on a 

particle at  ft  near the origin of the coordinate system. The amplitude 

of the electric field of the radiation can be expressed as 

E i  = E0cos(vQ t  -  £0 .f t) .  t1*1) 

Light is scattered through angle e to a point on a distant 

(Rj » R) detector,  where the amplitude is given by 

Es =  " V1* " ^s'^d " 

Es Q  depends on Eq,  the angular scattering cross-section of the 

particle,  and the distance R^ to the detector.  If  the particle moves 

with velocity t  such that ft  = ftp + fa,  then 

Es =  EsOc o s [V '  <«o " -  %*<! +  Vo3- (1.3) 
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y 

X 

Figure 1.1. Geometry for Doppler Shift. 
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If f  is nonrelativistic,  then kg  = kg and the Doppler shift  

Av = v - vn is 
s U 

Av = -(tQ  - t s ) ' ^  -  -2k0sin(e/2)Vcosg, (1.4) 

where Vcosg is the x component of velocity. 

The frequency shift  is therefore proportional to the component 

of velocity parallel to the bisector of the angle between the incident 

and scattered directions and depends on frequency v and scattering 

angle e.  For backscatter (0 = 180°) the shift  is simply 

where is the longitudinal velocity component (parallel to the 

direction of propagation). 

A component of wind velocity can therefore be obtained if  the 

Doppler shift  of l ight scattered from aerosol particles moving with 

the air can be determined. 

A parenthetical explanation of the algebraic notation for fre

quency is in order.  Angular frequencies (units of rad s~^) are denoted 

in this work by Greek letters,  while true frequencies (s~^ or Hz) 

are represented by letters of the Roman alphabet.  All numerical values 

for frequency are given in the latter units.  

Av = -2kg • = -2vV^/c, (1.5) 
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1.2. Square-Law or Power 
Detection of Light 

A l idar instrument design to determine Doppler shift  Av must 

take into account the nature of the optical detector.  Light detectors 

respond to the incident optical power or square of the electric field 

amplitude rather than the optical frequency (Pratt  1969). For radiation 

of frequency v, phase <j>, and electric field amplitude given by 

E = E0cos(vt + <f>)» (1.6) 

a detector 's output current I  is 

I = 2KE2) = rEn
2 .  (1.7) 

v u 

<) signifies time average over optical frequencies but not over fre

quencies in the microwave region and under. The constant of propor

tionality r  is the response characteristic of the detector.  Electric 

field amplitude Eg has been normalized so that irradiance (power per 

2 2 
unit area) is Eg .  If l ight power (or equivalently Eg integrated 

over the detector) changes in time at  frequencies within the bandwidth 

of the detector,  the detector output I  will  follow the power variations. 

For laser Doppler techniques we must consider a more general 

treatment in which two optical frequencies are incident on a detector 

of f inite area A^. 



E = E-|COs(v-]t  + ^.j)  + E2cos(v2 t  + <J>2),  

6 

(1.8) 

where all  variables but t  are in general functions of position x 

and y on the detector surface. Taking (for simplicity) r  to be 

constant over A^, we have 

When vj -  v2  is within the detector bandwidth and (again for simpli

city) E-j and E2  do not vary over Ad ,  

If  (j>i -  c()2  is constant over the detector 's surface area A^, the 

two optical frequencies coherently mix, giving 

where the beat frequency v-|  -  v2  is strong in the detector output.  

For small (< ir/2) variations in ~ ^2» where the detector output 

is given approximately by (1.11), we sti l l  have coherent mixing. How

ever,  if  <})-j -  <j>2  varies substantially compared to ir/2 over the de

tector surface, we have noncoherent detection, and the beat signal may 

be considerably weakened due to phase cancellation as the integral is 

performed. This production of the beat frequency in a detector 's output 

(1.9) 

I  = rAd(E ]
2  + E2

2) + rE-,E2  cos[(v1  - v2)t  + ^ - <J>2]dxdy. (1.10) 
Ad 

I = rAjlE-j2  + Eg2  + 2E-jE2cos[(v-j -  v2)t '+ <f>^ -  <j>2]}, (1.11) 
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is utilized by DFDL and most-of the other laser Doppler techniques to 

access the optical Doppler shifts which contain the velocity information. 

1.3. Doppler Laser Wind Sensors 

Laser techniques using the Doppler principle to measure fluid 

motion have become standard diagnostic tools in laboratory fluid 

mechanics, as thoroughly reviewed and explained by Durst,  Mel l ing, and 

Whitelaw (1976). In control!ed-laboratory environments, strong signals 

are usually possible because distances between the equipment and sensed 

volume are typically of the order of only one meter,  the flow can 

normally be artificially seeded with tracer particles if  necessary, and 

the strong forward scatter from particles in the Mie size range can 

often be util ized. Wind measurements with lasers are more difficult  

because of the large distances desired, the reliance upon naturally oc

curring aerosols as tracer particles,  the use of the weaker backscatter 

in one-ended systems, and the imperfect optical quality of the turbulent 

atmosphlere. All of these limiting factors were pointed out in pre

liminary estimates by Owens (1969). Some success has been achieved, 

however, as can be seen in the discussion below of laser-sensing 

methods. 

This historical and technical review will ,  provide insight for 

the principles of DFDL arising out of the physical kinship among 

the various methods. I t  also offers a context in which the potential 

of DFDL can be made apparent.  Conclusions regarding the relative 

merits based only on superficial comparison of reported experimental 
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results should be-avoided. Many experiments were feasibility studies 

using hardware far from technological l imits,  while others were more 

sophisticated. Fundamental questions regarding the effects of atmo

spheric scintillation and optimum hardware and data processing con

figurations remain for some methods. Experimental accuracy of wind 

estimates was poorly defined in many experiments,  while data on the 

aerosols acting as tracer particles is almost entirely absent.  

Yeh and Cummins (1964) early demonstrated laser sensing of 

fluid flow by obtaining the Doppler shift  of He-Ne (632.8 nm) laser,  

l ight scattered from tracer particles in the fluid using an optical 

arrangement now called the reference beam or heterodyne mode. They 

split  the laser output into two beams, one of which i l luminated the 

volume under study. Scattered light was projected onto a photo-

multiplier tube (PMT) by collecting optics.  The second, or reference, 

beam followed a different path through a beam combiner to the same PMT 

where heterodyne detection (mixing of the signal beam with the refer

ence beam) occurred. The beat frequency in the detector output yielded 

the Doppler shift  of the scattered light and, hence, the tracer parti

cle 's velocity. If  the reference and probe beams are the same frequency, 

the sign of the Doppler shift  is unknown, creating an ambiguity in di

rection of flow. An optical single-sideband modulator in the reference 

beam altered i ts frequency causing the Doppler spectrum in the detector 

output to be shifted in i ts entirety, removing the ambiguity. 
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For wind sensing a successful reference beam approach detects 

backscatter of CO^ (10.6 ym) laser radiation to measure the component 

of wind parallel to the laser beam as demonstrated in different ex

periments by Huffaker,  Jelalian, and Thomson (1970), Huffaker (1970), 

and Lawrence et  al_. (1972). In each experiment a continuous laser with 

optics common to transmitted and scattered signal was used. Each system 

was range selective of the volume near the beam focus since only radia

tion scattered from that region was coherently phase-matched with the 

reference beam. Huffaker,  Jelalian, and Thomson (1970) incorporated this 

technique in an instrument to detect and track wake vortices trailing 

from the wings of large aircraft near airport runways. Comparative wind 

data in Lawrence et  al_. (1972) shows excellent agreement between a con

ventional cup aneometer/windvane and a 20 W COg l idar operating at 

33 m range. Sonnenschein and Horrigan (1971) theoretically derived 

signal-to-noise ratios for coaxial hetrodyne systems, considering both 

continuous and pulsed lasers and both focused and unfocused beams. 

Hughes and Pike (1973) gave approximate treatment for receiver and trans

mitter optics separated slightly into a bistatic system. Field measure

ment capability of velocities in dust devils (Schwiesow and Cupp 1976) 

and waterspouts (Schwiesow et al_. 1977a) has been demonstrated. This 

work is directed toward an eventual goal of tornado studies. Programs 

exist attempting to develop long range (tens and even hundreds of 

kilometers) high power pulsed coherent l idar systems based on the 

ground, in aircraft,  and on space craft (see, for instance, Huffaker 

et  al_. 1977). Toeste and Capes (1978) measured horizontal winds at  
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heights up to 8 km with a high power pulsed laser with the 

Velocity Azimuth Display (VAD) scan. 

Coherent detection of the signal by heterodyne mixing with a 

much stronger local oscillator reference beam is an essential ingre

dient for success in these CO2 reference beam systems. Near 

theoretical signal-to-noise ratios (SNR) can thereby be achieved, 

given by (Pratt  1969) as 

SNR = nPQ/1ivB, (1.12) 

where n is detector quantum efficiency, Pq is received optical 

power, fiv is  photon energy, and B is the electronic bandwidth re

quired for the signal.  The atmosphere is optically imperfect and in 

practice can l imit the size of the telescope aperture rg for co

herent detection (Fried 1967). This degradation from optical turbulence 

is often a severe limitation for visible wavelengths, but since rg 

6/5 
scales as A (Fried 1967) i t  is generally a problem at 10.6 YM 

only for strong optical turbulence or long path lengths. Frequency 

sensitivity is more than adequate, for (1.5) yields AV /2TT of 

1.89 x 10^ s"1  for = 1 m s~^ at  X = 10.6 m, but directional 

ambiguity exists unless the reference beam is shifted in frequency. 

Spatial resolution AR of roughly one meter can be obtained at  ranges 

less than 100 m by CO2 focused coaxial systems with optics of 

practical size (Hughes and Pike 1973 and Lawrence et  al^. 1972), but 

AR increases rapidly for longer ranges. High power pulsed coaxial 
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systems which can operate at  large distances are restricted in range 

resolution by pulse length and velocity resolution criteria with 

AR -v 1  km typical (Huffaker et  a]_. 1977). Although aerosol scatter 

cross-sections are much higher at  visible wavelengths, several factors 

combine to make systems which operate at  10.6 ym more succesful for 

wind measurement. The theoretical l imit for SNR given in (1.12) 

scales as x^ (v and B each scale as X~^), r^ varies as X 

and COg lasers enjoy substantial advantages in efficiency and high 

power capability. 

Another optical arrangement commonly used in laboratory fluid 

mechanics is called dual-beam or crossed-beam Doppler anemometry 

(Durst,  Melling, and Whitelaw 1976). In this approach optics split  

the laser output into two equal intensity beams and focus them in a 

common volume at  a small intersection angle $. Light scattered in 

any direction from a particle in the common volume contains Doppler 

shifted radiation from both incident beams. Since the scattering angle 

e is slightly different for the two beams, the Doppler shifts also 

differ.  The output signal of a square-law detector contains the fre

quency difference of the Doppler shifts,  hence another name, differ

ential Doppler anemometry. The differential Doppler frequency is 

Af = 2VTsin(e/2)/x, (1.13) 

where Vy is  the transverse component of velocity in the plane of 
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the beams and perpendicular to their bisector.  A more conceptual ex

planation of Af is  that the intersecting beams create a set of in

terference fringes with spacing d = 2sin($/2)/x through which the 

tracer particle passes, encountering alternately bright and dark 

regions. The scattered light is thus intensity modulated at  rate Vj/d 

independent of the scattered direction. 

Bourke and Brown (1971) conducted a brief experiment in the 

atmosphere with a He-Ne (632.8 nm) laser and obtained an intermittent 

signal due to an occasional large aerosol traversing the volume. 

Bartlett  and She (1976) performed more extensive tests with an argon 

(514.5 nm) laser,  using threshold data analysis which responded only 

to scattering from the few large particles which produced SNR large 

3 -1 
enough for a clear velocity measurement. Af was 2.5 x 10 s for 

\Ij  of 1 m s"\  but the dual-beam system suffers directional ambiguity 

unless one of the beams is frequency shifted. They operated at  night 

with .35 W laser power at  ranges of 20 m to 60 m and extrapolate 

a range capability of 300 m with a 20 W laser.  

Not only do heterodyne and dual-beam configurations measure dif

ferent velocity components,  but they have unlike expressions for SNR 

(Hughes and Pike 1973 and Drain 1972). These authors show that with 

coherent detection the heterodyne technique has SNR proportional to 

the summed cross-sections of all  particles in the probed volume. In 

the dual-beam method, assuming all  the particles are the same size, 

the SNR is no better with many particles in the volume than with only 

one, as noted by Hughes and Pike (1973). They also show that for a 
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distribution of aerosol sizes the SNR l imit depends on scatter cross-

section distribution, with large particles favored. Average SNR is 

sti l l  independent of number density unless background l ight or molecular 

scatter are significant sources of shot noise. As a consequence, visible 

lasers are generally best for dual-beam sensing because they make the 

aerosol scatter cross-sections optimum. Also, burst rather than con

tinuous signal.processing (Bartlett  and She, 1976) can be better.  

Wall (1974) applied atmospheric scintillation theory for in

finite plane waves to dual-beam anemometry and predicted only mild 

degradion of signal quality. Maintaining proper intersection of small 

diameter beams which wander somewhat independently is a more severe 

problem caused by optical turbulence (Hughes and Pike 1973 and Bartlett  

and She 1977). 

A third method (James, Babcock, and Seifert  1968) obtains the 

Doppler spectrum with a scanning Fabry-Perot interferometer,  which is 

a variable frequency optical f i l ter with very narrow pass-band, instead 

of optical mixing with a square-law detector.  For backscatter,  the 

longitudinal component of velocity is retrieved with no directional 

ambiguity. Benedetti-Michelangeli,  Congeduti,  and Fiocco (1972) in

ferred the horizontal wind component at  night at  a height of 750 m 

with a beam elevation angle of 30° with a .2 W continuous argon 

laser chopped for ranging capability. Spatial resolution was several 

hundred meters,  and each interferometer scan took 6.4 min. 

I t  should be noted that Schwiesow et EH. .  (1977b) proposed a 

dual-beam coherent Doppler scheme to simultaneously measure longitudinal 



and transverse velocity components and demonstrated the method's 

principles using for a target the rough surface of a belt  sander. 

Further research is necessary to determine whether wind measurement 

with natural aerosols as targets is practical.  

1.4. Non-Doppler Laser Wind Sensors 

Laser t ime-of-flight methods can measure velocity of a fluid 

containing tracer particles without determination of (differential) 

Doppler shift  (Thompson 1968). Laser output is split  into two beams 

which propagate side by side with separation d through the fluid. A 

particle passing through both beams scatters two pulses of l ight sepa

rated in time by T ,  from which transverse velocity Vy = d/x is 

derived. Unlike Doppler methods, coherence between the beams is un

necessary. Bartlett  and She (1977) demonstrated time-of-flight wind 

measurement with an argon laser and burst signal processing, concluding 

that i t  is superior to the crossed-beam Doppler technique due to higher 

SNR and range capability. They extrapolate to a range capability of 

1 km with 6 W laser power. Lading et  aJL (1978) built  a more field 

worthy instrument with no directional ambiguity and reported measure

ments up to 70 m range with .5 W power. Since the two beams in 

focused time-of-flight l idar overlap except near the focal regions, 

relative beam motion from optical turbulence in the atmosphere is small,  

but turbulence can l imit the degree to which the beams can be focused 

(Fante 1975). 
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In the turbulent atmosphere, motion will  not always be parallel 

to the plane defined by the beams. Tracers traveling at large angles 

to this plane will  traverse only one beam yielding (falsely) Vy = 0,  

while at  less severe angles a particle intercepts both beams but 

generates measurements of biased toward small values. Focused 

t ime-of-flight l idar,  therefore, suffers a fundamental difficulty with 

data interpretation. 

Derr and Little (1970) suggested use of scatter cross-section 

inhomogenities in the atmosphere as targets for time-of-flight con

figurations with larger scattering volumes, with time lag obtained by 

performing cross-correlation analysis on the detector signals.  With a 

pulsed nitrogen (337 nm) laser,  Armstrong, Mason, and Barber.(1976) 

were able to measure wind at  a range of 250 m with 4.27 s averaging 

time if  air flow was artificially seeded with dust.  Eloranta, King, 

and Weinman (1975) used a pulsed ruby laser (694.3 nm with 1 J 

pulses at  .05 s~^ rate) aimed at  10° elevation angle to infer 

vertical profiles of horizontal wind to 1200 m height.  Operation 

was in the daytime with typically ld-15 min. averaging time for each 

profile.  Vertical resolution was 100-200 m. 

In a separate field of endeavor, path-averaged crosswind can 

be inferred from the frequency spectrum of turbulence in a two-ended 

l ine-of-sight system using laser or incoherent l ight sources. Crudely 

speaking, this amounts to a t ime-of-flight sensor with optical turbu

lence serving as the target.  Ochs and Wang (1978) report recent de

velopmental work toattain some spatial resolution and include a good 
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reference l ist  for wind-sensing relying on scintillation effects.  

1.5. Dual-Frequency Doppler 
Lidar (DFDLT 

Schotland (1968, 1972) gave a simplified analysis for an in

tensity modulated or dual-frequency laser Doppler technique for wind 

measurement. He also performed unpublished laboratory tests which in

dicated that the technique should be viable even in the presence of 

heavy optical turbulence. £berhard (1976) presented a theoretical 

study of the DFDL spectrum and expressions for SNR. Hankin and 

Todd (1964) and Ross (1966) gave the principle of operation for a 

simplified single-target case. Oberlin (1969) used analogous polariza

tion modulation to measure rocket-sled velocity and acceleration over 

large dynamic ranges and at  distances up to 18,000 feet.  Daytime 

operation above the desert floor at  Holloman AFB, New Mexico, was suc

cessful in spite of the substantial optical turbulence which would be 

expected under those conditions. 

The essence of the DFDL principle is as follows: The laser 

transmitter output contains two beams which are spatially superimposed 

and coherent relative to each other but of different frequencies 

and v£, where v-j -  = a isin the microwave region. A target 

particle backscatters Doppler-shifted l ight from both beams to a de

tector with frequencies '  =  v i  +  A v i  a nd v2* =  v2 +  A v2* T^e  

beat frequency in the detector output is a1  = v-|1  - V2'» o r  f r o m  

(1.5) 



a1  = a -  2aV^/c, 
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(1.14) 

where is the velocity component parallel to the beam. Electronic 

mixing of a' with a yields the differential frequency shift  

Aa = a1 - a = -  2aV^/c (1.15) 

and thus V^. 

A fringe model of DFDL provides a different viewpoint which 

can be helpful in understanding i ts operation. The dual-frequency beam 

from the laser transmitter has amplitude 

E = EQ[cos(v^t -  It-j-ft)  + cos^t -  (1.16) 

The two optical frequencies interfere to produce transmitted power in 

the beam given by 

P = <E2)V = (E0
2/2)[L + cos (at -  M)], (1.17) 

where a = v-|  -  v2  and £ = Ttj -  T^. The magnitude of t is K = a/c.  

The beam power is thus modulated at  frequency a/2-n and is composed of 

sinusoidal fringes spaced a distance = 2-rr/K .apart traveling at 

the speed of l ight in the direction of the beam (Figure 1.2).  A 

stationary particle in the beam scatters l ight to the receiving detector 



1 TRANSMITTED BEAM 

Fringe maxima traveling 

with velocity c 

Figure 1.2. Fringe Model of DFDL. 



near the transmitter.  The arrival rate of the scattered fringes is 

a/2iT, and the detector 's output contains this frequency. If  the 

particle moves with speed VL  in the direction of the beam the arrival 

rate of fringes at the particle is changed to (a/2ir)(l  -  V^/c).  The 

distance between the particle and the receiver also changes such that 

the scattered fringes arrive at the detector at  a rate (a/2 -rr)(l-  2V^/c).  

DFDL determines by measuring the alteration in arrival rate of 

the scattered fringes caused by the scatterer 's motion. 

The theory for DFDL operation is examined rigorously in 

Chapter 2,  where the Doppler spectrum from aerosol particles passing 

through a dual-frequency beam is derived. Extraction of the velocity 

information from this spectrum is explained, and the accuracy of the 

velocity estimate as a function of the spectrum shape, SNR, and 

averaging time is discussed. The signal of a hybrid DFDL, which 

combines features of the pure DFDL already mentioned with the features 

of the crossed-beam Doppler anemometer,  is  also derived. Chapter 3 con

siders the behavior of DFDL in the optically imperfect atmosphere. 

The relative coherence between the beams is maintained quite well,  

making DFDL a viable technique even in strong optical turbulence. 

Chapter 4 describes the prototype DFDL which was constructed to 

demonstrate the DFDL concept and evaluate i ts practical potential 

for wind measurement. The results of successful wind measurements are 

reported in Chapter 5,  accompanied by data on aerosol size distribu

tions which provides a basis for prediction of DFDL capability under 



different aerosol conditions. Precision laboratory tests of the dif

ferential Doppler shift  are also described. Experimental confirmation 

of the dependence of signal power on most of the equipment variables is 

included. Based on these results,  Chapter 6 offers projections of DFDL 

capability with application of more advanced technology. 



CHAPTER 2 

DFDL SPECTRUM AND DATA ANALYSIS 

Expressions for the DFDL frequency shift  and SNR are developed 
1 

here, following Eberhard (1976) with some simplifications. The theory 

is extended to the case of a Gaussian beam profile,  and methodology 

of data analysis is also discussed. Particle positions and motions 

are assumed random in character,  creating random variations in frequency 

shift  and SNR, so expected values o.f these variables are obtained. 

2.1. Elementary DFDL Signal 

Consider two superimposed beams of l ight of unequal frequencies 

v-j and vg propagating in identical directions to illuminate a volume 

containing air molecules and aerosols,  which scatter l ight to a point 

on a distant detector aperture (Figure 2.1).  The optical frequencies 

are roughly 6.x 10^ s ^(A = 500 nm). Their difference is given by 

Cl ~ V-j "  V^s (2.1) 

9 -1 
where a is in the microwave region, namely cx/2u ^ 10 s .  The 

amplitude of the radiation incident on the i th particle is 

E inc =  A ic o s(v i t  ~ ^1'frj)  +  A2cos(v2 t  -  £2*ft-j) .  (2.2) 

21 
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Figure 2.1. Geometry for Derivation of DFDL Elementary Signal.  
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In (2.2) the arbitrary phases at  both frequencies have been taken as 

zero, a simplification which does not alter the final results.  Assuming 

a particle 's scatter cross-section a.  to be equal for v-j and v2» 

the scattered radiation at ft^ on the detector is 

E = JE. = (S i /L i) A-|Cos(v^t -  1,-ft .  -

+ A2cos (v2 t  -  -ft .  -  l<2 l- •  )  (2.3) 

The summation is over all  particles scattering energy to ft , ,  and 

S i  =  °i '  (2.4) 

f = ft - ft 
i  d i  • 

(2.5) 

For nonrelativistic particle speeds 

k l  i  ~ k lL i / L i '  
( 2 . 6 )  

and similarly for T<2 . . .  

The output current of the detector is given by (1.9).  Accord-

2 ingly, the irradiance (E)^ for E as given in (2.3) is 

<6 (2.7a) 



2?IlTU"_A1 c 0 SEk i '^i  ~ ^j) +  K l i*L i  "  k l j 'L j^ 
1J 1 J 
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(2.7b) 

+ A2  cosp^tf.  -  t . )  + tz 1 . t ,  -  tj j-t jJ 

+ 2A-jA2cos[at -  + ^2*^j " +  ^2j*'"j^] 

Defi ne 

t  = t ,  -12 ,  

¥ = IT - "k 
i  l i  2i '  

(2 .8 )  

(2.9) 

where K = a/c.  Separating the terms in the summation for which i  = j  

from the remainder yields 

< 6 V  =  f p i 2 / L i
2 ) ( A 1

2  +  A 2
2 )  

+ J(S i
2 /L i

2)A1A2cos[a t  -  M. -

( 2 . 1 0 )  

,  S.S. 
Iy V 1  J + i* X uri i  HI i  J 

A-j2cos[k-|• -  ft.)  + k-j • •L i  - k-jj-L-3 

+ A2
2cos[k2-(^. -  t j )  +  k2 i-L i  - k2 j--Lj] 

+ 2A1A2cos[ott  -  + I<2 j--tj l  

The f irst  line expresses the average irradiance at the detector of the 

l ight scattered from both beams by all  particles and leads to detector 



DC output.  The second l ine is the DFDL signal containing the de

sired Doppler shift  information; namely, for each particle,  the beat 

frequency between the radiation scattered from the two beams. I t  will  

sometimes be called the "single target" signal,  signifying one tracer 

target for each term in the sum. The last three lines arise from 

mixing of radiation scattered from separate particles: the third line 

from separate particles scattering from beam #1; the fourth from beam 

#2; and the fifth from one particle scattering from #1 and another 

particle from #2. These three lines will  be dubbed "double target" 

(DT) signal,  and are shown in Appendix A to be undesirable in DFDL 

but usually negligible. 

For a single particle traveling with constant velocity 

t  = ^Qi +  (2.10) reduces to 

i  °i  
2 2 

_ L1 

where <{>.. = (K -  K i  ̂  *^0i is  the phase determined by particle position 

at t  = 0. The differential Doppler shift  is 

Aa = -(K - it.)4 = -2Ksin(e/2)VL ,  (2.12) 

where 0 is the scattering angle and is the component of ^ 

parallel to the bisector of the transmitted and scattered directions. 

A /  +  A22  +  2 A iA2C 0 S^a t  ~ V^d +  "M 
(2.11) 



• 26 

Note that (2.12) has exactly the same form as (1.4) for the optical 

Doppler shift  with K in place of kg, or a instead of Vq. DFDL 

allows a measure of the longitudinal velocity VL  with the optical 

frequency difference a as a parameter,  but independent of the laser 

9'  -1 i 
optical frequency i tself.  For backscatter with a/2n = 10 s and 

VL  = 1 m s"1 ,  AA /2-IR = 6.67 s~^. '  Mathematically the time-dependent 

signal in (2.11) is the same as if  microwave energy of frequency a 

were being transmitted and Doppler-shifted to frequency a-2aV^/c 

before reception. The electronics and procedures for DFDL signal 

processing are therefore similar to those used in microwave Doppler 

radar.  

2.2. DFDL Signal for Practical 
CM Optical Geometry 

The volume probed by a continuous-wave (CW) DFDL is defined 

by the optical layout.  The transmitted beam, at  most a few centimeters 

in diameter for adequate SNR, specifies the transverse extent of the 

volume. The field of view of a bistatic receiver with optic axis in

tersecting the transmitted beam determines the range R and the volume 

length AR, with R » AR .  The scattering angle e is within a few 

degrees of 180°, allowing the approximation e = 180° in (2.12) with 

l i t t le error (only 1% error in for e = 164°).  The receiver 

aperture, also referred to as the detector aperture, has f inite area 

which mandates the integral of (1.9) be performed. 

In order to avoid cumbersome mathematics in this chapter,  the 

vector velocity of all  particles traversing the scattering volume will  



be assumed constant.  Appendix A outlines a more rigorous treatment 

applicable to time-dependent and unequal velocities.  I t  includes 

analysis of the double target signal,  which must consider the random 

motions of the particles driven by their thermal energy and by 

atmospheric turbulence. 

The Doppler spectrum is broadened by the finite transit  time 

of each particle through the volume. Let us adapt (2.11) to the 

geometry of the probed volume to obtain the detector output spectrum 

for one particle,  followed by the multi-particle case. Approximate e 

as 180° and take L. = R in the denominator with l i t t le error since 

R « L .J »  AR .  The transverse profile of transmitted beam #1 for the 

coordinate system of Figure 2.1 is 

A.,2  = (2A0 1
2 /na2)exp[-2(x2  + y2)/a2],  (2.13) 

where the power in the beam is 

_ 2  and a is the e radius. A similar expression holds for.  beam #2. 

If  the intersecting angle between the beam and receiver axis is only 

a few degrees, AR >> a.  Then the transit  time depends mainly on 

radius unless ^ is nearly parallel to the beam. AR ' s  effect on 

transit  time will  be disregarded here, but can be included in a 

straightforward manner. To simplify mathematics the coordinate system 
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will be oriented with Vy and the velocity components in the x 

and z directions, respectively, with no velocity component in the y 

direction. With these approximations equations (2.11) and (1.9) yield 

the detector output current of 

*i 2 r Ad^A01 +  A02 ^ n2 2 e x p  
R ira 

0 i  1 
+ ^TA^AQI AQ2 9 e xP 

2(VT t+x0)2+2y.2  

R i ra 

2(VT+x0)2+2y.2  

X cos [at -  2KV^t -

(2.15) 

where xQ  is the particle 's x-coordinate at  t  = 0. The f irst  line, 

which is the low frequency pulse from the particle passing through the 

beams, is of no interest.  The second line contains the Doppler in

formation (-2KV^) as a shift  from the transmitted beat frequency a.  

The term = (^]f ~ ^2i^"^d' f o r  D F D*- 1 S  t ' i e  P^a s e  factor 

<t>.j -  <j>2 in the integral over the detector aperture given in (1.10), 

is approximately constant,  as will  be shown in Chapter 3.  

The energy spectrum for the particle 's Doppler signal at  the 

detector output is found by taking the Fourier transform of I .  and 

squaring the Fourier amplitude spectrum (Hsu 1970). The spectrum is 

w i (u>)  = 
1  R (aVT) '  

exp x exp 
(u)-a+2K VL) '  

4VT
2 /a2  

(2 .16 )  
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The spectrum has a Gaussian shape with mean frequency -2KV^, from 

which can be extracted with data processing as described later 

in this chapter.  The standard deviation of the spectrum is /2V-j-/a,  

and the energy depends on the traversal path's location with respect 

to beam axis at  y = 0.  

Many scattering particles (aerosols and molecules) are in the 

probed volume at  any one time with random locations j^- at  t  = 0. 

The phases are therefore random also, and the contributions of 

the particles to the total detector current add in random walk fashion. 

Thus 

This mean square behavior is established in the l i terature for the 

corresponding case of dual-beam anemometry (Drain 1972) and is also 

considered more rigorously in Appendix A. 

The expected value of the detector 's Doppler signal power 

spectrum is obtained from the distribution of Doppler energy spectra 

W.(ua,a,Vy,y) by determining the rate of arrival of particles at  the 

probed volume and integrating over the distribution dn(a)/da of 

scatter cross-sections. 

I2  = Zii2 .  
i  

(2.17) 

W(m) = £W.j (w). (2.18) 

rR+AR 
(2.19) 

) 
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Note that in the general case where f inite transit  time effects also 

depend on AR, the magnitude of w(a>) is  a function of V^, and i t  

must be included with Vy in P(to) 's evaluation. For the Gaussian 

beam profile 

P(«> •  jz rV2 .5^11 _l_e x p  

(OI-I+2KVL) '  

2 T  
4Vy  /a 

(2 .20 )  

where 

T no = f 2 dn(a) j  _ a —j— da -
0 d a  

2e \dn(p)J 
a  ( p )  V  a p '  

0 . d p  
(2.21) 

The factor dn(p)/dp is the particle size distribution over radius p .  

and n is  the number density. • The total signal power P s  in the 

Doppler spectrum, found by integrating Pg(w) over frequency, is 

p = 2r 
s 

P1P2 "Ad" 

Ua2)2  R2  

2 2 
ira £R no . ( 2 . 2 2 )  

The signal power is proportional to the square of the optical power 

denisty in the probed volume and the square of the receiver 's col

lection solid angle. I t  is also proportional to the size of the 

scattering volume and the factor no ,  which depends on both number 

density and size distribution. The beam radius appears in two of 

these factors,  partially cancelling to leave an overall  dependence of 

_ 2  a in P .  Focusing down the beam increases Pg  at the cost of 



wider Doppler spectrum since the standard deviation is v^V^/a, as 

seen from (2.20). 

In the atmosphere aerosols dominate the factor no making 

the molecular contribution negligible. For a single aerosol of radius 

-12 2 
0.1 ym and backscatter cross-section u = 7 x 10 cm ,  

a 
2 -23 4 

n a = 4.9 x 10 cm .  For a cubic meter of air-with 
a a 

n = 2.6 x 101 9  cm~^ and a = 7 x 10"^ cm^, n of = 1.3 x 10"^ cm^. 
m  m  ' m m  

Since SNR is more pertinent for system evaluation than Pg  

alone, the next section derives expressions for SNR. 

2.3. Signal-to-Noise Ratios for CW DFDL 

The Doppler shift  must be acquired from the Doppler spectrum 

in the presence of additive noise originating in the detection process 

and electronics. The three principle noise sources for a photoemis-

sive detector such as a PMT are shot noise from the scattered laser 

radiation and background l ight,  shot noise from detector dark current,  

and thermal noise in the PMT output load resistance (Pratt  1969). 

Shot and thermal noise possess constant spectral density (white noise) 

over the bandwidth of the detector output.  Shot noise power in 

bandwidth B is 

PN  = 2qg(lJ + T^+ I^B, (2.23) 

where q is electronic charge, g is current gain of the PMT dynode 

cascade, and TJ, 1^, and are the average output currents 



resulting from scattered laser radiation, background l ight,  and dark 

current,  respectively. Thermal noise has power 

PN  = 4kTB/RL ,  (2.24) 

where k is  Boltzmann's constant and T is the Kelvin temperature of 

the detector load resistance R^. We have SNR = P s /P |^J or 

P, 
SNR f W  = _ _ 1_ > (2.25) 

[2qg(I s  + Ib  + Id) + 4kT/RL]B 

where bandwidth B must contain nearly all  of the Doppler power 

spectrum. 

By judicious choice of sufficiently large detector gain the 

thermal noise can be rendered negligible. Dark current T^j" is  much 

smaller than TJ for a practical DFDL system, but for daytime 

operation 1^ must be considered. 

Shot noise from the laser backscatter places the ultimate 

l imit on SNR and needs detailed analysis.  The expression for 

is obtained by writing the equation for detector current for a general 

particle in the scattering volume and integrating over the volume and 

particle distribution. For a Gaussian beam profile 

!si =  2 r ( P l  +  P2}  ~T e x p [ _  2 ( XV2 )3' (2*2 6) 
R. ira a 

where r  is the detector responsivity. The mean current is 
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I = 
s  

rR+AR •CO r°° 

dz dx dy 
•"R J — CO — CO • 

daI(o,x,y) 
dn(o) 

da 

where 

r(P, + P9) —g- AR na ;  
l  

na = 
0 

dn(a) 
da 

r® 
da = / \dn(p).  

1
o(o)-drklp 

(2.27) 

(2.28) 

is the volumetric backscatter cross-section. I t  usually includes 

significant contributions from both molecules and aerosols in the 

atmosphere. 

When shot noise from scattered laser radiation is the dominant 

noise source, the SNR for the Gaussian beam profile is 

P,P0  •.  A. 2 
c MP — 1 ^ 1 0 0* 

CW,s -hvB P,+P9  d2 -  '  
1 2 ira R a 

(2.29) 

where n is  the detector quantum efficiency, fiv is the photon 

energy, B is  bandwidth, and 

r  = nqg/fiv. (2.30) 

The l imiting SNR is proportional to detector quantum efficiency and 

the inverse of the bandwidth. Normally = Pf_/2» making SNR 

2 
proportional to the irradiance P^/na in the probed volume as well 

as the receiver 's collection solid angle. Finally, l imiting SNR de

pends on the normalized particle size distribution [dn(p)/dp]/n, or 

~~2 — 
more exactly the backscatter cross-section distribution, through a /a,  



but i t  is independent of AR and the particle number density n for 

fixed normalized distribution. Since molecules contribute signifi

cantly only to no,  a clearer representation of the dependence on 

size distribution is 

-*• n 2 2 n a 
a  (2.31) 

a n a +n a,  
a a mm 

where the subscripts a and m refer to aerosol and molecular.  If  

all  aerosols have identical scatter cross-section a,  and the molec-
a 

p 
ular scatter is neglected, (2.31) reduces to 0 / 0 = 0 .  and SNR is 

a 

the same for many aerosols in the scattering volume as for just one. 

If  the molecular scatter is significant,  however, an increase in the 

number of aerosols can improve SNR. 

For shot noise from background l ight as the dominant noise the 

functional form of SNR is somewhat different.  If a receiver with 

optical passband AX and field of view of solid angle observes a 

-2 -1 -1 uniform background of radiance L(W m sr ym ) ,  then 

"lb = rLRdAdAX, (2.32) 

and 

« PnPo A, _ T 
SNR . = JL LIL-D'-JRA2 AD 110 

xw, 
— • *1 I fa 0 • ^ * h nC/ / r\ o O \ 

b tlvB / 2,2 7 7 3  Lfi .AX (2.33) 
lira ) K d 

SNR now depends on the square of the irradiance; inverse fourth power 

of the range, and the size of the scattering volume 1 The overall  de-

•  . L ?  
pendence on beam radius is sti l l  a" ,  but SNR improves l inearly 



with aerosol concentration for a given normalized aerosol size 

distribution. 

35 

2.4. Pulsed DFDL 

A pulsed DFDL system is much l ike i ts CW counterpart but 

has a few advantages, the most important of which are scattering 

volume definition by range gating and reduction in background shot 

noise. 

Consider the transmitted beams as before except and A2  

are nonzero only during each pulse of duration T ,  where 

1 -1 
a « Tp « (2KV^) .  As each pulse propagates outward atmospheric 

particles scatter energy to the receiver aperture, whose optic axis 

can be coaxial with the beams. Since the round trip time for the 

radiation is T = 2R/c, the receiver is electronically gated "on" at  

time x after pulse transmission. The gate time is a short interval 

of length Tg  ^ Tp. The pulse repetition frequency (PRF) is suf

ficiently low to ensure that the scattered radiation from the previous 

pulse, now at  a great distance, is negligible. The length of the 

scattering volume is 

A R w  c ( j p  +  T g ) / 2 .  ( 2 . 3 4 )  

The Doppler signal in the processing electronics has the form 

V = VQ(t)cos(at -  2KVL t) ,  (2.35) 



where VQ(t)  is  pulsed with amplitude proportional to A^A2  and 

length x .  Electronic mixing with a reference signal of frequency 

a produces 

V' = V0(t)cos(-2KVL t) .  (2.36) 

Pulsed DFDL therefore performs discrete sampling of the Doppler 

spectrum at the PRF. The PRF must exceed the Nyquist frequency to 

avoid aliasing the signal (Blackman and Tukey 1958). This means the 

PRF must be at  least twice the maximum frequency in the baseband 

Doppler spectrum of (2.36). Spectral analysis to obtain can be 

performed directly with the discrete samples, or a continuous signal 

can be created via a low-pass f i l ter which passes 2KV^ but blocks 

all  but the DC portion of Vg(t).  

Signal and noise powers for pulsed DFDL are derived in 

Eberhard (1976) for a uniform beam profile.  An alternate course will  

be followed here to derive expressions for a Gaussian beam profile.  

Assume a rectangular pulse shape where the energy in each 

pulse of beam #1 is 

2.5. Signal-to-Noise Ratios for Pulsed DFDL 

(2.37) 

where P^J is  pulse peak power, and similarly for beam #2. Applying 
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(2.22) the expected value of power of the Doppler signal for an instant 

during the receiver gate is 

P. .  = 2r 
inst 

2 J1J2 d 

7 
i x 

2 2 na 
no (2.38) 

As the pulse propagates outward, new particles are illuminated at the 

leading edge as others drop out at  the trailing edge. Because of the 

random particle locations and signal phases the energy spectra of the 

individual particles must be summed. The average Doppler signal 

energy and power for one gate pulse are therefore given respectively 

by 

Wsg '? instTgTp^^Tp +  Tg^9  (2.39) 

and 

Psg "  W ( 2 '4 0 )  

where td /(t  + x ) accounts for the average period of i l lumination 
r r y 

of the particle by the propagating pulse. Let us now assume signal 

processing as described in the previous paragraph to reconstruct the 

continuous Doppler spectrum. The low pass f i l ter alters the voltage 

level from VQ during the pulse to Vg(PRF)xg for the continuous 

si  gnal,  and power becomes 



38 

P  =  P  ( P R F ) ^  ( 2 . 4 1 )  
s  sgv  g 

- r\?2 
Ad 

2_ 2 
g 

2_ 2  

R2  

ct 2 
g no 

T +T ?' 
P g ira 

where P-j and P2  are the average beam powers, and 

P^" = (PRF). (2.42) 

For the shot noise, during the gate the expected value of the 

detector current from scattered laser radiation is found from (2.27) 

to be 

_ J,+J0  A .  CT 
I. = r _! _iL "P.. nTT (? 43) 
inst r  T n2 2 

P R 

The shot noise depends on overall  average current = T^n s tTg(PRF), 

giving 

A c T 
PN  = qgr(Pj + Pj)4 rtaB. (2.44) 

B is the final signal bandwidth containing the Doppler spectrum and 

is not the bandwidth required to resolve the pulse T .  The average 

current from background l ight and dark current are likewise reduced 

by the receiver duty factor Xg(PRF), as is the thermal noise. The 

shot noise from dark current is sti l l  negligible, but the shot noise 

from background l ight is 

PN  = 2qgrLfljjAdAXBx (PRF). (2.45) 
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Thermal noise is 

PN =  4kTBTg(PRF)/RL .  (2.46) 

With sufficient PMT gain and adequate signal amplification before the 

low-pass f i l ter to overcome further thermal noise contamination, the 

thermal noise is negligible. 

The l imiting SNR where laser shot noise dominates is 

t  P-.P9  A .  ~~? 
2 D L_?__L d £_ ( p  4 7 )  

SNRn e  = T +TNTivB n- .P- 2 ZZ -
P,s p g *2 7 1  

T 
9 -SNR, 

Tp+Tg c w ' s '  

The l imiting pulse SNR is almost equal to the CW SNR, depending 

on receiver gate time relative to the pulse length. SNRp s  is a 

function of laser average power rather than peak power or individual 

pulse energy. 

When background-induced shot noise dominates, SNR is 

1 ^ 9 CT 2 
SNRn .  =i^-AAr4vra2— A- ^  P,b " 21fvB ( i r a2}2 r4 ™ XP(TP+Tg)(PRF) Ln^X 

2 (2.48) 
T 
-9 SNR, 

VTp+Tg™ CW 'b ' 

where AR = c (-r + T )/2 was used. For T = X the pulsed SNR 
P 9 9 P 

exceeds the CW SNR by a factor of [4xp(PRF)]"\ or 1/4 of the 

inverse of the transmitter duty factor.  
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The SNR advantage of pulsed DFDL in the presence, of 

bright background is of major significance for daytime operation if  

technological l imits on laser power and optical fi l tering fail  to 

reduce background shot noise to an acceptable level.  A coaxial pulsed 

DFDL with multiple range gating of the receiver and the requisite 

increase in data handling capability could concurrently measure 

velocity at  several range increments along the beam. This would be 

an obvious asset for wind profiling or mapping applications. 

2.6. Velocity Estimation from 
the Doppler :Spectrum 

Extraction of the velocity information from the single target 

power spectrum P(OJ) is  addressed here. I t  is convenient to trans

late the spectrum from the reference frequency a/2-nr to zero and 

convert from angular frequencies, namely 

S(f) = P[U " ot)/2ir].  (2.49) 

We can focus our attention on S(f) knowing that Doppler frequency 

f  and longitudinal velocity are related by 

f  = -2VLa/2TTC. (2.50) 

The aerosols which normally exist in the atmosphere faithfully 

follow the air motions, and the aerosol velocity is synonymous with 

'  air  velocity. According to Durst,  Melling and Whitelaw (1976) a 10ym 



diameter  part icle  fol lows 700 Hz veloci ty osci l lat ions with a pre

cision of 1 percent .  The DFDL spectrum S(f)  is  the sum of  the 

Doppler  energy spectra of  the part icles traversing the probed volume 

during the measurement interval .  In the presence of  turbulence,  as  

discussed in Appendix A, the part icles '  veloci t ies  are unequal ,  con

tr ibuting to the width or  variance of  S(f) .  For good SNR the beam 

radius must  be small ,  and the result ing transi t- t ime spreading of  S(f)  

can often exceed turbulent  spreading for  an individual  veloci ty 

measurement.  

The mean Doppler  frequency T is  defined by 

where the average is  over the probed volume and measurement interval .  

Higher moments of  the spectrum can also be obtained,  for  example the 

Since S(f)  is  the expected value (ensemble average) of  the Doppler  

I t  is  well  established that  radiat ion scat tered from randomly 

posi t ioned part icles is ,  to a good approximation,  a  part icular  type of  

s ignal  cal led a Gaussian random process,  as  pointed out  by Cummins and 

Swinney (1970) for  optical  scat ter ing and Zrri ic  (1975) for  Doppler  

fS(f)df/  S(f)df ,  (2.51) 

2 
variance w ,  given by 

(f  -  f)  S(f)df/  S(f)df  (2.52) 

_  2 spectrum, f  and w are also expected values.  
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radar.  Since the Doppler  s ignal  I s( t)  is  mathematical ly identical  

to the case of  scat ter ing of microwaves of  frequency a./2-n from the 

part icles,  1 S  a  Gaussian random process also.  The spectrum 

ST(f)  for  any experimental  real izat ion of I  ( t )  for  t ime interval  T 
1 ^  

is  also random in nature.  In fact ,  the spectral  energy S(f^)  of  

each frequency interval  f .  = T~^ is  a random variable with an ex

ponential  probabil i ty distr ibution with s tandard deviat ion equal  to  

the expected value in S(f^) .  Each S(f^)  is  independent  of  the rest .  
A  O  

For any f ini te  length sample the est imates f  and w of  the expected 
_  9 

values f  and w are also random variables.  The s ignal  is  also 

contaminated with shot  or  thermal noise of  constant  spectral  densi ty 

N(f)  ("white" noise) .  The "white" noise,  as  well  as  the sum 

is  a Gaussian random process.  

Sirmans and Bumgarner '1975) compared several  techniques of  

est imating f  using computer-generated s ignals .  A variat ion of one 

of  these techniques,  the Fourier  t ransform method with noise suppres

sion (FFT/NS),  was used in the experimental  phase of  this  DFDL 

s tudy.  The power spectrum is  obtained by Fourier  t ransforming the 

signal  plus noise over t ime interval  T.  Then 

QT(f)  = ST(f)  + NT(f)  (2.53) 

f  = f[QT(f)  -  N(f)]df/  [QT(f)  -  N(f)]df ,  (2.54) 



where N(f)  is  assumed known. In pract ice the signal  is  discretely 

sampled a t  uniform intervals  and a fast  Fourier  t ransform (FFT) 

algori thm obtains a discrete spectrum QT(f-) .  The mean frequency 

est imate is  

In order to prevent  al iasing which wil l  bias f ,  the sampling rate 

f  must  be high enough such that  al l  energy in Sy(f)  is  of lower 

frequency than the Nyquist  frequency F^ = f s /2.  Sirmans and Bumgarner 

(1975) show that  another method cal led pulse-pair  processing (PPP) is  
A  

superior  to the FFT/NS method.  fp p p  is  unbiased even i f  f  < 2F^ 
A 

(Sirmans and Bumgarner 1975),  and the standard deviat ion of  fp p p  is  

roughly 1/2 that  of  the FFT/NS method for  low SNR («1).  Dedicated 

hardware for  data processing is  also less expensive to construct .  

Nonetheless,  the FFT/NS method was chosen for  the prototype DFDL 

in order to have the entire  Doppler  spectrum available for  study,  for  

f lexibi l i ty,  and because the necessary electronic equipment was com

mercial ly available.  

For the FFT/NS method Berger and Groginsky (1973) derived 

the fol lowing expression for  the variance of  the est imate f :  

f  =  Vmv - N ( f i ) j '  

_ JWV - mv] 
(2.55) 

fFN 
a2( f)  « —-p f2 [s(f  + f )  + N(f + f ) ]2df.  

TP /J-Fh l  

(2.56) 



Evaluating a(f)  for  a Gaussian spectrum shape and using DFDL 

notat ion,  

1/2 

4ir"l /2 b(S 'n r)  12(SNR)2  
a(f)  « 1  

t ! /2  
(2.57) 

See Figure 2.2 for  a normalized plot  of  (2.57).  I t  should be noted 
A  

that  even radical  increases in SNR above 10 reduce 0(f)  only a  
/ S  

small  amount,  and o(f)  for  SNR =2 is  only about  twice that  for  

SNR = 10,  depending somewhat on w, of  course.  Even for  infini te  

SNR the standard deviat ion of f  is  nonzero due to the random nature 

of  the s ignal .  As is  common in s tat is t ical  analysis  the accuracy im

proves as  the square root  of  the length of  measurement T.  
A  

Since o(f)  was derived through perturbation analysis  for  

large SNR and T~^ «  w «  B, the expression becomes inaccurate as 

these condit ions are violated.  Since DFDL might  operate a t  low SNR, 

the realm of val idi ty for  (2.57) was established by comparing the pre-
A  A  "  

dieted cr(f)  with the standard deviat ion of  f  obtained from many 

computer-generated,  independent  spectra according to the procedure 

described by Sirmans and Bumgarner (1975).  For .02 <_\n/B <_ .2  and 

SNR >_ 1 ,  (2.57) is  accurate to within 20%. 

DFDL accuracy can be forecast  with (2.57),  but  complex rela-
A  

t ionships between hardware parameters  and the variables in a(f)  

necessi tate,  a,  numerical  approach.  As an example,  CW DFDL with SNR 

dominated by shot  noise from laser  scat ter  has SNR = P^» giving 
A  _  " I  A  

o(f)  = P^~ i f  SNR is  poor.  o(f)  has a  weaker dependence on PL  
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Figure 2.2.  Standard Deviat ion of  Mean Frequency Est imate f .  

w is  the standard deviat ion of  a  Gaussian spectrum. The graph is  
normalized by the bandwidth B.  The dashed l ine indicates the predicted 
standard deviat ion is  in error  by-more than 20%. 
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for  larger  SNR. Most  of  the variables in SNR affect  a(f)  mono-

tonical ly.  An exception is  laser  beam radius,  upon which SNR, w,  

and B a l l  depend.  

Let  us consider  the effect  of  radius on a(f)  for  condit ions 

typical  of  the CW DFDL wind measurements described later .  Assume 

that  the maximum wind speed expected is  Vm  and that  winds from any 

direct ion are possible.  The bandwidth wil l  be set  to include most  of  

the energy in the Doppler  spectrum S(f) .  If  f  is  the Doppler  

shif t  for  = V ,  and wm  is  the t ransi t- t ime spectrum standard 

deviat ion for  VT  = V.  then B = 2(7 + 4w„) should be adequate.  
T m m m ^ 

_ 2  Since w = Vy/a,  B i s  a function of  a  through'  w^.  SNR a for  

constant  B,  but  the functional  dependence in this  example is  al tered 

by the dependence of  SNR on B. In this  example assume that  Vm  = 10 

-1 9 -1 
m s  ,  T = 1 s ,  a /2ir  = 10 s  ,  and that  the beam radius is  ini t ial ly 

set  at  ag = 1.0 cm. Once measurements are begun and SNR = SNRg for  

a = a^ is  discovered,  whether or  not  al ter ing the radius wil l  im-
A  

prove a(f)  can be determined from Figure 2.3,  which is  a plot  of  

-1 
a(f)  vs.  a  for  various values of  SNRg for  the case Vj = 3 m s  .  

Remember that  SNR is  not  constant  along a SNRg l ine and B must  

be adjusted i f  radius a is  changed.  I f  SNRg for  ag deviates sub

stantial ly from about  7.5,  a(f)  can be appreciably reduced by changing 

beam radius,  part icularly i f  SNRg is  low. For Vy = 1  m s~^ the 
A  

graph shif ts  toward lower a(f) ,  and ag is  the optimum radius i f  

SNRg =  13 .  For Vy =  10  m s~^ the graph shif ts  in the opposite  

direct ion,  and ag  is  optimum i f  SNRg = 5.  
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Figure 2.3.  Example of  Standard Deviat ion of  Mean Frequency Est imate as  
a Function of  Beam Radius.  

Doppler  sensi t ivi ty is  6.7 s~^ for  V. = 1  m s"^.  Transi t  t ime broad-
L  _i  

ening determines spectrum width w for  VT  = 3 m s  ,  bandwidth B is  
-1 adequate for  V < 10 m s  ,  and measurement interval  is  T = 1 s .  For 

a  part icular  SNRQ ,  optimum beam radius occurs where that  SNRQ l ine 

is  at  a minimum. SNR is  not  constant  along a SNRQ l ine but  rather  

increases with decreasing beam radius.  
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The expression derived by Berger and Groginsky (1973) for  a(f)  
A  

assumes the noise spectral  densi ty subtracted out  to f ind f  is  the 

true expected value of  the white noise.  In actual i ty an experimental ly 

determined value N'(f)  must  be used for  the noise level ,  and errors  

can occur.  In DFDL N'(f)  may require continuous updating because 

optical  power and hence shot  noise fol low changes in aerosol  proper

t ies  and background l ight .  Without  adequate averaging in t ime and 

frequency,  the s tat is t ical  variat ions in the white noise alone may 

cause errors  in the noise est imate.  In order to evaluate the effect  

of  incorrect  N'(f)  on the mean Doppler  frequency let  us define the 

fract ional  error  in the noise est imate as  

If  f  is  obtained by (2.54),  the est imate of  f  with the erroneous 

noise level  is  

Designating the upper and lower frequency l imits  of  B as  Fu  and F-j  

and conveniently posi t ioning zero Doppler  shif t  at  zero frequency 

without  any loss of  general i ty,  carrying out  the integrat ion yields 

6 = [N'(f)  -  N(f)] /N(f) .  (2.58) 

f[ST(f)  -  N'(f)]df/  [ST(f)  -  N'(f)df  (2.59) 

f* = 
f  -  6(FU

2  -  F1
2) /2B(SNR) 

(2 .60)  1 -  6/(SNR) 



If  B is  symmetric about  zero,  and |<5 / (SNR)|  is  small ,  then 

f* = f [ l  + 6/(SNR)].  (2.61) 

If  N'(f)  is  too large (small) ,  6 is  posi t ive (negative)  which 
A  

biases f* toward larger  (smaller)  absolute value.  I f  B is  not  

symmetric about  zero the error  term in the numerator  of  (2.60) intro-
A  

duces an addit ional  bias in f* which can ei ther  complement or  

part ial ly cancel  the bias introduced by the denominator .  

For each wind sample the prototype DFDL described in Chapter  

4 est imated N(f)  within the signal  bandwidth by measuring N'(f)  

over a  range of  frequencies outside the signal  bandwidth where S(f)  

was negligible.  Shot  noise has constant  spectral  densi ty,  and with 

appropriate care to achieve uniform system response over frequency,  

N(f)  can be est imated quite  accurately.  N'(f)  and Qy(f)  were 

obtained simultaneously al lowing immediate response to changing shot  

noise levels .  Hildebrand and Sekhon (1974) proposed an object ive 

method for  noise level  determination within the signal  bandwidth.  

Computer  s imulat ions showed their  method for  typical  DFDL spectra is  

biased toward posi t ive 6 and is  less accurate than the method used.  

Their  method also increases the computat ion load for  each wind sample 

by a  large mult ipl icat ive factor .  

Errors in the FFT/NS est imate of  mean frequency also result  

when the tai ls  of  the Doppler  spectrum extend beyond the edges of  the 

f ini te  bandwidth B.  I f  B is  determined by the Nyquist  frequency 



aliasing causes the mean frequency est imate to be biased toward the 

center  of  the bandwidth.  When f  = 0 is  at  the center  of  the band

width,  the absolute value of  the mean frequency est imate is  smaller  

than the t rue absolute value.  In this  study the electronics and data 

processing method prevented al iasing,  but  some energy in the tai ls  of  

the Doppler  spectrum were t runcated.  Figure 2.4 shows the fract ional  

error  which occurs in the est imate f+  of f  when the Doppler  

spectrum is  Gaussian in shape with no s tat is t ical  variat ion.  In a 
U .  

manner s imilar  to al iasing | f  |  is  smaller  than | f | .  

Pulse-pair  processing est imates f  without  a  separate de

termination of  the "white" noise level .  Even i f  the Nyquist  frequency 

is  too small ,  the est imate is  unbiased.  These advantages plus the 

others l is ted earl ier ,  recommend i ts  considerat ion for  an operat ional  

DFDL, a l though the FFT with noise suppression was advisable for  the 

prototype model .  No matter  what  algori thm is  selected for  est imating 

T, the random nature of  both the signal  and noise spectra make the 
A  

est imate f* a random variable with standard deviat ion which depends 

on bandwidth B,  SNR, width of  the signal  spectrum w, and measure

ment t ime T,  a l l  in nonlinear  manner.  

2 .7.  Hybrid DFDL 

In a DFDL the transmitted radiat ion consists  of  two super

imposed beams of  unlike frequencies v-j  and Vg- As noted in the 

Introduction,  the dual-beam Doppler  anemometer  operates with two beams 

of  equal  frequency which cross in the volume of  interest .  The hybrid 

DFDL combines these features,  t ransmitt ing two beams of  unequal  
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frequency which intersect  a t  a small  crossing angle rather  than being 

coaxial ly al igned.  The Doppler  shif t  for  this  optical  configurat ion 

is  proport ional  to a target 's  veloci ty component  in  an oblique direc

t ion,  as  wil l  now be derived.  

In Figure 2.5 the wave vectors  it- j  and ^  of two transmitted 

beams both l ie  in the x -  z plane a t  equal  angles s>/2 from the 

z-axis .  Scattered radiat ion is  detected at  a large distance away 

(R^ »  R).  The radiat ion incident  on a  part icle  is  

E inc =  ^cos(v^t  -  + A2cos(v2 t  -  t2»ft . ) .  (2.62) 

Assuming as  before that  f t .  = 1^ + ^". t ,  t .  = f t^ -  ft^,  and non-

re!  at ivist ic  part icle speeds,  the scat tered radiat ion at  ft^ is  

E i  -  (S./L7 . ){A1cos[v1 t  -  -  4>-, i]  

(2.63) 

+ A2cos[v2 t  -  (l<2  -  "  *2i^5  

where 4)^.  and <f>2^ are  phases determined by part icle  posi t ion at  

t  = 0.  As shown earl ier ,  the desired Doppler  spectrum of the single 

target  s ignal  from randomly posi t ioned part icles is  the sum at  the 

detector  output  of  the spectra from the individual  part icles.  The 

double target  s ignal  also exists  but  again is  negligible.  The s ignal  

from one part icle  is ,  therefore,  suff icient  to describe the behavior 

of  a  hybrid DFDL. For one part icle  the .detector  current  is  
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Figure 2.5.  Geometry for  Derivat ion of  Hybrid DFDL Signal .  
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I ,  =  — ( 2 . 6 4 )  
1 V 

2rA o". 

+ 2 1  AiA2
c° s[at: -  (t,  ~ + ^i^i* ~ "hi +  *2^' 

where a = as before.  The differential  Doppler  shif t  Aa 

involving the dot  product  of  with the wave vectors  is  

Act = (a/c )^-(t/L) -  [(v1  + v2) /c]sin($/2)V>  

(a/c)cos($/2)V z ,  (2.65) 

where the i  subscripts  have been dropped and V (V )  i s  the x-
X z  

component  (z-component)  of  Taking $ « -rr/2 and v i  +  v2 =  ^v0 

the Doppler  shif t  is  

Act = -2 (vQ /c)sin($/2)Vx  -  2(o/c)sin(e/2)Vb >  (2.66) 

where is  the velocity component  along the bisector  of  L and 

the negative z-axis .  

Two l imit ing cases are immediately identif iable.  If  $ = 0 

but  ct  j4  0 we have the pure DFDL arrangement 

A aDFDL =  -2(a/c)sin(e/2)Vb .  (2.67) 
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The dual-beam anemometer  (DBA) occurs in the opposite  case when 

$ f  0 and a  = 0,  giving 

A aDBA =  -2(v0 / c^ s i n^ / 2^Vx" (2.68) 

The detector  beat  frequency can be expressed as 

a) ~ a  + AaD F D L  + AaD B A .  (2.69) 

For $ and a  both nonzero two regimes exist .  One regime is  dual-

beam anemometry with frequency offset  in which the optical  beams have 

very small  frequency difference such that  asin(e/2)  «  VQSin($/2) .  

Then AaDpD^ is  negligible compared to Actgg^ and the Doppler  shif t  

of  the transverse veloci ty V is  displaced by a .  The other  regime 
X 

is  the hybrid DFDL in which both ACQPQL a n (* A c tDBA a r e  s i9m""Fi c a n t* 

For the case of  backscatter  the hybrid DFDL has differ

ential  frequency shif t  

Act = •  V,  (2.70) 

l th  = -(2/c)[vQsin($/2)i  + ak] .  (2.71) 

The component  of  veloci ty measured l ies  in the x -  z plane paral lel  

to The angle g of  this  component  from the z-axis  is ,  from 

(2.71),  



3 = tan"1[vgSin(4 ' /2)/ci] .  (2.72) 

The Doppler  frequency sensi t ivi ty is  given by 

Aa = (2/c)[vQ
2sin2($/2)  + a

2]1 / 2Vh  

(2.73) 

= KhV 

where is  the component  of  paral lel  to Tt^.  

The hybrid DFDL can measure an arbi trary component  of  

veloci ty selected by the choice of  optical  frequencies v-j  and v£ 

and the intersect ion angle $.  Other optical  wind-sensing methods 

can only measure the fundamental  components or  Vy. In order to 

infer  the veloci ty component  in a  skew direct ion they require ei ther  

a vector  sum found by measurement of  mult iple veloci ty components or  

else an assumed wind direct ion as in Eloranta,  King,  and Weinman 

(1975).  

Usually in dual-beam anemometers the beams are spat ial ly 

dist inct  a t  the transmitter  and converge to a common volume. This  

may not  be t rue for  the hybrid DFDL, whose intersect ion angle might  

be less  than a laser  beam's divergence angle.  For instance,  i f  

9 -1 
AQ  = 500 nm, a/2ir  = 10 s  ,  and g = 45°,  the required value of  $ 

from (2.72) is  only 3.3 x 10~^ rad.  A scheme capable of  creat ing 

part ial ly overlapping beams with s tabil i ty in the small  intersect ion 

angle $ must  be contr ived.  The relat ionships among wavelength,  
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beam radius, and beam divergence angle for a Gaussian beam profile 

are well-known (e.g., Durst, Melling, and Whitelaw 1976) a~d will not 

be repeated here. It should be noted that for a combination of small 

~ and large beam radius in the probed volume, the distance over which 

adequate beam overlap occurs can be large, and a pulsed hybrid DFDL 

with multiple range gating is possible. As ~ increases and beam 

radius decreases the region of overlap shrinks to the stage .where the 

hybrid DFDL is limited to one short range increment at a time. 

SNR expressions for hybrid DFDL are similar to those for pure 

DFDL. The effect of partially overlapping beams in the probed volume 

is accounted for through the amplitude factors A1(R) and A2(R). 

In the vicinity of the intersection of the beam axes the hybrid SNR 

is the same as for pure DFDL with proper allowance in bandwidth B 

for the increased Doppler sensitivity. 



CHAPTER 3 

RESISTANCE TO EFFECTS OF ATMOSPHERIC 

OPTICAL TURBULENCE 

An essential  cr i ter ion for  a laser  wind sensor is  i ts  abil i ty to 

operate through the optical ly imperfect  atmosphere between the laser  

system and the probed volume. The behavior of  some other  types of  laser  

wind sensors under such condit ions was mentioned during the overview in 

Chapter  1 .  A mathematical  model  of  optical  effects  is  available (Lee 

and Harp 1969) which makes possible the evaluation of  the react ion of  

pure DFDL (dual-frequency beam crossing angle $ = 0)  to the optical  

perturbations of  the atmosphere.  A physical  descript ion of  the source 

and nature of  this  optical  degradation is  f i rs t  offered as an introduc

t ion of to this  topic before delving into the mathematics.  

3 .1.  Descript ion of  the Effects  
of  Optical  Turbulence 

Propagation of  electromagnetic radiat ion through clear  air  has 

been the object  of  extensive research,  which continues s t i l l .  Lawrence 

and Strohbehn (1970) and Fante (1975) have wri t ten helpful  review 

art icles,  and Prat t  (1969) provides a brief  t reatment of  the topic,  

emphasizing the quali tat ive effects  on laser  beam propagation.  The 

t reatment of  Lee and Harp (1969) gives addit ional  insight  into this  

phenomenon.  The information in this  sect ion has been gleaned from these 

sources.  

58 
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For this  analysis  of  scint i l lat ion effects  on optical  f re

quencies we can assume the atmospheric medium to be nonabsorbing (Lee 

and Harp 1969).  The deviat ion of  refract ive index of  a ir  n from the 

vacuum value of  n = 1 is  proport ional  to air  densi ty.  The densi ty,  

which depends on both temperature and pressure,  varies in t ime and 

space.  The temperature variat ions dominate (Lawrence and Strohbehn 

1970),  part icularly at  the small  scales most  s ignif icant  for  DFDL where 

pressure f luctuat ions are rapidly equalized.  Strong vert ical  temperature 

gradients  can refract  an optical  beam, but  in DFDL this  phenomenon 

would cause only a minor point ing error .  More pert inent  to DFDL are 

random densi ty variat ions created by turbulent  mixing of  a ir  in which a 

non-adiabatic  lapse rate exists .  As explained by Lawrence and Strohbehn 

(1970),  the production of  the refract ivi ty f luctuat ions is  int imately 

related to the production of  veloci ty turbulence,  described in Appendix 

A. The refract ivi ty f luctuat ions are often described as "turbulence",  

but  to avoid confusion shall  be referred to here as  optical  turbulence.  

After  turbulent  eddies are produced a t  scales larger  than the outer  

scale Lg,  they break down to smaller  and smaller  eddies.  The original ly 

large-scale variat ions in temperature experience a mixing act ion which 

creates temperature f luctuat ions of  progressively smaller  scale.  For 

turbulent  eddy s izes near the inner scale 1Q viscous effects  become 

important ,  and the kinet ic  energy is  dissipated into heat .  The mixing 

act ion of  the refract ivi ty variat ions stops at  this  scale.  With wave-

number denoted by K ,  the three-dimensional  spectral  distr ibution 

of the refract ivi ty perturbations in the cascade region between LQ  and 
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and 1Q  has the same power law dependence as  the velocity f luctuat ions 

(Lawrence and Strohbehn 1970),  namely 

*n( ie)  = 0.033 Cn
2K_ 1 1 / 3 ,  (3.1)  

where 

2TT/Lq < K < 27T/1Q..  (3.2)  

2 Cn  is  cal led the refract ive index s tructure parameter ,  and can range 

-17 -13 -2/3 
from 10 to 10 m in the planetary boundary layer.  The 

magnitude of  the velocity turbulence does not  necessari ly indicate the 

magnitude of  the optical  turbulence,  which depends on temperature gradi

ents .  LQ  depends on several  factors ,  but  is  usually a s ignif icant  

fract ion £^1/4) of  the height  above the surface but  no more than 100 m. 

The inner scale is  in the range of  1 mm to a few mm. 

Electromagnetic radiat ion traversing a region of optical  turbu

lence develops random perturbations in ampli tude,  phase,  and angle of  

arr ival .  Prat t  (1969) describes the relat ionship between the scale 

sizes of  the optical  turbulence and the optical  effects .  When an optical  

beam of  diameter  dg encounters  an inhomogeneity in densi ty of  much 

larger  s ize,  the beam can be deflected s l ightly,  plus the phase a t  a 

distant  point  wil l  be al tered.  If  the inhomogeneity is  much smaller  than 

dg,  i t  scat ters  a small  f ract ion of the radiat ion in the forward di

rect ion.  The scat tered energy remaining within the beam interferes with 
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the parent  beam, forming small-scale distort ions of  phase and ampli tude 

across the beam. I f  the inhomogeneity is  about  the same s ize as dg,  i t  

acts  as  a weak lens which focuses or  defocuses the beam, again al ter ing 

ampli tude and phase,  but  on a scale comparable to dg.  As the wind t rans

ports  the optical  turbulence across the beam, the distort ion pattern 

also moves.  At a  f ixed point  the irradiance varies in t ime,  or  scint i l 

lates,  and the beam spot  as  a whole wanders or  "dances".  Phase and 

angle-of-arr ival  variat ions also occur,  both for  the beam as a whole 

and between two points  within the beam. Because energy is  scat tered at  

small  forward angles a coll imated or  focused beam wil l ,  suffer  beam 

spreading (Fante 1975).  Lateral  coherence of  a  beam is  degraded s ince 

ampli tude and phase are randomly perturbed (Fante 1975).  

The effects  of  optical  turbulence on both ampli tude and phase in 

regard to DFDL shal l  be addressed.  Since angle of  arr ival ,  defined 

by the normal to  the wavefront ,  is  closely related to the spat ial  varia

t ions in phase,  there wil l  be no need to study this  aspect  separately.  

Atmospheric scint i l lat ions can be divided into weak and strong 

categories (Fante 1975).  In the case of  weak scint i l lat ions the accumu

lated scat ter ing effects  on the irradiance remain small .  This  amounts to 

a restr ict ion to single scat ter ing (Fante 1975) in which the fract ion of  

radiat ion which has been scat tered is  much less  than the unscattered 

port ion.  I t  is  well  accepted that  the probabil i ty distr ibution of 

ampli tude f luctuat ions is  approximately log-normal,  i .e . ,  that  the 

logari thm of the f luctuat ions in the ampli tude A is .a  normal random 
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variable.  Since the irradiance I  and ampli tude are related by 

In I=21n A, the irradiance f luctuat ions are also log-normal.  ( I t  

should be noted that  much of  the l i terature dealing with atmospheric 

scint i l lat ions loosely refers  to irradiance as intensi ty.)  The parameter  
p 

0-j  i s  used (Fante 1975) as  a measure of  the cumulat ive effects  of  

optical  turbulence along a path of  length R. For homogeneous,  isotropic 

optical  turbulence 

a- ,2  = 1.23 Cn
2  k7 / 6  R1 1 / 5 ,  (3.3)  

2 
where k i s  the optical  wavenumber.  The defini t ion of  o- |  can be ex

tended to the nonhomogeneous case.  For weak scat ter ing the condit ion 

2 
oi «  1 holds,  and the variance of  the log-irradiance is  given by 

Tin i  =«! • <3-4> 

1 1 2  
Density inhomogeneit ies  of  scale much larger  than (AR )  ,  where A is  

the optical  wavelength,  cause negligible i rradiance f luctuat ions (Lee and 

1 /2 
Harp 1969).  Those of  scale (AR )  and smaller  eff iciently scat ter  

_ 1 1  t o  
l ight ,  but  s ince ^n( i<)  « k ,  the smaller  scales also are relat ively 

unimportant .  The spat ial  distr ibution of i rradiance f luctuat ions is  

thus characterized by the lateral  correlat ion distance 

P * (AR) 1 ' 2 .  (3.5)  
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By Taylor 's  hypothesis ,  the optical  turbulence can be considered "frozen" 

as i t  is  swept across the beam by the transverse wind veloci ty Vj.  In 

general  v^.  i s  a function of  posi t ion z along the optical  path and is  

not  the same as  the part icle veloci ty Vy in the probed volume. The 

temporal  spectrum of scint i l lat ions is  characterized by a frequency 

NW = VT (2TTAR) 1 / 2 ,  (3 .6)  

with most  of  the spectral  energy within f iw /10 < oi < 10ftw .  

O^/Z tt i ,  100 s  ^ i s  typical .  

In s trong scint i l lat ions mult iple scat ter ing is  important  (Fante 

2 
1975).  As o-j  increases with heavier  optical  turbulence or  longer path 

2 
length R, a j  increases at  a diminishing rate.  I t  saturates at  a 

value of  about  2.5,  af ter  which i t  decreases a t  a s low rate.  A beam 

in strong scint i l lat ions breaks up to form a number of  "hot  spots" in 

the beam profi le .  Theoret ical  modeling in this  domain is  much more dif

f icult ,  and controversy exists  on a number of  aspects  (Fante 1975),  in

cluding the probabil i ty distr ibution of intensi ty f luctuat ions over parts  

of  the strong scint i l lat ion regime.  Fante (1975) summarizes most  of  

the current  knowledge regarding ampli tude scint i l lat ions in strong 

1 /2 turbulence.  He points  out  that ,  rather  than (xR) ,  the character-

2 
is t ic  scale of  ampli tude scint i l lat ions for  o- |  »  1 is  

_ .  0.36 (aR) 7  , ,  
p  * , a  2,3/5 '  ( 3*7 )  

* 1 ' 
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The temporal  spectrum is  thus characterized by 

f2g  = 2irVj/p,  (3.8)  

2 
which is  an order of  magnitude larger  than C2W  i f  a-j  ,  defined in 

(3.3) ,  sat isf ies  a^ ^ 10.  

Most  of  the phase f luctuat ions are created by a  different  port ion 

of  the refract ivi ty spectrum than the ampli tude f luctuat ions (Lee and 

Harp 1969).  Small-scale optical  turbulence on a scale larger  than 

(AR)^ is  more eff icient ,  producing large-scale f luctuat ions.  This 

-11 /3 
at tr ibute,  combined with the K dependence of  the optical  turbulence 

spectrum, results  in dominance of  the phase spectrum by large-scale 

optical  turbulence.  Most  of  the energy in the temporal  phase spectrum 

is  therefore at  frequency far  below The phase f luctuat ions are 

considered to possess a  Gausian distr ibution (Lawrence and Strohbehn 

1970).  A fact  useful  in the analysis  to fol low is  that  the theoret ical  

expressions for  phase variance in the regime of  weak scat ter ing are also 

approximately val id in the strong regime (Fante 1975).  

The f inal  topic of  this  abbreviated descript ion of the effects  

of  optical  turbulence is  aperture averaging.  Thus far  the discussion 

has referred to the behavior of  the radiat ion at  a point  a  distance R 

from the source.  Optical  receivers have apertures of  f ini te  area and 

produce a  s ignal  proport ional  to the irradiance integrated over the 

aperture,  as  expressed in (1.9) .  Irradiance scint i l lat ions on a scale 

smaller  than the aperture diameter  are averaged,  substantial ly reducing 
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their  contr ibution to the variance of  the detector  signal  as  compared to 

a point  detector .  Since the high frequency components in  the temporal  

spectrum are primari ly associated with small-scale i rradiance pat terns,  

aperture averaging mainly at tenuates the high"frequency port ion of  the 

spectrum in the detector  output .  I f  the aperture diameter  exceeds the 
A  

lateral  correlat ion distance p,  a  major port ion of  the scint i l lat ion 

spectrum is  removed (Fante 1975).  

3 .2.  Optical  Turbulence and DFDL 

Analysis  of  the modificat ion of  the Doppler  spectrum by optical  

turbulence wil l  be performed in two s teps.  First ,  the possible ways by 

which optical  turbulence might  modify the differential  Doppler  spectrum 

wil l  be identif ied.  A quanti tat ive model  wil l  be applied to determine 

which of  these possibi l i t ies  are signif icant  and which can be neglected.  

In the second s tep,  the modificat ions of  the Doppler  spectrum and their  

effect  on the veloci ty est imate wil l  be discussed.  

Before considering how optical  turbulence might  influence the 

DFDL s ignal ,  le t  us f i rs t  have a  clear  understanding of  an ideal  DFDL. 

Two beams of  frequency v-j  and v2  are transmitted to the probed 

volume. Since the beams are coaxial ly superimposed,  they interfere to 

produce a set  of  fr inges oriented normal to  the common axis  of  the 

beams.  The fr inges travel  a t  the speed of  l ight  in the direct ion of 

the dual-frequency beam. An equivalent  descript ion is  a beam of  f re

quency (v-j  + V£)/2 which has been intensi ty modulated in a s inusodial  

manner with frequency a .  The probed volume can be defined by the 



intersect ion of  the receiver  f ield of  view with the beam, or  i t  can be 

defined in a pulsed system by range gat ing of  the receiver .  Tracer 

part icles swept through the probed volume by the wind scat ter  l ight ,  

some of  which is  collected close to the backscatter  direct ion by a re

ceiving telescope of  substantial  aperture A^.  The l ight  scat tered from 

each t racer  is  intensi ty modulated,  and consists  of  a  series of  spherical  

fr inges propagating from the t racer .  The arr ival  rate of  the fr inges 

at  the detector  is  a + Aa, where Aa is  the differential  Doppler  shif t ,  

which depends on V^.  The photodetector  s ignal  is  at  a + Aa. The 

Doppler  spectrum centered on this  frequency has a width which depends 

mainly on V^/a,  where Vj is  the transverse veloci ty of  the tracer  

and a is  the beam radius.  For adequate SNR, • a  must  be small ,  and 

the width of the spectrum can often exceed the Doppler shift Act. 

As discussed in Chapter  2 and Appendix A the t racer  aerosols  

are randomly posi t ioned in space.  The Doppler  s ignal  from each t racer  

has a  phase which is  independent  and random relat ive to that  of  the 

other  t racers .  The total  Doppler  spectrum (detector  current  power)  is  

therefore the sum of  the individual  t racers '  spectra.  This  al lows us 

to derive the spectrum by f inding the signal  from a s ingle t racer ,  then 

summing over the t racers .  For this  analysis  of  the DFDL's react ion to 

optical  turbulence i t  is  sufficient  to f ind the effects  for  a s ingle 

representat ive t race part icle.  This procedure was also fol lowed by 

Wall  (1974) in his  analysis  for  the crossed-beam LDA. 

Optical  turbulence wil l  influence the radiat ion on both the 

transmitted and return legs of  the round-tr ip path.  The effects  of  
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optical  turbulence on the transmitted dual-frequency beam wil l  f i rs t  

be s tudied to describe the radiat ion pat tern which a  t racer  part icle  

"sees" as  i t  passes through the probed volume. The t racer  can then be 

t reated as a point  source for  the return path,  and the addit ional  

perturbations by optical  turbulence evaluated.  I t  wil l  be shown that  

due to aperture averaging the optical  s ignal  degradation on the return 

path is  of  minor importance compared to that  on the transmitted path.  

Consider a  dual-frequency beam propagating through a perfect  

optical  medium paral lel  to the z-axis  of  the coordinate system (as in 

Figure 2.1) .  The i rradiance in the probed volume can be expressed as 

where and A2  are constant ,  and Q(x,y)  defines the beam profi le .  

The phase of  beam #1 a t  the point  z  is  

and phase (j>2  for  beam §2 is  defined by a  s imilar  expression.  The phase 

of  the traveling fr inge pattern is  defined by 

<E t
2>v  = Q(x,y)[A.,2  + A2

2  + 2A-,A2cos(at  -  k1  z + k2z)] ,  (3.8)  

(3.9)  

(3.10) 

al  1owi ng us to wri te  



<Ey2>v  = Q(x,y)(A1
2  + A2

2)  + 2Q(x,y)A1A2cos(at  -  A$).  (3.11) 

The optical  turbulence creates ampli tude and phase f luctuat ions 

of  appreciable magnitude across a beam. Since changes in this  pat tern 

along the beam direct ion are gradual;  we can assume the lateral  pat tern 

to be identical  over the length AR of  the scat ter ing volume. The 

optical  turbulence makes the variables A-| ,  A(j>-j ,  i j^ ,  and A<j> 

functions of  x and y.  As pointed out  in the discussion of  (2.15) 

and (2.16),  the last  term of (3.8)  contains the Doppler  information,  

and we can restr ict  our at tention to i t .  Since the temporal  spectra of  

the effects  of  optical  turbulence do not  exceed the audio range i t  is  

impossible for  spectral  energy in the other  term of (3.8)  to spi l l  into 

the bandwidth centered on a .  For the sake of  s implici ty let  us take, ' in  

the absence of  optical  turbulence,  values of  A-j  and to be equal  

to  each other ,  and both equal  to  A. 

Optical  turbulence can al ter  A-jAgCos^t  -  A<fO by three modes:  

(1)  A<j) becomes a  function of  x and y ,  which means the 

fr inge pat tern deteriorates from a planar to a convoluted shape.  The 

fr inge displacement is  given by 

Az = (A^/2u)X^.  (3.12) 

As a  t racer  part icle  moves across the fr inges i t  experiences a  phase 

modulat ion in irradiance.  The scat tered fr inges are therefore phase 

modulated,  as  is  the photodetector  Doppler  s ignal .  The r .m.s.  phase 
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modulation will  be shown to be orders of magnitude smaller than 2u and 

therefore negligible.  

(2) Fluctuations of A-j and A2  about their  mean vlues of 

Aand A^ can be expressed as A-j = Xj~ + A^'  and A2  = A^" + A2 ' .  

i f  A-|1  f  A2 '  the optical  turbulence contaminates the relative coherence 

between the two beams, and the fringe pattern becomes i l l  defined. I t  

will  be shown, however,  that  A-j1  = Ag' to a very good approximation, 

2 2 2 
i .e. ,  that  (A^1  -  A2 ' )  «  A-j '  + A2 '  > which means this deterioration 

is  negligible.  

(3) A.j and A2  fluctuate,  but A^'  = A2 ' ,  or  A-j = A2 ,  to a 

very good approximation. Since A-|  = A2  = A in the absence of optical  

2 2 2 2 
turbulence,  we can define the irradiance factor My = A-|  /A = A2  /A 

2 — 
= A-JA2 /A .  My has mean and perturbation parts given by My = My+ My'.  

(3.11) becomes 

<Ey2)  = 2Q(x,y)[M j  + My']A2[l  + cos( a t  -  A<j>)].  (3.13) 

The irradiance profile of the beam is  altered by the optical  turbulence.  

A tracer carried through the beam will  scatter l ight which possesses an 

irradiance.  modulation at  a + Aa. This creates .a corresponding amplitude 

modulation of the photodetector signal.  This process is  the dominant 

effect  of optical  turbulence on the DFDL signal.  The extent of the 

amplitude modulation and how i t  alters the velocity estimate will  be 

discussed after the assertions of small  A£ perturbations and 

A-j1  = A2 '  are demonstrated.  
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The influence of optical  turbulence on the dual-frequency beam 

can be stated in this manner.  The coaxial  superimposed beams of sl ightly 

different frequency are processed by the optical  turbulence in nearly 

identical  fashion. As a result  the amplitude of each beam f luctuates,  

but is  highly correlated with the other beam, and = A2  
t o  a  

approximation. Similarly,  the phase f luctuations in <}>.j and <j>2  can 

be large but are also highly correlated,  restricting fulcutations in 

their  difference A<|> to very small  values.  

The physical  model,  valid for weak optical  turbulence,  pre

sented by Lee and Harp (1969) will  be used to show that  A<J> perturba

tions are negligible and that  A . J 1  = A2 '  t o  a  v e r \y good approximation. 

2 
Although their  treatment is  str ict ly valid only for cr-j  «  1, i t  pro

vides important insight into the behavior of the dual-frequency beam 

2 even for o-j  »  1. They derived separate expressions for an infinite 

plane wave (planar wavefronts of infinite extent)  and a spherical  wave 

(expanding uniformly in all  directions from a point source).  For the 

purpose at  hand these simplified radiation patterns are good approxi

mations to a coll imated and diverging beam, respectively (Lawrence and 

Strohbehn 1970; Wall  1974; and Kjelaas,  Norda; and Bjerkestrand 1978).  

The planar and spherical  waves produce effects which differ in detail  

but not in substance (Lawrence and Strohbehn 1970).  For an order of 

magnitude evaluation of the three modes l isted above, the infinite 

plane wave will  be used because the numerical  computations required are 

much less complex. We shall  then consider the amplitude and phase 

perturbations of 
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(3 .14)  

where A-,(x,y) = + A1 ' (x,y).  Similar expressions hold for A2 ,  ^  ,  

and <^2- Also, A<J> = A<J> + (A4>)', where A<F> = (ji-J - ^ ANC' 

(At}>) '  = 4>-|1  -  $ 2  '  1 S  

3.3.  Phase Fluctuations--
Transmitted Path 

For the plane z = R let  us determine the variance of the 

perturbations in A<|>> namely <(A<J>)'2) = CP, where (  )  is  an ensemble 

p 
average along a transverse l ine through the beam. C can also be in

terpreted as the variance of fr inge posit ion normalized by fr inge 

spacing according to (3.12) .  We have 

((A*) '2)  = <^'2> + <<j>2 '2)  -  2<4>-j '<j>2 ' )  > (3.15) 

or 

Cp  = <*  +  CP
2  -  2CP

2 .  (3 .16)  

CP-j  is  the variance of the optical  phase f luctuations at  ,  and C2 2  

is  the variance at  v2-  C^2  indicates the covariance of the phase 

f luctuations of the two beams. If  CP
2  = 0,  the phase f luctions at  vj 

and v2  are completely uncorrected.  At the other extreme, i f  

2Cf2 / 'C l l  +  <72 > is  unity,  they are fully correlated.  From Lee and 

Harp (1969) the phase covariance c!?.  is  
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(3.17) 

The subscripts i  and j  signify which optical  frequency and can take 

the values 1 or 2.  

We will  restrict  our at tention to the inertia!  subrange 

Kn,in ± ± W w h e r e  Kmin =  2* / L0- "max =  2 , / 10- a n d  1 s  

2 given by (3.1).  For homogeneous turbulence (Cn  = constant)  the in-:  

tegral  over z in (3.17) can be performed analytically in a straight

forward manner.  This will  be done for the calculations to follow. 

Defining 

zJjU) 
k.k.  

= -J-A 

K-jV 

R 
dz cos 

2 
K Z 

2 k i  
cos 

2 
K Z 

2 k i  
(3.18) 

(3.16) becomes 

CP = 2 2 
4tt  k^ R 

max 

' K  
d<K$n(ic)[Z^1  + l \2  - 2.Z^2] ,  

mm 

(3.19) 

I t  is  worthwhile to nondimensionalize (3.18) and (3.19) to underscore 

the importance of K ^ (XR)^2  in the optical  perturbations.  With 

2 '  = z/R, 

K' -  ic(R/k. |)^2 ,  

(3.20) 

(3.21) 

b.  = k. /k, ,  
i  i  1 

(3.22) 



(3.18) and (3.19) become 
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-  b ib j j  

1 
dz'  cos K , 2 Z '  

2 b ik l  
cos K , 2 Z '  

fb jk l  
(3.23) 

CP  = ,132tt2C 2k,7 / 6R1 / 6  
n I 

max 
die '  . , -8/3 

(7? + 7P 
U11 22 2Zf2) ,  

mi n 

(3.24) 

where (3.1) has been used. 

The contribution to the variance CP  in fringe phase by density 

inhomogeneities of wavenumber K '  is  given by 

dCP(K')= .1321T2Cn
2k1

7 / 6R1 / 6K ,"8 / 3[zP1  + ZP
2  ^Z.^ldK'.  (3.25) 

I t  is  informative to compare,  as a function of wavenumber K'5  the 

variance of the fringe phase with the variance of the optical  phase 

caused by optical  turbulence at  K ' .  This can be done by forming the 

ratio 

dCp(K')  
7P +7P -2ZP  

11 22 12 
T, 

^tdcP^K'J+dcPgtK')]  Y [ Z11+ Z22 ]  '  
(3.26) 

where al l  the expressions Z!j .  are evaluated at  k1 .  This rat io is  
'  J  

simply the variance of the difference in optical  phase for v-j  and v2  

divided by the average of their  optical  phase variances.  The result  is  

plotted in Figure 3.1.  For « '  «  1, that  is  for scale sizes much 

1 / 2  2  
larger than (xR) ,  the fringe phase variance is  a factor (a/v2)  
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Figure 3.1.  Ratio of Variance in Fringe Phase to Variance in Optical  
Phase Caused by Optical  Turbulence of Wavenumber K ' .  

Optical  wavelength is  A = 2irc/vand fringe spacing is  ^  = 2irc/a.  
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less than the optical  phase variance.  Physically this implies that  as 

the optical  path length over the distance R changes,  the optical  wave-

front and the modulation fringe are both displaced by an equal distance.  

Since the fringe spacing is  = (v2 /a)x,  the fringe's  phase perturba

tion in radians is  a factor less than optical  phase change. For 

K '  increasing above unity the phase perturbations for the two frequencies 

become less and less correlated. For sufficiently large a/\>2 and K', 

the phase perturbations at  v-j and v2  are no longer correlated,  and 

(3.26) has the value 2.  

In order to show the relative importance of the scale of turbu-

D • P lence on the total  variance ( / ,  Figure 3.2 plots C ,  defined in 
o 

(3.24),  as a function of K' .  ,  where K'„  = 10 and K' -  varies from 
min max min 

-4 3.16 x 10 to K'  .  For a given value of V. ' oh the abscissa the 
max min 

ordinate is  the variance in fringe phase due to all  the optical  turbulence 

_ 2  
from . .K'  .  to K'„  .  If  K' .  < 1 0  t h e  l a r g e  s c a l e  o p t i c a l  t u r b u l e n c e  min max min ^ 3  r  

dominates (A<j>) ' .  The near-zero slope for 10"^ < k^.  < 10^ indicates 

that  turbulence of scale k'  ^  1 has l i t t le effect  on (A<j>) ' .  The de

cohering action of the small  scale turbulence for K1  > 30 is  also 

apparent,  but i t  is  held to small  values by the K '~^^ factor in (3.24). '  

We can find an upper l imit  on C*5  = ((A<j>)1 ' ; )  from the data in 

Figure 3.2 by substi tuting extreme values for the variables into (3.23).  

3 -4 Taking A = 514.5 nm and R = 10 m, K^-n  = 3.16 x 10 corresponds 

to LQ= =  180 m, and 1Q  to 0.57 mm. For the prototype 

8 -1 
DFDL described in Chapter 4,  the modulation frequency was 9.7 x 10 s" ,  

giving oc/v2  = 1.66 x 10"^.  Taking C^ = 10"^ m"^, which gives 
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2 D -12 2 
°1 = .72,  the variance in fringe phase is  CK  = 9 x 10 rad ,  which 

is  a negligible amount.  If  the modulation frequency is  increased by 

_ 2  
almost four orders of magnitude so that  a/v^ =10 ,  we have,  for the 

1 2  - 1  
same A, a modulation frequency of 5.8 x 10 s  and fringe spacing 

n _A 2 
X^ = 51 ym. In this case,  C -  3 x 10 rad .  Consideration of such a 

high modulation frequency is  really only an academic exercise because i t  

is  unlikely that  an adequate photodetector for such high modulation fre

quencies could be manufactured.  Thus,  at  least  for weak turbulence,  

<(A<j>) '  )« 1, and phase modulation of the Doppler signal generated as 

the tracers move through the convoluted fringe pattern is  negligible.  

3.4.  Amplitude Modulation— 
Transmitted Path 

With the theory of Lee and Harp (1969) the correlation between 

A-j1  and A2' will  be demonstrated to be very high. This indicates that  

the fringe pattern in the direction of the beam remains well  defined, al

though irradiance perturbations across the beam will  lead to random 

amplitude modulation of the Doppler s ignal.  

The variance and covariance cf-  of the amplitude fluctuations 
U K  

are given by the same expressions as their  phase counterparts,  except 

with cos replaced by sin (Lee and Harp 1969).  Again taking 

2 
Cn  = constant and l imiting <'  to the inertia! subrange, we define 

the coherence ratio 

dC? ?(ic1)  Z®2  W) 
C 0 H = 1  5  a  =  T~5 5 (3-2 7> 

^[dC^U'hdC^U1)]  
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which gives the correlation of A-j1  and for optical  turbulence of 

wavenumber k'  where 

(3.28) 

d C ^ ( K ' )  =  . 1 3 2 i r  C n  k - j  2c 2
k l

7 / 6RV 6K'- 8 / 3z a  z i  j ( K ' ) d K * •  (3.29) 

For more adequate graphical  presentation define 

DEC = 1 -  COH, (3.30) 

where DEC is  a measure of decoherence.  For full  correlation,  COH = 1 

and DEC = 0,  while for completely uncorrelated amplitude f luctuations,  

COH = 0 and DEC = 1.  DEC is  plotted in Figure 3.3,  which shows high 

correlation except for a combination of large <'  and large a/v^.  

Amplitude perturbations,  however,  are dominated by optical  turbulence 

of scale ( \R)^2 ,  or K '  = /2rT, and have l i t t le contribution for 

k1  » 10. In other words,  DEC can be substantial  for k »  /2tT, 

but the importance of this part  of the turbulence spectrum is  strongly 

diminised by the weighting for the spectral  distribution of 

K 1  $n(K 1)•  In conclusion, A-j = A2  to a good approximation, and the 

main effect  of optical  turbulence on the transmitted path is  from the 

irradiance fluctuations as expressed in (3.12).  A tracer passing 

through this random pattern of irradiance perturbations produces a 

Doppler signal which is  correspondingly amplitude modulated.  
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3.5.  Effects on the Return Path 

The tracer particle scatters radiation from the dual-frequency 

beam to the receiver aperture.  This scatterer can be considered a point 

source of spherical  waves which are amplitude and phase modulated ac

cording to the radiation pattern the tracer "sees" as i t  traverses the 

probed volume. For a perfect  medium on the return path the portion of 

the irradiance at  a point on the detector aperture which carries the 

Doppler information can be expressed as 

< E 2)v  = CMT(t)A1A2cos[(a + Aa)t  ( 3 . 3 1 )  

The geometry of Figure 2.1 has been used, but with the subscript  i  

dropped, 1  replacing K^. ,  and kg'  replacing kg.. .  C includes 

2 
the particle 's  scatter cross-section and the 1/R dependence.  The 

irradiance fluctuations which the tracer encounters as a result  of 

optical  turbulence on the transmitted path are expressed in My(t) .  As 

seen in the last  section,  A.j = A2  to a good approximation at  the 

tracer.  Act,  defined in (2.12),  is  the differential  Doppler shift  pro

portional to the component of velocity parallel  to the dual-

frequency beam. The phase modulation of the scattered signal is  ex

cluded because i t  is  negligible.  The phase of the optical  signal at  

v-j  is  <|>i = £ . j1where Tt- |1which replaces Tt^,  is  defined by 

(2.6).  <j>2 i s  defined in l ike manner,  and A(f> = <)>.j  -  <J>2 as  before.  

The detector signal is  porportional to (E )  integrated over 

aperture.  If  the detector surface is  imaged at  the aperture,  and A(f> 
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is  not constant over that  aperture,  phase cancellation can diminish the 

signal at  A + AA. If  the difference between AI)>E  at the edge of the 

aperture and A<J>C  at the center is  small ,  phase cancellation will  not 

be important.  I t  can be shown that  

A<F>E - A3>C Kad
2 /2Rd ,  (3.32) 

where a^ is  the radius of the detector aperture and K = a/c.  Since 

(3.32) had a value of 0.023 for the wind measurements reported in 

Chapter 5,  the phase cancellation was negligible.  I t  should be cautioned 

that  if  a and are both large the phase cancellation might be

come significant.  If  the tracer i tself  is  imaged on the detector,  optical  

path lengths are constant for al l  rays between the tracer and the.detector 

except for aberrations in the receiver optics and the effects of optical  

turbulence.  

Optical  turbulence on the return path will  create phase and i r-

radiance fluctuations at  the aperture.  Mean and perturbation values 

for A-j,  A2 ,  and A<J> in (3.31) can be defined as they were for (3.14).  

Even though the radiation from the tracer propagates outward as a 

spherical  wave, the magnitude of the fluctuations can be found approxi

mately by assuming infinite plane waves (Lawrence and Strohbehn 1970).  

The additional spatial  phase modulation of A<F> at a point on 

the detector will  have the same variance as that  on the transmitted path.  

The variations of scale smaller than the diameter 2aj  are integrated 

at  the aperture.  Through phase cancellation they would degrade signal 



strength,  except the variance is  extremely small ,  and this factor can be 

neglected.  As can be seen from Figure 3.2 the fluctuations of scale 

larger than 2ad  can be much stronger.  They would generate phase modu

lation in the Doppler s ignal,  but again the magnitude is  negligible.  

As in the transmitted leg,  the perturbations in A-|  and A2  

are highly correlated on the return path.  To a good approximation, the 

2 
irradiance fluctuations can be writ ten as A-^/A = M^, where 

A 
=  MD +  MD' .  Since the lateral  correlation distance p for the return 

K R K 

path will  usually be much smaller than a^,  the small  scale,  high fre

quency components in will  be strongly diminished by aperture 

3 
averaging. For example,  p = 2.3 cm when A  = 514.5 nm and R = 10 m. 

As the optical  turbulence sweeps across the path between the probed 

volume and receiver,  and as the tracer moves with respect to the optical  

turbulence,  the irradiance (integrated over the aperture) f luctuates.  

Additional random amplitude modulation generated on the return leg is  

thus superimposed upon that  created on the transmitted leg.  

3.6.  Accuracy of Velocity Estimate 

The previous three sections show that  for pure DFDL the 

fluctuations in amplitude and phase at  the two frequencies and Vg 

are highly correlated,  at  least  within the regime of weak optical  turbu-
o 

lence (o-j  «  1).  The f luctuations in fringe phase are so small  that  

the phase modulation of the DFDL signal is  negligible.  Since the 

fluctuations in amplitudes A^j and A2  can be large but are nearly 

equal,  the dominant effect  of optical  turbulence is  a random modulation 

of received irradiance.  This should be true even though a beam, rather 
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than an infinite plane wave, is  transmitted.  Even beam wander can be 

interpreted as random irradiance fluctuations in t ime and space.  

If  a tracer would produce a Doppler current in the detector of 

IQ(t)  in the absence of optical  turbulence,  then the detector signal 

with optical  turbulence present can be expressed as 

• I ( t)  = I0(t)[M + M'(t)] ,  (3.33) 

where M = MR  M"y. I f  Fg(to) and F^, ( t o )  are the Fourier transforms of 

IQ(t)  and M'(t) . ,  respectively,  then the Fourier transform F(u) of 

I( t)  is  

F(w) = MF0(u) + F 'U),  (3.34) 

where F "  (to) is  the convolution of F q(OJ)  with F ^i(u) (Hsu 1970).  

The energy spectrum for the tracer is  

W U )  =  | F ( t o )  I 2  =  M 2 W 0 U )  +  2 M |  F q ( o j )  |  X  | F ' U ) |  +  | F « ( U ) | 2 ,  ( 3 . 3 5 )  

2 
where WQ(OJ)  = |Fg ( i o ) |  is  the energy spectrum of IQ(t) .  The DFDL 

signal power spectrum P s(w) is  the ensemble average of the Doppler 

energy spectra of al l  the tracer particles multiplied by their  arrival  

rate at  the probed volume. 

Development of precise expressions for P s(w) is  beyond the 

scope of this study. The exact form of F^,(o)),  which appears in P s(")  
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in a nonliner manner,  depends on many factors.  These include the trans

verse velocity of the particle,  the profile of transverse wind 

velocity v^(z) along the path,  and also the Cn  (z) profile along 

the path.  The beam configuration (whether coll imated, diverging, or 

converging) and the extent of aperture averaging also effect  F^,(w).  
A 

In addition,  a(f) ,  the parameter which describes the DFDL system's 

accuracy, depends on the shape of the Doppler spectrum in highly non-
A 

l inear fashion. However,  the changes in PS(Q ))  and a(f)  can be 

described by the basic characterist ics of the terms in F(<u),  given in 

(3.34).  The ratio of the magnitude of F^,(oo) to M is  important,  as 

w e l l  a s  t h e  m e a n  a n d  s t a n d a r d  d e v i a t i o n  o f  b o t h  F ^ w )  a n d  F Q ( <D ) .  

It  will  be shown that  the Doppler spectrum is  widened by the amplitude 

modulation,  leading to larger a(f) .  DFDL accuracy is  thereby 

diminished, but by tolerable amounts.  

In Chapter 2 i t  was shown that  for a Gaussian beam profile,  

WQ((D)  has a Gaussian shape with mean a + Aa and standard devia

t ion 2irw = /2V .J . /a.  The width of Fq(IO)  can therefore be characterized 

by 2irW, or  by 

= ^VT /a.  (3.36) 

F M , U )  has a peak at  frequency ,  the magnitude of which is  con

sidered below. The convolution operation on F^^to) and FQ(W)  yields 

a Fourier amplitude spectrum F' (w) of mean a+ Aa and with given 

approximately by 



o'  = (nQ
2  + nM ,2)1 / 2 .  (3.37) 

Since the last  two terms of W(a>) in (3.35) have widths which are greater 

than the f irst  term, we see that  the Doppler spectrum is  broadened by 

the amplitude modulation from the optical  turbulence.  The distribu

tion of energy among the three terms of (3.35) depends on the relative 

magnitudes of and r .m.s.  value of M'(t) .  The spectral  shape of 

W(to) therefore depends,  not only on the widths or shapes of FQ(w) and 

F^,(o}) but also on the magnitude of the amplitude modulation.  

The total  signal power Pg  in the scinti l lat ion-modulated 

Doppler spectrum is  greater than the power P sg which would exist  i f  

there were no optical  turbulence.  By conservation of energy the flux 

scattered by each particle and received by the detector is  the same, on 

the average,  as with no optical  turbulence.  The power spectrum of the 

Doppler detector current depends,  however,  on the temporal variations 

in irradiance,  which become greater in magnitude with the optical  

turbulence.  This can be easily demonstrated from (3.33) by taking 

Iq(t)  = cos(at) ,  M = 1,  and M'(t)  = mcos(aiyt) ,  for which i t  is  
o 9 

easily shown that  I  ( t)  = 1/2 + m /4.  The amplitude modulation places 

additional information, albeit  random and undesirable,  on the received 

signal and increases P .  

The changes in a(f)  caused by the optical  turbulence can now 
A 

be summarized. As defined in Chapter 2,  a(f)  is  the standard devia-
A 

t ion of the estimate f  of the mean frequency T of the Doppler 
A 

spectrum. Although the expression (2.57) for a(f)  is  for a Gaussian 



spectrum shape, i t  shows the type of change expected in a(f)  as the 

Doppler power spectrum P s(w) is  modified by the scinti l lat ions.  As 
A 

the spectrum is  broadened, o(f)  will  increase.  In addition,  i f  the 

broadening is  too extensive,  the data processing bandwidth B must be 

expanded to contain the Doppler spectrum. SNR will  then decrease,  

and accuracy will  diminish even further if  SNR is  not high. On the 

posit ive side,  i f  SNR is  low the increase in total  signal power P 
A 

will  mitigate the loss of.accuracy in the estimate f .  I t  is  apparent 

why the optical  turbulence on the return path is  much less important 

than on the transmitted path.  Aperture averaging not only attenuates 

the amplitude modulation generated on the return path,  but i t  does so 

most efficiently at  the high frequencies which are the most harmful to 

the accuracy. 

Let us now estimate the severity of the spreading by the modula

t ion.  The posit ion of the peak of F^,(aj)  depends on the 

1 /2 
characterist ic scale size (AR)  and the relative magnitudes of 

particle transverse velocity Vj and transverse air  velocity .v-p(z).  

For Vj = 0.  and v^ = constant,  ^  As Vj Vj the relative 

motion between the tracer and the scinti l lat ion patterns is  reduced, 

and n^i will  decrease somewhat.  We can take as a con

servative estimate.  (3.37) becomes 

n '  =  1 + * a  
2 

XR 

1/2 
(3.38) 



For what might be typical  DFDL parameters,  take a = 0.5 cm, A = 500 

nm, and R = 100 m, giving fi '  = 5.1fig.  The Dopper energy spectrum 

W(u),  given in (3.35),  is  composed of three terms of unequal widths.  

The f irst  term has the same width J2Q as if  there were no optical  

turbulence,  the third has width characterized by fi1 ,  and the second 

possesses an intermediate width.  The overall  width of W(co) depends,  

not only on and n ' ,  but also on the magnitude of the scinti l la

tions,  which determines the relative magnitudes of M and F'(ai)-

The above discussion is  valid only for weak turbulence 

(a-j  «  1),  but some important conclusions regarding strong turbulence 

can be drawn. The correlation of A-j '  with and 1  with 

is  so very high with single scattering i t  is  reasonable to assume that  

the correlations will  remain high after multiple scatters.  Although the 

2 
relative coherence between the two frequencies will  degrade as CJ-J in

creases well  beyond unity,  i t  can be expected to do so in a gradual 

manner.  Even in strong scinti l lat ions,  the dominant effect  of optical  

turbulence will  be random amplitude modulation of the Doppler s ignal.  

Since becomes associated with rather than fiw ,  the spreading 

effects will  increase in severity,  but the Doppler information will  s t i l l  

be available.  



CHAPTER 4 

DESCRIPTION OF PROTOTYPE DFDL 

The purpose of the experimental  phase of this study was to 

demonstrate the validity of the DFDL concept and evaluate i ts  prac

t ical  potential  through tests in a laboratory wind tunnel and measure

ments of the outdoor wind. Prototype design was structured accordingly.  

The basic design goal of assembling a system capable of real-t ime 

measurement of wind was accomplished. Flexibil i ty was emphasized to 

enable easy transit ion from operation with the wind tunnel to outdoor 

wind sampling. This chapter is  devoted to a description of this DFDL 

system. 

4.1.  General  Description 

The general  makeup and operation of the system will  be de

scribed with reference to Figure 4.1.  Details  of the individual sub

components are covered in the later sections of the chapter.  

The source of the transmitted radiation was a Spectra Physics 

Model 166-03 Argon Ion Laser operating on the 514.5 nm l ine.  The dual 

frequencies v.j  and were generated with their  Model 365 Acousto-

Optic Output Coupler.  Since the frequency difference a = v- |  -  vg 

was the important reference frequency of the system, i t  was generated 

by a radio frequency (RF) oscil lator with adequate stabil i ty for the 

round-trip t ime of the probing optical  radiation.  Only the relative 
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Figure 4.1.  Equipment Schematic of DFDL Prototype.  



stabil i ty and coherence of the two beams is  significant,  al leviating 

any need for high precision in the laser frequency. A modified 

Spectra Physics Model 465 Modulator Driver provided the RF oscil

lator and amplifier for pulsed or CW operation of the modulator.  

The transmitt ing optics (steering mirrors and appropriate beam ex

pander) directed the dual-frequency beam to the target volume. 

Receiving optics collected the Dopper-shifted radiation 

scattered from the target volume and directed i t  to the detector 

through a narrow-band interference f i l ter  which blocked most of the 

broadband background l ight.  The detector was a Varian VPM-152D All-

Electrostatic High-Speed Photomultiplier with bandwidth capable of 

8 -1 
responding to CI/2TT = 9.7X10 S~. Its output contained the fre

quency difference a + Aa of.the Doppler-shifted light, where Aa 

is  the differential  Doppler shift  holding the velocity information. 

The Doppler receiver amplified this signal and frequency-shifted i t  

to low frequency by mixing with the reference frequency from the RF 

oscil lator.  This receiver,  which in essence has the same function as 

a microwave Doppler radar receiver,  was designed and constructed by 

the author especially for the DFDL. The Princeton Applied Research 

Model 4512 FFT Real Time Spectrum Analyzer digit ized the Doppler signal 

and computed the Fourier amplitude spectrum. A Digital  Equipment 

Corporation PDP11V03 minicomputer squared the Fourier amplitudes to 

obtain the Doppler power spectrum and determined the mean frequency, 

or equivalently the velocity component,  as described in Chapter 2.  

The velocity data,  together with ancil lary information l ike SNR and 
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t ime of measurement,  could be recorded on floppy disk and displayed 

on the computer console.  

4.2.  Laser and Acousto-Optic Modulator 

Two major factors in the selection of a laser were the increase 

in aerosol backscatter cross-section with shorter wavelength and the 

need for sizable average power output,  both to achieve adequate SNR. 

According to these cri teria the argon ion laser emitt ing at  514.5 nm 

was a good choice.  

Production of the dual beams at  stable frequency difference 

\>1 -  v£ can be accomplished through laser mode-locking, electro-

optic modulation,  or acousto-optic modulation (Yariv 1971).  The lat ter  

method was selected for the DFDL prototype because an adequate laser 

modulator unit  was commercially available.  

Yariv (1971) describes the deflection and frequency shift  of 

optical  radiation which occurs in acousto-optic scattering.  The com

pression and rarefaction by sound waves in an optically transparent 

medium l ike fused quartz forms index of refraction variations which 

are aligned with the acoustic wavefronts and travel at  the speed of 

sound. One can think of this phenomenon as a set  of equally spaced, 

partially transmitt ing mirrors moving at  the speed of sound Vg  

(Figure 4.2).  When the beam is  incident at  the Bragg angle,  given by 

XQ  = 2x ssin0g, (4.1) 

where is  the acoustic wavelength and AQ the optical  wavelength 
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Incident 
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Figure 4.2.  Acousto-Optic Scattering.  

The Bragg angle condition AQ = 2x ssin0g is  met when the distance 

AO + OB equals Xg .  
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in the medium, the energy reflected from the "mirrors" constructively 

interferes (AO + OB equals Ag),  and energy is  diffracted out of 

the beam. The diffracted beam is  Doppler-shifted by the moving 

"mirrors" in the amount 

Av = 2kosin0g. (4.2) 

By the Bragg angle condition of (4.1) this reduces to 

Av = o) s ,  (4.3) 

where w s  is  the acoustic frequency. 

The Spectra Physics Model 166-03 laser with Model 365 Acousto-

Optic Coupler posit ioned an acousto-optic device,  or Bragg cell ,  at  

the focal point of the intracavity laser radiation in an auxil iary 

leg of the laser cavity (Figure 4.3).  Part  of the laser radiation 

flowing from mirror Ml to M2 was diffracted and Doppler shifted 

to v2 =  vo " a /^'  where a /2 is  the acoustic frequency. The 

diffracted and transmitted beams were reflected at  mirror M2 and 

converged again to the Bragg cell .  There part  of the remaining in

tracavity radiation flowing from M2 to Ml was diffracted and Doppler 

shifted to v-j  = Vg + a /2 in a beam which was superimposed on the 

down-shifted beam transmitted through the Bragg cell ,  forming the 

dual-frequency beam. The surfaces of the Bragg cell  were at  Brewster 's  

angle to minimize reflection losses.  The maximum average power in 
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Figure 4.3.  Generation of Dual Frequencies.  

The acoustic frequency of the Bragg cell  is  a/2. The two overlapping 
beams that are coupled out have a frequency difference of a. 



the beam was about .8 W, but DFDL measurements were usually made 

at  somewhat lower power for a variety of technical  reasons.  The 

vertical  dimension of the beam was about 25% greater than the hori

zontal  as a result  of nonsymmetrical  diffraction effects in the scat

tering process.  

When the Bragg cell  was correctly posit ioned the two diffracted 

beams were coaxially aligned for pure DFDL. If  the cell  was displaced 

sl ightly along the intractivity beam the two beams were parallel  but 

horizontally displaced. As the two beams diverged they overlapped 

with their  spherical  wavefronts intersecting at  a small  angle 

result ing in a hybrid.  DFDL configuration.  If ,  after expanding to 

larger size,  the hybrid beams were coll imated with a lens,  the wave-

fronts of the individual beams were planar.  The beams then traveled 

in sl ightly different directions,  s t i l l  intersecting at  a small  angle 

because they originated at  different points in the back focal plane of 

the lens.  I t  can be shown that  once a hybrid beam is  generated the 

intersection angle $ is  to f irst  order inversely proportional to 

beam radius.  The magnitude of $ was experimentally controlled by 

the displacement of the Bragg cell  from the beam focus in the auxiliary 

leg and the beam radius in the probed volume. 

Since the acoustic waves were generated by a small  transducer 

deposited on a face of the fused quartz cell ,  the wavefronts are 

localized and possess curvature as they expand from the transducer.  

As a result  dual beam alignment was sensit ive to transverse posit ion 

and angular orientation of the cell-  in the intracavity beam. 



Inhomogeneities in the acoustic pattern plus optical  differences in 

the separate optical  paths between the Bragg cell  and M2 can also 

be expected to occur.  These are believed to be the source of residual 

imperfections in the dual-frequency beam output.  I t  was discovered 

that  Bragg cell  posit ion for maximum output power did not coincide 

with the posit ion for pure DFDL. The at tendent loss in dual-

frequency average power was approximately 20%. The fr inges were found 

to deviate from planar shapes with sl ight curvature.  Peak variations 

along straight transverse l ines through the beam between the power 

- 2  e points ranged from x^/36 to x^/18, where is  the fringe 

spacing. The section on the .Doppler receiver describes the measure

ment technique. The scattered signal from an aerosol traversing the 

beam was accordingly phase modulated,  which contributed additional 

variance to the Doppler spectrum. The additional spread was s ignifi

cant,  but the transit- t ime spread remained as the dominant contribution 

to spectrum variance.  

Although they were not designed for the purpose for which they 

were used, the laser and acousto-optic modulator were adequate for the 

evaluative nature of this experiment in spite of the complications 

mentioned. The transmitter could be changed from pure DFDL to a 

desired hybrid DFDL configuration with a mechanical  adjustment of 

the Bragg cell .  Low frequency variations in dual beam intensity were 

a few percent at  most.  For the t ime delay between transmission and 

reception,  the frequency v-j  -  was also very stable result ing in 

negligible frequency modulation noise.  Improvements in the fringe 
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shape may be possible if testing facilities for the acousto-optic 

scattering process are available. 

4.3. High Speed Detector 
and Receiver Optics 

A high speed detector capable of response at the difference 

frequency a is required in DFDL. The photomultiplier (PMT) used 

in the prototype DFDL is described here along with the design 

features of the receiving optics. Appendix B describes diagnostic 

tests which were performed locally on the PMT. 

The PMT was a 7-stage model VPM152D manufactured by Varian 

LSE. According to the manufacturer's test data the quantum efficiency 

of the S-20 cathode and sapphire window was 11.5% at 514.5 nm, 

5 and current gain at -4200 v bias was 3.3 x 10 . Based on pulse rise 

-9 time (0.32 x 10 s) a similar 5-stage device is specified to have a 

9 -1 3 dB bandwidith of 10 s , with a 7-stage device closely approaching 

that speed. The voltage divider string inside the PMT unit was in

stalled by the manufacturer. Automatic protection against excessive 

currents in the electron multiplier structure was achieved by resistors 

in series with the cathode and several dynodes. If one of these stages 

drew excessive current, the voltage drop across the series resistor 

would alter the interstage voltage enough to defocus the electron paths 

and prevent the high currents which could damage the PMT. 

The major limitation to PMT bandwidth is the transit-time 

variations of electrons emitted from the cathode and dynodes (Pratt 

1969). Electrons liberated at the same instant from the cathode or a 



dynode do not arrive simultaneously at the next dynode because neither 

their initial velocities nor their interstage paths are identical. 

The signal from high frequency modulation of the optical input suffers 

phase dispersion and is attenuated. After electron multiplication at 

the first dynode, transit-time variations attenuate shot noise and 

signal by nearly equal amounts, and SNR is relatively unaffected if 

thermal noise at the detector output is not a factor. At the first 

stage, however, the signal can be attenuated, whereas the shot noise 

is unattenuated because transit-time variations do not alter the 

statistical nature of the photoemission process which causes shot 

noise. Since SNR rather than detector bandwidth is a fundamental 

factor in DFDL performance, the first stage of a PMT is the most 

critical for DFDL. Imperfect coupling of the high frequency signal 

at the PMT anode into the electronics can also degrade bandwidth, 

but again SNR is affected little unless thermal noise becomes 

significant. 

Appendix B details three types of diagnostic tests which were 

performed to evaluate the PMT's bandwidth and SNR response at a. 

For the prototype DFDL the most significant result was the SNR 

degradation, which was an acceptable -4.7 + .8 dB. As explained in 

Appendix B the transit-time variations also made it necessary to 

place the photocathode at the exit pupil of the receiver optics rather 

than at the image of the probed volume. 

A schematic of the optical layout of the prototype DFDL re

ceiver for outdoor wind measurements is shown in Figure 4.4. Table 4.1 
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Ml 

Figure 4.4. Schematic of Receiving Optics. 

The diagram is not drawn to scale. Design dimensions are in Table 4.1. 
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Table 4.1. Design Parameters of DFDL Receiver Optics. 

All dimensions are in centimeters. Marginal and chief ray heights are 
for maximum light collection and field of view, respectively. The 
telescope is focused at 20 m range. Focus at other ranges could 
be accomplished by moving Ml. The resultant vignetting could be 
eliminated by adjusting the spacing of LI, L2, and the two stops. 

Optical 
Element 

Distance Be
hind Previous 
Element 

Focal 
Length 

Marginal 
Ray 
Height 

Chief 
Ray 
Height 

Object field at 
scattering volume _ _ 0 3.6 

Ml 2000 163 20 0 

M2 147 - 3.0 - .55 

LI 25 20 .50 - .31 

Field Stop 3.6 - 0 - .26 

L2 15 15 -2.1 - .055 

Aperture Stop 3.2 - -2.1 0 

Filter 6.0 - -2.1 .052 

L3 9.3 64 -2.1 .13 

L4 60 3.5 - .14 1.1 

PMT Window 1.9 - 0 - .50 

PMT Cathode 1.7 - .125 0 



101 

lists design parameters for the optics. A Newtonian telescope 

with 16 inch (41 cm) diameter primary focused the scattering volume 

at the field stop, which had adjustable diameter. The field lens LI 

imaged the telescope primary at the aperture stop, which also had 

adjustable diameter. The incoming light was collimated by L2 be

fore encountering the 2.5 nm bandwidth interference filter which 

blocked most of the background light. L3 and L4 imaged the aperture 

stop and the telescope primary to a small diameter of 2.5mm on the 

PMT cathode to minimize signal attenuation by transit-time variations. 

The field stop and the scattering volume were imaged at the PMT 

window to achieve maximum field of view without vignetting. Throughput 

efficiency of the receiver at 514.5 nm was .53 + .05. In addition, 

the Newtonian mirror M2 plus support obstructed 12% of the primary 

area. The filter was at the entrance of a light-tight housing con

taining L3, L4, and the PMT. The housing was also RF-tight and 

contained the preamplifier of the Doppler receiver to diminish noise 

pickup, particularly at frequency a radiated from the acousto-optic 

modulator's electronics. All changes in optical configuration re

quired for transfer from wind tunnel tests to outdoor wind measure

ments were exterior to the housing. Details of the wind tunnel optics 

are given together with the wind tunnel results. 

4.4. Microwave Doppler Receiver 

The microwave Doppler receiver prepared the DFDL Doppler 

signal from the PMT for frequency analysis by amplification and by 
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frequency-shifting the Doppler spectrum from a to low frequency. 

The receiver was designed and constructed as part of the prototype 

DFDL development. The design concepts were basically the same as in 

the receivers used with microwave Doppler radar (Battan 1973), but 

design was tailored specifically for the evaluation and demonstration 

of DFDL. The receiver will first be described as it appears for 

CW operation. Changes in the electronics for pulsed operation at 

high PRF are explained at the end of this section. 

This report emphasizes the signal-handling aspects of the 

receiver. A handbook has been prepared with detailed circuit diagrams 

and operational procedures. The high frequency portions of the re

ceiver were assembled from a number of commercially available modules, 

each containing one component or subassembly such as an amplifier or 

mixer. Module inputs and outputs were through conventional connectors 

for coaxial cables. With this mode of construction difficulties such 

as impedance matching and cross-talk were minimal, having been solved 

within the modules. Low frequency portions of the receiver were 

operational amplifier circuits. 

It was prudent to include in the receiver design the ability 

to distinguish between and retain both positive (Aa > 0) and negative 

(Aa < 0) portions of the Doppler spectrum. This ability prevented 

directional ambiguity in the Doppler speed. It also avoided erroneous 

results for f" when the Doppler spectrum extended into both negative 

and positive Doppler frequencies, which it normally did. The Doppler 

receiver accomplished this task by frequency-shifting the Doppler 
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spectrum down, not by a, but by a - 5, .where g/2ir = fg is an 

audio frequency. Zero Doppler shift therefore produced a signal at 

offset frequency fQ at the receiver output, and Doppler velocities 

were found by determining the mean of the spectrum relative to fp 

rather than zero. 

The image signal is another difficulty associated with fre

quency shifting. A mixer combines a signal frequency f with a 

reference frequency fR to shift the signal to frequency f^ = fg - fR. 

Unless special precautions are taken, the mixer also shifts the image 

signal at fj = 2fR - f to the same f^ (Haykin 1978). In DFDL 

the Doppler signal appears at f , but shot and thermal noise appear 

at both f and fj, resulting in a 3 dB reduction in SNR. 

Methods to eliminate the image were incorporated in the Doppler re

ceiver to prevent this. 

Figure 4.5 is a block diagram of the microwave Doppler receiver. 

The PMT output was separated into low frequency and RF portions by 

the signal divider. An ammeter connected to the low frequency output 

monitored the PMT average current. The RF portion containing the 

Doppler spectrum at a + Aa passed the image filter and was amplified 

by the preamplifier. The signal divider, filter, and preamplifier 

were all located together with the PMT inside an RF-tight aluminum 

housing. The signal mixer shifted the Doppler spectrum to an inter-

7 -1 mediate frequency to^p/2ir = 3 x 10 s by mixing with the local 

oscillator frequency a^. The image filter blocked the noise in the 

image frequency by 20 dB, making the reduction in SNR negligible. 
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Figure 4.5. Block Diagram of the Microwave Doppler Receiver. 
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The IF amplifier had adjustable gain with a front panel meter indi

cation of the IF output power to ensure proper gain setting. The 

Doppler spectrum at the receiver output was offset by I by creating 

an offset of £ in the reference IF frequency wjpR. The signal 

from the RF oscillator was doubled in frequency and mixed with the 

local oscillator to IF frequency a - a^. This frequency was further 

shifted by £ in the single-sideband (SSB) modulator, described in 

Appendix C. The imageless mixer then frequency-shifted the Doppler 

spectrum to low frequency with zero Doppler frequency appearing at 

the offset 5. This mixer rejected the white noise in the image fre

quency with a phase cancellation technique also explained in Appendix 

C. The final action of the receiver was amplification of the Doppler 

spectrum, now at low audio frequencies, with gain adjustable by the 

operator. 

Based on manufacturers' data, the receiver noise figure was 

3.4 dB, but it could be improved to 2.4 dB by exchanging the posi

tions of the filter and preamplifier. This was unnecessary with the 

PMT used because shot noise dominated whenever SNR was not high. 

The RF oscillator frequency during wind measurements was ct/2ir = 9.70 

8 - 1  8 - 1  
x 10 s" + .3%. The local oscillator frequency was 9.4 x 10 s~ , 

with IF at 3.0 x lO'7 s~^ + 2%. The available offset frequencies 

fg were 500, 250, 100, and 0 s"^. Image rejection in the 

imageless mixer was at least 18 dB from 30 to 2456 s~^ output 

frequency. The bandwidth of the audio amplifier was set by a low-pass 

active filter with response 1 dB down at 1110 s~^, 3 dB at 
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2150 s"\ and 10 dB at 3890 s~^. This filter was necessary to 

prevent saturation of the spectrum analyzer's input stage with 

wideband noise. 

When fg = 0 the unamplified phase quadrature outputs of the 

imageless mixer were X = Acoscj) ar\d Y = Asin<f>, where A was pro

portional to input signal amplitude and <j> was the phase. Signal 

phase variations across the PMT cathode were recorded by connecting 

the quadrature outputs to an X - Y plotter equipped with polar graph 

paper on the plotting surface. Relative values of modulus A and 

changes in phase <J> could be directly read from the plot made as the 

probe beam was moved over the cathode. The orientation and shape of 

the DFDL fringes were examined in like manner by sampling different 

parts of the dual-frequency beam and reading the data from the polar 

plot. 

The additional electronics needed to change the prototype DFDL 

from CW to pulsed operation are schematically shown in Figure 4.6. 

The master pulse generator drove an RF switch in the transmitter 

portion of the electronics after the RF oscillator. The amplified 

pulses of RF power excited the acousto-optic modulator, producing a 

pulsed dual-frequency laser beam. A trigger pulse from the master 

pulse generator provided a time reference for the slave pulse generator, 

which gated the receiver on after the appropriate delay for the round 

6 —1 trip time to the probed volume. A PRF of 10 s~ , pulse length 

-8  -8  t of 1.5 x 10" s, and gate time t of 3 x 10" s were typical. 
r y 

Since the pulses were created by cavity dumping a CW laser, a slower 
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Figure 4.6. Block Diagram of Additions to Electronics for Pulsed 
Operation. 

Additions are indicated by solid lines. Portions also used for CW 
operation are shown by dashed lines. Compare with Figures 4.1 and 
4.5. 
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PRF reduced average beam power which in turn reduced SNR. The 

phase relationships at a were maintained from one pulse to the 

next. As explained in the discussion on pulsed DFDL SNR, the low-

pass bandwidth in the final stages of the receiver reconstructed a 

continuous Doppler signal from the discrete samples of the pulsed 

DFDL by filtering the pulse modulation of the Doppler signal. 

Spectral analysis to obtain the mean Doppler shift was performed 

identically for CW and pulsed DFDL. 

4.5. Analysis of Doppler Spectrum 

In the prototype DFDL the mean Doppler shift was obtained 

from the Doppler spectrum by the fast Fourier transform technique 

with noise suppression (FFT/NS), as described in Chapter 2. In 

this method the power spectrum of the Doppler signal plus additive 

white noise was calculated with an FFT algorithm. The white noise 

density, as estimated in a separate frequency band where signal power 

was negligible, was subtracted out, and the mean frequency of the 

resulting spectrum was calculated. The component of wind velocity 

followed directly by multiplying the mean frequency shift by the 

Doppler sensitivity (m s~^ of wind per s~^ of frequency shift). 

The Doppler spectrum from the Doppler receiver was offset such that 

zero Doppler velocity produced a spectrum with the mean at fg. The 

mean Doppler shift was determined by finding the mean of the Doppler 

spectrum relative to fg. 

The various mathematical operations on the Doppler signal will 

now be detailed. Spectral analysis of the Doppler receiver's output 
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was performed by a Model 4512 FFT Real Time Spectrum Analyzer manu

factured by Princeton Applied Research Corporation. The spectrum 

analyzer's bandwidth was set wide enough to include the signal band

width B (containing most of the energy in the Doppler spectrum) 

plus a separate noise bandwidth (from which noise level N'(f) 

was estimated). A PDP11V03 minicomputer manufactured by Digital 

Equipment Corporation read the spectrum from the spectrum analyzer 

and finished the calculations to obtain the velocity measurement. 

The computer also calculated spectrum standard deviation w and SNR 

when flags set by the operator so specified. These results and a time 

reference for each velocity measurement could be displayed on the 

computer's terminal and recorded on floppy disk, again according to 

operator instructions. Prior to taking data the operator also entered 

fg, the frequencies defining B and B^, the Doppler sensitivity, 

and the extent of averaging to be performed on the spectral data. The 

data was analyzed in real time, the spectrum analyzer and computer 

accumulating a fresh spectrum while the computer processed the 

previous spectrum. 

The FFT spectrum analyzer made 1024 equi-spaced digital 

samples of the Doppler receiver output from which it calculated a 

512 point Fourier amplitude spectrum. Spectrum analyzer bandwidths 

of 204.8, 512, 1024, and 2048 s~^ were used at one time or 

another, with resolution between spectral data points of .5, 1, 

2, and 4 s \ respectively. An anti-aliasing filter rejected 

energy above the Nyquist frequency, but since the filter could only 
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be an approximation to an ideal filter, some aliasing into the upper 

part of the spectrum did occur. The rejection of the aliased energy 

was 90% at spectral data channel number 480 and 99.0% at 

number 448. Use of the region of the spectrum unacceptably con

taminated by aliasing was avoided. Since the transit time of the 

target was always much less than the spectrum analyzer sample interval, 

no spectrum weighting to correct for time window effects (Blackman 

and Tukey 1958) was used. 

When the spectrum analyzer had obtained a spectrum, the com

puter read it into memory and triggered the spectrum analyzer to 

begin a new sample. The computer obtained the power spectrum by 

squaring the Fourier amplitude spectrum. It could immediately proceed 

with the velocity analysis or could first average two or more power 

spectra together. Spectral averaging reduced the variations in mean 

frequency estimate, expressed by a(f), by effectively increasing 

the length of the sampling interval T, which reduced the random 

variations in the spectrum. Spectral averaging was also beneficial 

in real-time operation when the sampling time of the spectrum analyzer 

was less than the time, typically a little less than 1 s, that the 

computer spent to produce a velocity estimate. Spectrum analyzer 

dead time was thereby minimized and full use made of the available 

signal. Another type of averaging was sometimes used to speed computer 

calculations. Adjacent power spectrum data points were summed together 

in sets of three, which reduced the number of calculations for the 

remainder of the analysis by almost a factor of three. 
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During some of the experimental tests made with the prototype 

DFDL, substantial monochromatic energy appeared at fQ in the 

Doppler receiver output. This signal was generated from various 

sources other than scattering from the target particles. These 

anomalous sources included stray dual-frequency light entering the 

receiving optics, stray pickup of the radiation from the acousto-

o p t i c  m o d u l a t o r  e l e c t r o n i c s  a t  a  ( t h e  f i r s t  h a r m o n i c  o f  a / 2 ) ,  

and imperfect SSB production of the frequency in the receiver. 

In spite of the precautions which had been taken this stray signal 

was particularly troublesome during the wind tunnel tests where both 

stray light and coupling between the closely spaced electronic gear 

were factors. The spectrum was corrected in the computer software by 

replacing the data point at fQ = f^ with an average from adjacent 

spectral data points, namely 

Q T ( f k)  =  V3[Q- | - ( f ( < + i )  +  Q T ( f k _- j ) ]  

(4.4) 

+ l/6[QT(fk+ 2 )  + QT ( fk_2 ) ] .  

Since the fraction of Doppler spectral energy at each data point was 

typically on the order of 1% of the total energy, accuracy in 

the estimate of velocity was hardly affected. The anomalous signal 

at fQ during the outdoor wind measurements was usually insignificant, 

but the correction was made nonetheless to avoid the danger of contami

nated data going unnoticed. 
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Another spectral deficiency corrected in computer software was 

the nonuniform frequency response of the Doppler receiver and spectrum 

analyzer. Not only could this imperfection alter the shape of the 

Doppler spectrum and thus change the mean frequency, but the estimate 

of white noise level N'(f) could be biased. Uniform gain response 

was restored by multiplying the power spectrum data by an array of 

gain correction factors stored in the computer. To generate the 

corrections the frequency dependent gain of the Doppler receiver and 

spectrum analyzer was measured by introducing white noise from the 

PMT at the Doppler receiver input. This was done separately for 

every spectrum analyzer bandwidth used with the prototype DFDL. Many 

4 spectra, typically 10 , were averaged together to reduce the random 

variations to negligible level. 

Spectrum analyzer standard deviation w was calculated ac

cording to (2.52). The accuracy for w was less than for f, and 

w was usually used only as a qualitative indication of spectrum 

width. SNR was calculated by 

pT<f , )  "  N' t f , ) ]  

SNR "" pTfTJ ' (4'5) 

where is the signal plus noise at f. for the particular 

spectral sample, and N'(f^) is the estimate of noise spectral 

density. The summation is over the spectral channels within the 

signal bandwidth B. 



The data handling system provided the extensive flexibility 

desired for both the diagnostic wind tunnel experiments and the real 

time wind measurements. Much time was invested in software develop

ment, but the return was high during the experimental phase because 

the automatic data handling and recording allowed the operator to 

give full attention to other experimental matters. 



CHAPTER 5 

RESULTS OF EXPERIMENTS 

Experiments with the prototype DFDL were performed in the 

laboratory and on the outdoor wind to demonstrate the basic DFDL con

cept and verify the predicted differential Doppler shift Aa. Tests in 

a wind tunnel with air flow seeded with artificially generated tracer 

particles also verified scaling laws for some of the major variables in 

the SNR expressions. Wind measurements using naturally existing 

particles provide the basis for an estimate of the range capabilities 

of the method. Since the SNR depends on the scattering properties of 

the tracers, which vary with time and location, supplementary information 

was obtained on the aerosol size distribution and its scattering 

properties. 

5.1. Differential Doppler Shift 

Measurements of differential Doppler shift on two types of 

targets were made in the laboratory for comparison with theory. The 

first experiment used a single target of large size with mechanically 

controlled motion. The second was performed in a wind tunnel using air 

flow that was seeded with an abundant number of tracer particles. 

The large single target was a diffusely reflecting white card 

attached to a forty-eight inch long V-belt stretched between two pulleys, 

which were turned by a variable speed DC motor. The dual-frequency 

114 
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laser beam of about 1 mm diameter was projected parallel to and 2 cm 

above the belt. The target, which rose 2.5 cm above the belt, fully 

intercepted the beam in the region between the tops of the pulleys. 

The laser operated in a CW mode at low average power output (< 10 mW). 

The optical receiver was similar in function to that shown in Figure 4.4 

used in outdoor measurements, except Ml, LI, and L2 were replaced 

with other lenses. The scattering angle e was near backscatter, the 

receiver optic axis forming an angle p = .08 rad with the beam to make 

6 = 3.06 rad. The speed V of the target was determined by multiplying 

the belt's rpm by its length. 

The motion of the target parallel to the beam was deliberately 

chosen because it made the differential Doppler shift Act insensitive 

to the angle of intersection $ between the dual-frequency beams. Re-' 

ferring back to the derivation of Act for the hybrid DFDL, the target 

velocity was parallel to the z-axis of Figure 2.5. In (2.66) V = 0 
A  

and = Vcos(g/2), giving 

Aa =  -  -ySin(e /2 )Vcos(3 /2 ) ,  (5 .1 )  

which is independent of $. The theoretical frequency shift .Af = Act/2ir 

for ct/2ir = 9.70 x 10^ s~^ was 

Af = -V x 6.46 m ^. (5 .2 )  
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At each target speed approximately ten individual velocity 

measurements were made, each for one pass-of'the target. These were 

averaged to reduce the variability due to small amounts of shot noise 

and perturbations in target velocity. Doppler spectral analysis was 

performed with the FFT/NS method discussed in Chapters 2 and 4. SNR 

was typically above 100, but allowance for shot noise was made none

theless. Energy at the offset frequency was not adjusted because 

the stray pickup was negligible. The bandwidth B for the final com

putation to obtain the mean of the spectrum was at least twenty times 

the spectrum standard deviation w. The experimental results are plotted 

against the theoretical prediction in Figure 5.1, which shows excellent 

agreement. The largest discrepancy was a 2.6% fractional difference 

from the predicted Af, and the average fractional difference was 1.3%. 

Note that motion in both directions was unambiguously measured. 

The next test of differential Doppler shift incorporated a 

geometry similar to that in the experiment just described, but measured 

air flow in a wind tunnel seeded with many small particles in order to 

simulate outdoor conditions where atmospheric particles are the tracer 

targets. As diagramed in Figure 5.2, the CW laser beam propagated 

along the axis of the wind tunnel test section in direction opposite the 

air flow. The receiver optic axis formed an angle g = 31° with the 

beam. The probed volume was the region where the receiver field of 

view overlapped the beam. To minimize reflection losses at the window 

the laser beam was polarized with the electric vector lying in the plane 

of the diagram. Although the polarization of the scattered radiation 
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Figure 5.1. Differential Doppler Shift from a Single Large Target. 

Af = 6.46 s"1 for a speed of 1.00 m s \ 
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Figure 5.2. Optical Layout for Wind Tunnel Measurements. 
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was probably somewhat altered, it still passed the window close to 

Brewster's angle. The three lenses and two apertures had the same 

function as the optical elements shown in Figure 4.4 exterior to the 

PMT housing. The maximum field of view defined a scattering volume 

length of AR = 14 cm parallel to the laser beam. With this large 

field of view the entrance pupil of the receiver was restricted to a 

maximum of .55 cm area, which subtended a collection solid angle of 
_ "3 

9 x 10 sr. The interior of the test section was painted flat black 

to reduce stray light. 

The wind tunnel had a useful velocity operating range of 1 to 

7 II s"L At 5 m s~^ average velocity the rms turbulence level at 

the center of the test section was approximately .25 m s~^ as measured 

by a hot wire anemometer. It was a closed circuit tunnel but could be 

operated as an open circuit tunnel by removing a large section in front 

of the contraction cone. The mean speed in the tunnel was established 

with an Alnor Type 8500 Thermo-anemometer, which is similar in principle 

to a hot wire anemometer but uses a constant current, heated thermocouple 

as the sensing element. For the operating range of the wind tunnel the 

Alnor is specified to be accurate to within +3% of the indicated value. 

The device has two scales, the lower for .05 £ V <_ 1.5 m s-1 and the 

higher for .5 V _< 10 m s~\ Calibration checks on the low scale at 

0.5 and 1.0 m s~^ were made by moving the sensor through still air, 

revealing the indicated .velocity to be 3% low. Also, at 1.1 m.s"^ 

in the wind tunnel, the high scale measured V as 2% less than the 

low scale. In response to an inquiry about the thermo-anemometer's 
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calibration, the manufacturer claimed that accuracy at high velocities 

is usually better than at low velocities. 

For a velocity t in the tunnel parallel to the beam, the dif

ferential Doppler shift is given by (5.1). With 6 = 31° and 0 = 149°, 

Af = -V x 6.01 m ^, (5.3) 

where V is negative since air flowed opposite the beam. The tunnel was 

operated in a closed circuit configuration with fine chalk dust as tracer 

targets. Laser power was .3 W with 1.2 cm f 1.5 cm beam dimensions 

in the probed volume. Bandwidth B for computation of the mean Doppler 

shift was at least ten times the spectrum standard deviation w. Since 

SNR = 6 was typical, extensive averaging to improve the estimate of 

mean frequency to high accuracy was required. At each speed six velocity 

samples were taken, each involving spectral averaging for at least one 

minute. The six samples were then averaged for the final mean Doppler 

shift, and the standard deviation of the six samples was computed to 

obtain an idea of the accuracy of the result. The FFT/NS method of 

spectral analysis was used, including compensation for shot noise. 

Energy at the offset frequency was replaced by an average of adjacent 

spectral components as described in Chapter 4. 

The lidar results are plotted in Figure 5.3 against the dif

ferential Doppler shift predicted from the tunnel wind speed. The 

horizontal error bars indicate the -3% error specified for the A!nor 

device, and the vertical error bars show the standard deviation of the 
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six samples at each speed. A number of systematic errors of varying 

severity existed. It was apparent from visual observation that the 

mean direction of motion of the tracer particles deviated a few degrees 

from parallel to the laser beam. Since no alignment was performed to 

ensure the dual beam intersection angle $ was exactly zero, a small 

transverse velocity component V could have appreciably altered Af. 
A  

Other sources of error were probably less significant. 

These two experiments confirm the differential Doppler shift 

for motion parallel to the beam. To verify theory for velocity in a 

general direction the dual beam intersection angle must be accurately 

set. Since this was very difficult to accomplish with high precision 

on the equipment used, confirmation for the general direction was re

served for the outdoor wind measurements rather than continuing 

laboratory measurements which would not be significantly more accurate. 

5.2. Scaling Laws for Signal Power 

With the aid of the wind tunnel, the functional dependence of 

DFDL signal power Pg on some of the experimental parameters as ex-
p 

pressed in (2.22) was verified. Noting that ua = is the beam area 

and taking P-j and eac'1 as a constant fraction of transmitted 

laser power P^, the equation can be written 

A 2 

P_ = constant X P, 2  - AR> (5.4) 
s L Hb 

if r, R and no are constant. Actually the collection solid angle 
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2 Ad/R is the more fundamental quantity which was tested by varying Ad 

alone with R held constant. In the experiments described below the 

scaling behavior of Pg for each of the variables in (5.4) was de

termined in turn by holding all other variables constant while Ps was 

measured at several values of the quantity under consideration. 

The prototype DFDL was operated in the arrangement shown in 

Figure 5.2 with the wind tunnel running at 4.4 m s'"1 in an open circuit 

configuration. The flow was seeded by a sparse mist of water droplets 

generated by a Kaz Consul Model C84 humidifier placed about 1 m below 

and 1 m to the side of the tunnel intake, upstream of the contraction 

cone. The humidifier produced droplets by shedding water off a rapidly 

spinning disk with a thin edge. The droplets entering the tunnel were 

estimated to be typically a few tens of microns in diameter. Since the 

open section of the tunnel was in a corner of the laboratory, consider

able recirculation of the droplet-laden air existed. The exact size 

distribution was not important as long as no was constant. Short-

term fluctuations in droplet concentration were apparent, but extensive 

data averaging removed the effect of this variability. Several cycles 

through each variable parameter were performed, revealing that no steady 

~2 
drifts in no occurred. 

A relative measure of signal power Pg began by averaging to

gether many spectra of signal plus white noise Qy(f) as given in 

(2.53). Considerable stray laser light made necessary the replacement 

of the energy at the offset frequency with an average of the adjacent 

spectral components. The white noise level Ny(f) was estimated where 
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Doppler spectral energy was negligible, and then was subtracted from 

Qy(f) to obtain the experimental Doppler spectrum ST(f). ST(f) was 

then integrated over the signal bandwidth B to obtain P . 
2 s 

The functional relationship of p
s 

a P|_ » where P^ is trans

mitted laser power, was tested by varying the laser output via the 

plasma current with no change in the acousto-optic output coupling. A 

Scientech Model 362 Energy Power Meter determined P^. Scattering 

volume length was AR = 12 cm, beam radius (average of height and width) 

2 was a = 3 mm, and aperture area was A^ = .53 cm . Signal bandwidth 

B was 280 s"\ approximately ten times the Doppler spectrum standard 

deviation w. At each value of P^ spectra were averaged for 100 s, 

and six cycles of such measurements through the range of values 

were accomplished. 

The results are plotted in the top graph of Figure 5.4. Theory 

2 predicts Ps/P|_ = constant as shown by the dashed line. The error bars 

show the standard deviation of the six data points obtained for each 

value of P^. 

2 To test P « A. , where A. is the area of the receiver s d d 

aperture, the opening of' the iris diaphragm forming the aperture stop 

was varied. Laser power P^=.3W, a=2.5 mm, and AR = 12 cm were 

used. Again B = 280 s~^ was approximately ten times w, and spectra 

were averaged for 100 s at each value of A^ through six cycles of 

data. The second graph in Figure 5.4 shows the results. The decrease 

2 in Pg/A^ for large A^ is a result of the decrease in PMT 
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high-speed response as the area of i l lumination on the cathode in

creased with A^. 

Excellent agreement was^also achieved'for P s  = AR shown'in the 

third graph of the same figure. The length AR of the probed volume 

was controlled by the field stop diameter.  = .3 W, a = 2.5 mm, and 

2 
A^ = .50 cm were held constant.  Since an inverse relation exists be

tween AR and w, B was increased to 964 s~^ with B/w _> 6 esti

mated. Averaging time was 50 s ,  and five cycles Were performed. 

The final wind tunnel test was to check Pg  
a  A^. Beam area 

A^ in the probed volume was controlled by the position of the coir 

limating output lens of the beam expander located 2.0 m away. The 

fractional change in A^ was calculated as a function of collimating 

lens position using geometrical optics.  P^ = .3 W, AR = 12 cm, 

2 -1 A^ = .50 cm ,  and B = 964 s with B/W > 20 were the constant con

ditions. Each sample was averaged 100 s,  and three cycles were per

formed. The results deviated a small amount from the theoretical -

prediction of m = 1 in P s  = CA^ -"1 .  The data indicated m = .89, 

where m was found by performing a least squares f i t  to log(P s) 

= log(C) -  mlogCA^). The discrepancy can be attributed to errors in de

termining A^ for the following reasons. The beam expander was not an 

integral unit  but rather a microscope objective and achromatic doublet 

mounted on an optical bench. Errors in the focal length of the achromat 

and in i ts exact position for a collimated beam would cause errors in 

A^ at  different achromat positions. 
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2 
Scaling behavior of PL >  Ad /R ,  AR, and Ab  in the signal 

power P s  have been confirmed. No attempt was made to experimentally 

verify the dependence of Pg  on detector response r .  The remaining 

2 
factor no is the most difficult  to prove since the distribution of 

scatter cross-sections must be known. Evidence supporting the correct

ness of the factor cr2 /a,  appearing in the SNR expression (2.29) and 

broken down in (2.31)» was obtained for the aerosols during the outdoor 

wind measurements and is reported later in this chapter.  

5.3. Outdoor Wind Measurements 

Wind measurements using natural aerosols as tracer targets 

were performed to ascertain the accuracy and range potential of the 

DFDL technique. Confirmation of the differential Doppler shift  for an 

arbitrary wind direction was obtained. Successful operation was achieved 

for pure DFDL, which measures velocity component parallel to the 
O 

beam (g = 0 ) ,  and for hybrid DFDL at  several values of the velocity 

component skew angle e.  Examples of the data runs, including statistics 

of the l idar results compared to those of a conventional anemometer 

adjacent to the probed volume, are presented here. 

The optical layout for most of the wind data is shown in Figure 

5.5. The dual beam from the laser was expanded, collimated, and then 

transmitted in a horizontal direction to the probed volume at  range 

R = 20 m. The length of the probed volume AR = 2.15 m was defined by 

the intersection of the beam with the field of view of the Newtonian 

receiving telescope, which had a 41 cm (16 inch) diameter primary 
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mirror.  A propellor anemometer,  Weathermeasure Model W173B, was posi

tioned with the hub about 20 cm from the center of the probed volume 

and aligned to measure the component of wind for which the lidar was set.  

The l idar was located in a penthouse structure on top of the 5-story 

Physics-Atmospheric Science Building on the University of Arizona campus. 

The wall at  a distance of 41 m from the lidar served as a beam stop. 

The l ight trap for the receiver field of view was a box lined in black. 

I t  was required to prevent background l ight from the sunlit  wall from 

saturating the PMT, which had considerably more gain than anticipated 

when purchased. Shot noise from background l ight was also thereby di

minished. The beam was 4.3 m above the rooftop between the penthouse 

and the wall.  Tops of the surrounding buildings and trees were at  the 

same general level,  so air flow was quite turbulent.  

The purpose of the alignment target shown in the diagram was to 

set the dual-beam intersection angle <J>, after which i t  was removed from 

the beam for wind sampling. The target was a:long, narrow (2.5 mm wide) 

strip cut from a card and fastened to a wheel turned by a DC motor.  

The radius from hub to beam center was typically 13 cm. As the target 

swept through the beam.it  diffusely scattered light which was collected 

at near the forward direction (e = .12 rad) by lenses and transmitted 

to the PMT via a fiber optic and diffuse reflector positioned in the 

receiver optical train during alignment. The alignment target velocity 

V was oriented such that V. = 0 and V = V cos(e/2) in the expres-
a D x a 

sion (2.66) for differential Doppler shift  for the hybrid DFDL, giving 



Act = -2 ( v g /c)sin($/2)Vacos(e/2).  
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(5.5) 

The factor cos(0/2) was taken as unity with only .2% error.  The 

dual beam intersection angle $ was controlled by the horizontal posi

tion of the Bragg cell  mounted on a sliding platform. A cell  mount with 

micrometer positioning control would have greatly facilitated the align

ment of the dual beams. The alignment error had both a biased and a 

random factor.  The biased error was caused by imperfect positioning 

of the Bragg cell  and subsequent change in alignment due to thermal ex

pansion. The desired tolerance was that the imperfect Bragg cell  place

ment caused error in the measured value of wind component not to 

exceed 10% of wind speed V for the worst case wind direction. The 

maximum allowed error was 20%, and data was rejected if  post-

calibration so indicated. Random variations in Act were revealed in 

the alignment procedure at  the sampling rate of once every second or two. 

Typically this caused a worst case error as just defined of 5 to 10%, 

Vibrations may have caused this random error since the laser was not 

mechanically isolated from the rigid counter upon which i t  rested. 

The propellor anemometer produced a DC voltage signal pro

portional to the propellor rpm. This signal was digitized and stored 

by a Biomation Model 1010 Waveform Recorder until  i ts memory was full  

and then transferred to the minicomputer.  The Biomation sampling rate 

was much faster than the lidar velocity sampling rate.  The minicomputer 

found the average anemometer speed for the interval of time matching 

each l idar velocity sample. A simple analog-to-digi.tal converter would 
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have sufficed, but the Biomation had already been interfaced.to the com

puter for a separate project.  The response of the propel!or anemometer 

to the component of velocity parallel to i ts axis was not fully linear.  

The threshold speed was 0.5 m s~^, and the distance constant was 1.0 m. 

The equipment was set to provide an accurate speed measurement for axial 

flow at 2.2 m s~^, based on manufacturer 's calibration data. At 

0.45 m s"1  the anemometer indication was 17% too large, at  4.5 m s~^ 

i t  was 1.3% too small,  and at  13.4 m s~^ i t  was 2.8% too small.  For 

large wind yaw angles the anemometer response to the axial component of 

velocity was low by about 5% at  30° yaw and 18% at  60° yaw. 

For changing wind velocity during a sampling interval of 

typically 1 s the propel!or anemometer and the lidar could yield dif

ferent values for the interval 's average velocity component for two 

reasons. First,  the anemometer response with i ts 1.0 m distance-con

stant lagged the actual wind, while the lidar was better in this respect 

with essentially instantaneous response. The second reason is that the 

anemometer sample was a uniform time average of the propellor speed over 

the sampling interval,  but the l idar sometimes was not.  For some 

velocity samples the scatter from a few large aerosols dominated the 

Doppler spectrum, and the lidar sample was weighted according to the 

random passage times of those aerosols.  

_2 Beam dimensions to the e points in the probed volume were 

approximately 2 cm in the horizontal and 3 cm in the vertical.  Dif

ficulties in achieving a Gaussian beam profile were encountered which had 

not existed earlier in the l ife of the laser.  The most prominent 
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deviations, as shown in Figure 5.6, were a region of diminished in

tensity near the center of the beam and a perimeter tending toward a 

hemispherical shape. The major disadvantage of this profile was the 

larger Doppler spectrum width compared to that for a Gaussian profile 

of the same approximate size. 

The wind was usually from the SW in the morning, but moved past 

W to NW by late afternoon. Wind speeds were highest in late afternoon 

and early evening. 

The five wind data tuns reported here are divided into three 

categories according to the direction, given by the angle g, of the 

measured component,  and according to the method used to define the probed 

volume. There follows, for each data run, a brief discussion plus a 

graph showing side by side the time series of velocity for the lidar and 

the time series for the data from the propellor anemometer.  The f irst  

four data runs were obtained with the configuration shown in Figure 5.5, 

while the fifth used a configuration described later incorporating 

pulsed laser output and range gating to define the probed volume. In 

each of the first  four samples the laser was pulsed and the receiver 

gated to capture signal while the pulse traversed the probed volume. 

The length of the volume AR was sti l l  effectively defined by the inter

secting beam and field of view, but this procedure reduced shot noise 

from background l ight during daytime. The system was also successfully 

operated CW in an otherwise identical arrangement 

Table 5.1 l ists some of the pertinent conditions for each data 

run and the statistics of the l idar and propellor anemometer results.  
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Figure 5.6. Laser Beam Profile for Outdoor Wind Measurements . 

Photographed with tracing graph paper acting as a screen illuminated 
by the beam from the opposite side. Scale: 1 mm/division. 



Table 5.1. Conditions and Statistics for Wind Measurements.  

Velocities and the intercept of the least squares f i t  are in m s~\ 

Category 1 2 3 

Date 
Start  time 

04-APR-79 
1407 

19-MAR-79 
1402 

07-MAR-79 
1713 

04-APR-79 
1901 

13-MAR-79 
1728 

Conditions 

e 0° -45° 63° 83° 0° 

P. (watts) 

BV1) 

B„ (s"1) 

.31 .36 .36 .36 .16 P. (watts) 

BV1) 

B„ (s"1) 

350-650 300-700 102-898 18-802 120-380 

P. (watts) 

BV1) 

B„ (s"1) 100-200 98-198 20-96 840-940 70-110 

T (s) 1.5 1 2 1 1 

Statistics 

Vp (Propel lor) 1.28 -2.23 4.28 2.14 1.75 

(Doppler) 1.12 -2.07 4.09 2.10 1.61 

W .88 .93 .96 .98 .92 

ff(Vp) 1.04 1.26 1.80 1.17 .93 

a(VD) 1.08 1.21 1.85 1.03 .96 

—-1/2 
(VD-Vp)z  .58 .61 .79 .46 .68 

Slope .897+.028 .855+.012 .937+.016 .812+.Oil .776+.021 

Intercept -.02+.03 -.16+.03 .08+.08 .36+.03 .25+.04 

Corr.  Coeff.  .86 .89 .91 .92 .76 

SNR 3.71 3.96 1.80 1.91 4.77 

a(SNR) 2.87 2.69 1.10 3.15 3.15 
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In the table the data runs are identified by date and local time on a 

twe„nty-four hour clock at which the run commenced. 3 (Figure 5.5) is 

the angle which the measured component of wind formed with the beam. 

is the transmitted laser power in watts,  B is  the bandwidth for com

puting f ,  and is the noise bandwidth for estimating the white 

noise level.  T is the length of the sampling interval,  i .e. ,  the 

averaging time, for each velocity measurement. The sampling rate was 

typically 5 to 20% slower than T~^ due to spectrum analyzer dead 

time while waiting for the minicomputer.  Vp «nd designate velocity 

as determined by the propellor anemometer and Doppler l idar,  respectively. 

Means and standard deviations of each of these values are given, as well 

as the r.m.s.  difference of and Vp over the wind run. A re

gression analysis between Vp  (x-coordinate) and VQ  (y-coordinate) was 

performed, and the intercept and slope of the least squares f i t  straight 

line are given along with the linear correlation coefficient.  Finally, 

the mean and standard deviation of the SNR are l isted. 

The data runs for the three categories are as follows: 

(1) In the first  category the DFDL was set in the pure DFDL 

(p = 0°) configuration to measure V^, which is the component of 

velocity parallel to the beam. The probed volume was defined by the in

tersection of the beam with the receiver field of view. The data run in 

this category (Figure 5.7) was made on April  4,  commencing at  1407. 

According to the strip chart record of a wind vane atop the penthouse 

the wind direction varied over most of the W hemisphere. The trans

verse wind component Vj for much of the run was therefore substantial,  
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and the unambiguous measurement of the sense of wind direction is clearly 

- 8  
demonstrated. Pulse width Xp was 1.5 x 10 s ,  receiver gate time 

Xg was 3.0 x 10~8  s,  and PRF was 3.3 x 106  s \  

(2) In the second category, which contains three data runs, 

the DFDL was operated in the hybrid configuration with values of e 

of -45°, 63°, and 83°. The probed'volume was defined as in 

category (1).  

The March 19 data run (Figure 5.8) measured the SW component of 

wind. The wind direction varied over the N hemisphere. The PRF was 

6 —1 
changed to a slightly slower rate of 3.0 * 10 s~ .  

The March 7 data run (Figure 5.9) had g = 63°, which is 

-8 
approximately NNW. Pulse parameters were Xp = 1.5 x 10" s ,  

Xg = 4.0 x 10~8  s. ,  and PRF = 3.7 x lo6  s~^. The wind direction remained 

mainly within the NW quadrant.  

A rather extreme skew angle of 83° was used for the April  4 

run at  1901 (Figure 5.10). Pulse parameters were identical to those 

used in the other April  4 sample. Wind was generally from the NW with 

almost the N component being measured. In this data set the offset fre

quency fg = 500 s~\ the only set in which signal bandwidth was not 

centered on fg. 

(3) In the final category the DFDL was operated in a pulsed 

mode with range gating of the receiver to define the probed volume. 

Figure 5.11 shows the layout,  in which the transmitted beam was coaxial 

with the receiver.  The beam was elevated about .04 rad to clear the 

top  of  the  wal l .  X p  = 1 .5  x  10~ 8 s ,  =  2 .0  x  l o " 8  s }  
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fi  1 
PRF = 1.2 x 10 s were used. A mountain, shaded from the sun by 

clouds, was in the receiver background. The measurement of V^ 

(g = 0°) is given in Figure 5.12. The wind direction was usually from 

the W, but at  times was from the N. Immediately following this sample, 

R was changed to 30 m and a few data runs were taken. For them the 

SNR was marginally adequate, and some correlation between Vp at  30 m 

and Vp at  20 m was st i l l  evident.  

From the statistics in Table 5.1 the absolute value of is  

an average of 1% less than that of V^", and the standard deviations 

of Vp and Vp are nearly equal.  The slopes of the straight line fits 

are less than the theoretically ideal value of unity, and the intercepts 

with the Vg axis are biased toward V^. Imperfections in both the 

anemometer and l idar methods contributed to this biased behavior.  For 

speeds under 2 m s~^ the anemometer measured too high an axial com

ponent,  an error which was counteracted in the case of large yaw angles. 

At higher speeds the anemometer was more accurate except at  large yaw 

angles when i t  measured too low.. Truncation of the Doppler spectrum 

by the finite data processing bandwidth B (see Chapter 2) biased 

to values smaller than Vp ,  especially for high transverse wind speeds 

which created a wide Doppler spectrum. A small amount of signal energy 

in the noise bandwidth had an opposite but considerably smaller 

effect.  Finally, errors in the dual-beam alignment could bias Vp in 

either direction. 

Information on the random differences between individual 

matching samples of Vg and Vp are provided by the rms difference • 
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between and Vp as well as the correlation coefficient,  although 

the effects of biased difference appear in both. Random differences are 

mainly an expression of the statistical nature of the Doppler spectrum 

and additive white noise as discussed in Chapter 2. A lesser contribu

tion can be attributed to j i t ter in the fringe orientation revealed 

during the dual-beam alignment procedure. Differences can also be ex

pected when the wind velocity changed during a sample interval because of 

the slower anemometer response and occasional dissimilar time weighting 

of the velocity for the interval average. 

I t  should be noted that the experimental values of SNR were 

below the range of values found in Chapter 2 to be optimum. Figure 2.3 

indicates that a smaller beam radius could have reduced by 10 or 20% 

the random fluctuations iH Vp caused by the statistical nature of the 

Doppler signal and shot noise. 

These comparative measurements of the outdoor wind velocity 

demonstrated that the DFDL method correctly measures the desired com

ponent of wind velocity for all  wind directions. The hybrid DFDL has 

also been demonstrated as a viable technique to measure a selectable skew 

component of the wind. 

5.4. Aerosol Optical Characteristics 

Information regarding the optical characteristics of the aerosol 

tracers during the outdoor wind measurements was obtained. These data 

provided supporting evidence for the theoretically derived SNR expres

sion, particularly for the factor involving aerosol scatter cross-

sections. This information is also valuable for predicting performance 



of a DFDL system under different aerosol conditions. There were two 

basic sources of data. The DFDL l idar was calibrated and volumetric 

backscatter cross-sections measured. Using the DFDL SNR expression, 

2 
a l idar value of a /a.  was calculated for most of the velocity data 

d  a  

runs. An optical particle analyzer gave aerosol size distribution in-

2 
formation from which volumetric backscatter cross-section and n /a,  

a  a  

wer calculated based on Mie scattering theory. The l idar and optical 

particle counter results were consistent with each other,  but the un

certainties demand that conclusions be drawn with caution. 

In order to il lustrate the details of these measurements and 

calculations, the analysis of aerosol data associated with the April  4 

data run commencing at  1407 is described here. Lidar determination of 

-1 -1 aerosol volumetric backscatter cross-section r (m sr ) was 
a  

accomplished by measuring the total cross-section 

eT = Ba + sm (5.6) 

and subtracting which is the molecular cross-section. From Penndorf 

(1957) the average backscatter cross-section of an air molecule for 

-28 2 -1 
\  = 514.5 nm is 7.16 x 10 cm sr" .  Pressure and temperature at  

the lidar site were typically 928 mb and 26° Celsius, for which 

— f i  1 
B_ = 1.6 x 10" m~ .  Small variations in 3 with changes in ambient 

m m 

pressure and temperature were neglected. The l idar sensitivity was 

calibrated with a BaSO^ target large enough to intercept the entire 

beam at the center of the probed volume. A f i l ter of optical density 
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-4 
3.43, or transmission of t^ = 3.714 x 10 ,  was positioned in the 

receiver optics to reduce intensity to within the l inear range of the 

PMT. The detector current was recorded in this calibration con

figuration, followed by a measurement of current TJ for scatter from 

the atmosphere in the regular l idar setup. For both configurations the 

current was also measured while the transmitted beam was blocked in 

order to subtract the contribution of background l ight from the current.  

The current Ig  is given by (2.27), where ng = 3y. Since the BaSO^ 

target is a close approximation to a perfect Lambertian reflector,  i t  

can be shown that 

h '  r tf ( P l  +  P2> ^  7- <5-7> 

Solving for we have 

1 *7 
^T =  TT y~ AR' ^5*8^ 

c 

Several minutes after the example velocity run was completed, = 2.55 

x 10"6  m~^ was measured, giving r ,  = 9.5 x 10"^ m~\ Based on the un-
a  

certainties in the various experimental parameters,  such as laser power 

and transmission of receiver optics,  the margin of error in is 

estimated to be 10%, or 17% for R in this case. 
a  

—2 
A l idar value for the aerosol optical characteristic n /a,  

a  a  

was calculated with the SNR expression (2.29) using the average SNR 

during the velocity sample. From (2.31) i t  is easily.shown that 
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CT 

a 

2 
(5.9) 

Taking P-|  = =  where is the transmitted laser power, and 

factoring in the transmission of the receiving optics t  = .53, 

mirror.  Since the SNR was degraded -4.7 dB (see Appendix B) by the 

imperfect high frequency response of the PMT, a correction factor of 

F. |  = 0.34 was included in the SNR expression. The shot noise from 

background l ight was accounted for by a factor equal to the ratio of 

total shot noise to laser scatter shot noise 

where 1^ is detector current from background l ight,  DF is  the receiver 

duty factor,  and Ig  is detector current from laser scatter.  This in

formation was available from the data for B .  Rearranging (2.29) and 
a  

including these factors yields 

(5.10) 

2 -4 2 Beam area A^ = ira was taken as 5.0 x 10 m ,  and the collection 

2 solid angle A^/R was corrected for the obstruction by the Newtonian 

F2  = (Ib  x DF +  I s)/T s  (5.11) 

2 
a 
a (5.12) 

a 
a 
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SNR and B are from the velocity data, and manufacturer 's data for 

2 
quantum efficiency n was used. For the velocity data run, a fa 

a  a  
-1 ? ? 

= 2.5 x 10 m .  Considering the uncertainties in the variables of 

(5.12), this result  is estimated to be accurate to within a factor of 

1.5. 

An optical particle counter,  Climet Model 208A, determined the 

aerosol size distribution at a sampling point 3 m below the l idar 

3 
probed volume. Volume sampling rate was 7080 cm in one minute, but 

the particle count indication was only for those aerosols larger than 

the threshold set on the control panel.  Size distributions were obtained 

by finding the difference between counts taken sequentially at  the 

various size thresholds. The intervals in aerosol radius p in ym 

were .15 -  .25, .25 -  .5, .5 -  1.5, 1.5 -  2.5, 2.5 -  5.0, and 

> 5.0. Two or three cycles through the size thresholds were made to 

guard against large changes in aerosol concentration over the period of 

measurement. Variations in the counts in one size interval from one 

cycle to the next were typically 10 to 20%, except for p > 5.0 ym, 

where statistical sampling error was also important,  as ten counts 

were typical in one minute. The device was calibrated for spherical 

particles with index of refraction n = n -  n.i  = 1.59 -  Oi. Cooke and 

Kerker (1975) evaluated the sensitivity of this device to changes in 

index of refraction of the particles.  For small particles (p < .25 .ym) 

the counter assigns a smaller size than actual to particles with 

n r  < 1.59. If  n = 1.45 -  Oi the size error is about 10%. For larger 

particles the Climet response depends l i t t le on n r  if  n^ = 0 but is 
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rather sensitive to the imaginary index. For n=l;54- :05i i t  assigns 

a size as much as three times too small.  Natural aerosols typically have 

n.j an order of magnitude or more smaller than .05 (Grams et  al .  1974), 

and size distribution accuracy can be expected to be much better.  

A continuous size distribution of five segments was f i t ted to 

each Climet data set,  where each segment was of the form 

do (P) 
— g ^ - = C p " s .  (5.13) 

Figure 5.13 shows the size distribution that was fi t ted.to the Climet 

data set taken almost simultaneously with the example velocity data. 

The segments were required to connect at  fixed values of p.  This re

duced the ten variables which defined the five segments to six inde

pendent variables, which were uniquely determined by the data in the six 

aerosol size intervals.  Because the distribution of aerosols within a 

size interval was exponentially weighted, with bias toward small sizes, 

the connecting points of the segments were not fixed at the mid-points 

of the intervals.  The points chosen were at  pm^n  + 0.4Ap, where 

o .  was the smallest size in the interval Ap. The end segment for Hmi n 

small radius was extended to ..02 pm for the Mie calculations. The 

cutoff for the largest size interval was taken as 10.0 ym. Trial 

efforts using 20.0 ym gave only slightly different results.  

Mie scattering calculations on the fit ted size distributions 

yielded 
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P (Vim) 

Figure 5.13. Example Aerosol Size Distribution. 

The connected l ine is the size distribution fit ted to the Climet particle 
analyzer data, which is shown by the horizontal l ines. 
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d n ,  ( p )  

° a ( p )  — —  d p  ( 5 J 4 )  

o 2  o dn ( p )  

•  a a ( p ) _ i r ~ d p *  ( 5 - 1 5 )  

°a 

Since the aerosol index of refraction was not exactly known, computations 

for n =1.54 and 1.45 with n. =0, .001, .005, and .02 were 
r  i  

performed at increments in p of .005 pm for the numerical integration 

of (5.14) and (5.15). 

For the size distribution of Figure 5.13 and index n = 1.54 

_g _ I  2* 
-  .001i,  the calculations produced e = 1.0 x 10" m~ and cr /<? 

a  a  a  

-12 2 = 1.8 x 10 m .  These compare favorably with the l idar values of 

3 = 9.5 x  10"7  nf1  and a 2 /a = 2.5 x  lo"12 m2 .  For n„ = 1.45 the 
a a a r  

agreement was not as good. Even for n. = 0 the Mie calculations gave 

_1o -1 2 
only 3 = 7.5 x 10 m ,  while the a /cr for this index of re-

a  d a  

- 12  2  fraction was 8.1 x 10 m .  For n = 1.45 -  .001i,  however 

2 _12 2 
a,  /a = 2.4 x 10 m .  As in this particular example, the results for 
a  a  

n r  = 1.54 were usually in better agreement with the l idar.  Within ex

perimental error the results for np  = 1.45 were also consistent,  but 

marginally so. 

Table 5.2 l ists the Climet size distributions taken at  times 

close to the velocity data runs in the previous section. Table 5.3 

gives the results for many l idar and Climet measures of 0a  and 

2 
a /a .  Most of the measurements were taken serially, although some of 

the Climet samples occurred simultaneously with l idar measurements.  An 

•assumption regarding stationarity of the aerosol characteristics in 
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Table 5.2. Selected Climet Aerosol Size Distributions 

Date March 19 April  4 March 13 April  4 

Time 1519-23 1902-33 1804-26 1411-25 

Radius (ym) # per cm^ i  n radi us interval 

.15-.25 1.14 5.4 2.0 6.8 

.25-.5 .64 1.22 .48 1 . 2  

.5-1.5 .39 .94 .33 .80 

1.5-2.5 .032 .111 .042 .10 

2.5-5.0 .0054 .022 .0079 .024 

>5.0 .0004 .0011 .0014 .0013 



Table 5.3. Aerosol Optical Characteristics. 

Date,Time March 13 March 14 
(approx.) 1816 1745 2130 2156 2211 

Pa(10"6m-1): 

Lidar 2.2 1.5 

Climet: 

1.54-Oi .47 2.0 

1.54-.001i .39 1.6 

1.54-.005i .27 1.6 

1.54-.02i .12 .43 

2.— 
"a /oa 

(10"1Zm2): 

Lidar 2.3 

Climet: 

1.54-Oi 6.7 5.9 

1.54-.001i 2.2 2.4 

1.54-.0051 .72 .82 

1.54-.02i .21 .22 



Table 5.3, conti nued 

Date, Time 
(approx.) 0633 0717 0740 0810 0812 0820 0840 

March 19 
0852 1015 1030 1100 1123 1416 1515 1526 1545 

Bdtrtf1) 

Lidar ,74 .81 .76 .73 .78 .62 .46 .43 .39 

Climet: 

1.54-0i .47 .54 .74 .64 .70 .78 .67 .45 

1.54-.001i .39 .46 .62 .53 .58 .67 .56 .'39 

1.54-.005i .26 .33 .43 .37 .39 .46 .38 .28 

1.54-.029i .11 .16 .20 .16 .17 .20 .16 .13 

2,— 
"a /oa 

(10"2m2) 

Lidar 1.6 2.1 2.4 3.5 1.6 3.8 

Climet: 

1.54-0i 7.7 4.6 5.4 4.9 5.1 4.2 4.7 3.2 

1.54-.001i 2.3 1.9 2.1 2.1 2.1 2.0 2.2 1.5 

1.54-.005i .74 .69 .72 .74 .77 .74 .78 .70 

1.54-.02i .22 .19 .20 .21 .22 .21 .22 .24 



Table 5.3, continued 

Date,Time 
(approx.) 1320 1337 1412 1428 

April 
1501 1520 

4 
1552 1600 1900 1913 1930 

April 5 
0841 1008 1204 1337 1622 

3a(10~6m-1) 

Lidar .77 .95 .86 .90 .63 .62 1.3 .68 .63 .91 

Climet: 

1.54-Oi 1.0 1.2 1.0 1.0 1.3 4.3 1.5 .91 .80 .96 

1.54-.001i .88 1.0 .88 .88 1.1 3.6 1.3 .82 .70 .82 

1.54-.005i .65 .73 .61 .60 .76 2.4 1.0 .63 .50 .57 

1.54-.021 .37 .37 .27 .26 .35 1.0 .60 .36 .23 .2e 

2,— 
°a /oa 

do"12™2) 

Lidar 1.8 2.5 2.7 3.3 2.2 

Climet: 

1.54-0i 3.5 3.9 3.6 4.2 3.6 5.0 2.8 2.7 3.7: 4.3 

1.54-.001i 1.7 1.8 1.8 2.1 1.7 2.3 1.3 1.3 1.7 1.9 
1.54-.005i .58 .66 .72 .79 .71 .78 .50 .53 .69 .73 

1.54-.02i .12 .17 .21 .22 .21 .20 .12 .14 .21 .21 
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time must therefore be made. Changes in aerosol volumetric backscatter 

cross-section and in aerosol numbers were typically 10 to 20% from one 

minute to the next, while changes over a period of half an hour were a 

2 little larger, typically 20%. The. temporal fluctuations in c /a were a a 

roughly twice as great. Considering the approximate nature of the data 

and the extensive temporal averaging, it is felt the assumption of 

stationarity is safe for time lapses less than an hour, except during 

rush hour traffic. 

The e values by both methods indicate very clean air. Visual a 

range was fifty miles or greater for all of the data reported here, ex

cept April 5. The most adequate landmark (Picacho Peak at thirty-nine 

miles to the NW) was visible but somewhat hazy on all days except March 

13 and March 19, when it was quite distinct. March 19 was an overcast, 

stormy day with a trace of precipitation at 1200 and occasionally later 

in the afternoon. Only data between such episodes is included here. 

March 7, April 4, and April 5 were clear days, and March 13 and 14 were 

cloudy. No velocity runs were attempted on April 5, but CIimet and 

lidar data were obtained. Picacho Peak was not visible until after a 

1200 on that day, but visual range was much better in the opposite di

rection. Low level winds were gentle during the morning, slowly moving 

the accumulated city pollution toward Picacho Peak. 

2 Overall, the 6 and a /cr values calculated from the. a a a 

Climet size distributions for n = 1.54 - .001i are for the most part 

consistent with the corresponding lidar values. This gives experimental 
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support to the validity of the SNR expression, but does not constitute 

an experimental proof, since the aerosol index of refraction was not 

2 known, g and a /a depend on the aerosol size distribution by 
a a a 

different weighting factors. By placing confidence in the SNR expres

sion and noting the agreement between lidar and Climet data for both 

optical characteristics, we are led to the conclusion that, on the 

average, the aerosol index was approximately 1.54 - .OOli. For this 

index the size distributions should be reasonably accurate, although it 

is likely that the large particles were undersized by a modest amount. 

If so, the values of both optical characteristics calculated from the 

size distributions are expected to be a little smaller than was actually 

the case. Within experimental uncertainty, consistent results were 

found for nr = 1.54 with n^ < .005, and for n^ = 1.45 with 

n. < .001. It is unlikely that errors would be so large as to alter the •jo. 

conclusion that the lidar and Climet data are consistent with one another 

for reasonable aerosol index of refraction. 

2 Temporal fluctuations in the lidar a /a were moderate and a a 

uncorrected with variations in 3 . The same comment also is true for a 

the optical parameters calculated from Climet data for any one index of 

refraction. 



CHAPTER 6 

SUMMARY AND PROJECTIONS 

The dual-frequency Doppler technique has been shown to be an 

effective method for remote sensing of wind velocity. In harmony with 

the investigative nature of this project, the range capability of the 

prototype DFDL instrument was modest. The projected performance of an 

upgraded system will be discussed after the major findings of this study 

are reviewed. 

6.1. Summary of Research Findings 

DFDL obtains a component of wind velocity by measuring the 

velocity of aerosols which follow the air motion. The lidar transmits 

two beams of slightly different angular frequencies and v2, where 

V1 ~ v2 = "* 'r°r Present> discussion is restriceted to pure DFDL in 

which the two beams are coaxially superimposed. Aerosols, acting as 

tracers of air motion, backscatter and Doppler shift light to a detector 

located by the transmitter. Since the Doppler shift in frequency is 

proportional to the frequency of the incident light, the Doppler shifts 

of the two frequencies differ by Act = -2V-jot/c, where is the 

longitudinal component of velocity (parallel to the beam), and c is 

the speed of light. The detector, which is a square-law device, contains 

the beat frequency a + Aa in its output. This signal is amplified and 

heterodyned with a to extract Aa, from which is immediately 

158 
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calculated. The predicted differential Doppler shift Aa was verified 

with the prototype DFDL, both in the laboratory where target motion 

was controlled, and during outdoor wind measurements, where velocities 

from the lidar and a conventional anemometer were in good agreement. 

A fringe model offers an alternative point of view of the 

principle of operation of DFDL. The two transmitted beams interfere, 

producing an intensity-modulated beam composed of sinusoidal fringes 

separated by = 2irc/a. The fringes travel at the speed of light in 

the direction of the beam. The light scattered by a moving aerosol is 

also modulated in intensity. The arrival rate of the intensity maxima 

(or scattered fringes) at the detector is modified from a to a + Aa 

as the round-trip path length for the radiation changes. The detector 

output follows the modulation of the irradiance incident on it. 

The power spectrum Pg(") of the differential Doppler signal 

in the detector's output is rigorously derived in Chapter 2. The mean 

of the spectrum is Aa, but the spectral shape depends on the irradiance 

profile which the tracer particle encounters as it traverses the dual-

frequency beam. For adequate SNR for wind measurements using naturally 

occurring dust particles as tracers, the beam radius a will be small 

compared to the length of the probed volume AR and even compared to 

The width w of the Doppler spectrum is proportional to the trans

verse velocity V^. (perpendicular to the beam) of the tracer and will 

commonly exceed AO/2TT. The velocity component is found from the 

power weighted mean frequency 7 = Aa/2ir of the spectrum. 
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At any instant there will usually be many aerosols within the 

probed volume, each scattering radiation to the detector. Beat frequen

cies occur in the output, not only for energy scattered from both beams 

by each tracer (single target signal), but for energy scattered from one 

beam by one tracer and from the same or the other beam by another tracer 

(double target signal). Two mechanisms combine to decrease to an in

consequential level the power of the double target signal within.the 

bandwidth occupied by the single target spectrum Ps("). The phase of 

each double target signal term is incoherent over the receiver aperture 

unless the two targets are very close to the same line of sight from the 

receiver. The double target spectrum is also orders of magnitude 

broader than Ps(u)> aid its spectral density is much less than that of 

shot noise under all except the most extreme circumstances. 

The differential Doppler signal is the sum of the single target 

signals of the particles in the sensed volume. Since aerosols have 

random positions, the phases of their individual Doppler signals are 

also random, a fact which figures importantly both in the SNR expres

sions and in the extraction of the velocity information from the Doppler 

spectrum. The average Doppler power spectrum from the detector equals 

the sum of the power spectra from the individual targets. The total 

2 power in the Doppler spectrum Pg therefore satisfies Pg = no , where 

~~2 n is the number density of the particles, and where a , defined in 

(2.21), is the second moment of the distribution of scatter cross-

sections. It was shown that the aerosol signal overwhelmingly dominates 

the molecular contribution to Pg. The functional dependence, 
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expressed in (2.22), of Pg on laser power, beam area, collection solid 

angle of the receiver, and length of scattering volume was experimentally 

confirmed with the prototype DFDL operating in a wind tunnel. 

Added to the Doppler spectrum are shot noise, generated by the 

quantum nature of the photodetection process, and thermal noise from the 

load impedance of the detector output. Expressions for SNR are de

rived in Chapter 2 for a Gaussian beam profile. When shot noise from 

the scattered laser radiation is the dominant noise source, we have 

from (2.29) 

SNR=^HW- (FU> 

n is the detector's quantum efficiency, fiv is photon energy, B is 

the bandwidth necessary to contain the differential Doppler spectrum, 

P|_ is the transmitted laser power assuming all the energy is evenly 

divided between the two frequencies, A^ is the beam area, and 

2 _ A^/R is the solid angle subtended by the receiver, a is the average 

particle backscatter cross-section, and na is the volumetric back-

scatter cross-section of aerosols plus molecules. Note that SNR is 

independent of the length of the probed volume and number density n. 

In fact, if all the scattering particles were to possess the same a, 

then SNR would be the same for one scatter in the probed volume as 

2 for many. The factor a Ja in (6.1) is not well known for the 

atmosphere but can be expected to vary over a wide range of values. 

~2 — ~2 The larger aerosols figure more prominently in a than in 0. a 
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for the tracer aerosols during the outdoor wind measurements was computed 

~~2 
using (6.1). The results were consistent with a as determined by an 

alternative method. Aerosol size distributions were measured with a 

~2 
size discriminating particle counter, and a was calculated for 

these distributions from Mie scattering theory. The overall inaccuracies 

were too great, however, for precise verification of (6.1). 

If shot noise from background light dominates, the SNR, given 

in (2.33), is somewhat different. For daytime operation extensive pre

cautions must be taken to reduce the background light reaching the 

detector. A good interference filter and restricted field of view are 

helpful. The ultimate solution might be a pulsed DFDL with low duty 

factor but with high average laser power. From (2.48) it is apparent 

that such a system decreases the contribution of background light to 

shot noise by the duty factor. The PRF must satisfy the Nyquist fre

quency criterion for the baseband differential Doppler spectrum Pg(") 

centered on Aa. 

In order to find the velocity, the mean frequency of the Doppler 

spectrum must be determined in the presence of the random shot noise. 

The power spectrum of the noise undergoes statistical fluctuations from 

one sample to the next, but the expected value of the noise spectrum has 

constant spectral density. The Doppler spectrum, itself generated by 

the randomly arriving tracer particles, also suffers statistical varia

tions from one measurement to the next. Thus, even for infinite SNR 

the mean frequency of the spectrum is a random variable with mean 

f = Aa/2u. Of the several mean frequency estimators which have been 
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devised (Sirmans and Bumgarner 1975), the first Fourier transform method 

with noise suppression (FFT/NS) and the pulse-pair processing (PPP) 

technique are attractive for DFDL. FFT/NS was chosen for the ex

perimental DFDL, but the PPP may be better for an operational system. 

In the FFT/NS method the power spectrum of the Doppler signal plus 

additive noise is found through application of a fast Fourier transform 

algorithm, then the expected value of the noise is subtracted, and 

finally the mean frequency of the resulting spectrum is calculated. For 

the prototype DFDL the noise level, which was time varying, was esti

mated for each spectral sample by determining the spectral density over 

a frequency band somewhat removed from that occupied by the Doppler 

spectrum. The standard deviation cr(f) of the experimental mean fre

quency estimate f is shown in (2.57) to decrease as the Doppler 

Spectrum width decreases and SNR increases. Since w and SNR both 

increase as the beam radius becomes smaller, there is an optimum radius 

for best accuracy for each set of circumstances. Averaging the spectrum 

over longer time intervals also improves the accuracy. 

The reaction of the DFDL technique to the decohering effects 

of random variations in the atmospheric index of refraction was studied. 

It was demonstrated in Chapter 3 that fluctuations on phase at v-j are 

highly correlated with those:at Vg. Fluctuations in the electric field 

amplitudes A-j and A2 are also highly correlated. The sinusoidal 

intensity modulation along the beam is therefore well preserved, although 

atmospheric scintillations can alter the dual-frequency beam profile. 

The aerosols pass through a beam with irregular irradiance variations 
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rather than a smooth beam profile, and the Doppler signal becomes ampli

tude modulated in a random fashion. The Doppler spectrum is thereby 

broadened and develops more total power, but the Doppler information is 

still fully available. 

A variation of the dual-frequency technique is the hybrid DFDL, 

which can measure a component of wind velocity in a selectable direction 

lying between parallel and perpendicular to the beam. The two beams of 

differing frequency are oriented to intersect at a small angle in the 

_5 
scattering volume (MO rad for the prototype DFDL). They interfere 

spatially and temporally to form a slanted fringe pattern traveling at 

the speed of light in the direction of the bisector of the beams. The 

angle of the slant is a function of , v , and $. The component 

of velocity normal to the fringes is measured. 

The experimental portion of this study utilized a prototype 

DFDL device. Since it was primarily designed to research the technique 

and was not intended for applications, it had limited range capability. 

An argon ion laser was the source of the optical radiation at 514.5 nm. 

An acousto-optic output coupler in a special laser cavity geometry 

8 -1 generated the dual-frequency beam with a/2ir = 9.7 x 10 s" . By 

adjustment of the position of the acousto-optic device, the pure DFDL 

or desired hybrid DFDL configuration was selected. The photodetector 

9 -1 was a high-speed PMT with bandwidth of approximately 10s .A 

Doppler receiver amplified the Doppler signal and a heterodyned it with 

a to place the differential Doppler spectrum at low frequency. Digital 

hardware calculated the Doppler spectrum with a fast Fourier transform 
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algorithm. A minicomputer found the mean frequency and recorded the 

Doppler velocity together with auxiliary information such as experi

mental SNR. The DFDL prototype operated in real time and could 

measure the component of wind velocity with no ambiguity between positive 

and negative Doppler shifts. 

The prototype DFDL successfully measured wind velocity at a 

range of 20 m with typically 0.3 W of transmitted laser power and a 

41 cm diameter primary mirror on the receiving telescope. The length 

of the sampling interval for each velocity measurement ranged from one 

to two seconds. The lidar velocity agreed with the wind velocity as 

determined by a propel!or anemometer adjacent to the probed volume. 

Velocity parallel to the beam (pure DFDL) and at several skew angles 

(hybrid DFDL) were measured on different occasions. 

6.2. Projected Capabilities of DFDL 

An estimate of the range capability of an upgraded system can 

be made based on the performance of the prototype DFDL and the scaling 

factors in SNR. Data on the size distribution and net optical proper

ties of the aerosols were obtained during the outdoor wind measurements. 

These provide a basis for predicting DFDL capability under different 

aerosol conditions. Improvements in most of the major components of 

DFDL can be made within the bounds of present technology. According 

to (6.1), boosting transmitted laser 'power to 10 W would increase 

range capability by a factor of about 6. A static crossed-field PMT 

with a GaAs photocathode, manufactured by the supplier of the PMT 

used in the prototype DFDL, has 80% higher quantum efficiency 
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and almost three times the high frequency bandwidth. Assuming the im

provement in photocathode transit-time variations would remove 3 dB 

of the SNR degradation, this detector could increase range capability 

by an additional factor of about 2. The combined improvement would 

enable measurement at ranges up to about 250 m. A larger receiving 

telescope (larger A^) would be an additional help, with range capability 

scaling with the diameter of the primary mirror. 

Enhancement of DFDL performance can also be achieved with a 

higher modulation frequency a. By scaling beam radius .a inversely 

with a, signal bandwidth B scales with a because the differential 

Doppler shift to ^ a and the spectrum width, w <= 1/a. SNR thus scales 

as a for constant range, and range capability scales as for con-. 

stant SNR. Better accuracy is an additional benefit, for it is easily 

"  —  - 1 / 2  shown from (2.57) that a(f)/f is proportional to a . This im

proved accuracy could be traded for an expansion in range capability 

beyond that indicated by The smaller scattering volume might allow 

yet another gain in DFDL performance if it becomes small enough for 

burst signal processing to be effective. In this data processing 

technique, rather than continuously processing the Doppler spectrum 

generated by all the aerosols, only the signal from the few large 

areosols is accepted, which improves SNR. Bartlett and She (1976) 

found this to be the superior technique for the crossed-beam LDA, and 

it is reasonable to expect a similar improvement to occur for DFDL. A 

substantially higher a may necessitate a different approach to 

intensity modulation of the laser output, such as electro-optic 
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modulation, which has been demonstrated at 1.1 x 10^° s~^ (Standley 

and Mandeville 1971). Detection of such high modulation frequencies 

would probably require a traveling wave phototube (Pratt 1969). 

With a combination of hardware improvements, wind velocity 

measurements at distances of as much as 1 km and at.sampling rates of 

once each second or two should be possible. Even in the presence of 

strong optical turbulence the Doppler signal would remain available, 

although the increased width of the Doppler spectrum may reduce the 

accuracy or range capability somewhat. 

The novel ability of the hybrid DFDL to measure the velocity 

component along a selected skew direction may be an attractive feature 

for some applications. In principle the hybrid DFDL concept could be 

incorporated in an instrument to measure three-dimensional velocity 

from a single transmitter-receiver site. Multiple hybrid DFDL beams 

of different fringe orientations could be simultaneously transmitted, 

with polarization, wavelength, or other technique to discriminate 

among the beams. It may also be possible to combine the DFDL concept 

with the time-of-flight velocimeter. Two beams transmitted side by side 

would yield at low frequency the time of flight of the dust particles, 

which is a measure of transverse wind velocity. If the beams were both 

modulated as in pure DFDL, the differential Doppler spectrum carrying 

the information for the longitudinal component of velocity would be 

available near the modulation frequency a simultaneously with the 

transverse velocity information at low frequency. Of course the shape 



of the Doppler spectrum would be a.function of the bifurcated beam 

profile. 



APPENDIX A 

DFDL SPECTRAL ANALYSIS—GENERAL THEORY 

In this appendix a more rigorous method for DFDL spectrum 

analysis is presented than used in Chapter 2. Its formulation is 

more general and enables calculation of DFDL power spectra in the 

case of velocity variations in time and space plus evaluation of the 

DT signal. Much of this material is adapted from Eberhard (1976) but 

includes some major improvements and extensions. 

By virtue of the Wiener-Khinchine theorem, the power spectrum 

of a stationary random process can be calculated by taking the Fourier 

transform of its auto-correlation function (Davenport and Root 1958 

and Hsu 1970). The auto-correlation function for real variables is 

defi ned as 

where (> denotes an ensemble average. If the process is ergodic • 

A.l. Power Spectrum Through the 
Wiener-Khinchine Theorem 

C(T )  = ( l ( t  + T)I(t)> (A.L) 

jT^I(t + T)I(t)dt» (A.2) 
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The average power spectrum P(a>) is the Fourier transform of C(T), or 

PU) = C(x)e dx- (A.3) 
— 00 

In symbolic form the notation P((D) = FT[C(x)] will be used. 

The complete DFDL signal is obtained by substituting (2.10) 

into (1.9), yielding detector current I(t). The current can be 

written in shortened form as 

where IQC (DC and low frequency signal) originates in the first line 

of (2.10), I<j (single target or DFDL signal) in the second line, 

and Ipy (double target signal) in the last three lines. The scat

tering particles are randomly located in space such that the phase of 

each term in the summations of (2.10) is a random variable. The auto

correlation function of the detector output is therefore 

C(T) = <IDC(t + X)IDC(t)> + <Is(t + X)Is(t)> + <IDT(t + X)IDT(t)> 

Cross terms of the type (^(t + x)Ig(t)) are identically zero because 

of the random phases. 

CDC(T) carries low frequency information resulting from 

particles traversing the scattering volume but is a useless byproduct 

in regard to velocity information. 

I(t) = IDC(t) + Is(t) + IDT(t), (A.4) 

Cdc(t) C
S

(t) CDT^" (A.5) 
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Cs(x) carries the Doppler information. The claim in Chapter 

2 that the power spectrum is the sum of the spectra of the individual 

particles can now be verified. Since Is(t) = £1^. (t) for all the 

particles, and realizing that the phases are random, 

CS ( t )  =  < [ i p s i ( t  +  T )][PS I(T):I> 

= < JPs-j^ + T)ISi(t)]> . 

Since the mean of a sum equals the sum of the means 

(A.6) 

CS (t) = £(ISi(t + r)ISi{t)) 

" lCSi^T^' 

(A.7) 

Performing the linear operation of the Fourier transform, the desired 

result is obtained. 

PU) = FT[Cs(T)] 

= £FT[Cs1[(T)] (A.8) 

= iP-jM-
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The simplification used in Chapter 2 of equal and constant 

particle velocities can now be removed. For instance, if each 

particle velocity is constant but not equal to the others, the Doppler 

spectrum PU) is simply the sum of the spectra of the individual 

particles. For time-varying velocities the power spectrum can be 

evaluated once the auto-correlation function c
Si(x) has been de

termined. This is the approach used to derive Doppler spectra for 

particles undergoing thermal motion. 

Cpj(x) applies to the DT signal, which is evaluated in 

Section A.3. 

A.2. Particle Motions 

In Chapter 2 the particle velocities were assumed constant in 

time and space. In truth a particle will experience random changes 

in velocity, and any two particles will in general have motion rela

tive to each other. The mechanisms for this chaotic behavior about 

the mean velocity are thermal motions on the microscopic scale and 

turbulent air motions on the macroscopic scale. The particles' 

thermal motions are superimposed on the local macroscopic velocity of 

the air. 

The thermal motion (Reif 1965) of the atmospheric molecules is 

a manifestation of the internal energy of the gases composing the 

air. The one-dimensional Maxwell-Boltzmann distribution of molecular 

velocities is a Gaussian curve of zero mean and standard deviation 

(kT/m)1/2, typically 280 m s"^ in the atmosphere, where k is 

Boltzmann's constant, T is Kelvin temperature, and m is molecular 
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mass. The mean free path between collisions with other molecules is 

about 3 x 10~^ m for standard temperature and pressure, a distance 

roughly comparable to the wavelength of visible light. For longer 

times the motion of a molecule is characterized by diffusion, where 
-j 

the displacement in one direction is given by x = 2Dt. Typically 

2  - 1  
D 2  .2 cm s .  

The thermal motion of aerosols with their greater mass is 

languid in comparison. Table A.l gives diffusion coefficients (Fuchs 

1964) for aerosols of unit mass for room temperature and normal 

atmospheric pressure. For all these sizes the apparent mean free 

-8 -9 
path lies between 10" and 10 m, an order of magnitude less than 

the wavelength of visible light. The thermal motion of any two 

particles is independent except over the very small time and space 

scales of particle collisions. 

These thermal motions of the atmospheric constituents are 

superimposed on the macroscopic mean wind and turbulence. According 

to Kolmogorov similarity theory (Monin and Yaglom 1975) turbulence is 

generated by shear in the mean wind flow at high Reynolds number Re. 

The resulting outer-scale turbulent eddies of size Lg are unstable 

due to high Re and break down to smaller scales. The process con

tinues toward ever smaller scales, until at the inner scale 1Q 

viscosity becomes important (low Re), and the turbulent energy 

dissipates into heat. Throughout the inertia! subrange between Lg 

and lg the turbulence is locally isotropic with longitudinal one-

dimensional spectral density <(>|_(<2) = (Monin and 



Table A.l. Diffusion Coefficients and FWHM of the Aerosol Doppl 
Spectrum for Various Aerosol Radii and X = 500 nm. 

Diffusion coefficients are from Fuchs (1964). 

r(vim) D(cm^ s"1) FWHM(s_1) 

.01 1.35x10"4 2.7*106 

.1 2.21x10"6 4.4x104 

1. 1.27xl0~7 2.6x103 

10. 1.38x10"8 2.8xl02 
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Yaglom 1975), where e is the dissipation rate of turbulent energy, 

C-j = 0.5, and Kz is the spatial wave number of the velocity 

fluctuations. Since 1Q is a few millimeters in the atmosphere and 

Lq in the planetary boundary layer is comparable to height above the 

surface (Lawrence and Strohbehn 1970), turbulence usually exists on 

scales both larger and smaller than the length AR of the scattering 

volume. The turbulent random motions of any two particles in the 

scattering volume are not completely independent unless their separa

tion is greater than LQ. 

The remaining sections of this appendix consider the effect of 

these random motions on the double target and single target signals. 

A.3. Double Target (DT) . Signal 

If there are N particles in the scattering volume, the number 

of terms in the double summation of the DT signal of (2.10) scales 

2 as N - N compared to the N terms forming the single target signal. 

Since N is large the possibility exists that the DT spectrum will 

swamp the single target signal. It is shown here that in fact the 

DT spectral density is usually negligible because of its much wider 

spectrum and the incoherent nature of its detection. 

For simplicity assume a uniform beam profile with cross-

2 sectional area A^, which replaces ira in the expressions for 

and SNR. As viewed from the receiver, the depth of the scattering 

volume is Dy and the cross-sectional area is Ay. For a coaxial 

pulsed DFDL Ay = A^ and Dy = AR. For a CVJ DFDL with square beam 
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and receiver axis crossing at a small angle 0 (exaggerated in Figure 

2 A.l), Dy = d/cose and Ay = ds, where d = A^ and s is the 

field of view. The probed region has volume DyAv = ARA^. 

The DT signal is created by square-law mixing of radiation 

scattered from separate particles. Examination of the phase of any 

DT term shows that only particles with very small transverse separa

tion as viewed from the receiver contribute a signal coherent over 

the entire receiver aperture. Stated in another manner, the radiation 

from separated particles arrives at the detector aperture from dif

ferent directions such that the difference in phase <J>-| - <f>£ of (1.10) 

varies over the aperture. According to the antenna theorem (Siegman 

1966) for an aperture area A^ the solid angular field of view Qc 

within which coherent detection can occur is 

x2/Ad' (A-9) 

where A is the optical wavelength. The projected area of coherence 

is 

Ac = ficR2, (A.10) 

and only particle pairs v/ith sufficient promimity as to lie within tthe 

same coherence volume (Ac x Dy) contribute significantly to the DT 

signal. In the double summation of (2.10) for DT signal, the first 

summatiori is over all particles in the scattering volume, but the 



View from the receiver: 

View from the top: 

4 s • 

AR 
beam 

receiver 
axis 

Figure A-.l. Geometry for Derivation of Double Target Signal for 
DFDL. 
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second is restricted to those within Ac centered on the ith 

particle. The DT signal power is therefore a factor 

Fc = flc/ Av (A. 11)' 

less than if £ Ac- For the wind measurements reported here 

F ^ 10" . It is evident that incoherent detection reduces the DT c 

signal drastically. 

The DT spectrum is based on relative particle velocities 

and extends over a much larger frequency range than the single target 

signal. For instance, in line 3 of (2.10), if the vectors are all 

parallel, R. = 0, and R. = -L. = V. t, then the frequency sensitivity 
1 J J L. 

fi -1 
is 2k-jV^, which equals 4 x 10 s~ for A - 500 nm and = 1 m 

s~\ The DT spectrum is characterized by Doppler shifts of the 

optical frequency in contrast to the single target signal which is 

characterized by the effective Doppler shift of the frequency differ

ence v-j - The high frequency sensitivity of the DT signal over

shadows spectral broadening from finite transit time. Even if the 

total DT signal power is large, the spectral density within the 

bandwidth of the single target signal may be small. 

The DT spectrum can be predicted in the following manner: 

The light scattered from randomly positioned molecules and aerosols 

undergoing independent thermal motions is (approximately) a type of 

signal called a Gaussian random process (Cummins and Swinney. 1970). 

The adjective Gaussian refers to the nature of the signal statistics, 
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not to spectrum shape. Assuming a Gaussian random process is equiva

lent to assuming that the spectrum arises from an infinite number of 

scattering sources, each contributing an infinitesimal amount of 

energy (Blackman and Tukey 1958), rather than from a finite set of 

particles. The power spectrum of the output of a square-law de

tector with a Gaussian random process input spectrum G(f) and 

total power Gj is (Davenport and Root 1958) 

_ ^ *co 

P(u>) = rZGT6(f) + 2r G(f')G(f - f')df', (A.12) 

where f = OJ/2TT and 6(f) is the Dirac delta function. The first 

term is the detector's DC output. The second term, the convolution 

of the input spectrum, contains several peaks of energy centered near 

DC, a, and 2v. The optical detector as a "black box" is a square-

law detector followed by a low-pass filter that rejects energy near 

2v. If the optical spectrum of radiation scattered from molecules 

and aerosols is known, the DT spectral density within the single 

target bandwidth near a/2n can be calculated. Since DT signal 

depends only on relative motion of particles in the coherence volume, 

Doppler shift associated with the mean velocity will be neglected in 

G(f). The DT spectrum for all particles within one coherence 

volume will first be determined, then the spectra summed for all 

coherence volumes in the scattering volume. 

Fiocco and DeWolf (1968) give spectra for scatter from 

molecules and aerosols in natural atmospheric conditions for visible 
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light of wavelength A and frequency v/Z-n.  The spectrum for 

molecular scatter is approximately a Gaussian curve with mean v/Z-n 

and standard deviation 

bm = (2/A)sin(e/2)(kT/m)1/2, (A.13) 

where e is the scattering angle (near backscatter) and iri is the 

mean molecular mass. The full width at half maximum of this spectrum 

(FWHM ) is (81n2)^b , which for backscatter and A = 500 nm is m x m 
9 -1 typically 2.7 x 10 s . For wavelengths much longer than the mean 

free path the Gaussian shaped spectrum is not valid. The spectrum 

from the diffusing aerosols is a Lorentzian curve with 
9 o 

FWHMp = (16ir/X )sin (e/2)D. It is apparent from the typical values 

in Table A.l that the molecular FWHM is orders of magnitude larger 

than the aerosol FWHM. 

Atmospheric turbulence also causes random relative motions be

tween particles, depending on their separation and the turbulence 

spectrum. As discussed by Srivastava and Atlas (1974) turbulence 

scales smaller than the scattering volume contribute principally to 

relative motions of particles within the scattering volume, but turbu

lence of scales larger mainly exhibit a time-varying volume-averaged 

velocity V^(t). Their emphasis was on the latter category, but their 

formalism can be adapted to find the distribution of velocities 

within a coherence volume defined by Ac and Dy. The optical 

Doppler spectrum can then be found in straightforward manner. 
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According to Srivastava and Atlas (1974) the spatial power 

spectrum of V^(t) is 

\(K
Z) = ("<)<f>x<f>y<l>zdicxdiCy, (A.14) 

where ^(ic) is the three-dimensional spectral function of isotropic 

and homogeneous turbulence, and <f>x, «f> , and 4>z are filter func-

tions calculated from the three-dimensional illumination pattern I(r) 

of the scattering volume. The filter function in the ith direction 

is simply the one-dimensional spatial power spectrum of the illumina

tion pattern 

= |FT[I(x.)]|2. (A.15) 

The energy in the velocity spectrum not included in V^(t) contributes 

to the instantaneous distribution S0J(Kz) °f velocities over the 

volume, and 

^DT^kZ^ = ~ ^x^y^z^dlcxdlcy* (A.16) 

Since the transverse dimension of the coherence volume is typically 

less than the inner scale of turbulence lg, there is negligible 

filtering in the x and y directions, giving A = <{> = 1. Since x y 

<l>z is independent of the integration variables and 

\(KZ) = "hi (K)£,lcxdl<:\ 9 



SDT(Kz) ^ ~ ^z^L^z^" 
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(A.17) 

For a rectangular illumination function in the z direction, 

Sirvastava and Atlas (1974) give 

<f> z  = [sin(K zDv/2) / (K2Dv/2)r. (A.18) 

For mathematical simplicty and to account for a variety of possible 

illumination functions, let us use theic equivalent filter function 

»' Uz) = 1 

1 Kz < Ke 

0 Kz ± Ke 

(A.19) 

where <e is defined by 

V(<z)dKz = <J>z(icz)dKz. (A.20) 

For the rectangular function 

Ke = 27r/°v (A.21) 

The turbulent energy contributing to DT signal is 

VDT LSDT^Kz^dKz" 
(A.22) 
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For the inertia! subrange of K defined by (A.20) 

VDT
2 = .44ClE

2/3[Dv
2/3 - l0Z/3l, (A.23) 

where usually lg « Dy. 

Assuming a Gaussian distribution of turbulent speeds (Pasquill 

1962) and invoking Taylor's hypothesis (Monin and Yaglom 1975) that 

the turbulent eddy velocities are constant while they are swept 

through a coherent volume by the mean wind, the turbulent optical 

Doppler spectrum for DT signal is a Gaussian curve with standard 

deviation 

b t  =  2 (VD7V/2 sin(e/2) / x .  ( A . 2 4 )  

The energy dissipation rate e depends on mean wind speed, roughness 

length, height above the ground, and atmospheric stability. Measure-

_2 ments of e in the planetary boundary layer range from 10 to 

10^ cm2 s~3 (Monin and Yaglom 1975 and Ball 1961, for example), al-

- 1  3  2 - 3  though e is usually between 10 and 10 cm s . Using these 

2" i/2 latter values, 1 m <_ Dy £ 100 m, and 1Q = 3 mm, (VQJ ) ranges 

from 1.0 to 100 cm s~\ For A = 500 nm and backscatter, 

5 of the turbulence Doppler spectrum typically ranges from 10 to 

107 s"1. 

By comparing the widths of the three optical Doppler spectra, 

it is apparent that FWHM ». FWHM^. > FWHM^. The thermal motions are 
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superimposed on and independent of the macroscopic turbulent motions. 

Since its effect is minute, the turbulence will be neglected in regard 

to the molecular Doppler spectrum. The aerosol Doppler spectrum on 

the other hand is usually dominated by atmospheric turbulence, al

though aerosol diffusion might be important in very weak turbulence. 

The optical Doppler spectrum generating the DT signal is 

the sum of the spectra for molecules and aerosols for both incident 

optical frequencies. The difference in FWHM for spectra at v-j 

and vg is negligible, but the difference in their mean frequencies 

must be retained. The notation N(f,b) for a normalized Gaussian 

spectrum with mean f and standard deviation b will be used. In 

order to properly compute the convolution, half of the energy of the 

input spectrum must be folded (f -f) into negative frequency 

space. Assuming P-| = = P^/2 and Gaussian curves for molecular 

and aerosol spectra, the optical spectrum for a coherence volume is 

i Pi ^ 
Gc<f> = T \ 7 A Cd V 

+  N <v b
m » ( A - 2 5 )  

+ nao^tN(f^,ba) + N(f2,ba)] 

+ folded spectrum, 
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where b and (usually) b= = b. are defined by (A.13) and (A.24); Hi a u 

and f^ = v^/2u. 

For the entire scattering volume the DT spectrum is 

PDT(f) = 2{AV/Ac)r2| Gc(fV) Gc(f - f')df'. (A.26) 

The signal bandwidth of the prototype DFDL was at least two orders 

of magnitude less than FWHM of the DT signal, allowing the ap

proximation of constant spectral density of the DT signal near 

to = a. Where aerosol and molecular spectra are convolved together, 

the minute widening effect of the much narrower aerosol spectrum is 

neglected. The result is, for f = a/2ir, 

2 P 2 A 2 

r L d A A.D 2B 
dt 8„1/2 A2 R4 v c v 

b 

(naaa)2 fo2 

— r  [ 1 + 2  e x p (  p )  +  e x P (  5")] 
a 4V K a a 

(A.27) 

(ruoj2 f 2 f 2 

+ [, + 2 exp(_ « ) + eXp(- -2j)] 
m 4bm bm 

S 2 r \ a r \ a  a a m m 

m 

f c. 2f t 
[ 1 + 2  e x p (  S L _ )  +  e x p (  y - ) ]  

2b b m m 

Usually n_o„ is comparable to no,, f » b . and J a a r m m5 a a' 

ba ^ bm' 9ivin9 
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PDT " -An h Wv2'V?2 b (A-28) 
Sir V R 

The molecular terms in (A.27) become important only if n a /n a > 10 
M ITL a a — 

in strong turbulence, or if even larger ratio exists in weaker turbu

lence. Worst case SNR = P5/PQJ occurs when Ay A^ and Dy -> AR, 

giving 

SNR I IT* (A-29) 
c n a 

a a 

A C  = X 2 R 2 /A D .  (A.30)  

This SNR is independent of laser power and detector quantum effi-

ency. It does depend on the coherence volume, aerosol distribution, 

strength of turbulence, and bandwidth necessary to include the single 

2 —2 target spectrum. Since a /na is not well known, the ratio 
a a a 

F'DT^N where P^ is for laser shot noise permits convenient evalua

t ion of  PD j .  Again for  A Y  A^ and D Y  AR, 

PDT _ 1 n PL Ad « .p 
na0a 1 

PN " 16,1'2 h" Ab R2 c n 57 • ba a a mm 

P „7 (A-31) 

16 , 1 / 2 h v A b  b " '  n_cr, + ncr a a a mm 

For the wind measurements reported here and assuming a very conserva

tive value of ba = 105 s"1, PnT/PM ^ 10"5. 
a UI N 
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In conclusion, the double target signal will generate sig

nificant power within the signal bandwidth only in extreme cases, 

if ever. 

A.4. Single Target Spectra 
for Random Motions 

The single target spectra for particle thermal motions and 

atmospheric turbulence are discussed here. 

Since the total signal power from air molecules is miniscule 

compared to the aerosol return, the spectrum from molecules is of no 

consequence for wind measurement and is not pursued here. 

Because the DFDL signal is mathematically equivalent to 

scattering of microwaves of frequency a = v-j - Vg, discovery of a's 

Doppler spectrum for scatter from aerosols also provides the DFDL 

spectrum, which should be identical. Some caution is advisable, how

ever, in such matters as scatter cross-sections and size of 

diffraction-limited beams. 

The Doppler spectrum due to thermal motion of aerosols in calm 

air at visible and longer wavelengths results from their diffusive 

motion. From Fiocco and DeWolf (1968) the spectrum for backscatter is 

a Lorentzian curve with FWHM of (4/ir)(a/c)^D. For a/2ir = 10^ s ^ 

"6 2 -1 and D = 2.2 x 10" cm s~ for a 0.1 m radius aerosol, 

FWHM = 1.2 x io~^ s~\ It is obvious that only macroscopic air 

motions appreciably influence the DFDL spectrum. 

A comprehensive treatment of DFDL spectra for turbulence 

will not be attempted here, but a few comments are in order. Much 
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of the theory on this topic is directly transferable from other laser 

anemometry techniques and Doppler radar. Turbulence of scale smaller 

than AR is volume averaged and contributes to the Doppler spectrum 

variance (Srivastava and Atlas 1974). Temporal averaging over each 

measurement interval will also occur. Since the beam radius for 

adequate SNR will often be small, the standard deviation of the 

spectrum from transit-time spreading will commonly exceed the mean 

Doppler shift and also dominate the spread from volume and temporal 

averaging of turbulence. For stationary statistics the expected 

value of the Doppler wind speed measurement will then be the same as 

the volume- and time-averaged velocity component The presence 

of noise in the spectrum (both additive white noise and randomness in 

the Doppler spectrum) create random variations in the wind estimate 

about the true mean and therefore add fictitious energy to the 
\ 

spectrum. Analysis of turbulence with DFDL, as with other Doppler 

remote sensing techniques, must properly allow for these factors 

affecting the spectrum. 



APPENDIX B 

TESTS OF THE HIGH SPEED PHOTOMULTIPLIER 

Three methods of testing the high frequency response of the 

PMT are described here and results given. A bias voltage of -4200 v 

was used for some tests, and for others it was -4750 v. This was a 

result of some confusion arising from an error on the part of the 

manufacturer, who delivered a 7-stage PMT instead of the 6-stage 

device which was ordered. Unfortunately the manufacturer's data sheet 

was based on a 6-stage device with a bias of -4200 v, delaying dis

covery of the error. The proper bias of -4750 v was used after the 

discrepancy was found. Test results indicated the difference in high 

speed performance at the two voltages was on the order of 20%, so the 

results at the smaller bias are still useful. 

One test incorporated a method similar to that used by Wood, 

Grady, and Thompson (1969) to determine transit-time differences as 

a function of position of illumination on the cathode. This was 

accomplished by measuring the change in signal phase as a weak dual-

frequency probe beam was scanned across the cathode. Variations along 

the length of the cathode were substantial, while variations across 

the width were minor in comparison (Figure B.l). In order to avoid 

strong degradation of SNR the total phase variation across the 

illuminated area should be no more than 180°, which places a limit 

on the area of illumination of the cathode. The phase variation 

189 
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Figure B.l. Signal Phase Variation across the PMT Cathode. 

8 -1 Modulation frequency f was 9.7 x 10 s" . Transit-time variation is 
[signal phase variation]* [360° x f]. Measurements were along straight 
lines parallel to the cathode's longer dimension. The cathode is not 
normal to the optic axis, rather the top is slanted back 33°. The 
lengthwise distance along the cathode surface is therefore 
[projected distance] * [cos(33°)]. Position of the exit pupil on the 
cathode is known only to 1/2 mm accuracy. 
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applicable to the illuminated spot for the prototype DFDL is also 

plotted in Figure B.l. The total transit-time variation for this 

spot increased by about 15% when the PMT bias voltage was reduced 

from -4750 v to -4200 v. 

The transit-time or signal phase variation across the cathode 

required its placement at the exit pupil of the receiving optics 

rather than at the image of the probed volume. If a tracer particle 

moving across the beam and receiver field of view had been imaged on 

the cathode, a time-varying phase would have appeared in the detector 

signal. The Doppler receiver would have erroneously interpreted this 

as a Doppler shift. By placing the cathode at the exit pupil, the 

light from a tracer was uniformly spread over the cathode during the 

entire time it remained within the field of view, and the error in 

the Doppler signal was avoided. 

Another test measured the frequency dependent response of the 

PMT r(a) at a relative to the DC response r(0). A dual-

frequency beam illuminated a small spot near the center of the cathode. 

The two frequencies in the beam had nearly equal power such that 

Aqi = Aq2 with negligible error. After performing an absolute cali

bration of the sensitivity of the Doppler receiver with appropriate 

RF test equipment, the PMT signal power Pg at a was measured. 

The PMT average current 

I = PLr(0), (B.l) 
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where P^ is the beam's average power, was also monitored with an 

ammeter. Assuming the probe beam has modulation depth m, that is 

P = P^[l + mcos(at)], (B.2) 

the RF power for an ideal detector is 

Ps = (m2/2)[PLr(a)]2RL, (B.3) 

where R^ is the PMT load resistance. Eliminating P^ from (B.l) 

and (B.3), 

r (O ) / r (0)  = (2P S /R L ) 1 / 2  J /m (B .4 )  

With the reasonable assumption that m = 1 and R^ = 50 fi, the data 

for a bias of -4200 v and a/2ir = 9.7 x 10^ s~^ gave r(a)/r(0) = .47, 

which means the PMT response at a was 6.6 dB less than at low 

frequency. This result is judged to be accurate to within +1 dB. The 

bias was -4200 v, and some improvement in r(a)/r(0) can be expected 

at the proper bias near -4800 v. 

Since part of the high frequency attenuation will also act on 

the shot noise, the SNR degradation might actually be less severe 

than the high frequency attenuation. A third test was designed to 

measure the SNR degradation. A weak probe beam from the dual-

frequency laser illuminated the cathode, but in this test the beam 
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was chopped at a constant frequency uc> which applied an additional 

modulation M(t) to the beam such that 

P = P|_M(t)[l + mcos(at]. (B.5) 

Considering the Fourier series representation of M(t), let us re

strict our attention to the first two terms, giving 

This chopped dual-frequency beam illuminated a small spot near the 

center of the cathode, but at the same time the entire cathode was 

illuminated by room light at much higher flux. The resulting shot 

noise was sufficient to create a measurable SNR for bandwidths 

centered on each of the frequencies in (B.6). SNR degradation was 

obtained by determining SNR(a + u )/SNR(u ) or SNR(a - w )/SNR(w ) 
C C 0 L 

experimentally with the FFT spectrum analyzer and comparing with 

the case of an ideal detector. The signal power at u is 

1/2 P^2r^b^2, while at a + u>c it is 1/8 P^2r2b^2m2. Since shot 

noise has constant spectral density upon creation, the ideal limit 

of SNR(a + 10 )/SNR(u_) for m = 1 is the ratio of the powers if 

P = PL['bQ + b-|C0s(uct)][l + mcos(at)] 

= Pi bg + P^b.|C0s(a>ct) + P^bQmcos(at) (B.6) 

+ -gP^b^m[cos(a - i»c)t + cos(a + to )t]. 
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the bandwidths are identical. The theoretically ideal value of the 

ratio is therefore 1/4 or -6 dB. For bias of -4200 v the experi

mental ratio was -8.6 + .6 dB, giving a SNR degradation of 

-2.6 + .6 dB. Over the range of -3500 to -4800 v bias the high 

frequency SNR varied less than 30%. 

A similar measurement for the prototype DFDL was also made. 

The dual-frequency beam was strongly attenuated before illuminating a 

diffuse reflector in the center of the scattering volume. Sunlight 

on the reflector contributed a high light flux to generate shot noise. 

The scattered laser and sunlight both illuminated the same 2.5 mm 

diameter spot on the cathode. At a bias of -4750 v the SNR degra

dation was -4.7 + .8 dB. 

The various tests of the PMT are consistent with one another. 

Only modest changes in performance occurred when bias was changed from 

-4200 to -4750 v. As expected the SNR degradation was less than 

the high frequency attenuation. The degradation for a 2.5 mm diameter 

spot size was worse than for a very small spot size as a result of the 

transit-time variations across the cathode. One caveat must be 

stated regarding the measurements of high frequency attenuation and 

SNR degradation. The dual-frequency beam production was taken to be 

perfect, and modulation depth m was consequently set equal to unity. 

While the author has no reason to believe this is inaccurate, the 

value m = 1 was not experimentally verified. Strictly speaking, the 

test results apply to the dual-frequency beam from the laser and the 

PMT as a combined system rather than for the PMT alone. 



APPENDIX C 

SSB MODULATOR AND IMAGELESS MIXER 

Single-sideband (SSB) modulation and imageless mixing can 

both be achieved through similar phase cancellation techniques. SSB 

modulation was used in the Doppler receiver to shift the reference IF 

frequency at 3 x 10^ s"^ by a low audio frequency to offset the 

Doppler spectrum at the output. The imageless mixer rejected the 

white noise at the image frequency of the last mixer to avoid a 3 dB 

reduction in SNR. SSB modulation is discussed by Haykin (1978). 

The 1976 catalog (Publication M9001-67) distributed by Anaren 

Microwave, Inc. of Syracuse, New York, discusses both SSB modulation 

and imageless mixing. 

Figure C.l is a schematic diagram of the SSB modulator in 

the Doppler receiver, which shifted the input frequency from a -

to a - The energy at a - at port W was split by the 

power divider and modulated by £ to produce two sidebands a - +£ 

in each of the two branches. The mixers were double-balanced mixers 

operated as modulators and produced the two sidebands but suppressed 

the carrier a - in their outputs. Because of the phase shifts 

indicated in the diagram, the undesired upper sidebands are 180° out 

of phase and cancel when summed in the power combiner. The desired 

lower sidebands in the two branches are in phase and add in the output 

at A. A separate audio oscillator and associated 90° phase shifter 
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were constructed for 100, 250, and 500 s~^. A switch connected 

the desired oscillator and phase shifter to ports B1 and B2 of 

the remainder of the SSB modulator, which was a single subassembly, 

called a phase comparator, manufactured by Lorch Electronics Corp. 

Each audio oscillator was a locally constructed Wien bridge oscillator 

(Tobey, Graeme, and Huelsman, 1971) built around an operational ampli

fier. Each 90° phase shifter of the oscillator output was a simple 

operational amplifier circuit described by Dickey (1975). For no 

offset U = 0) a DC voltage was switched to ports B1 and B2 

instead of an audio frequency. 

The imageless mixer (Figure C.2) used an identical L-orch phase 

comparator connected in different manner. The incoming signal of 

frequency uijp at port A was mixed with the reference frequency 

applied to port W, producing two signals of frequency Aa + £ 

in phase quadrature at ports B1 and B2. For any frequency within 

a wide band from 30 to 2456 s~^ the phase shift in network Y was 

90° more than in network Z such that the energy at tojp appeared 

at .Aa +? at the output of the summing amplifier, but the energy 

originating at the image frequency canceled out in the summing 

amplifier. The phase shift networks were operational amplifier circuits 

described by Dickey (1975). The summing amplifier also used an 

operational amplifier in a conventional summing circuit. 

Detailed circuit diagrams are available in the handbook pre

pared for the Doppler receiver. 
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